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Abstract

In nanometer-scale CMOS technology, leakage power has become a major
component of the total power dissipation due to the downscaling of threshold
voltage and gate oxide thickness. The leakage power consumption has received
even more attention by increasing demand for mobile devices. Since mobile
devices spend a majority of their time in a standby mode, the leakage power
savings in standby state is critical to extend battery lifetime. For this reason, low
power has become a major factor in designing CMOS circuits.

In this dissertation, we propose a novel transistor reordering methodology for
leakage reduction. Unlike previous technique, the proposed method provides
exact reordering rules for minimum leakage formation by considering all leakage
components. Thus, this method formulates an optimized structure for leakage
reduction even in complex CMOS logic gate, and can be used in combination
with other leakage reduction techniques to achieve further improvement.

We also propose a new standby leakage reduction methodology, leakage-
aware body biasing, to overcome the shortcomings of a conventional Reverse
Body Biasing (RBB) technique. The RBB technique has been used to reduce
subthreshold leakage current. Therefore, this technique works well under

subthreshold dominant region even though it has intrinsic structural drawbacks.



However, such drawbacks cannot be overlooked anymore since gate leakage has
become comparable to subthreshold leakage in nanometer-scale region. In
addition, BTBT leakage also increases with technology scaling due to the higher
doping concentration applied in each process technology. In these circumstances,
the objective of leakage minimization is not a single leakage source but the
overall leakage sources. The proposed leakage-aware body biasing technique,
unlike conventional RBB technique, considers all major leakage sources to
minimize the negative effects of existing body biasing approach. This can be
achieved by intelligently applying body bias to appropriate CMOS network
based on its status (on-/off-state) with the aid of a pin/transistor reordering

technique.
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Chapter 1

Introduction

As CMOS technology and supply voltage (Vpp) are scaled down, gate oxide
thickness and threshold voltage must also be reduced to maintain reasonable
short channel effects and to achieve the desired performance improvement,
respectively. Despite the use of a lower power supply voltage in each technology
generation, the leakage power increases exponentially due to the reduced gate
length, gate oxide thickness and threshold voltage [1].

With technology downscaling, subthreshold leakage current exponentially
increases as threshold voltage reduces. Previously, subthreshold leakage was the
dominant leakage component, and thereby conventional leakage reduction
techniques focus primarily on subthreshold leakage alleviation, whereas the
effect of gate leakage current was neglected. However, downscaling of gate oxide
thickness (Tpx) produces significant gate tunneling leakage current, which has
become a major leakage component in CMOS circuits [1], [2]. Furthermore, as the
Tox scales below 2nm, gate tunneling leakage current increases drastically, and

thus gate leakage becomes a dominant leakage component [2]-[5] since the gate

1



tunneling leakage current strongly depends on Ty [6], [7]. Thus, circuit-level
techniques, which used to only suppress subthreshold leakage, need to
reevaluate in nanometer-scale technologies since subthreshold leakage is not the
only serious leakage source in nanometer-scale era.

In this thesis, we focus on leakage behavior of CMOS circuits, and propose
general leakage reduction methods for standby leakage power reduction. In the

following, proposed techniques are described in more details.

1.1 Analysis of Steady States in a CMOS Transistor

In this work, we provide an in-depth study and analysis of the possible
steady states of both PMOS and NMOS transistors in a CMOS circuit. Based on
this fundamental analysis, we point out problems related to previous steady state
model, and provide an accurate steady state model in CMOS circuits. Further, we
propose the five distinct types of steady states based on leakage components of a
single transistor to better understanding of leakage behavior, and present the
major leakage sources of each network (on- and off-state network) in CMOS

circuits by analyzing the components of steady states in on- and off-state CMOS



network. Finally, we define the main steady states of CMOS transistors since

main steady states are found in every CMOS logic gate unlike other steady states.

1.2 Analysis of the Effect of Pin/Transistor Reordering

on Leakage Current

In this research, we first discuss how gate and subthreshold leakage varies
with input vector of CMOS gate. And then we investigate the opportunities for
reducing gate and subthreshold leakage simultaneously by using pin reordering,
and point out the problems and limitations associated with existing pin
reordering technique when applying this technique to pull-up network of CMOS
circuits and complex CMOS logic gates. To solve these problems, we propose a
novel pin and transistor reordering technique for leakage reduction. The
proposed method provides an optimized formation for leakage reduction, and
can be used in combination with other leakage reduction techniques to achieve

further improvement.



1.3 Effective Body Bias for Standby Leakage Power

Reduction in Nanometer-Scale CMOS Circuits

Reverse Body Biasing (RBB) technique [8]-[12] has become one of the most
widely used circuit design technique for leakage power reduction. It utilizes the
body effect of CMOS gates by manipulating the threshold voltage in standby
mode. In this research, we analyze the RBB technique from a structural point of
view, and address the problems associated with overall leakage savings due to
the lack of awareness of other than subthreshold leakage. To solve these
problems, we propose the leakage-aware body biasing methods which take into
account not only the subthreshold leakage but also gate and BTBT leakage,
resulting in enhanced the effectiveness of body biasing for leakage power

reduction.

1.4 Dissertation Outline

The remainder of the thesis is organized as follows. Chapter 2 briefly reviews
major leakage current components, and a number of commonly used leakage
reduction techniques. Chapter 3 describes the possible bias conditions for CMOS

transistors in a circuit. The analysis of the effect of pin reordering on leakage
4



reduction is presented in Chapter 4. Chapter 5 describes the proposed transistor
reordering method for leakage power reduction. Chapter 6 describes the
proposed leakage-aware body biasing methodologies in association with
pin/transistor reordering technique. Finally, conclusion and future work are

presented in Chapter 7.



Chapter 2
Background

In this chapter, we briefly review the leakage sources in CMOS transistors,
and existing leakage power reduction techniques. This chapter is helpful for

understanding the remainder of this thesis.

2.1 Standby Leakage Components

In nanometer-scale CMOS devices, the main components of leakage currents
are subthreshold leakage (Isyp), gate tunneling leakage (I;), and reverse biased
junction BTBT leakage (Izrpr). We describe the effect of scaling trends on these

three main leakage components in this subchapter.

2.1.1 Subthreshold Leakage

The subthreshold leakage is a current flowing between drain and source
terminals of CMOS transistor when the gate voltage is below the subthreshold

voltage. This subthreshold leakage increases exponentially with technology
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scaling due to reduced threshold voltage. The subthreshold current of a MOSFET

device can be expressed as [7], [19]:

W, &N, -V Ves =V,
lepy = i eff [4&silVa V2 (1 _ exp( VDS)) exp (Gs—th) )

Leff ZCDS T TLVT

where pu is the electron surface mobility g is the electronic charge, & is the
silicon permittivity, N, is the doping concentration in the substrate, V =kT/q is
the thermal voltage; k is the Boltzman constant, T is the absolute temperature,
and @;is the surface potential, Vs is the drain-source voltage, Vs is the gate-
source voltage, V;; is the threshold voltage and n is the subthreshold swing
parameter.

Isyp depends on the transistor threshold voltage (Vi) gate-to-source (Vjs)
and drain-to-source voltages (Vps), and temperature (T). When the MOSFET is
off-state (V;5 = 0V), reduction of the threshold voltage causes subthreshold
current to increase exponentially as shown in (1). The threshold voltage equation

considering the body effect is given by [19]:

\/ZSSina(leB + Vb)

2
. )

Vth = Vfb + ZIIUB +




where Vg, is the flat band voltage, Wy is the difference between Fermi potential
and intrinsic potential in the substrate and equal to (kT/q)In(Na/ni), where ni is
the intrinsic carrier concentration, V}, is the substrate (body) bias voltage and C,,
is the gate oxide capacitance. The RBB scheme has been used to reduce the
subthreshold leakage by applying reverse body bias which increases the V, — a
phenomenon known as body effect. On the other hand, forward body bias
decreases V,,, and thereby increases the subthreshold leakage by reducing the

threshold voltage.

2.1.2 Gate Leakage

In nanometer-scale MOSFET device, gate-oxide thickness becomes thinner
with technology scaling in order to control short channel effects and increase the
transistor driving strength. The aggressive scaling in the gate-oxide thickness
(T,x) causes gate tunneling current to exponentially increase since the gate
leakage is a strong exponential function of the oxide thickness as shown in (3).

The gate tunneling current density (J,) is given by [19], [20]:



3
2

, /—nt<1—(r—%iD

Von
Jo=4(72) e -
\ 3)
3 2 (nb é
q 4 m* 0x2
here A =—— — and B = ——" Pox”
where AT an 37

where V,,, is the voltage drop across the gate oxide, T,, is the gate oxide thickness,
¢ox is the barrier height for tunneling electron, # is the reduced Plank’s constant,

and m” is the electron effective mass.
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O

Figure 1: Gate tunneling current flows and components.



Figure 1 shows the components of Ic between gate and source/drain diffusion
regions ( Iys, and Iy4, ), between gate and bulk ( Iy, ), and between gate and
channel (I;.), which is further partitioned between the source and drain
terminals by Iy, = Igcs + Igcq [6]. Hence, the gate tunneling currents can be divided
by the current flows; gate to source (Igs = Igso + lgcs ), gate to drain (Igp = Iga0
+ Igcq ) and gate to body (Igg =14p). Hence, I;; is equal to the sum of the Igp, Igp

and /.

2.1.3 Band-to-Band Tunneling Leakage

As CMOS technology scales down, substrate doping concentration increases
in order to reduce the short channel effects. Therefore, heavily doped n+
drain/source and p-type substrate yield high electric field across the reverse-
biased p-n junction, which produces significant current flows through the

junction, and the BTBT current density is expressed as [19], [20]:

Ibebe =

3
VZ2m*q® & Vapp 4V2m*E 2
T exp| — —5—5—
43 h? E2 3qhs
(4)

whereE _ ZC[ NaNd (Vapp + Vbi)
Esi (Na + Nd )
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where ¢ is the electric field at the junction, Ej is the energy bandgap, Vg, is the
applied reverse voltage across the junction, V}; is the built-in voltage and N, and
N, are the doping concentration of p and n side. As shown in (4), when substrate
doping concentration increases, BIBT current exponentially increase with the

increase of the electric field at junction.

2.2 Standby Leakage Reduction Techniques

In this subsection, we review previous circuit design techniques for leakage

reduction in CMOS circuits.

2.2.1 Leakage Reduction by Stacking Effect

Stacking of series-connected transistors reduces the subthreshold leakage
currents when more than one transistor in the stack is turned off, which is known
as stacking effect [17]. It yields a positive potential at the intermediate node of
off-transistors, which has three effects: 1) gate-to-source voltage (Vcs) of upper
transistor becomes negative; 2) reverse biased body-to-source voltage (Vss) of

upper transistor induces larger body effect; 3) reduced drain-to-source voltage
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(Vos) of upper transistor causes less drain-induced barrier lowering (DIBL).
Therefore, the subthreshold leakage current reduces exponentially under
stacking effect. For instance, considering the two-input NAND gate (see Figure 2)
with stacking effect case (AB="00"), the positive potential at the intermediate
node (Vinter > 0) between off-transistors (Trl and Tr2) causes the negative Vcs
and Vss of upper transistor (Tr1), and reduction in Vos of Trl. Due to the stacking
effect, leakage in a logic gate depends on the applied input vector during
standby periods since it determines the number of off-transistors in the stack. In

the following, existing techniques are described in more details.

VDD

A— b
ki

Vinter e

A

Figure 2: Two-Input NAND Gate.
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The input vector control (IVC) technique [16]-[18] is presented to find
minimum leakage vector (MLV) which finding the input pattern that maximizes
the number of off-transistors in all stacks across the circuit during standby
periods. Leakage reduction can be achieved up to 39% savings if input vector
control is used [18]. Implementing the predetermined vector (MLV) during
standby mode is done by adding static latches at the inputs of the circuit [17].

The IVC technique does not guarantee that all logic gates of a circuit block are
working under stacking effects due to the inverter and logic correlation between
gates. Inherently, an inverter does not present the stacking effects since both
networks (pull-up and pull-down) consist of a single transistor, and some logic
gates did not benefit from IVC as shown in Figure 3 (a) which shows the sample
path of the circuit block. For this reason, stack forcing technique [21] was
introduced. The main objective of this technique is to increase the number of
logic gates in stacking effects; a non-stacked transistor is changed into a stack of
two transistors by replacing a single transistor with two transistors of the same
size. Hence, stack forcing technique guarantees two off-transistors for every off-
input of the gate, which reduces leakage currents as shown in Figure 3 (b). This

technique, however, reduces the drive current due to the iso-input load
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requirement, resulting in increased delay. Therefore, stack forcing technique can

be used only for paths that are non-critical.
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(b)

Figure 3: (a) logic gate parts of circuit block when predetermined input vector
applied in standby mode (b) stack forcing applied to non-stacked logic gates.

Another technique to reduce leakage power through stacking effects is
LECTOR [22], which uses two extra transistors called leakage control transistors

(LCTs) inserted in series between pull-up network and pull- down network in
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each CMOS gate as shown in Figure 4 (b). Leakage control transistors cause
increase in resistance of the path from supply voltage (Vo) to ground since one
of the LCTs is always near its cutoff region, thereby decreasing leakage current.
However, this technique suffers from signal quality with technology scaling

down to deep submicron era due to the LCTs [23].

1 1

—d W —

HLCT ‘—_:IGLT
FoALE 4T
17 4:ILCT |—;:IGLT
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(a) (b) (©)

|_|

(o]

Figure 4: (a) Original Inverter (b) LECTOR Inverter (c) GALEOR Inverter.

GALEOR technique [24] has the same structure as LECTOR except that the
locations of extra transistors (referred to as Gated Leakage Transistors (GLTSs))
are switched as shown in Figure 4 (c). PMOS GLT is located between pull-down

network and output and NMOS GLT is located between pull-up network and
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output. The effectiveness of this technique, however, reduced as technology

scaling because of the signal quality problems [23].

2.2.2 Leakage Reduction by Sleep Transistor

There are many ways to use a sleep transistor, but the basic idea is to increase
the resistance by inserting the extra transistors (sleep transistors) in series
between the power supply and ground, thereby reducing the standby leakage
currents. The sleep transistors are turned on when circuits are in active mode and
turned off when circuits are in standby mode. In the following, existing

techniques are described in more details.

L e Fe

:
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(a) (b) (c) (d)

Figure 5: (a) single-Vu stacking (b) Sleepy stack (c) Power gating (d) Drain
gating.
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In [25], the circuit is evaluated based on predetermined minimum leakage
input vector, and additional leakage control transistors are inserted in the non-
critical paths where only one transistor is originally turned “OFF” as shown in
Figure 5 (a), and thereby reduce the subthreshold leakage. The extra transistor is
turned on during the regular mode of operation and turned off during the idle
mode of operation.

Sleepy stack technique [26] is an upgraded version of the stack forcing
technique, using additional sleep transistors inserted parallel to one of the
transistors in each set of two stacked transistors (forced stack), which is shown in
Figure 5 (b). The sleep transistors of the sleepy stack operate in a way similar to
the sleep transistors used in the sleep transistor technique where sleep transistors
are turned on during active mode and turned off during sleep mode. As
compared to the stack forcing technique, parallel connected sleep transistors
cause the decrease in resistance of the path, thereby decreasing the propagation
delay during active mode while stacked transistors suppress leakage current
during standby mode. Sleepy stack technique, however, comes with some delay
and significant area overheads since every transistor is replaced by three

transistors.
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Power gating [27] technique uses additional transistors, called sleep
transistors, which are inserted in series between the power supply and pull-up
(PMOS) network and/or between pull-down (NMOS) network and ground to
reduce the standby leakage currents as shown in Figure 5 (c). The sleep
transistors are turned “ON” when circuits are in active mode and turned off
when circuits are in standby mode. By disconnecting the logic networks from the
power supply and/or ground using sleep transistors, this technique reduces the

leakage power in standby mode.
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Figure 6: Transient characteristics of two-input NAND gate in LECTOR,
GALEOR and Drain Gating simulated by HSPICE [23].
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Another technique to reduce leakage power by using sleep transistor is the
drain gating technique [23] reduces the leakage current by inserting extra sleep
transistors between pull-up and pull-down networks. This technique introduced
to overcome the limitations of LECTOR and GALEOR techniques. When applied
to sub-45nm process technologies, both LECTOR and GALEOR techniques suffer
a significant problem; that is, the low signal is very much higher than 0 volt. In
addition, GALEOR causes high signal much lower than the Vob. Such
phenomena make the use of both techniques unfeasible. A typical case for a 2-
input NAND gate using 45nm technology is shown in Figure 6, where the low
signal is 0.2V for both LECTOR and GALEOR, and the high signal for GALEOR
is 0.8V, rather than 0V and 1V, respectively. Similar troubling behaviors are
consistently observed for all other gate types such as NOR, OR, AND, XOR. To
make things worse, the problems become even more severe as process
technology scales down such as in 32nm and 22nm process technologies [23]. As
shown in Figure 5 (d), a PMOS sleep transistor(s) is placed between pull-up
network and network output and an NMOS sleep transistor(s) is placed between
network output and pull-down network. During active mode, both sleep

transistors are turned on to reduce the resistance of conducting paths, thereby
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reducing performance degradation. During standby mode, both sleep transistors
are turned off to produce stacking effect which reduces leakage current by
increasing resistance of the path from power supply to ground. By applying two
turned-on sleep transistors in active mode, drain gating produces exact logic
levels as shown in Figure 6 due to less resistance of the path from Vop to ground
than that of LECTOR and GALEOR which always have one turned-on LCT/GLT
and the other near cutoff region LCT/GLT, thus preventing exact logic state.
Furthermore, the drain gating technique has less leakage current than LECTOR
and GALEOR techniques because, in standby mode, two turned-off sleep
transistors (drain gating) yield more resistance to the path from Vopo to ground
than the combined effect of a near cutoff region LCT/GLT and a turned-on

LCT/GLT.

2.2.3 Leakage Reduction by Increasing the Threshold
Voltages

Increasing the threshold voltage is one of the effective ways to reduce the

leakage current. There are several ways to achieve this [28]: (1) increase a doping
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concentration; (2) increase a gate oxide thickness; and (3) apply a reverse body

bias voltage. In the following, existing techniques are described in more details.

S in —4{ High-Vth

Low-Vy,
Logic

S'in High-Vth

Figure 7: Multi-Threshold CMOS (MTCMOS).

Multi-threshold voltage CMOS (MTCMOS) [28]-[32] uses high-threshold
devices as sleep transistors while low-threshold devices are used to implement
the logic as shown in Figure 7. In practice, one sleep transistor per gate is used,
but larger granularities are also used, which require fewer but larger sleep
transistors. Typically, the NMOS sleep transistor is preferable because the on-
resistance of NMOS is smaller than that of PMOS at the same width; hence,
NMOS has size advantage over PMOS. This technique, however, comes with

area and performance penalties.
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Figure 8: Dual threshold voltage technique.

Dual threshold voltage technique [33]-[35] assigned different threshold
voltages depending on whether a gate is on critical or non-critical path as shown
in Figure 8. Low threshold voltage on the critical path is used to maintain the
performance, while high threshold voltage assigned along non-critical path
reduces the leakage current.
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Figure 9: Reverse Body Biasing.
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Reverse boy biasing (RBB) [8]-[12] is an effective way of reducing the leakage
in standby mode by increasing the threshold voltages of MOS transistors
(making the substrate (body) voltage higher than supply voltage for PMOS
transistors and lower than ground for NMOS transistors); reverse biasing body-
to-source junction of a MOS transistor widens the bulk depletion region and
increases the threshold voltage. Reverse body bias is applied to suppress the
leakage current when circuits are in standby mode, and is removed to restore the
nominal performance of the transistors when circuits are in active mode as
shown in Figure 9.

Adaptive body biasing (ABB) techniques have been introduced [36]-[40] in
order to alleviate the impact of die-to-die and within-die parameter variations on
microprocessor frequency and leakage. The aim of this technique is to meet the
delay and power constraints in each die through post-silicon tuning; forward
body bias is applied to the slow and less leaky devices to boost the performance
while reverse body bias is applied to the fast and highly leaky devices to reduce
the leakage. Therefore, effect of parameter variations is mitigated by post-silicon
tuning, results in reducing the process variations impact as well as improving the

total yield.
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Chapter 3
Analysis of Steady States in a CMOS

Transistor

3.1 Introduction

Rao et al. introduced six different steady states of MOS transistors for gate
leakage estimation [41]. However, they made an overly simplified assumption
that PMOS transistor has the same character as NMOS transistor. Such an
assumption has led to a misleading conclusion that PMOS transistor has the
counterpart of each steady state of NMOS transistor; that is, both NMOS and
PMOS transistors have the same number (six) of steady states.

In this chapter, we first explore possible steady states of both PMOS and
NMOS transistor in a CMOS circuit, and demonstrate that possible steady states
of PMOS transistor is not six but five. And then we present the five distinct types
of steady states based on leakage components of a single transistor, and analyze
the components of steady state transistor in on- and off-state CMOS network.

Finally, we define the main steady states of a CMOS transistor.
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3.2 Possible Steady States for CMOS Transistors
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Figure 10: All possible bias conditions for CMOS transistors.

A single transistor has four terminal nodes: gate (G), drain (D), source (S) and
body (B). The NMOS and PMOS body connected to ground (logic 0) and Vop
(logic 1) respectively. The body and gate nodes have full logic values (either Voo
or ground) in steady state conditions, while the other nodes (drain and source)
have either at or close to full logic values depending on circuit structures.

Figure 10 shows the major leakage currents of eleven steady states in NMOS
(51x-S6n) and PMOS (S1p-S5p) transistors. The logic values “1” and “0” are
represented by the high and low level of each terminal node. The direction of
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current flows for MOS transistor is determined by voltage between gate and
source (Vcs), gate and drain (Vep), gate and body (Ves), drain and body (Vbs),
drain and source (Vbs), and source and body (Vss).

Among four nodes in MOS transistor, drain and source nodes are dependent
nodes since their logic values determined by either logic value of gate node or by
circuit structure:

e In conducting (on) MOS transistor, gate node of NMOS (PMOS) transistor
connected to Vop (ground). In this condition, the dependent nodes (drain
and source nodes) are only determined by gate node. Hence, a source
node has the same logic value as a drain node (S2n, S4n, S2r and S4r in
Figure 10)

e In non-conducting (off) MOS transistor, gate node of NMOS (PMOS)
transistor connected to ground (Vop). In this condition, dependent nodes
are determined not only by gate node, but also by circuit structure.
Intuitively, in a non-conducting transistor, it is clear that one of dependent
nodes is 0 regardless of the other dependent node (either 1 or 0). This
behavior works well under most circumstances of non-conducting

transistor; this is shown as Sln, S3n, Sén, S3r and S5r in Figure 10.
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However, in certain cases (55~ and S1r in Figure 10), dependent nodes are
not determined by gate node but by circuit structure, resulting in both

drain and source nodes being 1 even though the transistor is in an off-state.

Parallel paths
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| :
Qutside Node <+ — — — — — — - — J E
 J 1 '
ON OFF

Figure 11: Pull-down network structure in the presence of S5~.

Let us first consider an NMOS case. S5~ will exist only if all of the following
conditions are met: (1) logic value of outside nodes in parallel structure is 1
(high), which means that at least one of paths in parallel structure is “on”; (2) at
least one of paths in parallel structure contains an off-transistor, and hence this

path is “off”; this is shown in Figure 11.
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Figure 12: (a) 3-input OAI-21 gate (F = A (B + C)) (b) Input: ABC = 001.

Table 1: Logic values and node voltages (V) of each transistor in 3-input OAI-
21 gate with input (ABC) = “001".

Node Voltage Logic value
Network | Input | State
Vb \Ye Vs D G S
A S2p 1.1 0 1.1 high  low high
PUN B S2p 1.1 0 1.1 high  low high
C S1re 1.1 1.1 1.1 high  high high
A S3n | 0.846 0 0 high  low low
PDN B S5n 1.1 0 0.846 | high low high
C S4n 1.1 1.1 0.846 | high  high high
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Note that in the case described by condition (1), non-conducting transistors
need to be located in the bottom of serial structure in order to have a high logic
value at the bottom node of outside nodes. Hence, Son exists only in a
combination of serial and parallel MOS structures, which can be found in
complex (compound) CMOS logic gates. For instance, Figure 12 (a) shows a 3-
input OAI-21 gate (F=A (B + () ) implemented with complex CMOS logic.
Figure 12 (b) shows the particular input vector of OAI-21 gate which meets the
conditions for the existence of S5y case. Table 1 lists the corresponding bias
voltage and logic value of each node in Figure 12 (b); PUN and PDN stand for
pull-up network and pull-down network, respectively.

In this chapter, all experimental data are conducted by HSPICE using the

default 65nm PTM [42] at room temperature (standby mode).
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Figure 13: (a) 2-input NAND gate with input (AB) =10 (b) 2-input NOR gate
with input (AB) =11.

Table 2: Logic values and node voltages (V) of each transistor in 2-input
NAND gate with input (AB) =“10”, and NOR gate with input (AB) = “11”.

Node Voltage Logic value
Gate Network | Input | State & &
type Vb Vg Vs D G S
A S1r 1.1 11 1.1 | high high high
PUN & & &
B S2p 1.1 0 1.1 | high low high
NAND2
A S4n 1.1 1.1 0.847 | high high high
PDN
B S3n 0.847 0 0 high low low
A S1r 0990 1.1 1.1 | high high high
PUN
B S3r | 213E-6 1.1 0990 | low high high
NOR2
A S2n | 213E-6 1.1 0 low high low
PDN
B S2n | 213E-6 1.1 0 low high low
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Figure 14: (a) 3-input AOI-21 gate (F = A + BC )
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(b) Input: ABC =110.

Table 3: Logic values and node voltages (V) of each transistor in 3-input AOI-

21 gate with input (ABC) = “110”.
Node Voltage Logic value
Network | Input | State
Vb Ve Vs D G S
A S3r | 2.81E-5 1.1 1.1 low  high  high
PUN B Sle 1.1 1.1 1.1 high high  high
C S2p 1.1 0 1.1 high  low high
A S2~ | 2.81E-5 1.1 0 low  high low
PDN B S2v | 2.81E-5 1.1 3.00E-5 | low  high low
C SIn | 3.00E-5 0 0 low  low low
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Now, let us consider the PMOS case. Unlike NMOS case (S5n), S1r can exist in
non-complex CMOS logic gate, and thus it also present complex CMOS logic
gate. To elucidate this, we consider two-input NAND and NOR gates as
illustrated in Figure 13. S1r can be existed not only parallel structure (Figure 13
(a)) but also serial structure (Figure 13 (b)). Table 2 lists the corresponding bias
voltage and logic value of each transistor in Figure 13. Note that the first non-
conducting transistor from output node presents the S3x and S3r in off-state pull-
down and pull-up network, respectively. Figure 14 shows the presence of Slr in
complex CMOS logic gate (3-input AOI-21). Table 3 lists the corresponding bias

voltage and logic value of each transistor in Figure 14.
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Figure 15: Pull-down network structures in the presence of Sén.
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Figure 16: (a) 4-input AOAI-211 gate (F = A(B + CD ) (b) Input: ABCD = 0100.

Table 4: Logic values and node voltages (V) of each transistor in pull-down
network of 4-input AOAI-211 gate with input (ABCD) = “0100”.

Node Voltage Logic value
Input | State
Vb Ve Vs D G S
A S3x 0.846 0 0 high low low
B S4n 1.1 1.1 0.846 high high high
C S3x 1.1 0 0.237 high low low
D Sén 0.237 0 0.846 low low high
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Additionally, Sén will exist under the same structural formation in the
presence of S5n except for the number of off-transistors in off-path; Son will exist
only if the off-path has at least two off-transistors connected in series as shown in
Figure 15. Note that Sénand S3~xalways coexist with each other. Sénand S3n exist
only in complex logic gate just like the S5~ case. For instance, Figure 16 (a) shows
a 4-input AOAI-211 gate F = A(B+CD) implemented with complex CMOS
logic. Figure 16 (b) shows the particular input vector of AOAI-211 gate which
meets the conditions for the existence of Sén case. Table 4 lists the corresponding
bias voltages and logic values of each node in Figure 16 (b).

An important point to note is that the counterpart of Séx does not exist in the
PMOS transistor unlike other steady states; on-transistors of PMOS (S2r and S4v)
are the counterparts of on-transistors of NMOS (S4~n and S2n), and off-transistors
of PMOS (S1r, S3r and S5p) are the counterparts of NMOS (S5n, S3x and S1n). To
demonstrate this, we apply the same conditions for the existence of Sén to the
PMOS case (Figure 17). It is shown that logic values of the all intermediate nodes
are not 0 (low) but 1 (high), and thus, PMOS transistor has not six but five steady
states unlike the assumption made in previous work [41]; experimental data is

shown in Table 5.
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Figure 17: Pull-up network of OAI-31 gate (F = A(B + C + D)) with different
input vectors (a) ABCD=0111 (b) ABCD=0101 (c) ABCD= 0011.

Table 5: Logic values and node voltages (V) of each transistor in pull-up
network of 4-input OAI-31 gate with different input vectors.

Input vector Input | State Node Voltage Logic value
(ABCD) Vb Ve Vs D G S
A S2p 1.1 0 1.1 high low  high
B S1r 1.1 1.1 1.1 high high high
ortl C S1r 1.1 1.1 1.1 high high high
D S1re 1.1 1.1 1.1 high high high
A S2p 1.1 0 1.1 high low  high
B S1r 1.1 1.1 1.1 high high high
0101 C S2p 1.1 0 1.1 high low  high
D S1re 1.1 1.1 1.1 high high high
A S2p 1.1 0 1.1 high low  high
0011 B S1r 1.1 1.1 1.1 high high high
C S1r 1.1 1.1 1.1 high high high
D S1re 1.1 1.1 1.1 high high high
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3.2.1 Sources of Leakage Currents in a CMOS

Transistor under Different Bias Conditions

The leakage currents of a transistor are dependent on difference in voltage

between any two nodes in a transistor:

Subthreshold leakage exist only in non-conducting (off) transistor with
IVps| > 0. There is no subthreshold leakage when drain and source nodes
are same voltage (Vb = Vs).

Gate leakage exists in both conducting and non-conducting transistors
with |Vesl >0 or |Vepl >0 or [Vesl > 0. Among steady states, gate leakage
in S2n (NMOS) and S2e (PMOS) is the highest in each MOSFET. There is
no gate leakage when all nodes are same voltage (Vec= Vb= Vs=Vs).

BTBT leakage exists in both conducting and non-conducting transistors
when reverse bias voltage applied between drain and body, or drain and
source, or both; Vbs > 0 or Vss > 0 or both in NMOS, and Vs <0 or Vss <0
or both in PMOS. If Vb (Vs) is close to 0, BTBT leakage in Ibs (Iss) is
negligible. There is no BTBT leakage when body, drain and source nodes

are same voltage (Vs= Vb= Vs).
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It is shown that each leakage component is highly dependent on the biasing
conditions of the transistor. Therefore, steady states can be divided into five
distinct types based on components of leakage sources: least leaky state (S g4sr :
S1n and S1r), most gate leaky state (Sgarg : S2v and S2r), subthreshold leaky state
(Ssyp : S3n, S6n and S3r), least gate leaky state (S;; : S4n and S4r), and reverse gate

leaky state (Sgg: S5~ and Sbe).

3.3 Steady State Components in On- and Off-State

network

3.3.1 Steady state components in on-state CMOS

network.

The on-state network of CMOS logic gates is present in either the gate leaky
state (52n/S2p) alone, or gate leaky state along with least leaky state (S1x/S1r), but
not in other steady states (i.e., subthreshold, least gate and reverse gate leaky); if
pull-up (pull-down) network is “on”, both source and drain nodes of every
transistor in on-state network carry high (low) logic value regardless of its gate

input state. Hence, when pull-up network is “on”, the number of gate leaky
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states in on-state network is the same as the number of low (i.e., 0 volt) gate
input states in input vector, whereas when pull-down network is “on”, the
number of gate leaky states in on-state network is same as the number of high
(i.e., Vop) gate input states in input vector. It is noteworthy to note that
subthreshold leakage does not exist in on-state network since all internal nodes
in on-state network exhibit almost equal to full logic values (Vobo (ground) in
pull-up (pull-down) network). For instance, node voltages of on-state pull-up
network are shown in Table 1 and Table 2 (NAND2) and Table 3).

The internal node of on-state CMOS network can be divided into two cases.
The first case of the internal node in on-state pull-up (pull-down) network
always has conducting path to the Voo (ground) as shown in Figure 18 (a) and (c);
the second case of the internal node surrounded by off-transistors, which is
illustrated in Figure 18 (b) and (d). In both cases the internal node exhibits either
at or very close to full logic value, and thus every gate leaky state (S2r and S2n) in
on-state network has almost identical gate leakage current in each network,
while leakage current of least leaky state (S1r and Sln) is negligible as tabulated
in Table 6. Hence, the major leakage source of on-state network is the gate

leakage current.
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Figure 18: Steady state components in on-state pull-up/-down network: Casel
((@) and (¢)) and Case2 ((b) and (d)).

Table 6: Steady state components, node voltages (V) and gate leakage current
(nA) in different ON-state CMOS networks of Figure 18.

Network mout | Stat Node Voltage (V) Le(nA
etwor npu ate o Ve Vs c(nA)
PUN A S2p 1.1 0 1.1 3.034E-02
(@) B Sl 1.1 1.1 1.1 2.365E-10
a
C S2p 1.1 0 1.1 3.034E-02
PUN A S2p 1.1 0 1.1 3.034E-02
(b) B S1r 1.1 1.1 1.1 8.538E-11
C Slr 1.1 1.1 1.1 3.034E-02
A S2n 3.67E-5 1.1 0 4112
PDN
© B S2n 6.95E-5 1.1 3.67E-5 4111
C Sin 6.95E-5 0 3.67E-5 1.360E-08
A S2n 2.43E-5 1.1 0 4112
PDN
(d) B Sin 2.43E-5 0 1.21E-5 4.668E-09
C Sin 1.21E-5 0 0 1.556E-09
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3.3.2 Steady state components in off-state CMOS

network.

The off-state network of CMOS logic gates exists in either the subthreshold
leaky state (S3n/S3p) alone or in the subthreshold leaky state along with other
types of steady state; thus, all types of steady state exist in off-state network:

e In case of off-state pull-down network, least leaky (S51n) and gate leaky
(52n) states are present when each of those transistors (SIn and S2n) is
located below the subthreshold leaky state (S3n), while other steady states
(least gate (54~) and reverse gate (S5n) leaky state) are present when each
of those transistors (S4n and S5n) is located above the subthreshold leaky
state (53n) as shown in Figure 12 (b).

e In case of off-state pull-up network, the least leaky (S1r) and gate leaky
(S52r) states are present when each of those transistors is located above the
subthreshold leaky state (S3r) as shown in Figure 14 (b), whereas both
least gate leaky state (S4r) and reverse gate leaky state (S5p) are present
when each of those transistors is located below the subthreshold leaky

state (S3p).
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Thus, the major leakage sources of off-state network are the subthreshold and
gate leakage current. Note that, unlike the S4n, S1r and S2p, the S5x cannot exist
along with the subthreshold leaky state without accompanying the S4n as
described earlier in this chapter. Unlike on-state network, the number of
subthreshold leaky states in off-state network is not always the same as the
number of high (low) input states in pull-up (pull-down) network due to the
presence of series-connected transistors in off-state network (see Figure 13 (b)).
For this reason, each subthreshold leaky state is always accompanied by gate
leaky state, whereas gate leaky state is not always accompanied by subthreshold
leaky state (see Figure 12 (b), Figure 13 (a) and (b), and Figure 14 (b)). Hence, the
number of gate leaky states is always greater than or equal to that of

subthreshold leaky states in CMOS logic gates.
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3.4 Main Steady States in a CMOS Circuit

3 Isus
P
/
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S3x S2y| ¢S
v AV

(a) (b)

Figure 19: Steady state components of Inverter: (a) input=0 (b) input=Vopo.

The main steady states of CMOS circuit are gate leaky state and subthreshold
leaky state because these steady states are found in every CMOS logic gate unlike
other steady states; in standby mode of each CMOS logic gate, one network
(either pull-up (PMOS) or pull-down (NMOS)) is always “on” and the other
network is always “off”, which means that the off-state in pull-down/pull-up
network always has at least one subthreshold leaky state (53n/S3r), and on-state
in pull-down/pull-up network always has at least one gate leaky state (S2n/S2rp).

In other words, every CMOS logic gate has either a pair of S3x and S2p, or a pair
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of S2n and S3r depending on its input; S3x and S2r are present when input logic
value is low, and S2~ and S3r are present when input logic value is high. For
instance, Figure 19 shows the steady states of each input vector in an Inverter.
Therefore, S2n and S3n represent the basic NMOS transistors, and S2r and S3r

represent the basic PMOS transistors.

3.5 Summary

In this chapter, an accurate steady state model was presented. Based on this
model, the five distinct types of steady states were proposed to Dbetter
understanding of leakage behavior in CMOS circuits. We then presented the
major leakage sources of each network (on- and off-state network) in CMOS
circuits by analyzing the proposed types of steady states in on- and off-state
CMOS network. Finally, we defined the main steady states of CMOS transistors
since main steady states are found in every CMOS logic gate unlike other steady

states.
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Chapter 4
Analysis of the Effect of Pin Reordering

on Leakage Current

4.1 Introduction

The input vector control (IVC) technique [16]-[18] is presented to reduce
subthreshold leakage current by using stacking effect. The idea of this technique
is to find minimum leakage vector (MLV) that maximizes the off-transistors in all
stacks across the circuit. Thus, the primary input vector switch to the MLV for
leakage reduction with help of a sleep signal when a circuit is at standby mode.
However, IVC technique does not guarantee that all logic gates in a circuit are
benefited from stacking effects due to the logic correlation between the gates. For
example, only two gates (Gl and G2) out of six gates in C17 circuit take

advantage of stacking effect when MLV (00010) is applied as shown in Figure 20.
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Figure 20: MCNC benchmark circuit C17 [43].

In CMOS logic gates, there are two kinds of input vectors: one of input
vectors produces the same gate input state (either high or low in all gate nodes:
G1, G2 and G3 in Figure 20), and the other one produces the different gate input
states (high and low logic: G4, G5 and G6 in Figure 20).

Table 7 lists the leakage current of 2-input NAND gate for all possible input
vectors to the gate. The leakage values are obtained from a HSPICE simulation
using the 65nm PTM [42] models at Vop (1.1V). Note that half of gates in C17
present different gate input states (both high (Vop) and low (ground) exist in gate

nodes: G4, G5 and G6)) when MLV is applied.
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Table 7: Leakage current (nA) of two-input NAND gate.

Input Isus Ic IroraL
00 1.226 1.078 2.304
01 15.229 5.160 | 20.389
10 6.961 0.260 7.221
11 48.011 8.252 | 56.264

As can be seen from Table 7, the leakage currents corresponding to input
vector (01) and to input vector (10) are different, and hence the leakage of C17
varies with the input vectors of G4, G5 and G6. The additional leakage reduction
can be achieved by pin reordering (forcing those inputs to “10”). Therefore, it is
critical to set the minimal leaky state in different gate input states under the same
input combination (e.g., input (01) and (10) in NAND2 gate has same input
combination: one high and one low).

Several research efforts [44]-[46] related to transistor reordering have been
conducted and reported. The main goal of these techniques is to minimize the
dynamic power consumption under delay constraints in active mode instead of
reducing the leakage power in standby mode. Lee et al. [3] proposed the pin
reordering technique combined with IVC to reduce the gate leakage in standby
mode. In this approach, the effects of pin reordering on pull-up network of
CMOS circuits are not considered. This leads to misleading results when the
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concept of this approach is extended to a pull-up network. Since this approach
focus on the gate leakage reduction in pull-down network, it did not provide any
details or information regarding pin reordering rule for pull-up network, and pin
reordering effects on subthreshold leakage. Furthermore, there are limitations of
using the pin reordering in complex CMOS logic gates, which will be discussed
in later in this chapter.

For this reason, better understanding and more accurate method of pin
reordering is essential. In this chapter, we present complete pin reordering rules
for CMOS circuits by including the pull-up network. For the first time, we
comprehensively analyze the pin reordering effects on both gate and
subthreshold leakage current in different conditions (stacking effect and non-
stacking effect), and define the three effects of pin reordering on leakage
reduction. In this wok, we provide a direct and accurate method for
implementing a minimal leaky structure in CMOS logic gates by pin reordering,
which leads to reducing the overall leakage dissipation of a CMOS circuit.

The rest of this chapter is organized as follows. First, we analyze the effect of
pin reordering on gate and subthreshold leakage, and then provide the minimal

leaky structure in different gate input states under the same input combination of
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typical CMOS logic gates, such as NAND, NOR, XOR, XNOR, AOI and OA], to

enhance the leakage power reduction in CMOS circuits.

4.2 Leakage Reduction through Pin Reordering

Output node Vop Vop Vop
1J 1J 1
1J/ 1} \ 0—d 1—d 1—g
0— oS3 1 11 1 Ik
]0 ]o ]1 1—|S1;] 0—|[SZ 1—|[S3y]
]1 ]1 ]o
0— 1—|[S2y 0—
]0 ]o ] 0 1—|S3:] 11— 0—
0 0 0
o T - 1\ } /
lo lo 170
Output node
(a) (b)

Figure 21: Steady states in off-state network: (a) NMOS (b) PMOS.

Both NAND and NOR gates consist of a parallel structure and a serial
structure. For example, in a NAND gate, PMOS part has a parallel structure and
NMOS part has a serial structure. When input vectors include both 1 and 0, then
the only conducting network (i.e., the on-state network) in NAND or NOR gates
will be in the parallel part of the gates. Transistors of off-state network are

connected in series and thus only one transistor will be in the subthreshold leaky
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state. To illustrate this, consider an NMOS/PMOS transistor stack in the pull-
down/pull-up of a 3-input NAND/NOR gate, as illustrated in Figure 21. In this
example, NMOS/PMOS transistors of off-state network are connected in series;
the first nonconducting transistor from output node will be in the subthreshold
leaky state (Sgyp: S3n and S3r), and rest of nonconducting transistor will be in the

least leaky state (Sygasr : SIn and Slv).

Vb Vbp A Vbp
Case2 Casel
vm{ Sty 'Be% (S3n) (\‘}B‘;% (S3p) 04 (S2y)
= Vpp-Vin 0 = Vi Vop
0{ (S3y) vm{ (S2y) 04 (Sdp) vooc{ (S3p)
(Casel) (Case2)
0 0
0 0

(a) (b)

Figure 22: Comparison of Steady states in two transistor stacks with different
input vectors: (a) Pull-down (b) Pull-up.

Under different gate input states in off-state network, Ssyp (538 and S3r) can

be divided into two cases based on correlation with conducting transistor. To
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demonstrate this, consider the series-connected parts of a NAND or NOR gates,
which are in off-state when with input vector “10” and “01” as shown in Figure
22. The following is an elucidation of the two cases in Sgyp for an NAND gate
and a NOR gate.
e For NAND gate:
(1) Case 1 (when input vector = 10): For the transistor in state S3n, when
S3n is located other than top in transistor stacks of pull-down
network, the drain voltage (Vb) of S3x is approximately Vop-Vin.
(2) Case 2 (when input vector = 01): For the transistor in state S3n, when
S3n is located on the top in transistor stacks of pull-down network,

the drain voltage (Vp) of S3n is Vob.

e For NOR gate:
(1) Case 1 (when input vector = 10): For the transistor in state S3r, when
S3r is located other than bottom in transistor stacks of pull-up
network, the drain voltage (Vb) of S3r is approximately Vin.
(2) Case 2 (when input vector = 01): For the transistor in state S3r, when
S3r is located on the bottom in transistor stacks of pull-down network,

the drain voltage (Vp) of S3r is 0.
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When the source node voltage (Vs) of casel and case2 has the same in S3xn/S3p,
leakage current of Ssyp in Casel (Ssyp1) is less than that of Sgyyp in Case2 (Ssyp2)

since the Vbs and Vep of Sgyp, are approximately Vi higher than Sg;p1 as shown

in Figure 23.
A A
0 4 Vpp 4
(Case2) Igp Case2 O\ T
2 0 — VDD é E VDD T —I 0 ;E
. Isus ] 2 Isup =
¥ & z 2
: 0 = E Voo p
= | (Casel) Tep 3 = | (Casel) o) g, &
£ : = )
0o — — Vpp- Va Vb Vin
— _
ISUB ]SUB

(a) (b)

Figure 23: Leakage comparison of Ssus in different bias voltage conditions: (a)
NMOS (S3~) (b) PMOS (S3e).

In a similar way, under different gate input states in off-state network, there
are two types of conducting transistors (Sgarg (52¢/52n) and S;; (S4¢/54n)); the
state type (Sgare /SLg) depends on correlation with Sgyy5. The Sgarg presents when

conducting transistor is located below (above) the Sgyp in pull-down (pull-up)

51



network, whereas the §5;; presents when conducting transistor is located above
(below) the Sgyp in pull-down (pull-up) network (see Figure 21 and Figure 22).
Note that S;; leak significantly less than Sgsrg, typically 3 to 6 orders of
magnitude less, since magnitude of the gate leakage is a strong function of the
applied bias [6].

Figure 24 depicts the behavior of the gate leakage response for bias voltage
between nodes (Vcs, Vep and Ves) in conducting transistors. Noted that in Figure
24, the second-smallest leaking state (Vo=Vs= Vop-Vu (=Vu) in S4~ (S4r)) presents
when more than one conducting transistors located above (below) the Sgy;p in
stacks. In addition, second-highest leaking state (Vo=Vs=100mV (=Vpp-100mV) in
S2n (S2p)) presents when conducting transistor located between non-conducting

transistors.
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Figure 24: Leakage comparison of conducting transistors: (a) NMOS (b) PMOS.

Table 8: Leakage current (nA) of two transistor stacks with different input

vectors.

Network | Input | State | Type Isus Ic Itorar | ' Vosl | I Vasl | | Vepl

S3 S 15.229 | 1.017 1.1 0 1.1

01 | OsuBz 20.358
PDN S2N | Sgark 0 4112 0 1.1 1.1
. . 2

(@) 10 S4n Sie 0 0.002 7191 0.253 | 0.253 0
S3n | Ssyp1 | 6.961 | 0.228 0.847 0 0.847

01 S2r | Sgark 0 0.030 2401 0 1.1 1.1
b S ) .005 0.853 0 0.247

S4p Sie 0 0 0.247 | 0.247 0
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Table 8 lists the corresponding leakage currents and bias voltage of Figure 22
(two transistor stacks with different gate input states). The data shown in Table 8
are conducted by Synopsys HSPICE simulator that invokes the default 65nm
Predictive Technology Model (PTM) [42]. In this chapter, all simulation data are
conducted by HSPICE using the default 65nm PTM at room temperature, and the
W/L and P/N ratio are designed as 4 and 2, respectively. It is noteworthy to note
that gate leakage of S3n is a reverse gate leakage (reverse gate tunneling current),
which has the same order of magnitude in forward gate tunneling current (S2x).
It can be observed that the leakage currents corresponding to input vector “10”
and to “01” are very different due to the following reasons:

e Isus in “10” far less leaky than that in “01” because the Vbs of S3~/S3p
with input “10” is approximately Vi less than that in “01”; When the
input vector is “10” in pull-down (pull-up) network, the value of
internal node voltage is Vopo-Vu (Vin), whereas, when the input vector is
“01” in pull-down (pull-up) network, the value of internal node

voltage is zero (Vop) due to the conducting path to the ground (Power

supply).
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e Icin “10” significantly less than that in “01”; Vep of S3n/S3p with input
“10” is approximately Vi less than that in “01”. Furthermore, Ic in
S4n/S4r with “10” is considerably (3 orders of magnitude) less than that

in S2n/S2p with “01”.

For this reason, leakage reduction can be achieved by pin reordering;
conducting (nonconducting) transistor(s) of series-connected transistors in off-
state pull-down (pull-up) network located above the nonconducting (conducting)
transistor(s), and thereby leakage current can be minimized by replacing S¢arg
(52n/S2p) and Sgyp, with Sp; (S4n/S4r) and Sgypq , respectively.

In other words, pin reordering technique formulates the minimal leaky steady
state in certain input combination by eliminating gate leaky state; replacing the
S¢are With Sy, results in Ssyp change from Sy, to Ssyp: -

It should be note that the previous pin reordering approach [3] (place the all
conducting transistors on above the non-conducting transistors) only valid in the
pull-down network since this approach focus on gate leakage reduction of pull-
down network. Thus, we propose a reordering rule for leakage reduction in pull-
up network; that is, place the all non-conducting transistors on above the

conducting transistors.
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Figure 25: Leakage current and threshold voltage trends as a function of Vo in
S3n with Ve= Vs=Vs=0, Vop=1.1 and W/L=4 in 65nm technology. The unit of
right side of Y-axis is Ampere (A).

Following is a summary of the effects of the pin reordering on leakage

reduction:

(1) Reduced the drain-to-source voltage (Vbs) in Ssyp (S3n8/S3r), which causes

its threshold voltage to increase due to the less DIBL. Thus the

subthreshold leakage reduced (see Figure 25).

(2) The gate-to-drain voltage (Vep) in Sgyp (S3n/S3p) decreased, and thus the

reverse gate tunneling leakage reduced.

(3) Sgare replaced with S;; , gate leakage reduced considerably; S;; typically

3 to 6 orders of magnitude less than Sgarg -
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4.2.1 A MOS Transistor Stacks in Off-state Network

Now, we use the three transistor stacks in pull-down/pull-up network as

typical examples to analyze and compare the effects of pin reordering on

stacking and non-stacking effect cases. There are two possible input

combinations in three transistor stacks under different gate input states; the first

one consists of two conducting and one nonconducting transistors (non-stacking

effect case), and the second one consists of one conducting and two

nonconducting transistors (stacking effect case).

4.2.1.1 Non-Stacking Effect Case

VDD VDD VDD _\]&
1 1 1 1
0— 1— 1— 0—d|[S2»
0 e 11 14
1— _SZN 0—— _S3N 1— _S4N 0—g _SZ]:
o o 14 BE
—rw —n o—|[m3s 1—d

-y
-
=

=

(a)

1—g S3p

(b)

Figure 26: Possible input vectors of non-stacking effect case in three transistor
stacks in different gate input states: (a) PDN (NMOS) (b) PUN (PMOS).
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Let us consider the non-stacking input combination in three transistor stacks;
only one off-transistor presents in transistor stacks. In this condition, source
voltage (Vs) of S3n (S3r) is zero (Vop) even though S3n (S3r) located other than
bottom (top) of the transistor stacks since there is always conducting path to the

ground (power supply) as shown in Figure 26.

Table 9: Leakage current (nA) and node voltage (V) for three transistor stacks
with different input vectors in non-stacking effect case.

Network | Input | State | Type | Isus Ic Itora | Vb Ve Vs
S3n | Ssypz | 15208 | 1.017 1.1 0 0
011 | S2n | Sgare 0 4112 | 24449 | 0 1.1 0
S2n | Sgark 0 4.112 0 1.1 0
S4n | Sig 0 0.002 1.1 1.1 | 0.847
Pg;\I 101 | S3~ | Ssypy1 | 6.958 | 0.227 |11.299|0.847| O 0
S2n | Sgark 0 4.112 0 1.1 0
S4n | Sig 0 0.002 1.1 1.1 | 0.849
110 | S4n | Si¢ 0 0.005 | 6.552 |0.849| 1.1 | 0.817
S3n | Ssyp1 | 6.356 | 0.189 0817| O 0
S2p | Sgark 0 0.030 1.1 0 1.1
001 | S2¢ | Sgare 0 0.030 |24.009| 1.1 0 1.1
S3p | Ssypz | 23.934 | 0.015 0 1.1 1.1
S2p | Sgark 0 0.030 1.1 0 1.1
P(I}i\l 010 | S3¢ | Ssypi | 9.146 | 0.005 | 9.181 |0.247 | 1.1 1.1
Sde | Si¢ 0 7.3E-5 0 0 0.247
S3p | Ssyp1 | 8.029 | 0.004 0280 | 1.1 1.1
100 | S4r | Si¢ 0 1.7E-4 | 8.033 [0.243| 0 0.280
Sde | Si¢ 0 7.1E-5 0 0 0.243
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Table 10: Leakage current (nA) for S3nr in different bias voltages (V).

Network | Input | Type | Vbs | IVepl | Vth | Irorac
011 | Ssypo | 1.1 1.1 | 0.299 | 16.225
PDN 101 | Ssypy | 0.847 | 0.847 | 0.328 | 7.185
110 | Ssyp, | 0.817 | 0.817 | 0.331 | 6.545
001 | Seys, | 1.1 | 1.1 | 0212 |23.949
PUN 010 | Ssyps | 0.853 | 0.853 | 0.246 | 9.151
100 | Sgypy | 0.820 | 0.820 | 0.251 | 8.033

Table 9 lists the gate leakage current, subthreshold leakage current, total
leakage current and node voltage for three transistor stacks in pull-down/pull-up
network. As expected, the simulation shows that lowest leakage input vector of
pull-down (pull-up) network is “110” (“100”) which does not contain the Ssyp.
and Sgarg, whereas input “011” (“001”) is the worst case since each node (Vp, V¢
and Vs) in steady states contains the full logic value (either Vob or 0). Note that
among Ssypy cases, the input “110” (“100”) in S3~ (S3r) exhibits least leakage
because the Vep and Vs of this case has least value as shown in Table 10. In

Table 10, the lowest leakage for each network is in bold.

4.2.1.2 Stacking Effect Case

Stacking effect occurs when more than one transistor in the stack is “OFF”. In

this formation, unlike in non-stacking effect case, Vs of S3n is not zero but
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positive potential (Vs > 0), and Vs of S3r is not Voo but less than supply voltage
(Vs < Vop); this phenomenon known as stacking effect. As aforementioned, this
effect considerably reduces the subthreshold leakage. For example, when Vs of
S3n has positive potential, the gate-to-source voltage (Vcs) becomes negative
(reverse biased) and threshold voltage increase due to the larger body effect
(body-to-source voltage (Vss) becomes negative) and less DIBL effect (drain-to-
source voltage (Vbs) reduced) than non-stacking case (Vs=0). As seen in Figure 27

and Table 11, the increase of Vs in S3nreduces the subthreshold leakage.
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Figure 27: Leakage current and threshold voltage trends as a function of Vs in
S3~n with Ve=Vs=0, Vo= Vop=1.1V and W/L=4 in 65nm technology. The unit of
right side of Y-axis is Ampere (A).



Table 11: Variation of threshold voltage (V) and subthreshold leakage current
(nA) with source voltage (V) in S3x: Ve=Vs=0, Vo=Vbp=1.1V and W/L=4 in 65nm
technology.

Vb Ve Vs Vbs Vas / Vs Vith Isus

1.1 0 0 1.1 0 0.299 | 15.229
1.1 0 0.01 1.09 -0.01 0.303 | 10.741
1.1 0 0.02 1.08 -0.02 0.306 | 7.559
1.1 0 0.03 1.07 -0.03 0.309 | 5.308
1.1 0 0.04 1.06 -0.04 0.312| 3.720
1.1 0 0.05 1.05 -0.05 0.316 | 2.603
1.1 0 0.06 1.04 -0.06 0.319 | 1.818
1.1 0 0.07 1.03 -0.07 0.322 | 1.268
1.1 0 0.08 1.02 -0.08 0.325| 0.883
1.1 0 0.09 1.01 -0.09 0.329 | 0.614
1.1 0 0.10 1.00 -0.10 0.332 | 0.427

To analyze pin reordering effect on stacking case, we use a three transistor
stacks with certain input combinations which consist of two nonconducting (off)
and one conducting(on) transistors as shown in Figure 21. Table 12 lists the gate
leakage current, subthreshold leakage current and total leakage current in
different input vectors along with node voltage in each transistor for
NMOS/PMOS three transistors stacks in stacking case. Simulation verifies the
prediction that “100” and “110” are the lowest leakage input vectors in pull-
down network and pull-up network, respectively; those vectors do not have

Scare and Sgyp;.
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Table 12: Leakage current (nA) and node voltage (V) for three transistor stacks
with different input vectors in stacking effect case.

Network | Input | State | Type | Isus Ic ItoraL | Vb Ve Vs
S3 | Ssygz | 0.613 | 1.017 1.1 0 0.09
001 S1 | Sigasr | 0.613 0 6.355 | 0.09 0 0
S2 | Sgare 0 4112 0 1.1 0
S3 | Ssypz | 0.613 | 1.017 1.1 0 0.09
Pg;\l 010 S2 | Sgare 0 3.162 |5.407 | 0.09 | 1.1 | 0.09
S1 | Sigasr | 0.613 | 0.002 0.09 0 0
S4 Sie 0 0.001 1.1 1.1 |0.903
100 S3 | Ssyps | 0.572 | 0.322 | 1.467 | 0.903 0 ]0.075
S1 | Spgasr | 0.572 | 9.2E-05 0.075 0 0
S2 | Sgare 0 0.030 1.1 0 1.1
011 S1 | Spgasr | 0.444 | 1.0E-05 | 0.938 | 0.990 | 1.1 1.1
S3 | Ssypz | 0.449 | 0.015 0 1.1 |0.990
S1 | Spgasr | 0.444 | 1.0E-05 0990 | 1.1 1.1
P(Lbli\l 101 S2 | Sgare 0 0.018 |0.926 | 0990 | 0 ]0.990
S3 | Ssypz | 0.449 | 0.015 0 1.1 ]0.990
S1 | Sppasr | 0.410 | 7.0E-06 1.006 | 1.1 1.1
110 S3 | Ssypr | 0410 | 0.006 |0.826 | 0.164 | 1.1 | 1.006
S4 Sie 0 2.5E-05 0 0 |[0.164

It should be noted that the subthreshold leakage current of off-transistors (S3n
and S1n) in stacking case is almost identical. This is due to the fact that the same
amount of subthreshold leakage current flows through all the transistors in the
path. The subthreshold leakage equation (1) can be simplified to the following

form,
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where B =

Isyp = 1

(1 -exp

Werr
Legy

qgsiNa
20,

Vbs
v, )) and

V:2BC

C=exp(

Ves = Vin

nVr

)

©)

In equation (5), subthreshold leakage depends primarily on the Vbs, Vin and

Ves, when temperature is fixed at room temperature (standby mode); hence, the

thermal voltage is 0.02585(V). Note that the effect of Vps on Vu is involved with C

term, while Vbs in B term is not an important factor in subthreshold lekage

equation as shown in Table 13. Therefore, V;s and Vy, are the two dominant

factors in subthreshold equation. In stacking effect case, subthreshold leakage

current of Sg;;5 is about the same as S;p,sr because the Vaes-Vin of Sgyp is almost

identical as S;p457 as listed in Table 13.

Table 13: The main factors of the subthreshold leakage for PDN three
transistor stacks with different gate input states in stacking effect case.

Input | Type Vbs Vs Vin | Vs -Vin B C
001 Ssup?2 1.01 -0.09 | 0.329 | -0.419 1 1.98E-04
Siteast | 0.090 | 0.000 | 0.414 | -0.414 0.969 | 2.18E-04
010 Ssup?2 1.01 -0.09 | 0.329 | -0.419 1 1.98E-04
Siepast | 0.090 | 0.000 | 0.414 | -0.414 0.969 | 2.18E-04
100 Ssyp1 | 0.828 | -0.075 | 0.346 | -0.421 1 1.90E-04
Siepast | 0.075 | 0.000 | 0.416 | -0.416 0.944 | 2.10E-04
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Figure 28: Variation of leakage current with different input vectors for a
stack of three transistors. (a) Pull-down network. (b) Pull-up network.
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Figure 28 shows the variation of leakage current with different input vectors
for three transistors stack. Table 14 shows the leakage savings in subthreshold,
gate and total leakage current with application of pin reordering for three
transistors stacks. It can be observed that pull-down network (PDN) obtains
more leakage savings than pull-up network (PUN) from pin reordering due to
the ratio of gate leakage to total leakage as shown in Table 15. Typically, gate
leakage for the PMOS transistor is an order of magnitude lower than for the
NMOS transistor when using SiO2 [47] due to the higher tunneling barrier
height for holes (4.5eV) than for electrons (3.1eV) [48]. In case of 65nm PTM, the
gate leakage for the PMOS transistor is two orders of magnitude lower than for
the NMOS transistor as shown in Table 9 and Table 12.

Table 14: Leakage savings and saving ratio with application of pin reordering
for leakage reduction in three transistors stacks.

Stacking Pin Leakage Savings (%) | Saving Ratio (%)
Network .
effect reordering Isup Ig TroTaL Isup Ig
Non- [011] —» [110] | 58.21 | 97.88 | 73.20 | 49.46 50.54
PDN stacking | [101] - [110] | 8.65 | 95.48 | 42.01 | 12.68 | 87.32
) [001] - [100] | 6.69 | 93.70 | 76.92 1.68 98.32
Stacking
[010] —» [100] | 6.69 | 92.27 | 72.87 2.08 97.92
Non- [001] - [100] | 66.45 | 94.67 | 66.54 | 99.56 0.44
PUN stacking | [010] - [100] | 12.21 | 88.57 | 12.50 | 97.30 2.70
] [011] - [110] | 8.17 | 86.67 | 11.94 | 65.18 34.82
Stacking
[101] - [110] | 8.17 | 81.82 | 10.80 | 73.00 27.00
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Table 15: A comparison of leakage ratio between subthreshold and gate
leakage in stacking and non-stacking cases with different gate input states in
three transistors stacks.

Leakage ratio (%)
Network Stacking effect Input
Isus Ig
' [011] 62.20 37.80
Non-stacking
[101] 61.58 38.42
PDN
. [001] 19.29 80.71
Stacking
[010] 22.67 77.33
[001] 99.69 0.31
Non-stacking
[010] 99.62 0.38
PUN
[011] 95.20 4.80
Stacking
[101] 96.44 3.56

For this reason, compared to PDN, PUN, where the contribution of gate
leakage is much smaller than that of PDN, does not take full advantage of pin
reordering effect on leakage reduction since the contribution of gate leakage
reduction through pin reordering does not reflect the overall leakage savings. As
seen in Figure 28, subthreshold leakage reduced considerably by stacking effect,
and thus saving ratio of gate leakage in stacking case is higher than non-stacking

case as listed in Table 14.
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4.2.2 A Combination of Serial and parallel MOS

Structures in Off-state Network

For the evaluation of the effect of pin reordering on leakage reduction in
complex logic gates, we use an off-state network of typical complex CMOS logic
gates such as exclusive-or (XOR), exclusive-nor (XNOR), and-or-inverter (AOI)

and or-and-inverter (OAI).

VDD VDD VDD VDD

GND GND GND GND

(a) (b) (c) (d)

Figure 29: 3-input OAI-21 (F=A (B+ (C)) gate with different pull-down
structures ((a) Typel, (b) Type2), and 3-input AOI-21 (F = A+ BC ) gate with
different pull-up structures ((c) Typel, (d) Type2).
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Table 16: Leakage current (nA) and steady state components for AOI-21 and
OAI-21 logic gates in off-state network with different input vectors under
different gate input states.

Gate s(zzi-e Input | Structure States State type IromaL
type network (ABC) type (ABC) (ABC)

Typel |S3 S5 S4 |Ssyp1  Src  Sic | 8413

oot Type2 |S3 S1 S2| Ssypz Sigasr Scarg | 20.347

Typel |S3 S4 S5 |Sqyp1  Sic  Src | 8413

o0 Type2 |S3 S2 S1 | Ssysz Scare Sipasr | 20.347

OAL PON o1 Typel |S3 S4 S4 |Sqyp1 S Sig | 7.604

21 Type2 |S3 S2 S2 | Seums Scare Seare | 24459

Typel |S2 S3 S3|Scare Ssupz Ssupz | 36.558

100 Type2 |S4 S3 S3| S, Ssupi Ssupi | 13.587

bUN 101 Both |S3 S2 S3|Ssypz Searz Ssusz | 48.008

110 types 1S3 S3 S4|Sqypr Ssupi  Sic | 33.162

Typel |S2 S3 S3|Scarg Ssupz Ssupa | 47.917

o Type2 |S4 S3 S3| S Ssypi Ssupi | 17.088

Typel |S3 S4 S4 |Sqyp1  Sic  Sic | 9.796

100 Type2 |S3 S2 S2 | Ssupz Scare Scare | 24.056

AOL- PON (o1 Typel |S3 S4 S5 |Ssyp1 Sic  Sre | 9173

21 Type2 |S3 S2 S1|Seusy Scurs Sigasr | 24.010

Typel |S3 S5 S4 |Ssyp1  Src  Sic | 9173

HO Type2 |S3 S1 S2| Ssypz Sipasr Scarg | 24.010

oDN 001 Both |S3 S3 S2|Ssysz Ssupz  Sgarz | 36.605

010 types  1s3 S4 S3|Seypz Sic  Ssupi | 23.431
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Figure 29 shows the different implementations of OAI-21 (F = A (B + ()) and

AQOI-21 (F = A+ (BC)) gate.

In OAI gate (F = Aand (B or () ), if the “or” components (input B and C in
Figure 29(a) and (b)) consider as one single transistor, the logical function of
OAI-21 gate is the same as NAND?2 gate since the part of AND-Inverter in OAI
gate is replaceable with NAND gate. Hence, pull-down network of OAI-21 gate
is off-state under different gate input states, when either the “or” function or the
other input (input A) is zero; under different gate input states, there is an one
possible input existed for “or” function in zero case which input vector (ABC) is
“100”, while there are three possible inputs existed for the other case (A=0), those
inputs (ABC) are “001”, “010” and “011”. In addition, pull-up network of OAI-21
gate is off-state under different gate input states when input A is high along with

one of “or” function inputs is high, which inputs (ABC) are “101” and “110”.

In a similar way, logical function of AOI-21 (F = Aor (B and C ) ) gate is the
same as NOR2 gate when “and” function (input B and C in Figure 29(c) and (d))
in AOI gate consider as one single transistor since the part of OR-Inverter in AOI
gate is replaceable with NOR gate. Hence, pull-up network of AOI-21 gate is off-

state under different gate input states when either the “and” function or the
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other input (input A) is high (Vop); under different gate input states, there is an
one possible input existed for “and” function in high case which input vector
(ABC) is “011”7, while there are three possible inputs existed for the other case
(A=Vop), those inputs (ABC) are “100”, “101” and “110”. The pull-down network
of AOI-21 gate is off-state under different gate input states when input A is low
along with one of inputs in “or” function is low, which inputs (ABC) are “001”
and “010”. Table 16 lists the leakage current and steady state components for
AOQOI-21 and OAI-21 logic gates in off-state network.

In off-state pull-down (pull-up) network of OAI-21 (AOI-21) gate, Type 1
structure do not present the Sg;p, and Sg4rg other than input “100” (“011”) case,
and hence less leaky than Type 2 structure other than input 100 (“011”) case,
while Type 2 structure do not present the Ss;p, and Sg4rg only when input “100”
(“011”) case, resulting in less leaky than Type 1 structure.

In off-state pull-up (pull-down) network of OAI-21 (AOI-21) gate, input
“110”(“010”) is less leaky than input “101”(“001”) due to the steady states of
input B and C; steady states of B and C in “1107(“001”) are Ssyp; and Sy
respectively, while steady states of B and C in “101”(“001”) are Ssyp, and Sgarg

respectively.
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Figure 30: 2-input XOR gate (Q = AB + AB) with different input positions in
PUN ((a) Typel, (b) Type2) and PDN ((c) Type3, (d) Type4, (e) Type5).
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Figure 31: 2-input XNOR gate (Q = AB + AB) with different input positions in
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Table 17: Leakage current (nA) and steady state components for XOR (XNOR)
logic gate in off-state network with different input vectors.

Input:
Off- XOR Structure Steady jtaies Steady stite _type _—
state (XNOR) type (ABAB) (ABAB)
00 Typel |S2 S2 S3 S3| Spure Seare Ssumz Ssuma | 48.046
OO 1 Type2 |s4 S4 S3 S3| S,c  Sic Seup: Ssups | 18322
R " Typel |S3 S3 S4 S4|Ssyp:i Ssupi  Sic  Sic | 18.322
(00 | Type2 |S3 S3 S2 S2| Seuss Ssupz Scare Scarg | 48.046
Type3 |S3 S2 S4 S3| Seysz Sears  Sic  Ssupi | 27.528
(8(1)) Typed |S3 S4 S4 S3|Seups  Sic  Sic  Ssupi | 14.381
Type5 | S3 S2 S2 S3| Seyms Seurs  Soars  Ssups | 40.694
R Type3 |S4 S3 S3 S2| S,o  Ssupi Ssumr Seary | 27.528
(1(1)) Typed | S2 S3 S3 S2| Spure  Ssuss Ssumz  Seary | 40.694

TypeS S4 S3 S3 S4 SLG SSUBl SSUBI SLG 14.381

Figure 30 (Figure 31) shows the XOR2 (XNOR2) CMOS gate with two and
three different input locations of pull-up and pull-down network, respectively.
An important point to note is that if XOR2 and XNOR?2 gates are implemented by
complex CMOS gate realization, all input vectors of both XOR and XNOR gate
never produce the same gate input state due to the presence of negated inputs.
For example, if input components of XOR2 (XNOR2) gate are A and B, the logical

expression of XOR2 (XNOR2) is A-B+A-B (A-B+A-B), and thus both
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original inputs (A and B) and negated inputs (A and B) are presented in each
CMOS network as illustrated in Figure 30 (Figure 31).

Consequently, unlike the other logic gates (such as NAND, NOR, AOI and
OAI) which present the same gate input state when input vector consists of same
logic value (either high or low), every input vector of XOR (XNOR) complex
CMOS gate can be presented the most gate leaky state (Sgsrp) in off-state

network as shown in Table 17.

4.2.2.1 Limitation of Using Pin Reordering in a Complex
CMOS Gate

As aforementioned, there is a limitation of using pin reordering technique in

complex CMOS gate. To illustrate this, consider the different implementations of

OAI-21 gate (F=Aand(Bor(C) ) and AOI-21 (F=Aor(Band(C) ) gate, as
shown in Figure 29. In this structure, only OR/AND components (B and C) of
OAI-21/AQI-21 can be interchanged with each other, whereas inputs A and B, or
A and C cannot be interchanged because this transformation affects the gate logic
function. For this reason, only a pull-up (pull-down) network in OAI-21 (AOI-21)

is benefited from pin reordering, whereas a pull-down (pull-up) network does
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not. Similarly, pin reordering technique only effective in pull-down networks of
XOR and XNOR gates. As a result, only one of CMOS networks (either pull-up or
pull-down) benefit from pin reordering as shown in Table 18. In order to
overcome this limitation of using pin reordering, transistor reordering is

inevitable, which will be described on next chapter.

Table 18: Leakage current savings (%) obtained through pin reordering.

Off-state ) i Leakage Savings
Gate type Pin reordering
Network Isus Ic IroraL
OAI-21 PUN 101 - 110 30.88 67.67 30.92
AOI-21 PDN 001 - 010 27.16 79.72 35.99
01 (00): Type 3 — Type4 | 37.20 91.43 47.76
XOR2 01 (00): Type 5 — Type4 | 54.26 95.52 64.66
XNOR2 PDN
( ) 10 (11): Type 3 > Type 5 | 37.20 | 9143 | 47.76
10 (11): Type 4 —» Type 5 | 54.26 95.52 64.66

4.3 Summary

In this chapter, we first discussed how gate and subthreshold leakage varies
with input vector. And then we investigated the opportunities for reducing gate

and subthreshold leakage simultaneously by using pin reordering, and pointed
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out the problems and limitations in association with existing pin reordering
technique when applying this technique to pull-up network of CMOS circuits. To
solve these problems, we proposed the complete pin reordering rules for CMOS
circuits by including the pull-up network. Experimental results show that pin

reordering technique effectively reduced the both subthreshold and gate leakage.
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Chapter 5
Leakage Reduction through Transistor

Reordering for a Complex CMOS Gate

5.1 Introduction

Table 19: Leakage current savings (%) obtained through transistor reordering.

Off-state ) ) Leakage Savings
Gate type Transistor reordering
Network Isus Ic IroraL
001 : Type 2 = Type 1 5439 | 71.31 | 58.65
010 : Type 2 = Type 1 54.39 | 71.31 | 58.65
OAI-21 PDN P P
011 : Type2 — Type 1 51.72 | 97.22 | 68.91
100 : Type 1 — Type 2 56.67 | 93.33 | 62.84
011 : Type 1 = Type 2 64.31 | 86.01 | 64.34
100 : Type 2 = Type 1 59.17 | 93.29 | 59.28
AOI-21 PUN P P
101 : Type 2 — Type 1 61.82 | 47.05 | 61.80
110 : Type 2 — Type 1 61.82 | 47.05 | 61.80
XOR2 00 (01): Type1 — Type?2 | 61.81 | 89.79 | 61.86
5 PUN
(XNOR2) 11 (10): Type 2 > Type 1 | 61.81 | 89.79 | 61.86

In a complex CMOS logic gate, which off-state network consists of

combination of serial and parallel MOS structures, pin reordering is limited by a
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gate logic function as discussed in previous chapter. To overcome this, transistor
reordering is applied for leakage minimization. Therefore, all networks of
complex CMOS logic gates are benefited from wusing pin and transistor
reordering as listed in Table 18 and Table 19, respectively.

In this chapter, we proposed an optimized structure for leakage reduction in
complex CMOS logic gate by transistor reordering. To accurate analysis of
transistor reordering, we considering all components of gate leakage as well as
subthreshold leakage.

The concept of previous pin reordering rule [3] for leakage reduction, placing
all off transistors at the bottom of the stack for each gate, works well in simple
complex CMOS logic gates such as 3-input OAI-21/AQOI-21 gate as we explored
previously. However, this approach is not fully optimized for every complex
logic gate since it did not take into account the reverse gate leakage, and thus
effect of reordering on reverse gate leakage is ignored. This can result in
inaccurate analysis of the effect of transistor reordering on leakage reduction. To
demonstrate this, consider OAI-4211 gate as shown in Figure 32 (a). This
complex gate can transform into the simplified form as shown in Figure 32 (b),

when we consider the parallel transistors as one single transistor.
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Figure 33: Various formations of pull-down network in OAI-4211 gate;
simplified form input: (a) “ABDC” (b) “DCAB” (c) “CDBA”".
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Table 20: Comparison of leakage current (nA) considering without Irc and
with Ircin off-state network of OAI-4211 gate with input: abcdefgh (ABCD) =
00011000 (0011).

Simplified formation in w/o Irg w Irg
transistor order: Isus
Top — bottom (condition)

ABDC (off-off-on-on) 2.27 8.22 10.05 9.24 11.51

I IroraL I Irorar

If the given input vector of this gate is abcdefgh (ABCD) = 00011000 (0011),
the worst transistor order of simplified form (top-to-bottom order) is “off-off-on-
on” (="0011"); possible input vectors are “ABCD”, “ABDC”, “BADC” and
“BACD”.

Among possible worst transistor orders, one (“ABDC”) of worst orders is
shown in Figure 33 (a), and Table 20 lists the leakage current with and without
considering Irc. The best transistor order of simplified form (top-to-bottom order)
is “on-on-off-off” (=”"1100”); possible input vectors are “CDAB”, “CDBA”,
“DCAB” and “DCBA”; two of best orders are shown in Figure 33 (b) “DCAB”
and (c) “CDBA”.

Figure 34 depicts the transistor reordering to minimize the leakage current.
After this transformation is done, the off-state network can be divided into two
block bindings: conducting block binding (CBB) and non-conducting block

binding (NCBB).
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Figure 34: Transistor reordering for leakage reduction in off-state network
when the simplified input (ABCD) of OAI-4211 gate is “0011”.

VDD VDD

e{ (54v) f% (S5~) g*{ (S5~)
)

d{ (S4v)
h—{ (S5v) (1)
0

1 (0) (0 0)
e— [(S4v) f—{|(S50) g—[S5%)  h—{|(S5v)
(‘lij (G (1# (oﬂ (0;{ (0)
NéBB NéBB
(a) (b)

Figure 35: Different conducting block orders in CBB of OAI-4211 gate: (a) “DC”
(b) IICDII.

In this formation, the steady state(s) of each conducting block of OAI gate

consists of either least gate leaky state (54n), or least gate leaky state along with
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reverse gate leaky state (S5n). For example, Figure 35 shows the two possible
transistor (conducting block) orders (“CD” and “DC”) in CBB of OAI-4211 gate
under input: abcdefgh (ABCD) = 00011000 (0011).

If we ignored the reverse gate leakage (S5n) in conducting block, the
difference of the leakage current in two transistor orders is negligible. Thus, the
impact of transistor reordering on reverse gate leakage is also negligible.
However, when we take into account reverse gate leakage, there is a huge
discrepancy between two transistor orders (“DCXX” and “CDXX”, where XX
stands for input vectors (AB, BA)) in leakage current as shown in Table 21.

Table 21: Comparison of leakage current (nA) considering without Irc and

with Irc in different transistor orders in off-state network of OAI-4211 gate
with input: abcdefgh (ABCD) = 00011000 (0011).

Transistor order in w/o Irg w Irg
simplified form : Isus
Top = bottom (condition) I Trora ls hrorau

DCAB (on-on-off-off) 2.04 | 4.68E-3 2.05 4.15 6.19
CDAB (on-on-oftf-off) 2.04 | 5.17E-3 2.04 1.73 3.77
DCBA (on-on-off-off) 1.22 | 4.60E-3 1.22 4.41 5.62
CDBA (on-on-off-off) 1.22 | 5.10E-3 1.22 1.98 3.20

It can be observed that measuring leakage current is inaccurate without
considering the reverse gate tunneling leakage, resulting in misleading the effect

of transistor reordering on leakage savings as shown in Table 22.
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Table 22: Comparisons of percentage leakage reduction obtained without Irc
and with Ircin different transistor orders in off-state network of OAI-4211 gate
with input: abcdefgh (ABCD) = 00011000 (0011).

Transistor Leakage Savings (%)

Reordering w/0 Irg w Irg
[0011] = [1100]

Isus I ItoraL Isus I Trorar

[ABDC] — [DCAB] | 10.00 | 99.94 | 80.47 10.00 55.19 46.27
[ABDC] — [CDAB] | 10.47 | 99.94 | 80.57 10.47 81.27 67.29
[ABDC] — [DCBA] | 46.42 | 99.94 | 88.36 | 46.42 52.32 51.16
[ABDC] — [CDBA] | 46.61 | 99.94 | 88.39 | 46.61 78.51 72.22

Experimental results indicate that the leakage current between two
configurations (“DCXX” and “CDXX") is almost identical when the reverse gate
leakage current is ignored. The inaccurate analysis of reordering effects causes to
an overestimated its ability; existing reordering approach do not recognize the
differences between “DCXX” and “CDXX”. Furthermore, Isus also varies with
transistor order; XXBA transistor order is less leaky than XXAB transistor order,
where XX stands for input vectors (DC, CD).

Hence, just placing all off transistors at the bottom of the stack for each gate is
not fully optimized strategy for every complex logic gate. Consequently, the
impact of transistor reordering on reverse gate leakage and subthreshold leakage

should be considered to achieve minimal leaky structure.
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To overcome these problems, we proposed a novel transistor reordering
method for leakage reduction. Unlike previous technique, proposed method
provides exact reordering rules for minimum leaky formation by analyzing all
leakage components such as reverse gate and subthreshold leakage.

As described in previous chapter, reordering rules for leakage reduction in
pull-up network and pull-down network are different. Let us therefore consider

these two networks separately.
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5.2 Transistor Reordering in Pull-Down Network

In this subchapter, we assumed that the first step of transistor reordering has
been conducted in pull-down network; that is, all conducting blocks are located

above the all non-conducting blocks.

5.2.1 Transistor Reordering in Conducting Block
Binding

To analyze the effect of transistor (conducting block) reordering on leakage
current in CBB of pull-down network, we consider the different transistor orders
(“CD” and “DC”) in CBB of OAI-4211 gate with input: abcdefgh (ABCD) =
00011000 (0011), as shown in Figure 36. In CBB of off-state network, each
conducting block contains at least one on-transistor; for instance, in case of OAI
gate, each conducting block consists of either on-transistor (least gate leaky state
(54n)), or on-transistor along with off-transistor (reverse gate leaky state (S5x)).

Table 23 lists the leakage current of CBB in OAI-4211 gate. It can be observed
that on-transistor (S4n) and off-transistor (S5n) exhibit different leakage

behaviors based on the location in CBB
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Figure 36: Different conducting-block orders in CBB of OAI-4211 gate: (a) “DC”

(b) IICDII.

Table 23: Leakage current (nA) in different conducting-block orders of CBB in

OAI-4211 gate.

Conducting Block
Transistor order C D C+D
(Top—bottom)
S4n(on) | S4y(on) S5x (off) S4AN+(S4n+3*S5n)
Ig Ig Ig Isus IroraL
DC 3.095E-3 | 1.352E-3 | 1.300 | 3.510E-14 3.905
CD 1.490E-3 | 3.479E-3 | 0.504 | 3.046E-14 1.518
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Table 24: Leakage current (nA) and the bias voltages between the nodes in on-
and off-transistors under different locations of conducting block.

Conducting | “C | 0" | ol | Wesl | Vel | To
block (status) location
c Sy top 0 [0.255| 1.1 | 1.490E-3
(on) bottom | 0.218 | 0.238 | 1.1 | 3.095E-3
Sy top 0 [0.218| 1.1 | 1.352E-3
5 (on) bottom | 0.225|0.249 | 1.1 | 3.479E-3
S5y top 1.1 |0.882 1.300
(off) bottom | 0.875 | 0.851 0.504

As seen in Table 24, Ic in top-located on-transistor is less leaky than that in
bottom-located on-transistor, whereas, Ic in off-transistor shows the opposite
behavior; that is, Ic in top-located off-transistor is leakier than that in bottom-
located off-transistor. In Table 24, the lowest leakage for each transistor is in bold.
This is due to the fact that the drain voltage (Vp) of conducting block depends on
the location in CBB. When the conducting block locates on the top of CBB, the
drain voltage of conducting block contains full logic value (Vop). Whereas, when
the conducting block locates on the bottom of CBB, the drain voltage of
conducting block contains approximately Vwless than full logic value as shown
in Figure 36. For this reason, leakage in on-transistor reduces when conducting

block moves from bottom to top in CBB, whereas leakage in off-transistor
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reduces opposite way of transition (conducting block moves from top to bottom)
in CBB. Note that the subthreshold leakage (Isus) of off-transistor (Sbn) in
conducting block is negligible since the off-transistor (S5n) of Isus is at least
eleven orders of magnitude smaller than that of Ic as shown in Table 23. Thus,
the effect of transistor reordering on Isusis also negligible in CBB. In other words,
dominant leakage current of conducting block is the Ic. In addition, if conducting
block contains the off-transistor, reverse gate tunneling current (Irc), which
exhibits only in off-transistor, is the dominant leakage among Ic components
since this leakage is at least two orders of magnitude higher than forward gate
tunneling current (which exists only in on-transistor) in CBB as listed in Table 24.
Based on the above observations, we developed an algorithm for conducting
block in CBB of pull-down network. The following is the transistor reordering
procedure for leakage reduction in CBB of pull-down network.

1) Each conducting block calculates the delta leaky_CBB_PDN:

Delta leaky_CBB_PDN= (off_gain_ttb) — (on_gain_btt):
= Off_gain_ttb (calculate the off-transistors’ leakage gain (reduction)
when the block is moved from top to bottom in CBB): sum of all off-

transistors” leakage current (Ic and Isus) when the conducting block is
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located at the top of CBB — sum of all off-transistors” leakage current (Ic
and Isus) when the conducting block is located at the bottom of CBB.
= On_gain_btt (calculate the on-transistors’ leakage gain (reduction)
when the block is moved from bottom to top in CBB): sum of all on-
transistors’ leakage current (Ic) when the conducting block is located at
the bottom of CBB — sum of all on-transistors’ leakage current (Ic)
when the conducting block is located at the top of CBB.
2) Conducting blocks are sorted by delta leaky_CBB_PDN in ascending order
from top to bottom in CBB; the largest value of delta leaky_CBB_PDN is

located at the bottom of CBB.

For example, Table 25 shows the delta leaky_CBB_PDN of each conducting
block in CBB of OAI-4211 gate. Thus, the best transistor order of this CBB is
IICD//.

Table 25: Delta leaky of conducting blocks in CBB of OAI-4211 gate.

Conducting block | Off_gain_ttb | On_gain_btt | Aleaky CBB

C 0 1.605E-12 -1.605E-12

D 7.961E-10 2.127E-12 7.940E-10
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5.2.2 Transistor Reordering in Non-Conducting Block

Binding

(a) (b)

Figure 37: Different non-conducting block orders in NCBB of OAI-4211 gate: (a)
IIBAII (b) IIABII.

Table 26: Leakage current (nA) in different non-conducting-block orders of
NCBB in OAI-4211 gate.

Non-Conducting Block
Transistor order B A+B
(Top—bottom) b+c a+b+c
I Isu I Isus ItoraL
BA 1.332E-4 0.606 0.468 0.606 1.681
AB 0.231 1.018 9.039E-5 1.018 2.267
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Table 27: Gate leakage current (nA) and the bias voltages (V) between the
nodes under different locations of non-conducting block (NCB).

NCB | B ool | IVesl | Vasl | TWL | o

A top 0.849 | 0.054 0 4 0.231
bottom 0.088 0 0 1.332E-4

B top 0.850 | 0.088 0 g 0.468
bottom 0.054 0 0 9.039E-5

To analyze the effect of transistor (non-conducting block) reordering on
leakage current in NCBB of pull-down network, we consider the different
transistor orders (“BA” and “AB”) in NCBB of OAI-4211 gate with input:
abcdefgh (ABCD) = 00011000 (0011), as shown in Figure 37. In NCBB of OAI off-
state network, all non-conducting block contains the off-transistors. Table 26 lists
the leakage current of NCBB in OAI-4211 gate.

In case of Ic in NCBB, for the same reason as off-transistors in CBB, NCB
exhibit better leakage behavior when it located on bottom of NCBB due to the
Vepics of the block as listed in Table 27. Note that, among gate leakage
components, only reverse gate leakage is existed in the NCBB.

In case of Isus in NCBB, Isus in NCBB depends on the top block of NCBB as
shown in Table 26; the same amount of subthreshold leakage current exhibits in

the rest of blocks (other than top block), which discussed in the previous chapter.
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Thus, total Isus in NCBB can be calculated by adding Isus of every transistor in top

block of NCBB and multiplying it by the number of blocks in NCBB.

Table 28: Subthreshold leakage current (nA), Vi (V) and Vos (V) in different
widths of non-conducting block (NCB).

NCB
NCB location Vps | Vi | X W/L| Isus
A top 0.795 | 0.346 4 1.018
B top 0.762 | 0.356 8 0.606

It should be noted that Isus in top block of NCBB varies with its width (sum of
all off-transistors” W/L in block) as illustrated in Table 28; larger block width
(XCW/L) exhibits more stacking effect than smaller one since larger block width
yields more positive potential in its source node than smaller one as illustrated in
Figure 37. As can be seen from Table 27 and Table 28, Ic and Isus show different
leakage behaviors in terms of block width; the Ic is proportional to the block
width, whereas the Isus is inversely proportional to the block width.

Based on the above observations, we developed an algorithm for non-
conducting block in NCBB of pull-down network. The following is the transistor
reordering procedure for leakage reduction in NCBB of pull-down network.

1) Each non-conducting block calculates the delta leaky_NCBB_PDN:
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Delta leaky_ NCBB_PDN-= (total_gate_top) + (total_sub_top):
= Total_gate_top (calculate the total gate leakage current in each block
when the block is located at the top of NCBB): sum of all off-transistors’
gate leakage current in the block when the block is located at the top of
NCBB.
= Total_sub_top (calculate the total subthreshold leakage current of
NCBB based on the subthreshold leakage current in top block): sum of
all off-transistors’” subthreshold leakage current in the block when the
block is located at the top of the NCBB * the number of the blocks in
NCBB.
2) Non-conducting blocks are sorted by delta leaky NCBB_PDN in
ascending order from top to bottom in NCBB; largest value of the delta

leaky_ NCBB_PDN is located at the bottom of NCBB.

For example, Table 29 shows the delta leaky_ NCBB_PDN of each block in
NCBB of OAI-4211 gate. Thus, the best transistor order of this NCBB is “BA”.

Table 29: Delta leaky of non-conducting blocks in NCBB of OAI-4211 gate.

Non-conducting
block Total_gate_top | Total_sub_top | A leaky NCBB
A 2.309E-10 2.035E-9 2.266E-9
B 4.682E-10 1.212E-9 1.680E-9
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5.3 Transistor Reordering in Pull-Up Network

_\lfﬁ Vb
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Figure 39: Various formations of pull-up network in AOI-4211 gate; simplified
form input: (a) “CABD” (b) “BDCA” (c) “DBAC”.
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Table 30: Comparison of leakage current (nA) considering without Irc and
with Ircin off-state network of AOI-4211 gate with input: abcdefgh (ABCD) =
01111101 (0101); abcd(A)=0111(0), ef(B)=11(1), g(C)=0(0), h(D)=1(1).

Simplified formation in w/o Irg w Irg
transistor order: Isus
Top — bottom (condition) Ig IroraL Ig IroraL
CABD (on-on-off-off) 1.65 6.07E-2 1.71 7.54E-2 1.72

Now, let us consider the pull-up network in complex gate. To analyze the
effect of transistor reordering on leakage sources of pull-up network, we use an
AQI-4211 gate as shown in Figure 38 (a). This complex gate can transform into
the simplified form as shown in Figure 38 (b). If the given input vector of this
gate is abcdefgh (ABCD) = 01111101 (0101), the worst transistor order of
simplified form (top-to-bottom order) is “on-on-off-off” (="0011"); possible input
vectors are “ACBD”, “ACDB”, “CABD” and “CADB”. Among possible worst
transistor orders, one (“CABD”) of worst orders is shown in Figure 39 (a). Table
30 tabulates the corresponding leakage sources of “CABD” with and without
considering Irc. The best transistor order of simplified form (top-to-bottom order)
is “off-off-on-on” (=”1100”); possible input vectors are “BDAC”, “BDCA”,
“DBAC” and “DBCA”; two of best orders are shown in Figure 39 (b) “BDCA”

and (c) “DBAC”.
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Figure 40: Transistor reordering for leakage reduction in off-state network

when the simplified input (ABCD) of AOI-4211 gate is “0101”.

Figure 40 depicts the transistor reordering to minimize the leakage current.
After this transformation is done, the off-state network can be divided into two

block bindings (CBB and NCBB).
As discussed in previous chapter, the gate leakage for the PMOS transistor is

two orders of magnitude lower than for the NMOS transistor in 65nm PTM, and
thus the contribution of the gate leakage to total leakage in pull-up network (4.07%

in Table 30) is much smaller than that of pull-down network (80.28% in Table 20).

For this reason, as can be seen in Table 31 and Table 32, the impact of

transistor reordering on CBB (XXAC and XXCA , where XX stands for input
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vectors (BD, DB)) is much smaller than NCBB (BDXX and DBXX, where XX
stands for input vectors (AC, CA)) because the dominant leakage current in CBB

is the gate leakage.

Table 31: Comparison of leakage current (nA) considering without Irc and
with Irc in different transistor orders in off-state network of AOI-4211 gate
with input: abcdefgh (ABCD) = 01111101 (0101).

Transistor order in w/o Irg w Irg
simplified form : Isur
Top = bottom (condition) Ig Itorac Ig IroraL
BDCA (off-off-on-on) 1.48 1.21E-4 1.48 6.88E-2 1.55
BDAC (off-off-on-on) 1.48 1.22E-4 1.48 4.08E-2 1.52
DBCA (off-off-on-on) 0.88 1.05E-4 0.88 7.62E-2 0.95
DBAC (off-off-on-on) 0.88 1.06E-4 0.88 4.91E-2 0.93

Table 32: Comparisons of percentage leakage reduction obtained without Irc
and with Ircin different transistor orders in off-state network of AOI-4211 gate
with input: abcdefgh (ABCD) = 01111101 (0101).

1 0
Transistor Leakage Savings (%)

Reordering w/0 Irg w Irg
[0011] = [1100]

Isus I IroraL Isus I IroraL
[CABD] — [BDCA] | 10.13 | 99.80 | 13.32 10.13 8.84 10.08
[CABD] — [BDAC] | 10.18 | 99.80 | 13.37 10.18 45.98 11.75
[CABD] — [DBCA] | 46.71 | 99.83 | 48.60 46.71 -0.94 44.62
[CABD] — [DBAC] | 46.74 | 99.83 | 48.63 46.74 34.87 46.62
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In the following subchapters, we assumed that the first step of transistor
reordering has been conducted in pull-up network; that is, all non-conducting

blocks are located above the all conducting blocks.

5.3.1 Transistor Reordering in Non-Conducting Block

Binding

1
(V=0.992) <-----
:
(0))
| S » (V=0.211) (V=0.197) <--——- ‘
CBB CBB
(a) (b)

Figure 41: Different non-conducting block orders in NCBB of AOI-4211 gate: (a)
IIBDII (b) IIDBII.
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Table 33: Leakage current (nA) in different non-conducting-block orders of
NCBB in AOI-4211 gate.

Non-Conducting Block
Transistor Order B D B+D
(Top—bottom) e+f h et+f+h
Ig Isus Ig Isus ItoraL
BD 8.095E-6 0.730 5.449E-3 0.749 1.485
DB 1.160E-2 0.438 9.551E-6 0.438 0.888

To analyze the effect of transistor (non-conducting block) reordering on
leakage current in NCBB of pull-up network, we consider the different transistor
orders (“BD” and “DB”) in NCBB of AOI-4211 gate with input: abcdefgh (ABCD)
= 01111101 (0101), as shown in Figure 41. In NCBB of AOI off-state network, all
non-conducting block contains the off-transistors. Table 33 lists the leakage

current of NCBB in AOI-4211 gate.

Table 34: Gate leakage current (nA) and the bias voltages (V) between the
nodes under different locations of non-conducting block (NCB).

NCB

NCB location Vapl | [Vas| | Vel | X2 W/L I
B top 0.074 0 0 o 8.095E-6
bottom | 0.903 | 0.108 0 1.160E-2
D top 0.108 0 0 4 9.551E-6
bottom | 0.889 | 0.074 0 5.449E-3
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In case of Ic in NCBB, off-transistor exhibit better leakage behavior when it
located on top of NCBB due to the Vepics of the NCB as listed in Table 34. Note
that, among gate leakage components, only reverse gate leakage is existed in the
NCBB.

In case of Isus in NCBB, Isus in NCBB depends on the bottom block of NCBB as
shown in Table 33; almost the same amount of subthreshold leakage current
exhibits in the rest of blocks (other than bottom block). Thus, total Isus in NCBB
can be calculated by adding Isus of every transistor in bottom block of NCBB and

multiplying it by the number of blocks in NCBB.

Table 35: Subthreshold leakage current (nA), Vi (V) and Vbos (V) in different
widths of non-conducting block (NCB).

NCB
NCB location Vps | Vi | X W/L| Isus

B bottom | 0.795 | 0.275 8 0.438
D bottom | 0.815 | 0.266 4 0.749

It should be noted that Isus in bottom block of NCBB varies with its width
(sum of all off-transistors” W/L in block) as illustrated in Table 35; larger block
width (3W/L) exhibits more stacking effect than smaller one. As can be seen

from Table 34 and Table 35, Ic and Isus show different leakage behaviors in terms
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of block width; the Ic is proportional to the block width, whereas the Isus is
inversely proportional to the block width.

Based on the above observations, we developed an algorithm for non-
conducting block in NCBB of pull-up network. The following is the transistor
reordering procedure for leakage reduction in NCBB of pull-up network.

1) Each non-conducting block calculates the delta leaky_NCBB_PUN:

Delta leaky_ NCBB_PUN-= (total_gate_bottom) + (total_sub_bottom):

= Total_gate_bottom (calculate the total gate leakage current in each
block when the block is located at the bottom of NCBB): sum of all off-
transistors” gate leakage current in the block when the block is located
at the bottom of NCBB.

= Total_sub_bottom (calculate the total subthreshold leakage current of
NCBB based on the subthreshold leakage current in bottom block):
sum of all off-transistors’ subthreshold leakage current in the block
when the block is located at the bottom of the NCBB * the number of

the blocks in NCBB.
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2) Non-conducting blocks are sorted by delta leaky_NCBB_PUN in
descending order from top to bottom in NCBB; largest value of the delta

leaky_NCBB_PUN is located at the top of NCBB.

For example, Table 36 shows the delta leaky NCBB_PUN of each block in

NCBB of AOI-4211 gate. Thus, the best transistor order of this NCBB is “DB”.

Table 36: Delta leaky of non-conducting blocks in NCBB of AOI-4211 gate.

Non_(];(l)gglll cting Total_gate_bottom | Total_sub_bottom | A leaky NCBB
B 11.603E-12 4.386E-10 4.502E-10
D 5.429E-12 7.487E-10 7.541E-10
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5.3.2 Transistor Reordering in Conducting Block
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Figure 42: Different conducting-block orders in CBB of AOI-4211 gate: (a) “AC”
(b) IICAII.

Table 37: Leakage current (nA) in different conducting-block orders of CBB in
AQOI-4211 gate.

Conducting Block
oner A c Are
(Top—bottom) | S4, (on) S5p (off) S4p (on) (S4p+3*S5p)+S4p
Ig Ic Isus Ig ItoraL
AC 6.884E-5 | 1.248E-2 | 3.719E-15 2.764E-5 3.753E-2
CA 2.722E-5 | 2.146E-2 | 3.486E-15 6.780E-5 6.448E-2
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Table 38: Leakage current (nA) and the bias voltages between the nodes in on-
and off-transistors under different locations of conducting block.

Conducting | “C | 0" | ol | Wesl | Vel | To
block (status) location
S4p top 0.169 [ 0.198 | 1.1 | 6.884E-5
A (on) bottom 0 [0.168| 1.1 | 2.722E-5
S5p top 0.931 [ 0.902| 0 1.248E-2
(off) bottom 1.1 [0932| 0 | 2.146E-2
c S4p top 0.168 [ 0.197 | 0 6.780E-5
(on) bottom 0 (0169 0 2.764E-5

To analyze the effect of transistor (conducting block) reordering on leakage
current in CBB of pull-up network, we consider the different transistor orders
(“CD” and “DC”) in CBB of AOI-4211 gate with input: abcdefgh (ABCD) =
01111101 (0101), as shown in Figure 42. In CBB of off-state network, each
conducting block contains at least one on-transistor; for instance, in case of AOI
gate, each conducting block consists of either on-transistor (least gate leaky state
(54r)), or on-transistor along with off-transistor (reverse gate leaky state (S5r)).
Table 37 lists the leakage current of CBB in AOI-4211 gate. It can be observed that
on-transistor (S4r) and off-transistor (S5r) exhibit different leakage behaviors
based on the location in CBB; as seen in Table 38, Ic in bottom-located on-

transistor is less leaky than that in top-located on-transistor, whereas, Ic in off-
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transistor shows the opposite behavior; that is, Ic in bottom-located off-transistor
is leakier than that in top-located off-transistor. In Table 38, the lowest leakage
for each transistor (steady state) is in bold. This is due to the fact that the drain
voltage (Vp) of conducting block depends on the location in CBB. When the
conducting block locates on the bottom of CBB, the drain voltage of conducting
block contains full logic value (0). Whereas, when the conducting block locates
on the top of CBB, the drain voltage of conducting block contains approximately
Vi more than full logic value as shown in Figure 42.

For this reason, leakage in on-transistor reduces when conducting block
moves from top to bottom in CBB, whereas leakage in off-transistor reduces
opposite way of transition (conducting block moves from bottom to top) in CBB.
Note that the subthreshold leakage (Isus) of off-transistor (S5r) in conducting
block is negligible since the off-transistor (S5r) of Isus is at least ten orders of
magnitude smaller than that of Ic as shown in Table 37. Thus, the effect of
transistor reordering on Isusis also negligible in CBB. In other words, dominant
leakage current of conducting block is the Ic. In addition, if conducting block
contains the off-transistor, reverse gate tunneling current (Irc), which exhibits

only in off-transistor, is the dominant leakage among Ic components since this
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leakage is at least three orders of magnitude higher than forward gate tunneling
current (which exists only in on-transistor) in CBB as listed in Table 38. Based on
the above observations, we developed an algorithm for conducting block in CBB
of pull-up network. The following is the transistor reordering procedure for
leakage reduction in CBB of pull-up network.

1) Each conducting block calculates the delta leaky_CBB_PUN:

Delta leaky_CBB_PUN= (off_gain_btt) — (on_gain_ttb):

= Off_gain_btt (calculate the off-transistors’ leakage gain (reduction)
when the block is moved from bottom to top in CBB): sum of all off-
transistors” leakage current (Ic and Isus) when the conducting block is
located at the bottom of CBB — sum of all off-transistors’ leakage
current (Ic and Isus) when the conducting block is located at the top of
CBB.

= On_gain_ttb (calculate the on-transistors’ leakage gain (reduction)
when the block is moved from top to bottom in CBB): sum of all on-
transistors” leakage current (Ic) when the conducting block is located at
the top of CBB — sum of all on-transistors’ leakage current (Ic) when the

conducting block is located at the bottom of CBB.
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2) Conducting blocks are sorted by delta leaky_CBB_PUN in descending
order from top to bottom in CBB; the largest value of delta

leaky_CBB_PUN is located at the top of CBB.

For example, Table 39 shows the delta leaky_CBB_PUN of each conducting
block in CBB of AQOI-4211 gate. Thus, the best transistor order of this CBB is
IIACI/.

Table 39: Delta leaky of conducting blocks in CBB of AOI-4211 gate.

Conducting block | Off_gain_btt | On_gain_ttb | Aleaky CBB

A 8.980E-12 4.162E-14 8.938E-12

C 0 4.016E-5 -4.016E-5
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5.4 Procedure of Transistor Reordering for

Leakage Reduction in Complex CMOS gates

With the understanding of the leakage behaviors of circuit structure, we
propose a transistor reordering method for leakage reduction in complex CMOS
gates. Following is the overall procedure for transistor reordering.

e For off-state pull-down network:
(1) Blocks in off-state network divided into two categories: conducting
and non-conducting blocks.
(2) Place the all conducting blocks on above the non-conducting blocks.
(3) Conducting blocks are sorted by delta leaky_CBB_PDN in ascending
order from top to bottom in CBB.
(4) Non-conducting blocks are sorted by delta leaky NCBB_PDN in

ascending order from top to bottom in NCBB.

e For off-state pull-up network:
(1) Blocks in off-state network divided into two categories: conducting
and non-conducting blocks.

(2) Place the all non-conducting blocks on above the conducting blocks
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(3) Non-conducting blocks are sorted by delta leaky_NCBB_PUN in
descending order from top to bottom in NCBB.
(4) Conducting blocks are sorted by delta leaky_CBB_PUN in descending

order from top to bottom in CBB.

5.5 Summary

In this chapter, we addressed the problems and limitations related to existing
pin reordering approach when the concept of pin reordering for leakage
reduction is extended to complex CMOS logic gates. To solve these problems, a
novel transistor reordering technique for leakage reduction was proposed. The
proposed method provides an optimized formation for leakage reduction, and
can be used in combined with other leakage reduction techniques to achieve
further improvement. For example, this method improves the leakage reduction
attained from IVC as described in previous chapter. In addition, the proposed
method can be easily integrated into existing CAD tools. Defining a lowest leaky
state in each input combination of a logic gate is necessary in order to achieve

minimum power dissipation in standby mode operation.
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Chapter 6
Effective Body Bias for Standby Leakage

Power Reduction in Nanometer-Scale

CMOS Circuits

6.1 Introduction

Reverse Body Biasing (RBB) technique [8]-[12] has become one of the most
widely used circuit design technique for leakage power reduction. It utilizes the
body effect of CMOS gates by manipulating the threshold voltage in standby
mode; leakage power reduced by raising the voltage of the PMOS substrate (N-
well) with respect to the supply voltage, and by lowering the voltage of the
NMOS substrate (P-well) respect to ground. This results in an increase the
threshold voltage, thereby suppressing the subthreshold leakage. In active mode
of RBB technique, threshold voltage decreased by removing the reverse body

bias, thereby back to the normal performance of transistors as shown in Figure 43.
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Figure 43: Reverse Body Biasing.

In addition, forward body biasing (FBB) technique [13]-[15] has been used in
active mode to increase the circuit performance by decreasing the threshold
voltages of CMOS transistors. The aim of body biasing technique is to
manipulate the delay and leakage of the circuit by modulating the threshold
voltage. The focus of our research is on the application of body biasing as the
method for standby leakage reduction.

Traditionally, RBB scheme has not taken into account the impact of on-state

networks of CMOS circuit since reverse body bias ( V) applied to all substrates
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regardless of state status (on- and off-state) of CMOS network; reverse body bias
only reduces the subthreshold leakage in off-state networks of CMOS circuits by
increasing threshold voltage (V;;, ), whereas, on-state networks in CMOS circuits
do not present the subthreshold leakage because the drain and source terminal
node of all transistors in on-state network have same voltage, thereby ineffective
in on-state network. To make things worse, reverse body bias in on-state network
increase the both gate and BTBT leakage by increasing the voltage between the
gate and bulk node, and between the bulk to source/drain node, respectably.
Thus, from a structural point of view, existing RBB technique has inherent
drawbacks due to the redundant bias routing in on-state network. The RBB
technique needs to take all of the above factors into consideration since
subthreshold leakage is no longer the only serious leakage source in nanometer-
scale technologies.

In this chapter, motivated by the above observations, we propose the novel
leakage-aware body biasing methods called Reverse Body Biasing only in off-
state CMOS network (RBB-off) and Hybrid Body Biasing (HBB) to increase the

effectiveness of body biasing in leakage reduction.
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The RBB-off technique combines the advantages of two well-known leakage
reduction techniques, the Input Vector Control (IVC) technique [16]-[18] and the
RBB technique. The IVC technique reduces the leakage power when the circuit is
in standby mode by deploying the best input vector (minimum leakage vector)
with the help of a sleep signal. Our work assumes that a triple-well process is
supported for independent body biasing of both N-well and the P-well, and the
minimum leakage vector of each circuit block is predetermined by IVC method,
and hence information of on- and off-state network of each CMOS logic gate is
given. Based on this information, RBB-off method applied Vj only to the off-state
network in each CMOS logic gate in order to eliminate the adverse effects of
existing RBB approach.

The HBB technique takes advantage of RBB-off technique and forward body
bias ( Vr) to maximize the overall leakage savings by body biasing. To control not
only the subthreshold leakage but also gate leakage, the HBB technique applied
Vi to on-state CMOS network and Vj to off-state CMOS network simultaneously.
Therefore, compared with RBB-off, HBB method yields additional leakage
savings by applying forward body bias ( V) to on-state network in each logic

gate; Vg in on-state network reduces the gate leakage by decreasing the gate to
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bulk voltage. Hence, HBB technique can reduce the both gate and subthreshold
leakage components.

The proposed leakage-aware body biasing methods (RBB-off and HBB
techniques) do not have inherent problems related to RBB technique since
proposed leakage reduction techniques do not applied Vi to on-state networks in
CMOS circuits, and thus increase the effectiveness of body biasing for leakage
power reduction. In addition, we combine the proposed methods with
pin/transistor reordering technique for achieving further leakage power
reduction. We investigate the characteristics of the proposed methods in terms of
ability to reduce power consumption by examining the typical CMOS circuit cells
such as an Inverter, NAND, NOR, XOR, XNOR, OR-AND-Inverter (OAI) and
AND-OR-Inverter (AOI) gates.

The remainder of this chapter is organized as follows. To understand the
impact of body bias on major leakage components, Chapter 6.2 analyzes the
effect of reverse/forward body bias on a single transistor under various bias
conditions. Based on this fundamental analysis, Chapter 6.3 demonstrate that a
traditional way of using reverse body bias becomes ineffective in reducing

overall leakage in nanometer-scale CMOS circuits, and then describes the
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proposed leakage-aware body biasing methodologies. Chapter 6.4 draws

conclusions.

6.2 Body Bias Effects on Leakage Components of
CMOS Transistor

In this chapter, we use a modified Predictive Technology Model (PTM [49])
for 32nm HP bulk CMOS. This model based on a BSIM4 model [7] and the
guidelines in the 2010 International Technology Roadmap for Semiconductors
(ITRS) [4]. The leakage currents and powers are computed by HSPICE simulator

excepted for BTBT leakage which is computed by using model presented in [20].

6.2.1 RBB Effects on Leakage Components

Reverse body bias effects on leakage components of transistor:
e Isus reduced as Vi increased by Vr.
e Icsincreased as Vcs increased by Vr.

e Ismrincreased as Vsp/Vss increased by Vr.
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Figure 44: Standby leakage currents and threshold voltage of S3~ (32nm with
Vop=0.9V and W/L=4) as a function of V&, and the unit of right side of Y-axis is
voltage (V).

Table 40: RBB effects on standby leakage current (nA) in S3~ (32nm).

Vr Vin Iep Ics Ic Isus IsTBT ItoraL

-0.8 0.436 0.426 | 1.90E-4 | 0.426 0.038 6.57E-5 0.463
-0.6 0.403 0.426 | 8.16E-5 | 0.426 0.118 2.34E-5 0.543
-0.4 0.368 0426 | 3.01E-5 | 0.426 0.393 7.44E-6 0.819
-0.2 0.330 0426 | 8.01E-6 | 0.426 1.402 2.05E-6 1.827

0 0.289 0.426 0 0.426 5.383 4.72E-7 5.809
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Figure 44 shows the reverse body bias (V) effects on leakage components of
S3n transistor. When Vr applied to S3n/ S3p, Isus reduced as Vi increased by Vg,
whereas increases of Ics and Isrsr are negligible as shown in Table 40.

In conducting transistor, such as S2x and S4n, Isus did not exist since the Isus
exist only in non-conducting (off) transistor with |Vps| > 0. Therefore, when V&
applied to 52n/S4n, leakage current increased rather than decreased. For instance,
the impact of Vr on leakage components of S2n transistor is shown in Figure 45
and Table 41. It can be observed that reverse body bias increase the gate leakage
by increased the Vcs; this causes the Ics, Iges and Iga to increase, whereas it does
not affect the edge direct tunneling (EDT: Igdo and Igso) current which is the direct
tunneling current between gate and drain/source.

In addition, leakage increases from Igs/Iga by applied Vr is negligible
compared with that from Ics by applied Vr. Note that leakage power is more
sensitive than leakage currents due to the Vcs as shown in Figure 45. For example,
Ves is Vobo when V=0 (Zero Body Bias (ZBB)), and Vcs=2*Vop when Vr=Vop.
Additionally, Sln, S4n, and S5~ exhibit the same behavior (impact of Vr on

leakage components) as S2n as listed in Table 42.
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Figure 45: Standby leakage currents and power of S2n (32nm with Vop=0.9V
and W/L=4) as a function of Vg, and the unit of right side of Y-axis is power
(W).

Table 41: RBB effects on standby leakage current (nA) in S2~ (32nm).

Vr Igso/gdo | Iges/ged Ics Ic Isus IsreT IroraL

-0.8 0.155 0.808 1.444 3.369
-0.6 0.155 0.805 1.241 3.160
-0.4 0.155 0.802 1.048 2.962
-0.2 0.155 0.800 0.866 2.775

0 0.155 0.797 0.693 2.597

1.74E-7 3.369
2.39E-8 3.160
2.15E-9 2.962
9.80E-11 2.775
0 2.597

(el el Heo il N e B Nesl
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Table 42: Leakage power (nW) difference between ZBB and RBB at Vr=-Vop.

Leakage Sin S2n S3n S4n S5n
Pc 2.51E-4 2.19 2.51E-4 8.46E-3 2.51E-4
Psus 0 0 -4.83 0 0
Psrsr 1.93E-7 1.93E-7 1.12E-4 2.24E-4 2.24E-4
ProraL 2.52E-4 2.19 -4.83 8.68E-3 4.75E-4

In Table 42, the negative and positive sign indicate a leakage reduction and
growth by Vg, respectively. It is shown that gate leaky state (52n) and
subthreshold leaky state (S3n) are the most affected by Vr, whereas impact of the
least leaky state (S1n), least gate leaky state (S4n) and reverse gate leaky state (S5n)
is negligible since four (SIx and S5n) and three (S4~) order of magnitude smaller
than 52~ and S3w.

Therefore, the RBB technique is only effective in subthreshold leaky states
(53~ and S3r), whereas other steady states are ineffective due to the gate and
BTBT leakage. In this chapter, the maximum V& set to Voo. Note that Isrsr is
strongly depends on N, and thus when applying dual-Vu technique [5]
incorporating with high Ni, Ismsr cannot be ignored and thereby the range of Vr

limited by effect of Isrsr.
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6.2.2 FBB Effects on Leakage Components
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Figure 46: Standby leakage currents and threshold voltage of S3~ (32nm with
Vop=0.9V and W/L=4) as a function of V¥, and the unit of right side of Y-axis is
voltage (V).

Table 43: FBB effects on standby leakage current (nA) in S3~ (32nm).

Vs Vin Ic Isus IgrBr I IroraL
0 0.289 0.426 5.383 4.72E-07 0 5.809
0.1 0.268 0.426 10.274 3.00E-07 9.01E-04 10.701
0.2 0.249 0.426 18.045 8.71E-08 9.27E-04 18.472
0.3 0.232 0.426 29.545 5.95E-08 2.21E-03 29.973
0.4 0.217 0.426 45.568 1.19E-08 6.49E-02 46.059
0.5 0.203 0.426 66.784 6.51E-09 3.140 70.350
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Forward body bias (Vr) effects on leakage components of transistor:
e Isusincreased as Vi decreased by V.

e Ics decreased/increased as Vcs decreased/increased by Vr.

e Ismr decreased as Vep/Vss decreased by Vr.

e Irincreased as Vsp/Vss increased by VE.

In case of forward body bias, there is another factor that need to be taken into
consideration in addition to three major leakage components (Isus, Ic and Isrsr),
which is the forward p-n junction leakage current (Ir). It should be noted that, the
current between body to drain/source (Iso/Iss) can be either Isrer or Ir depends on
the status of junction bias voltage between bulk and source/drain; reverse biased
p-n junction leakage presents the Ismsr , whereas forward biased p-n junction
leakage presents the Ir. Hence, ZBB and RBB cases do not present the Ir.

Figure 47 shows the forward body bias (V) effects on leakage components of
the S3n transistor. When applied Vr to S3n/S3p, Isus increased as Vin decreased by
Vi, and Ir (Iss) increased with Vr increased, while impact of Ve on Ic and Istsr (Isp)

is negligible as shown in Table 43.
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Figure 47: Standby leakage currents and power of S2x (32nm with Vop=0.9V
and W/L=4) as a function of V¥, and the unit of right side of Y-axis is power
(W).

Table 44: FBB effects on standby leakage current (nA) in S2~ (32nm).

VF Igso/gdo Igcs/gcd IGB IG ISUB IF ITOTAL

0 0.155 0.797 0.693 2.597 0 0 2.597
0.1 0.155 0.794 0.595 2.493 0 2.01E-04 2.493
0.2 0.155 0.786 0.482 2.363 0 4.53E-04 2.363
0.3 0.155 0.774 0.366 2.223 0 3.21E-03 2.226
0.4 0.155 0.758 0.258 2.083 0 0.129 2.212
0.5 0.155 0.738 0.168 1.953 0 6.280 8.233
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In steady states of S2n/S2p, Vr decrease Ic by decreasing Vcs, whereas Ir
increased by increasing forward p-n junction of Vep and Vss.

The impact of Vr on leakage components of S2x transistor is shown in Figure
47 and Table 44. It can be observed that Ir limited the range of Vr. The maximum
Vel is conservatively assumed to be 0.6 V [50]. In this chapter, maximum |VE|
set to the minimum point of overall leakage. In addition, Ics can be either
increase or decrease by Vr depends on its Ves; in case of Ves=Vop (S2n and S4n),
Ics decrease as Vcs decreased by Vi, whereas, in case of Ves=0 (SIn and S3n), Ics

increase as Vcs increased by Vr.

Table 45: Leakage power (nW) difference between ZBB and FBB at Vr=0.4V.

Leakage S1n S2n S3n S4n S5N
Pc 6.83E-07 -0.566 7.00E-07 | -2.54E-05 | 7.00E-07
Psus 0 0 36.167 0
Psrsr 0 0 -4,19E-07 | -8.38E-07 | -8.38E-07
Pr 5.16E-02 | 5.16E-02 2.60E-02 0 0
ProraL | 5.16E-02 -0.514 36.193 -2.63E-05 | -1.38E-07

Table 45 shows that the forward body bias impact on leakage power of five
different steady states of NMOS transistor; the negative and positive sign
indicate a leakage reduction and growth by VE, respectively. It can be observed

122



that other than gate leaky state (52~), impact of Vr on Pc (Ic) is negligible. The

gate leaky state (52n) and subthreshold leaky state (S3x) are the most affected by

Vr, whereas the impact of Vr on the other steady states is negligible.

Table 46: Leakage power (nW) comparison under different steady states.

Leakage Sin S2n S3n Sdn S5n
Pc 0 2.337 0.383 2.51E-04 0.766
Psus 0 0 4.845 0 0
Psrsr 0 0 4.25E-07 | 8.50E-07 | 8.50E-07
ProraL 0 2.337 5.228 2.52E-04 0.766

In summary of this section, gate and subthreshold leaky steady states are the
most influenced by forward and reverse body biasing as shown in Table 42 and
Table 45, and these steady states are the basic steady states of CMOS logic gate as
described in chapter 3.4. Moreover, the highest order of magnitude in leakage
power consumption among steady states is also the gate and subthreshold leaky
steady states as listed in Table 46; the gate leaky state and subthreshold leaky
state are at least an order of magnitude larger than other steady states. Therefore,
the impact of body bias on leakage sources of on- and off-state network can be

characterized by gate leaky state and subthreshold leaky state respectively.
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An important point to note is that impact of Vr on subthreshold leaky state
(S3n in Table 43) is not a factor since neither existing RBB technique nor our
proposed leakage-aware body biasing techniques applies Vr to off-state network

in standby mode.

6.3 Leakage-aware Body Biasing Technique
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Figure 48: (a) RBB-off (b) Hybrid Body Biasing (HBB).
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Table 47: Comparison of leakage power (nW) and savings (%) in different

body biasing techniques in Inverter.

Input Leakage Power (nW) Leakage Savings (%)
vector ZBB RBB RBB-off | HBB RBB RBB-off HBB
0 6.141 4,522 1.319 0.692 26.36 78.53 88.72
1 6.344 4.546 2.356 1.842 28.34 62.86 70.96
Average | 6.242 4.534 1.838 1.267 27.37 70.56 79.70

RBB technique applied reverse body bias to each substrate regardless of status
(on- or off-state) of network as shown in Figure 43. Unlike the RBB technique,
proposed RBB-off and HBB methods depend on status of network (on- and off-
state) when applying reverse/forward body bias to substrate.

The RBB-off scheme applied reverse body bias to only off-state network in
CMOS logic gate, and HBB scheme applied forward body bias to on-state
network and reverse body bias to off-state network of each CMOS logic gate as
shown in Figure 48. Hence, both RBB-off and HBB methods eliminate the
negative effects of existing RBB technique since proposed techniques never
applied reverse body bias to on-state in CMOS network. Furthermore, HBB
scheme yields additional leakage savings by applying forward body bias to on-
state CMOS network, which reduces the gate leakage. Note that proposed HBB

technique did not increase the subthreshold leakage since Vr always applied to
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on-state network of CMOS logic gate. Comparison of the effect of body biasing
techniques on leakage reduction in Inverter is tabulated in Table 47. It is shown
that the HBB technique yields the best saving among body biasing techniques,
whereas RBB technique yields the worst savings due to the Vr in on-state
network. ZBB stands for Zero Body Bias applied to the circuit, which is an
original circuit, and leakage savings computed from ZBB.
In the rest of this chapter, we narrow down our focus on the main steady
states (gate and subthreshold leaky states) due to the following reasons:
e Main steady states are presented in every CMOS logic gate unlike the
other steady states.
e The highest leaky state of both on- and off-state network is the main
steady states.
e Main steady states are the most affected by body biasing.
As aforementioned, two cases of input vector are existed in CMOS logic gates;
one produces the same gate input state (either high or low logic value), and the
other one produces the different gate input states (high and low logic values). Let

us therefore consider these two cases separately.
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6.3.1 Same Gate Input State in CMOS Logic Gate
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Figure 49: Steady states of a 2-input NAND ((a) and (b)) and NOR ((c) and (d))
gates in same gate input states: input=00 ((a) and (c)), input=11 ((b) and (d)).

In case of same gate input state in NAND/NOR gate, on-state network
consists of gate leaky state (52n/S2r), while off-state network consists of
subthreshold leaky state (S3n/S3r) and least leaky state (S1n/Sle), thereby gate
leaky state does not present on off-state network under the same gate input state.
Hence, n-input vector of NAND/NOR gate always produces n gate leaky states
in on-state network, while off-state network presents either one or n

subthreshold leaky state depends on its structure; parallel structure in off-state
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network yields at most number (n) of subthreshold leaky state while serial
structure in off-state network yields at least number (1) of subthreshold leaky
state. For instance, 2-input NAND and NOR gate have the 2 gate leaky states in
on-state network regardless of its structure (both series (Figure 49 (b) and (c))
and parallel (Figure 49 (a) and (d)), while off-state network has one subthreshold
leaky state in serial structure (Figure 49 (a) and (d)), and has two subthreshold
leaky state in parallel structure (Figure 49 (b) and (c)).

In addition, same gate input state in n-input vector of complex-NAND (NOR)
logic gate type (such as OAI (AQI)) also produces “n” gate leaky state(s) in on-
state network, whereas at most number of subthreshold leaky states always less
than “n” since the parallel structure of complex logic gate has series-connected
transistor as shown in Figure 12 (Figure 14); when the input vector (ABC) of
OAI-21 (AOI-21) gate is “111” (”000”), off-state network (parallel structure)
presents “2” subthreshold leaky states while on-state network (serial structure)
presents “3” gate leaky states.

Table 48 lists the comparison of the effect of body biasing techniques on

leakage savings in 2- input NAND and NOR gates.
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Table 48: Comparison of leakage power (nW) and savings (%) in different
body biasing techniques in 2- input NAND and NOR gates under same input logic

value.
Gate | Input Leakage Power (nW) Leakage Savings (%)
type | vector | ZBB RBB RBB-off HBB RBB RBB-off | HBB
00 3.331 8.626 2.219 0.967 -158.96 33.38 | 70.98
NAND2
11 12.689 9.090 4,713 3.684 28.36 62.86 | 70.97
00 12.281 9.044 2.637 1.385 26.36 78.52 | 88.72
NOR2
11 5.227 9.062 4.684 3.656 -73.37 10.38 | 30.06

The difference between RBB and RBB-off indicates the increases of leakage
power in on-state network by Vr. Further, when the off-state network has
stacking effect, the increases of leakage power in on-state network even
overwhelmed the leakage reduction from off-state network; existing RBB scheme
increases the leakage rather than decrease when input vector is composed of the
low (high) logic value in NAND (NOR) gates.

To make things worse, such phenomenon in RBB technique becomes even
more severe as the number of input vectors increase; when the input vector of 5-
input NAND gate is “00000”, on-state network has 5 gate leaky state, and off-
state network is in stacking effect. Whereas, the HBB technique is the most

benefit from this situation. In the same gate input state of n-input CMOS logic
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gates, proposed body biasing methods have not had any negative effects,

whereas RBB technique suffer from the “n” gate leaky states in on-state network.

6.3.2 Different Gate Input States in CMOS Logic Gate
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Figure 50: Steady states of a 2-input NAND ((a) and (b)) and NOR ((c) and (d))
gates in different gate input states: input=01 ((a) and (c)), input=10 ((b) and (d)).

In case of different gate input states in NAND/NOR gate, on-state network is
the parallel part of gate since one of the different logic values make at least one
transistor always “on” (gate leaky state), while off-state network is the serial part

of gate, and thus only one transistor presents the subthreshold leaky state as
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shown in Figure 50; if transistors of off-state network connected in series, the first
off-transistor from output node presents the subthreshold leaky state, and rest of
off-transistor(s) present the least leaky state.

It should be noted that, unlike same gate input state, gate leaky state (52n/S2p)
present not only on-state network but also off-state network; the presence of gate
leaky state depends on the correlation with subthreshlod leaky state as discussed
in the previous Chapter 4.2. Therefore, the efficiency of body biasing is reduced
in the presence of most gate leaky state in off-state network; input “10” in NAND
and NOR gates yield better leakage savings than input “01” as illustrated in

Table 49.

Table 49: Comparison of leakage power (nW) and savings (%) in different
body biasing techniques in 2- input NAND and NOR gates under different input
logic values.

Gate | Input Leakage Power (nW) Leakage Savings (%)

type | vector | ;pg RBB | RBB-off | HBB RBB | RBB-off | HBB

01 8.476 9.050 5.845 5.316 -6.77 31.04 37.28
NAND2
10 4.706 4.296 1.091 0.562 8.72 76.82 88.07

01 7.255 8.662 6.475 6.009 -19.40 10.75 17.17
NOR2

10 4.773 4.557 2.366 1.904 4.53 50.43 60.12
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In worst case, gate leaky state present at most n times in n-input NAND/NOR
gate under different gate input states; if n-input vector (n=x + y) consists of “x”

“o__7

number of high input value and “y” number of low input value, on-state

" 7

network presents “x” (pull-down)/”y” (pull-up) gate leaky state(s), while off-
state network presents “y” (pull-up)/“x” (pull-down) gate leaky state(s) when all
conducting transistor(s) of off-state pull-down (pull-up) network located in
below (above) of the nonconducting transistor(s).

For instance, n-input NAND gate consists of different logic values (n=x +y),
and all “x” number of high input transistors (conducting transistor) located
under the “y” number of low input transistor (nonconducting transistor) in off-
state pull-down network. In such formation of off-state pull-down network

£"__r

presents the “x” number of gate leaky states along with “y” number of gate leaky
states in on-state pull-up network, resulting in “n” gate leaky states are
presented as shown in Figure 50 (a). Additionally, n-input NOR gate case (off-
state pull-up network) is shown in Figure 50 (c).

In order to fully take advantage of proposed leakage-aware body biasing

techniques, gate leaky state should be eliminated in off-state network. To solve

this problem, we use a pin/transistor reordering technique which excludes the
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gate leaky state in off-state network as described in Chapter 4. For this reason, it
is entirely possible to achieve the maximum leakage savings by reverse body
biasing in off-state network.

Table 50: Leakage power savings (%) obtained through pin/transistor
reordering in different body biasing techniques.

Leakage Savings

Gate type Pin/Transistor reordering “BE REB RBB.off | HEB
NAND2 01 -10 44.48 52.54 81.34 89.43
001 — 100 45.41 27.45 61.43 82.50

010 - 100 17.38 3.68 13.86 32.26

NAND3 011 =110 54.06 58.96 84.98 91.49
101 - 110 34.50 40.84 73.16 83.81

NOR2 01 -10 34.21 47.39 63.45 68.32
001 - 100 43.04 64.21 77.51 80.64

010 - 100 18.19 47.27 63.27 67.55

NOR3 011 =110 15.53 31.11 46.59 5241
101 - 110 7.86 21.76 34.96 40.42

00 (01) : Type 1 - Type 2 34.22 47.4 63.44 68.34

01 (00) : Type 3 — Type 4 28.58 35.62 68.55 80.89
XOR2 01 (00): Type 5 — Type 4 | 44.44 52.53 81.34 89.44
(XNOR2) | 10(11):Type3 — Type 5 28.58 35.62 68.55 80.89
10 (11) : Type 4 — Type 5 44.44 52.53 81.34 89.44
11 (10): Type 2 = Type 1 34.22 47.4 63.44 68.34
001 : Type 2 - Type 1 34.30 32.22 62.76 75.70
010 : Type 2 - Type 1 34.30 32.22 62.76 75.70
OAI-21 011 : Type 2 - Type 1 55.33 68.15 89.22 93.11
100 : Type 1 - Type 2 37.19 36.99 70.09 83.56

101 - 110 1825 | 31.08 46.5 52.29
001 - 010 2581 | 3524 | 6637 | 79.13

011 : Type 1 > Type 2 31.19 | 31.13 46.58 | 5237

AOI-21 100 : Type 2 - Type 1 40.31 64.2 7750 | 80.63

101 : Type 2 = Type 1 25.85 31.09 46.54 52.34
110 : Type 2 = Type 1 25.85 31.09 46.54 52.34
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Table 50 shows the leakage power savings by removing the most gate leaky
state in off-state network of original gate (ZBB) and body biasing techniques. The
structure types of complex gates (XOR, XNOR, OAI-21 and AOI-21) in Table 50
are shown in Figure 29, Figure 30 and Figure 31. An important point to note is
that pin/transistor reordering technique for effective body biasing is not only
increasing the efficiency of body biasing but also reducing the leakage power of
original gate by implementing the lowest leakage state in each input vector of
logic gates.

Table 51: Comparisons of average leakage power savings (%) in different body
biasing techniques.

ZBB RBB RBB-off HBB
Gate type w w/o w w/o w w/o w
pin/tr pin/tr pin/tr pin/tr pin/tr | pin/tr | pin/tr
NAND2 12.91 -6.37 9.91 52.51 68.79 | 63.95 | 80.23
NOR2 8.40 -6.06 7.84 4528 | 59.19 | 56.14 | 70.04
NAND3 2246 | 4442 -3.55 33.57 | 6832 | 47.74 | 82.90
NOR3 9.72 -42.28 | -11.34 16.39 | 47.33 | 28.79 | 59.73

XOR2 (XNOR2) | 24.79 -5.34 29.79 3745 | 7259 | 4532 | 80.46

OAI-21 (Typel) 10.87 | -16.44 -3.38 48.61 61.67 | 61.34 | 74.40

OAI-21 (Type2) 18.87 -21.4 5.90 37.81 65.11 | 49.40 | 76.70

AOI-21 (Typel) | 10.18 | -13.14 -1.30 4582 | 57.61 | 57.88 | 69.66

AOI-21 (Type2) 15.10 | -22.38 4.25 33.35 59.93 | 4475 | 71.32
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Table 51 shows the comparisons of average percentage leakage reduction
obtained through all possible inputs using without pin/transistor reordering and
with pin/transistor reordering under different body biasing techniques. It can be
observed that effectiveness of body biasing increases as the most gate leaky state
eliminated by pin/transistor reordering. Thus, proposed body biasing techniques
along with pin/transistor reordering yields considerable leakage power savings

compared to conventional RBB technique.

6.3.3 Summary

The efficiency of body biasing for standby leakage savings is reduced in the
presence of most gate leaky state in on- and off-state network. It is observed that
the n-input CMOS logic gates can be presented the “n” most gate leaky state in
both same and different gate input states. Furthermore, unlike the same gate
input state, the different gate input states of CMOS logic gate present the most
gate leaky state not only on-state network but also off-state network depends on
its input vector. For this reason, conventional RBB technique is not sufficient to

reduce the overall leakage under these circumstances.
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To overcome these problems, we first eliminate the negative effect from on-
state CMOS network by proposed leakage-aware body biasing techniques, then
remove the negative effect from off-state CMOS network by applying
pin/transistor reordering technique, thereby enhancing the effectiveness of body
biasing by eliminating the adverse effects of most gate leaky state in both on- and

off-state CMOS network.

6.4 Summary

In this chapter, reverse/forward body bias effects on standby leakage
components in nanometer-scale CMOS transistors and logic gates are studied.
We analyzed the RBB technique from a structural point of view, and addressed
the problems associated with overall leakage savings due to the lack of
awareness of other than subthreshold leakage. To solve this problem, we
proposed the leakage-aware body biasing methods which take into account not
only the subthreshold leakage but also gate and BTBT leakage, resulting in
enhanced the effectiveness of body biasing for leakage power reduction.

Therefore, proposed methodologies are promising circuit techniques for future
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CMOS technologies by increasing the effectiveness of existing body biasing

technique, thereby alternative methods for RBB technique.
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Chapter 7

Conclusion and Future work

7.1 Summary and Conclusion

In this dissertation, we have presented a novel transistor reordering method
for leakage reduction. In previous approach, the effects of pin reordering on
reverse gate tunneling current and pull-up network of a CMOS gate are not
considered, and thus it is not sufficiently accurate to analyze the leakage
reduction through pin reordering. This leads to misleading results when the
concept of pin reordering for leakage reduction is extended to pull-up network
of CMOS circuits and complex CMOS logic gates. Furthermore, there are
limitations of using the pin reordering in complex CMOS logic gates. To
overcome these problems, we proposed a novel transistor reordering method for
leakage reduction. Unlike previous approach, the proposed method provides
exact reordering rules for minimum leaky formation by analyzing all leakage

components.
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We also proposed a leakage-aware body biasing methodology to maximize
the efficiency of body biasing technique for leakage reduction. In this work, we
tirst investigated the effect of reverse body bias on all possible conditions for a
single transistor in CMOS circuits. Then, we demonstrated that a conventional
RBB technique can result in higher leakage power than original circuit in deep
submicron region due to the lack of awareness of other than subthreshold
leakage. In order to overcome the shortcomings of the conventional RBB
technique, we presented the leakage-aware body biasing methodology which
takes into account not only the subthreshold leakage but also gate and BTBT
leakage, resulting in better leakage savings than existing RBB technique. In order
to maximize the leakage reduction and efficiency, we combined the proposed

method with pin/transistor reordering technique.

7.2 Future work

e Investigating the effect of pin/transistor reordering on circuit delay:
In our research, we focus on reducing leakage power consumption,

and did not consider the effect of pin/transistor reordering on circuit
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delay. So, this should be analyzed and designed in order to meet the

circuit performance value.

Analyzing the impact of loading effect on leakage current: The
impact of the loading effect on leakage current is considered to further
enhance the accuracy of leakage current analysis in standby leakage

reduction methods.

Combining the leakage-aware body biasing method with other
leakage reduction techniques: Usually, many low power techniques
are combined to augment the leakage savings. Hence, it is possible to
combine with other techniques, such as MTCMOS, to achieve better

leakage savings.

140



Bibliography

[1]

2]

[5]

A. Agarwal, S. Mukhopadhyay, A. Raychowdhury, K. Roy, and C. Kim,
"Leakage Power Analysis and Reduction for Nanoscale Circuits," Micro, IEEE ,
vol.26, no.2, pp.68-80, March-April 2006.

N. Yang, W. Henson, and J. Wortman, "A comparative study of gate direct
tunneling and drain leakage currents in n-MOSFET's with sub-2 nm gate oxides,"
Electron Devices, IEEE Transactions on , vol.47, n0.8, pp.1636-1644, Aug 2000.
D. Lee, D. Blaauw, and D. Sylvester, "Gate oxide leakage current analysis and
reduction for VLSI circuits," Very Large Scale Integration (VLSI) Systems, IEEE
Transactions on , vol.12, no.2, pp.155-166, Feb. 2004.

International technology roadmap for semiconductors. [Online]. Available:
http://www.itrs.net/Links/2010ITRS/ Home2010.htm

K. Roy, S. Mukhopadhyay, and H. Mahmoodi-Meimand, "Leakage current
mechanisms and leakage reduction techniques in deep-submicrometer CMOS
circuits," Proceedings of the IEEE ,vol.91, no.2, pp. 305- 327, Feb 2003.

K. Cao, W.-C. Lee, W. Liu, X. Jin, P. Su, S. Fung, J. An, B. Yu, and C. Hu,
"BSIM4 gate leakage model including source-drain partition," Electron Devices
Meeting, 2000. IEDM '00. Technical Digest. International , vol., no., pp.815-818,
2000.

Bsim group, univ. california, berkeley. bsim4 mosfet model. [Online]. Available:

http://www-device.eecs.berkeley.edu/bsim/?page=BSIM4
141



[8]

[10]

[11]

[12]

T. Kuroda, T. Fujita, S. Mita, T. Nagamatsu, S. Yoshioka, K. Suzuki, F. Sano, M.
Norishima, M. Murota, M. Kako, M. Kinugawa, M. Kakumu, and T. Sakurai, "A
0.9-V, 150-MHz, 10-mW, 4 mm?, 2-D discrete cosine transform core processor
with variable threshold-voltage (VT) scheme," Solid-State Circuits, IEEE Journal
of ,vol.31, no.11, pp.1770-1779, Nov 1996.

Thompson, S.; Young, I.; Greason, J.; Bohr, M.; , "Dual Threshold Voltages And
Substrate Bias: Keys To High Performance, Low Power, 0.1 um Logic Designs,"
VLSI Technology, 1997. Digest of Technical Papers., 1997 Symposium on , vol.,
no., pp.69-70, 10-12 Jun 1997.

A. Keshavarzi, S. Ma, S. Narendra, B. Bloechel, K. Mistry, T. Ghani, S. Borkar,
and V. De, "Effectiveness of reverse body bias for leakage control in scaled dual
Vt CMOS ICs," Low Power Electronics and Design, International Symposium on,
2001. , vol., no., pp.207-212, 2001.

S. Martin, K. Flautner, T. Mudge, and D. Blaauw, "Combined dynamic voltage
scaling and adaptive body biasing for lower power microprocessors under
dynamic workloads," Computer Aided Design, 2002. ICCAD 2002. IEEE/ACM
International Conference on , vol., no., pp. 721- 725, 10-14 Nov. 2002.

L. Yan, J. Luo, and N. Jha, "Joint dynamic voltage scaling and adaptive body
biasing for heterogeneous distributed real-time embedded systems," Computer-
Aided Design of Integrated Circuits and Systems, IEEE Transactions on , vol.24,

no.7, pp. 1030- 1041, July 2005.

142



[13]

[14]

[15]

[16]

[17]

[18]

Y. Oowaki, M. Noguchi, S. Takagi, D. Takashima, M. Ono, Y. Matsunaga, K.
Sunouchi, H. Kawaguchiya, S. Matsuda, M. Kamoshida, T. Fuse, S. Watanabe, A.
Toriumi, S. Manabe, and A. Hojo, "A sub-0.1 um circuit design with substrate-
over-biasing [CMOS logic]," Solid-State Circuits Conference, 1998. Digest of
Technical Papers. 1998 IEEE International , vol., no., pp.88-89, 420, 5-7 Feb
1998.

S. Narendra, A. Keshavarzi, B. Bloechel, S. Borkar, and V. De, "Forward body
bias for microprocessors in 130-nm technology generation and beyond," Solid-
State Circuits, IEEE Journal of , vol.38, no.5, pp. 696- 701, May 2003.

V. Khandelwal and A. Srivastava, "Active Mode Leakage Reduction Using Fine-
Grained Forward Body Biasing Strategy," Low Power Electronics and Design,
2004. ISLPED '04. Proceedings of the 2004 International Symposium on , vol.,
no., pp.150-155, 11-11 Aug. 2004.

J. Halter and F. Najm, "A gate-level leakage power reduction method for ultra-
low-power CMOS circuits," Custom Integrated Circuits Conference, 1997.,
Proceedings of the IEEE 1997 , vol., no., pp.475-478, 5-8 May 1997.

Y. Ye, S. Borkar, and V. De, "A new technique for standby leakage reduction in
high-performance circuits," VLSI Circuits, 1998. Digest of Technical Papers.
1998 Symposium on , vol., no., pp.40-41, 11-13 Jun 1998.

A. Abdollahi, F. Fallah, and M. Pedram, "Leakage current reduction in CMOS
VLSI circuits by input vector control," Very Large Scale Integration (VLSI)

Systems, IEEE Transactions on ,vol.12, no.2, pp.140-154, Feb. 2004.
143



[19]

[20]

[21]

[22]

[23]

[24]

[25]

Y. Taur and T. H. Ning, Fundamentals of Modern VLSI Devices. New York:
Cambridge Univ. Press, 1998.

S. Mukhopadhyay, A. Raychowdhury, and K. Roy, "Accurate estimation of total
leakage in nanometer-scale bulk CMOS circuits based on device geometry and
doping profile," Computer-Aided Design of Integrated Circuits and Systems,
IEEE Transactions on , vol.24, no.3, pp. 363- 381, March 2005

S. Narendra, S. Borkar, V. De, D. Antoniadis and A. Chandrakasan, "Scaling of
stack effect and its application for leakage reduction ," Low Power Electronics
and Design, International Symposium on, 2001. , vol., no., pp.195-200, 2001

N. Hanchate and N. Ranganathan, "LECTOR: a technique for leakage reduction
in CMOS circuits," Very Large Scale Integration (VLSI) Systems, IEEE
Transactions on ,vol.12, n0.2, pp.196-205, Feb. 2004.

Jae Woong Chun and C.Y.R. Chen, "A Novel Leakage Power Reduction
Technique for CMOS Circuit Design," SoC Design Conference (ISOCC), 2010
International , vol., no., pp.119-122, 22-23 Nov. 2010.

S. Katrue and D. Kudithipudi, "GALEOR: Leakage reduction for CMOS
circuits," Electronics, Circuits and Systems, 2008. ICECS 2008. 15th IEEE
International Conference on , vol., no., pp.574-577, Aug. 31 2008-Sept. 3 2008.
M. Johnson, D. Somasekhar, L.-Y. Chiou, and K. Roy, "Leakage control with
efficient use of transistor stacks in single threshold CMOS," Very Large Scale
Integration (VLSI) Systems, IEEE Transactions on , vol.10, no.1, pp.1-5, Feb.

2002.
144



[26]

[27]

[28]

[29]

[30]

[31]

J. C. Park and V. J. Mooney III, "Sleepy Stack Leakage Reduction," Very Large
Scale Integration (VLSI) Systems, IEEE Transactions on , vol.14, no.11, pp.1250-
1263, Nov. 2006.

M. Powell, S.-H. Yang, B. Falsafi, K. Roy, and T. Vijaykumar, "Gated-Vgq: a
circuit technique to reduce leakage in deep-submicron cache memories," Low
Power Electronics and Design, 2000. ISLPED '00. Proceedings of the 2000
International Symposium on , vol., no., pp. 90- 95, 2000.

Sirisantana, N.; Wei, L.; Roy, K.; , "High-performance low-power CMOS circuits
using multiple channel length and multiple oxide thickness," Computer Design,
2000. Proceedings. 2000 International Conference on , vol., no., pp.227-232,
2000.

S. Mutoh, T. Douseki, Y. Matsuya, T. Aoki, S. Shigematsu, and J. Yamada, "1-V
power supply high-speed digital circuit technology with multithreshold-voltage
CMOS," Solid-State Circuits, IEEE Journal of , vol.30, no.8, pp.847-854, Aug
1995.

S. Mutoh, S. Shigematsu, Y. Matsuya, H. Fukuda, T. Kaneko, and J. Yamada, "A
1-V multithreshold-voltage CMOS digital signal processor for mobile phone
application," Solid-State Circuits, IEEE Journal of , vol.31, no.11, pp.1795-1802,
Nov 1996.

S. Shigematsu, S. Mutoh, Y. Matsuya, Y. Tanabe, and J. Yamada, "A 1-V high-
speed MTCMOS circuit scheme for power-down application circuits," Solid-State

Circuits, IEEE Journal of , vol.32, no.6, pp.861-869, Jun 1997.
145



[32]

[33]

[34]

[35]

[36]

[37]

J. Kao, S. Narendra, and A. Chandrakasan, "MTCMOS hierarchical sizing based
on mutual exclusive discharge patterns," Design Automation Conference, 1998.
Proceedings , vol., no., pp.495-500, 19-19 June 1998.

L. Wei, Z. Chen, M. Johnson, K. Roy, and V. De, "Design and optimization of
low voltage high performance dual threshold CMOS circuits," Design Automation
Conference, 1998. Proceedings , vol., no., pp.489-494, 19-19 June 1998.

P. Pant, R. Roy, and A. Chattejee, "Dual-threshold voltage assignment with
transistor sizing for low power CMOS circuits," Very Large Scale Integration
(VLSI) Systems, IEEE Transactions on , vol.9, n0.2, pp.390-394, April 2001.

M. Ketkar and S. Sapatnekar, "Standby power optimization via transistor sizing
and dual threshold voltage assignment," Computer Aided Design, 2002. ICCAD
2002. IEEE/ACM International Conference on , vol., no., pp. 375- 378, 10-14
Nov. 2002.

J. Tschanz, J. Kao, S. Narendra, R. Nair, D. Antoniadis, A. Chandrakasan, and V.
De, "Adaptive body bias for reducing impacts of die-to-die and within-die
parameter variations on microprocessor frequency and leakage," Solid-State
Circuits, IEEE Journal of , vol.37, no.11, pp. 1396- 1402, Nov 2002.

J. Tschanz, N. S. Kim, S. Dighe, J. Howard, G. Ruhl, S. Vanga, S. Narendra, Y.
Hoskote, H. Wilson, C. Lam, M. Shuman, C. Tokunaga, D. Somasekhar, S. Tang,
D. Finan, T. Karnik, N. Borkar, N. Kurd, and V. De, "Adaptive Frequency and

Biasing Techniques for Tolerance to Dynamic Temperature-Voltage Variations

146



[38]

[39]

[40]

[41]

and Aging," Solid-State Circuits Conference, 2007. ISSCC 2007. Digest of
Technical Papers. IEEE International , vol., no., pp.292-604, 11-15 Feb. 2007.

G. Gammie, A. Wang, M. Chau, S. Gururajarao, R. Pitts, F. Jumel, S. Engel, P.
Royannez, R. Lagerquist, H. Mair, J. Vaccani, G. Baldwin, K. Heragu, R. Mandal,
M. Clinton, D. Arden, and U. Ko, "A 45nm 3.5G Baseband-and-Multimedia
Application Processor using Adaptive Body-Bias and Ultra-Low-Power
Techniques," Solid-State Circuits Conference, 2008. ISSCC 2008. Digest of
Technical Papers. IEEE International , vol., no., pp.258-611, 3-7 Feb. 2008.

S. Kulkarni, D. Sylvester, and D. Blaauw, "Design-Time Optimization of Post-
Silicon Tuned Circuits Using Adaptive Body Bias," Computer-Aided Design of
Integrated Circuits and Systems, IEEE Transactions on , vol.27, no.3, pp.481-494,
March 2008.

H. Mostafa, M. Anis, and M. Elmasry, "A Novel Low Area Overhead Direct
Adaptive Body Bias (D-ABB) Circuit for Die-to-Die and Within-Die Variations
Compensation," Very Large Scale Integration (VLSI) Systems, IEEE Transactions
on ,vol.19, n0.10, pp.1848-1860, Oct. 2011.

R. Rao, J. Burns, A. Devgan, and R. Brown, "Efficient techniques for gate
leakage estimation," Low Power Electronics and Design, 2003. ISLPED '03.
Proceedings of the 2003 International Symposium on , vol., no., pp. 100- 103, 25-

27 Aug. 2003.

147



[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

Wei Zhao and Yu Cao, "New Generation of Predictive Technology Model for
Sub-45 nm Early Design Exploration," Electron Devices, IEEE Transactions on ,
vol.53, no.11, pp.2816-2823, Nov. 2006. (Available at http://ptm.asu.edu)

S. Yang, Logic Synthesis and Optimization Benchmarks User Guide
(Microelectronics Center of North Carolina, January 1991).

B.S. Carlson and C.Y.R. Chen, "Performance Enhancement of CMOS VLSI
Circuits by Transistor Reordering," Design Automation, 1993. 30th Conference
on , vol.,, no., pp. 361- 366, 14-18 June 1993

Hossain, R.; Zheng, M.; Albicki, A.; , "Reducing power dissipation in CMOS
circuits by signal probability based transistor reordering," Computer-Aided
Design of Integrated Circuits and Systems, IEEE Transactions on , vol.15, no.3,
pp-361-368, Mar 1996

S. C. Prasad and K. Roy, “Transistor reordering for power minimization under
delay constraint,” ACM Trans. Des. Autom. Electron. Syst., vol. 1, no. 2, pp. 280—
300, Apr. 1996

Bin Yu; Haihong Wang; Riccobene, C.; Qi Xiang; Ming-Ren Lin; , "Limits of
gate-oxide scaling in nano-transistors," VLSI Technology, 2000. Digest of
Technical Papers. 2000 Symposium on , vol., no., pp.90-91, 2000.

Hamzaoglu, F.; Stan, M.R.; , "Circuit-level techniques to control gate leakage for
sub-100 nm CMOS," Low Power Electronics and Design, 2002. ISLPED '02.
Proceedings of the 2002 International Symposium on , vol., no., pp. 60- 63, 2002.

Predictive technology model. [Online]. Available: http://ptm.asu.edu
148



[50] A. Hokazono, S. Balasubramanian, K. Ishimaru, H. Ishiuchi, C. Hu, and T.-J. Liu,
"Forward Body Biasing as a Bulk-Si CMOS Technology Scaling Strategy,"

Electron Devices, IEEE Transactions on , vol.55, n0.10, pp.2657-2664, Oct. 2008.

149



VITA

NAME OF AUTHOR: Jae Woong Chun

PLACE OF BIRTH: Seoul, Republic of Korea (South Korea)

DATE OF BIRTH: January 9, 1976

GRADUATE AND UNDERGRADUATE SCHOOLS ATTENDED:
Konkuk University, Seoul, Republic of Korea

DEGREES AWARED:
Master of Science in Electrical Engineering, 2004, Konkuk University

Bachelor of Science in Electrical Engineering, 2002, Konkuk University

PROFESSIONAL EXPERIENCES:

e Teaching Assistant, Department of Electrical Engineering and Computer Science,

Syracuse University, 2007- 2012

e Process Engineer, Information & Electronic Materials, Battery Division, LG

Chem Ltd, 2004- 2005

e Teaching and Research Assistant, Department of Electrical Engineering, Konkuk

University, 2002- 2003
e Signal Corps Lineman, Military Service, Republic of Korea Army, 1996-1998

150



	Methodology for Standby Leakage Power Reduction in Nanometer-Scale CMOS Circuits
	Recommended Citation

	Methodology for Standby Leakage Power Reduction in Nanometer-Scale CMOS Circuits

