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Abstract—Exponential increase in leakage power has emerged as
a major barrier to technology scaling. Existing circuit techniques
for leakage reduction either suffer from reduced effectiveness
at nanometer technologies or affect performance and gate-oxide
reliability. In this paper, we propose application of a specific
carbon nanotube (CNT)-based nano-electromechanical switch as
a leakage-control structure in logic and memory circuits. In case of
memory circuits, we demonstrate that the proposed hybridization
can be employed to reduce both cell leakage and bitline leakage,
thereby improving the read noise margin as well. Due to the
unique electromechanical properties of CNTs, these switches have
high current-carrying capacity, extremely low leakage current,
and low operating voltages. Moreover, they can act as nonvolatile
memory elements, which can be exploited for data retention of
important registers and latches during power down. Simulation
results for a set of benchmark circuits show that we can obtain sev-
eral orders of magnitude improvement in leakage saving in logic
circuits at iso-performance compared to existing multi-threshold
CMOS technique. In memory circuits, simulations show 19

reduction in standby leakage and 55 reduction in bitline
leakage compared with the best existing techniques.

Index Terms—Bitline leakage, CMOS logic circuits, CMOS
memory circuits, nano-electromechanical switch (NEMS), leakage
reduction.

I. INTRODUCTION

ONE OF THE MAJOR challenges with aggressive tech-
nology scaling is the dramatic increase in leakage power

with each technology generation. At nanometer scale, CMOS
devices suffer from severe “short-channel effects” [1], which
combined with greater gate-oxide tunneling leakage, result
in large device current in the OFF state. The leakage power is
predicted to constitute nearly 50% of chip power at and beyond
65-nm technology nodes [1]. This phenomenal wastage of
power is clearly unacceptable, more importantly in mobile bat-
tery-operated systems. In memory circuits, the effect of leakage
is also manifested as a decrease in robustness of read/write
operations [24].

To address this issue at circuit level, various techniques
have been proposed to reduce leakage current; particularly
the subthreshold component of leakage, in both logic and
memory circuits [2]–[9]. These techniques can be broadly
categorized into two classes: a) active mode leakage reduction
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and b) standby mode leakage reduction. Dual assignment
and adaptive body biasing (ABB) have been proven effective
primarily for active mode leakage reduction, although they
result in leakage reduction in standby mode as well. However,
scalability of these techniques at sub-65-nm technology nodes
has been questioned. Dual- technique [2], [3] suffers from its
negative impact on parametric yield under process variations as
well as from diminishing difference between high- and low-
values realizable at a process node. ABB suffers from large
increase in band-to-band junction tunneling current (BTBT)
[4]. On the other hand, standby-mode leakage reduction is
predominantly based on multi-threshold CMOS (MTCMOS)
technique and its variants. The basic idea in MTCMOS design
is to use a low- or dual- core (for high-performance) and
a high- sleep transistor (for low leakage) that effectively
“gates” the power supply in standby mode. To avoid perfor-
mance impact due to the sleep transistor, it requires to be
sized judiciously. A major variation to the standard MTCMOS
approach [9] is to overdrive the gating transistor in active mode
for high performance and/or underdrive it during standby mode
for higher leakage saving. Apart from the overhead of biasing
circuitry for over/under-drive, an out-of-rail voltage in this
approach causes gate oxide reliability problem (particularly
for devices with thin gate oxide) as well as large increase in
gate-induced drain leakage (GIDL) current [1].

Although MTCMOS-based supply gating can reduce leakage
current significantly, it cannot retain values in registers and
latches. It is important for the critical data held in state registers
and latches to be restored when the system wakes up from
power-down mode. To achieve data retention in critical storage
elements, broadly three major techniques have been proposed
[5]. The first method relies on application software that writes
specified register values to disk storage before shutting down
power supplies and back again when re-entering the active
mode. Although it requires no special hardware design, the
process is too time-consuming and power-hungry to be prac-
tical. The second scheme uses a scan chain to shift out the
register states into an always powered memory before power
down and shift-in during wake up. The major disadvantages
are still time and power consumptions during memory access.
In the third method, a high- “shadow latch” is added to
the normal register or latch to save the register’s state during
power down. To maximize the leakage saving in the shadow
latch, a reduced but just sufficient voltage supply is used for
these circuits, so that they still retain their values. However, an
important problem associated with this scheme is the routing of
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two separate supply power lines. Further, since these high-
CMOS shadow latches remain powered-on during standby
mode, they also suffer from some leakage, which increases
with technology scaling. Finally, these high- shadow latches
are more prone to soft error due to alpha and neutron particle
hit [10] and thus likely to result in erroneous stored content in
case of single event upset (SEU).

In case of Static Random Access Memory (SRAM) circuits,
numerous leakage reduction techniques have been investigated.
A very effective technique for memory circuits is source bi-
asing [33], which “gates” the supply and applies a positive bias
voltage at the source of nMOS transistors (of a memory cell),
such that the rail-to-rail voltage is reduced resulting in memory
leakage reduction. The technique selects a bias voltage in such
a way that ensures data retention while maximizing leakage re-
duction. In both MTCMOS (for logic circuits) and source bi-
asing (for SRAM) techniques, the sleep transistor itself, which
is typically made wide for acceptable performance, remains a
significant source of leakage current.

To address major circuit-level design issues with nano-scaled
CMOS, several new devices like carbon nanotube (CNT)-based
field-effect transistor (CNTFET), molecular electronic switches
and ferromagnetic logic devices have been proposed as alterna-
tives to CMOS at the end of its roadmap [23]. Although some of
these devices offer promising features in terms of device opera-
tion, integration density, power and performance, a rapid transi-
tion to an alternative device or computational paradigm appears
infeasible due to lack of mature fabrication process as well as
design and analysis tools.

In this paper, we propose a novel hybridization scheme,
which addresses the leakage-induced power issue of CMOS
technology using nano-electromechanical systems (NEMS)
switches as leakage-control elements. A specific NEMS switch
referred as complementary NEM switch (CNEMS), with CNTs
as active elements is used as a platform device to control
leakage in CMOS logic/memory circuits and to retain data
during power down. The CNEMS structure has the following
distinct features making it amenable to leakage-control appli-
cations: 1) the electromechanical nature of the switch results
in virtually zero standby-mode leakage; 2) the switch behaves
like a nonvolatile memory (NVM) element and 3) it has low
operating voltage V , low transition time ns , and
low transition energy.

The paper makes the following contributions.
1) It exploits the unique electromechanical properties of

CNTs for leakage reduction in CMOS logic circuits. A
CNT-NEMS device with specific characteristics (CNEMS)
is chosen for this purpose.

2) It uses the NVM-mode operation of CNEMS for data reten-
tion in standby mode, which allows complete power down
while eliminating the possibility of soft-error induced data
failure.

3) It proposes a hybridization scheme of the CNEMS de-
vices with conventional 6-T CMOS SRAM cells to reduce
standby leakage in embedded memory.

4) It employs CNEMS to reduce bitline leakage in SRAM
array during read operation, thereby improving the read
noise margin.

The remaining part of the paper is organized as follows. In
Section II, we present some emerging CNT NEMS switch struc-
tures, followed by working principle of CNEMS. Leakage re-
duction in logic circuits using CNEMS is described in Sec-
tion III. In Section IV, we present standby data retention using
CNEMS. In Section V, we discuss the application of CNEMS in
SRAM circuits to prevent cell and bitline leakage. In Section VI,
we present simulation results for logic and memory circuits. We
conclude in Section VII.

II. STRUCTURE OF CNEMS AND ITS WORKING PRINCIPLE

A. CNTs as NEMS Switch

CNT-based NEMS structures have been intensively investi-
gated in recent times. CNTs are particularly suitable for NEMS
applications due to their well-characterized physical and chem-
ical properties and their exceptional electrical and mechanical
behavior [13]. In recent years, many different NEMS switches
based on CNTs have been proposed. Fig. 1(a)–(c) presents
several recent CNT-NEMS devices [11]–[13], two of which
can operate as cantilever structures. In [11], a switch based
on multi-walled CNT cantilever structure suspended over
metallic trenches has been described. The switching behavior is
observed by noting the current at the bottom electrode, which
shows an abrupt increase beyond a certain “threshold” voltage
difference between the nanotubes and the bottom electrode.
However, a key limitation of this device is the low ON-state
current nA at a bias voltage of around 3 V. In [12], a
three-terminal multi-walled carbon “nanorelay” has been pre-
sented. The switch operates by the application of bias voltages
between two electrodes and the current is measured at the third
electrode. The device operates at a comparatively high-voltage

V , and there is considerable fluctuation in the ON

current. In [13], the authors report the operation of an electro-
mechanical CNT switch, which lso has comparatively low and
randomly fluctuating ON current nA .

B. CNEMS Structure and Operating Principle

Compared to the CNT-NEMS switches described in the
previous subsection, the switch proposed in [14] referred as
CNEMS has certain properties which makes it more suitable for
hybridization with CMOS as a leakage reduction and data re-
tention device. The structure of the switch is shown in Fig. 1(d).
It contains three co-planar CNTs of cantilever geometry, which
are initially unconnected. The switch can be toggled between
two complementary configurations by the application of an
electric field between the central CNT and either of the two
CNTs on the side. Once configured in a certain way, the switch
remains in the same state until an opposite electric field is
applied to reconfigure the switch. This is because of the van der
Waals’ interaction between the CNTs [22]. Due to this latching
mechanism, each switch works as a NVM element. The critical
physical parameters of the structure such as turn-on voltage
and switching speed are estimated below.

To calculate the “turn-on” or the “threshold” voltage, we
note that the total energy of two adjacent CNTs is given by

. Next, we note that
the electrostatic and van
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Fig. 1. (a) Self-assembled switches based on electroactuated multi-walled nanotubes [11]. (b) Three-terminal carbon nanorelay of a CNT cantilever beam switch
[12]. (c) Single-walled nanotubes suspended over shallow trenches in SiO , with a Nb pull electrode [13]. (d) CNEMS. The central CNT (CNT1) is either touching
the top (CNT2) or bottom (CNT3) CNT [14].

der Waals’ forces are both attractive
while the elastic force is not. Thus,
at , all the forces acting on the CNTs
cancel out and this results in a stable configuration. When

the van der Waals’ forces overcome the
elastic force and CNTs can latch onto each other. Clearly, this
situation should be achieved after application of a voltage pulse
because otherwise, the CNTs will spontaneously clamp onto
each other. This simple but important observation puts a limit
on how close the CNTs can be to each other. To demonstrate
feasibility of switching and latching with reasonable voltages,
we consider the CNEMS structure schematically shown in
Fig. 1(d). The two energies are equal at nm for

nm and of 20 nm.
The electrostatic potential needed to bend the 50-nm long

CNT to achieve a deflection of nm is around 10 V. In
subsequent switching, however, this voltage will drop to around
1 V. The main reason for this reduction is that the stored elastic
energy causes the center CNT [CNT1 in Fig. 1(d)] to spring
back towards CNT3 when it is released from CNT2. The van
der Waals’ force latching CNT1 and CNT2 is almost entirely
balanced out as soon as CNT1 and CNT2 are charged with the
same polarity. Noting that CNTs have very large Young’s mod-
ulus of around 1.3 TPa, very fast CNEMS with sub-nanosec-
onds switching times can be realized. The proposed CNEMS
have large on-to-off conductance ratio , very high cur-
rent-carrying capability [34] and are radiation hard.

C. Hybridization of CMOS With CNEMS

The main challenge of combining traditional CMOS cir-
cuitry and CNT structures on the same substrate is the higher
temperature required in the growth process of the CNTs. This
causes adverse impact on the transistors built on the silicon
substrate when CNTs are grown after MOSFET fabrication.
Recently, several techniques on CMOS-compatible growth of
CNT have been proposed and experimentally validated. In the
first approach, “localized heating” is applied using microscale
resistive heaters [16]. This creates small regions with extremely
high temperature, but the operation is globally carried out at
room temperature and thus remains CMOS compatible. In
the second approach, plasma-enhanced chemical vapor depo-
sition (PECVD) is applied to grow CNT structures on either
metal [38] or the semiconductor (Si) substrate [35], [39]. The
third technique achieves “self-assembled, surface-oriented”
growth of CNTs using iron nanoparticles as catalyst [39]. In
the fourth technique, single-walled CNTs are “solubilized”
and then applied to the active CMOS substrate to grow func-

Fig. 2. Possible way to hybridize CNEMS with CMOS.

tional NVM devices [40]. Finally, in [24], high aspect ratio
cylindrical “nanowires” are grown using porous membranes as
“templates,” and manipulated using dielectrophoretic forces.
A possible integration solution, shown in Fig. 2, consists of
separate layers for MOSFET and CNEMS, with a metal inter-
connect layer in between.

D. Equivalent Electrical Model for the CNEMS Structure

To measure the leakage and performance of the hybrid cir-
cuits using CMOS and CNEMS, we need to use an accurate cir-
cuit-compatible model for CNEMS. We have used the widely
accepted transmission-line model [15] for CNT interconnects.
The assumption is valid for CNEMS since the CNTs used in
CNEMS are meant only to act as conducting wires when con-
nected. The transmission-line model of a single nanotube is
shown in Fig. 3. It consists of the series resistance and se-
ries inductance , corresponding to the contact resistance and
the kinetic inductance, respectively. It also contains two shunt
capacitors and corresponding to the quantum capaci-
tance and the coupling electrostatic capacitance [15]. The values
were taken from previously published investigation results as

k , nH m, aF m, and
aF m for metallic SWCNT, respectively, as men-

tioned in [15], [17] and [18]. We have neglected the magnetic
inductance, which has a very small reported value of 1 pH/ m.
The coefficient of 4 for the quantum capacitance in the model
is due to the presence of 4 quantum conduction channels in par-
allel. As shown in [19], it is possible to fabricate nanotubes with
resistances approaching the theoretical limit of 6.45 k . We
have also taken an extra resistance of 1 k which accounts
for the via resistances (assuming CNTs are grown on separate
layer).

III. LEAKAGE REDUCTION IN LOGIC CIRCUITS

In this section, we describe the application of CNEMS as a
leakage reduction device in CMOS logic circuits.
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Fig. 3. Equivalent circuit model for CNEMS.

Fig. 4. (a) Conventional MTCMOS scheme. (b) Logic block with an array of
CNEMS incorporated as gating devices.

A. Motivation of Using CNEMS

Supply gating techniques using sleep transistor have been
shown effective for leakage saving in standby mode and are
scalable to future technology nodes. Sleep transistor-based
leakage reduction is predominantly based on MTCMOS ap-
proach [1], [9], which uses high- sleep transistor to a low or
dual- core [Fig. 4(a)]. The MTCMOS technique typically
suffers from the following drawbacks: 1) it adds extra resistance
to the charging (for pMOS sleep transistor) or discharging path
(for nMOS sleep transistor) and thus degrades performance
and 2) the sleep transistor itself can be a considerable source of
leakage. To reduce performance penalty and maximize leakage
saving, a high- sleep transistor can be overdriven in active
mode [36] or a low- one can be underdriven in standby mode
[37]. However, in both cases, the out-of-rail voltage causes
gate oxide reliability problem and increases gate induced drain
leakage.

The unique structure of the CNEMS switch allows the dis-
charge path to switch between a low resistance path in the active
mode (for high performance) and a separate high virtual ground
voltage path in the sleep mode (for low leakage).

B. Using CNEMS for Leakage Control in Logic Circuits

The proposed scheme for using CNEMS as a leakage reduc-
tion device in combinational logic circuits has been shown in
Fig. 4(b), and compared with the MTCMOS scheme as shown
in Fig. 4(a). The “B” terminal of the logic block acts as the vir-
tual ground node, which is connected to the central ter-
minal of 3-terminal CNEMS. Depending on the voltage at the
other two terminals, the central terminal is attracted and gets
connected to either of the side terminals. The terminal “A” is
always connected to . However, by controlling the voltage
at “C,” we can make the terminal “B” switch between terminal
“A” and “C.” In the “active” mode of operation, terminal “B”

Fig. 5. (a) Timing diagram of the CNEMS terminal voltages. (b) Sleep-mode
current waveform in the proposed scheme.

touches terminal “A” and is thus directly connected to ground.
During this time, terminal “C” has a voltage below the threshold
required to attract terminal “B.” However, when the circuit goes
to the sleep mode, the voltage at terminal “C” rises above the
switching threshold for the device, and thus terminal “B” shifts
to “C.” After this happens, the voltage at “C” goes back to
its lower (but nonzero) value, which makes the voltage at the

terminal high and thus reduces leakage, by decreasing the
rail-to-rail voltage of the logic circuit. When the circuit needs to
shift from the sleep to the active mode, the voltage at terminal
“C” is again made high. Terminal “B” gets this high voltage, and
hence is attracted to terminal “A.” Fig. 5(a) shows the timing di-
agram of the voltages at terminals A, B, and C.

It is important to consider the energy dissipation in this
scheme. During the switching of the CNEMS switches, some
energy ( eV per switch) is required. Due to charging of
virtual ground voltage from 0 to , the nodes of the logic
block which were at logic level 0 (and hence have a path to

) due to the applied input vector, will have a voltage
transition from 0 to . This will cause a current surge from

to these intermediate nodes initially. But after the initial
surge, the leakage current through the logic circuit will be
significantly reduced, as shown in Fig. 5(b). The “MTCMOS”
scheme will also have an initial transition loss, followed by
a steady leakage current through the sleep transistor. But the
steady-state current in MTCMOS will be more than that in the
proposed scheme for equal performance penalty.

The effect of the nanotube resistance in the discharge path
during the active mode of operation is also an important con-
sideration. It is expected to increase the discharge time of the
output node capacitances, and hence to adversely affect the fall
time, which is roughly proportional to the on-resistance of the
discharging path. To reduce the net resistance presented by the
switches in the discharge path to ground, an array of CNEMS
switches is to be used.
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Fig. 6. (a) CNEMS latch (inverting). (b) Initial configuration.

IV. STANDBY-MODE DATA RETENTION

The techniques described above for leakage reduction in com-
binational circuits are not directly applicable to sequential cir-
cuits since the output values of the circuits may not be retained
during the sleep mode. This is not a concern in combinational
blocks since sleep modes are selected when the outputs are of
no consequence. But it is important to store the content of im-
portant state registers and latches during power down and re-
store them on wake up. An effective low-overhead technique for
state retention and restoration is based on using a low-leakage
“shadow” latch [5]. Next, we will describe a CNEMS-based
latch, which can be used as efficient alternative to shadow latch
for nonvolatile data retention.

A. CNEMS-based Inverting Latch

Fig. 6(a) shows a possible implementation of a stable in-
verting latch structure using CNEMS [14]. To write a value in
the latch, it requires to be configured as in Fig. 6(b), by cre-
ating a voltage difference between terminals B and C. Bringing
the latch to this initial state is important in order to configure
the CNTs to a position from where they can make a transi-
tion when the input is connected. When the clock signal closes
the switch at the data terminal, the input data (say logic 0) ap-
pears at terminal A. This causes the nanotubes at A and C of
the upper CNEMS structure to get attracted to each other, and
after coming in contact, they remain connected due to the van
der Waals’ force of attraction. This means that a new logic value
(logic 1) appears at the output terminal. The clock signal keeps
the switch ON for a very short time to minimize short circuit
current between the input and output terminals. Similarly, when
a data value 1 appears at the input, the nanotubes between ter-
minals B and C of the lower switch structure connect and logic
value 0 appears at the output. It should be noted that the latch
stores the complement of the value written into it. Due to the
unique property of the switch, it retains the configuration even
on removal of the voltage and hence, it acts as a NVM el-
ement.

B. Previous Work on Standby-Mode Data Retention

Several schemes have been proposed to preserve data in the
standby mode using MTCMOS scheme [6]–[8]. In [6], high-
MOS inverters connected directly to the and the GND ter-
minals are used to retain data in the sleep mode, while low-
inverters in the latch path are used to maintain performance in
the active state. This circuit successfully preserves data in the

sleep mode, but it creates a bottleneck during high-speed oper-
ation due to high- transistors of the transmission gates in the
critical path. Moreover, since the high- power transistors must
be large enough to supply power to the data-path inverters, this
circuit incurs considerable area and power overhead compared
to conventional latch [8]. In [7], the level holder circuit has been
used in the sleep mode to hold the data. However, in this scheme,
as in the latch circuit [9], high- power transistors also have to
be connected to low- data-path inverters independently to cut
off the standby leakage path. This also increases the delay and
to reduce this delay, high- power transistors need to be made
8 larger than low- transistors. To address these problems,
in [8], a “balloon memory circuit” has been used in conjunction
with a flip-flop. However, it incurs an area overhead of 43% over
the conventional flip-flop. Both schemes are also vulnerable to
soft-errors.

A more attractive option would be to store the data in
the standby mode using high-density NVM. However, with
technology scaling beyond 32 nm, new challenges emerge in
the field of nonvolatile memories implemented with emerging
nanometer devices [20] such as Flash devices, FeRAM, NROM,
MRAM, etc. In Flash devices, high-electric field stress and
extremely thin tunnel oxide in scaled devices are the main
challenges [23]. In FeRAM, it is difficult to find ferroelectric
materials that provide both adequate change in polarization
and the necessary stability over extended operating cycles. The
SONOS/NROM device technology has shown some progress in
recent times; however, further innovations are needed beyond
the 45-nm technology generation [23]. In case of MRAM
devices, controlling the dimensions and material properties
is a major challenge along with material sensitivities to IC
processing temperature. Compared to these NVM technologies,
CNEMS appear more promising for data retention application
due to CMOS-compatible growth process, higher performance
and low transition power.

C. Motivation of Using CNEMS as Data Retention Device

The application of CNEMS as NVM element to retain regis-
ters and flip-flop data during the standby mode has two major
advantages over existing data retention techniques [6]–[8]: 1)
Due to the nonvolatile nature of the CNEMS switch, we can
allow complete power down while still retaining the states in
registers and latches, thus improving leakage saving; 2) Data
storage in CNEMS latch is achieved by an electromechanical
switch and is thus, completely radiation-hard.

D. Use of CNEMS for Data Retention

Here, we describe a scheme for using the inverting latch made
from CNEMS [14], as the shadow latch. Fig. 7 shows the overall
scheme for data retention using CNEMS-based shadow latch.
When RD and WR are disabled, the flip-flops in the circuit
perform normal operation. However, when WR is enabled, the
shadow latches are activated. Each shadow latch stores the state
of the corresponding flip flop and retains it even when power
supply is shut down. When normal operation needs to be re-
sumed, the RD line goes high for a short time after power-on,
enabling the value stored in the shadow latch to be written back
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Fig. 7. Scheme for standby-mode data retention using CNEMS-based shadow
latch.

into the system flip-flop. The multiplexer logic can be imple-
mented using transmission gates, as in [6]. It must be noted that
the shadow latch, in our case, comes into action only in the sleep
mode, so there is no increase in active power, unlike the existing
techniques [6]–[8], where data values are written into the normal
and shadow latches at the same time. Also the standby leakage is
practically made zero. Although there is a current path through
the ON CNEMS, the supply voltage is reduced to zero.

V. LEAKAGE REDUCTION IN SRAM CIRCUITS

With technology scaling, the leakage energy of SRAM caches
has increased at an alarming rate [25]–[33]. At 130-nm tech-
nology, the leakage energy is estimated to be 30% of the total
energy for the cache and more than 80% of the total energy
for the cache [25]. Added to that is the bitline leakage, which
acts as a noise current source to the sense amplifier, causing
slow or erroneous read/write operation [26]. We propose the in-
tegration of CNEMS with CMOS-based SRAM to achieve: 1)
reduction in cell leakage in standby mode and 2) robustness of
read/write operation by bitline leakage reduction.

A. Use of CNEMS for Leakage Reduction in SRAM

A number of schemes have been proposed to suppress the
leakage power in SRAM cells [25], [27]–[30]. Among them,
source biasing is a promising technique [27] that uses a gating
transistor between the source and ground (or ) terminals of
the cells to cut-off the leakage path during sleep mode. To ensure
steady rail-to-rail voltage, a fixed source-biasing potential
is applied at the source terminal during sleep mode. However,
this scheme incurs considerable hardware overhead because it
requires the sleep transistor to have sufficient size so that the
Read/Write performance of the SRAM cells is not affected. The
scheme for reducing standby leakage in memory with CNEMS
switches is shown in Fig. 8. Unlike conventional source biasing
scheme using sleep transistor, we exploit the unique structure
of the CNEMS to connect the virtual ground terminal to
the actual ground in active mode [Fig. 8(a)] and to a bias
voltage in standby mode [Fig. 8(b)], similar to the leakage
reduction scheme proposed for logic circuits. In the active mode,
the low resistance of the CNEMS switches and their high cur-
rent-carrying capacity allows normal operation with minimal
penalty in Read/Write delay. In the sleep mode, the CNEMS

Fig. 8. Proposed leakage reduction scheme using CNEMS switches for source
biasing. (a) Active mode. (b) Standby mode.

switch terminal “B” at the virtual ground is connected to
the terminal “C,” which is at a positive bias voltage. This voltage
is chosen so that it is below the data retention voltage (DRV) of
the cell (to ensure data retention), while maximizing leakage
saving.

Several schemes have also been proposed for the reduction
of bitline leakage or the mitigation of its effects [26], [33], [34]
during read/write operation. In [26], a bitline “compensation”
scheme has been proposed that measures the bitline leakage in
precharge phase, and then injects the same amount of current
in the evaluate phase to “compensate” for the bitline leakage.
However, this scheme requires a relatively complicated current
sensing and duplicating circuitry as overhead. In [31], a bitline
leakage “equalization” scheme has been proposed that equalizes
the bitline leakage and thus maintains correct functionality of
the sense amplifier. This scheme uses an 8T SRAM cell in place
of the traditional 6T cell and as a result has a 40% area overhead
which reduces its practicality. In [32], a bitline leakage reduc-
tion scheme has been proposed that underdrives the wordline in
the idle mode to reduce leakage through the access transistors.
It requires cell and precharge voltage to be lower than global
supply voltage.

The proposed bitline leakage reduction scheme using
CNEMS is shown in Fig. 9. We mitigate the effect of bitline
leakage by “re-routing” the leakage path during active mode.
The rows of SRAM cells are grouped into separate blocks.
When a bitline is charged high and connected to a SRAM cell
storing 0, there is a leakage current through the access transistor
from the bitline to the node storing 0. The worst-case bitline
leakage occurs when only one cell stores 1 and all the other
cells store 0. When the read operation (of the cell storing 1)
starts, the sense amplifier might perform a faulty read operation
due to the large leakage current from BL. This is prevented by
the scheme shown in Fig. 9. Here, in addition to the BL and

lines, we have a leakage re-routing path for each block of
SRAM cells. When a wordline is asserted for read operation,
the access transistors of all the cells belonging to the block
are connected to the BL and lines. The remaining blocks
which are not being accessed are connected via CNEMS to
the re-routing path, which prevents them from affecting the
bitline charge. A pre-decoder (similar to [33]) assigns correct
voltage values to the dummy bitlines and thus controls the
connectivity of the memory cells with the bitline. Since the
leakage of nonaccessed rows cannot affect the bitlines, the



2486 IEEE TRANSACTIONS ON CIRCUITS AND SYSTEMS—I: REGULAR PAPERS, VOL. 54, NO. 11, NOVEMBER 2007

Fig. 9. Proposed scheme for bitline leakage reduction in an SRAM array.

TABLE I
LEAKAGE SAVING WITH CNEMS IN COMBINATIONAL LOGIC BLOCKS (AT

ISO-PERFORMANCE, V = 1 V, T = 373 K)

voltage droop due to bitline leakage in the BL (or ) line
effectively reduces to zero.

VI. RESULTS

Simulations of the proposed leakage-reduction and data re-
tention circuits were performed in HSPICE using 70- and 45-nm
predictive CMOS technologies [21] and compared with existing
techniques. The CNEMS structure was modeled, as described
previously, as a separate sub-circuit.

First, the combinational parts of the ISCAS89 benchmarks
were simulated with sleep transistors and CNEMS as leakage-
control structure separately. The size of the gating transistor and
the number of parallel CNEMS are chosen in such a way, that
in the active mode, we have equal performance penalty. The
standby leakage power values obtained in both cases for a set
of benchmark circuits have been listed in Table I. It can be ob-
served that we get several orders of magnitude improvement
in leakage saving with CNEMS over conventional MTCMOS
technique. For MTCMOS technique, we considered properly-
sized high- (30% higher than other transistors) sleep transis-
tors as the leakage reduction mechanism for low- combina-
tional logic.

For sequential circuits, we need to consider the actual leakage
occurring in nanoscaled CMOS flip-flops using low and high-
transistors and compare it to the leakage of CNEMS-based
shadow latch (which is virtually zero). As seen in Table II, a
high- data retention shadow latch for each of the flip-flops
present in the ISCAS89 sequential benchmark circuits can still
cause considerable power dissipation in the standby mode.
The total leakage is estimated as the sum of the leakage power
due to the combinational part of the circuits and the flip-flops.
The leakage reduces in the MTCMOS technique due to the
presence of the OFF sleep transistor and the high- latches. In
the CNEMS case, though there is some leakage to the substrate,
there is no leakage through the CNEMS shadow latches. Hence,
the total leakage saving improves significantly. The leakage
current of the nonvolatile CNEMS memory elements remains
practically zero and thus provides higher standby leakage
saving in scaled technologies.

Next, we present the simulation results for the leakage reduc-
tion in SRAM cells by the proposed technique. Table III shows
the reduction in standby leakage for an SRAM cell for PTM
45- and PTM 70-nm models, compared to the source biasing
scheme. We observe an improvement of for the 45-nm
process and an improvement of for the 70-nm process.
Table IV shows the improvement in bitline noise margins due
to the proposed scheme. The simulated BL and waveforms
have been shown in Fig. 10 for the 45-nm process. It can be ob-
served that the leakage in the bitline reading a 1 causes a voltage
droop of almost 200 mV in just 800 ps, reducing the read noise
margin considerably. On the other hand, the proposed bitline
leakage reduction scheme alleviates this problem by reducing
the bitline current ( ).

VII. CONCLUSION

We have presented the application of a CNT-based NEMS
switch, referred as CNEMS, for leakage reduction in CMOS
logic and memory circuits. CNEMS exploits the superior
electromechanical properties of CNT to achieve low operating
voltage, high current-carrying capacity and nonvolatile latching
mechanism. These properties can be utilized for leakage re-
duction in standby mode, while incurring low performance
overhead in active mode. Moreover, CNEMS-based nonvolatile
latches can be integrated with CMOS flip-flops for data reten-
tion during power down. For memory circuits, the cell leakage
can be reduced and undesired bitline droop can be mitigated
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TABLE II
TOTAL LEAKAGE SAVING IN SEQUENTIAL BENCHMARK CIRCUITS USING CNEMS FOR LEAKAGE REDUCTION AND DATA RETENTION

TABLE III
COMPARISON OF LEAKAGE REDUCTION WITH SOURCE BIASING SCHEME IN

STANDBY MODE

TABLE IV
IMPROVEMENT IN READ NOISE MARGIN (DUE TO BITLINE LEAKAGE) (VALUES

AFTER 800 PS, V = 1 V, T = 300 K)

Fig. 10. Reduction in read noise margin due to bitline leakage (V =

1V; T = 300 K, 256 rows).

by redirecting the bitline leakage using CNEMS. Simulation
results on benchmark circuits show that using CNEMS, we can

obtain large improvement in leakage saving at iso-performance
compared to the existing techniques. The leakage improvement
is less in case of memory, since the rail-to-rail voltage cannot
be reduced arbitrarily without affecting the stored content.
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