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Abstract: Aggressive CMOS scaling results in low threshold
voltage and thin oxide thickness for transistors manufactured in
very deep submicron regime. As a result, reducing the
subthreshold and gate-tunneling leakage currents has become
one of the most important criteria in the design of VLSI
circuits. This paper presents a method based on dual-V; and
dual-7,, assignment to reduce the total leakage power
dissipation of SRAMs while maintaining their performance.
The proposed method is based on the observation that the read
and write delays of a memory cell in an SRAM block depend
on the physical distance of the cell from the sense amplifier and
the decoder. Thus, the idea is to deploy different types of six-
transistor SRAM cells corresponding to different threshold
voltage and oxide thickness assignments for the transistors.
Unlike other techniques for low-leakage SRAM design, the
proposed technique incurs neither area nor delay overhead. In
addition, it results in a minor change in the SRAM design flow.
Simulation results with a 65nm process demonstrate that this
technique can reduce the total leakage power dissipation of a
64Kb SRAM by more than 50%.

L Introduction

CMOS scaling beyond 100nm technology node requires
not only very low threshold voltages to retain the device
switching speeds, but also ultra-thin gate oxides to
maintain the current drive and keep threshold voltage
variations under control when dealing with short-channel
effects [1]. Low threshold voltage results in an
exponential increase in the subthreshold leakage current,
whereas ultra-thin oxide causes an exponential increase
in the gate leakage current. The leakage power
dissipation is roughly proportional to the area of a
circuit. Since in many processors caches occupy about
50% of the chip area [2], the leakage power of caches is
one of the major sources of power consumption in high
performance microprocessors.

While one way of reducing the subthreshold leakage is to
use higher threshold voltages in some parts of a design,
to reduce the gate leakage, it is necessary to use multiple
oxide thickness. There are different ways to achieve a
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higher threshold voltage [3], among them are adjusting
the channel doping concentration and applying a body
bias. To achieve multiple oxide thicknesses, on the other
hand, Arsenic implantation into the silicon substrate
before thermal oxidation can be used [4].

In the past, much research has been conducted to address
the problem of leakage in SRAMs [5-9]. In [5], for
example, the authors used a dynamically controlled sleep
transistor to reduce the leakage power dissipation of a
large on-chip SRAM. In [6], Kim ef al. proposed a
dynamic threshold voltage method to reduce the leakage
power in SRAMs. In their technique, the threshold
voltage of the transistors of each cache line is controlled
separately by using forward body biasing. By deploying
an extra diode in parallel with a sleep transistor
connected between the source of NMOS transistors and
the ground in an SRAM cell, the authors of [7] reduced
both gate and subthreshold leakage currents. In [8], on
the other hand, by observing the fact that in ordinary
programs most of the bits in data-cache and instruction-
cache are zero, the authors proposed using asymmetric
SRAM cells to reduce the subthreshold leakage. By
including the device-level optimization into circuit-level
techniques, reference [9] presented a forward body-
biasing technique for active and standby leakage power
reduction in cache memories.

Most proposed techniques have hardware overhead and
hence increase area of the SRAMs. Furthermore, they try
to reduce the subthreshold leakage current only, whereas
for sub-100nm technology node, the gate tunneling
leakage is comparable to the subthreshold leakage. In
this paper we present a method for reducing both
subthreshold and gate tunneling leakage current of an
SRAM by using different threshold voltages and oxide
thicknesses for transistors in an SRAM cell. The
proposed technique in this paper has several main
advantages over previous techniques:

e it reduces both subthreshold and gate tunneling
leakage current,



e it does not involve any hardware overhead,
e it does not have any delay overhead,

e it requires only a minor change in the SRAM design
flow, and

e it improves the static noise margin under process
variation.

The remainder of this paper is organized as follows. In
Section II the structure of an SRAM block is discussed.
Section III briefly describes the leakage components.
Our idea for reducing the leakage power dissipation is
presented in Section IV. Section V shows the
experimental results, while Section VI concludes the

paper.

II. SRAM Architecture

A typical SRAM, shown in Figure 1, consists of several
blocks: cell arrays, address decoder, column
multiplexers, sense amplifiers, /O, and a control
circuitry. The functionality and design of every
component of an SRAM block can be found in [10].
Figure 2 shows a 6-transistor (6T) SRAM cell. The bit
value stored in the cell is preserved as long as the cell is
connected to a supply voltage whose value is greater than
the Data Retention Voltage (DRV) [11]. This feature,
which is due to the presence of cross-coupled inverters
inside the 6T SRAM, holds independent of the amount of
leakage current. In an SRAM cell, the pull-down NMOS
transistors and the pass-transistors reside in the read path.
To achieve a high read stability, the pull down transistors
are made stronger than the pass-transistors. The pull-up
PMOS transistors and the pass-transistors, on the other
hand, are in the write path. Although using strong PMOS
transistors improves the read stability, it degrades the
write-margin. A proper sizing of pass-transistors is
required to achieve an adequate write margin [5].

Traditionally all cells used in an SRAM block are
identical (i.e., they have the same width, threshold
voltage, and oxide thickness for equivalent transistors)
which results in identical leakage characteristic for all
cells. However, as we will show in this paper, by using
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Figure 2. A 6T SRAM cell.

non-identical cells, but still with the same layout
footprint, one can achieve more power efficient designs.

III. Leakage Components

The leakage current of a deep submicron CMOS
transistor consists of three major components: junction
tunneling current, subthreshold current, and gate
tunneling current [12]. In the following, each of these
three factors is briefly discussed.

A. Junction Tunneling Leakage

The reversed biased p-n junction leakage has two main
components: one is minority carriers’ diffusion near the
edge of the depletion region and the other is due to
electron-hole pair generation in the depletion region of
the reverse biased junction [12]. The junction tunneling
current is an exponential function of junction doping and
reverse bias voltage across the junction.

Since junction tunneling current is a minimal contributor
to the total leakage current [12], in this paper we do not
attempt to reduce this component of leakage in an
SRAM; however, it should be noticed that by applying a
forward substrate biasing, junction tunneling current can
be reduced [14].

B. Subthreshold Leakage

Subthreshold leakage is the drain-source current of a
transistor when the gate-source voltage is less than the
threshold voltage. More precisely, subthreshold leakage
happens when the transistor is operating in the weak
inversion region. The subthreshold current depends
exponentially on threshold voltage, which results in large
subthreshold current in short channel devices.

To reduce the subthreshold leakage of an SRAM cell,
one can increase the threshold voltage of all or some of
the transistors in the cell. The drawback of this technique
is an increase in read/write delay of the cell. If the
threshold voltage of the pull up PMOS transistors is
increased, the write delay increases whereas the effect on
the read delay would be negligible. On the other hand, if



the threshold voltage of the pull down NMOS transistors
is increased, the read delay increases whereas the effect
on the write delay would be marginal. By increasing the
threshold voltage of the pass transistors both read and
write delays increase. Due to the delay of sense
amplifiers and output buffers in a read path, the write
delay of an SRAM cell tends to be smaller than its read
delay. Therefore, one can think of reducing the
subthreshold leakage by increasing the threshold voltage
of the PMOS transistors as long as the write delay is less
than the read delay.

B. Gate Tunneling Leakage

Electrons (holes) tunneling from the bulk silicon through
the gate oxide into the gate results in gate tunneling
current in an NMOS (PMOS) transistor. Gate tunneling
current is composed of three major components: (1) gate
to source and gate to drain overlap current, (2) gate to
channel current, part of which goes to source and the rest
goes to drain, and (3) gate to substrate current. In bulk
CMOS technology, the gate to substrate leakage current
is several orders of magnitude lower than the overlap
tunneling current and gate to channel current [15]. On
the other hand, while the overlap tunneling current
dominates the gate leakage in the OFF state, gate to
channel tunneling dictates the gate current in the ON
condition. Since the gate to source and gate to drain
overlap regions are much smaller than the channel
region, the gate tunneling current in the OFF state is
much smaller than gate tunneling in the ON state [15].

If SiO; is used for the gate oxide, PMOS transistors will
have about one order of magnitude smaller gate leakage
than NMOS transistors [15, 16]. Therefore, in an SRAM
cell, the power saving achieved by increasing the oxide
thickness of the PMOS transistors is marginal.

The subthreshold and gate tunneling leakage currents of
an SRAM cell storing “0” are shown in Figure 3.

IV. Hybrid Cell SRAM

Due to the non-zero delay of the interconnects of the
address decoder, word-lines, bit-lines, and the column
multiplexer, read and write delays of cells in an SRAM
block are different. Simulations show that for a typical
SRAM block, depending on the number or rows and
columns, the read time of the closest cell to the address
decoder and the column multiplexer may be 5-15% less
than that for the furthest cell. This gives an opportunity
to reduce the leakage power consumption of an SRAM
by increasing the threshold voltage or oxide thickness of
some of the transistors in the SRAM cells.

It is known that each additional threshold voltage or
oxide thickness needs one more mask layer in the
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Figure 3. Subthreshold and gate tunneling leakage in an
SRAM cell storing “0”.

fabrication process, which increases the fabrication cost
[17]. As a result, in many cases, only two threshold
voltages and two different oxide thicknesses are utilized
in circuits. So, in the remainder of this paper we
concentrate on the problem of low-leakage SRAM
design in a dual-¥; and dual-T7,, technology. However, it
is possible to extend the results to handle more than two
threshold voltages and two oxide thicknesses.

The simulation results in this paper are obtained by using
a 65nm technology using HSPICE [21] simulation with
BSIM4 model [18], which accurately models
subthreshold and gate leakage current. The value of low
threshold voltage in this technology is 0.20V, while the
high threshold voltage is 0.25V. The thin oxide thickness
is 17A° while the thick oxide is 19A°. The supply voltage
of this technology is 1.0V and all simulations are done at
100°C.

A. SRAM Cell Configurations

To reduce the subthreshold leakage power consumption
of a cell, the threshold voltage of all or some of the
transistors of the cell can be increased. When the
threshold voltages of all transistors within a cell are
increased, the subthreshold leakage reduction is the
highest. However, since this scenario has the worst effect
on the read delay of the cell, the number of memory cells
that can be changed is low. Thus, we consider other
configurations which have smaller subthreshold leakage
reductions, but lower delay penalties. On the other hand,
as mentioned in Section III, to reduce the gate tunneling
leakage of an SRAM cell, only the oxide thickness of the
pull down NMOS transistors and pass-transistors need to
be increased. Although this is seemingly desirable from a
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Figure 5. Non-dominated configurations
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low power point of view, it is not applicable for all cells
in the cell array; thin oxide needs to be used in the cells
far from the address decoder and sense amplifiers. It
should be emphasized that increasing the oxide thickness
also increases the threshold voltage, resultingina
decrease in the subthreshold leakage. In the following,
high 7V, transistors refer to those transistors whose
threshold voltage have been modified by e.g., increasing
the channel doping, not the ones whose threshold voltage
has been boosted as a result of increasing the oxide
thickness. To make the memory cells more
manufacturable, unlike [8], we use a symmetric cell
configuration, which means the symmetrically located
transistors within an SRAM cell have the same threshold
voltages and oxide thicknesses. Thus, there are 32
different possibilities for assigning high and low
threshold voltages and oxide thickness to the transistors
within a cell. Since increasing the oxide thickness also
increases the threshold voltage of a transistor, we do not
increase the oxide thickness and threshold voltage of a
transistor at the same time because the delay penalty will
be too high. Therefore, the number of different
configurations is reduced to eighteen (there are two
choices for the pair of PMOS transistors and three
choices for each of the pull-down NMOS pair and pass-
transistor pair). Each configuration has a different effect
on read and write delays of cells. By simulating all
configurations, the dominated ones, i.e., the ones with
higher leakage and longer read/write delay than at least
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Figure 6: Leakage power reduction of each configuration
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Figure 7: Read delay increase for each configuration

one other configuration, are eliminated. Five
configurations remain as shown in Figure 5.

The configurations shown in Figure 5 have different
leakage power consumptions. The decrease in leakage
power consumption of each configuration, compared to
the initial configuration where all threshold voltages are
low and all oxide thicknesses are thin, is shown in Figure
6. One can see that the C1 cell, for which all four NMOS
transistors have thick-T,, and the PMOS transistors have
a high threshold voltage, exhibits 90% lower leakage
compared to the initial cell CO, for which all transistors
have low-T,, and low-V,.

Figure 7 shows the effect of each configuration on the
read delay of a cell. While the first configuration, C1, has
a large read delays, C5 has almost the same delay as CO.

B. Static noise margin

The static noise margin (SNM) of a CMOS SRAM cell is
defined as the minimum DC noise voltage necessary to
flip the state of a cell [19]. SRAM cells are especially
sensitive to noise during a read operation because the “0”
storage node rises to a voltage higher than ground due to
a resistive voltage divider comprised of the pull-down
NMOS transistor and the pass transistor. If this voltage is
high enough, it can change the cell’s value. We have
simulated the SNM of all cell configurations during a



read operation. These simulations show that compared to
the original cell, the SNM of four out of five new cells,
improves and only in C5 (i.e., when only PMOS
transistors are high threshold), it degrades by 10%. The
numbers in Table 1 show the increase of SNM for each
cell configuration compared to the SNM of the original
cell, CO.

Table 1: SNM improvement of different cells

Cell SNM
Type | Improvement
Cl 43.8%
C2 28.8%
C3 3.75%
C4 5.0%
C5 -10.0%

Since using C5 degrades SNM, we do not use this
configuration in the design of the low-power SRAM.
Thus, the only valid configurations that can be used
instead of CO are C1, C2, C3, and C4. Note that since all
eliminated configurations are dominated by C1, C2, C3,
or C4, by removing C5 from the list of configurations,
we do not need to consider any other configuration.

C. Hybrid Cell Assignment

Starting from a pre-designed SRAM with all low-V# and
low-T,, cells (CO case), to design a hybrid-cell SRAM,
we need to find out the slowest read and write delays
Next, considering the configurations shown in Figure 1
and the fact that C1 has the least leakage power
consumption among all configurations, we replace as
many CO cells as possible with C1 cells in such a way
that the access delay of the replaced cells will not be
larger than the slowest access delay in the original
SRAM design. After that, we try to replace the remaining
CO cells with other configurations in descending order of
the leakage saving, i.e., C2, C3, and C4. Since modifying
V, and T,, does not change the footprint of a cell, the
hybrid cell assignment does not change the layout of the
cell array and can be performed without affecting the
overall SRAM module floorplan.

It is noteworthy that using C1 cells, whose pass
transistors have thick gate oxides, decreases the word-
line and (to some extent) the bit-line capacitances, and
thereby, reduces the delay of the word-line and bit-line.
Notice that if the control signals of the SRAM, i.e., pre-
charge, read-mux, write-mux, and sense-enable, have not
been properly designed i.e., they cannot tolerate this
small decrease in the delay, then the control circuitry

needs to be modified. The required modification will,
however, be minor.

V. Simulation Results

To study the efficiency of the proposed technique, a
1GHz, 64Kb SRAM with a 64-bit word has been
designed and simulated in a predictive 65nm CMOS
technology with 1.0V for the supply voltage and 0.2V for
the low threshold voltage and 17A° as the gate oxide
thickness. All local and global interconnects, including
bit and bit-bar lines, word line, and decoder wires have
been modeled as distributed RC circuits. The SRAM
module consists of two cell arrays, each of which has 32
rows and 1024 columns. For optimizing the delay of the
decoder, the pre-decoding

Table 2: The utilization frequency (in percentage) of each cell
in the final solution.

Utilization Frequency (%)
Cell Type
V,,;,,-g;,ZO.ZSV V,,;,,-thO.Z»OV
C0 20% 30%
Cl 37% 37%
C2 9% 0%
C3 24% 33%
C4 10% 0%
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Figure 8. The contribution of subthreshold and gate tunneling
leakage

scheme has been used as described in [12]. After
designing the SRAM module, the hybrid cell assignment
has been applied to the design as described in Section IV.
To achieve an order of magnitude reduction in gate
tunneling leakage, the thicker oxide is assumed to be 2A°
more than the thin oxide [20], i.e., it is 19A°. On the
other hand, to consider the tradeoff between leakage
current reduction of a cell and increase in its access time



as a result of increasing the threshold voltage, two
different values have been considered for the high
threshold voltage, 0.25V and 0.30V. All simulations on
the SRAM have been done at 100°C. Table 2 shows the
utilization frequency of each cell configuration in the
final low-power SRAM. Figure 8 shows the contribution
of the subthreshold and gate tunneling in the leakage
power dissipation of the conventional SRAM and hybrid-
cell SRAM. As demonstrated in this figure, when
Vi nigi=0.25V the leakage power reduction of the SRAM
is 49.2%, while V;;=0.30V results in 53.5% leakage
power reduction.

VI. Conclusions

In this paper we have presented a novel technique for
low-leakage SRAM design. Our technique is based on
the fact that due to the non-zero delay of interconnects of
the address decoder, word-line, bit-line and the column
multiplexers, cells of an SRAM have different access
delays. Thus, the threshold voltage or the thickness of
gate oxide of some transistors of cells can be increased
without degrading the performance. By using five
different configurations for the SRAM cells, we have
achieved a low-leakage SRAM without scarifying
performance and area. By applying the proposed
technique to a 64Kb SRAM in 65nm technology node,
the total leakage power dissipation of the SRAM has
been reduced by 53.5%.
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