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ABSTRACT

High performance applications, such as biomedical and wireless sensor networks, require
low power circuits for extended time operation. Supply voltage scaling in such systems
is an effective way to lower the power consumption. Although voltage scaling has
benefits, it has brought serious challenges for designing reliable digital circuits including
Static Random Access Memories (SRAMs). Further, as SRAM occupies a significant

area on SoC, the memory failures may lead to complete collapse of the system.

The conventional 6T SRAM cell has been the industry standard for a long time. However,
it has limitation in operating reliably at lower voltages due to reduced margins and other
performance related issues. Therefore, conventional 8T SRAM cell with improved
margins has emerged as the potential substitute for its 6T counterpart. In nanometer
regime, the leakages and PV T-variations become significant culminating into degraded

performance and restricting its usage in sub-threshold region in small-geometry devices.

As sub-threshold leakage dominates the total leakages in SRAM cell in nanoscale
devices, the classification of sub-threshold leakage reduction techniques and their impact
on performance parameters under various operating conditions need extensive analysis.
The available techniques are classified as those addressing leakage current component at
the level of latch, bitline and read port levels; and their impact on major performance
parameters is evaluated. Since the performance of a technique is also susceptible to PVT-
variations, this aspect is also considered for suggesting the best suitable operating
conditions for a technique falling under each classification. A low leakage SRAM cell
based on the use of leakage reduction techniques is also presented. The latch and bitline

leakages are respectively addressed through Multi threshold CMOS and Negative

Vi



wordline techniques in the cell. Further, Multi threshold CMOS technique is applied to

non-critical transistors in the latch core to avoid its degrading effect.

There are issues in read and write operation of nanometer SRAMSs and isolated read port
Is popular technique used to address this. The trade-off existing between the read current
and read bitline leakages needs examination. To address this issue, two new SRAM cells
with an isolated read port are proposed in this work. In the first proposed cell, the write
performance is improved by incorporating write assist transistor with single ended write
to reduce power consumption. An attempt is made to achieve high read current values by
removing the stacking of MOS transistors in the read port. The second proposed cell
addresses yet another issue of nanometer SRAM cells i.e. read bitline leakages. It uses
compensation transistor which suppresses and equalizes read bitline leakages in un-
accessed cells irrespective of the stored data resulting in low and data-independent
leakages in SRAM cell. Additionally, it provides the reverse current in accessed cell to
maintain high read bitline voltage while compensating read bitline leakages in un-
accessed cell. The reduced stacking effect of transistors further helps in maintaining
reasonable values of read current resulting in significant improvement in all the read
performance parameters. For improvement in write mode, the proposed cell employs

faster differential write.

With reduced supply voltage and device scaling, the issue of PVT-variations has also
emerged as a serious design challenge for nanometer SRAMSs. This issue is addressed in
the literature by incorporating Schmitt-trigger inverters for latch core in SRAM cells.
However, a Schmitt-trigger based SRAM cell that can address the major performance
parameters in all the three operating modes is not available in literature. In this regard, a

new Schmitt-trigger based SRAM cell is presented that provides data-independent
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tolerance against PV T-variations in all the three modes. The proposed cell provides better
write performance due to the presence of novel combination of Negative bitline write
assist technique with modified Schmitt-trigger action. Further, fully-gated grounded

scheme is used in isolated read port to reduce read bitline leakages.

FIinFET is emerging as an alternative to CMOS technology due to its good scaling ability,
high ON current, reduced Vi variations, better sub-threshold slope and short-channel
effect. Therefore, an attempt is made to propose a FInFET based SRAM cell with an
isolated read port that can address the issues of existing cells such as reduced stability of
stored data, increased bitline load capacitance, increased leakages etc. The proposed cell
achieve better data stability due to the isolation of internal storage nodes from external
bitlines. The read bitline leakages are also reduced in un-accessed cells by maintaining
similar operating conditions in the read port, independent of stored data values. Further,
the increased driving strength of FInFET based cell results in high read current values
providing significant improvement in read performance parameters. Additionally, the use
of write assist transistor helps in quick charging of internal storage nodes resulting in

faster write operation.

In the thesis, the performance of all the proposed SRAM cells is analyzed and compared
based on various standard cell metrics. The functionality of proposed cells is verified in
all the three operating modes and performance simulations are done using 32 nm bulk
CMOS PTM model parameters. Further, the performance of FINFET based cell is verified

using 22 nm FinFET PTM model parameters.
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CHAPTER 1

INTRODUCTION




1.1 Background

SRAM plays a key role in memory organization of a computer system as shown in Fig. 1.1. It
occupies a significant chip area and thus is considered as a critical component on system-on-
chip such as in portable devices, microelectronic applications, sensor networks, biomedical

implants etc. [1-11]. Thus, there is a need of fast, robust, high density SRAMs [12-13].

Processor
Control
S d Tertiary
econdary Storage
— | Second Main Storage (Tapg)
patal 2 |||© = Level Memory (Disk)
15 lle & Cache (DRAM)
patIE I & (SRAM)
w
Speed (ns): 1s 10s 100s 10,000,000s 10,000,000,000s
Decreasing
Size (bytes):  100s Ks Ms Gs Ts
Increasing

Fig. 1.1 Memory hierarchy of modern computer system [1]

1.1.1 SRAM architecture [1][10]

A typical SRAM architecture for 4 Kb SRAM (Fig. 1.2) consists of an SRAM array, in which
the SRAM cells are arranged over multiple rows and columns, along with the decoders, read-

write column circuitry and control logic. A brief description on different blocks is as under:

SRAM array: It consists of a regular arrangement of SRAM cells organized in various rows
and columns (N rows and M columns) where each cell can store one bit of data. For example,
a4 Kb SRAM consists of 4096 SRAM cells arranged over 128 rows and 32 columns. Now, to

access these cells for read and write operations, different types of peripheral circuitry such as




a row address decoder, pre-charge circuit, sense amplifier, write driver circuit and multiplexers

are needed.

Row address decoder: The data in the SRAM array is usually stored in non-interleaved and
interleaved ways [1]. In non-interleaved arrangement, one word is stored per row whereas in
an interleaved arrangement one bit of multiple words are stored per row. So, to read/write data
in a specific SRAM cell, initially a row is selected out of the given N rows using a row address
decoder. The row address decoder pulls the corresponding wordline (WL) high using a word
line driver circuitry. After this, the multiplexers select a specific column using a
complementary pair of bitlines, BL and BLB. The bitlines are then driven by write driver circuit
or sense amplifier through various control signals depending upon the type of memory

operation to be performed.

PCB —, Pre-Charge Circuits
BL[0] BLB[0] BL[31] BLB[31]
RWL[0]
I
WL[0] AL ] |
S = SRAM CELL
o o N
g o 2]
a 2 2
| @ a g 128 * 32
“ / c o o
1 L [ = = : 4Kb SRAM ARRAY .
= 7|8 | 128 £ s : :
s |3 = S
& < T 2
(4
o 3 o
Q ] 2
< -2
© 2 RWL[127]
= = [
- WL[127] L1 1
M~ : : K] u ™
[ ——1
WE — . . . o
CLK WR/RD SAEn —» Write Drivers, Multiplexers and Sense Amplifiers
1= R
DATA IN [0 : 31] DATA OUT [0 : 31]

Fig. 1.2 SRAM architecture [10]



Pre-charge circuit: The pre-charge circuit is used to pull the bitline pair (BL and BLB)
towards supply voltage (Vop) using an active low control signal PCB prior to read/write
operation on the SRAM cell. Two such implementation are shown in Fig. 1.3. The circuit in
Fig. 1.3(a) shows the basic implementation using two pMOS transistors P1 and P2. The circuit
in Fig. 1.3(b) that helps in maintaining equalized voltages on the bitlines uses an extra pMOS

transistor (P3) and improves voltage swing between the bitlines during read operation.

Voo Voo

PCB
PCB
P1 P2
P1

I:)—l—ci P2
| BL BLB

BL BLB P3

@ (b)

Fig. 1.3 Pre-charge circuit for SRAM [1]

Sense amplifier: A sense amplifier is considered as a key peripheral component while
designing large memories as it has a strong impact on the read access time of the SRAM cell.
The main function of the sense amplifier is to convert the small differential voltage developed
on the bitlines during read operation to full swing output voltage. The sense amplifier enable
signal, SA En (shown in Fig. 1.2) activates the sense amplifier for sensing the stored data in
SRAM cell and completes the read operation. The large bitline capacitance, process variations,
device mismatch, timing and layout constraints are some of the challenges that need to be dealt
with while designing SRAM memories. Various types of sense amplifiers such as current-
mirror based differential, latch-type, transmission-gate based sense amplifiers are available in

the literature [1].



Write drivers: A write driver is used to pull down the voltage of internal storage node holding
‘1’ below the WM of SRAM cell. This is done using write enable signal, WE (Fig. 1.2) which
activates the driver circuit and provides the discharging path for the storage node of the
accessed cell. Due to the large bitline capacitance, the write drivers are always designed with
non-minimal width and length. Pass-gate and AND-gate based circuits are some of the most

commonly used write drivers [1].
1.1.2 Conventional 6T SRAM cell

There are numerous circuit realizations for the SRAM cell. The cells are classified according
to the number of transistors used in their implementation. The structure of conventional 6T

SRAM cell is shown in Fig. 1.4.

IH"III!H::!
— I —
WL
WL |
‘: :| BELB
BL | ML MUR
A
MIAL D .__._._._u—-—l"""
= De
| |
MDL | | MDR
v 1

Fig. 1.4 Schematic of Conventional 6T SRAM cell

The conventional cell consists of six transistors and hence the name is given as 6T SRAM cell.
The four transistors form the cross-coupled latch (MUL-MDL, MUR-MDR) to store the
complementary data at internal storage nodes D and DB. The other two transistors (MAL,
MAR) are used to access the internal storage nodes D and DB using wordline (WL) for

performing read and write operation on the SRAM cell. The transistor pairs: MAL-MAR,



MDL-MDR and MUL-MUR are respectively called access, pull-down and pull-up transistors.

The cell can be operated in three different modes: hold, write and read.
Hold mode

In the hold mode, the SRAM cell maintains the voltage levels on internal storage nodes, D and
DB. The wordline WL is pulled low using write driver while the bitlines are pre-charged to
Vop using pre-charge circuit. It is assumed that the cell is currently storing ‘1’ at node D and
‘0’ at node DB. This turns the transistors MDL and MUR OFF. The transistors MAR and MAL
are already OFF as the wordline is low. This isolates the internal storage nodes from the

external circuit. In this state, the noise immunity of the latch is maximum.
Write mode

In this mode, the new data values are written into the cell. To perform the write operation,
initially the data to be written is applied on the bitlines through the write driver circuit and then
the wordline WL is pulled high. This turns both the access transistors, MAL and MAR, ON.
The write operation always starts at the node storing ‘1°. The voltage at this node is pulled-
down below the WM of the cell. The feedback action of the cross-coupled inverter structure
then helps in flipping the stored values quickly. However, this can happen only if the charging
current flowing through the pull-up transistor towards the node storing ‘1’ is smaller than the
discharging current through the access transistor. Therefore, for write operation to be
completed successfully, access transistors must be stronger than the pull-up transistors. This is
estimated by means of the pull-up ratio which is usually set between 1 and 1.5.
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Read Mode

The read operation begins by pulling the wordline WL high. This connects the pre-charged
bitlines to the internal storage nodes, D and DB. A read path is set up through the access
transistor and pull-down transistor through the internal node storing value ‘0. This read current
(lon) helps in discharging the pre-charged bitline towards low level. The sense amplifier then
senses this fall in voltage at the corresponding bitline for reading the stored data. However, for
this to happen the charging current through the access transistor towards the node storing ‘0’
should be smaller than the discharging current flowing through the corresponding pull-down
transistor. This requires that the strength of the pull-down transistor should be more than the
strength of access transistor, which is defined by means of a cell ratio and it is usually set equal
to 2.

, MDLMDR
Cell ratio = ———"—"—"7-—"-—
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1.1.3 SRAM cell metrics [2-126]

The following standard cell metrics are used in the literature to compare the performance of

various SRAM cells:
1.1.3.1 Data stability

Maintaining the stability of stored data at internal storage nodes in the presence of disturbance
IS a major concern in nanometer regime during hold and read modes. The static immunity to
disturbances like process and mismatch variations, bulk static noise, supply ring offset, quasi
static temperature changes are well characterized by means of the Static Noise Margin (SNM).

The noise margin is calculated as the amount of noise voltage required at the input of a long



chain of inverters such that it has the maximum tendency to upset the logic levels. Such a setup

is equivalent to two cross-coupled inverters connected back-to-back as in a SRAM cell.

Hold static noise margin (HSNM)

It is calculated by superimposing the characteristics of one inverter on the characteristics
of other inverter of the cross-coupled inverter structure of SRAM cell by sweeping either
one of the internal nodes (D or DB) from GND to Vpp in the hold mode [18]. The side
length of the largest square that can be embedded into the smaller lobe (in case of
asymmetric cell structure) or any of the lobe (in case of symmetric cell structure) of the

butterfly curve gives the estimate of HSNM.
Read static noise margin (RSNM)

The butterfly curve obtained by plotting the characteristics of one inverter superimposed
on the mirror image of the characteristics of the other inverter in the read mode is used to
calculate the RSNM. The butterfly curve in this case usually has smaller lobes compared

to that in hold mode. The side length of biggest square in smallest lobe gives us the RSNM.

Data retention voltage (DRV)

The data stored in the cell becomes unstable as the cell supply reduces below particular
value. The supply voltage at which the latch attains metastability and can maintain just
sufficient voltages at its internal storage nodes is called DRV [27]. Usually, the cells are
operated well above this value to compensate for the effect of Process-Supply voltage-

temperature (PVT)-variations.

1.1.3.2 Write ability

The write ability of the SRAM cell is determined by its ability to overwrite the stored value at

the given supply voltage.



Write static noise margin (WSNM)

To calculate this parameter, the feedback loop is disconnected and the SRAM cell is put in
write mode. The characteristics of one inverter is then superimposed on the other. It is to

be noted that the butterfly curve in this case has only one lobe.

Write margin (WM)

It is used to get an idea about the ease with which the new data value can be written into
the cell. The smaller is the value of this parameter, the harder it will be to write into the
cell. The larger its value, more easy it would be to overwrite the value stored in the cell.
Therefore, the moderate value of this parameter is desirable. The write margin is measured
using combined wordline margin method as suggested by Makino et al. [8]. To estimate
this parameter, the wordline WL is swept from GND to Vpp. The voltage difference
between Vpp and the value of WL at which the stored values cross each other gives the

estimate of this parameter.

1.1.3.3 Minimum supply voltage (Vmin)

It is defined as the minimum supply voltage level required for the cell to perform all the three
basic operations - read, write and hold operations. The supply voltage at which the area under
the butterfly curve becomes zero during read and hold modes is respectively referred to as read
Vmin and hold Vmin. Similarly, the supply voltage at which the WM becomes negligible in write

mode is known as write Vmin. The maximum value out of these determines the Vmin of the cell.

1.1.3.4 Delay performance

The delay is measured as the time required to complete the specified operation in SRAM cell.



Read access time (TREAD ACCESS)

The time required to perform read operation is evaluated in terms of Treap _access. The
Treap_access for SRAM cells performing differential sensing, is defined as the time
required for the bitlines to develop 50 mV or 100 mV of differential voltage after the
wordline is activated along a row [59]. A current-mirror based differential sense amplifier
is used for sensing the data [1]. For SRAM cells employing single ended sensing,
Treap _access IS estimated as the time required for RBL to discharge from Vpp to GND
after the activation of wordline. For such SRAM cells, a hierarchical bitline-sensing design

is used [126].

Werite access time (TWRITE_ACCESS)

The TwriTe_AccEss is analyzed by considering both Twrite_access (‘1) and TwriTE_ACCESs
(‘0”). The TwriTe Access (‘17) is estimated as the time required by internal storage node to
charge to 90 % of supply voltage value when wordline is pulled high during write operation.
Similarly, Twrite_access (‘0”) is defined as the time required by the internal node to

discharge to 10 % of the supply voltage value after the activation of wordline [59].

1.1.3.5 Power consumption

The total power consumption comprises of dynamic power consumption and leakage power

consumption of the cell.

Dynamic power consumption (Poyn)

Dynamic power consumption includes read power and write power consumptions.
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Read power consumption (Preap)

It is defined as the power consumption of the switching nodes/ transistors when the cell

performs the read operation.

Write power consumption (PwrITE)

It is defined as the power consumption of the switching nodes/ transistors when the cell

is performing the write operation.

Leakage power consumption (PLeAk)

It is the power consumption of the cell in hold mode. It consists of the sub-threshold leakage
current (Isus), gate direct tunnelling current (Icate) and junction tunnelling current (lyunc)
of all the MOS transistors. Out of all leakage components, Isug is the largest contributor of

the total leakage current in the sub-threshold region.

1.1.3.6 Miscellaneous

Besides the metrics described above, the following metrics are equally important:

lon/oFr ratio

This parameter determines the number of SRAM cells that can share the peripheral circuitry
along the column and thus, plays a major role in determining the peripheral requirements
for implementing a larger array. The read bitline (RBL) leakages pull down the bitline and
cause a false read resulting in read failures. Therefore, it is necessary to maintain a

reasonable value of this parameter under all operating conditions.
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RBL voltage swing (AVRrsL)

The AVraL is defined as the worst-case difference in RBL voltage for read ‘1’ and read ‘0’
operation [57]. For successful read operation, RBL voltage for read ‘1’ should be greater

than RBL voltage for read ‘0’; otherwise, a read failure occurs due to negative AVrgL [50].

Area

The smaller area is desirable to reduce the cost. However, there exists a trade-off between
the area and cell performance particularly at lower technology nodes and sub-threshold

region.

1.1.4 Issues with conventional 6T SRAM cell [1-120]:

The conventional 6T SRAM cell is an industry standard since long time due to faster
differential read and write operations and compact area [14]. For successful operation of the
cell in read and write modes it needs stronger nMOS pull-down (MDL, MDR), medium
strength nMOS access (MAL, MAR) and weaker pMOS pull-up (MUL, MUR) transistors (Fig.
1.4). However, at lower supply voltages the cell sizing becomes less effective resulting in
deteriorated read and write performance. The increased PVT-variations exaggerate the

situation and may lead to increased memory failures.

Destructive read operation: During read operation, the read current flows through the
access and pull-down transistors connected to internal node storing ‘0’. Due to the voltage
divider action between the access and pull-down transistors, the voltage at this node
increases slightly. If the increased voltage is greater than the switching threshold voltage of
the other inverter then the regenerative action of the cross-coupled inverter structure is
triggered resulting in flipping of stored values. This is known as destructive read

operation.
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Read-write conflict issue: In the conventional 6T SRAM cell, the write performance can
be improved by increasing the strength of access transistors. However, this deteriorates the
read performance of the cell. Similarly, when an attempt is made to improve the read
performance of the cell, write performance degrades. This is known as read-write conflict

issue.

To overcome these issues, the alternate approaches are used that include use of different assist
techniques or assist circuits for performance improvemen [62-120]. Alternatively, the new
SRAM cell topologies [2-6][10-15][32-61] are introduced by adding one or more transistors to

the existing SRAM cell designs.

1.2 Literature Review and Scope of Work

The growing need for high density SRAMSs has motivated the designers to reduce the MOS
channel length from submicron to nanometer scale to increase the number of SRAM cells per
unit chip area. The presence of huge number of SRAM cells on a limited chip area in turn
causes problem of high power consumption and excessive leakages in small geometry devices.
To curb these problems, voltage scaling on smaller devices is applied. However, it leads to
degraded read and write performance in SRAM cell that further exaggerates under PVT-

variations.

1.2.1 Challenges in SRAM cell design with scaling [2][52][68-74]

The device scaling on SRAMs reduces the parasitic capacitances and provides faster operation.
As per Moore’s law, scaling of the minimum MOS length by about 30 %, doubles the number
of transistors on a given chip area and decreases the parasitics by 30 %. Further, the scaling of
supply voltage results in significant reduction of dynamic power consumption due to its

quadratic relationship with supply voltage. In addition, it reduces the tendency of ultra-thin
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oxides to breakdown in small geometry devices. However, this imposes some serious design

challenges for SRAM designers as described below:
Data stability

In the SRAM cell, direct access of internal nodes during read operation makes it
vulnerable to external noise, causing degraded RSNM and may even result in
destructive read operation. The conventional 6T SRAM cell fails due to read margin

deterioration below 800 mV at 65 nm [52].

Write ability

Similarly, to perform a successful write operation, the access transistors must be made
wider than the pull-up transistors to enhance their current conducting capability. This
was not a concern for cell operating in strong inversion but in sub-threshold region the
impact of process variations becomes much more prominent specifically at slow-nMOS
and fast-pMOS (SF) corner. At SF corner, the pMOS transistor becomes stronger than
nMOS transistor resulting in increased write failures. This problem is further
exaggerated at lower temperature due to increased subthreshold-slope of pMOS
transistor than nMOS transistor resulting in increased driving strength of pMOS
transistor. Due to this, the 6T SRAM cell loses write ability below 700 mV at 65 nm

and 600 mV at 32 nm [2][52].

Leakage power consumption

Dynamic power consumption dominates at high supply voltages whereas leakage
power shows dominance in sub-threshold region and causes increased total power
consumption. If the leakages of the entire column pulls down the bitline below the
offset voltage of sense amplifier during read operation then there may be false read
operation.
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PVT-variations

Due to the exponential dependence of the sub-threshold leakage current on the
threshold voltage of the transistors, even a small variation in threshold voltage causes
large changes in the sub-threshold leakage current. This leads to increased read and

write failure probabilities in SRAM cell.

1.2.2 State-of-the-art SRAM cell designs [2-6][10-15][32-61][116-120]

The various SRAM cell topologies are introduced in the literature to address the performance
issues of conventional 6T SRAM cell [2-6][10-15][32-61][116-120]. These topologies use
extra transistors to provide improved performance at lower supply voltages in nanometer

regime. Some of the most popular SRAM cell designs are discussed next.

The 7T SRAM cells [33][116] and 9T SRAM cell [117] provide faster write by cutting the
feedback loop using extra nMOS transistors during write operation. In addition, in [33] use of
low-threshold voltage pull-down transistor is suggested to further ease the writing process. The
strong feedback mechanism of the cross-coupled latch is retained during read and hold modes
to maintain the stability of stored data. The conventional 8T SRAM cell [4] performs
differential write in the same manner as is done in 6T SRAM cell. However, it isolates the
internal nodes from external bitlines using a decoupled read port, thus, providing improved
read stability. The 9T SRAM cell [38] provides an alternate way to isolate the internal nodes
from the external bitlines. The disadvantage is the doubling of the number of transistors
connected per bitline resulting in increased bitline load capacitance and longer discharge times.
The 10T SRAM cell [51] uses a novel isolated read port design to improve the read stability
and reduce the RBL leakages. However, the read current is reduced due to the increased
stacking effect of the transistors. The 11T SRAM cell [59] and 10T SRAM cells

[118][119][120] use an isolated read port and a Schmitt-trigger action to provide improved
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read stability and inverter characteristics. The Schmitt-trigger action helps in modifying the
switching voltage of the latch inverters depending upon the direction in which the node
voltages change due to PVT-variations. The result is improved noise immunity of the cell under
PVT-variations. In addition, the Schmitt-trigger action is disabled [59] or feedback loop is
weakened [118] or disabled [119][120] during write operation for easing the writing process.
The 12T SRAM cell [60] uses an innovative write-assist technique to improve the write
performance in sub-threshold region. It uses data-dependent feedback-path cutting technique
by disabling one of the pull-down paths to GND during write operation. The fully-gated ground
scheme is used to reduce the RBL leakages. However, the increased bitline load capacitance
due to connection of more transistors per SRAM cell to bitlines deteriorates the time required
to complete the write operation. The presence of multiple leakage paths also has a degrading

effect on the cell performance.
1.2.3 Performance improvement [2-115]

In the literature, the research on SRAM is mainly focused towards improving read and write
performance, leakage reduction and PVVT-variation tolerance. The chances of achieving lower
failure probability and higher yield are becoming thin with increasing process variation. Thus,
novel designs and techniques are developed and adopted at the cost of area, power dissipation,

or speed to improve SRAM cell performance.
1.2.3.1 Approaches to improve read performance

The read performance of the SRAM cell can be improved by using either read assist techniques

or read assist circuits.
Read assist techniques

This includes techniques like World line underdrive (WLUD) [6][37], Suppressed bitline

(SBL) [37][43][84], Negative Vss (NVss) [37][43] and Asymmetrical cell sizing [2][14]. These
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techniques are aimed towards enhancing the cell ratio by strengthening the pull-down transistor
compared to access transistors. The WLUD technique improves the RSNM but decreases the
read current and degrades the WM. In the SBL technique, the bitlines are pre-charged to
voltages lower than the full Vpp. It incurs overhead of voltage generator circuit and hence
increased power consumption and area. The NVss approach reduces the read disturbance but
decreases the stability of stored data in other cells sharing the same row. An asymmetrical cell

sizing increases the area drastically with subsequent increase in leakages.
Read assist circuits

When the improvement through assist techniques is less than the target value it is clear that
SRAM topologies with read assist circuits are required [4][12][47-49][51][57][86]. The read
operation in conventional 6T SRAM cell shows degraded RSNM values as the internal node
lies directly in the read current path that affects the voltage level at storage node resulting in
reduced data stability. The read assist circuits provide separate discharge path for the read
current as is done in conventional 8T SRAM cell [4]. However, the read port transistors need
to be up-sized to maintain low Treap_access resulting in increased RBL leakage current. The
circuit in [47] uses a stacking effect of three transistors to reduce the RBL leakages but suffers
from degraded read current values and high access time. The next circuit [48], provides a low
resistance read current path in the accessed cell and alternatively keeps the RBL voltage at Vpp
by providing the leakage current path to RBL through un-accessed cells in the same column.
However, the drawback is the significant increase in static power consumption.

It can be deduced that SRAM cell designed with available read assist techniques/circuits in
nanometer regime maintains lower values of read current, with higher read access times. So,
the design of read port with enhanced read current values to improve the read performance of

the cell is explored in this work.

17



1.2.3.2 Approaches to improve write performance

The write performance of the SRAM cell can be improved by using either write assist

techniques or write assist circuits.
Write assist techniques

It includes the techniques such as Negative bitline (NBL) [6], Boosted bitline (BBL) [77],
Boosted negative bitline (BNBL) [77], Transient voltage collapse (TVC) [36], Wordline over
drive (WLOD) [9], Raising global Vpp (RGV) [43] and Cell ground boosting (CGB) [77].
These approaches are aimed towards enhancing the pull-up ratio of the cell thereby making the
access transistors stronger than pull-up transistors. The techniques like WLOD, NBL, RBV,
BBL, BNBL make the access transistor stronger compared to the pull-up transistor. The
remaining techniques such as TVC and CGB weaken the latch compared to the access
transistor. Most of these techniques either degrades the HSNM of other cells on same row or
require elaborate control of global or local Vpp except those that work on bitlines such as NBL,
BBL and BNBL techniques. The techniques that work on bitlines either incorporate negative

charge pumps or apply optimum value of charge to boost capacitor for implementation.
Write assist circuits

When the improvement through assist techniques is less than the target value, the new SRAM
topologies are introduced to improve the write performance [2][12-13][35][52]. The circuit in
[2] removes the pull down transistor from one of the latch inverter to provide faster write ‘0’
operation whereas an extra transistor is used in [13] to weaken the feedback loop of cross
coupled latch structure during write operation to ease out the writing process. The circuit in
[35] interrupts the supply to one of the inverters thereby decreasing the resistance of the
positive feedback loop and hence easing the writing process. The other circuit in [52] interrupts

the cell supply during write operation and connects it to weak source through pMOS transistor
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instead of floating the supply voltage completely through a power switch. The advantage is

that the other cells in the same row are saved from the retention problem of stored data.

It is observed that the existing designs for SRAM cell improve the write performance with
either no change or degradation of read performance. Therefore, a design that can provide

improvement in both read as well as write performance needs to be explored.
1.2.3.3 Approaches to reduce leakages

As per ITRS roadmap, power consumption is a major concern in portable devices [72]. It is
addressed by reducing either dynamic or leakage power consumption. It is worth mentioning
that at high supply voltages, dynamic power consumption is dominant, however, as the
technology scales the leakage power consumption becomes critical specifically in sub-
threshold region. To address this issue, the leakage current in SRAM cell can be classified as
latch, bitline and RBL (in cell with isolated read port) leakage currents and correspondingly,
the leakage reduction techniques can be classified as latch, bitline and read port leakage
reduction techniques. The technigues in each category can be used to target a particular leakage

component within the cell.
Latch leakage reduction techniques

As latch is the integral part of a cell, therefore these techniques can be applied to different
SRAM cells to achieve the purpose. This category includes techniques such as Multi-threshold
CMOS (MTCMOS) [12][32][92-93], Substrate-bias (SB) [9][94-96] and Drowsy mode (DM)
[271[49][73][78][88][97-98] techniques. The MTCMOS technique suggests the use of high-
threshold voltage MOS transistors in latch to lower the latch leakages of the cell. The SB
technique provides the alternate way to accomplish the same objective. The DM technique
lowers the cell supply in order to reduce the drain to source voltage across the transistors

resulting in reduction of leakages.
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Bitline leakage reduction techniques

The negative wordline (NWL) [38][74][81][99][102] and leakage biased bitline (LBB) [103-
105] techniques fall under this category. In the NWL technique, the access transistors are
biased in super cut-off region by applying a negative gate voltage instead of GND during hold
mode whereas in LBB technique, the bitlines of inactivated sub-banks in hierarchical bitline
architecture are left in floating state. This biases the bitlines at random voltage levels depending
on the leakage from the un-accessed cells connected to the same column and helps in reducing

the overall leakage in the column.
Read port leakage reduction techniques

This category includes the stack-effect (SE) [4][20][47][59][107-108], dynamic control of
power rails (DCPR) [50] and virtual cell ground (VCG) [4][34][56] techniques to reduce the
RBL leakages of an isolated read port. The SE technique uses reverse-biasing effect whereas
DCPR and VCG techniques adjust the voltage supply (Vop) and ground level (GND)
respectively to reduce the drain to source voltage across the read port resulting in reduced
leakages [114].

Further, in nanometer regime there exist a substantial increase in the power consumption due
to leakages which is of small magnitude otherwise [71][89]. It is pertinent to mention here that
the above techniques are applied at higher technology nodes therefore their suitability at lower
node in the presence of PV T-variations is explored in this work. Further, a novel SRAM cell

with reduced leakage current values is designed in the thesis.

1.2.3.4 Approaches to improve PVT-variation tolerance

Process variation is the naturally occurring variation in the attributes of transistors when it

is fabricated [28]. The sources of variations are gate oxide thickness, device geometry and
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random dopant fluctuations. The Process-Voltage-Temperature (PVT) induced variations in
the MOS behavior are addressed through changes in threshold voltage of the MOS transistors.
Pelgrom's law states that the threshold (or other process related) mismatch between two
adjacent identically drawn transistors increases inversely with the gate area [28]. The effect of
process variation becomes more prominent at smaller technology nodes (< 65 nm). This causes
the performance of a particular metric of SRAM cell to degrade and hence reduces the overall
yield. To address this issue, various PVT-variation tolerant SRAM topologies are available in
literature [10][53][59][61].

It is observed that the existing Schmitt-trigger based SRAM cells have degraded write ability,
low read stability and poor lon/lorr ratio and reflect data-dependent tolerance against PVT-
variations. Thus, the design of Schmitt-trigger based SRAM cell with enhanced performance

is addressed in this thesis.

1.2.4 What is next at 28 nm and beyond? [121-134]

With on-going device and supply voltage scaling, conventional planar CMOS technology
suffers from increased susceptibility to process variation, random dopant fluctuation (RDF),
short channel effects, leakages, inability to write at ultra-low voltages etc. In a bulk CMOS
transistor, current flows from the source to the drain through a channel. As chip designers scale
transistors at each node, the channel length becomes shorter. As a result, the transistor may
suffer from short-channel effects (SCE) which degrades the sub-threshold slope or turn-off
characteristics in a device. Another issue is transistor variability due to which a given bulk
CMOS transistor may perform differently from its nominal behavior. It may produce random
differences in threshold voltage of devices, a phenomenon popularly known as random
dopant fluctuation (RDF). To overcome the issues associated with bulk CMOS technology,

several alternatives like the use of modified topologies and high permittivity gate dielectric are
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being explored [10][53][59][61][125-127]. The other option is to use improved transistor
technology for designing SRAM cell at lower technology nodes such as SOl FET [121-122]
and FinFET [123-134]. The novel transistor structure such as FinFET, which promise better
transistor aspect ratio, better scalability, low power consumption, better control on channel and
higher channel mobility, has emerged as the leading candidate for next generation electronic
devices.

The FIinFET based SRAM designs in [133][134] use common port for performing read and
write operations. Due to this, the designs suffer from read-write conflict issue resulting in
degradation of performance of the cell in read and write modes. Thus, a novel FinFET based

SRAM design with improved read as well as write performance is explored in this thesis.

1.3 Objectives

Based on the literature review and the research gaps identified thereafter, the following

objectives are set for the research work:

e Design of SRAM with improved read and write performance for nanometer regime.

e Design of low leakage SRAM in sub-threshold region.

e A process variation tolerant SRAM design for nanometer regime.

e Use of improved transistor technology for performance improvement in SRAM.
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1.4 Organization of the Thesis

The research work is structured in six chapters including this introductory chapter. Following

is the brief description of chapters:
Chapter 1:

This chapter gives a background, literature review of existing SRAM cell designs, and

objectives set for exploring new SRAM cell designs for nanometer technologies.
Chapter 2:

This chapter presents a comprehensive review of leakage reduction techniques prevailing in
SRAM by classifying them in three categories namely latch, bitline and read port. The
performance of the techniques are evaluated in terms of leakage reduction capability along with
the impact on major performance parameters in three operating modes through extensive
simulative investigations. The performance at different PVT corners and technology nodes is
captured to demonstrate the efficacy of each technique with PVT-variations and technology
scaling. A low-leakage SRAM cell that implements leakage reduction techniques for leakage
reduction at different levels in SRAM cell is presented. In addition, it aims for improved read

and write performance.
Chapter 3:

This chapter is devoted to the design of two SRAM cells, which successfully overcomes the
read-write conflict issue, and provide improved read and write performance. The first design,
achieves high read current values, improved RSNM and WSNM. The second design aims for
low and data-independent RBL leakages, high lon/lorr ratio, low read access time, large RBL

voltage swing and faster write in near threshold and sub-threshold regions.
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Chapter 4:

This chapter extends into the designing of a PVT-variation tolerant Schmitt-trigger based
SRAM cell. The idea is to enhance the performance of SRAM cell in all the operating modes.
The cell uses techniques for improving the write ability and read performance in the sub-
threshold region of operation. The reduced write, read and hold failure probabilities translates

into reduction in minimum supply voltage required for accomplishing the memory operations.
Chapter 5:

This chapter exploits the possibility of designing SRAM under 28 nm technology node. In the
nanometer regime, maintaining the performance under 28 nm is becoming difficult with bulk
CMOS technology. FIinFET is emerging as the most promising substitute for planar CMOS
technology due to good scaling ability, high ON current, reduced Vi variations, better
subthreshold-slope and SCE. A SRAM cell design below 28 nm node is worked upon in this

chapter.
Chapter 6:

This chapter summarizes the work presented in the thesis and the future scope of the work.
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CHAPTER 2

SRAM CELL DESIGN WITH LOW LEAKAGE IN SUB-THRESHOLD

REGION

The content and results of the following papers have been reported in this chapter:

1. Gupta M, Gupta K, Pandey N, “Comparative Analysis of the Design Techniques for
Low Leakage SRAMs at 32nm”, Journal of Microprocessors and Microsystems, Elsevier, 85,
1-19, 2021. (SCI Journal with Impact Factor: 1.526)

2. Gupta M, Gupta K, Pandey N, “A Design of Low Leakage Cache Memory Cell for
High Performance Processors”, Journal of Information and Optimization Sciences, 40(2),

Taylor and Francis, 279-290, 2019.
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2.1 Introduction

In nanometer regime, when many SRAM cells are integrated over a smaller chip area, there
is substantial increase in power consumption due to leakages which is of small magnitude
otherwise [71][89]. It is pertinent to mention here that sub-threshold leakage current is one
of the major contributors in leakage power and needs consideration [50][90].

The sub-threshold leakages present in conventional SRAM cells are classified in section
2.2 of this chapter based on their origin within the cell. Further, a comprehensive review of
the existing techniques that address sub-threshold leakage current at different levels in the
conventional design of SRAM cell is done in section 2.3 [9][12][24][27][32][34][38][47-
49][53][56][59][73-74][76][78][81][84][88][92-108]. The objective of this review is to
quantify the impact of available leakage reduction techniques on SRAM cell performance
under PVT-variations so that a suitable technique may be used in nanometer regime. This
is done by classifying the existing techniques as latch, bitline and read port leakage
reduction techniques, based on the leakage current component addressed through them
within the cell. The impact of techniques in each category is then evaluated on major
performance parameters. Since the performance of a technique is also susceptible to PVT-
variations and technology scaling at lower technology nodes [91], therefore, this aspect is
also considered for determining the best suitable operating conditions for their usage. In
addition, a Proposed cell | with low leakage is presented in section 2.4. It is based on the
use of NWL and MTCMOS techniques for reducing bitline and latch leakages respectively.
The structure, functional verification and the performance comparison of the proposed cell
with existing cells are also discussed in the same section. The conclusions are drawn in

section 2.5.
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2.2 Leakage current components in conventional SRAM cells

In this section, a brief review of various leakage current components existing in
conventional SRAM cells is presented. In the 6T SRAM cell, two components of leakage
current are identified based on their origin within the cell. The first component is the latch
leakage current (ILatcH_Leak) that flows from cell supply to GND through non-conducting
latch transistors. The bitline leakage current (IsL_Leax) is the second component that flows
from BL/BLB to GND through non-conducting access transistors. One more leakage
current component is defined for cells with decoupled read port, such as conventional 8T
SRAM cell, and is named as read port leakage current (IrsL LEak). A pictorial
representation for leakage currents in conventional 6T and 8T SRAM cells storing logic ‘0’
at D during hold mode is shown in Fig. 2.1(a) and Fig. 2.1(b) respectively. In nanometer
regime, the leakage current becomes a critical performance parameter as the diffusion of
the charge carriers in the source and drain regions is increased which results in a current
flow in non-conducting transistors [93]. This leakage current affects the overall
performance of the memory (such as number of SRAM cells connected to sense amplifiers,
speed of operation etc.) and makes the cell more sensitive to variations [91]. Therefore,

various techniques are used to suppress the leakage current.
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Fig. 2.1 Leakage currents in conventional SRAM cells (a) 6T (b) 8T SRAM cells [4]
2.3 Classification of leakage reduction techniques

The existing techniques are classified in three categories namely latch leakage reduction
techniques, bitline leakage reduction techniques and read port leakage reduction techniques
based on leakage current origin. The techniques suggest either a circuit level modification

in cell topology/multiple supply rails or at device level by using improved MOS transistors.
2.3.1 Latch leakage reduction techniques [9][12][24][27][32][34][38][47-
49][53][56][59]1[73-74][76][78][81][84][88][92-108]

The techniques in this category aim at reducing the leakage current generated within the
latch in a SRAM cell. As latch is the integral part of a cell, therefore these techniques can
be applied to different SRAM cells to achieve the purpose. A detailed description on the

techniques is presented below.
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2.3.1.1 Multi-threshold CMOS technique (MTCMOS) [12][32][92-93]

This technique suggests the use of high-threshold voltage (HVT) MOS transistors in latch
while typical-threshold voltage transistors to be used in the remaining cell. The presence
of HVT MOS transistors lowers the I atch_Leax Of the cell. A schematic of 6T SRAM cell
using MTCMOS technique is depicted in Fig. 2.2(a) where the transistors with bold lines
denote HVT MOS transistors. The modification of the threshold voltages is done at
fabrication level by changing the doping profiles of the selected transistors yielding a low-

leakage SRAM cell.

(@)
VNWE LL
1
Vop
1
WL WL
BL | | BLB
| MAL MAR |

29



(©)

Fig. 2.2 Schematic of 6T SRAM cell with (a) MTCMOS (b) SB (c) DM techniques

2.3.1.2 Substrate-bias technique (SB) [9][94-96]

This technique presents an alternate way to accomplish the same objective. The threshold
voltage of the latch transistor is varied by adjusting the bias voltages of p-wells and n-wells.
The n-well voltage (VnweLL) is set higher than Vpp while the p-well voltage (VeweLL) is
set lower than GND to enhance the body bias effect as shown in Fig. 2.2(b). A large offset
voltage (IVNnweLL — Vobpl = 10-VpweLLl) is required to cause a significant reduction in
ILaTcH_Leak. In hold mode, the non-zero offset voltage increases the threshold voltage while

in read or write mode it is set to zero by changing the bias conditions.
2.3.1.3 Drowsy mode technique (DM) [27][49][73][78][88][97-98]

In this technique, the latch transistors in 6T SRAM cell is made to operate in Drowsy mode
wherein the supply voltage is lowered from Vpp t0 Vpp-Low in order to reduce drain to
source voltage across the transistors. This is realized with the help of two MOS-based
switches SW1 and SW2 operated using control signals Drowsy and its compliment

DrowsyB respectively as shown in Fig. 2.2(c). A reduction in I atcH_Leak iS observed due
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to lower drain induced barrier lowering effect and reduced gate leakage. It is worth
mentioning that the full collapse of supply voltage in 6T SRAM cell using DM technique
should be avoided, as it would lead to loss of data. The cell supply voltage is generally kept
above its DRV. Additionally, with dynamic supply variation, it is ensured that supply
voltage is restored to its optimum value before the contents of the cell are accessed for read
or write operation. The different architectures to reduce the area overhead by sharing the

floating supply rails amongst the cells on a single column are available in the literature.
2.3.1.4 Comparative analysis

The SRAM cells using the discussed latch leakage reduction techniques are simulated and
their performances are compared using SPICE simulations with conventional 6T SRAM
cell in terms of leakage reduction capability, read performance and hold stability using 32
nm bulk CMOS PTM model parameters. The performance parameters namely, leakage
current (latcH_LEak), read current (lon) and HSNM are measured. The SRAM cells are
simulated at different temperatures (-40 °C, 25 °C and 125 °C) by varying the supply
voltage from 0.4 V to 1.1 V across all process corners (TT, FS, SF, SS, FF; T: Typical, F:
Fast, S: Slow) [88] to observe the effect of collective variations. As the leakage is process
corner dependent and the ratio of leakage at FF corner to that at SS corner is usually high.
So, for fair comparison, the performance of all the techniques is compared at maximum
leakage corner (FF). In SB technique the Vnwerr and VeweLL of the latch transistors are set
at 20 % above Vpp and 20 % below GND respectively during hold mode. In the same mode

for DM technique, the supply rail is lowered 20 % below nominal supply.

Leakage reduction capabilities : The reduction in leakage current I atcH_Leak Obtained
for the SRAM cells using different techniques at all operating conditions is plotted in Fig.
2.3 to Fig. 2.5. It can be observed in Fig. 2.3(a) that at -40 °C I atcH_Leak for SRAM using
MTCMOS technique is reduced by 60 % at 1.1 V and 81.4 % at 0.4 V. With SB technique,
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the percentage reduction in I atcH_Leak IS 42.4 % at 1.1 V and 44.3 % at 0.4 V showing
marginal change (Fig. 2.3(b)). However, the SRAM cell using DM technique (Fig. 2.3(c))
shows a high reduction percentage of 95.1 % at 1.1 V which reduces to 66.3 % at 0.4 V.
Thus, at high supply voltages DM technique exhibits the best leakage reduction capabilities
while MTCMOS technique is suited for sub-threshold region. At 25 °C, out of the three
techniques only MTCMOS shows improved leakage reduction capabilities with reduction
percentages increasing to 93.6 % and 81 % respectively at 0.4 V and 1.1 V as shown in Fig.
2.4(a). The SB and DM techniques offers reasonable performance at 0.4 V with 44 % and
60 % leakage reduction respectively (Fig. 2.4(b) & (c)). The leakage reduction using SB
technique improves to 60.3 % at 1.1 V while that using DM technique reduces to 90.7 %
at the same voltage. Thus, MTCMOS technique shows continuously better performance
than others at moderate temperatures particularly in sub-threshold region. As the
temperature further increases from 25 °C to 125 °C, the same trend is observed with respect
to all the techniques. The MTCMOS technique shows better leakage reduction capabilities
over the others at all the voltages as depicted in Fig. 2.5. Thus, it can be concluded that a
SRAM cell designed using MTCMOS technique has improved leakage performance with

the increase in temperature especially in sub-threshold region.
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Reduction in ILATCH_LEAK With SB at T = -400C
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Fig. 2.3 Effect on I atcH Leak at T =-40 °C
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Reductionin l xrcy eax With DM at T=25°C
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Fig. 2.4 Effect on liatcH_Leak at T =25 °C
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Reductionin | yycy gax With SB at T =125°C
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Fig. 2.5 Effect on liatcH_ teak at T =125 °C

Impact on read performance : The read current is measured for the SRAM cells. It may
be noted that the SRAM cell with SB technique maintains the same read current values as
the conventional cell since the threshold voltage of latch transistors is set to their nominal

values during read or write operation by adjusting the Substrate bias voltages. Similarly,
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DM technique based cell operates at the optimum supply voltage in read/write mode,

therefore, it also shows the same read current values as the conventional cell. The read

current values for MTCMOS based SRAM cell at different temperatures is plotted in Fig.

2.6. It is observed that read current is reduced in the sub-threshold region at all

temperatures. Alternatively, the impact of technique at higher temperature and voltages

shows negligible effect on read current with about 8 % reduction in read current at 1.1 V

and FF corner.

150

100

loy (uA)

50

magnified values

150

Ion (UA)
=
o
o

50

magnified values

Effect on lpy with MTCMOS at T = -40°C

3% reduction @ ( FF, 1.1V, -40°C)

99.7% reduction @ ( FF, 0.4V, -40°C)

DDnnn
/
/ .
" 1
N , o
0.4 0.5 0.6 0.7 0.8 0.9 1 1.1
Supply Voltage(V)
Oreduction TT Oreduction FF Oreduction FS O reduction SF Oreduction SS
Bread current TT  Eread current FF M read current FS M read current SF @ read current SS
(@)
Effect on Iy, with MTCMOS at T = 25°C
6% reduction @ ( FF, 1.1V, 25°C)
99.7% reduction @ (7 0.4V, 25°C)
4 "
/
-2
[ -1
1l , -0
0.4 0.5 0.6 0.7 0.8 0.9 1 1.1
Supply Voltage(V)
Oreduction TT Oreduction FF Oreduction FS Oreduction SF O reduction SS

Hread current TT  Mread current FF Eread current FS Mread currentSF @ read current SS

(b)

37



Effect on Iy with MTCMOS at T = 125°C
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Fig. 2.6 Effect on lon with MTCMOS technique at (a) -40 °C (b) 25 °C (c) 125 °C
Impact on hold stability : The HSNM of all the SRAM cells is measured and the
percentage change in the HSNM with respect to the conventional cell is plotted in Fig. 2.7.
The MTCMOS based cell (Fig. 2.7(a)) shows improvement in HSNM values at all corners

at 1.1 V with up to 19 % improvement at FF corner.
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Effect of SB on HSNM at T = 25°C
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Fig. 2.7 Effect on HSNM at 25 °C

However, as the supply voltage scales down, the HSNM degrades with up to 31 % reduction
in the sub-threshold region making the stored data unstable. In SB technique (Fig. 2.7(b)),
significant improvements are observed in HSNM with respect to conventional SRAM cell
at all voltages with up to 12 % improvement at SF corner. Even as the supply voltage scales
down, no significant degradation of HSNM values is seen at 0.4 V. The dynamic variation
of supply voltages in DM technique leads to substantial reduction in HSNM of the cell

thereby making cell unsteady in hold mode. The plots in Fig. 2.7(c) confirms the
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preposition. The severe degradation in HSNM of the 6T SRAM cell in the presence of this
technique especially in sub-threshold region poses a challenge and makes it unsuitable at

lower voltages.

Performance comparison : The simulative investigations on latch leakage reduction
techniques are summarized in Table 2.1 for quick access. The techniques have been
compared based on read performance and hold stability in addition to the leakage reduction
capabilities in order to determine the best suitable operating conditions in which the
corresponding technique can be used. It can be observed from the results that MTCMOS
and DM techniques are more suitable at high supply voltages with MTCMOS preferable at
high temperatures. The SB technique, on the other hand, shows moderate performance
throughout the supply voltage and temperature range. In addition, none of the technique is

tolerant to PVVT-variations.

Table 2.1: Performance comparison of latch leakage reduction techniques

[48][84][95][99-101]

Technignes MTCMOS SB DM

Leakage Overall good but more effective Less effective compared to other two and Less effective than MTCMOS and shows
at low voltages shows better impact at high voltages better impact at high voltages

Read current Decreases at low voltages No impact No impact

Hold stability Decreases at low voltages No much impact Severe degradation at low voltages

PVT-variation tolerant No No No

Suitable temperature High temperatures 40°Cto125°C 40°Cto 125°C

Suitable supply voltage High voltages 04Vtol1V High voltages

Remarks No area overthead. Requirement Requirement of twin or friple well processes  Area overhead. Requirement of multiple
of additional implant processing  and extra time to bias the wells properly. supply rails. Extra time to switch between
steps. drowsy and non-drowsy mode.

The performance evaluation of all the leakage reduction techniques for SRAM cells is

carried out at different technology nodes in sub-threshold region and 25 °C. The SRAM
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cell performance parameters namely RSNM, WM and DRV are also considered for
completeness. The results with and without techniques are captured and changes observed
in percentages at different technology nodes are summarized in Table 2.2. The results for
latch leakage reduction techniques indicate that the efficacy of MTCMOS technique in
suppressing leakage current remains significant across the technology nodes in comparison
to SB and DM techniques. It is also noted that MTCMOS technique being static in nature
has degrading effect on read stability of the SRAM cell. However, a significant
improvement in write ability and minimum retention voltage is also observed. Additionally,
a significant improvement in minimum retention voltage and severe degradation in hold

stability are also observed with SB and DM techniques respectively.

Table 2.2: Comparison of latch leakage reduction techniques at different technology

nodes [48][84][95][99-101]

Techniques MTCMOS SB DM
90 nm 65 nm 32 nm 90 nm 65 nm 32 nm 90 nm 65 nm 32 nm
Leakage -97.0% -94.4 % -90.5 % -75.9% 74.1% -45.2 % -12.8% -17.1% -54.1 %
Read current -93.8 % -99.9 % -99.8 % No Effect No Effect No Effect No Effect No Effect No Effect
Hold stability -3.8% -5 % -5.3% +6 % +5 % +4 % -75 % -78 % -83 %
Read stability -74.6 % -61.9 % -99.9 % No Effect No Effect No Effect No Effect No Effect No Effect
Write ability +106.3 % +102.7 % +83.2% No Effect No Effect No Effect No Effect No Effect No Effect
Minimum retention voltage -70.2 % -62.1 % -45.3 % -37.9% -31.8% -20.9 % Negligible Effect Negligible Effect Negligible effect

2.3.2. Bitline leakage reduction techniques [38][49-50][74][81][84][99][102-105]

A typical SRAM array has memory cells arranged in rows and columns such that all the
cells in a particular column perform memory operation through common bitlines (BL,
BLB). During a read operation, read current lon and bitline leakage current Ig_Leak flow
through the accessed cell and the un-accessed cells respectively in a column as depicted in

Fig. 2.8(a).
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Fig. 2.8 (a) Flow of current in accessed and un-accessed cells (b) Schematic of 6T SRAM
cell with NWL technique (c) Sub-banks with LBB technique in Hierarchical bitline

architecture

The value of bitline leakage current IsL Leak depends on the data value stored at the
corresponding internal nodes (D or DB) in un-accessed cells [50]. It is worth mentioning
that the leakage current IgL_Leak is higher when logic ‘0’ is stored at node D than the case
when it stores ‘1°. As the number of cells sharing the bitline increases, the ratio lon/IsL_Leak
decreases which in turn leads to higher read failures [49]. This imposes limitation on the
number of SRAM cells that may be connected in a particular column in high density
SRAMs [99]. The bitline leakage reduction techniques are very useful in such cases. In this
sub-section, the techniques for reducing the bitline leakage current are covered. The first

obvious technique is to downsize the access transistors but it directly impacts the read and
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write performance of SRAM cell so it is not a preferred choice. Alternate techniques and

their advantages are discussed further.
2.3.2.1. Negative Wordline technique (NWL) [38][74][81][99][102]

In this technique, the access transistors are biased in super cut-off region by applying a
negative gate voltage instead of GND during the hold mode as shown in Fig. 2.8(b). In
SRAM cell based on NWL technique, an additional inverter (INV_P, INV_N) generates an
appropriate WL signal to drive the access transistors. In the hold mode, negative gate-to-
source voltage lowers the leakage current due to their exponential relationship in this
region. Conversely, in read or write mode, the gate voltage is set to the nominal value as in

conventional structure to achieve same performance.
2.3.2.2. Leakage biased bitline technique (LBB) [103-105]

The LBB technique is applicable to memories with hierarchical bitline architecture that
comprises of sub-banks each having an individual set of local bitlines and pre-charge
circuit. In this arrangement, only one sub-bank is activated at any given instance and others
remain inactivated. A significant leakage current flows in the inactivated memory sub-
banks. This current can be reduced by following LBB technique wherein pre-charge nMOS
transistors with high threshold voltage is added in each sub-bank as shown in Fig. 2.8(c).
It remains OFF in inactivated sub-banks while it conducts in the activated sub-bank. The
local bitlines are in floating state in inactivated sub-banks and are biased at random voltage
levels depending on the leakage from the un-accessed cells. In other words, the leakage
current self-bias the bitlines of an inactivated sub-bank. In the figure as can be seen (Fig.
2.8(c)) the local BL2 of the inactivated sub-bank is disconnected from the pre-charge
supply by keeping the nMOS pre-charge transistor OFF. By assuming the case that logic

zero is stored (DB = “0) in all the cells then the Local BL2 will be biased to GND due to
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leakage current. Similarly, if all the cells store logic ‘1’ then Local BL2 will be biased at
Vop. If half of the cells store ‘0’ then the local BL2 will be biased somewhere at Vpp/2.
Thus, the local bitline voltage is random and depends on the data stored in the column. It

is observed that the technique results in memory array with lower leakage currents.
2.3.2.3. Comparative analysis

The SRAM based on the above techniques is implemented and the values of IsL Leak,
lon/IsL_LEAK ratio and HSNM are measured. The simulations for the conditions specified
earlier are performed and the corresponding results are plotted in Fig. 2.9 to Fig. 2.11. For
NWL technique, a negative voltage generator of -80mV is used. For LBB technique, the
theoretical concept is verified by simulating a column of SRAM cells storing equal number

of ones and zeroes. In this condition the Local BL get biased at Vpp/2.

Leakage reduction capabilities : At -40 °C, the NWL technique achieves 69.2 % leakage
reduction at 1.1 V which further increases to 80.9 % at 0.4 V as shown in Fig. 2.9(a). The
opposite trend is observed with LBB technique, which offers 92.9 % reduction at 1.1 V and
reduces to 62.2 % reduction at 0.4 V as depicted in Fig. 2.9(b). Thus, at lower temperatures,
NWL technique gives best results at lower voltages while LBB technique gives best results
at higher voltages. The plots for the IsL_Leak with PVT-variations at 25 °C (Fig. 2.10)
reveals the same trend as at -40°C. With further increase in temperature to 125 °C, a
decrease in percentage leakage reduction in IsL_Leak is observed (Fig. 2.11) for both the
techniques over the entire voltage range. The percentage leakage reduction is 75 % and
47.1 % at 0.4 V at maximum leakage corner with NWL and LBB techniques respectively.
It is worth mentioning that both the techniques provide same leakage performance at SS-

SF and FF-FS corners at all temperatures.
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Impact on read performance : The read performance of NWL technique evaluated in

terms of lon/IsL_LeAk ratio improves as the temperature increases from -40 °C to 25 °C and

then degrades with further increase in temperature as demonstrated in Fig. 2.12. The

degradation at high temperatures is due to reduced lon values superimposed with inability

of the technique to suppress leakages at these temperatures. Also, an improving trend as

supply voltage scales from 1.1 V to 0.4 V is also inferred.

=

-

c

a

3 300

£

T 250 -

o 200

&

£ 150

3

— 100

-2

3§ po
0

v

Q

]

6

>

o

2

=

c

%]

(o]

£
150
100 |

50

lon/leL_tea ratio (in thousands)

magnified values

Effect on loy/lp,_Leax ratio with NWLat T = -40°C

225% improvement @ ( FF, 1.1V, -40°C)

i
ul i

423.5% improvement @ ( FF, 0.4V, -40°C) II

3 = ==

— 150
100
50
T T T T T T T 0
0.4 0.5 0.6 0.7 .
Supply Voltage(V)
Oimprovement TT Oimprovement FF Oimprovement FS Oimprovement SF O improvement SS
BTT I FF W FS W SF mSss
@)

Effect on |y, lg,_eax ratio with NWLat T =25°C

358.3% improvement @ ( FF,1.1V, 25°C)

483.4% improvement @ ( FF, 0.4V, 25°C)
Supply Voltage(\l)

Oimprovement TT Oimprovement FF Oimprovement FS Oimprovement SF Oimprovement S5
BTT B FF BFS B SF mSss

I
[ 1]
B N W
o O o

1 1.1

%%
J —| ===

(b)



% Effect on loy/lg, (eax ratio with NWLat T = 125°C
'E’ 200 - 260.5% improvement @ ( FF, 1.1V, 125°C)
3 300% improvement @ ( FF, 0.4V, 125°C)
£ 150 -
°
B 100 -
g
& 50 -
=
- Mﬂ

0 4
]
3
©
>
o
s o | | | | |
E 0.4 0.5 0.6 0.7 0.8 0.9 1 1.1

Supply Voltage(V)
Oimprovement TT Oimprovement FF Oimprovement FS Oimprovement SF O improvement SS
BTT W FF mFS B SF mSs
(c)

Fig. 2.12 Effect on lon/IsL_Leak ratio with NWL technique

Thus, it becomes clear from the results that the NWL technique offers the best read
performance at moderate temperatures and lower voltages particularly in sub-threshold
region. The LBB technique is not considered since it focuses on the leakage reduction in

inactivated sub-banks.

Impact on hold stability : The HSNM results for the cells at 25 °C are plotted in Fig. 2.13.
The results (Fig. 2.13(a)) show that NWL technique has negligible effect on noise
immunity of the cell especially at 0.4 V. However, a degradation in HSNM near 0.6 V at
FF corner is observed. The HSNM results for LBB technique (Fig. 2.13(b)) show that like
NWL technique it exhibits insignificant impact on HSNM, except for a slight degradation

at SS corner near 0.4 V.
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Effect of NWL on HSNM at T=25°C
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Fig. 2.13 Effect on HSNM at 25 °C

Performance comparison:

The performance of bitline leakage reduction techniques is outlined in Table 2.3 for quick
comparison. The results indicate that the NWL technique is more suitable at low supply
voltages and moderate temperatures whereas the LBB techniques is more appropriate for
use at high supply voltages and low temperatures. Both, the techniques show improved

tolerance to PV T-variations.
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Table 2.3: Performance

105]

comparison of bitline leakage reduction techniques [84][104-

Technignes

NIL

LBB

Leakage

Read current to leakage current ratio

Hold stability

PVT-variation tolerant

Suitable temperature

Suitable supply voltage

Remarks

Overall good but more effective at low

voltages

Improves at all voltages

Degradation at moderate voltages

Yes

Moderate temperatures

Low voltages

Good alternative to HVT MOS transistors at
low voltages. Requirement of negative

voltage generator.

Overall good but more effective at high voltages

No impact

Slight degradation at low voltages

Yes

Low temperatures

High voltages

Can be used to deactivate read paths in SRAM array with decoupled
read ports. Precharge phase is deferred when the corresponding

part of the memory is accessed for read/write operation.

The technology comparison of both bitline leakage reduction techniques for SRAM cells

is carried out in sub-threshold region and 25 °C. From the results in Table 2.4, it is observed

that for the techniques aimed at reducing bitline leakages, the effectiveness of NWL

technique remains high in contrast to LBB technique with technology scaling. In addition,

a significant improvement in read current to leakage current ratio is noted with NWL

technique at the cost of minimum retention voltage. There is no impact of LBB technique

on read/write parameters as it focuses on the leakage reduction in inactivated sub-banks.
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Table 2.4: Comparison of bitline leakage reduction techniques at different technology

nodes [84][104-105]

Techniques NWL LBB
90 nm 65 nm 32 nm 90 nm 65 nm 32 nm

Leakage -87.6 % -85.2% -81.1 % -27.7 % -36.5% -50.5 %
Read current to leakage current ratio +703.8 % +577.8 % +425.7 % No Effect No Effect No Effect
Hold stability Negligible Effect Negligible Effect Negligible effect No Effect No Effect No Effect
Read stability No Effect No Effect No Effect No Effect No Effect No Effect
Write ability No Effect No Effect No Effect No Effect No Effect No Effect
Minimum retention voltage +15.7 % +12.9 % +12.6 % No Effect No Effect No Effect

2.3.3. Read port leakage reduction techniques [4][24][34][47][49-50][53][56][59][76]

[84][89][106-108]

The techniques covered in this sub-section are applicable to SRAM cells with an isolated
decoupled read port. The cells maintain a separate read port with a RBL common to all the
cells in a column. During a read ‘0’ operation, Ion flows through the pre-charged RBL in
the accessed cell to lower the RBL voltage whereas it remains high otherwise. Sense
amplifier then senses the change in RBL voltage and produces the valid output. Thus, this
arrangement provides SNM-free read operation as now the read current flows through the
read port transistors. However, the simultaneous data dependent leakage flow (IreL_LEAK)
in un-accessed cells may lead to the sensing of wrong data levels. Therefore, in the recent
years the focus is shifted towards reducing the RBL leakage in read ports [4, 22, 36].

Various techniques, to address IrsL_Leak, are discussed below:
2.3.3.1. Stack effect [4][47][59][76][107-108]

The Stack effect is one of the commonly used technique to reduce leakages in digital
circuits. The approach is inherently static in nature as it provides the reverse biasing effect
in both active mode and hold mode. There exists a variety of read ports that are designed
on the basis of Stack effect. The read ports with a stack of two (Fig. 2.14(a)) and three

transistors (Fig. 2.14(b)) respectively are used in conventional 8T [4] and 9T [47] SRAM
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cells. The read port of 9T [47] cell splits the RWL driven MOS transistor M1 of 8T [4] into
M1a and M1b to enhance the stacking effect. The additional OFF transistor in un-accessed

cells increases the source-biasing effect hence causes lowering of IreL_Leak Values.
2.3.3.2. Dynamic control of power rails (DCPR) [50]

In this technique, the IrsL_Leak is suppressed by dynamically controlling the power rails of
the read port. A virtually powered four transistor read port is shown in Fig. 2.14(c). It has
a CMOS inverter (M1, M2) and transmission gate (M3, M4) whose power supply and
control signal voltages are adjusted according to the operating mode of the cell. In the hold
mode, the power rails (VVDD and VVSS) of the inverter and pre-charge level of RBL are
kept at Vpp/2. The transmission gate control signals C and CB are set to ‘1’ and ‘0’
respectively thereby isolating the RBL from node ‘X’. The voltage at node ‘X’ is raised to
Vpbo/2 via transistor M1 or M2 depending upon the value stored at internal node DB. This
makes the potential of drain and source terminals of M3 and M4 equal thereby reducing
IreL_LeAK Significantly. During read mode, the power rails VVVDD and VVSS are connected
to Vb and GND respectively. The control signal C is set to ‘0’ whereas the complementary
control signal CB is set to ‘1’ thereby connecting the RBL (pre-charged to Vpp/2) to node
‘X’. The use of transmission gate in place of single nMOS transistor improves the reading

efficiency during read ‘1’ operation.
2.3.3.3. Virtual cell ground (VCG) [4][34][56]

The VCG technique suggests (Fig. 2.14(d)) the use of virtual ground in SRAM cells. In this
technique, the virtual ground terminal (RGND) of the read port is connected to high voltage
during hold and write modes and to GND during read mode. The effect of such an
arrangement is the significant reduction in IrsL_Leak due to reduced drain to source voltage

across the read port. This technique is versatile in the sense that it can be applied to the
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SRAM cells with either differential [56] or single ended read ports [4] very easily. The

outcome is the significant reduction in IrsL_Leak and highly improved lon/IrsL_Leak ratio

that results in tremendous increase in the number of memory cells that can be stacked per

RBL.
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Fig. 2.14 Read ports using (a,b) Stack effect (c) DCPR (d) VCG techniques
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2.3.3.4. Comparative analysis

The comparison of all the techniques is done by simulating different SRAM cells with the
conditions as previously mentioned (in sub-section 3.1). The results related to leakage

reduction capability, read performance and hold stability are discussed in this sub-section.

Leakage reduction capabilities : At -40 °C (Fig. 2.15), it can be observed that stacking
effect lowers IreL_Leak by 93.1 % and 91.1 % at 1.1 V and 0.4 V respectively. The DCPR
technique provides 96.1 % leakage reduction at 1.1 V and 85.7 % at 0.4 V while VCG
technique reduces leakage by merely 4.8 % at 1.1 V and 72 % at 0.4 V. Therefore, it can
be concluded that Stack effect and DCPR techniques are effective over the entire supply
voltage range at lower temperatures while VCG technique works well at lower voltages
only. As the temperature is increased to 25°C, Stack effect technique offer higher reduction
at high supply voltages whereas it decreases at lower voltages as shown in Fig. 2.16(a). The
DCPR technique (Fig. 2.16(b)) on the other hand provides the impeccable performance
irrespective of changes in temperature. The performance of VCG technique, improves with
increase in temperature as the percentage leakage reduction increases to 30.3% at 1.1 V
and 95.4 % at 0.4 V as reflected in Fig. 2.16(c). At 125 °C, a similar trend is observed for
all the techniques as shown in Fig. 2.17. Therefore, it can be concluded that both Stack
effect and DCPR techniques have extremely good leakage reduction capabilities over the
entire supply voltage range while VCG technique is good at low voltages particularly in
sub-threshold region. It can be seen from the leakage reduction results plotted in Fig. 2.15
to Fig. 2.17 that all the three techniques show same leakage reduction capabilities at FF-FS

and SF-SS corners at all temperatures particularly below 0.9 V.
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Reductionin lgg  ¢qy with Stack effect at T =-40°C
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Fig. 2.15 Effect on IrsL teak at T =-40 °C
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Reduction in lgg, ,cqy with Stack effect at T=25°C
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Fig. 2.16 Effect on IrsL_Leak at T =25 °C
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Reduction in lgg, | gay with Stack effect at T=125"C
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Impact on read performance: The impact of Stack effect, DCPR and VCG techniques on
read performance is captured in terms of lon/IrsL_LEak ratio and is plotted for -40 °C, 25 °C
and 125 °C in Fig. 2.18, Fig. 2.19 and Fig. 2.20 respectively. It can be observed for the read
port design, based on Stack effect technique that both IrsL Leax and lon values are reduced
at all process corners, temperatures and supply voltages. However, due to more effect on
leakages, the improvement in lon/IrsL LEAK ratio is achieved irrespective of operating
conditions. Since the other two techniques are dynamic in nature so there is no effect on
read current values but, due to reduced leakages, there are subsequent changes in
lon/IrBL_LEAK ratio of read port. At -40 °C, the percentage improvement in lon/IrsL LEAK
ratio for Stack effect technique is 477.9 % at 1.1 V and 292.1 % at 0.4 V. With the DCPR
technique, improvement in lon/IrsL_LEAK ratio is 2491.8 % and 600 % at 1.1 VV and 0.4 V
respectively. Similarly, in case of VCG technique it is merely 5.1 % at 1.1 V and 257.4 %
at 0.4 V. Itis to be noted that though all the techniques achieve significant improvement in
lon/IrBL_LEAK ratio but out of all three techniques, DCPR technique gives the highest
improvement over the entire voltage range. At 25 °C (Fig. 2.19), the percentage
improvement of Stack effect technique in lon/IrsL_LEak ratio increases to 1335.6 % at 1.1
V and reduces to 242.7 % at 0.4 V due to its strong leakage reduction capabilities at high
supply voltages and reduced read current values at lower voltages. The performance of
DCPR technique remains unchanged with increase in temperature while that of VCG
technique improves. For VCG technique, lon/IreL LEAK ratio increases to 43.5 % and
2076.9 % at 1.1 V and 0.4 V respectively. As the temperature increases from 25 °C to 125
°C (Fig. 2.20), the percentage improvement in lon/IreL_Leak ratio for Stack effect technique
further rises to 1439.1 % at 1.1 V and drops to 196.2 % at 0.4 V due to the reasons
mentioned earlier. However, as the result shows, the percentage improvement remains

significant throughout the voltage range irrespective of temperatures even though it shows
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better results at higher temperature. This makes the VCG technique, preferred choice at
extremely higher temperatures for achieving high performance with leakage resilience. The
DCPR technique keeps on achieving the same performance irrespective of changes in
temperature. For VCG technique, significant improvement of more than four orders of
magnitude is observed at 0.4 V. Thus, it can be concluded that with extremely good results
at lower voltages, the VCG technique is best for use in sub-threshold region at higher

temperatures for low power SRAM designs.
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Fig. 2.19 Effect on lon/IreL_eak ratio at T = 25 °C

Effect on lgy/lgs,_eax ratio with Stack effect at T=125°C
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Fig. 2.20 Effect on lon/IrsL_Leak ratio at T =125 °C

Impact on hold stability: The hold stability expressed in terms of HSNM at 25 °C for all
the techniques is captured and plotted in Fig. 2.21. It is observed that none of the techniques
show any effect on HSNM values and the values vary only as corner and/or supply voltage
change. Thus, the hold stability is greatly affected by increase in variability and the factors

which are internal to the latch such as pull-up, pull-down ratio etc. [24][53].
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Fig. 2.21 Effect on HSNM at 25 °C
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Performance comparison : The performance of read port leakage reduction techniques
are tabulated on the basis of leakage, read performance and stability in Table 2.5 for quick
comparison. The results indicate that the Stack effect and DCPR techniques are more
effective at high supply voltages and low-to-moderate temperatures in contrast to VCG
technique which is more suitable at low supply voltages and high temperatures. It is also

noted that all the techniques show improved tolerance to PVVT-variations.

Table 2.5: Performance comparison of read port leakage reduction techniques

[24][34][53][56][59][84]

Technignes STACK EFFECT DCPR 1cG

Leakage Overall good but more effective athigh Overall good but more effective at Effective at low voltages
voltages high voltages

Read current to leakage current ratio More improvement at high voltages More improvement at high voltages  More improvement at low voltages

Hold stability No effect No effect No effect

PVT-variation tolerant Yes Yes Yes

Suitable temperature Low to moderate temperatures 40°Cto125°C High temperatures

Suitable supply voltage High voltages High voltages Low voltages

Remarks Degraded read current values at high Requirement of multiple supply Requirement of mwltiple ground
temperatures. Use of extra transistors.  rails. rails.

The comparison of all read port reduction techniques at different technology nodes (Table
2.6), reveal the impeccable leakage reduction capability across the technology nodes.
However, VCG technique retains significantly high leakage reduction percentage
compared to the other two. In addition, no impact of any technique on cell stability, write
ability and minimum retention voltage is observed as all the techniques are applied on the

SRAM cell with isolated read port.
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Table 2.6: Comparison of read port leakage reduction techniques at different technology

nodes [24][34][53][56][59][84]

Techniques STACK EFFECT DCPR VCG

90 nm 65 nm 32 nm 90 nm 65 nm 32 nm 90 nm 65 nm 32 nm
Leakage -81 % -84.6 % -89.2% -84.0 % -87.2% -85.8 % -98.7 % -95.9 % -90.8 %
Read current to leakage current ratio +115.5% +145.5 % +206.2 % +525 % +680 % +605.9 % +7800 % +2333% +984.9 %
Hold stability No Effect No Effect No Effect No Effect No Effect No Effect No Effect No Effect No Effect
Read stability No Effect No Effect No Effect No Effect No Effect No Effect No Effect No Effect No Effect
Write ability No Effect No Effect No Effect No Effect No Effect No Effect No Effect No Effect No Effect

Minimum retention voltage No Effect No Effect

No Effect

No Effect

No Effect

No Effect

No Effect

No Effect

No Effect

2.4 Design of SRAM cell with low leakage

This section presents a low leakage SRAM cell that offers improved read stability and write
ability in addition to reduced leakages. The cell employs NWL technique to bias the OFF
transistors in super cut-off region and reduce bitline leakages. In addition, it uses
MTCMOS technique to address the latch leakages due to its best leakage reduction
capabilities. To reduce the degrading impact of MTCMOS technique on other cell

performance parameters, the technique is applied only on non-critical transistors of latch.

2.4.1 Proposed cell |

The schematic of Proposed cell | that performs single ended read and differential write
operations is shown in Fig. 2.22(a). It consists of three transistors (MUR, MUL and MDL)
based latch structure for bit storage. It uses RBL, a read assist circuit (M1, M2) and a read
wordline (RWL) control signal for performing single ended read operation. The write
wordline (WWL) control signal along with complementary pair of write bitlines
(WBL/WBLB) are used for performing a faster differential write operation. To reduce
leakages in the cell, the MTCMOS technique is employed for latch implementation wherein
the transistors MUL and MUR are HVT implemented whereas the write critical transistor
MDL is having typical threshold voltage. In addition, to provide robust hold ‘1’ state MAR

is LVT implemented.
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Fig. 2.22 Proposed cell I (a) Schematic (b) Operating conditions
2.4.1.1 Operation

The Proposed cell | can be operated in read, write and hold modes as per the operating
conditions specified in Fig. 2.22(b). In addition, the WBLB is kept low except when writing

‘1’ at node DB.
Read mode

The RWL driven M2 acts as a switch to connect RBL to GND in the read mode. When DB
is ‘1’ (D = “0’) then the transistor M1 turns ON and conducts heavy read current through

M1 and M2 due to improved W/L ratio of the read circuit (Table 2.7). Therefore, RBL
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discharges quickly through M2. A sense amplifier then senses the change in RBL voltage
and completes the read operation. Similarly, if DB is ‘0’ (D = ‘1’) then the transistor M1
stays OFF and there is no change in RBL voltage. Due to the presence of separate discharge

path for the read current (through M1 and M2), the RSNM is almost equal to HSNM.
Write mode

This cell employs faster differential write operation using complementary WBLs and
WWL. The bitlines are driven in opposite direction to ease the writing process. For a write
‘1’ operation, with WWL = ‘1°, MAL turns ON and due to very high Vps quickly charges
the node D towards logic high. Simultaneously, node DB discharges quickly through ON
access transistor MAR towards GND. The proposed cell provides improved write ability at

low power consumption with no much area overhead.
Hold mode

In this mode, WWL and RWL are maintained at low level which isolate the internal nodes
from noises through external bitlines. Since only the leakages can change the voltages at
the internal nodes in this mode therefore the immunity of cell against noise is maximum in
this state [76][114]. In proposed cell, the transistors, which generate the leakage current
are either sized minimum or are HVT implemented in latch structure. To reduce the
leakages further in cell, NWL leakage reduction technique [81] is implemented on the
proposed cell. In this technique, the voltage at the gate of the OFF MOS transistors, MAL
and MAR, are increased negatively so that the transistors are biased in super cut-off region

and have reduced leakages.
2.4.1.2 Simulation results

The conventional 6T cell, 7T taw [12] cell and Proposed cell | are implemented and

simulated using 32 nm bulk CMOS PTM model parameters. The comparison among the
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cells are done on the basis of I .eak and other important performance parameters such as
RSNM, lon, WSNM, HSNM and DRV. All the SPICE simulations are carried out at a
supply voltage of 0.4 V and temperature 27 °C. The dimensions, i.e., width to length ratio
(WI/L) of all the transistors are specified in the Table 2.7 in lambda (A) as per lambda rule

of layout specification.

Table 2.7: Aspect ratio of transistors

SRAM Cells Transistors (. =18 nm)

MUL MUR MAL MAR MDL MDR M1 M2

Conventional 6T 3M2h 3NM2h 4W2h 4N2A N2 LYVIAN

7T _taw [12] 3M2L 0 3M2h 4M2A - 8M2h  8AM2L  3M2h  3W2A
Proposed cell | 3M2L 0 3M2A 6M2A 8A2A 8A2h - a2n A2
Read mode

The SRAM cells are implemented to operate in the read mode and parameters RSNM and

lon are calculated for comparison.
RSNM

From the RSNM values plotted in Fig. 2.23, it can be observed that the proposed cell
provides 63.4 % and 12.5 % higher RSNM compared to Conventional 6T and 7T_taw cells
respectively. This shows that during read operation the stored data remains more resistant

to noise in the proposed cell compared to conventional 6T and 7T_taw cells.
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Fig. 2.23 RSNM at Vpp = 0.4 V for (a) Proposed cell I (b) Conventional 6T (c) 7T_taw
SRAM cells
lon

The variation of lon values with supply voltage and temperature is shown in Fig. 2.24. It
can be noted that the proposed cell provides 8.9 % and 151.3 % higher lon than
conventional 6T and 7T_taw cells in sub-threshold region. This validates that the RBL
discharges faster in proposed cell as compared to the other two cells under similar operating
conditions. The result also shows the robust performance of the proposed cell across

different values of supply voltage and temperature.
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Fig. 2.24 lon of Proposed cell I, Conventional 6T and 7T_taw cells under (a) Supply

voltage variations at 27 °C and (b) Temperature variations at Vpp = 0.4 V

Write mode

All the SRAM cells are implemented to operate in the write mode. The use of HVT pull-
up transistors results in the tremendous improvement in the noise immunity of the proposed

cell in terms of WSNM.
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WSNM

The WSNM is evaluated for all the cells and the corresponding values are shown in Fig.

2.25. It is apparent from the graph that the proposed cell shows improvement of 21 % and

16.4 % in WSNM in comparison to conventional 6T and 7T _taw in sub-threshold region.
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Fig. 2.25 WSNM at Vpp = 0.4 V for (a) Proposed cell I (b) Conventional 6T (c) 7T_taw
SRAM cells
Hold mode

All the SRAM cells are implemented to operate in the hold mode and the important

parameters namely HSNM, DRV and I eak are estimated for comparison.
HSNM

The results in Fig. 2.26 shows an improvement of 12.5 % in HSNM values for proposed
cell compared to 7T_taw cell in sub-threshold region indicating more stability for stored

data against noise compared to 7T_taw cell.
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Fig. 2.26 HSNM at Vpp = 0.4 V for (a) Proposed cell | (b) Conventional 6T (c) 7T_taw
SRAM cells
DRV

The DRV values are calculated and plotted in Fig. 2.27. The result shows that the proposed

cell achieves 18 % improved DRV value compared to 7T _taw cell.
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g 8
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B .
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Fig. 2.27 DRV for Proposed cell 1, Conventional 6T and 7T_taw SRAM cells
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ILEak

The variation of I eax with supply voltage is shown in Fig. 2.28. The cell shows 32 % and
37.5 % reduction in leakages with MTCMOS technique when compared to conventional
6T and 7T _taw cells respectively in sub-threshold region (Vpop = 0.4 V). In the presence of
both NWL and MTCMOS techniques the leakage are reduced further. For NWL technique,
the access transistors are overdriven in hold mode by applying -80 mV at WWL. A
significant reduction of 54 % and 57.8 % is observed in I _eak as compared to conventional

6T cell and 7T _taw cells respectively at 0.4 V.

20 - @ Conventional 6T
< O7T_TAW
c
IE 15 B Proposed (with MTCMOS)
§ B Proposed (with MTCMOS and NWL)
a4
-
O 10
Ll
Q
<
4
5 5 upto 57.8 % reduction
o "
.t
0.4 0.5 0.6 0.7 0.8 0.9 1 1.1

Fig. 2.28 ILeak for Proposed cell I (with MTCMOS only and with both MTCMOS and

NWL), Conventional 6T and 7T_taw SRAM cells

Comparative analysis

The comparison results of SRAM cells at Vpp = 0.4 V and T = 27 °C is shown in Table

2.8. The results reveal that the proposed cell provides significant improvement in all
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performance parameters except hold stability and thus can be used at 32 nm in sub-

threshold region.

Table 2.8: Performance comparison at Vop = 0.4 Vand T=27 °C

MODE PARAMETER CONVENTIONAL 7T_TAW PROPOSED CELL I

6T
READ RSNM(mV) 29 42.1 47.4
Ton (LA) 0.9 0.39 0.98
WRITE WSNM (mV) 1305 135.7 158
HOLD HSNM (mV) 817 42.1 47.4
DRV (mV) 177.9 526.5 431.3
PLeak (NW) 0.588 0.64 0.40 (with MTCMOS)

0.2704 (with MTCMOS and NWL)

2.5 Conclusions

The comparative analysis of existing leakage reduction techniques for SRAM cell reveals
some significant aspects of each technique. It is observed that for reducing latch leakages,
MTCMOS is more suitable at high supply voltages and temperatures whereas DM
technique is more suitable at high supply voltages and over the temperature range from -
40 °C to 125 °C. The SB technique is suitable over the entire temperature (-40 “C to 125
°C) and voltages range (0.4 V to 1.1 V). It is also found that all the techniques show strong
impact of process variations on the leakage reduction capabilities. To suppress the bitline
leakages, results for both NWL and LBB techniques show significant leakage reduction

across temperature and supply voltage range. The suitable operating conditions for NWL
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technique are moderate temperatures and low voltages. The LBB technique reduces the
leakage through memory sub-bank significantly at low temperatures and high supply
voltages independent of the values stored in the cell. Both, the techniques show lesser
impact of process variations on the leakage reduction capabilities. For reducing read port
leakages, the results show that the Stack effect technique gives extremely high percentage
reduction in leakages across all voltages and temperatures but at higher temperature, there
exists a trade-off between read performance and leakage reduction capabilities making this
technique suitable for low to moderate temperatures. The DCPR technique, on the other
hand, achieves extremely good results at high supply voltages and over a temperature range
from -40 °C to 125 °C while VCG technique is suitable for use at high temperatures and
low voltages. It is also observed that all the three techniques Stack effect, DCPR and VCG
techniques possess tolerance for leakages against process variations.

On performing the technology comparison on all the leakage reduction techniques, it is
observed that the efficacy of all the techniques in suppressing the leakage current changes
with technology node. In addition, all the techniques bear either positive or no impact on
read-write performance of the SRAM cell except MTCMOS technique. The MTCMOS
technique provides a significant improvement in write ability and minimum retention
voltage of the SRAM cell but at the cost of read stability.

A low leakage Proposed cell | based on the use of NWL and MTCMOS leakage reduction
techniques, is also presented. The proposed cell provides up to 37.5 % reduction in I .eax
at 0.4 V compared to other SRAM cells with MTCMOS technique alone. The leakage
reduction % age increases to 57.8 % in the presence of both MTCMOS and NWL
techniques showing the impeccable performance of leakage reduction techniques in sub-
threshold region. To reduce the impact of MTCMOS technique on cell performance, the

technique is employed only on non-critical transistors of latch. The use of three MOS
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transistors in latch realization of SRAM is suggested to reduce area overhead and provide
robust hold ‘0’ state. In addition, the proposed cell shows significant improvement of 1.6X,
1.2Xand 1.1X in RSNM, WSNM and lon respectively compared to conventional structure.
An improvement of 1.1X, 1.2X, 2.5X and 1.1X is observed in RSNM, WSNM, lon and

HSNM respectively at 0.4 V compared to 7T_taw SRAM cell.
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CHAPTER 3

SRAM CELL DESIGN WITH IMPROVED READ AND WRITE

PERFORMANCE

The content and results of the following papers have been reported in this chapter:

1. Gupta M, Gupta K, Pandey N, “ A Data-Independent 9T SRAM Cell with Enhanced
lon/lorr Ratio and RBL Voltage Swing in Near Threshold and Sub-Threshold
Region”, International Journal of Circuit Theory and Applications, Wiley, 49, 953-9609,
2021. (SCI Journal with Impact Factor: 2.038)

2. Gupta M, Gupta K, Pandey N, “A 32-nm Sub-Threshold 9T SRAM Cell with Improved
Read and Write performance”, International Conference on Advances in Computing,

Communication Control and Networking (ICACCCN), IEEE, 781-787, 2018
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3.1 Introduction

The increasing leakages in nanometer regime were addressed in chapter 2 of this thesis.
Now, this chapter focusses on yet another important aspect of SRAM in sub-threshold
region that is read and write performance of the cell. The conventional 6T SRAM cell
shows degraded performance due to read-write conflict issue especially at low voltages.
Various assist techniques are available in literature to improve the performance in one of
the operating mode but with either degradation or no change in performance of the cell in
other mode. An alternate method to resolve this issue is to decouple read-write ports.
Several SRAM cells with isolated read ports having two to four transistors (2T-4T) are
presented in [12][47-49][51][57][86]. However, the available read ports suffer due to trade-
off between the read current and RBL leakages. So, in view of this two new SRAM cells
are proposed in this chapter. Both the cells incorporate novel isolated read port designs for
performance improvement in read mode. The Proposed cell Il improves the read
performance by removing the stacking of transistors in read port thus providing significant
improvement in read current values whereas the Proposed cell 11l accomplish the same
objective by overcoming the trade-off between read current values and RBL leakages.
Further, the write performance is improved by employing write assist circuit with single
ended write and faster differential write in Proposed cell 11 and 111 respectively.

The existing SRAM cell designs are reviewed in section 3.2 of this chapter. The section 3.3
presents, Proposed cell 11 and 11l along with their functional verification in all the three
operating modes. The performance comparison of the proposed cells with comprehensive
comparative investigation across different operating conditions is also included in same

section. Finally, the conclusions are drawn in section 3.4.
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3.2 Existing SRAM cell designs with improved read and write performance

To overcome the problems associated with conventional 6T SRAM cell, the conventional
8T SRAM cell (8T_conv) [4] is introduced to provide improved read performance with no
effect on write performance (Fig. 3.1(a)). The cell performs single-ended read and faster
differential write operation. The new data is written into the cell through the two access
transistors MAL and MAR driven by WWL control signal. The isolated read port has two
transistors M1 and M2 driven by RWL control signal and internal data storage node DB
value respectively. The RBL is pre-charged to Vpp at the beginning of read cycle using
pre-charge signal, PC_r (Fig. 3.1(b)). During a read ‘0’ operation, read current Ion flows
through the read port as both M1 and M2 are ON. The RBL thus gets discharged from Vpp
to V2 as marked in Fig. 3.1(c). Alternatively, for a read ‘1’ operation RBL should be
maintained at Vpp. Thus, in ideal situation AVrsL iS (Vpp-V2). However due to device
scaling, the presence of non-conducting transistors in the accessed as well as the un-
accessed cells lead to leakage current in the column. An illustration during read ‘I’
operation is shown in Fig. 3.1(b). In the accessed cell the leakage current (I_ac) flows as
the internal data node DB stores ‘0’ value. Analogously, in the un-accessed cells, the
leakage currents I uct and I._ucz flow with DB data value of ‘0’ and ‘1° respectively. The
worst value out of the two is usually I._ucz and is considered as lorr. Due to these leakages,
the RBL voltage is reduced from Vpp to the level marked as V1 or V1’. Thus, AVreL
reduces to (V1 — V2) or (V1’ — V2) from ideal situation. The high and data-dependent
leakage currents affect the various other parameters associated with the read port namely,

lon/loFr ratio, AVreL and TrReap_AccEss.
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Fig. 3.1 Conventional 8T SRAM cell [4] (a) Read operation (b) Leakage current

components in accessed and un-accessed cells (¢) Impact of leakage currents on AVrsL

Several SRAM cells with modified read ports, with two-to-four transistors, addressing
these issues are suggested in literature [12][47-49][51][57][86]. In 2T read port of 7T_taw
[12] cell the read port transistors are interchanged with respect to conventional 8T SRAM
cell. The arrangement reduces the drain-to-source voltage (Vps) across the ON transistor
and suppresses I._uce slightly. The AVreL and lon/lorr ratio are then improved compared
to conventional structure. However, due to high and data-dependent leakage in un-accessed
cells, the problem of high read failure persists. The 9T ver [47] cell with 3T read port
suggests an alternate way to suppress the leakage current. It introduces the stacking effect
by splitting the RWL driven transistor of earlier read ports. The leakage currents are
reduced at the cost of slight increase in area. However, there is significant reduction in read
current values leading to increase in Treap_access While maintaining data-dependent
leakages. Another SRAM structure, 9T wang [48] having 3T read port suggests the use of

compensation transistor (CT) to design a data-independent read port. This makes I__uc1 and
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IL_uc2 almost equal in un-accessed cells resulting in data independency but at the cost of
high leakages. Thus, the read port though data-independent shows deteriorated
performance in terms of degraded lon/lorr ratio and AVreL. The 10T_cal [51] cell with 4T
read port although provides substantial reduction in I ac and I uc1 nevertheless, it
translates into little improvement in the read performance parameters. Additionally, the
increased Ii_ucz results in degraded lon/lorr ratio in near threshold and sub-threshold
regions. Another 4T read port in 10T _sh [57] cell suppresses I_ac in accessed cell and
offers data-independent leakages in un-accessed cell. However, this data independency is
achieved at the cost of increasing I._uc: and making it equal to I uc2. The high leakage
currents in un-accessed cell yields marginal improvement in AVgreL and lon/lorr ratio at
lower voltages. In 9T pasa [49] cell, the 4T read port offers reduced leakage I uc2 in un-
accessed cell, and provides significantly improved AVrgL. The leakage currents I._ucz: and
IL_uc2 remains comparable at higher Vpp but deviates significantly from each other at lower
Vo thus resulting in data-dependency issues especially in near threshold and sub-threshold
regions. In the next 4T read port in 10T_chris [86] cell, the compensation transistor reduces
IL_uc2 and makes it equal to I._uc: thus providing data-independent leakage current in un-
accessed cells even at lower voltages. The reduced leakages result in improved AVgrgL. The
cell, however, bears the repercussions of stacking effect on read current lon, and thus

suffers from degraded lon/lorr ratio and Treap_Access.
3.3 Design of SRAM cell with improved read and write performance

The available SRAM cells attempt to improve read performance without degrading the
write performance. However, the designs with an isolated read port focus on leakage
reduction in either un-accessed cell or accessed cell but at the cost of limitation on read
current values. This necessitates a new design that can optimize all the read performance
parameters and maintains high read current values. In addition, the write performance in

87



sub-threshold region also needs consideration. Therefore, in view of this two new SRAM
cells are proposed in this chapter. Both the cells, Proposed cell 1l and Ill, incorporate an
isolated read port to provide extremely high read stability that is almost equal to the hold
stability of SRAM cell. The Proposed cell 11 provides single ended writing to reduce power
consumption. The use of write assist transistor helps in faster charging of storage nodes
during write operation. In addition, the novel read port design aims for high read current
values for faster reading by removing the stacking of transistors in read port. The use of
NWL technique helps in reducing the leakages in SRAM cell. The Proposed cell 111 uses
differential write for faster writing. Further, for read performance improvement, it
incorporates compensation transistor in novel read port design to addresses all the leakage
components of the un-accessed and accessed cells while maintaining the reasonable values

of read current.

3.3.1 Proposed cell 11

The schematic of Proposed cell 11 that performs single ended read and write operations is
shown in Fig. 3.2(a). It consists of the basic two cross-coupled inverters formed by
transistors (MUR-MDR, MUL-MDL1) for bit storage. It uses RBL, read assist circuit (M1,
M2, M3) and control signal RWLB for performing single ended read operation. The WBL,
transistors MDL2 and MAL along with the control signals WWL and its complement
WWLB are used to perform single ended write operation. The nMOS transistor MDL2
weakens the pull-down path during write operation. Its inclusion does not account for area
overhead as the width of the two series connected nMOS transistors (MDL1, MDLZ2) is

halved in comparison to the existing ones.
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Fig. 3.2 Proposed cell Il (a) Schematic (b) Operating conditions
3.3.1.1 Operation

The Proposed cell 1l can be operated in write, read and hold mode as per the operating

conditions specified in Fig. 3.2(b).
Read mode

During read mode, the transistor M3 driven by active-low control signal RWLB connects
internal node DB to node Vx. If DB is ‘1’ (D = “0’) then the transistor M2 turns ON and
discharges RBL quickly due to the absence of stacking effect of MOS transistors in read

port. The sense amplifier then senses the drop in RBL voltage and completes the read
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operation. Similarly, if DB is ‘0’ (D = ‘1”) then the transistor M2 stays OFF and there is no

change in the voltage of RBL.
Write mode

In this mode, WWL and its complement WWLB are driven high and low respectively
which weakens the pull-down of latch to ease the writing process. For a write ‘1’ operation,
with WWL = ‘1’ and WWLB = “0’, the path to GND is open (MDL2 is OFF) and thus the
voltage at node D rises quickly. The proposed cell provides improved write ability at lower
power consumption with no area overhead as it uses only single bitline and single access

transistor during write operation.
Hold mode

In this mode, WWL goes low while WWLB and RWLB become high. The transistors MAL
and M2 turn off, isolating the internal nodes from external interference. The transistor
MDL2 conducts and connects the source of MDL1 to GND. No change at node voltages is
possible except due to the flow of leakage current in this mode. In proposed cell, the
transistors that produce the leakage current, are either minimum sized or have smaller drain
to source voltage. The leakages are further reduced in sub-threshold region by
implementing NWL technique on proposed cell [81]. In this scheme, the gate of the OFF
access nMOS transistor, MAL is overdriven in hold mode by decreasing the voltage at its
gate terminal. The gate terminal voltage can only be lowered until there is no problem due
to gate-oxide reliability or the gate tunneling current (GIDL) is negligible. The advantages
of this approach are that the performance of the cell in the active mode remains unchanged

and no precise control of VG is required in hold mode.
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3.3.1.2 Simulation results

In this section, the performance of Proposed cell 11, conventional 6T and 7T_taw cells are

compared on the basis of RSNM, lon, WSNM, HSNM, DRV and I_eak. All the SPICE

simulations are carried out using 32 nm bulk CMOS PTM model parameters at 0.4 V. The

aspect ratios (W/L) of the transistors are listed in the Table 3.1.

Table 3.1: Aspect ratio of transistors

SRAM Cells Transistors (. =18 nm)
MUL MUR MAL MAR MDL MDR M1 M2 M3
Conventional 6T 3A/2A 3020 4M2)  4W2)h  8M2Ah  8M2A
7T_taw [12] 3M2h 3M2h 4M2M 8M2A  8M2L 3M2h 3M2)
Proposed cell 11 3M2h 3M2h 4M2M 402N 8M2h 3M2h 3M2h 3M2)
Read mode

All the cells are configured to operate in the read mode. The butterfly curve is obtained for

the cells to measure RSNM. The read current is measured with respect to the node storing

‘0.

RSNM

From the plots shown in Fig. 3.3, it can be observed that the proposed cell provides 169 %

and 115 % higher RSNM compared to conventional 6T and 7T_taw cells respectively. This

shows that the data remains immune to noise during reading operation in the proposed cell

in comparison to conventional 6T and 7T_taw cells.
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Fig. 3.3 RSNM at Vpp = 0.4 V and T = 27 °C for (a) Proposed cell Il (b) Conventional

6T(c) 7T_taw SRAM cells
lon

The lon values for all the three SRAM cell configurations by varying the supply voltage
and temperature are shown in Fig. 3.4. It can be observed that the proposed cell provides
24.3 % and 207.6 % higher lon compared to conventional 6T and 7T_taw cells in the sub-
threshold region. This signifies that the voltage on RBL fall faster in proposed cell as
compared to conventional 6T and 7T_taw cells under similar conditions. The results also

show the robustness of the proposed cell against varying operating conditions.
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Fig. 3.4 lon for Proposed cell 11, Conventional 6T and 7T_taw cells under (a) Supply

voltage variations and (b) Temperature variations

Write mode

All the cells are configured to operate in the write mode. In the Proposed cell 11, a write
assist transistor (MDL2) is used to weaken the pull-down path instead of using HVT
transistors as used in 7T _taw. The result is a tremendous improvement in the noise

immunity, which is measured using WSNM.
WSNM

The results in Fig. 3.5 indicate that the proposed cell shows 22.6 % and 15 % improved
WSNM in comparison to conventional 6T and 7T_taw in sub-threshold region indicating

the robust performance of proposed cell during write operation.
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Fig. 3.5 WSNM at Vpp = 0.4 V and T=27 °C for (a) Proposed cell Il (b) Conventional 6T

(c) 7T_taw SRAM cells

Hold mode

All the cells are configured to operate in the hold mode and the key parameters namely

HSNM, DRV and I eak are evaluated for comparison.
HSNM

The results plotted in Fig. 3.6 shows that the proposed cell provides 115% higher HSNM
compared to 7T _taw cell in sub-threshold region indicating that the stored data is more
stable against noise in proposed cell. The values are, however, comparable to that of

conventional 6T cell.
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Fig. 3.6 HSNM at Vpp = 0.4 V and T = 27 °C for (a) Proposed cell 11 (b) Conventional

6T (c) 7T_taw SRAM cells
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DRV

The cell shows 64 % improvement in DRV over 7T _taw cell whereas the value is slightly

higher compared to conventional 6T cell as shown in Fig. 3.7.

600

DRV (mV)
g 8

8

Conventional 6T 7T_TAW Proposed cell Il
SRAM CELL

Fig. 3.7 DRV for Proposed cell Il, Conventional 6T and 7T_taw SRAM cells

The worst-case DRV under 6c global process and 1o local mismatch variations is 313.7
mV at 27 °C (D = ‘0’; DB = ‘1) as shown in Fig. 3.8. This indicates that the proposed cell
is able to retain the stored data even at 313.7 mV, verifying its robust hold performance in

sub-threshold region.

snpply Voltage,VDD (mV)

Fig. 3.8 Worst-case DRV of the Proposed cell 1l at T = 27 °C under 6o global process

and /¢ local mismatch variations
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lLeak

A plot of I eak [16] is shown in Fig. 3.9 at different supply voltages. It is found that the
leakage values of all the cells are comparable. However, the values in the proposed cell can
be suppressed by using NWL technique [81]. The OFF access transistors are overdriven in
hold mode by applying -80 mV at WWL. A reduction of 4.7 % and 12.5 % is achieved

compared to conventional 6T cell and 7T _taw cells respectively at 0.4 V.
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Fig. 3.9 I eak for Proposed cell 11 (with and without NWL), Conventional 6T and 7T_taw

SRAM cells

3.3.2 Proposed cell 111

The schematic of the Proposed cell 111 with a novel read port is presented in Fig. 3.10(a). It
consists of cross-coupled inverter pair (MUL-MDL and MUR-MDR), a differential write
port (access transistors MAL-MAR, control signal WWL and complementary WBLSs) for
one-bit data storage and write operation, respectively. The novel three transistor-based read
port performs single ended read and employs two nMOS transistors M1 and M2 driven by
control signal RWL and internal data node DB respectively. The source terminal of M2
(RGND) is connected to row decoder that is maintained at GND and Vpp for the accessed

and un-accessed cells, respectively. The transistors M1 and M2 provide a conditional
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discharge path for RBL during read operation as RGND is connected to GND. The third
transistor M3 is an LVT implemented pMOS driven by RWL which serves two purposes.
It acts as a compensation transistor in accessed cell during read ‘1’ operation, whereas it
suppresses and equalizes RBL leakage component in un-accessed cells irrespective of the

stored data.

VDD

WwL
WWL
WBL | MUL P_ _q MUR e Fm =y - - N
_l__ RWL :
MAL D - CT, M3 F |
RBLI
o :
MDL I_ _| MDR Pl M1 I
I
v v = |
CT : Compensation Transistor \ .-_J: REN_D L ,I
(@)
MODE
CONTROI SIGNAL WRITE READ HOLD
WWL Voo GND GND
RWL GND Vop GND
RGND Voo GND Voo

(b)

Fig. 3.10 Proposed cell 111 (a) Schematic (b) Operating conditions

3.3.2.1 Operation
The control signals for different operations in the proposed cell are specified in Fig. 3.10(b).

In the write mode, the new data are loaded on the complementary WBLsS, and WWL is
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asserted.

The differential mode in proposed cell enables fast writing at lower voltages. The

proposed cell shows worst-case WM (‘0”) of 80 mV and WM (‘1”) of 75 mV at 0.4 V under

process variations as shown in Fig. 3.11. The observed values are optimum as higher values

make the

cell more susceptible to noise, whereas lower values make it difficult to write.
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Fig. 3.11 WM (a) Worst-case WM (‘0°) (b) Worst-case WM (‘1°) for the Proposed cell 111

at Voo = 0.4 V under 60 global process and 1o local mismatch variations (500 points)

During read ‘0’ operation (DB = “1”) in an accessed cell, a read current Ion flows through

ON transistors M1 and M2, while M3 remains OFF. Since the read path has only two
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transistors, therefore, lon is higher than the existing read ports having more than two
stacked transistors and is maintained even at lower voltages. Analogously, during read ‘1’
operation (DB = ‘0”), M2 is OFF and a low-to-high transition on RWL (at gate of M3)
augments the capacitive coupling effect at node P1 (drain of M3) leading to the flow of
leakage current I__ac in opposite direction. This reverse current acts as a compensating
current and compensates for the RBL leakage of the un-accessed cells and helps RBL to
charge back to higher voltage [87]. Simultaneously, in the un-accessed cell with RWL as
low and RGND at Vpp, the voltage at node P1 reaches Vpp as M3 conducts, and M2
remains OFF, irrespective of stored data. In order to ensure the maintenance of high voltage
at node P1, a 500 points Monte Carlo simulation (6c global process and 1c local mismatch
variations) was performed and the node P1 voltage distribution was plotted for both DB =

‘0’ and DB = ‘1’ in un-accessed cell.
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Fig. 3.12 P1 node voltage distribution in un-accessed cell for (a) DB = ‘0’ and (b) DB =

‘1’ at Voo = 0.4 V under 6c global process and 1o local mismatch variations (500 points)

As seen in Fig. 3.12, the worst-case P1 node voltage at Vpp = 0.4 V remains closer to Vpp

for both the cases (DB = ‘0’ and DB = ‘1”) under process variations. The Vps of M1 is

reduced, and the RBL leakage current of the read port in un-accessed cell is suppressed.

Also, the leakage currents, I uct and I_ucz, are equalized as P1 remains at same potential

in both the cases and makes the read port leakage data- independent. This further helps to

maintain the required difference in magnitude of read ‘0’ and read ‘1 current in proposed

cell for proper sensing of stored data as shown in Fig. 3.13(a). This is not possible in case

of conventional 8T SRAM cell (Fig. 3.13(b)) due to high magnitude and large data-

dependency of RBL leakage currents.
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Fig. 3.13 RBL leakages in (a) Proposed cell 111 (b) Conventional 8T [4] SRAM cell

The AVrsL is shown in Fig. 3.14(a). Due to the reverse flow of I._ac and reduced leakages
during read ‘1’ operation, the RBL voltage level rises from Vpp to V1. Additionally, the
high read current, during read ‘0’ operation, helps RBL to discharge faster to V2 leading
to improvement in the AVgreL from (Voo — V2) to (V1 — V2). Fig. 3.14(b) shows the
butterfly curve for the proposed cell in hold mode. The curve was obtained after a 500
points MC simulation under 6o global process and 16 local mismatch variations. As can be
seen, the proposed cell maintains the butterfly curve even at low supply voltage of 0.4 V,

thus ensuring the stability of data in hold mode at lower voltages. It is clear from the above
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discussion that the Proposed cell 111 achieves improved read performance parameter at
lower supply voltages.
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Fig. 3.14 (a) Impact of leakage currents on AVrsL (b) Worst-case Hold ‘0’ margin and
Hold ‘1’ margin for the Proposed cell |1l at Vpp = 0.4 V under 6o global process and 1o

local mismatch variations (500 points)
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3.3.2.2 Simulation results

To evaluate the performance of the Proposed cell 111, a column containing 128 cells is
simulated using 32 nm bulk CMOS PTM model parameters. The existing SRAM cells,
discussed in section 3.2, are simulated and their read port performance is captured for
completeness. The aspect ratio of the transistors is tabulated in Table 3.2. The simulation
results of the cells at typical process corner, 27 °C for near threshold (Vpp = 0.5 V) and
sub-threshold (Voo = 0.3 V) regions, are listed in Table 3.3. The results pertaining to the
performance parameter along with the effect of PV T-variations are discussed individually

in the subsections.

Table 3.2: Aspect ratio of transistors

SRAM cells Transistors (A =18 nm)

MUL/MUR MAL/MAR MDL/MDR M1/M2 M3 M4
8T _conv [4] 42N A2\ A2 A2 - -
7T _taw [12] 4020 4020 4020 4020 - -
9T ver [47] 4020 4020 4020 4020 4020 -

9T wang [48] A2 A2 A2 A2 A2 -
10T _chris [86] 4020 4020 4020 402N 4020 4020
10T _cal [51] 4020 4020 4020 4020 4020 4020
10T _sh [57] 4020 4020 4020 4020 4020 4020
9T pasa [49] 402\ 4020 4020 4N2\ 402\ 4020

Proposed cell 111 402\ 4020 4020 4N2\ 402\ -
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Table 3.3: Typical values of performance parameter at TT corner, 27 °C

Category SRAM cells Vob=0.3V Voo =05V

2T 8T_conv [4] lon/lorr ratio 319 5,872
AVrsL Fails Low
Treap_access (PS) 45,031 1,454

7T_taw [12] lon/lorr ratio 399 31,659
AVrsL Fails Low
Treap_access (PS) 44,833 1,480

3T 9T_ver [47] lon/lorr ratio 564 15,933
AVReL Fails High
Treap_access (PS) 79,127 2,467
9T _wang [48] lon/lorr ratio 309 5,875
AVRrsL Fails Low
Treap_access (PS) 15,692 1,212

4T 10T_chris [86] lon/lorr ratio 14,533 108,280
AVReL High High
Treap_access (PS) 102,345 2,606

10T _cal [51] lon/lore ratio 1,073 52,960
AVReL Low High
Treap_access (PS) 100,339 2,528

10T _sh [57] lon/lore ratio 559 15,933
AVReL Low High
Treap_access (PS) 67,260 2,419

9T_pasa [49] lon/lor ratio 14,533 107,595
AVReL High High
Treap_access (PS) 101,985 2,592

3T(PROPOSED) Proposed cell 111 lon/lorr ratio 22,733 182,390
AVReeL High High
Treap_access (PS) 65,463 1,527
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lon/loFF ratio

It can be observed in Table 3.3 that all the cells show low lon/lorr ratio in near threshold
value, except proposed, 10T _chris, and 9T _pasa cells with proposed cell showing the best
performance among all. The poor performance of other cells is attributed to the degraded
lon values in comparison to lorr Values in this region. As the voltage scales down, the
decreasing lon values as well as increasing lorr values result in even more performance
degradation in sub-threshold region. The impact of voltage scaling is low in proposed,
10T chris, and 9T pasa SRAM cells, with proposed SRAM cell showing 1.68X and 1.69X
higher value in comparison to 10T _chris and 9T _pasa, respectively. The result exemplifies
the ability of the proposed cell to suppress the leakage current while maintaining better read
performance even in sub-threshold region where almost all the SRAM cells fail to register
reasonable values.

Fig. 3.15(a) shows the effect of process variations on lon/lorr ratio of all cells with “red
curve” representing the performance of proposed cell in all the graphs. It is worth noting
that as the process corner changes from SS to FF, the ratio of all the cells plummets to
negligible values while that of proposed, 10T _chris, and 9T _pasa become even better. This
is because as nMOS and pMOS become faster, lon as well as lorr values increase, but due
to the additional leakage reduction ability of the cells, there is a negligible increase in
leakage current resulting in improved values. In fact, the proposed cell shows remarkable
performance with 1.62X and 1.61X higher lon/lorr ratio compared to 10T_chris and
9T pasa cells, respectively, at FF corner in near threshold region. Due to similar
performance, the curves for 10T _chris and 9T _pasa overlap in the figure.

Similarly, Fig. 3.15(b) captures the impact of temperature on the performance of the cells.
As the temperature increases from —40 °C to 125 °C, the leakage current increases resulting

in degraded performance at higher temperature in all SRAM cells. However, the proposed
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cell shows extremely good performance across all the temperatures. In fact, at highest
temperature in near threshold region, the proposed cell shows 1.6X, 33.2X, 85.7X, 1.6X,
85.7X, 155.4X, 122.6X, and 163.2X better lon/lorr ratio compared to 10T_chris, 10T_cal,

10T _sh, 9T pasa, 9T ver, 9T _wang, 7T _sh, and 8T_conv cells, respectively.
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Fig. 3.15 Effect of (a) process corners (at T = 27 °C) and (b) temperature (at TT corner)

on lon/lorr ratio
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Data-independent RBL leakages

To evaluate the data-dependent nature of leakages in un-accessed cells, three different data
patterns are assumed to be stored in the cells along the column. The stored value at DB
node is considered to be ‘1’ for all the un-accessed cells in Case 1 and half of the un-
accessed cells in Case 2, while Case 3 assumes that all the un-accessed cells store ‘0°. The
corresponding discharge of voltage of RBL (which otherwise should remain high as DB =
‘0’ in accessed cell) due to leakage in these cells is then monitored with respect to time
[49].

Case 1 represents the worst-case situation wherein the maximum leakage current (IL_uc2)
flows through all un-accessed cells due to which RBL discharges quickly towards ‘0’. In
Case 2, half of the un-accessed cells draws leakage current I._uc1 while the remaining cells
draw I_ uce; therefore, due to data-dependent leakages, RBL discharges slowly towards
logic ‘0’ in comparison to previous case. Similarly, in Case 3, the leakage current I uc:
flows through all the un-accessed cells resulting in slow discharging of the RBL line.
Simulations are done for the above three cases in near threshold region.

The drop in RBL voltage with respect to time for the three cases (when it should not be
discharged) is shown in Fig. 3.16 for the proposed cell and in Fig. 3.17 for its counterparts.
As can be seen, the RBL voltage discharges to approximately 499 mV when RWL is
asserted at 100 ns in the proposed cell, whereas for other cells, the situation is completely
different.

The result confirms high and data-dependent leakage issues in 9T ver, 7T taw, and
8T _conv cells as RBL discharges to 488 mV, 466.6 mV, and 447.7 mV, respectively, from
500 mV in the worst-case. Thus, these cells have high read failures [57][86], though the
leakage in 10T _cal cell is data-dependent but RBL discharge is very small (497.1 mV).

Further, the 9T _wang and 10T _sh cells show data-independent leakages but suffer from
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high leakage current with RBL discharging to 447.9 mV and 488 mV, respectively. The
situation gets worsen during read ‘1’ operation specifically at higher temperatures that may
lead to false sensing of data. The proposed, 10T _chris, and 9T pasa cells show low and

data-independent leakages since RBL discharge is negligible even at 170 ns.
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Fig. 3.16 RBL voltage of the Proposed cell 111 for three different data patterns in un-
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Fig 3.17 RBL voltage of existing cells for three different data patterns in un-accessed
cells (a) 9T _ver, (b) 7T taw, (c) 8T_conv, (d) 10T cal, (e) 9T _wang, (f) 10T _sh, (g)

10T _chris, and (h) 9T_pasa SRAM cells
AVRBL

For the values of AVreL, listed in Table 3.3, it is observed that all 2T or 3T read port-based
SRAM cells show poor performance except 9T _ver cell at 0.5 V while the 4T-based read
ports shows remarkable performance in this respect. At 0.3 V, all 2T and 3T read port-
based cells fail to maintain positive values of AVrgL and suffer from read failures. The
performance of 4T read port-based SRAM cells 10T _sh and 10T_cal degrade due to
increase in sub-threshold leakage current. In case of 9T pasa, 10T_chris, and proposed
cells, the data-independent compensation suppress leakages and helps in maintaining high

value of AVgraL even in sub-threshold region.
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The effect of process corners on AVgrsL captured in Fig. 3.18(a) identifies FS corner as the
worst corner across all the cells. This happens because as the nMOS becomes faster and
pPMOS becomes slower, the leakages through all the un-accessed cells increase sharply
degrading their performance. The SRAM cells with 2T, 3T, and 4T (10T_cal and 10T _sh)
read ports fail to maintain positive values of AVgreL at FS and FF corners and hence suffer
from read failures. However, the proposed, 10T _chris, and 9T _pasa cells show reasonable
performance irrespective of process corners.

Similarly, with respect to temperature variation, the cells show their worst performance at
125 °C, respectively, as shown in Fig. 3.18(b). The SRAM cells with 2T, 3T read ports fail
at 125 °C irrespective of supply voltage depicting degradation of AVgreL at higher
temperatures. Additionally, 10T cal and 10T sh fail at 125 °C in sub-threshold region
while the proposed, 10T chris, and 9T pasa cells maintain reasonable AVgrgL at all
temperatures. Thus, it can be concluded that all the cells except proposed, 10T _chris, and

9T pasa cells are more prone to read failures due to PVT-variations.
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Fig. 3.18 Effect of (a) process corners (at T = 27 °C) and (b) temperature (at TT corner)

on AVRrsL

TREAD_ACCESS

The Treap_access values listed in Table 3.3 shows an increasing trend with scaling down
of the supply voltage from 0.5V t0 0.3 V at TT corner. It is worth mentioning that the read
access failure occurs if RBL fails to discharge below 50 mV or discharges below this value
even before RWL is turned ON [57]. The proposed cell shows better results compared to
other SRAM cells apart from 8T_conv, 7T_taw, and 9T_wang cells in sub-threshold region
as the rest of the cells suffers from degraded read current values due to more transistors in
the read path. The results for process corner variations shown in Fig. 3.19(a) depict a
decrease in Treap_Access as process corner changes from SS to FF. This can be attributed
to increased read current flowing through faster nMOS transistors in read ports at FF
corner. It is worth mentioning that at FS corner, in 8T_conv and 7T_taw SRAM cells, the
RBL discharges below 50 mV due to high leakages even before RWL turns ON resulting
in read failures. The impact of temperature is represented in Fig. 3.19(b). It is seen that as

the temperature increases from —40 °C to 27 °C, the Treap access decreases in cells due to
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the faster discharging of RBL owing to increased read current values with proposed cell
showing the best performance. However, the situation is entirely different at higher
temperatures. At 125 °C, due to sharp increase in leakage current in sub-threshold region
(0.3 V) as well as the inability of 2T and 3T read port-based SRAM cells to maintain
leakage current under limits, the cells suffer from read failure with RBL discharging below
50 mV even before RWL is activated in these cells during read operation. It has also been
observed that 9T wang fails throughout the supply voltage range (1.1 to 0.3 V) at higher
temperature due to extremely high leakage current in un-accessed cells which discharges
RBL to lower voltages irrespective of the data stored at internal node in accessed cell. Thus,
it can be concluded that though 2T and 3T read port-based SRAM cells show better results
than proposed cell at TT corner and 27 °C but under PVT-variations, these cells suffer from
read failure whereas proposed cell continues to show reasonable performance across all

corners, supply voltages, and temperatures.
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Thus, it can be concluded that though 2T and 3T read port-based SRAM cells show better
results than proposed cell at TT corner and 27 °C but under PVT-variations, these cells
suffer from read failure whereas proposed cell continues to show reasonable performance

across all corners, supply voltages, and temperatures.

3.4 Conclusions

In this chapter, Proposed cell Il and 111 with improved read and write performance are
presented. The proposed cells resolve the read-write conflict issue of existing cells by
isolating the read port from internal storage nodes. The read port performance is further
enhanced by removing the stacking of MOS transistors in the read port thereby achieving
significantly high read current values in Proposed cell 11 . Alternately, in Proposed cell 111,
a compensation transistor is incorporated in the read port to compensate for the leakages in
accessed and un-accessed cells while maintaining reasonable values of read current. This

resolves the trade-off between read current values and RBL leakages in Proposed cell 111
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and results in significant improvement in read port performance parameters. Further the
write performance is improved by employing write assist transistor to weaken the pull
down path during single ended write operation in Proposed cell 1l and by employing faster

differential write in Proposed cell I11.

The Proposed cell 11 shows 2.7X, 1.2X and 1.2X improvement in RSNM, WSNM and lon
values compared to conventional structure. The improvement achieved with respect to
7T_taw SRAM cell in RSNM, WSNM, lon and DRV are 2.2X, 1.2X, 3.1X, 2.0X and 2.8X
respectively at 0.4 V supply voltage. The leakages in proposed cell are reduced by
employing the NWL technique. The cell responds well to the technique and shows

significant reduction in I eak values compared to other SRAM cells.

The Proposed cell III achieves larger AVrsL compared to other 2T, 3T, and some 4T read
port-based SRAM cells. The Treab_access is up to 1.5X, 1.7X, and 1.3X lesser as compared
to existing 4T read port-based SRAM cells at 0.3, 0.5, and 1.1 V, respectively, at TT corner
and 27C. It also provides up to 73.5X, 31X, and 6.6X higher lon/lorr ratio compared to 2T,
3T, and some 4T read port-based SRAM cells under similar operating conditions allowing
the greater potential for area savings. The cell also shows less sensitivity to PV T-variations,
whereas the other cells fail at one operating condition or the other. In addition, the cell
provides faster differential writing with worst-case WM ‘0’ and ‘1’ as 80 mV and 75 mV

respectively under process variations at a supply voltage of 0.4 V.
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CHAPTER 4

SRAM CELL DESIGN WITH PVT-VARIATION TOLERANCE

The content and results of the following paper has been reported in this chapter

Gupta M, Gupta K, Pandey N, “ A Novel PVT-Variation Tolerant Schmitt-Trigger
Based 12T SRAM Cell with Improved Write Ability and High lon/lorr Ratio in Sub-
Threshold Region”, International Journal of Circuit Theory and Applications, Wiley,1-

22,2021 (SCI Journal with Impact Factor: 2.038).
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4.1 Introduction

The SRAM cell designs with improved read and/or write performance are addressed in
Chapter 3. The sensitivity of SRAM to PV T-variations [53] is an equally important issue
in designs operating at lower technology nodes and reduced supply voltages, especially in
sub-threshold region, as it may lead to high memory failures [45][109]. It is suggested in
the literature that the sensitivity to PVT-variations may be improved by replacing CMOS
inverters of conventional 6T SRAM core by Schmitt-trigger (ST) inverters as it has an

inbuilt ability of adaptively changing the switching threshold voltage against variations.

This chapter deals with the design of SRAM cell with PVT-variation tolerance i.e. ST
based SRAM cells. The existing ST based SRAM cells [53][59][61][107] are briefly
reviewed in section 4.2. It is observed that a ST based SRAM cell that can simultaneously
address degraded write ability, low read stability and poor lon/lorr ratio and the issue of
data-dependent tolerance against PV T-variations is not addressed in literature. Therefore,
anovel PVT-variation tolerant SRAM cell that can improve performance in read, write and
hold modes is proposed in the section 4.3 and is termed as Proposed cell 1V. Thereafter,
the functionality of the proposed cell is verified in all the three operating modes and its
performance is compared with the existing ST based and some most recent SRAM cells in
terms of various standard cell metrics. The plot of failure probabilities and subsequent
estimation of minimum supply voltage in each operating mode is also carried out to

ascertain the improved PV T-variation tolerant behavior of the proposed cell.
4.2 Existing SRAM cell designs with PV T-variation tolerance

The 8T_conv [4] SRAM cell decouples the read and write ports to eliminate the read/write
conflict issue of conventional 6T SRAM cell. It provides a read-disturb free memory

operation and achieves significant improvement in read stability as access is performed
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through an isolated read port. However, the cell possesses a limitation of low lon/lorr ratio,
poor write ability and PV T-variations induced memory failures in the sub-threshold region.
Device sizing overcomes few limitations but its efficacy reduces at lower voltages.
Different SRAM cell designs having tolerance against PV T-variations and improved write
ability in comparison to 8T_conv [4] cell are introduced in literature [53][59-61][107]. The
SRAM cells suggested in [53][59][61][107] use ST action for modulating the threshold
voltage of the inverters so as to reduce their sensitivity against PV T-variations, whereas,
the SRAM cell in [60] uses an innovative write assist technique to improve the write ability
in sub-threshold region. The two ST SRAM cells, introduced by Kulkarni et al. are referred
to as 10T _stl [53] and 10T _st2 [107] cells respectively from here on. The SRAM cells
presented by Sayeed et al., Sachdeva et al. and Sharma et al. are referred to as 11T _say

[59], 12T ash [61] and 12T _vish [60] cells from hereafter.

In 10T _stl [53] cell, the ST action controlling feedback transistors are driven by internal
storage nodes rendering it dependent upon the values stored at the internal nodes. The ST
action remains OFF in the branch storing ‘0’. In the hold mode, this provides a low
resistance pull-down path for the node storing ‘0’ and prevents the node holding ‘1’ from
discharging due to leakages or PVT-variations, thereby providing significant improvement
in hold stability. In the read mode, the read current passes through the node storing ‘0’ and
raises the voltage at this node. The absence of ST action in this branch and presence of a
stack of three transistors in the read path lowers the read stability and read current (lon)
values respectively [51][54][107]. This reduces the lon/lorr ratio and increases the read
failures [107]. In addition, the presence of ST action in write mode negatively affects the

write ability and makes the cell difficult to write.

In 10T _st2 [107] cell, the feedback transistors are driven by separate control signal so the

ST action remains active if the signal is kept high. The ST action is kept active in read and
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write modes, and inactive in hold mode. The cell provides improved write ability and read
stability due to the presence of multiple leakage paths during write mode and reading of
virtual node during read mode respectively. In addition, the read path consists of two
transistors resulting in improved lon values and better access time. However, the absence
of ST action in the hold mode degrades the hold stability in the cell. In addition, the
connection of two access transistors per SRAM cell to each bitline adds to the bitline
capacitance and increases leakages during hold mode. Thus, the cell has reduced lon/lorr
ratio, degraded hold stability and more power consumption with longer discharge time

[38][59].

In 11T _say [59] cell, the gate terminal of feedback transistors are connected to internal
nodes while the drain terminals are connected to a separate control signal which is the
compliment of wordline signal. The control signal is kept low during write mode to disable
the ST action. A row-based control signal VGND is used to address low-voltage write
problem and mitigate the half-select cell issue. However, due to single-ended writing, it
suffers from extremely poor write ability and increased Twrite_access. The floating-ground
write-assist technique fails to improve the write ability of the cell in sub-threshold region.
The use of an isolated read port and presence of ST action during hold mode provides
improved read stability and hold stability respectively. However, the use of similar read
port, as is used in 8T_conv [4] SRAM cell, leads to read related issues like high read port

leakages and poor lon/lorr ratio.

The 12T _ash [61] cell, uses the internal nodes to drive the feedback transistors. Thus, the
ST action remains inactive in the branch of the latch that stores ‘0’ just as the case with
10T _stl [53] cell. This improves the hold stability but negatively influences the write
ability of the cell. The use of differential write along with the use of two write-assist

transistors improves the write ability marginally. During hold mode, the presence of
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wordline driven ON pull-up/pull-down write-assist transistor in the latch increases the
leakage and makes the data stored at internal node unstable. During read mode, the read
current passes through a stack of three MOS transistors. This reduces the read current
values and adversely affects the Treap_access and lon/lorr ratio. In addition, the flow of
read current through internal storage node and absence of ST action in the same branch
raises the voltage at internal node and reduces the read stability of the cell. The control
signals controlling the write-assist transistors are both row-based. This renders the data

stored in row half-select cells unstable during write operation.

To address the read/write related issues that are not resolved by ST based SRAM cells, the
12T vish [60] cell, uses an innovative write-assist technique to improve the write ability in
sub-threshold region. It uses data-dependent feedback-path cutting technique by turning
OFF either of the pull down transistors during write operation. The advantage is that it uses
the bitline pairs to weaken the feedback loop of cross-coupled latch and assist the write
operation. The isolated read port improves the read stability and use of fully-gated ground
scheme reduces the read port leakages. However, the technique suffers from few major
drawbacks. First, the cell suffers from high Twrite_access due to the presence of a stack of
two access transistors like the one used in [55] that further degrades under PV T-variations.
Next, it suffers from high leakages and bitline load capacitance due to the connection of
two transistors per SRAM cell to BLB and three transistors to BL. This deteriorates the
lon/lorr ratio and increases the power consumption. The hold stability is also low compared
to the ST based SRAM cells due to the presence of two ON transistors and one OFF

transistor in each inverter of a latch during hold mode.

It is thus clear that a ST based SRAM cell which simultaneously address degraded write
ability, destructive read operation, poor lon/lorr ratio and data-dependent tolerance against

PVT-variations is not available in literature. Therefore, there is a need of an improvised

123



SRAM cell design that can use some effective technique to speed-up the write operation
and improve write ability without degrading other performance parameters. The isolated
read port provides high read stability but suffers from high read port leakage that needs to
be addressed. Additionally, the immunity of the SRAM cell against PV T-variations should
be improved in both read and hold modes independent of values stored at internal storage
nodes. All these concerns are addressed in the proposed cell with the help of modified ST
action, Negative bitline technique and fully-gated ground scheme with almost no trade-off

among the performance parameters.
4.3 Design of SRAM cell with PV T-variation tolerance

To address the issues of existing PVT-variation tolerant SRAM cells, a novel PVT-
variation tolerant ST based SRAM Cell with improved performance in all the three

operating modes in sub-threshold region is presented.
4.3.1 Proposed cell IV

The schematic of the Proposed cell 1V is shown in Fig. 4.1(a). It employs two back to back
connected ST inverters (Inverterl : MUL-MDL-MDL2-MFL; Inverter2 : MUR-MDR-
MDR2-MFR) with write access transistors (MAL, MAR) and isolated read port ( M1, M2).
The cell exhibits differential write wherein the control signal, WWL, drives the access
transistors and connects the internal nodes to complementary WBLs. The RBL in isolated
read port along with WBL accomplishes the differential read operation in the cell. The
differential read in proposed cell offers faster differential sensing over single ended read.
The two column-based signals (WL_Y1 and WL_Y?2) controls the ST action in the cell

during memory operation.
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Fig. 4.1 Proposed cell 1V (a) Schematic (b) Operating conditions
4.3.1.1 Operation

In the Proposed cell 1V, the transistors MFL and MFR are responsible for ST action in all
the three operating modes. In read and hold modes, the ST action provides tolerance against
PVT-variations whereas during write mode it assists the write operation in improving the

write ability of the cell.
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Write mode

The write operation uses the combination of Negative bitline write-assist technique (NBL)
[112] and ST action for improved write ability especially in sub-threshold region. The
operating condition mentioned in Fig. 4.1(b) are maintained in the write mode. The timing
diagram to illustrate the sequencing of the signals is drawn in Fig. 4.2(a). During a write
‘1’ operation, WBL is asserted high whereas WBLB is pulled towards negative voltage
(VngL) through the write driver as shown in Fig. 4.2(b). The signals WL_Y1 and WL_Y2
are set at high and low voltage levels respectively. The WWL signal is enabled at the
negative edge of the clock cycle in the accessed cell. In Inverterl, the ST action due to
MFL causes increase in threshold voltage (V) of MDL. This reduces the driving strength
of the pull-down path (MDL, MDL2) which favors the charging of node D. On the other
hand, in Inverter2, the node DB discharges quickly due to two favoring effects. The
discharging current through MAR is increased due to negative voltage (VNBL) at WBLB.
In addition, the formation of an auxiliary leakage path through MFR, provides an
alternative discharge path, thus, considerable improvement in write ability of the Proposed
cell 1V is observed. Due to the symmetrical structure of the SRAM cell, the write ‘0’

operation is also performed in the similar manner.
Read mode

The Proposed cell 1V exhibits differential read wherein pre-charged bitline, WBL, acts as
the reference voltage while RBL conditionally discharges depending upon the value stored
at node DB (Fig. 4.2(c)) to provide faster differential sensing through current-mirror based
differential sense amplifier [1]. A differential sensing helps to reject the common-mode
noise that may be induced on both the bitlines due to power spikes, capacitive coupling
between bitlines or between wordline and bitline. During read mode, the operating
conditions as indicated in Fig. 4.1(b) are maintained. The RGND signal is pulled low and
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RWL is enabled in the accessed cell at the negative edge of the clock cycle as shown in the
timing diagram (Fig. 4.2(a)). This enables the RBL to discharge quickly towards ‘0’ leading
to the flow of read current (lon) when DB stores ‘1’ value. The signals WL Y1 and WL Y2
are held high to activate the ST action and prevent the internal node voltages to flip during
read operation thereby improving the read stability. The sense amplifier enable signal
(SAE) is activated at the end of the read cycle to complete the read operation. The RGND
signal, being row-based, is kept low in un-accessed cells along the column. The use of
fully-gated ground scheme reduces read-port leakage (lore) in such cells and improves

lon/lorr ratio significantly.
Hold mode

During hold mode, any changes in the voltage at internal nodes due to PVT-variations is
counteracted by the ST action of transistors MFL/MFR and the stacking effect of pull-down
transistors (MDL-MDL2, MDR-MDR?2) thereby improving the robustness of Proposed cell

IV in sub-threshold region.
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Fig. 4.2 Proposed cell 1V (a) Timing diagram (b) Write operation (c) Read operation
4.3.1.2 Simulation results

In this section, the performance of the Proposed cell IV is compared with the existing cells
through the SPICE simulations using 32 nm bulk CMOS PTM model parameters. The
typical threshold voltages for nMOS and pMOS transistors are 0.501 V and -0.452 V
respectively. The transistor sizing for all cells is mentioned in Table 4.1. The simulation
results of the cells at typical corner and 27 °C for different supply voltages are evaluated in

write, read and hold modes. The results pertaining to various SRAM metrics during write,

128



read and hold modes are discussed individually in the subsections. The sensitivity of cell

performance with PVT-variations [107] is evaluated in terms of failure probabilities and

subsequent estimation of minimum supply voltage in each operating mode is also carried

out.

Table 4.1: Aspect ratio of transistors

SRAM Cells Transistors (A = 18 nm)
MUL/ MDL/ MDL2/ MAL/ MAL2/ MFL/ MUL2/ M1/
MUR MDR MDR2 MAR MAR2 MFR MDL3 M2
8T_conv[4] AN2N AN2N AN2N AN2\
10T _st1[53] AN2N AN2N AN2N AN2N AN2\
lOT_St2[107] AN2\ AN20 AN20 AN2M AN/20
llT_Say[SQ] AN2\ AN20 AN20 402\ 1- AN20 4N2\
12T _ash[61] AN2N AN2N AN2N AN2N AN2\ AN2N
12T _vish[60] AN2N AN2N AN2N AN2\ AN2\ AN2N
PROPOSED CELL IV AN2\ AN20 AN20 AN20 4N2\ 4N2\

Process-variation tolerance :

The proposed SRAM cell incorporates ST inverter as depicted in Fig. 4.3(a). The VTC of

the proposed and 8T_conv [4] cells at TT, FS and SF corners and 0.3 V are shown in Fig.

4.3(b) and Fig. 4.3(c) respectively. A reduced variation of 34.9 % (from 274 mV to 178.2

mV) in the switching threshold voltage is observed for proposed cell in comparison to

8T _conv [4] cell. It clearly thus indicates that the proposed cell offers better tolerance to

PVT-variations in comparison to 8T_conv [4] cell.
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Fig 4.3 (a) Schematic of ST inverter (b) VTC of Proposed cell IV (¢c) VTC of 8T_conv cell
[4]
Write mode

The comparison of write performance amongst various SRAM cells is done in terms of

WM (for measuring write ability), Twrite_access and PwriTe.
WM

The WM of the SRAM cells are plotted in Fig. 4.4(a) at different supply voltages. The
proposed cell shows 173 %, 211 %, 130 %, 97 %, 91 % and 39 % higher WM compared to
8T _conv [4], 11T say [59], 10T _st1 [53], 10T _st2 [107], 12T ash [61] and 12T _vish [60]
respectively at 0.3 V. The auxiliary leakage path provided by the feedback transistor, the
increased discharging current through the access transistor due to NBL write-assist
technique at node storing ‘1’ coupled with the increased threshold voltage of the pull-down
transistor storing ‘0’ due to ST action expedites the writing process in the proposed cell
compared to other cells. The proposed cell has worst-case WM of 180 mV at 0.3 V under

66 global process and 16 local mismatch variations (1000 points) as shown in Fig. 4.4(b).

131



E15m—

ZT0m-—

o Z2Sm—

Vv

=

180m

[
™
-
E]

&
E

node voltages
3
3

g
Yol

Write Margin (mV)

30m

WRITE FAILURE PROBABILITY

1000
O8T_CONV[4] E11T_SAY[59] [ 10T_ST1[53]
[10T_ST2[107] EPROPOSED [ 12T_VISH[60]
800 [E12T_ASH[61]

600
400
200
o BRI RERIRE BRETREL LS
03V 04V 05V o6V 07V 08V
Supply Voltage (V)
@
Bt e
.i¢$ e e * D
= worst case WiVl -
s S ISy
| | DB
G0m S0m 120m SO i, 210m 240m 270m 300m
WardLine Voltage, WWWL (V) e
(b)
SUPPLY VOLTAGE (V)
(1} o4 153 L] 07 0g
1.EHID

1.E-12
1.E-18 1 &
Witz Falures
i *
1E-24 - + {
3
i
&
1,E-30 T Write Kergin

OFET_COMV[A]  -X-10T_ST1[53] =& 107_S12[104]
1E-3E - == PROPOSED == 11T_SAV|5Q]  =im=12T_VISH[5O]
- 12T_ASH[#]

1.E-42

(©)

Fig. 4.4 WM (a) Effect of supply voltage on WM (27 °C, TT corner) (b) Worst-case WM

for the Proposed cell IV under 60 global process and 1o local mismatch variations (1000

points) (c) Effect of PVT-variations on WM in terms of write failure probability
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Write failure probability

The WM varies in the presence of PVT-variations due to the changes in the threshold
voltage of the transistors. The SRAM cell designed for high WM may fail to accomplish a
successful write operation at low supply voltages due to PVT-variations. To estimate the
worst-case write ability of the cell under such conditions requires millions of Monte Carlo
simulations, which are computationally extensive. So, an alternate method to evaluate the
performance of the cell is mentioned in [107], which helps to estimate the failure
probability of the SRAM cell under PV T-variations using only few runs. The 6c probability
at which the WM reduces to 0 mV is 1E-9 and the corresponding supply voltage is known
as the write Vmin [59][107]. In this method, the threshold voltage of each transistor is
changed one by one and then the WM is estimated for each change. The mean value and
the standard deviation denoted as WMmean and WMsd is calculated over all values. The

formula to calculate the write failure probability, Pwep, of the cell is:

—(WMmean/WMsd)

1 (22

—00

The plot of write failure probability at different supply voltages is shown in Fig. 7(c) and
the corresponding value of write Vmin is tabulated in Table 4.2. The plot shows that the use
of novel combination of NBL technique and ST action in proposed cell works well at all
supply voltages and results in lower values of failure probabilities. This in turn translates

into a least write Vmin 0f 425 mV for the proposed cell.
TWRITE_ACCESS

The plots in Fig. 4.5(a) and Fig. 4.5(b) show the Twrite_access (‘1”) and Twrite_access (‘0”)
at typical-best-worst process corners respectively. The Proposed cell 1V reduces the

TwriTe_Access (‘17) by 84 %, 88 %, 85 %, 94 % and 93 % over 8T_conv[4], 10T_st1[53],
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10T _st2[107], 12T _ash[61] and 12T _vish[60] SRAM cells respectively at a supply voltage
of 0.3 V and SF corner. At FS corner, the percentage reduction is 75 %, 81 %, 78 %, 90
%, 81 % and 94 % lesser compared to 8T_conv [4], 10T _st1[53], 10T_st2[107], 12T _ash
[61], 12T vish [60] and 11T _say [59] respectively at the same supply voltage. During
write ‘0’ operation, the time required for proposed SRAM cell is 94 %, 95 %, 95 %, 89 %,
98 % and 99 % lesser in comparison to 8T_conv [4], 10T _st1[53], 10T _st2[107], 12T _ash
[61], 12T vish [60] and 11T _say [59] respectively at a supply voltage of 0.3 V and SF
corner. Similarly, compared to the same SRAM cells, the time taken at FS corner is 90 %,
92 %, 92 %, 91 %, 96 % and 92 % lesser under similar operating conditions validating
the improved write performance of the proposed cell irrespective of process corner and
supply voltage. It is worth noting that the 11T _say [59] SRAM cell, which performs single-
ended write operation suffers from degraded Twrite_access (‘1°) specifically at SF corner
and thus fails to write ‘1’ into the cell over the entire supply voltage range. For the cells,
with differential write operation, SF corner and FS corner are the best and worst corners
respectively during write ‘1’ operation. Alternatively, for write ‘0’ operation FS corner is
the best corner while the performance degrades at SF corner corroborating the fact that, for

write ‘0’ operation, SF corner is the worst corner for all.

100000
~~8T_CONV -#-11T_SAY ==10T_ST1 '\\

10000 10T_ST2 ——12T_VISH —e—PROPUSED :\
7 12T_ASH \ \.\ \
=9 i
y 100 L N
g 100
3
bt
- 10
o
E 1

0.3v 0.4v 058V Cev 07V 0.8Y 0.3V 04v 05v 06V 07V 0.8V 0.3V 0.4v 05V 0O.6Y 07V 0.8V

5SF CORNER TT CORNER F5 CORNER
(a)

134




100000

—~8T_COMV  -~11T_8SAY =—10T_ST1
7 10T_ST2 —=12T_VISH ——PROPOSED
& 10000 — 12T_ASH
-
E
i \K
w
g \
]
2 o0 | 3 n . N -
p 1 ‘_“-w_*
£
=
1
0.3V 0.4y 0.5Y 0.6Y 0.7V 0.BY 0.3V 0.4Y 0.5Y 0.6V 0.7V 0.BY 0.3V 0D.4v 0.5¥ 0.6V 0.7V 0.BV
SF CORMER TT CORMNER FS CORMER

Fig. 4.5 Twrite_access (@) Twrite_access (‘1) (b) Twrite_access (“0°) at different supply

voltages and corners
PwrITE

The power consumed during write ‘1’ and ‘0’ operations are plotted in Fig. 4.6 at different
supply voltages. It is clear from the graphs that 11T_say [59] consumes least power among

all the SRAM cells due to the use of single ended write operation.
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Fig. 4.6 Pwrite (&) Pwrite (7°) (b) Pwrite (°0°) at different supply voltages (27 °C, TT

corner)
Read mode

In the read mode, the performance parameters namely, RSNM, read failure probability,

read Vmin, lon/lorr ratio, Treap_access and Preap are evaluated.
RSNM

The RSNM of the cells is measured and the values are plotted in Fig. 4.7(a) for different
supply voltages. The proposed cell with isolated read port achieves 47 %, 41 % and 29 %
higher RSNM values at a supply voltage of 0.3 V over 12T ash [61], 10T _stl1 [53] and
10T _st2 [107] SRAM cells respectively. The same trend is seen at higher voltages. The
10T _st1 [53] and 12T _ash [61] show poor performance due to the flow of read current
through internal storage nodes during read mode whereas in 10T _st2 [107] the presence of
additional leakage paths lowers the stability of stored data. The proposed cell has worst-
case RSNM of 31.3 mV at 0.3 V under 66 global process and 16 local mismatch variations

(1000 points) as shown in Fig. 4.7(b).
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Read failure probability

The effect of PVT-variations on RSNM is calculated using a more efficient and cost-
effective method mentioned in [107] instead of Monte Carlo simulations. The 6o
probability at which the RSNM reduces to 26 mV is 1E-9 and the corresponding supply
voltage is known as the read Vmin [59][107]. The formula to calculate the read failure
probability, Prre, is

—(RSNMmean/RSNMsd)

1 (=2

—00

where RSNMmean and RSNMsd are the mean and standard deviation of all the RSNM

values calculated by changing threshold voltage of each transistor one by one.

Fig. 4.7(c) shows the plot of read failure probability at different supply voltages. As can
be seen, the proposed cell has lower read failure probabilities than 10T _st1 [53], 10T _st2
[107], 12T _ash [61], 12T vish [60] and 8T_conv [4] SRAM cells. All this is attributed to
the presence of data-independent ST action in latch and use of isolated read port that help
retain node voltages even in the presence of PVT-variations in proposed cell resulting in
lower failure probabilities. The lower read failure probability in turn translates into lower

read Vmin 0f 390 mV in proposed cell.
lon/loFr ratio

The effect of varying supply voltages and temperatures on lon/lorr ratio for the proposed
and 8T_conv [4] SRAM cells is captured in Fig. 4.8. This ratio degrades significantly in
8T _conv [4] cell due to increased read port leakage especially in sub-threshold region [18].
The proposed cell provides an improvement of 48 %, 37 % and 27 % at -40 °C, 27 °C and
125 °C respectively over 8T_conv [4] SRAM cell at a supply voltage of 0.3 V. A similar

trend is observed at higher voltages.

138



1000000

—T_CONY
100000
PRPOSED

10000

2
' L0
=
& a0
“‘-ﬁ‘ T/ Lo ratio of proposed cell is better than
- 10 BT_CONV at oll the temperatures and voltages

1

02V 04V 05V 06 0.7V DEY 03Y 04V 05V 06V 07V 0EY 03V 04V 05V 06 TV 0.BY

-40°¢ 27°C 125°¢C
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and 8T _conv [4] SRAM cells

A plot of lon/lorr ratio, for the other SRAM cells is depicted in Fig. 4.9. The proposed cell
attains nearly 114 %, 169 %, 37 %, 82 % and 38% improvement in the performance
parameter compared to 10T _stl [53], 10T st2 [107], 11T say [59], 12T _ash [61] and
12T vish [60] cells at 0.3 V. The proposed cell shows similar performance at higher

voltages thereby increasing the scope for creating larger SRAM arrays.
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TREAD ACCESS

The Treap_access values are plotted in Fig. 4.10 for all the SRAM cells. The results shows
that the proposed cell takes 36 %, 86 %, 83 %, 36 %, 12 % and 3 % lesser Treap_AccEss at
supply voltage of 0.3 V compared to 12T _ash [61], 8T _conv [4], 11T _say [59], 10T _stl
[53], 10T_st2 [107] and 12T vish [60] SRAM cells respectively. A significant

improvement is also seen at higher voltages.
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Fig. 4.10 Treap_access at different supply voltages (27 °C, TT corner)

PreaD

The power consumed by each cell during read mode is plotted in Fig. 4.11 at different
supply voltages. The results show that the proposed cell consumes 9 % and 6 % lesser
power compared to 12T _vish [60] and 10T _st2 [107] SRAM cells at 0.3 V respectively. At
a supply voltage of 0.8 V, the power consumed is 25 % and 17 % lesser compared to the
same cells. This is due to high capacitive bitline load of these cells as mentioned in Section
2. It is also noted that the SRAM cells, 8T _conv [4] and 11T _say [59], consume lesser

power due to the use of single ended sensing in these cells.
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Hold mode

The performance of the cell in the hold mode is compared on the basis of HSNM, hold

failure probability, hold Vmin and PLeak.

HSNM

The HSNM for different SRAM cells is plotted in Fig. 4.12(a) at different supply voltages.

The proposed cell offers about 6 %, 25 %, 13 % and 45 % higher HSNM values at 0.3 V

compared to 12T ash [61], 8T _conv [4], 12T vish [60] and 10T _st2 [107] SRAM cells

respectively.
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Hold failure probability

The HSNM varies with the change in the threshold voltage of the transistors due to PVT-
variations [127]. The 6c probability at which the HSNM goes below 26 mV is 1E-9 and
the corresponding supply voltage is known as the hold Vmin [59][107]. The formula to

calculate the hold failure probability, Pnrp, is

—(HSNMmean/HSNMsd)

1 (=

—o0

where HSNMmean is the mean value and HSNMsd is the standard deviation of all the
HSNM values calculated for all the transistors of the cell by changing their threshold
voltages one by one. The hold failure probability for all the SRAM cells at different supply
voltages is plotted in Fig. 4.12(b). The SRAM cells with lesser leakages and stronger ST
action have lower hold failure probabilities and hence low hold Vmin. It is worth mentioning
that the proposed cell has lower hold failure probabilities than 10T _st2 [107], 12T _vish

[60], 12T _ash [61] and 8T _conv [4] SRAM cells and achieves a hold Vmin 0f 372 mV.
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PLEak

The total leakage power consumed by the SRAM cells is plotted in Fig. 4.13 at different
supply voltages. The stacking effect lowers the leakage current [107] [113]. Consequently,
the ST SRAM cells employing stack of pull-down transistors in latch structure or 12_vish
[60] SRAM cell having stack of two access transistors consume lesser leakage power. The
presence of multiple leakage paths in 10T_st2 [107] and 12T_vish [60] SRAM cells add to
the power consumption. The high read port leakages, such as in 8T_conv [4] and 11T_say
[59] SRAM cells, increase the power consumption during hold mode. The SRAM cell with
a greater number of bitlines also suffers from higher leakages. The proposed cell consumes
approximately 31 % and 22 % lesser leakage power compared to 8T_conv [4] cell at 0.3 V

and 0.8 V respectively.
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Fig. 4.13 PLeak at different supply voltages (27 °C, TT corner)

Comparative analysis

The performance of the existing cells (discussed in section 4.2) and proposed cell at Vpp =
0.3V, T=27°C, TT corner for each operating mode is summarized in Table 4.2. The best

performance for each parameter is highlighted with bold font. It can be noted that it is
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extremely difficult to maintain good performance in all the three operating modes in

existing cells specifically in sub-threshold region due to the trade-off among performance

parameters. The proposed cell overcomes the trade-off by employing the modified ST

action along with use of negative bitline and fully-gated ground scheme. It can be observed

that the proposed cell provides the best write ability (in terms of write margin), write access

times, write Vmin, read access time and lon/lorr ratio. The proposed cell achieves the lowest

overall Vmin of 425 mV, the least among all the cells considered for comparison, thus,

enabling the proposed cell to perform memory operations successfully in sub-threshold

region under PV T-variations.

Table 4.2: Performance comparison at Vpp=0.3Vand T=27 °C

Parameters 8T _conv 10T _stl 10T _st2 11T _say 12T vish  12T_ash PROPOSED
CELL IV

Write WM(mV) 110 131 152 97 216 157 245

mode Twrite_access (‘1°) (ps) 5570 7660 6460 45400 10480 18200 1350
Twrite_access (0°) (ps) 1105 1450 1320 3125 2800 842 123
Pwrite (‘1) (UW) 0.07 0.08 0.13 0.05 0.17 0.10 0.25
Pwrite (‘0°) (UW) 0.09 0.10 0.13 0.07 0.16 0.11 0.26
Write Vmin (mV) 712 680 556 970 850 518 425

Read RSNM (mV) 70.5 54.7 59.5 101.4 78 52.5 77

mode Treap_access (PS) 601908 134342 98000 520000 89000 135691 86000
lon/logr ratio 267 171 136 298 310 201 366
Preap (W) 0.017 0.013 0.02 0.016 0.021 0.014 0.022
Read Vmin (mV) 455 540 470 373 445 563 390

Hold HSNM (mV) 72 100 62 116 80 85 90

mode PLeak (W) 0.258 0.126 0.253 0.096 0.241 0.177 0.237
Hold Vmin (mV) 450 345 390 367 430 378 372

Overall Vmin (mV) 712 680 556 970 850 563 425

Vmin

Bold values indicate the best value of each parameter
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4.4 Conclusions

In this chapter, a PVT-variation tolerant ST based Proposed cell 1V is presented. The
proposed cell removes the bottleneck associated with write ability in sub-threshold region
by using a novel combination of NBL technique and modified ST action. The auxiliary
leakage path provided by the feedback transistor, the increased discharging current due to
NBL write-assist technique at node storing ‘1’ coupled with the increased threshold voltage
of the pull down transistor storing ‘0’ due to ST action expedites the writing process in the
proposed cell. This in turn manifests itself into higher WMs, lower write failure
probabilities and least write Vmin 0f 425 mV. The proposed cell takes up to 94 % and 99 %
lesser Twrite_access (‘17) and Twrite_access (‘0”) compared to other SRAM cells at 0.3 V.
The data-independent ST action significantly reduces the sensitivity of the cell towards
PVT-variations in both read and hold modes. It shows up to 41 % higher RSNM values and
exhibits lower read failure probabilities, which in turn translates into read Vmin of 390 mV.
It shows up to 45 % higher HSNM and a hold Vmin of 372 mV. Additionally, fully-gated
ground scheme reduces read port leakages resulting in an improvement of up to 169 % in
lon/lorr ratio. The differential sensing leads to up to 86 % reduction in Treap_Access.
Additionally, about 31 % reduction in PLeak is also observed at 0.3 V. The overall Vmin of
proposed cell is observed to be 425 mV at 32 nm making it suitable for sub-threshold
operation where the impact of PVT-variations is immense on the performance of the other

SRAM cells.
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CHAPTER 5

SRAM CELL DESIGN WITH IMPROVED TRANSISTOR TECHNOLOGY

The content and results of the following paper has been reported in this chapter

Gupta M, Gupta K, Pandey N, “A 22nm 10T FinFET SRAM Cell with Improved Read

and Write performance in Sub-Threshold Region”, 8th International Conference on

Signal Processing and Integrated Networks (SPIN), IEEE, pp. 452-457, 2021.
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5.1 Introduction

The CMOS based SRAM cell designs discussed in previous chapters can work well above
28 nm technology node. However, maintaining the performance under 28 nm is becoming
difficult with bulk CMOS transistors [126]. The FinFETs are emerging as the most
promising substitute for planar CMOS technology due to good scaling ability, high ON
current, reduced Vi variations, better sub-threshold slope and SCE [125][127]. Various
FinFET based SRAM cell designs that work under 28 nm technology node are available in
literature [133][134]. However, these SRAM cells suffer due to the trade-off among
performance parameters.

In this chapter, the existing FINFET based SRAM cells are reviewed in section 5.2. The
Proposed cell V that addresses the issues of existing FInFET based SRAM cells is presented
in section 5.3. The functionality of the proposed design is verified and its performance is
compared with the existing FINFET and some most recent CMOS based cells. The

conclusions are drawn in section 5.4.

5.2 Existing FINFET based SRAM cell designs

The FIinFET based SRAM cells provide better ON current and reduced Vi variations
compared to their CMOS counterparts. However, for these cells to perform all memory
operations appropriate read and write assist techniques or improved SRAM cell topologies
are required. Some recent FINFET based SRAM cell designs available in literature are
discussed next. The design in [133] performs differential read and write operations using a
common set of complementary bitlines. Due to the connection of two transistors per SRAM
cell on each bitline it suffers from increased bitline load capacitance degrading the access
times and increasing the power consumption. In addition, the presence of multiple leakage
paths reduces the stability of stored data during hold mode. The other FInFET based design
in [134] uses single bitline for performing read and write operations to reduce the overall
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power consumption. For further reduction in power requirements, it does not pre-charge
the bitline prior to performing the read operation rather the accessed cell charges the bitline
to Vpbp when the stored data is ‘1°. However, it suffers from many drawbacks. First, the
connection of two transistors per SRAM cell to bitline increases the bitline loading
capacitance. Second, the SRAM cell constructed using minimum-sized transistors is
unable to charge the large bitline load capacitance to Vpp effectively during read ‘1’
operation. In addition, due to the flow of current through the intermediate nodes, the cell
becomes prone to destructive read operation especially in sub-threshold region. This
necessitates a new FINFET based SRAM cell design that can address these issues to provide

improved read and write performance in sub-threshold region.
5.3 Design of SRAM with improved transistor technology

To address the performance issues of existing CMOS and FinFET based SRAM cells, such
as reduced stability of stored data, increased bitline load capacitance with longer discharge

time and increased leakages, a Proposed cell V is presented next.
5.3.1 Proposed cell V

The schematic of the Proposed cell V is presented in Fig. 5.1(a). It performs single-ended
read and write operations. The structure of proposed cell comprises of basic latch structure
(MUL-MDL and MUR-MDR) to store one bit of information in a complementary way at
its internal storage nodes D and DB. It performs write operation using access transistor
MAL, wordline signal WWL and corresponding bitline WBL. A write assist transistor
MDL2, driven by complementary signal WWLB, is incorporated in the latch structure to
assist the write operation. An isolated read port (M1, M2, and M3) is used to accomplish
the read operation using wordline signal RWL along with the bitline RBL. A transistor M4

is introduced to enhance the read performance of the cell.
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Fig. 5.1 Proposed cell V (a) Schematic (b) Operating conditions
5.3.1.1 Operation

The Proposed cell V can be operated in three different operating modes: write, read and

hold as per the operating conditions mentioned in Fig. 5.1(b).
Write mode

During write operation, the new value is applied on WBL through the write driver. The
complementary signals WWL and WWLB are then pulled high and low respectively in the

accessed cell. To improve the write performance, a write assist transistor (MDL2) driven
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by control signal WWLB turns OFF and disables the path between storage node D and
GND. This helps the node voltages to flip quickly during write operation without disrupting
the strong feedback mechanism of the latch structure. The advantage is that the write
performance of the accessed cell is improved without causing the stability issues in the

other cells connected to the same column.
Read mode

At the beginning, RBL is pre-charged using pre-charge circuit to Vpp and then RWL signal
is turned high in the accessed cell along the row. Now, if DB holds ‘1’ then RBL voltage
reduces or it remains high otherwise. The change in RBL voltage is further used for sensing
the stored data and complete the operation. Usually, the RBL leakage current that flows
through the isolated read port of an un-accessed cell (having RWL low) is data-dependent.
Due to this, the RBL voltage discharges even when the accessed cell holds ‘0’ at DB
resulting in reduced AVreL and wrong sensing of stored data. To get over this problem, a
transistor M4 is incorporated in the cell. The transistor M4 turns ON in the un-accessed
cells and maintains a voltage close to Vpp at drain of M4 irrespective of the value stored at
DB. This reduces the drain to source voltage across M1. The result is significant reduction
in RBL leakage current independent of stored data. Thus, achieving low and data-
independent RBL leakages and improved AVgreL. The high read current of FinFET based

cell provides significant improvement in Treab_access in sub-threshold region
Hold mode

Both the wordline signals (RWL and WWL) are kept low while WWLB is held high during
this mode. This isolates the internal storage nodes from the WBL and RBL. The write assist

transistor MDL2 conducts and connects the pull-down transistor MDL1 to GND. In
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addition, the stacking effect of two pull-down transistors (MDL1 and MDL2) decreases the

leakages resulting in high stability of stored data [76].
5.3.1.2 Simulation results

The performance of the Proposed cell V is evaluated and compared with 8T _conv[4],
10T cal[51], 10T_sh[57] and 7T_EN[134] SRAM cells based on standard cell metrics in
different operating modes. All the SPICE simulations are performed using 22 nm FinFET

and bulk CMOS PTM model parameters as mentioned in Table 5.1.

Table 5.1: FinFET and CMQOS parameters

FinFET parameters CMOS parameters
name value name value
Gate length 22 nm Length of channel 22 nm
Oxide thickness 1.1nm Channel width 44 nm
Fin thickness 15nm Threshold voltage nMOS, Vinn 0.68858 V
Fin height 28 nm Threshold voltage pMOS, Vinp -0.63745V

Source/drain doping  3e26 cm®

SS 75 mV/decade
DIBL 59 mVv/V
Write mode

The key parameters such as write ability and Twrite_access are evaluated for comparison.

The write ability is measured in terms of WM.
WM

The WM is measured (Fig. 5.2(a)) and the corresponding values are displayed in Fig. 5.2(b)

and Fig. 5.2(c) for WM (°1°) and (“0’) respectively at different voltages. As can be seen,
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the proposed cell provides reasonable values of WM (°1°) at all voltages. The improvement

achieved in WM (‘1°) is 299 %, 123 % and 322 % compared to 8T _conv, 10T _sh and

10T _cal cells respectively at 0.3 V. The proposed cell also provides improvement in WM

(‘0”) (Fig. 5.2(c)) at higher voltages whereas the performance remains comparable to other

cells at lower voltages. It is worth mentioning that proposed and 7T_EN SRAM cells

provide similar performance as both perform single-ended write operation by weakening

the latch.
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TWRITE_ACCESS

The plots in Fig. 5.3 show the estimated values of TwriTe_access at different voltages. The
proposed cell shows up to 98.6 % and 99.5 % improvement in Twrite_access (‘1°) and (‘0°)

respectively over other cells at 0.3 V.
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Fig. 5.3 Twrite_access at 27 °C (a) Twrite_access (1) (b) Twrite_access (0°)
Read mode

In this mode, the RSNM is measured to gauge the impact of external interference on stored
data. The time to read the stored data is evaluated as Treap_access. The AVgsL is captured
to measure the ability of the design to correctly sense the stored value as ‘0’ and ‘1° during

read cycle.

RSNM

The RSNM is measured as shown in Fig. 5.4(a) at 0.3 V. It can be observed that the
proposed cell shows significant improvement in read stability in comparison to 8T_conv
cell due to more steeper characteristics. The results in Fig. 5.4(b) shows that the proposed
cell achieves 19 %, 16 %, 21 % and 26 % improvement in RSNM value compared to

8T _conv, 10T _sh, 10T _cal and 7T_EN cells respectively.
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Fig. 5.4 RSNM (a) Simulated butterfly curves (b) RSNM values at 0.3 V and 27 °C

TREAD ACCESS

The Treap_access is measured at different supply voltages for all the cells and the values
are plotted in Fig. 5.5. The proposed cell provides significant reduction in Tread values
irrespective of supply voltage. An improvement of up to 99.9 % is observed compared to

other cells in the sub-threshold region.
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AVRBL

The normalized values of AVreL for all the cells are captured at different voltages and are
plotted in Fig. 5.6. The results depict that the proposed cell achieves an improvement of 70
%, 49 %, 37 % and 67 % in comparison to 8T_conv, 10T_sh, 10T _cal and 7T_EN cells
respectively in sub-threshold region.
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Hold mode
The key parameters namely HSNM, DRV and P eak are estimated and compared in this

mode.
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HSNM

The stability of stored data at complementary nodes D and DB in the presence of leakages
is measured using HSNM (Fig. 5.7). An improvement of 17 %, 14 %, 21 % and 25 % is
seen in HSNM values for proposed cell with respect to 8T _conv, 10T _sh, 10_CAL and

7T_EN cells respectively at 0.3 V.
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Fig. 5.7 HSNM at 0.3 V and 27 °C
DRV

The plot of DRV in Fig. 5.8 at different supply voltages shows that the proposed cell
provides impeccable performance across all voltages. A percentage improvement of 77 %,
82 %, 83 % and 19 % is observed compared to 8T_conv, 10T_sh, 10 CAL and 7T_EN

cells respectively at 0.3 V.
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PLEak

A plot of PLeak at different supply voltages (Fig. 5.9) depicts that values are comparable
for all the cells in sub-threshold region. At higher voltages, the leakage power of proposed
cell is more as the write assist transistor (MDL2) remains ON during hold mode and

increases the overall leakage current of the latch structure compared to other cells.
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Fig. 5.9 PLeak at 27 °C

Comparative analysis

The comparison results of all SRAM cells at Vpp = 0.3 V and T =27 °C is shown in Table
5.2. The results reveal that the proposed cell provides significant improvement in all
performance parameters except leakage power consumption. Thus, it can be used at lower

technology nodes in sub-threshold region.
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Table 5.2: Performance comparison at Vop = 0.3 Vand T=27 °C

MODE PARAMETER 8T_CONV 10T_SH 10T_CAL 7T_EN PROPOSED V

Write WM (mV) 26 47 25 55 105
Twrrte_access (ns) 1012 2053 1501 391 272

Read RSNM (mV) 68.6 70.5 67.5 65 81.7
Treap_access(ns) 90000 340000 152000 560000 534
AVgs (mV) 294 335 36.6 30 50

Hold HSNM (mV) 703 723 683 66 825
DRV (mV) 93 118 122 26 21
Preax(pW) 071 0.73 0.92 31 1.2

5.4 Conclusions

For sub-threshold operation, a FInFET based Proposed cell V providing improved write
and read performance is presented in this chapter. The proposed cell is implemented at 22
nm technology node and shows an improvement of up to 322 % and 99.5 % in WM and
TwriTe_Access respectively in write mode over other cells due to the presence of write assist
transistor that eases the writing process. A 21 %, 99.9 % and 70 % improvement is also
observed in RSNM, Treap_access and AVreL respectively in read mode due to high read
current values and, low and data-independent RBL leakages. It also shows up to 21 % and

83 % improvement in HSNM and DRV respectively in hold mode.
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CHAPTER 6

CONCLUSION AND FUTURE SCOPE
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This thesis presents the SRAM cell designs for nanometer technologies. The proposed
designs attempt to address the limitations of existing designs at low supply voltages
especially in sub-threshold region and provide the improved performance. This chapter

summarizes the findings and identifies the future scope.

6.1 Summary of the work done

The chapter 1 presents a brief overview of SRAM array architecture. The structure of
the conventional SRAM cell, various standard cell metrics that are used to quantify the
performance of the SRAM cell and the issues related to its performance are also
covered. Further, the approaches and techniques that may be used to improve the

different aspects of SRAM cell performance are also discussed briefly in the chapter.

In chapter 2, the existing leakage reduction techniques for SRAM cells are classified
based on leakage current component addressed through them within the cell and their
leakage reduction capabilities are analyzed under PVT-variations. The impact of
techniques on major performance parameters is included. For more conclusive
comparison the impact of technology scaling is also evaluated to determine the best
suitable operating conditions for a technique falling under each classification. Further,
a low leakage SRAM cell is also proposed in the chapter. The Proposed cell | employs
NWL technique to bias the OFF transistors in super cut-off region and reduce the BL
leakages. In addition, it uses MTCMOS technique for latch implementation as the
technique is observed to provide the best latch leakage current reduction capabilities.
To reduce the deteriorating impact of MTCMOS technique on other performance

parameters of SRAM cell, the technique is applied only on non-critical latch transistors.
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Chapter 3 briefly describes the existing SRAM cells with improved read and/or write
performance. It is noted that the existing cells has either enhanced read or write
performance due to trade-off among the performance parameters. In view of these two
new SRAM cells with an isolated read port are proposed to resolve the read-write
conflict issue. Further, the Proposed cell 11, incorporates write assist transistor with
single ended write to reduce power consumption and a read port with no stacking of
MOS transistors to achieve significant improvement in read current values. However,
it was observed that the RBL leakages are also increasing with read current values.
Therefore, to overcome this drawback Proposed cell 111 is presented. The Proposed cell
Il suggests the use of compensation transistor in read port that serves multiple
functions. It suppresses RBL leakages in un-accessed cells independent of stored data
values and provides compensating current in accessed cell to compensate for the RBL
leakages in un-accessed cells. The reduced stacking effect of transistors further helps
in maintaining reasonable values of read current resulting in significant improvement
in all the read performance parameters. For improvement in write mode, the cell

employs faster differential write.

With continuous scaling down of device dimensions and supply voltages, the SRAMSs
are becoming vulnerable to PVT-variations leading to increasing chances of failure.
Therefore, Chapter 4 of this thesis extends into the designing of PV T-variation tolerant
SRAM cells. Initially, the existing PVT-variation tolerant SRAM cells are briefly
reviewed and the areas of improvement are highlighted. This is followed by
presentation of a PVT-variation tolerant SRAM cell based on the use of novel
configuration of Schmitt-trigger inverter that provides data-independent tolerance
against PVT-variations in all the three modes. The proposed cell employs a novel

combination of Negative bitline write-assist technique along with modified Schmitt-
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trigger action for improved write performance. The isolated read port design
implements fully-gated ground scheme to reduce read port leakages whereas the

differential read operation makes the process faster.

For low power applications, the FINFET is an amenable choice as it offers improved
ON current, reduced Vi variations and better subthreshold slope. Considering this, the
focus of chapter 5 is on the design of the SRAM cell with improved transistor
technology. A FinFET based Proposed cell V at 22 nm is presented in this chapter. The
proposed cell addresses the issues present in existing CMOS and FinFET based SRAM
cells such as reduced stability of stored data, increased bitline load capacitance with
longer discharge time and increased leakages. The isolation of internal storage nodes
from external bitlines improves data stability. The RBL leakages are reduced by
maintaining similar operating conditions in un-accessed cells independent of stored
data values. Additionally, the increased driving strength of FINFET based cell results in
high read current values providing significant improvement in read performance
parameters. The use of write assist transistor helps in quick charging of internal storage

nodes resulting in faster write operation.

6.2 Future Scope

In this work, the different SRAM cell designs for nanometer technologies are explored
and several contributions are made to improve the different aspects of SRAM cell
performance. The work primarily focused on modifying the existing cell designs for
improving performance or presenting a new SRAM cell designs altogether. There are
several dimensions where the work may be extended further; following are some of the

possibilities:
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a)

b)

The data stored at the internal nodes of SRAM cell may get greatly affected
when the high-energy radiation particles strike it; a problem commonly known
as single event upsets (SEUs). Therefore, SRAMs are the most radiation-
sensitive part of the SoC, an issue that is exacerbated with device and
technology scaling; and is becoming a major reliability concern in SRAMSs in
space applications, where the radiations are high. Therefore, the designs
presented in chapter 3 and 4 may be modified further to make them more robust
against radiations.

Since the memory architecture plays a crucial role in handling the issue of
increased bitline capacitances. Therefore, there is a requirement to work on
improved memory architectures for constructing large SRAMs.

The higher parasitics due to three-dimensional structure, corner effect and high
fabrication cost of FINFET has challenged its usage below 5 nm. The other
improved transistor technologies such as Nanosheet FETs, Nanowire FETS,
CNTFETSs are emerging as an alternative to FINFETSs. Therefore, there is a need
to explore these transistor technologies for designing SRAMSs in nanometer-

regime.

164



REFERENCES

=

4.

. J. Singh, S. P. Mohanty, D. K. Pradhan, “Robust SRAM Designs and Analysis”,

New York, NY, USA, Springer, 2013.

A. Teman, A. Mordakhay, J. Mezhibovsky, A. Fish, “A 40-nm Sub-Threshold 5T
SRAM Bit Cell With Improved Read and Write Stability”, IEEE Transactions on

Circuits and Systems I1: Express Briefs, 59(12), 873-877, Dec. 2012.

J. Singh, D. K. Pradhan, S. Hollis, S. P. Mohanty, J. Mathew, “Single Ended 6T
SRAM with Isolated Read-Port for Low-Power Embedded Systems”,12th IEEE
International Conference on Design Automation and Test in Europe (DATE), 917-

922, April 2009.

L. Chang, R. K. Montoye, Y. Nakamura, K. A. Batson, R. J. Eickemeyer, R. H.
Dennard, W. Haensch, D. Jamsek, “An 8T-SRAM for variability tolerance and
low-voltage operation in high-performance caches”, IEEE Journal of Solid-State

Circuits, 43(4), 956-963, 2008.

G. Torrens, B. Alorda, C. Carmona, D. Malagon-Perianez, J. Segura, S. A. Bota,
“A 65-nm Reliable 6T CMOS SRAM Cell with Minimum Size Transistors”, IEEE

Transactions on Emerging Topics in Computing, 7(3), 447-455, 2019.

M. F. Chang et al., “A Compact-Area Low-VDDmin 6T SRAM With
Improvement in Cell Stability, Read Speed, and Write Margin Using a Dual-Split-
Control-Assist Scheme”, IEEE Journal of Solid-State Circuits, 52(9), 2498-2514,

Sept. 2017.

165



7. S.0O.Toh, Z. Guo, T. J. K. Liu, B. Nikolic, “Characterization of Dynamic SRAM
Stability in 45 nm CMOS”, IEEE Journal of Solid-State Circuits, 46(11), 2702-

2712, Nov. 2011.

8. H. Makino et al., “Reexamination of SRAM Cell Write Margin Definitions in
View of Predicting the Distribution”, IEEE Transactions on Circuits and Systems

I1: Express Briefs, 58(4), 230-234, April 2011.

9. R. Gonzalez, B. Gordon, B., M. Horowitz, “Supply and threshold voltage scaling
for low power CMOS”, IEEE Journal of Solid-State Circuits, 32, 1210-1216, Aug.

1997.

10. P. Sharma, S. Gupta, K. Gupta, N. Pandey, “A low power subthreshold Schmitt
Trigger based 12T SRAM bit cell with process-variation-tolerant write-ability”,

Microelectronics Journal, 97, 2020.

11. D. Nayak, D. P. Acharya, K. Mahapatra, “A read disturbance free differential
read SRAM cell for low power and reliable cache in embedded processor”, AEU

- International Journal of Electronics and Communications, 74, 192-197, 2017.

12. S. A. Tawfik, V. Kursun, “Low power and robust 7T dual-Vt SRAM circuit”,

Proc. IEEE Int. Symp. Circuits Syst. (ISCAS), 1452-1455, May 2008.

13. R. E. Aly, M. A. Bayoumi, “Low-Power Cache Design Using 7T SRAM Cell”,
IEEE Transactions on Circuits and Systems Il: Express Briefs, 54(4), 318-322,

April 2007.

14. S. Gupta, K. Gupta, N. Pandey, “A 32-nm Subthreshold 7T SRAM Bit Cell With
Read Assist”, IEEE Transactions on Very Large Scale Integration (VLSI)

Systems, 25, 3473-3483, Dec. 2017.

166



15. T. Azam, B. Cheng, D. R. S. Cumming, “Variability resilient low-power 7T-
SRAM design for nano-scaled technologies™, 11th International Symposium on

Quality Electronic Design (ISQED), San Jose, CA, 9-14, 2010.

16. S. Gupta, K. Gupta, N. Pandey, “Performance Evaluation of SRAM cells for

Deep Submicron Technologies”, IEEE Conference CIPECH-16, 292-296, 2016.

17. K. Takeda et al., “A read-static-noise-margin-free SRAM cell for low-VDD and
high-speed applications”, IEEE Journal of Solid-State Circuits, 41(1), 113-121,

Jan. 2006.

18. J. Lohstroh, E. Seevinck, J. de Groot, “Worst-case static noise margin criteria for
logic circuits and their mathematical equivalence”, IEEE Journal of Solid-State

Circuits, 18(6), 803-807, Dec. 1983.

19. E. Seevinck, F. List, J. Lohstroh, “Static noise margin analysis of MOS SRAM

cells”, IEEE Journal of Solid-State Circuits, 22(5), 748754, Oct. 1987.

20. B. Calhoun, A. Chandrakasan, “Analyzing static noise margin for sub-threshold
SRAM in 65 nm CMOS”, Proceedings of the 31st European Solid-State Circuits

Conference, ESSCIRC, 363-366, Sep. 2005.

21. J. R. Hauser, “Noise margin criteria for digital logic circuits”, IEEE Transactions

on Education, 36(4), 363-368, Nov 1993.

22. F. J. List, “The Static Noise Margin of SRAM cells”, Solid-State Circuits
Conference, ESSCIRC '86, Twelfth European, Delft, The Netherlands, 16-18,

1986.

167



23. Ruchi, S. Dasgupta, “Compact Analytical Model to Extract Write Static Noise
Margin (WSNM) for SRAM Cell at 45-nm and 65-nm Nodes”, IEEE Transactions

on Semiconductor Manufacturing, 31(1), 136-143, Feb. 2018.

24. N. Rahman, B. P. Singh, “Static-Noise-Margin Analysis of Conventional 6T
SRAM Cell at 45nm Technology”, International Journal of Computer

Applications, 66, 19-23, 2013.

25. E. Grossar, M. Stucchi, K. Maex, W. Dehaene, “Read Stability and Write-Ability
Analysis of SRAM Cells for Nanometer Technologies”, IEEE Journal of Solid-

State Circuits, 41(11), 2577-2588, Nov. 2006.

26. Ruchi, S. Dasgupta, “Sensitivity analysis of DRV for various configurations of

SRAM?”, 19th International Symposium on VLSI Design and Test, 1-5, 2015.

27. N. Edri, S. Fraiman, A. Teman, A. Fish, “Data retention voltage detection for
minimizing the standby power of SRAM arrays”, IEEE 27th Convention of

Electrical and Electronics Engineers in Israel, Eilat, 1-5, 2012.

28. A. Sheikholeslami, “Process Variation and Pelgrom's Law [Circuit Intuitions]”,

IEEE Solid-State Circuits Magazine, 7(1), 8-9, 2015.

29. R. Saeidi, M. Sharifkhani, K. Hajsadeghi, “A Subthreshold Symmetric SRAM
Cell With High Read Stability”, IEEE Transactions on Circuits and Systems II:

Express Briefs, 61(1), 26-30, Jan. 2014.

30. G. Razavipour, A. Afzali-Kusha, M. Pedram, “Design and Analysis of Two Low-
Power SRAM Cell Structures”, IEEE Transactions on Very Large Scale

Integration (VLSI) Systems, 17(10), 1551-1555, Oct. 20009.

168



31. J.J. Kim, A. Bansal, R. Rao, S.H. Lo, C. Te Chuang, “Relaxing conflict between
read stability and writability in 6T SRAM cell using asymmetric transistors”,

IEEE Electron Device Letter, 30(8), 852-854, 2009.

32. C.C. Wang, P.M. Lee, K.L. Chen, “6-T SRAM using dual threshold voltage
transistors and low-power quenchers”, 9th International Conference on

Electronics, Circuits and Systems, 2, 827-830, 2002.

33. B. Rawat, K. Gupta, N. Goel, “Low Voltage 7T SRAM cell in 32nm CMOS
Technology Node”, 2018 International Conference on Computing, Power and

Communication Technologies (GUCON), 238-241, 2018.

34. A. Sil, S. Bakkamanthala, S. Karlapudi, M. Bayoumi, “Highly stable, dual-port,
sub-threshold 7T SRAM cell for ultra-low power application”, IEEE International

NEWCAS Conference, 493496, 2012.

35. V. Bhatnagar, P. Kumar, N. Pandey, S. Pandey, “A dual V t disturb-free
subthreshold SRAM with write-assist and read isolation”, Journal of

Semiconductors, 39, 1-11, 2018.

36. N. Verma, A. P. Chandrakasan, “A 65nm 8T Sub-Vt SRAM Employing Sense-
Amplifier Redundancy”, 2007 IEEE International Solid-State Circuits

Conference, Digest of Technical Papers, San Francisco, CA, 328-606, 2007.

37. K. Shin, W. Choi, J. Park, “Half-Select Free and Bit-Line Sharing 9T SRAM for
Reliable Supply Voltage Scaling”, IEEE Transactions on Circuits and Systems I:

Regular Papers, 64(8), 2036-2048, Aug. 2017.

169



38. Z. Liu, V. Kursun, “Characterization of a Novel Nine-Transistor SRAM Cell”,
IEEE Transactions on Very Large Scale Integration (VLSI) Systems, 16(4), 488-

492, April 2008.

39. A. Teman, L. Pergament, O. Cohen, A. Fish, “A 250 mV 8 kb 40 nm Ultra-Low
Power 9T Supply Feedback SRAM (SF-SRAM)”, IEEE Journal of Solid-State

Circuits, 46(11), 2713-2726, Nov. 2011.

40. A. K. Singh, M. M. Seong, C. M. R. Prabhu, “A data aware 9T static random
access memory cell for low power consumption and improved stability”,
International Journal of Circuit Theory and Applications, 42(9), 956-966, Sep.

2014.

41. M. Moghaddam, S. Timarchi, M. H. Moaiyeri et al., “An Ultra-Low-Power 9T
SRAM Cell Based on Threshold Voltage Techniques”, Circuits Syst Signal

Process, 35, 1437-1455, 2016.

42. G. K. Reddy, K. Jainwal, J. Singh, S. P. Mohanty, “Process variation tolerant 9T
SRAM bitcell design”, Thirteenth International Symposium on Quality Electronic

Design (ISQED), Santa Clara, CA, 493-497, 2012.

43. B. Zeinali, J. K. Madsen, P. Raghavan, F. Moradi, “Low-leakage sub-threshold
9 T-SRAM cell in 14-nm FinFET technology”, International Journal of Circuit

Theory and Applications, 45, 1647-1659, 2016.

44. H. Pahuja, M. Tyagi, S. Panday, B. Singh, “A novel single-ended 9T FinFET
sub-threshold SRAM cell with high operating margins and low write power for

low voltage operations”, Integration, the VLSI Journal, 60, 99-116, 2018.

170



45. T. W. Oh, H. Jeong, K. Kang, J. Park, Y. Yang, S. O. Jung, “Power-Gated 9T
SRAM Cell for Low-Energy Operation”, IEEE Transactions on Very Large Scale

Integration (VLSI) Systems, 25(3), 1183-1187, March 2017.

46. A. Banerjee, B. H. Calhoun, “An Ultra-Low Energy Subthreshold SRAM Bitcell
for Energy Constrained Biomedical Applications”, Journal of Low Power

Electronics, 119-137, 2014.

47. S. A. Verkila, S. K. Bondada, B. S. Amrutur, “A 100MHz to 1GHz, 0.35V to
1.5V supply 256 x 64 SRAM block using symmetrized 9T SRAM cell with
controlled read”, 21st International Conference on VLSI Design (VLSID 2008),

560-565, 2008.

48. B. Wang, T. Q. Nguyen, A. T. Do, J. Zhou, M. Je, T. T. H. Kim, “Design of an
ultra-low voltage 9T SRAM with equalized bitline leakage and CAM-assisted
energy efficiency improvement”, IEEE Transaction of Circuits and System |

Regular Papers, 62(2), 441-448, 2015.

49. G. Pasandi, S. M. Fakhraie, “A 256-kb 9T near-threshold SRAM with 1k cells
per Bitline and enhanced write and read operations IEEE Transactions on Very

Large Scale Integration (VLSI) Systems, 23(11), 2438-2446, 2015.

50. N. Maroof, B. S. Kong, “10T SRAM Using Half-VDD Precharge and Row-Wise
Dynamically Powered Read Port for Low Switching Power and Ultralow RBL

Leakage”, IEEE Transactions on Very Large Scale Integration (VLSI) Systems,

25(4), 1193-1203, April 2017.

171



51. B. H. Calhoun, A. P. Chandrakasan, “A 256-kb 65-nm Sub-threshold SRAM
Design for Ultra-Low-Voltage Operation”, IEEE Journal of Solid-State Circuits,

42(3), 680-688, March 2007.

52. S. Gupta, K. Gupta, N. Pandey, “Pentavariate Vmin Analysis of a Subthreshold
10T SRAM Bit Cell With Variation Tolerant Write and Divided Bit-Line Read”,
IEEE Transactions on Circuits and Systems I: Regular Papers, 65(10), 3326-3337,

Oct. 2018.

53. J. P. Kulkarni, K. Kim, K. Roy, “A 160 mV Robust Schmitt Trigger Based
Subthreshold SRAM”, IEEE Journal of Solid-State Circuits, 42(10), 2303-2313,

Oct. 2007.

54. A. Feki, B. Allard, D. Turgis, J. Lafont, F. Drissi, F. Abouzeid, S. Haendler,
“Sub-threshold 10T SRAM bit cell with read/write XY selection”, Solid-State

Electronics, 106, 1-11, 2015.

55. I.J. Chang, J. Kim, S. P. Park, K. Roy, “A 32kb 10T Subthreshold SRAM Array
with Bit-Interleaving and Differential Read Scheme in 90nm CMOS”, IEEE
International Solid-State Circuits Conference - Digest of Technical Papers, San

Francisco, CA, USA, 388-622, 2008.

56. T. Song, S. Kim, K. Lim, J. Laskar, “Fully-gated ground 10T-SRAM bitcell in

45nm SOI technology”, Electronics Letters, 46, 515-516, 2010.

57. S. Gupta, K. Gupta, B. H. Calhoun, N. Pandey, “Low-Power Near-Threshold
10T SRAM Bit Cells With Enhanced Data-Independent Read Port Leakage for
Array Augmentation in 32-nm CMOS”, IEEE Transactions on Circuits and

Systems I: Regular Papers, 66(3), 978-988, March 2019.

172



58. G. Prasad, N. Kumari, B. Mandi, M. Ali, “Design and statistical analysis of low
power and high speed 10T static random access memory cell”, International

Journal of Circuit Theory and Applications, 48(8), 1319-1328, 2020.

59. S. Ahmad, M. K. Gupta, N. Alam, M. Hasan, “Single-Ended Schmitt-Trigger-
Based Robust Low-Power SRAM Cell”, IEEE Transactions on Very Large Scale

Integration (VLSI) Systems, 24(8), 2634-2642, Aug. 2016.

60. V. Sharma, S. Vishvakarma, S. S. Chouhan, K. Halonen, “A write-improved
low-power 12T SRAM cell for wearable wireless sensor nodes”. International

Journal of Circuit Theory and Applications, 46, 2314— 2333, 2018.

61. A. Sachdeva, V. K. Tomar, “A Schmitt-trigger based low read power 12T SRAM

cell”, Analog Integrated Circuits and Signal Processing, 105, 275-295, 2020.

62. R. F. Hobson, “A New Single-Ended SRAM Cell with Write-Assist”, IEEE
Transactions on Very Large Scale Integration (VLSI) Systems, 15(2), 173-181,

Feb. 2007.

63. R. W. Mann, J. Wang, S. Nalam, S. Khanna, G. Braceras, H. Pilo, B. H. Calhoun,
“Impact of circuit assist methods on margin and performance in 6T SRAM”,

Solid-State Electronics, 54(11), 1398-1407, 2010.

64. V. Chandra, C. Pietrzyk, R. Aitken, “On the efficacy of write-assist techniques
in low voltage nanoscale SRAMs”, Design, Automation & Test in Europe

Conference & Exhibition (DATE 2010), Dresden, 345-350, 2010.

65. M. M. Khellah, A. Keshavarzi, D. Somasekhar, T. Karnik, V. De, “Read and

write circuit assist techniques for improving vcecmin of dense 6T SRAM cell”,

173



Proceedings - IEEE International Conference on Integrated Circuit Design and

Technology, ICICDT, 185-188, 2008.

66. S. Pal, S. Bose, W. H. Ki, A. Islam, “Characterization of half-select free write

assist 9T SRAM cell”, IEEE Trans Electron Devices, 66(11), 4745-4752, 2019.

67. F. B. Yahya, H. N. Patel, V. Chandra, B. H. Calhoun, “Combined SRAM
read/write assist techniques for near/sub-threshold voltage operation”,
Symposium - 6th Asia Symposium on Quality Electronic Design (ASQED), Kula

Lumpur, Malaysia, 1-6, 2015.

68. S. Borkar, “Design challenges for 22 nm CMOS and beyond”, IEEE International

Electron Devices Meeting (IEDM), 1-1, Dec. 2009.

69. F. Olivera, A. Petraglia, “Analytic boundaries for 6T-SRAM design in standby
mode”, 29th Symposium on Integrated Circuits and Systems Design (SBCCI), 1-

6, 2016.

70. Ruchi, S. Dasgupta, “Challenges of low power SRAM design in Nanoscale Era”,

Conference on Emerging Devices and Smart Systems (ICEDSS), 179-183, 2016.

71. S. Thompson, P. Packan, M. Bohr, “MOS Scaling: Transistor Challenges for the

21st Century”, Intel Technology Journal, Q3, 1998.

72. ITRS: International technology road map for semiconductors, test and test

equipments, http://www.itrs2.net/.

73. T.D. Burd, T. A. Pering, A. J. Stratakos, R. W. Brodersen, “Dynamic voltage
scaled microprocessor system”, IEEE Journal of Solid-State Circuits, 35(11),

1571-1580, Nov. 2000.

174



74. D. Kilani, B. Mohammad, M. Alhawari, H. Saleh, M. Ismail, “Power

Management for Wearable Electronic Devices”, Springer Nature, 2020.

75. N Maroof et al., “Charge-sharing read port with bitline pre-charging and sensing
scheme for low-power SRAMSs”, International Journal of Circuit Theory and

Applications, 45(9), 1231-1248, 2017.

76.S. Narendra, S. Borkar, V. De, D. Antoniadis, A. Chandrakasan, “Scaling of stack
effect and its application for leakage reduction”, International Symposium of Low

Power Electronic and Design, 195-200, Aug. 2001.

77. V. Bhatnagar, P. Kumar, N. Pandey, S. Pandey, “A boosted negative bit-line
SRAM with write assisted cell in 45 nm CMOS technology”, Journal of

Semiconductors, 39, 1-12, 2018.

78. L. Clark, “Managing Standby and Active Mode Leakage Power in Deep Sub-
micron Design”, Proceedings of the 2004 International Symposium, Newport

Beach, CA, USA, 274-279, 2004.

79. K. Seta, H. Hara, T. Kuroda, M. Kakumu, T. Sakurai, “50% active-power saving
without speed degradation using standby power reduction (SPR) circuit”, Solid-
State Circuits Conference, Digest of Technical Papers. 41st ISSCC, 1995 IEEE

International, San Francisco, CA, USA, 318-319, 1995.

80. V. Kursun, S. A. Tawfik, Z. Liu, “Leakage-Aware Design of Nanometer SoC”,
Proceedings IEEE International Symposium Circuits Systems (ISCAS), 3231-

3234, May 2007.

175



81. H. Kawaguchi, K. Nose, T. Sakurai, “A super cut-off CMOS (SCCMOQS) scheme
for 0.5 V supply voltage with picoampere stand-by current”, IEEE Journal of

Solid-State Circuits, 35, 1498-1501, Oct. 2000.

82. H. Qin, Y. Cao, D. Markovic, A. Vladimirescu, J. Rabaey, “SRAM leakage
suppression by minimizing standby supply voltage”, Proceedings - International

Symposium on Signals, Circuits and Systems, 55-60, 2004.

83. P. Verma, A. K. Sharma, V. S. Pandey, A. Noor, A. Tanwar, “Estimation of
leakage power and delay in CMOS circuits using parametric variation”,

Perspectives in Science, 8, 760-763, 2016.

84. K. Roy, S. Mukhopadhyay, H. Mahmoodi-Meimand, “Leakage current
mechanisms and leakage reduction techniques in deep-submicrometer CMOS

circuits”, Proceedings of the IEEE, 91(2), 305-327, Feb 2003.

85. M. Guduri, V. Dokania, R. Verma, A. Islam, “Minimum energy solution for ultra-

low power applications”, Microsystem Technology, 25(5), 1823-1831, 2019.

86. T. H. Kim, J. Liu, J. Keane, C. H. Kim, “A 0.2 V, 480 kb subthreshold SRAM
with 1 k cells per bitline for ultra-low-voltage computing”, IEEE Journal of Solid-

State Circuits, 43(2), 518-529, 2008.

87. B. Bazin, R. H. Crawford, L. J. Sevin, “Theoretical effects of overlap capacitance

upon MOS inverter output”, Proceedings IEEE, 56(6), 1088-1089, 1968.

88. N. Weste, D. Harris, “Array Subsystems. CMOS VLSI design: A circuits and
systems perspective”, 4e United States of America, Pearson/Addison-Wesley,

503-506, 2010.

176



89. G. Sery, S. Borkar, V. De, “Life is CMOS: Why chase the life after?”,

Proceedings Design Automation Conference, 78-83, 2002.

90. A. Agarwal, S. Mukhopadhyay, A. Raychowdhury, K. Roy, C. H. Kim, “Leakage
power analysis and reduction for nanoscale circuits”, IEEE Micro, 26(2), 68-80,

March-April 2006.

91. T.P. Haraszti, “CMOS Memory Circuits”, Kluwer Academic Publishers, 2000.

92. B. Amelifard, F. Fallah, M. Pedram, “Low-leakage SRAM design with dual
V/sub t/ transistors”, 7th International Symposium on Quality Electronic Design

(ISQED'06), 6-734, 2006.

93. S. G Narendra, A. Chandrakasan, “Leakage in Nanometer CMOS Technologies”,

Springer, 8-172, 2006.

94. R. Faraji, H. R. Naji, M. Rahimi-Nezhad, M. Arabnejhad, “New SRAM design
using body bias technique for low-power and high-speed applications”,

International Journal of Circuit Theory and Applications, 1189— 1202, 2014.

95. C. H. Kim, J. J. Kim, S. Mukhopadhyay, K. Roy, “A forward body-biased low-
leakage SRAM cache: Device, circuit and architecture considerations”,
Proceedings - International Symposium on Low Power Electronics and Design,

ISLPED, 6-9, 2003.

96. R. Suthar, K. S. Pande, N. S. Murty, “Leakage reduction in DT8T SRAM cell
using body biasing technique”, IEEE International Symposium on Nanoelectronic

and Information Systems (INIS), 215-219, 2017.

177



97. N. S. Kim, K. Flautner, D. Blaauw, T. Mudge, “Circuit and Microarchitectural
Techniques for Reducing Cache Leakage Power”, IEEE Transactions on Very

Large Scale Integration (VLSI) Systems, 12(2), 167-184, Feb. 2004.

98. L. T. Clark, M. Morrow, W. Brown, “Reverse-body bias and supply collapse for
low effective standby power”, IEEE Transactions on Very Large Scale Integration

(VLSI) Systems, 12(9), 947-956, Sept. 2004

99. Y. C. Lai, S. Y. Huang, “X-calibration: A technique for combating excessive
bitline leakage current in nanometer SRAM designs”, IEEE Journal of Solid-State

Circuits, 43(9), 1964-1971, Sept. 2008.

100. J. Wu, Y. Zhang, M. Zukerman, E.K.N. Yung, “Energy-efficient base-stations
sleep-mode techniques in green cellular networks: A survey”, IEEE

Communications Surveys & Tutorials, 17(2), 803-826, 2015.

101. I. Ashraf, F. Boccardi, L. Ho, “SLEEP mode techniques for small cell

deployments”, IEEE Communications Magazine, 49(8), 72-79, August 2011.

102. Yang et al., “Negative word line driver for semiconductor memories”, United

States Patent, Sep. 9, 2014.

103. S. Heo, K. Barr, M. Hampton, K. Asanovi'c, “Dynamic fine-grain leakage
reduction using leakage-biased bitlines”, Proceeding - Annual International

Symposium on Computer Architecture, ISCA, 137-147, 2002.

104. A. Karandikar, K.K. Parhi, “Low power SRAM design using hierarchical
divided bitline approach”, Proceedings - International Conference on Computer

Design, VLSI in Computers and Processors, 82-88, 1998.

178



105. B. D. Yang, L.S. Kim, “A low-power SRAM using hierarchical bit line and local

sense amplifiers”, IEEE Journal of Solid-State Circuits, 40(6), 1366-1376, 2005.

106. K. Agawa, H. Hara, T. Takayanagi, T. Kuroda, “A bitline leakage compensation
scheme for low-voltage SRAMs”, IEEE Journal of Solid-State Circuits, 36(5),

726-734, 2001.

107. J. P. Kulkarni, K. Roy, A. We, S. St, “Ultralow-Voltage Process-Variation-

Tolerant Schmitt-Trigger-Based SRAM Design”, 20, 319-332, 2012.

108. A. Saxena, A. Shrivastava, S. Akashe, “Estimation of high performance in
Schmitt triggers with stacking power-gating techniques in 45 nm CMOS
technology”, International Journal of Communication System, 27, 4369- 4383,

2014.

109. J. P. Kulkarni, K. Kim, S. P. Park, K. Roy, “Process variation tolerant SRAM
array for ultra low voltage applications”, Proceedings - Design Automation

Conference, 108-113, 2008.

110. S. Ghosh, S. Mukhopadhyay, K. Kim, K. Roy, “Self-calibration technique for
reduction of hold failures in low-power nano-scaled SRAM”, Proceedings - 43rd

Design Automation Conference, 971-976, 2006.

111. S. Mukhopadhyay, R. Rao, J. Kim, C. Chuang, “Capacitive coupling based
transient negative bit-line voltage (Tran-NBL) scheme for improving write-
ability of SRAM design in nanometer technologies”, Symposium - IEEE

International Symposium on Circuits and Systems, 384-387, 2008.

179



112. S. Mukhopadhyay, R. M. Rao, J. Kim, C. Chuang, “SRAM Write-Ability
Improvement with Transient Negative Bit-Line VVoltage”, IEEE Transactions on

Very Large Scale Integration Systems, 19(1), 24-32, 2011.

113. J. M. Rabaey, A. Chandrakasan, B. Nikolic, “Digital Integrated Circuits.

Pearson Education”, 2008.

114. L. Zhang, W. Chen, Y. Ma, J. Zheng, L. Mao, “Leakage power reduction

techniques of 55nm SRAM cells”, IETE technical review, 135-144, 2015.

115. J. Wang, S. Nalam, B. H. Calhoun, “Analyzing static and dynamic write margin
for nanometer SRAMs”, Proceedings - 13th International Symposium Low

Power Electronics Design (ISLPED), 129-134, 2008.

116. B. Rawat, P. Mittal, “ A Reliable and Temperature Variation Tolerant 7T SRAM
Cell with Single Bitline Configuration for Low Voltage Application”, Circuits

Syst Signal Process, 41, 2779-2801, 2022.

117. R. Gupta, S. Dasgupta, “Robust low power transmission gate (TG) based 9T
SRAM cell with isolated read and write operation”, International Journal of

Electronics, 109(4), 652-668, 2022.

118. E. Shakouri, B. Ebrahimi, N. Eslami, M. Chahardori, “Single-ended 10T SRAM
cell with high yield and low standby power”. Circuits Syst. Signal Process., 40,

3479-3499, 2021.

119. Abbasian, E., Gholipour, M. Design of a Highly Stable and Robust 10T SRAM

Cell for Low-Power Portable Applications. Circuits Syst Signal Process, 2022.

180



120. E. Abbasian, F. I1zadinasab and M. Gholipour, "A Reliable Low Standby Power
10T SRAM Cell With Expanded Static Noise Margins,” in IEEE Transactions

on Circuits and Systems I: Regular Papers, vol. 69, no. 4, pp. 1606-1616, 2022.

121. X. Wang, B. Cheng, A. R. Brown, C. Millar, A. Asenov, “Statistical variability
in 14-nm node SOI FIinFETSs and its impact on corresponding 6T-SRAM cell
design”, Proceedings of the European Solid-State Device Research Conference

(ESSDERC), 113-116, 2012.

122. P. Kerber, R. Kanj, R. V. Joshi, “Strained SOI FINFET SRAM Design”, IEEE

Electron Device Letters, 34(7), 876-878, July 2013.

123. M. Darwich, A. Abdelgawad, M. Bayoumi, “A Survey on the power and
robustness of FINFET SRAM”, IEEE 59th International Midwest Symposium on

Circuits and Systems (MWSCAS), 1-4, 2016.

124. T. Song et al.,, “13.2 A 14nm FIinFET 128Mb 6T SRAM with VMIN-
enhancement techniques for low-power applications”, IEEE International Solid-
State Circuits Conference Digest of Technical Papers (ISSCC), San Francisco,

CA, 232-233, 2014.

125. R. B. Almeida, C. M. Marques, P. F. Butzen, F. R. G. Silva, R. Ricardo, C.
Meinhardt, “Analysis of 6 T SRAM cell in sub-45 nm CMOS and FinFET

technologies”, Microelectronics Reliability, 88-90(6), 196-202, 2018.

126. H. Farkhani, A. Peiravi, J. M. Kargaard, F. Moradi, “Comparative study of
FinFETs versus 22nm bulk CMOS technologies: SRAM design perspective”,

27th IEEE International System-on-Chip Conference (SOCC), 449-454, 2014.

181



127. S. Karapetyan, U. Schlichtmann, “20nm FinFET-based SRAM cell: Impact of
variability and design choices on performance characteristics”, 14th
International Conference on Synthesis, Modeling, Analysis and Simulation

Methods and Applications to Circuit Design (SMACD), 1-4, 2017.

128. S. Sinha, G. Yeric, V. Chandra, B. Cline, Y. Cao, “Exploring sub-20nm FinFET
design with Predictive Technology Models”, DAC Design Automation

Conference, 283-288, 2012.

129. C. Meinhardt, A.L. Zimpeck, R.A.L. Reis, “Predictive evaluation of electrical
characteristics of sub-22nm FIinFET technologies under device geometry

variations”, Microelectronics Reliability, 54(9-10), 2319-2324, 2014.

130. F. G. R. G. da Silva, P. F. Butzen, C. Meinhardt, “PVT variability analysis of
FinFET and CMOS XOR circuits at 16nm”, IEEE International Conference on

Electronics, Circuits and Systems (ICECS), 528-531, 2016.

131. J. P. Kulkarni et al., “5.6 Mb/mm 2 1R1W 8T SRAM Arrays Operating Down
to 560 mV Utilizing Small-Signal Sensing With Charge Shared Bitline and
Asymmetric Sense Amplifier in 14 nm FinFET CMOS Technology”, IEEE

Journal of Solid-State Circuits, 52(1), 229-239, 2017.

132. B. H. Calhoun, A. P. Chandrakasan, “Static noise margin variation for sub-
threshold SRAM in 65-nm CMOS”, IEEE Journal of Solid-State Circuits, 41(7),

1673-1679, 2006.

133. M. Limachiaetal., “A near-threshold 10T differential SRAM cell with high read
and write margins for tri-gated FInFET technology”, Integration, VLSI Journal,

Elsevier, 61, 125-137, 2018.

182



134.S.S. Ensanetal., “A Low-Power Single- Ended SRAM in FINFET Technology”,
International Journal of Electronics and Communications, AEU, 99, 361-368,

2019.

183



PUBLICATIONS

List of Journal Papers:

1.

M. Gupta, K. Gupta, N. Pandey, “ A Data-Independent 9T SRAM Cell with
Enhanced lon/lorr Ratio and RBL Voltage Swing in Near Threshold and Sub-
Threshold Region”, International Journal of Circuit Theory and Applications,

Wiley, 49, 4, 953-969, 2021. (SCI Journal with Impact Factor: 2.038)

M. Gupta, K. Gupta, N. Pandey, “Comparative Analysis of the Design Techniques
for Low Leakage SRAMSs at 32nm”, Journal of Microprocessors and Microsystems,

Elsevier, 85, 1-19, 2021. (SCI Journal with Impact Factor: 1.526)

M. Gupta, K. Gupta, N. Pandey, “A Novel PVT-Variation Tolerant Schmitt-
Trigger Based 12T SRAM Cell with Improved Write Ability and High lon/lorr
Ratio in Sub-Threshold Region”, International Journal of Circuit Theory and
Applications, Wiley, 49, 11, 3789-3810, 2021. (SCI Journal with Impact Factor:

2.038)

List of International Conference Papers:

4.

M. Gupta, K. Gupta, N. Pandey, “A 32-nm Sub-Threshold 9T SRAM Bitcell with
Improved Read and Write performance”, International Conference on Advances
in Computing, Communication Control and Networking (ICACCCN), IEEE, 781-

787, 2018.

M. Gupta, K. Gupta, N. Pandey, “A Design of Low Leakage Cache SRAM cell

for High Performance Processors”, Journal of Information and Optimization

184



Sciences, 40(2), Taylor and Francis, 279-290, 2019.

M. Gupta, K. Gupta, N. Pandey, “A 22nm 10T FinFET SRAM Cell with
Improved Read and Write performance in Sub-Threshold Region”, 8th

International Conference on Signal Processing and Integrated Networks (SPIN),

IEEE, 452-457, 2021.

185



