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Abstract
In this article, a Schmitt trigger based 12-Transistors(ST12T) static random-access memory (SRAM) bit-cell has been

proposed. The Read Power of proposed cell is reduced by 29.17%/ 24.14% /7.66% /5.87% /7.67% /16.62% when compared

to 6T/ 7T/ TA8T/ 9T/ PPN10T/ D2p11T SRAM cells. Proposed ST12T cell also shows 1.52� and 1.86� lesser variability

in read current and read power respectively as compared to conventional 6T SRAM cell. Further, the write access time/read

access time of the proposed topology are improved by 1:71� =1:82� as compared to 6T SRAM cell. The read power delay

product of proposed ST12T cell is minimum with variation in supply voltage from 0.5 to 1 V when compared with all

considered SRAM cells. ST12T SRAM cell also exhibits 26.82% and 8.87% higher read static noise margin and write

static noise margin respectively as compared to conventional 6T SRAM cell. This may be attributed to Schmitt trigger

design of inverters in core latch of proposed SRAM cell. The proposed bit-cell is free from half select issue and supports bit

interleaving format. Authors have used cadence virtuoso tool with Generic Process Design Kit 45 nm technology file to

carry out simulation.

Keywords Read stability � Low power � Process variation � Static random-access memory (SRAM) � Write ability �
Half select

1 Introduction

Improvement in integration density and device perfor-

mance are logical outcomes of aggressive transistor scaling

with each technology generation. The standby power

reduction is crucial in battery operated devices such as

portable medical equipment, IoT devices, cell phones etc.

The effective solutions to control enhanced leakage power

is reduction in supply voltage or improvement in circuit

level techniques. Minimizing supply voltage is a tested and

effective measure as it declines dynamic power in quad-

ratic manner [1]. Therefore, supply voltage scaling

becomes a major focus in low power design. However,

with the reduction in supply voltage, the increase in sen-

sitivity of various parameters of circuit to process

variations is also observed [2]. The circuit operation is also

limited by process variations, specifically in memory

topologies, where many similar circuits are interconnected

to execute required operation [3]. In a system-on-chip

(SOC) device, embedded memories are expected to occupy

80–85% of total die area [4]. Intra-die variations in nano-

scaled SRAM bit-cells include line edge roughness (LER),

random dopant fluctuations (RDF) etc. These variations

may result in threshold voltage mismatch between end- to-

end placed transistors in embedded memory [5].Further-

more, many techniques such as dynamic Vdd, source bias-

ing [6] etc. have been adopted in order to minimize process

variation impact. At higher voltage levels, the aspect ratio

enhancement is most popular way to improve read and

write stability of memory circuits. However, increase in

transistor dimensions may also lead to further enhancement

of leakage current. In deep sub-micrometer technology

lowering of supply voltage becomes challenging due to

reduced static noise margins specifically during read

operation [7]. This degradation in SRAM parameters may

get influenced further with variation in operating condi-

tions such as temperature. It may also lead to flipping of

data during standby mode of device. As an Illustration,
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substantial variation in data retention voltage (DRV) can be

observed with variation in temperature at different process

corners [8]. DRV is the minimum supply voltage in SRAM

cell for which data can be stored reliably. Many factors

such as threshold voltage, sizing constraints etc. are

responsible to impact DRV [9]. Moreover, rise in threshold

voltage can be observed with increase in transistor width as

depicted in Fig. 1(a). The 8–10% variation of threshold

voltage is noticed as the NMOS transistor width is

increased from 120 to 450 nm. Subsequently, fixing the

topology with minimal variation in width to length ratio of

transistors is another major design aspect. The conven-

tional six transistors static random-access memory (re-

ferred to as conv. 6T SRAM hereafter) cell, shown in

Fig. 1(b), suffers from static noise margin reduction with

supply voltage scaling. In order to execute non- destruc-

tive, read and write operations cell ratio, CR (pull down

transistor width to access transistor width ratio) and pull-up

ratio, PR (pull-up transistor width to access transistor width

ratio) should be kept greater than one and less than or equal

to one respectively. This condition is widely understood as

access transistor sizing (ATS). At higher supply voltages,

transistor sizing is sufficient to ensure correct functioning

of conv. 6T static memory circuit. The increased local and

global process variations at low voltage levels reduce the

read and write margins of conv. 6T SRAM cell to unde-

sirable levels. Apart from these challenges half select dis-

turbance issue is also required to be resolved in order to

support complex array mechanisms such as bit interleaving

format.

2 Related works

In order to address aforementioned static memory design

issues, several configurations of static random access

memory bit-cells have been reported. Farkhani et al. [10]

presented a modified version of 6T SRAM cell for low

voltage operation. This topology followed the single end

read operation and required write assist circuit. Another

attempt to reduce read and write power was made by

Chang et al. [11]. Author proposed a differential read/write

8T circuit that was driven by its bit-line pair. However, the

proposed topology was not tested to process variations.

Single ended feedback controlled 8T SRAM cell topology

was presented [12] to attain low leakage power. Further,

12T SRAM topologies [13, 14] were projected for low

power applications. However, impact of variability of read

current and read power during process variations were not

taken in to consideration. Furthermore, few topologies

[15, 16] attempted to enhance stability parameters along

with reduced stand-by power. liu et al. [16] projected 9T

SRAM cell topology in order to enhance read SNM of bit-

cell with decline in leakage power. The sleep transistor

logic was utilized in cell for controlling leakage current. A

7T SRAM cell was proposed by Ansari et. al [17] for

enhancement of RSNM of the topology. The effect of

process variations on performance of cell is also presented.

Though the topology dissipates high read power. Different

techniques such as WRE8T [18], read decoupled [19],

common word line with tunable access [20] etc. were

investigated for simultaneous enhancement of read stability

and write ability without any assisting circuitry.

Many topologies based on differential write and read

operation have been also investigated. This include

topologies with sleep NMOS [13, 18], read buffers

[21–23], and swing voltage control [24, 25] to reduce

power while maintaining stability. P-P-N based 10T

SRAM cell [26, 27] exhibited tolerance to process varia-

tions. Half-select issue of these cells were eliminated in

order to achieve bit interleaving capability. Though, these

topologies had higher access time during read and write

operations. Furthermore, Sharma et al. [28] proposed a data

dependent power supplied SRAM cell for expanded write/

read noise margin and low leakage operation. The read

stability and write ability issues were addressed simulta-

neously in [28] by employing read decoupled technique.

Also, the circuit in this topology takes liberty to substan-

tially reduce hold power due to data aware power supplied

technique. This also make circuit capable for addressing

IoT applications. Half select issue was also addressed in

this cell. 7T SRAM topology [29] displayed improvement

in various performance matrices viz. read current, read

power etc., as compared to that of standard 6T SRAM cell.

However, this topology makes use of read assist circuitry

and necessitates silicon area, which is a substantial trade-

off as seen in current demand for higher memories and

reduced device sizes. Ahmed et al. [30] proposed another

robust 11T SRAM cell which replaced conventional

inverter in core latch with Schmitt trigger inverter for

(a) (b)

Fig. 1 a Threshold voltage versus transistor width. b Conventional 6T

SRAM Cell
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enhancement in several performance matrices of SRAM

cell. A hybrid circuit is proposed which utilized both

schmitt trigger as well as conventional inverter in its core

latch [31].

Yamaoka et al. [32] predicted that the minimum voltage

on which a circuit can perform correct read and write

operation is limited by process variations. Therefore, in

order to accommodate the above discussed vital challenges,

a single ended read and differential write Schmitt trigger-

based 12-T (ST12T) SRAM cell is proposed with following

features:

(i) The read power dissipation is observed as mini-

mum when compared with all considered cells.

(ii) In proposed ST12T SRAM cell, write access time

is minimum of all considered cells which signify a

reasonable improvement in write performance.

(iii) The read static noise margin and write static noise

margin are improved by 26.82% and 8.93%

respectively, when compared with conv. 6T

SRAM cell. Also, the proposed cells works at

minimum data retention voltage when compared

with all considered cells

(iv) The read power delay product is minimum among

all considered SRAM cells.

The proposed circuit, single ended read and differential

write Schmitt trigger-based 12-T SRAM cell hereafter will

be referred to as, ST12T. As mentioned in Table 1, the

proposed ST12T cell is compared with conv. 6T, 7T [17],

8T [20], 9T [16], 10T [26] and D2p11T [28] SRAM cells.

Presented article is organized in following way. Sec-

tion 3 details about the circuit description along with half

select issues. The observations and analysis of proposed

ST12T SRAM cell parameters along with the comparison

with conv. 6T, 7T [17], 8T [20], 9T [16], 10T [26] and

D2p11T [28] SRAM cells are discussed in Sect. 4. Finally,

concluding remarks are given in Sect. 5.

3 Proposed ST12T SRAM cell design

3.1 Inverter based on Schmitt trigger design

A number of researchers have reported about the conven-

tional cross coupled inverter latch parameters such as sta-

bility, access time, Ion/Ioff ratio etc. These parameters

doesn’t behave promising with scaling of supply voltage.

Said parameters may be improved at lower supply voltage

with modification in core latch inverter structure. Kulkarni

et al. [33] utilized a Schmitt- trigger inverter to achieve

improved inverter characteristic. Schmitt- trigger (ST)

behaves like a comparator that incorporates positive feed-

back. The basic ST inverter utilized for design is shown in

Fig. 2(a). The difference in DC characteristics of ST

inverter and conventional inverter for low to high transition

of input data at 1V supply voltage is depicted in Fig. 2(b).

Let us consider the input transition from 0 to 1. For con-

ventional inverter, the transition in output starts from 1 to 0

as soon as the voltage at input approaches to threshold

voltage Vth of pull-down transistor. However, for ST-in-

verter when output voltage is high the feedback NMOS

transistor(NF) is switched on and this ensures the voltage at

node X at Vdd. In addition to this transistor N2 also add-up

certain resistance in ground path. Therefore, the minimum

voltage required to switch the output from high to low,

known as switching threshold, will be higher and switching

time gets reduced.

The capacitance Cgd of transistor N1 in ST-inverter

connects input to output. If in case, input is changed

instantaneously from 0 to VDD, the voltage over Cgd will

also instantaneously change from VDD to -VDD. However,

this can only happen in case infinite current flows through

Cgd. When input of an ST-inverter suddenly rises from 0 to

VDD, this will turn on transistors N1 and N2 and switches

off transistor P1. Transistor N1 in ST-inverter can-not sink

constant current unless it crosses Vx (voltage at node X).

Also, even in that case current will be far from infinite

value. Therefore, Cgd can only decrease its value slowly. At

the precise instance where the input switches, the output

will have to follow same amount of voltage. Therefore, Cgd

Table 1 Different bit-cell topologies considered for comparison

Cell Feature Conv. 6T 7T [17] 8T [20] 9T [16] 10T [26] D2p11T [28] Proposed 12T cell

Read/Write Diff./Diff. Diff./Diff. Diff./Diff. Diff./Diff. Diff./Diff. SE/Diff. SE/Diff.

Bit-lines 2-BL/BLB 2-BL/BLB 2-BL/BLB 2-BL/BLB 2-BL/BLB 3-BL/BLB/ RBL 2-BL/BLB

Control Signals 1-WL 2-WL/RWL 2-WL/CWL 2-WR/RD 2-WL/VGND 4-WL/RWL /ZWL/RGND 3- WL/WLB/RWL

Area 1 1.41 1.44 2.13 2.57 2.44 2.96

SE:Single ended, WL:Word Line, RD:read, VGND:Virtual Ground, RWL:Read word line, Diff.:Differential, RBL:Read bit-line, CWL:control

word line, RGND:Read path ground, WLB:Inverted Word-line signal
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(of N1) fight over the output voltage with other capacitance

present at the output. The output voltage will also depend

on those output capacitance. In the end, this causes the

output to jump over some smaller voltage which appears in

the form of spike [34]. In case we attach the capacitance at

the output, the peak of spike will get smaller. However, the

slew rate at the output will also get smaller.

Another added advantage of ST based SRAM is higher

static noise margin due to improved inverter characteristic.

Though, the ATS conflict of read stability and write ability

still pertains in [33] (see Fig. 3(a)). Hence, a modified

version of [33] was proposed in [35] (see Fig. 3(b)) which

utilized separate signals to control NF transistor in core

latch. In [33] gate node of NFL and NFR transistors are

controlled by Q and QB node respectively whereas in [35]

separate WL signal is provided for controlling gate node of

these transistors. Since, with active NF transistor it is dif-

ficult to execute write operation due to voltage

development at VX node. The situation becomes severe in

case of process variations because a weak ‘0’ will also add

some voltage to VX node and this may result in write

failure. Therefore, [35] improved the feedback mechanism

and further resolved destructive read issue to certain level.

Another effort to resolve this challenge has been made in

presented article.

3.2 Detailed ST12T cell architecture

Figure 4(a) shows the schematic design of projected ST12T

SRAM topology. The read ‘1’ operation of proposed circuit

is depicted in Fig. 4(b). Table 2 summarizes the status of

control signals for different operations i.e. hold state, write

and read operations. The projected topology operates in

single ended mode during read operation and in differential

mode for write operation. Proposed topology is asymmet-

rical and carries twelve transistors(12T). Transistors N1,

N2, N3 and P2 form the right-hand side ST inverter of core

latch. Whereas, transistors P3, N5, N6 and N7 forms the

left-hand side ST inverter. In the presented work, we have

employed N4 and N8 as separate access transistors for

write and read operations and their gate controlled by RWL

and WL signals respectively. Hence, it is possible to adjust

the size of transistors of both inverters to improve write

ability and read stability simultaneously. In order to

address ATS issue, the read operation is kept single sided

and write process is operated in differential mode. Low

voltage at WL signal during read operation keeps left

inverter silent. Therefore, the W/L ratio of right-hand side

inverter is maintained for maximizing the read static noise

margin. During write operation, transistor P1 and transistor

N9 are turned off to make left-hand side inverter weaker

than its complement [18]. In order to evaluate the switch-

ing threshold voltage Vsth (at node QB) during low to high

transition, first we need to calculate voltage at node X i.e.

VX . The drain current can be written as,

ID ¼ A:exp
VGS þ gVDS

mkT
q

 !
: 1� e

�VDS
kT
q

� �
ð1Þ

where T is temperature, m is body effect coefficient, g is

drain induced barrier lowering coefficient and A is directly

proportional to W/L ratio of transistor. Since, the VDS for

the present case is above 150mV, therefore, the term

1� e
�VDS
kT
q

� �
can be ignored. The simplified equation turns

out to be,

ID ¼ A:exp
VGS þ gVDS

mkT
q

 !
ð2Þ

(a) (b)

Fig. 2 a Schmitt trigger (ST) based inverter design [33]. b DC

Characteristics of conventional inverter versus ST inverter for 0 ! 1

transition

Fig. 3 a ST-based SRAM design [reported in [33]]. b Improved

version of ST- based SRAM circuit [reported in [35]]
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Since both sides of the proposed circuit are not symmet-

rical. Let us first take the case of right-hand side of pro-

posed topology represented in Fig. 4(a) which is being used

for read operation. At node QB ¼ Vout,

IP2 ¼ IN1 ð3Þ

From Eqs. 2 and 3

AP2:exp
ðVdd � VinÞ þ gP2ðVdd � VoutÞ

mP2kT
q

 !

¼ AN1:exp
ðVdd � VinÞ þ gN1ðVdd � VoutÞ

mN1kT
q

 ! ð4Þ

Hence,

AP2

AN1
¼

exp ðVdd�VinÞþgP2ðVdd�VoutÞ
mP2kT

q

� �

exp ðVdd�VinÞþgN1ðVdd�VoutÞ
mN1kT

q

� � ð5Þ

Taking log on both sides

ln
AP2

AN1
¼ ðVdd � VinÞ þ gP2ðVdd � VoutÞ

mP2kT
q

 !

� ðVdd � VinÞ þ gN1ðVdd � VoutÞ
mN1kT

q

 ! ð6Þ

kT

q
ln
AP2

AN1
¼ ðVdd � VinÞ þ gP2ðVdd � VoutÞ

mP2

� �

� ðVdd � VinÞ þ gN1ðVdd � VoutÞ
mN1

� � ð7Þ

Also, we have assumed that the switching threshold of

transistors at input and output of left inverter is VSthl. Now

it can be rewritten as,

VX ¼ 1þ mN1ð1þ gP2Þ
mP2ð1þ gN1Þ

� �
VSthl �

mN1ð1þ gP2Þ
mP2ð1þ gN1Þ

� �

Vdd �
kT

q

� �
ln
AP2

AN1

� �
mN1

ð1þ gN1Þ

� �
ð8Þ

Assuming that,

kT

q

� �
ln
AP2

AN1

� �
mN1

ð1þ gN1Þ

� �
¼ d ð9Þ

From Eqs. 8 and 9,

VX ¼ 1þ mN1ð1þ gP2Þ
mP2ð1þ gN1Þ

� �
VSthl

� mN1ð1þ gP2Þ
mP2ð1þ gN1Þ

� �
Vdd � d

ð10Þ

For the case, mN1 ¼ mP2 and gP2 ¼ gN1, then VX can be

rewritten as,

VX ¼ 2VSthl � VDD � d ð11Þ

Further, node X, IN1 þ IN3 ¼ IN2

Fig. 4 a Proposed ST12T SRAM cell schematic. b Read ‘1’ operation

Table 2 Operation table of Proposed ST12T SRAM cell

Signals Read operation Write operation Hold state

RWL Vdd Vdd GND

WL GND Vdd GND

WLB Vdd GND Vdd

Analog Integrated Circuits and Signal Processing (2020) 105:275–295 279
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AN1:exp
ðVin � VXÞ þ gN1ðVout � VXÞ

mN1kT
q

 !

þ AN3:exp
ðVout � VXÞ þ gN3ðVdd � VXÞ

mN3kT
q

 !

¼ AN2:exp
ðVinÞ þ gN2ðVXÞ

mN2kT
q

 !
ð12Þ

For the case, mN1 ¼ mN2 ¼ mN3 ¼ mN and

gN1 ¼ gN2 ¼ gN3 ¼ gN , Eq. 12 becomes,

AN1:exp
ðVin � VXÞ þ gNðVout � VXÞ

mNkT
q

 !

þ AN3:exp
ðVout � VXÞ þ gNðVdd � VXÞ

mNkT
q

 !

¼ AN2:exp
ðVinÞ þ gNðVXÞ

mNkT
q

 !
ð13Þ

Since we have assumed that the switching threshold of

transistors at input and output is VSthr, Eq. (13) becomes,

AN1:exp
�VSthr þ Vdd þ dþ gNð�VSthr þ Vdd þ dÞ

mNkT
q

 !

þ AN3:exp
�VSthr þ Vdd þ dþ gNð�2VSthr þ 2Vdd þ dÞ

mNkT
q

 !

¼ AN2:exp
VSthr þ gNð2VSthr � Vdd � dÞ

mNkT
q

 !

ð14Þ

Numerical solution of Eq.14 can be obtained to find

switching threshold voltage VSthr. Value of AN for various

transistors be contingent upon process conditions. During

read operation, signal WL is kept on logic low and signals

RWL and WLB are maintained at logic high as shown in

Table 2. Subsequently, transistors P2, N3, N5, N6 and N8

remain switched off in case we assume bit ‘1’ and bit ‘0’ at

node Q and node QB respectively as represented in

Fig. 4(b). The complement bit ‘0’ is shown on right hand

side inverter.

The read waveform and bit-lines status during read

operation is represented in Fig. 5(a). The write operation in

projected circuit is differential and no assist circuitry for

write operation is required. Signal WL and RWL are kept

at logic ‘high’ whereas WLB signal is kept logic ‘low’

during write operation. The major requirements for correct

write operation are strong write access transistor and

incapacitated feedback loop. WLB signal is kept low and at

the same time gate voltage of P1 transistor is kept at logic

high for weakening of feedback loop. Figure 5(b) presents

the cell signaling scheme to portray status of used signals

during write operation. The feedback by strong inverter on

right side of latch confirms generation of complement

signal at QB node. This is can be noticed from

Fig. 5(b) that as soon as WLB is activated, the weak one at

node Q becomes strong one because at the same moment,

supply voltage from P1 transistor is also activated. This

also reduces write power during write operation.

Following transistor sizing strategies are considered for

proposed ST12T SRAM cell topology.

(i) Similar to conv. 6T SRAM cell design, for

lowering the pull-up ratiotransistors P1, P2 and

P3 are maintained at minimal width

(ii) Transistors N2 and N9 are kept strongest as these

are responsible for discharge of present voltage to

ensure logic ‘low’ on observed node

(iii) Since NMOS is good pass of ‘0’, therefore,

feedback transistors N3 and N7 are kept at lower

width

(iv) Access transistors N4 and N8 are crucial to

maintain conduction path between bit-lines and

(a)

(b)

Fig. 5 a Read waveform. b Write waveform of Proposed ST12T

SRAM cell
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accessed cell during write and read operations and

thus, must be kept a little wider.

(v) Pull-down transistors N1, N5 and N6 are moder-

ately strengthened as they are vital to retain

effective resistance during standby mode.

3.3 Half select issue

SRAM bit cell suffers from soft error issue (sometimes

referred to as single event upset problem) during its array

implementation. Incorrect stored datum is the common

interpretation of soft error issue. This may be due to cosmic

rays or radiation of alpha particles from packaging mate-

rials. Subsequently, these alpha particle radiation leads to

impact ionization of electrons at effected nodes. Further-

more, the scaling of transistors to nano-meter regime along

with reduction in supply voltage make SRAM more sus-

ceptible to single event upset issue. Temperature and pro-

cess variations may also enhance the vulnerability of static

memory bit-cells to soft error issue [36]. Three possible

case of occurrence of single event upset are shown in

Fig. 6(a). In first case, single bit is affected by a particle

strike. Though, hamming error correcting codes are enough

to resolve this issue [37, 38]. But in second case, the par-

ticle hit effects more than one bit of the word. This event

can-not be corrected easily by error correcting codes. To

resolve this problem, adjacent bits of a word are not kept

side by side. This scheme is called bit interleaving

arrangement as shown in third case of Fig. 6(a). Solution of

half select issue is crucial as it is a prerequisite for

implementation of bit-interleaving scheme. This further

allows pitch matching of layout between peripheral and

proposed cell array. Generally, the major challenge while

implementing static random-access memory circuits with

single end read or single end write operation is ascribed to

half select issue [39]. In this case, variation (low/high) of a

particular signal for enable/disable of row/column to exe-

cute either read or write operation while implementing an

array is required to be performed with utmost precision.

This means that other bit-cells which are not intended to be

selected should not be affected by variation of that signal.

This challenge is widely understood as half-select issue. In

present case, whenever a write or read operation is per-

formed for a bit-cell in array, other bit-cells in those

Fig. 6 a Different cases of soft errors. b Selected, Un-selected and Half-selected bit cells in 2�2 array. c Half-selected row and column

representation in array. d Write ’1’ Operation in selected cell. e Write ’1’ Operation in Column Half-Selected cell
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row/columns are required to remain in hold state for that

duration.

The 2� 2 array of proposed ST12T cell is depicted in

Fig. 6(b). This array is sufficient to understand the presence

of selected, row-half selected and column half selected

cells. However, it is inevitable to mention here that, all the

cells in selected cell’s row and column will remain in half-

select mode. This can be seen from Fig. 6(c). Therefore, the

parameters of all row half-selected and Column half-se-

lected SRAM cells will be adjusted in accordance with

description given in this section. Generation of WL and RD

signal is critical to eradicate row half-select issue during

write and read operation. The signals must be generated in

such a way that half selected and un-selected bit-cells

should maintain standby state. Table 2 suggests that while

executing read operation RWL and WLB signals must

maintain logic ‘1’ whereas WL should remain on logic ‘0’.

Rest of the cells are required to have WLB at logic ‘1’ and

rest signals at logic ‘0’ to attain standby mode. Similar

pattern is required to be followed during write operation.

The RWL and WL signals are required to be kept at logic

’1’ for successful differential write operation in the pro-

posed cell. Also, for weak left inverter operation, the WLB

is required to maintained at logic low as shown in Fig. 6(d).

However, during column half selected write operation, WL

signal gets switched off. consequently, P1 transistor also

starts conducting. In addition to this, WLB signal gets logic

high and changed status of these signals make SRAM cell

unable to write the data present over bit line as shown in

Fig. 6(e). Most of the cells which are considered for

comparison excluding PPN10T [26] are susceptible to half

select issue. However, it can be observed from Fig.6(b) that

un-selected and half-selected cells in investigated 2�2

array of proposed ST12T cell remain in stand-by mode

during read and write operation of selected cell.

4 Simulation results and discussion

4.1 Simulation set-up

To simulate proposed ST12T SRAM cell and various cells

considered for comparison, cadence virtuoso tool and

Generic Process Design Kit (GPDK) 45-nm process tech-

nology file is used. Monte-Carlo (MC) simulation with

minimum 2000 samples have been carried out for analyz-

ing the effect of process variations [29, 30, 40] on various

simulated results of proposed topology. The cell is also

analyzed for variation in temperature and on different

process corners. For investigation of global and local

parametric variability impact, variation in channel doping

concentration, channel width (W),channel length (L),and

oxide thickness (tox) [40] have been assumed. These

parameters are presumed to have a normal Gaussian dis-

tribution with 3r variations of 10%.In the following sub-

sections, critical performance parameters of proposed

ST12T SRAM cell have been compared with that of con-

sidered existing cells.

4.2 Stability

In this article, stability of SRAM cell has been investigated

in terms of Static Noise Margin (SNM). Minimum DC

noise that is sufficient to modify the present stored bit of

SRAM cell is understood as static noise margin. This

means that for achieving robustness, the SRAM topology

must have higher SNM values for read, write and standby

mode. The feedback and biasing effects are also examined

while analyzing SNM of considered bit-cells. The SNM

can be evaluated by observing the length of maximum

possible square in any of lobes of symmetric butterfly

curve. Though, in case of asymmetric butterfly curve the

SNM is assessed by length of maximum possible square in

smaller lobe [41].

4.2.1 Stand-by static noise margin

Dense SRAM is vital for realization high performance

system-on-chip design with low power. SRAM is used in

standby mode for preservation of data. Thus it is of utmost

importance to have reliable data retention in hold state.

Hold static noise margin (referred to as HSNM, hereafter),

signify the maximum amount of DC noise voltage that a

SRAM cell can tolerate without affecting the stored data

during standby mode. Graphical butterfly VTC curve

method [42] is applied to measure HSNM of considered

SRAM cells. Figure 7(a) represents VTC butterfly curve

plots of proposed ST12T SRAM cell and conv. 6T SRAM

cell. Also, comparison of SNM during hold state of conv.

6T SRAM cell and proposed cell at diverse supply voltages

is investigated in Fig. 7(b). This can be observed from

Fig. 7(b) that there is narrow gap between HSNM of conv.

6T SRAM cell and projected ST12T SRAM cell. This may

be due to similar cross coupled inverter structure of both

SRAM cells. Though, the HSNM of proposed ST12T

SRAM cell is better even at low voltages because of use of

Schmitt trigger inverter structure that has better VTC

characteristics. The asymmetric VTC curve is attributed to

single end read structure. Also, the variation in temperature

has small effect on hold SNM of a bit cell [15]. The aspect

ratio of transistors in core latch needs to be carefully

maintained for maximum resistance towards data flipping.

Also, the stack transistor N9 in left inverter also adds up to

data hold stability during stand-by mode. The MC simu-

lation of HSNM for proposed ST12T cell and its compar-

ison with conv. 6T SRAM cell and D2P11T cell is
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represented in Fig. 8. The mean value to Hold SNM for

proposed topology is 1.69� better than that of D2ps11T

cell. The mean hold margin of proposed topology is pretty

close to conv. 6T SRAM cell even with stacked devices.

Optimally sized core latch transistors may be attributed for

this improvement.

4.2.2 Data retention voltage

One of the simplest methods for ultra-low power design is

scaling of supply voltage. A few methodologies e.g. sleep

transistor [25], stack transistor [28], buffers method [43]

etc. are also utilized by researchers for reduction of leakage

current during standby mode. Though the data retention

voltage (DRV) may become the limiting parameter in

implementing these strategies. The supply voltage must be

above DRV for avoiding hold failures during data retention

mode [9]. The butterfly curve method is used to observe

DRV of proposed SRAM cell and attained results are

compared with that of various considered cells. The HSNM

curve is drawn to investigate DRV with minimum voltage

for which area within curve declines to approximately

‘zero’ value [44] as shown in Fig. 9. Further, to investigate

sensitivity of proposed cell towards DRV temperature is

varied from - 20 to 100 �C. DRV of proposed ST12T cell

is compared with that of considered cells with aforesaid

temperature variation in Fig. 10(a). It can be observed from

Fig. 10(a) that the DRV of the memory bit cell increases

with decline in temperature below 27 �C. Though, similar

shift of DRV is observable for all considered SRAM bit

cells as shown in Fig. 10(a). This may be attributed to

increase mobility of electrons with rise in temperature.

Consequently, transistor become active early and may get

incapacitated to remain stuck with present data. It can be

observed that ST12T structure seems to lose its advantage

in terms of DRV compared with other structures at 100-

degree temperature. DRV is investigated in hold state in

which core latch is involved. It can be noticed that during

hold state in 6T SRAM cell core latch, 1-PMOS and 1-

NMOS device remain active. However, in proposed cell

core latch, 4-NMOS and 2-PMOS devices remain active

during hold state. Electron mobility is approximately three

times higher than that of hole mobility which helps core

latch of proposed cell to hold the data during standby mode

at lower voltage. The mobility of charge carriers in tran-

sistors decreases with rise in temperature. Due to this

transistor become unable to hold the data for longer period

of time [44]. This is the key reason of rise in DRV.

However, with increase in temperature, electron mobility

reduces more than that of hole mobility [45]. Since there

are greater number of active NMOS transistors in proposed

design during hold state whose mobility is degraded with

rise in temperature, therefore, it lose the advantage of lower

DRV at 100-degree temperature. This is worth noticing that

DRV of proposed ST12T SRAM cell is minimum among

(a)

(b)

Fig. 7 a VTC of Proposed ST12T cell during standby Mode.

b HSNM versus Supply Voltage

Fig. 8 Variability analysis for HSNM comparisons for Conv. 6T cell,

D2p11T cell, and Proposed ST12T cell Fig. 9 VTC of Proposed ST12T cell for observing DRV [44]
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all considered cells. This may be owed to voltage devel-

oped at by feedback transistors in Schmitt trigger inverter

design. Furthermore, the 7T SRAM cell shows the worst

DRV i.e. nearly 1.76� more than proposed ST12T cell at

all temperature values. Also, Process variation become

dominant with scaling of supply voltage which impact

SRAM cell reliability. Therefore, for reliable storage of

data, it is very much necessary to analyze data retention

voltage of SRAM cell in presence of process variations.

Sensitivity and reliability of circuit under process corner

variations [8] with variation in temperature has also been

investigated. The DRV variation for proposed topology at

each process corner with temperature ranging from - 20 to

100 �C is shown in Fig. 10(b). The maximum DRV at

lower temperature is noticed in SNSP (slow NMOS, slow

PMOS) process corner at - 20 to 100 �C.

4.2.3 Read stability

The voltage scaling intensifies the issue of read stability

due to voltage dividing effect in conv. 6T cell. The read

stability of SRAM cell is often dictated in terms of read

static noise margin (RSNM). During execution of read

operation SRAM cell is most prone to noise. Consequently,

the voltage at node storing ‘0’ slightly enhances and vice

versa. The possible solution to expand the read margin

includes read decoupled structure [19], read assist circuit

[29] etc. Though, in proposed ST12T cell, Schmitt trigger

inverter is utilized to improve read stability.Also,

strengthening of driver transistor improves cell ratio.

However, it is further affected by strength of read access

transistor. Therefore, RSNM is more crucial than HSNM

[46]. Figure 11(a) shows that butterfly curve used to

determine RSNM. Length of maximum possible square in

smaller lobe of butterfly curve gives estimate of read

margin. In proposed circuit, single end read arrangement is

used to evade ATS conflict. Though no ‘read upset’ issue is

observed during bit-cell design. Figure 11(b) shows the

comparison between read stability of the SRAM cells at

each voltage at 27 �C.
NMOS transistor performance is also impacted by

inverse narrow width effect (INWE). Driver transistors in

left inverter are stacked in proposed topology which makes

it slightly weaker than right side inverter. Subsequently,

stronger pull-down transistor in right side inverter of pro-

posed cell have higher threshold voltage (Vth) in compar-

ison with that of Conv. 6T SRAM cell. The transistors with

higher value of Vth are more rigid to change the state i.e.

from ‘on state’ to ‘off state’ and vice versa. Due to usage of

Schmitt trigger inverter improvement in read margin of

proposed cell is attained as compared to conv. 6T SRAM

cell. Also, the potential division at QB node gets enhanced

with increase in supply voltage. This is owed to lower

resistance offered by pull-down transistor. Hence, the

proposed cell achieves 1.25� higher read margin than that

of conv. 6T SRAM cell. Width of N1 transistor is the

(a)

(b)

Fig. 10 DRV versus Temperature a For considered cells (b) at

different process corner for Proposed ST12T cell

(a)

(b)

Fig. 11 a VTC of Conv. 6T, 7T, 8T, D2p11T and Proposed ST12T

Cell. b RSNM versus Supply Voltage
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limiting parameter for read margin in proposed topology.

The RSNM of 9T SRAM cell is almost equivalent to its

HSNM. This may be attributed to decoupled access tran-

sistor structure for read operation. However, trade-off for

this improvement in topology is enhancement in power

dissipation during read operation.

4.2.4 Write ability

The ability of SRAM topology to flip the stored value

during write operation is often determined by write static

noise margin (WSNM). The various methods to find

WSNM include Bit-line voltage sweep [47, 48], word line

sweep [49, 50], and analytical method [51]. For investi-

gating WSNM in this work butterfly curve method [52]is

used. In this method, storage node Q is swept from 0 to Vdd

and the voltage at the storage node QB is monitored to

attain read voltage transfer characteristic (RVTC) curve.

As the differential write method is used in this work,

hence, Bit-lines are pre-charged to Vdd while keeping RD

on logic ‘1’ during RVTC plotting. For plotting WVTC,

voltage is observed at storage node Q while sweeping QB

from 0 to Vdd. The side length of the smallest square, that

can be fitted between RVTC and WVTC curves is quan-

tified as WSNM. For effective and successful write oper-

ation in proposed circuit storage node Q is required to be

pulled below trip point of right-hand side inverter. Pro-

posed cell must overcome sink current through stacked

pull-down transistor N6 and transistor N9 and also flip the

other inverter as well for attaining successful write

operation.

Also, the write signal is deteriorated by potential divi-

sion effect between pull down transistors and access tran-

sistors of left inverter. However, to eradicate this problem

stack transistor N9 is switched off to weaken the driver

transistor of left inverter. Once the left side inverter

changes its state, the feedback will support other inverter to

change the storage data. We have already calculated the

switching voltage of right-hand side inverter by Eq. 14.

The switching threshold of left inverter,VSthl can be cal-

culated as given below, considering VSN6 ¼ VDN9 ¼ Vy,

and also at node X1, IN5 þ IN7 ¼ IN6 þ IN9,

AN5:exp
ðVin � VX1Þ þ gN5ðVout � VX1Þ

mN5kT
q

 !

þ AN7:exp
ðVout � VX1Þ þ gN7ðVdd � VX1Þ

mN7kT
q

 !

¼ AN6:exp
ðVin � VyÞ þ gN6ðVX1 � VyÞ

mN6kT
q

 !

þ AN9:exp
ðVddÞ þ gN9ðVyÞ

mN9kT
q

 !

ð15Þ

when WLB¼ Vdd, considering VX ¼ VX1 ¼ 2VSthl�
Vdd � d, and For the case, mN5 ¼ mN6 ¼ mN7 ¼ mN9 ¼ mN

and gN5 ¼ gN6 ¼ gN7 ¼ gN9 ¼ gN9, Eq. 15 simplifies to,

AN5:exp
�VSthl þ Vdd þ dþ gNð�VSthl þ Vdd þ dÞ

mNkT
q

 !

þ AN7:exp
�VSthl þ Vdd þ dþ gNð�2VSthl þ 2Vdd þ dÞ

mNkT
q

 !

¼ AN6:exp
�VSthl � Vy þ gNð2VSthl � Vdd � d� VyÞ

mNkT
q

 !

þ AN9:exp
Vdd þ gNðVyÞ

mNkT
q

 !

ð16Þ

where

Vy ¼
2

3

kT

q

� �
ln
AN6

AN9

� �
mN

ð2gNÞ

� �
� 2

3

VSthl þ Vdd

ð2gNÞ

� �
ð17Þ

Numerical solution of Eq. 16 can be obtained to find

VSthl. Value of AN for various transistors be dependent upon

process conditions. Write static noise margin is measured

at 406 mV for 1 V supply voltage for proposed ST12T cell

that is 8.87% higher than that of conv. 6T SRAM cell.

Figure 12(a) shows the comparison of WSNM of proposed

ST12T cell with reported work at different supply voltages.

Furthermore, write margin of proposed topology is

observed as better than 6T, 8T,9T and 10T SRAM cells as

portrayed in Fig. 12(a). Figure 12(b) shows MC transient

response for 2000 samples run at 0.7 V supply voltage and

27 �C temperature for proposed ST12T SRAM circuitry.

This is worth noticeable that out of 2000 samples, no write

case has gone unsuccessful. The Q and QB node change

their state as soon as WL signal gets high. The write

margin of proposed cell can be further expanded by
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enhancing width of N8 transistor. However, in such a case

leakage power gets enhanced further and Ion=Ioff ratio is

declined as trade off.

4.3 Dynamic power dissipation

The key parameter in SRAM topology design is Power

dissipation. Curtailing switching and swing voltage is

critical for reduction in power dissipation [53]. The read

power dissipation plot with variation is supply voltage for

proposed ST12T SRAM cell and various considered cells

for comparison is shown in Fig. 13(a). At 1V supply

voltage the read power of proposed cell is significantly

reduced by 29.17% when compared with that of conv. 6T

SRAM cell. Single bit line read operation in proposed

ST12T cell leads to reduction in power dissipation. It may

be due to smaller power consumption for bit-line pre-

charging before read operation. Also, maximum power at

internal read node rises to Vdd only half of the time. Hence,

reduction in swing voltage is observed. These factors lead

to least power consumption of proposed ST12T SRAM cell

among the all considered cells with variation in supply

voltage from 0.5V to 1V. The maximum read power

consumed by conv. 6T and 7T SRAM cells. This may be

due to greater swing voltage at access transistor nodes.

Figure 13(b) shows write power dissipation plot of differ-

ent SRAM cells at variable supply voltages. It can be

observed that increase in write power dissipation of pro-

posed topology is less sharp than other considered cells

with variation in supply voltage. At 1 V supply voltage the

write power dissipation of proposed topology is 9.5% les-

ser than that of conv. 6T cell. It can be observed from

Fig. 13(b) that, 7T SRAM cell consumes minimum write

power. It is attributed to asymmetrical core latch and usage

of dual NMOS transistors in place of access transistor in its

topology. The single end write technique employed in this

cell uses only one PMOS transistor in right hand side of

core latch. This technique reduces the voltage swing at one

node of SRAM cell significantly and therefore results in

reduction of power dissipation during write operation.

Further, the trade-off between write and read power dissi-

pation can effortlessly be inferred from Fig. 13(a, b).

(a)

(b)

Fig. 12 a WSNM versus Supply Voltage. b MC simulation plot for

Proposed ST12T cell for write operation

(a)

(b)

Fig. 13 a Read Power versus Supply Voltage. b Write Power versus

Supply Voltage
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4.3.1 Process variation analysis for read power

The Monte-Carlo (MC) simulation of read power dissipa-

tion with 4000 samples at 3r process variations is inves-

tigated to analyze impact of process variations. This

variation is also contrasted with that of conv. 6T SRAM

cell, 10T cell, and D2P11T cellat 0.8V supply voltage. The

major observations of comparison are plotted in Fig. 14(a).

This can be inferred from Fig. 14(a) that proposed ST12T

cell dissipates 2.066lWmean read power which is 43.49%,

21.74% and 20.84% less than that of conventional 6T cell,

10T cell and D2P11T cell respectively. Variability analysis

is comprehensive assessment of behavior of pattern and

degree of disparity for a given quantity with respect to

variation in given parameter. Fig. 14(a) shows variability

(r=l) comparison of conv. 6T, 10T, D2p11T, and proposed

ST12T cell at 0.8 V supply voltage. Further, variability for

read power of proposed ST12T cell is observed with

variation in supply voltage i.e. at 0.5 V, 0.8 V and 1 V as

depicted in Fig. 14(b). This can be concluded from

Fig. 14(b) that, the variability of proposed ST12T SRAM

cell shrinks with upsurge in supply voltage. Also, we have

extended variation analysis to process corners. MC

simulation is performed for 4000 samples at 1V supply

voltage at various process corners. Figure 15(a, b) depict

MC simulation results of process corner variation for read

power dissipation of proposed ST12T cell. The maximum

read power dissipation was noticed for FNFP (Fast NMOS,

Fast PMOS) process corner i.e. 6.93 lW which is followed

by SNFP process corner (slow NMOS, Fast PMOS) at 6.77

lW. The expected gap between mean read power values at

extreme process corners (FNFP, SNSP & FNSP, SNFP)

can be observed from Fig. 15(a). This has been reported in

literature [29] that at SNFP process corner NMOS tran-

sistor behaves weaker than PMOS transistor assuming the

equivalent size of both transistors. This may be owed to

superior current drive capability of PMOS transistor at

lower threshold voltage. This reason can further be attrib-

uted for higher mean read power consumption observed at

FNFP (fast NMOS, fast PMOS) corner i.e. 6.93lW. The

least mean power dissipation is noted at SNSP (slow

NMOS, slow PMOS) corner i.e. 2.56lW as represented in

Fig. 15(b).

(a)

(b)

Fig. 14 a Variability investigation of mean read power for considered

SRAM cells. b Mean read power analysis for Proposed ST12T cell at

different supply Voltage (4000 samples)

(b)

(a)

Fig. 15 a Min,Max and Mean Read Power dissipation and b Vari-

ability investigation of process corners for proposed ST12T circuit at

1 V supply voltage (4000 samples)
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4.4 Leakage power

The power dissipation from the SRAM cell during idle

condition is understood as leakage power. Current leaking

transistors of proposed ST12T cell during stand-by mode

are shown in Fig. 16(a). Transistors with crossed sign in

Fig. 16(a) signify to be in ‘off’ state. These transistors

contribute significantly to the leakage power of proposed

topology. In addition to core latch of proposed cell tran-

sistors N3 and N7 are also powered by supply voltage. This

further contributes to leakage power during idle mode.

Also, combined effect of large width of access transistors

and highly resistive pull-down path of left inverter con-

tributes to significant enhancement of leakage power. A.

Islam et al. [42] have revealed that the minimization of gate

leakage is important to suppress the leakage power as

portrayed in Fig.16(b). Though, in proposed cell, the

minimization of static power is not that effective. This may

be owed to domination of subthreshold leakage current

(Isub). In proposed topology, stacking effect in left inverter

further hinders the suppression of leakage power. Besides,

the large width of access transistor on right side leads to

quadratic rise in leakage power (R 9 I2leakage) . The com-

parative plots for hold ‘0’ and hold ‘1’ power vs supply

voltage is shown in Fig.17(a, b) respectively. The proposed

ST12T cell dissipates smaller leakage power in contrast

with considered 10T SRAM cell. Though, careful investi-

gation of plots shows that hold ‘0’ power of proposed cell

upsurges sharply with increment in supply voltage when

compared with that of hold ‘1’ power. At 1V supply

voltage, proposed ST12T topology dissipates 1.559 and

1.389 higher hold ‘0’ and hold 1’ leakage power respec-

tively as compared to that of conv. 6T SRAM cell. Table 3

shows details of comparison of proposed ST12T cell with

conv. 6T SRAM cell for leakage power. The off-state

transistors and transistors in core latch contribute signifi-

cantly to the leakage power of proposed topology. In

addition to core latch of proposed cell transistors N3 and

N7 are also powered by voltage source equivalent to supply

voltage. This further contributes to leakage power during

idle mode. Also, combined effect of large width of access

transistors and highly resistive pull-down path of left

inverter contributes to significant enhancement of leakage

Fig. 16 a Proposed ST12T circuit during hold ‘1’ mode. b Gate leakage current components in a short-channel device (Adopted from [42])

(a)

(b)

Fig. 17 a Hold ‘0’ power of considered cells versus Supply Voltage.

b Hold ‘1’ power of considered cells Vs. Supply Voltage
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power. In proposed cell, the minimization of static power is

not that effective. This may be owed to domination of sub-

threshold leakage current, Isub. In proposed topology,

stacking effect in left inverter further hinders the suppres-

sion of leakage power. It can be noticed from Table 3 that,

although there are 39 more transistors are there in core

latch which are active during hold state, yet the power

dissipation rises to 1.59 only. This may be attributed to

adjustment of aspect ratios to minimize the leakage to best

possible level and getting maximum possible improve-

ments. In comparison to conv. 6T SRAM cell, proposed

ST12T cell improves in terms of read power (1.579), read

current (1.049), RSNM (1.379), WSNM(1.109),

DRV(1.119), Read access time (1.469), write access

time(2.159) and power delay product of read(3.199) and

write (1.789). However, it trades off in terms of leakage

power (1.59).

4.5 Cell current

Cell current (hereafter referred to as Ion) is another key

parameter of static random-access memory cell design.In

proposed ST12T topology cell current is observed during

read operation as numeric addition of drain current of N4

transistor (IDN4) and source current of N1 transistor (ISN1).

Ion, also known as read current, is significantly affected by

sizing constraints of transistors. For reliable and faster read

operation, large cell current is important. The cell current

strength of considered SRAM cells during read operation is

compared in Fig. 18(a). Read current of projected ST12T

topology is improved by 1.44% when compared with that

of conv. 6T SRAM cell. Although read current in proposed

cell is improved by 1.44%, yet, this improvement is less

than expected due to following reasons. Two transistors are

connected in series in ST-structure, which increases the

effective pull-down width of transistor that should improve

the read current. However, this also increases the resistance

due to stacking of two transistors (resistance in series). In

case, the width of transistors is further increased, to further

improve the read current, this also increases the leakage

current, which is highly undesirable. Additionally, this can

be noted that with scaling of supply voltage, read current

for all considered cells declines in approximately linear

fashion. During the execution of read operation of a par-

ticular cell other cells in that row/column of array are

required to remain in idle mode. Though the bit-line

Table 3 leakage power comparison of proposed ST12T cell and Conv. 6T SRAM

Parameter Conv. 6T SRAM cell Proposed ST12T cell Change

Total Number of transistors in the cell 6 12 2�
Total Number of transistors in core latch 4 10 2.5�
Total Number of transistors active during hold state 2 6 3�

Supply voltage(V) Leakage power (PW) Leakage power (PW)

0.5 4.984 7.528 1.5�
0.6 6.932 10.5469 1.5�
0.7 9.227 14.13 1.5�
0.8 11.912 18.3506 1.5�
0.9 15.0505 23.2752 1.5�
1 18.735 29.1 1.5�

(a)

(b)

Fig. 18 a Read current versus Supply voltage. b Ion/Ioff ratio versus

Supply Voltage
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leakage current (hereafter referred to as Ioff ) incessantly

flows through the idle transistors during that period. The

contributing devices for leakage current are shown in

Fig.16(a). Combined leakage from all the cells in same

column may lead to false read [43]. To investigate Ioff ,

voltage levels of RD and WR are lowered to logic ‘0’.

Ion=Ioff ratio dictates the number of SRAM bit-cells that

can be connected with a bit-line [54]. The variation of

Ion=Ioff ratio with supply voltage is plotted on logarithmic

scale in Fig. 18(b). Since read current enhances with

increase in supply voltage, therefore, Ion=Ioff ratio also

follows the same pattern. Less Ion=Ioff ratio for proposed

topology is attributed to higher Ioff values.

4.5.1 Process variation analysis

The Monte-Carlo (MC) simulation of cell current with

4000 samples at 3r process variations is investigated in this

section. The variability results are compared with that of

conv. 6T SRAM cell. Efficiency of projected topology is

noticeable in weak inversion region. The simulations are

performed with 4000 samples each at 27 �C temperature

and 0.5V supply voltage. Figure 19(a) shows that projected

topology is observed with lower variability and 18.68%

higher mean cell current as compared to conv. 6T SRAM

cell. Figure 19(b) depicts the MC simulation results for

investigating variability of proposed ST12T SRAM cell at

different supply voltages i.e. 0.5V,0.8V, and 1V. It can also

be noticed from Fig. 19(b) that variability of read current

increases with scaling of supply voltage. Additionally,

mean read current, standard deviation and variability

analysis of cell current at different process corners is

shown in Fig. 20(a). This is thought provoking for

researchers that although the cell current maximizes at

FNFP (Fast NMOS, FAST PMOS) corner, the variability is

least in this process corner. Besides, mean values of Ion=Ioff
ratio and variability for proposed topology with different

bit voltages have been investigated and shown in

Fig. 20(b).

4.6 Read/write access time

Access time is the major concern that dictates the perfor-

mance of topologies while implementing low power

strategies. In this section authors have explored read access

time and write access time (Twa) of the proposed circuit in

comparison with considered topologies. Read delay or read

(a)

(b)

Fig. 19 Variability comparison of a Read current for Proposed ST12T
cell with conv. 6T SRAM cell. b Read current for Proposed ST12T

cell at different supply voltages

(a)

(b)

Fig. 20 a Read current variability at 1V for process corners and b
variability comparison for Ion=Ioff ratio at different supply voltages

(4000 samples)
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access time (Tra) for a single ended bit-cell is the time

elapsed while discharging bit line to a distinguishable gap

from its initial pre-charge level after activation of read

word line signal. Whereas, for differential SRAM cells,

read access time is the time elapsed in discharging one of

the bit-lines to a distinguishable gap from voltage level of

other bit line after activation of read word line signal. With

these methodologies, contrast of read access time for pro-

posed ST12T cell with other considered cells is plotted in

Fig. 21(a). The Tra of proposed ST12T topology is calcu-

lated from the moment RD pin rise to Vdd/2 until the bit

line is discharged to Vdd/2. The discharge via transistors

N1, N2 and transistor N4 are accountable for delay of

proposed bit cell. This can further be observed from

Fig. 21(a) that, read delay of proposed ST12T topology at

1V supply voltage is minimum of all considered topologies

at 1V supply voltage. Further, the proposed topology shows

minimum write access time Twa when compared with

considered cells as the supply voltage is varied from 0.6V

to 1V. At 1V supply voltage write access time is approx-

imately 1.719 times lesser than that of conv. 6T SRAM

cells as shown in Fig. 21(b). This is worthy to mention here

that write methodology is differential in both cases i.e.

proposed cell and conv. 6T SRAM cell. For all considered

cells access time (both read and write) worsens with scal-

ing of supply voltages. However, write back operation is

tested for process corners also and it executed accurately.

4.7 Power delay product

Supply voltage reduction is widely accepted technique for

reducing power dissipation. Though, rise in access is also

observed with reduction in supply voltage. The novel

proposed circuits usually claim of reduction in dissipated

power with minimum effect on access time. Therefore, as a

determining factor for potential enhancement for a certain

topology, power delay product is calculated [55]. Read

power delay product is calculated by multiplying read

power and read access time for a particular supply voltage

and similar pattern is followed for write power delay

product. Figure 22(a) displays read power delay product

(RPDP) plot for considered topologies to compare at dif-

ferent supply voltages. This can be observed from

Fig. 22(a) that read power delay product of proposed

ST12T cell is minimum at 1V supply voltage when com-

pared with all considered cells. Furthermore, read power

delay product for proposed SRAM cell is approximately

(a)

(b)

Fig. 21 a Read access time of considered cells versus Supply voltage.

b Write access time of considered cells vs Supply Voltage

(a)

(b)

Fig. 22 a RPDP versus Supply voltage. b WPDP versus Supply

voltage
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2.579 less than that of conv. 6T cell. This improvement

may be attributed to declined bit line capacitance on single

ended read bit-line. Beyond, Fig. 22(b) shows write power

delay product (WPDP) comparison of all considered cells.

WPDP of proposed circuit is 1.89 less when compared

with that of conv. 6T cell at 1V supply voltage. It is worthy

to mention here that at this point the WPDP of proposed

ST12T topology is minimum of all considered cells except

7T SRAM cell. Minimum value of WPDP of 7T SRAM

cell may be attributed to minimal write power dissipation.

It is interesting to note here that 7T SRAM cell dissipates

11.799 times less write power when compared to proposed

topology. However, the WPDP of 7T SRAM cell is 5.869

times less when compared with proposed topology.

4.8 Area considerations

Fast differential sensing and simplified layout implemen-

tation are two basic advantages that have made conv. 6T

SRAM cell an industry standard. Aspect ratio of devices

must be considered essentially while achieving various

performance factors such as leakage power, read/write

power dissipation, stability and access time parameters up

to their noteworthy level. We have already discussed the

considerations for adjustment of width to length ratio of

various transistors. Figure 23(a, b) shows the layout of

proposed 12T cell and conv. 6T SRAM cell using 45 nm

technology design rules. The cell areas are normalized to

that of Conv. 6T SRAM cell. The proposed cell and

7T,8T,9T,10T and 11T SRAM cells show the area over-

head of 2.969, 1.419, 1.449, 2.139, 2.579 and 2.449 as

compared to conv. 6T SRAM cell. The area requirement in

proposed cell is higher due to increased transistors number

to get comparable performance. Layout has been tested

primarily for DRS rules for 45 nm technology file and RC

extraction is performed post checking LVS connections.

For similar number of transistors, complexity of circuit is

also an important measure for variation of area. Beyond,

other design challenges while making layout of bit-cell

include formulating a even layout, evading bends and

avoiding misalignment etc. However, stricter micrometer

rules usage may lead to further area reduction thereby

realizing more compact cell.

5 Conclusion

In this work, authors have proposed a reduced read power,

minimum data retention voltage and variation-resistant

Schmitt Trigger based 12-transistors static random -access

memory bit-cell. Proposed ST12T cell resolves access

transistor sizing issue by improving read static noise mar-

gin due to utilization of Schmitt trigger inverters in core

latch. The stack transistor is added to ensure correct write

operation. The proposed circuit also minimizes the impact

of process variations and scaling of supply voltage on

various parameters.

In addition to reduction of read power, other significant

improvements of the proposed cell include enhanced read

current, write noise margin, and read/write access time.

The trade-off for these improvements of cell include

reduced Ion/Ioff ratio and enhanced area overheads. The

proposed bit-cell array is half select free and supports bit

interleaving arrangement. The results of design parameters

at 0.8V supply voltage are summarized in Table 4. Sum-

marizing, this design presents a choice for low read power

applications with low DRV and improved write access time

in nanoscale technology generation.

Fig. 23 Layout of a Proposed ST12T cell. b Conv. 6T SRAM cell

292 Analog Integrated Circuits and Signal Processing (2020) 105:275–295

123



References

1. Chandrakasan, A. P., Sheng, S., & Brodersen, R. W. (1992).

Low-power cmos digital design. IEICE Transactions on Elec-
tronics, 75(4), 371.

2. Nakagome, Y., Horiguchi, M., Kawahara, T., & Itoh, K. (2003).

Review and future prospects of low-voltage ram circuits. IBM
Journal of Research and Development, 47(5.6), 525.

3. Bhavnagarwala, A. J., Tang, X., & Meindl, J. D. (2001). The

impact of intrinsic device fluctuations on cmos sram cell stability.

IEEE Journal of Solid-State Circuits, 36(4), 658.
4. Flynn, M. J., & Luk, W. (2011). Computer system design: system-

on-chip. Hoboken: Wiley. https://doi.org/10.1002/

9781118009925.ch2.

5. Mukhopadhyay, S., Mahmoodi, H., & Roy, K. (2005). Modeling

of failure probability and statistical design of sram array for yield

enhancement in nanoscaled cmos. IEEE Transactions on Com-
puter-Aided Design of Integrated Circuits and Systems, 24(12),
1859.

6. Raychowdhury, A., Mukhopadhyay, S., & Roy, K. (2005). A

feasibility study of subthreshold sram across technology genera-

tions. In 2005 International conference on computer design (pp.

417–422). IEEE.

7. Kawaguchi, H., Itaka, Y., & Sakurai, T. (1998). Dynamic leakage

cut-off scheme for low-voltage sram’s. In 1998 Symposium on
VLSI circuits. Digest of Technical Papers (Cat. No. 98CH36215)
(IEEE, pp. 140–141).

8. Gupta, R., & Dasgupta, S. (2019). Process corners analysis of

data retention voltage (drv) for 6t, 8t, and 10t sram cells at 45 nm.

IETE Journal of Research, 65(1), 114.
9. Qin, H., Cao, Y., Markovic, D., Vladimirescu, A., & Rabaey, J.

(2005). Standby supply voltage minimization for deep sub-mi-

cron sram. Microelectronics Journal, 36(9), 789.
10. Farkhani, H., Peiravi, A., & Moradi, F. (2014). A new asym-

metric 6t sram cell with a write assist technique in 65 nm cmos

technology. Microelectronics Journal, 45(11), 1556.
11. Chang, M. F., Wu, J. J., Chen, K. T., Chen, Y. C., Chen, Y. H.,

Lee, R., et al. (2010). A differential data-aware power-supplied

(d2ps) 8t sram cell with expanded write/read stabilities for lower

vddmin applications. IEEE Journal of Solid-State Circuits, 45(6),
1234.

12. Kushwah, C., & Vishvakarma, S. K. (2015). A single-ended with

dynamic feedback control 8t subthreshold sram cell. IEEE

Transactions on Very Large Scale Integration (VLSI) Systems,
24(1), 373.

13. Yadav, N., Shah, A. P., & Vishvakarma, S. K. (2017). Stable,

reliable, and bit-interleaving 12t sram for space applications: A

device circuit co-design. IEEE Transactions on Semiconductor
Manufacturing, 30(3), 276.

14. Upadhyay, P., Kar, R., Mandal, D., & Ghoshal, S. P. (2015). A

design of low swing and multi threshold voltage based low power

12t sram cell. Computers & Electrical Engineering, 45, 108.
15. Ahmad, S., Gupta, M. K., Alam, N., & Hasan, M. (2017). Low

leakage single bitline 9 t (sb9t) static random access memory.

Microelectronics Journal, 62, 1.
16. Liu, Z., & Kursun, V. (2008). Characterization of a novel nine-

transistor sram cell. IEEE Transactions on Very Large Scale
Integration (VLSI) Systems, 16(4), 488.

17. Ansari, M., Afzali-Kusha, H., Ebrahimi, B., Navabi, Z., Afzali-

Kusha, A., & Pedram, M. (2015). A near-threshold 7t sram cell

with high write and read margins and low write time for sub-20

nm finfet technologies. Integration, 50, 91.
18. Pasandi, G., & Fakhraie, S. M. (2014). An 8t low-voltage and

low-leakage half-selection disturb-free sram using bulk-cmos and

finfets. IEEE Transactions on Electron Devices, 61(7), 2357.
19. Verma, N., & Chandrakasan, A. P. (2008). A 256 kb 65 nm 8t

subthreshold sram employing sense-amplifier redundancy. IEEE
Journal of Solid-State Circuits, 43(1), 141.

20. Wen, L., Li, Z., & Li, Y. (2012). Differential-read 8t sram cell

with tunable access and pull-down transistors. Electronics Let-
ters, 48(20), 1260.

21. Cmr, P., & Singh, A. K. (2010). Novel eight-transistor sram cell

for write power reduction. IEICE Electronics Express, 7(16),
1175.

22. Limachia, M. J., Thakker, R. A., & Kothari, N. J. (2018). Char-

acterization of a novel 10t sram cell with improved data stability

and delay performance for 20-nm tri-gated finfet technology.

Circuit World, 44(4), 187.
23. Chang, I. J., Kim, J. J., Park, S. P., & Roy, K. (2009). A 32 kb 10t

sub-threshold sram array with bit-interleaving and differential

read scheme in 90 nm cmos. IEEE Journal of Solid-State Cir-
cuits, 44(2), 650.

24. Mansore, S., & Gamad, R. (2018). A data-aware write-assist 10t

sram cell with bit-interleaving capability. Turkish Journal of
Electrical Engineering & Computer Sciences, 26(5)

25. Gavaskar, K., & Ragupathy, U. (2019). Low power self-con-

trollable voltage level and low swing logic based 11t sram cell for

Table 4 Comparison of various characteristics of considered SRAM designs at 0.8V supply voltage

Parameters Conv. 6T 7T 8T 9T 10T D2p11T ST12T

Power Read power (lW) 3.07 2.649 2.017 2.04 2.019 2.422 1.949

Write power (lW) 74.99 10.6 69.37 118.42 142.23 64.44 90.78

Read current (lA) 14.32 14.18 14.8 14.82 14.328 14.573 14.87

Ion/Ioff ratio(�106) 24.52 157.73 128.86 25.34 30.53 103.35 14.28

Stability RSNM (mV) 150 85 165 326 318 192 205

WSNM (mV) 296 360 288 325 285 350 325

DRV(mV) 69 109 75 69 90 107 62

Speed Read access time (pS) 72 82.39 47.78 65.57 52.5 51.88 49.33

Write access time (pS) 138.4 123.9 96.22 77.94 300.3 141.8 64.24

PDP Read PDP (aJ) 221.04 218.25 96.37 133.76 105.89 125.65 96.16

Write PDP (aJ) 10.38 1.31 6.67 9.23 42.71 9.13 5.83

Bold values represent the best value of that parameter out of all compared designs

Analog Integrated Circuits and Signal Processing (2020) 105:275–295 293

123

https://doi.org/10.1002/9781118009925.ch2
https://doi.org/10.1002/9781118009925.ch2


high speed cmos circuits. Analog Integrated Circuits and Signal
Processing, 100(1), 61.

26. Lo, C. H., & Huang, S. Y. (2011). Ppn based 10t sram cell for

low-leakage and resilient subthreshold operation. IEEE Journal
of Solid-State Circuits, 46(3), 695.

27. Sanvale, P., Gupta, N., Neema, V., Shah, A. P., & Vishvakarma,

S. K. (2019). An improved read-assist energy efficient single

ended ppn based 10t sram cell for wireless sensor network. Mi-
croelectronics Journal, 92, 104611.

28. Sharma, V., Gopal, M., Singh, P., Vishvakarma, S. K., &

Chouhan, S. S. (2019). A robust, ultra low-power, data-depen-

dent-power-supplied 11t sram cell with expanded read/write

stabilities for internet-of-things applications. Analog Integrated
Circuits and Signal Processing, 98(2), 331.

29. Gupta, S., Gupta, K., & Pandey, N. (2017). A 32-nm subthreshold

7t sram bit cell with read assist. IEEE Transactions on Very
Large Scale Integration (VLSI) Systems, 25(12), 3473.

30. Ahmad, S., Gupta, M. K., Alam, N., & Hasan, M. (2016). Single-

ended schmitt-trigger-based robust low-power sram cell. IEEE
Transactions on Very Large Scale Integration (VLSI) Systems,
24(8), 2634.

31. Cho, K., Park, J., Oh, T. W., & Jung, S. O. (2020). One-sided

schmitt-trigger-based 9t sram cell for near-threshold operation.

IEEE Transactions on Circuits and Systems I: Regular Papers,
67(5), 1551.

32. Yamaoka, M., Maeda, N., Shinozaki, Y., Shimazaki, Y., Nii, K.,

Shimada, S., Yanagisawa, K., & Kawahara, T. (2005). Low-

power embedded sram modules with expanded margins for

writing. In ISSCC. 2005 IEEE international digest of technical
papers. Solid-state circuits conference, 2005 (pp. 480–611).

IEEE.

33. Kulkarni, J. P., Kim, K., & Roy, K. (2007). A 160 mv robust

schmitt trigger based subthreshold sram. IEEE Journal of Solid-
State Circuits, 42(10), 2303.

34. Zaman, H., Wu, X., Zheng, X., Khan, S., & Ali, H. (2018).

Suppression of switching crosstalk and voltage oscillations in a

sic mosfet based half-bridge converter. Energies, 11(11), 3111.
35. Kulkarni, J. P., & Roy, K. (2011). Ultralow-voltage process-

variation-tolerant schmitt-trigger-based sram design. IEEE
Transactions on Very Large Scale Integration (VLSI) Systems,
20(2), 319.

36. Jahinuzzaman, S. M., Sharifkhani, M., & Sachdev, M. (2009). An

analytical model for soft error critical charge of nanometric

srams. IEEE Transactions on Very Large Scale Integration
(VLSI) Systems, 17(9), 1187.

37. MacKay, D. J. (2003). Information theory, inference and learning
algorithms. Cambridge: Cambridge University Press.

38. Hillier, C., & Balyan, V. (2019). Error detection and correction

on-board nanosatellites using hamming codes. Journal of Elec-
trical and Computer Engineering.

39. Pasandi, G., & Pedram, M. (2018). Internal write-back and read-

before-write schemes to eliminate the disturbance to the half-

selected cells in srams. IET Circuits, Devices & Systems, 12(4),
460.

40. Pal, S., & Islam, A. (2015). Variation tolerant differential 8t sram

cell for ultralow power applications. IEEE Transactions on
Computer-Aided Design of Integrated Circuits and Systems,
35(4), 549.

41. Seevinck, E., List, F. J., & Lohstroh, J. (1987). Static-noise

margin analysis of mos sram cells. IEEE Journal of Solid-State
Circuits, 22(5), 748.

42. Islam, A., & Hasan, M. (2012). Leakage characterization of 10t

sram cell. IEEE Transactions on Electron Devices, 59(3), 631.
43. Sachdeva, A., & Tomar, V. (2020). Design of a stable low power

11-t static random access memory cell. Journal of circuits, Sys-
tems and Computers, 2050206.

44. Dasgupta, S., et al. (2017). 6t sram cell analysis for drv and read

stability. Journal of Semiconductors, 38(2), 025001.
45. Ibrahim, S. N. (2017). Effect of temperature on silicon carriers

mobilities using matlab. Al-Mustansiriyah Journal of Science,
28(3), 214.

46. Islam, A., & Hasan, M. (2012). A technique to mitigate impact of

process, voltage and temperature variations on design metrics of

sram cell. Microelectronics Reliability, 52(2), 405.
47. Zhang, K., Bhattacharya, U., Chen, Z., Hamzaoglu, F., Murray,

D., Vallepalli, N., et al. (2005). A 3-ghz 70-mb sram in 65-nm

cmos technology with integrated column-based dynamic power

supply. IEEE Journal of Solid-State Circuits, 41(1), 146.
48. Wang, J., Nalam, S., & Calhoun, B. H. (2008). Analyzing static

and dynamic write margin for nanometer srams. In Proceeding of
the 13th international symposium on Low power electronics and
design (ISLPED’08) (IEEE, 2008) (pp. 129–134).

49. Takeda, K., Ikeda, H., Hagihara, Y., Nomura, M., & Kobatake, H.

(2006). Redefinition of write margin for next-generation sram and

write-margin monitoring circuit. In 2006 IEEE international solid
state circuits conference-digest of technical papers (IEEE, 2006)
(pp. 2602–2611).

50. Gierczynski, N., Borot, B., Planes, N., & Brut, H. (2007). A new

combined methodology for write-margin extraction of advanced

sram. In 2007 IEEE international conference on microelectronic
test structures (IEEE, 2007) (pp. 97–100).

51. Dasgupta, S., et al. (2017). Compact analytical model to extract

write static noise margin (wsnm) for sram cell at 45-nm and

65-nm nodes. IEEE Transactions on Semiconductor Manufac-
turing, 31(1), 136.

52. Singh, J., Mohanty, S. P., & Pradhan, D. K. (2012). Robust SRAM
designs and analysis. New York: Springer.

53. Chandrakasan, A. P., Sheng, S., & Brodersen, R. W. (1992).

Low-power cmos digital design. IEEE Journal of Solid-State
Circuits, 27(4), 473.

54. Pasandi, G., & Fakhraie, S. M. (2014). A 256-kb 9t near-

threshold sram with 1k cells per bitline and enhanced write and

read operations. IEEE Transactions on Very Large Scale Inte-
gration (VLSI) Systems, 23(11), 2438.

55. Sachdeva, A., & Tomar, V. (2020). Design of low power half

select free 10-t static random access memory cell. Journal of
Circuits, Systems and Computers. https://doi.org/10.1142/

S0218126621500730.

Publisher’s Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Ashish Sachdeva graduated with

B.Tech. in Electronics & Com-

munication engineering from

Kurukshetra University, India in

2005. He then completed his

Masters in Technology in Elec-

tronics & Communication engi-

neering at Punjab Technical

University, India. He is cur-

rently pursuing his Ph.D. in

Electronics Engineering, at

GLA University, India. Ashish

Sachdeva has worked as Assis-

tant Professor for more than 14

Years. He is currently Member

of IEEE. He has published more than 20 research papers in various

Journals and international/national conferences. His areas of interest

294 Analog Integrated Circuits and Signal Processing (2020) 105:275–295

123

https://doi.org/10.1142/S0218126621500730
https://doi.org/10.1142/S0218126621500730


in research are Low-power VLSI design, Static Random-Access

memory, and digital design.

V. K. Tomar is working as

Associate Professor in Depart-

ment of Electronics and Com-

munication Engineering, GLA

University, Mathura. He is

having 17 years of teaching

experience which includes 6

years of postgraduate teaching.

He was awarded Senior

Research Fellowship on spon-

sored project by CSIR, New

Delhi. He has authored more

than 45 technical papers in var-

ious international conferences

and journals of high repute. His

areas of interest in research include Low-power VLSI Design, High-

speed digital and analog circuits, Static Random-Access memory,

low-K and high-K dielectric material. Currently, he is a Member of

IEEE and IET.

Analog Integrated Circuits and Signal Processing (2020) 105:275–295 295

123


	A Schmitt-trigger based low read power 12T SRAM cell
	Abstract
	Introduction
	Related works
	Proposed ST12T SRAM cell design
	Inverter based on Schmitt trigger design
	Detailed ST12T cell architecture
	Half select issue

	Simulation results and discussion
	Simulation set-up
	Stability
	Stand-by static noise margin
	Data retention voltage
	Read stability
	Write ability

	Dynamic power dissipation
	Process variation analysis for read power

	Leakage power
	Cell current
	Process variation analysis

	Read/write access time
	Power delay product
	Area considerations

	Conclusion
	References




