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Design of High-Speed Low Variation Static Noise
Margin Ternary S-RAM Cells

Yogesh Shrivastava and Tarun Kumar Gupta

Abstract—In this article, two ternary SRAMs are proposed
with a lower delay than their predecessor. Both proposed SRAMs
use an improved inverter, which is a fundamental building
block of SRAMs. Due to this improvement, the speed of stor-
ing/retrieving data to/from the SRAM cells increased. The first
proposed ternary SRAM cell uses different terminals for read
and write operations to avoid the read disturb problem. The
second proposed SRAM cell does not require an additional mid-
dle voltage (0.45V) to store ternary ‘1’. The first ternary SRAM
cell requires a ternary sense amplifier to detect all the ternary
level voltages, whereas the second ternary SRAM cell uses a sim-
ple two-level voltage detection sense amplifier. Further to observe
the robustness of the proposed SRAM cells, Monte-Carlo analysis
(process variation) was conducted over average power consump-
tion, delay, power delay product (PDP), and static noise margin
(SNM) by varying the diameter of the carbon nanotube and
length of the channel.

Index Terms—Terany logic, CNFET, SRAM, average power
consumption, delay, PDP.

I. INTRODUCTION

THE NUMBER of applications requiring memory cells is
increasing nowadays. The requirement of memory cells

with low power consumption and high capacity is rising in
fast computing and communication systems. Ternary logic
can fulfill this requirement in a simple and energy-efficient
way. Digits in ternary logic are called trits; introducing an
intermediate level in the ternary logic increases the memory
cell’s capacity. The ternary logic implemented using MOSFET
(Metal Oxide Semiconductor Field Effect Transistor), either
using transistors of different thresholds or varying the tran-
sistors’ threshold voltage, by applying the appropriate voltage
to the bulk terminal [1]–[4]; these are power-consuming and
inefficient processes. Using CNFETs by exploiting their multi-
threshold function makes them a better replacement to imple-
ment ternary logic [5]–[9]. Two ternary SRAM cells proposed
in this article using CNFETs multi-threshold function by
varying their chirality.
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Fig. 1. Equivalent circuit model of CNFET.

A. CNFET

The CNFET assembly has a Single-Walled CNT (SWCNT),
which contains only one cylinder. The equivalent circuit model
of the CNFET is shown in Fig. 1 [10], [11], [24]. The angle
of atom arrangement along the tube is called the chirality vec-
tor, represented by the pair (n, m). If n = m or n − m = 3i
(i is an integer), then the CNT acts as a conductor otherwise as
a semiconductor. The diameter of CNFET (DCNT ) has given
in Eq. (1), where a0 = 0.142nm is the interatomic distance
between 2 carbon atoms [4]–[9].

DCNT =
√

3a0

π

√
(n2 + m2 + nm) (1)

Based on the chiral vector CNFET is classified into three
types, such as, armchair, zigzag and chiral; for armchair type,
chirality is (n, n), which means n = m, in zigzag type, chirality
is (n, 0); for chiral type, chirality is (n, m). In the proposed
and existing SRAM designs, the zigzag type of CNFET with
semiconductor property is required and utilized [12], [13].

I-V characteristics of CNFET is similar to MOSFET. The
threshold voltage (vth), is the voltage required to turn ON the
transistor, can be calculated as follows [14], [15], [25]

vth ≈ Eg

2e
=

√
3

3

aVπ

eDCNT
(2)

Here, a = 2.49Å is the carbon to carbon distance, Vπ =
3.033eV is the carbon π −π bond energy in the tight bonding
model, e is the unit electron charge. Effect of varying DCNT

on vth is given explicitly in Table I. Table I concludes that the
DCNT and vth are inversely proportional [13], [14].

In this article, CNFET with chirality (19, 0), (13, 0) and
(10, 0) with DCNT 1.487nm, 1.018nm and 0.783nm respec-
tively, are used [18]–[20]. All the ternary circuit designs
proposed in this article using the CNFET technology. The
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TABLE I
CHIRALITY, DCNT WITH THEIR CORRESPONDING vth FOR P-CNFET AND

N-CNFET

TABLE II
DEVICE PARAMETERS OF CNFET

CNFET’s Stanford University 32nm model file is used with
the HSPICE simulator for simulation and obtaining the
results [11]–[12]. The device parameters of CNFET are given
in Table II [10].

The structure of this article is as follows. The Existing
ternary memory cells are discussed in the following section.
Proposed ternary memory cells are discussed in Section III.
The simulation results of the proposed memory cells are sum-
marised in Section IV. Finally, the conclusions drawn are
illustrated in Section V.

II. REVIEW LITERATURE

The static ternary inverter (STI) proposed in [17], shown in
Fig. 2, were used in the SRAM cell proposed in [18], shown
in Fig. 3. The SRAM cell used a single-ended mechanism
for read and write operations. The data forced on the Write
Bit Line (WBL) to write into the memory cell through the
write transmission gates (MN1 and MP1). The read buffer
consists of transistors P-CNFET and N-CNFET, MP3, and
MN3, respectively, with chirality (10, 0) and transmission
gates (MN2 and MP2). The RBL was pre-charged to 0.45V,
and according to stored-value, RBL was charged/discharged
to 0.9V/0V or remained at 0.45V. This type of SRAM cell

Fig. 2. Static ternary inverter proposed in [17].

Fig. 3. SRAM cell proposed in [18] (TSRAM 1).

required a sense amplifier that can detect 0V, 0.45V, and 0.9V.
This SRAM cell refers to TSRAM 1 in this manuscript.

Due to the single-ended functionality of TSRAM 1, the
SNM improved with standby power consumption for ‘0’ and
‘2’ states, and the SRAM is free from the read disturb problem.
The TSRAM 1 required a ternary sense amplifier, and the
delay to write and read trit ‘1’ is higher in this SRAM.

Two ternary CNFET SRAMs based standard ternary inverter
of [17] was presented in [22], shown in Fig. 4 and 5. The chi-
rality of the CNFETs was changed to improve the SNM and to
reduce power dissipation in the 1st proposed SRAM of [22].
By increasing the chirality of CNFET used in the ternary
SRAM, read and write delay reduced, and PDP improved. In
the second proposed SRAM cell, two more transistors added,
as shown in Fig. 5, to reduce the number of bit lines during the
storage of trit ‘1’. The addition of transistors in the proposed
2nd SRAM of [22] caused a marginal increase in power con-
sumption. The 2nd proposed SRAM of [22] refer as TSRAM
2 in this manuscript. Although The SRAMs proposed in [22]
improved the delay of storing the trits over TSRAM 1, here

Authorized licensed use limited to: San Francisco State Univ. Downloaded on June 20,2021 at 22:30:44 UTC from IEEE Xplore.  Restrictions apply. 

Downloaded from https://iranpaper.ir
https://www.tarjomano.com



104 IEEE TRANSACTIONS ON DEVICE AND MATERIALS RELIABILITY, VOL. 21, NO. 1, MARCH 2021

Fig. 4. 1st SRAM cell proposed in [22].
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Fig. 5. 2nd SRAM cell proposed in [22] (TSRAM 2).

in this article, an alternative method is proposed by which the
delay is further reduces.

III. PROPOSED TERNARY S-RAMS

A. Proposed Ternary SRAM 1

The traditional SRAM cells use back to back inverter to
store the bit; additional pass transistors uses to read and write
from memory cells. The ternary inverter proposed in [17] has
two parts: one part contains four transistors, which activated
when input ‘1’ is applied, the second part contains only 2
transistors, and this part activated when the input is ‘2’ or ‘0’.
This arrangement provides delay while the input is 1, making
the circuit’s response sluggish [22]. To compensate problem,
in existing STI, an additional diode pair is introduced in par-
allel with existing diode pairs, as shown in Fig. 6. The low
delay ternary encoder circuit of [20] used the same concept.
Herewith the same concept, the SRAM cell delay for input ‘1’
reduces, and the memory cell’s response becomes faster.

Fig. 6. Proposed ternary SRAM 1.

As shown in Fig. 6, there are two transmission gates in the
proposed memory cell. One for the write operation (wbl) and
the other one for read operation (rbl). When the voltage of
the input pulse applied at ‘wwlb,’ and ‘wwl’ is greater than
the threshold voltages of transistors T1 and T2, the voltage at
‘wbl’ transfers to the memory cell.

1) When the transferred voltage is ternary ‘0’ transistor T4
becomes ON, the Vdd directly connects with node qb,
and the voltage level at qb is ternary ‘2’. When the qb
is at ternary ‘2’, transistor T12 becomes ON, node q
connects with the ground, and the voltage of node q
becomes 0.

2) When the transferred voltage is ternary ‘2’ transistor
T10 becomes ON, the voltage of node qb becomes zero,
at the same time transistor T11 becomes on and Vdd
directly connects with node q and voltage of node q
becomes high.

3) When the transferred voltage is ternary ‘1’ transistors T3
and T9 become ON and transistors T5, T7 and T6, T8
provided parallel less resistive path for current to flow
from Vdd to ground and voltage at node qb becomes
ternary1. Similarly, T13 and T18 become ON, and tran-
sistors T14, T16, and T15, T17 provided parallel less
resistive parallel path for current to flow from Vdd to
ground and voltage at node q becomes ‘1’.

The read operation depends upon the transistors T19, T20, and
transmission gates T21 and T22.

1) The rbl pre-charge with 0.45V. When the memory cell
is holding ternary ‘0’ transistor, T20 becomes ON, and
rbl discharges.

2) When the memory cell is holding ternary ‘2’ transis-
tor, T19 becomes ON, and the pre-charged rbl further
charges to vdd.

3) When the memory cell is holding ternary ‘1’ , both the
transistors T19 and T20 are OFF, and pre-charged rbl
remains at 0.45V.

This circuit requires a sense amplifier circuit, which decides
the exact level of the voltage at read output, whether
0, 1 or 2.

Authorized licensed use limited to: San Francisco State Univ. Downloaded on June 20,2021 at 22:30:44 UTC from IEEE Xplore.  Restrictions apply. 

Downloaded from https://iranpaper.ir
https://www.tarjomano.com



SHRIVASTAVA AND GUPTA: DESIGN OF HIGH-SPEED LOW VARIATION STATIC NOISE MARGIN TERNARY S-RAM CELLS 105

Vdd

(19,0)

(19,0)

(13,0) (13,0)

(13,0)
(13,0)

(10,0)

(10,0)

Vdd

(19,0)

(19,0)

(13,0)(13,0)

(13,0)
(13,0)

(10,0)

(10,0)

BL BLB

WL WLWLR

WLR
WLR

q nq

(19,0)

(19,0)
(19,0)

(19,0)

T1

T2

T3 T4 T5 T6

T7

T8

T9

T10

T11

T12

T13

T14

T15

T16 T17

T18

T19

T20

T21

T22

T23

T24

(19,0)

(19,0)

( 19 ,0)

(19 ,0 )

Fig. 7. Proposed Ternary SRAM 2.

B. Proposed Ternary S-RAM 2

The proposed S-RAM 2 is based on TSRAM 2, as shown
in Fig. 7. In this S-RAM cell, there is no extra input of 0.45V
(Ternary ‘1’) is required, due to that such type of RAMs are
closer to conventional binary RAMs: which have only 2 inputs,
0 (0V) and 1 (0.9V). In proposed SRAM 2 shown in Figure 7,
when BL is 0V, BLB is 0.9V and the pulse voltage applied at
the gate of transistors T3 and T6 is greater than the threshold
voltage, the voltage of q is 0V (Ternary ‘0’) and nq is 0.9V
(Ternary ‘2’). In this way, ternary, ‘0’ is stored in the memory
cell.

When BL is 0.9V, BLB is 0V, and the pulse voltage applied
at the gate of transistors T3 and T6 is greater than the threshold
voltage, the voltage of q is 0.9V (Ternary ‘2’) and nq is 0V
(Ternary ‘2’). In this way, ternary ‘2’ stores in the memory
cell. When BL is 0.9V, BLB is 0V, WL is 0V and WLR is high,
transistors T4 and T5 become ON. Both the inverters become
parallel to each other and applied voltage divided into half and
ternary ‘1’ stores in the memory cell. There is no requirement
for additional voltage other than 0V and 0.9V in this memory
circuit. Due to transistors T7, T8, and T21, T22 low resistive
path is provided for the current to flow from Vdd to ground.

For the read operation, the BL and BLB remained pre-
charged to Vdd or discharged through the read buffers created
by transistors T1, T2, and T23, T24 according to the stored
values. The outputs are 0.9V and 0V, 0.9V and 0.9V, and 0V
and 0.9V for stored ternary values 0, 1, and 2 respectively.

Fig. 8. Write operation of Proposed ternary SRAM 1.

This memory cell does not require the three-bit sense ampli-
fier; instead, this cell is compatible with a conventional binary
sense amplifier, similar to TSRAM 2.

IV. SIMULATION RESULTS AND DISCUSSION

All the simulations have performed using the CNFET
Stanford 32nm model [10], [11] using the HSPICE simulator.
In this model, the default chirality of CNFET is (19, 0). The
appropriate values of n1 and n2 (which represent the chirality
vectors n and m, respectively) are selected to vary the chirality.
Table I shows the default values of other parameters. The sup-
ply voltage is 0.9V. The proposed SRAMs are analyzed in a
1×128 memory structure to check the proper functioning. The
following section discusses the write and read operations of
standard and proposed SRAMs. The simulation environment
is the same as opt by Lin et al. [18], Cho and Lombardi [22]
followed the same simulation setup.

A. Write Operation

The power consumption, delay, and PDP (multiplication
of average power consumption and delay) during the write
operation of TSRAM 1, TSRAM2, Proposed SRAM 1 and
Proposed SRAM 2 are shown in Table III, Table IV, Table V
and Table VI respectively. The PDP is also related to the
energy consumption of the cell. The write operation of the
proposed ternary SRAM 1 and 2 are shown in Fig. 8 and 9,
respectively. Fig. 8 verifies the working of proposed ternary
SRAM 1, discussed in the previous section; with the first pulse
input, the data stored in the proposed SRAM 1 is cleared; with
the second pulse, ternary 2 stores in the SRAM and with third
pulse input the stored data level shift to ternary 1. Fig. 9 ver-
ifies the working of proposed ternary SRAM 2, discussed in
the previous section; with the first WL pulse input, the data
stored in the proposed SRAM 1 is cleared, with the pulse input
at WLR ternary 1 stores in the SRAM and with the third pulse
input at WL the stored data level shifts to ternary 2 from 0.
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Fig. 9. Write operation of Proposed ternary SRAM 2.

TABLE III
WRITE OPERATION OF TSRAM1 [18]

TABLE IV
WRITE OPERATION OF TSRAM2 [22]

The observation of Tables III, IV, V, and VI, concludes that
the average power consumption is minimum in the TSRAM 2;
it is 19.53% less than the TSRAM 1, 34.88% less than the
proposed ternary SRAM 1, and 38.63% less than the proposed
ternary SRAM 2. The minimum average delay observed in the
proposed ternary SRAM 2 is 55.98% less than the TSRAM
1, 49.89% less than the TSRAM 2, and 25.49% less than
the proposed ternary SRAM 1. The minimum average PDP
observed in the proposed ternary SRAM 2 is 41.30% less than
the TSRAM 1, 13.38% less than the TSRAM 2, and 15.55%
less than the proposed ternary SRAM 1. The proposed ternary
SRAM 2 provides less delay at the expense of power con-
sumption, but the overall energy consumption is less among
all the designs discussed above.

TABLE V
WRITE OPERATION OF PROPOSED TERNARY SRAM 1

TABLE VI
WRITE OPERATION OF PROPOSED TERNARY SRAM 2

TABLE VII
READ OPERATION OF TSRAM 1

TABLE VIII
READ OPERATION OF TSRAM 2

TABLE IX
READ OPERATION OF PROPOSED SRAM 1

B. Read Operation

The power consumption, delay, and PDP during the read
operation of stored trit of the TSRAM1, TSRAM2, and
proposed ternary SRAM 1 and proposed ternary SRAM 2 are
given in Table VII, VIII, IX, and X, respectively. The read
operation of proposed SRAM 1 and proposed SRAM 2 is
shown in Figure 10 and 11, respectively. From Figure 11, it
is clear that the proposed ternary SRAM 2 is compatible with
binary sense amplifier.

The minimum average power consumption during the read
operation observed in the TSRAM 2 is 23.4% less than the
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TABLE X
READ OPERATION OF PROPOSED SRAM 2

Fig. 10. Read operation of Proposed SRAM 1.

Fig. 11. Read operation of Proposed SRAM 2.

TSRAM 1, 41.25% less than the proposed ternary SRAM 1,
30.83% less than the proposed ternary SRAM 2. The mini-
mum delay observed in the proposed ternary SRAM 2, which
is 85.057% less than the TSRAM 1, 11.21% less than the
TSRAM 2 design, and 46% less than the proposed ternary

Fig. 12. VTC curve of proposed ternary SRAM 2.

SRAM 1. The PDP of the proposed ternary SRAM 2 and the
TSRAM 2 is almost the same because the proposed design’s
average delay is minimum with the trade-off with power
consumption.

C. Process Variations

The systematic and random variations in the process are
among the significant challenges in designing nanoscale
devices and circuits. It is problematic to obtain the exact
size of the parameter; therefore, the process variations
become a severe concern, negatively affecting the transistors’
performance. In this section, the impact of process variations
on parameters (power consumption, write delay, and PDP)
over existing and proposed SRAM designs are discussed and
evaluated. The deviations and mismatches in the diameter of
the nanotubes DCNT and the channel length Lch of the car-
bon nanotube transistors have the most significant impacts
on the performance of the CNFET-based circuits [23]. The
Monte-Carlo transient analysis with a reasonable number of 30
samples for each simulation is conducted using the HSPICE
simulator. The statistical significance of 30 samples is rela-
tively high. If a circuit operates appropriately for all the 30
samples, there is a 99% probability that over 80% of all the
possible component values operate correctly [23]. The dis-
tribution of the diameter and channel length is assumed as
Gaussian with 6-sigma distribution, a reasonable supposition
for large numbers of fabricated CNTs [19], [23].

The mean values of DCNT and Lch for the analysis is taken
the same as given in Table II. The mean and standard devia-
tion of the power consumption, delay, and PDP are observed.
The values obtained from the Monte-Carlo analysis enlist
in Table XI and Table XII for variation in DCNT and Lch,
respectively.

The standard deviation is the measure of how much the
samples deviate from the mean value. From Table XI, it can
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TABLE XI
PROCESS VARIATION IN DCNT

TABLE XII
PROCESS VARIATION IN Lch

be observed that, with variation in DCNT , during the write
operation, the minimum standard deviation of average power
consumption is observed in TSRAM 2, the minimum stan-
dard deviation in the delay is observed in the proposed ternary

SRAM 2. The minimum standard deviation in PDP is observed
in TSRAM 2.

The minimum standard deviation in power consumption
during the read operation is observed in the TSRAM 1, and
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TABLE XIII
READ OPERATION OF PROPOSED SRAM 2

the minimum standard deviation in the delay is observed in the
TSRAM 1 and proposed ternary SRAM 1. The DCNT varia-
tions affected TSRAM 1 and proposed SRAM 1 equally during
the read operation.

From Table XII, it can be observed that, with variation in
Lch, the minimum standard deviation of average power con-
sumption is observed in the proposed SRAM 1. The standard
deviation in delay and PDP of proposed design 1 and proposed
design 2 are similar and minimum among the discussed
designs.

Due to variation in Lch, the minimum standard deviation
of power consumption and delay during the read operation
is observed in the TSRAM 2, and the minimum standard
deviation in PDP is observed in the proposed ternary SRAM 2.

D. Static Noise Margin (SNM)

The SNM represents the stability of a memory cell, and the
SNM is defined by the maximum value of DC noise voltage
that can be tolerated by a memory cell without changing the
stored bit [18], [21]. The SNM can be graphically found by
measuring the smallest diagonal on the butterfly curve plot by
drawing the voltage transfer characteristics (VTC). The butter-
fly is plotted in Fig. 12. The butterfly curve shown in Fig. 12,
plotted by varying the DCNT and Lch. The maximum and min-
imum values of the SNM with variation in DCNT and Lch are
given in Table XIII. Observation of Table XIII shows that with
DCNT , the TSRAM1 shows the maximum value of SNM; the
minimum value of SNM is shown by proposed ternary SRAM
1. The variation in both the proposed SRAMs noted minimum
and the proposed design 2 shows the minimum difference of
36.88mV; this concludes that the SNM of the proposed design
is less affected among all the designs. With Lch variation, the
maximum value of SNM observed in the proposed SRAM 1,
the proposed SRAM 2, and TSRAM 1 maximum SNM values
are equal and minimum among all the designs. The minimum
values of SNM are almost equal in all the designs.

V. CONCLUSION

In this article, we have proposed two ternary SRAM designs
based on the existing SRAM designs. The designs deal with
the typical problem of traditional ternary SRAM’s inverters,
in which the delay while writing and reading the trit takes
a longer time than the binary memory cells. The proposed
designs have used the modified ternary inverter to speed up
storing and reading the trit to and from the cells, respectively.
Due to this, the proposed SRAM cells have acted faster to read
and write operations with the expense of power consumption;

however, the PDP is less in the proposed designs. Since it has
been challenging to obtain exact values of the diameter of car-
bon nanotube (DCNT ) and length of CNFET (Lch), and these
process variations affect the circuit designs’ performance.
Therefore the Monte-Carlo analysis has been conducted on
the existing and the proposed designs to know the effect of
these process variations on the designs’ performance. The read
delay of proposed SRAM cell 1 is least and equally affected
as the existing design; the write delay with PDP of proposed
SRAM cell 2 has been least affected due to variation in DCNT .
Due to the variation in the Lch, the write delay of the proposed
SRAM cell 2 affected least with PDP of both the proposed
designs, during the read operation the variations in PDP of
proposed design 2 found minimum. The static noise margin
(SNM), which is a measure of the stability of the SRAM cell,
has calculated by the graphical method and effects of varia-
tions in DCNT observed on SNM. The minimum variation has
shown by proposed SRAM cell 2. Therefore, the proposed
SRAM cells have provided a solution to the extensive delay
problem of ternary memory cells with stability.
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