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ABSTRACT. The increased use and commercialisation of portable battery powered electronic gadgets
has made low-power chip designs essential for extending battery life. Low-power electronic circuits also
play an important role in the emerging wireless communication systems. Designing appropriate memory
circuits is the key for the aforementioned cases, as memory occupies most of the chip area. In this
paper, CNFET (Carbon Nanotube Field Effect Transistor)-based low-leakage SRAM (Static Random
Access Memory) with enhanced stability is proposed. Simulations are carried out for the proposed
CNFETSRAM cell, and its performance is compared with the conventional structures in terms of power,
delay, stability, and power delay product by varying PVT (process-voltage-temperature) parameters.
According to the results, the hold, read and write stability of the proposed CNFET SRAM improved
by 49 %, 85 % and 56 %, respectively, as compared to existing memory cells. Furthermore, the hold or
leakage power is minimised by up to 99 % compared to conventional SRAMs. The simulation results
confirm that the proposed solution is an appropriate memory structure for MIMO systems, meeting
the requirements for very large-scale integration (VLSI) circuits with low leakage and high stability.
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1. INTRODUCTION AND MOTIVATION

Nowadays, there is a demand for high-data-rate com-
munication systems due to the emergence of fifth-
generation (5G) systems. Massive multiple-input
multiple-output (MIMO) is a key component of these
systems [II, 2]. MIMO improves the performance of
5G communication systems by using an array of anten-
nas at the transmitter and receiver sides. Enhanced
reliability, operating speed and low power are the
major objectives of MIMO. In order to meet the re-
quirements of MIMO systems, chip designers focus on
designing electronic circuits that consume low power
and provide better stability [3H5]. Memory circuits
occupy most of the chip density, thus designing low
power and stable memory circuits has become un-
avoidable to store and access the large amount of
MIMO data. Memory circuits are designed using
MOSFETSs, however, as technology scales down to the
nanometre level, second-order effects limit the use of
MOSFETs [0 [7]. Researchers have shifted their focus
on designing circuits with CNFETs, the structure of
which is shown in Figure [1| [§]. CNFET utilises CNTs
(Carbon nanotubes) in their channel region. Com-
pared to MOSFETs, CNFETs demonstrate improved
parameters including current density, electron mo-
bility, transconductance, and ballistic transportation.
Circuits designed with CNFETSs exhibit greater robust-
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FIGURE 1. CNFET structure.

ness and drive current capability than silicon-based
devices [9].

Conventional 6T SRAM cell stores data in cross-
coupled inverters, but its stability is low [10]. Adding
a read buffer to the 6T SRAM improves the SNM
by providing a separate path for the read operation,
and thereby isolating the storage nodes [I1]. A highly
stable and low-power 9T SRAM is achieved by sharing
the write bit line and read bit lines in a column. Sepa-
rate write word line and drivers improve the write sta-
bility, and a dedicated read-access transistor together
with read-control transistor improves the read stabil-
ity [12]. 9T SRAM with supply feedback minimises
the power demand. A PMOS is employed between
the supply and load transistors, and gate is connected
to the storage node. This feedback makes the cell flip
even with strong load transistors by weakening the
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pull-up path [13]. An eleven-transistor SRAM sup-
ports content addressable memory search functions.
But the stability and leakage power was not discussed
and the area of the SRAM is larger [14].

Power gating the SRAM circuit decreases its power
consumption and improves its stability. The power-
gating structure puts the SRAM in sleep, drowsy, or
active modes depending on the control signals [I5].
Figure [2] shows the schematic of a conventional 9T
SRAM with RD as the control signal (CRD9T SRAM),
with upper and lower subcircuits. The upper subcir-
cuit is the 6T SRAM cell while the lower subcircuit
comprises the read circuitry with bit line transistors
together with the read transistor. The read transistor
is enabled by the RD signal during read operation and
due to the separate read circuit; the data stability of
this SRAM is increased [16]. Schematic of a conven-
tional 9T SRAM with separate read buffer (CSRB9T
SRAM) is shown in Figure |3l CSRBIT SRAM offers
read-disturb-free operation as the read path is decou-
pled from the storage nodes resulting in an improved
stability of the memory cell [I7]. In CSRB9T SRAM,
transistors M7, M8, and M9 form the read buffer.
But due to the presence of “always-on” M9 transistor,
the power consumption of this SRAM is high. Hence
a new SRAM cell is proposed in this paper to reduce
the power demand and increase stability.

2. PROPOSED SRAM STRUCTURE

The proposed nine-transistor SRAM cell (PRB9T
SRAM) with a read buffer together with a power
gating transistor is shown in Figure @] Transistors
M1, M2, M3, and M4 function as cross-coupled invert-
ers and store one-bit data. The write-bit line (WBL)
and the transistors M5 and M6 help with writing
the information in the storage nodes Q and QB. In
addition, the PRB9T SRAM utilises a separate read
buffer (M7 and M8) and a power-gating transistor
M9. The read buffer transistors M7 and M8 pro-
vide a conditional discharge path to the RBL during
read operations. Meaning that the level of RBL is
discharged depending on the status of the M8 and
RWL control signal. Moreover, it isolates the data
storage nodes Q and QB from the reading path, thus
improving stability. The presence of the transistor
M9 shifts the source potential of the transistors M3
and M4 above the ground potential, which helps to
further increase stability. High noise level is needed
to flip the data at the storage nodes due to the shift
in the source potential. Also, transistor M9 creates
a natural stacking with either M3 or M4, depending
on the value of the storage node, resulting in a power
reduction. In hold mode, M9 acts as a power gating
transistor and significantly minimises leakage.
Figure [5] shows the schematic of the PRBIT SRAM
in a hold state. In this mode, the write word and read
word lines are set low to turn “oftf” the transistors M5
and M7. MBS is “off” if the data in the QB node is
zero. Transistor M9 is also in “off” condition as the

WL

BL : BLB
MY M8

FIGURE 2. Conventional read 9-transistor SRAM
(CRDYT SRAM).

GND

FiGure 3. Conventional separate-read-buffer 9-
transistor SRAM (CSRB9T SRAM).

WWL

VDD

GND

FI1GURE 4. Proposed read-buffer 9-transistor SRAM
(PRBIT SRAM).
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FIGUurE 5. PRB9T SRAM in hold mode.

control signal is not set. The cross-coupled inverters
have been isolated from the bit lines, reinforce each
other and maintain the same data that are already
present at the Q and QB. Power consumed in this
mode is significantly minimised as the voltage drop
across the SRAM cell is low compared to conventional
techniques, due to the threshold voltage of the power-
gating transistor. The power consumed in this mode
is referred to as the leakage power.

Figure[6]shows the proposed PRBIT SRAM in read
mode. In this mode, the write word line is set to zero,
as a separate read buffer (M7 and M8) is present in the
structure for enabling the read operation. The read
line is set high and if the data at the node QB are “17,
the transistor M8 is turned “on” and RBL discharges
through the read buffer. If the data at node QB are
“0”, then M8 is “off” and RBL stays at the pre-charged
level. A sense amplifier is used to interpret whether
the data read are “0” or “1”. During read operation,
the storage nodes Q and QB remain isolated from the
bit lines; which improves the stability of this proposed
structure.

Figure [7] shows the proposed SRAM structure dur-
ing the process of writing “0”. In the write state,
the read word line is set to zero, since the read and
write paths in this structure are independent of each
other. If data “0” are to be written in the SRAM cell,
then the WBL is set to zero and this value is written
into the cell by setting the word line high. During the
write operation, the transistor M9 improves the source
potential of driver transistors M3 and M4, which re-
sults in increased stability. Also, the presence of M9
increases the “on” resistance (RON) of the SRAM, as
it gets naturally stacked with either M3 or M4, based
on the bit values of the storage nodes. Transistor M8
is in “off” state as the bit at QB node is “1”.

2.1. NATURAL STACK EFFECT

The proposed structure offers a natural stacking effect,
as the transistor M9 gets naturally stacked with either
M3 or M4 depending on the value of the storage node.
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FIGURE 6. PRB9T SRAM in read mode.
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FIGURE 8. Transistors in stacked form.

The stacking effect, or self-reverse bias, decreases the
currents passing through stacked transistors when
more than one transistor is “off”; thereby minimising
the power [I8].

For example, let M9 be stacked with M3 as shown
in Figure |8 then Equations f show the effect
of the stacking transistors on leakage. Let I,g repre-
sent the subthreshold current with Vgg = Vg = 0,
Vps = Vpp, and assuming Vpg > 3%, the leakage
of the metal oxide semiconductor (MOS) transistor is
as follows:

Ileak = IofflOi%[AVG+)\dAVD+k7AVB]a (1)

where S is the sub-threshold swing, \; is the drain-
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induced barrier lowering (DIBL) factor, and k. is the
body effect co-efficient. Then, the leakage of M3 and
M9 is as follows:

—(1+Ag+ky ) Vx

Istack—MS = WSIoﬁlo B ; (2)
—24(Vbp—Vx)
Istack—MQ = WQIofflO ‘ %D = ) (3)

where W3, Wy is the width of the transistors M3 and
M9, respectively. The intermediate node voltage V,
attains equilibrium when the leakage values through
M3 and M9 are equal, and it can be determined from

Equations and :
~ AaVpp + Slog e
L4k, 20

; (4)

€T

ky < 1+ 2)g in short channel devices, and hence
Equation is simplified as follows:

N AaVpp + Slog V%;g (5)
1+ 2\ '

xr ~

Leakage in stacked M3 and M9 is obtained by substi-
tuting V,, in either Equation or :

-4V,
dsDD (170[)

Istack - W3aW917a-[110 ) (6)
where o = —24 . Leakage reduction in a transistor
112X, &

stack with widths W3 and Wy compared to a single
transistor with width W is as follows:

X — Isingle _ w 10)%‘/%(1_(,“)

= =
Istack Wga Wg «

When W3 = Wy = W, the stack factor X can be
written as follows:

(7)

X = 10742 =), 8)

where U is the universal stack exponent of two tran-
sistors. From Equation , it is evident that leakage
is greatly reduced in stacked transistors compared to
a single transistor. I,g currents per gate capacitance
of N-CNFET and N-MOSFET are the same if the
effective gate capacitance value is 3.6aF/FET and
1.1{F/pm, respectively. I,g currents per gate capac-
itance of P-MOSFET and P-CNFET are also equal
for the same values [§]. Considering this similarity,
Equations f are also appropriate for CNFETSs,
proving that the stacking effect has a significant effect
also in CNFET circuit design.

2.2. SIMULATION RESULTS AND ANALYSIS

The Stanford university 32nm CNFET model [8] and
HSPICE are used for the simulations of conventional
CRDIT, CSRBI9T and proposed PRBI9T SRAMs. The
performances of CNFET circuits are characterised by
parameters including pitch, diameter, oxide thickness,
number of CNT tubes, temperature, and supply volt-
age [I9H22]. The conventional and proposed memory

cells are simulated and their performances are anal-
ysed with respect to leakage power and stability by
varying the aforementioned parameters. The standard
parameter values of a CNFET model considered for
the simulations are:

e Channel length: 32nm.
e Supply Voltage: 0.9 V.
e Temperature: 27°C.

e No. of CNT tubes: 3.

e Chirality (m,n): (19,0).
e Oxide Thickness: 4 nm.
e Pitch: 20 nm.

In this paper, the conventional SRAMS are also
designed with CNFET to validate the performance of
the proposed CNFET SRAM.

The term Static Noise Margin (SNM) refers to the
ability of the SRAM to retain its data value against
DC noise. To estimate SNM, butterfly curves are
obtained by superposing the voltage transfer curves
of the cross-coupled inverters of the SRAM. Then,
the value of the square inscribed within the lobe of
the butterfly curve is considered as SNM. By putting
the SRAM cell in hold, read, and write modes, the
SNM values are obtained from the respective but-
terfly curves. The higher the SNM value is, the
better is the ability of the SRAM cell to withstand
noise. Read SNM (RSNM) and Write SNM (WSNM)
curves for standard CNFET parameter values are
shown in Figure [0} From the noise margin curves, it
can be concluded that the PRB9T SRAM is highly
noise-resistant and robust compared to conventional
SRAMs.

The process, voltage, and temperature parame-
ters are varied, and the Hold SNM (HSNM), Read
SNM and Write SNM are calculated for each param-
eter value using the butterfly curves. In this paper
HSPRBIT, RSPRBIT, and WSPRBIT are the Hold
SNM, Read SNM and Write SNM of the PRB9T
SRAM, respectively. A similar convention is also used
for the CRD9T and CSRB9T SRAMs. In CNFET-
based circuit designs, the number of CNT tubes is an
important design parameter for varying the device cur-
rent and resistance. By increasing the count of CNT
tubes, the device on-current can be improved. On the
contrary, the circuit power dissipation increases.

Figure [10] shows the SNM values for different num-
bers of CNT tubes, ranging from three to fifteen. It is
evident that the proposed memory structure has max-
imum improvements in HSNM, RSNM and WSNM
of approximately 34 %, 66 %, and 41 %, respectively,
compared to conventional SRAMs. The diameter
of a CNFET is given in Equation (9) where (m,n)
are the chirality vectors and a is the carbon-carbon
bonding length. Varying the chirality vector values
changes the diameter of the CNFET which affects the
performance of the SRAM cell. The on-current of the
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FIGURE 9. SNM of SRAM cells.
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FiGURE 11. Effect of CNT diameter on SNM.

HSCRDY I nscsrBo T nsprBoT [ RSCRDOT M RSCSRBYT
0.5 - RsPRBOT [l wsCRDOT [l wscsrBOTHEE WSPRBIT

0.4 1

SNM (V)

0.2 1

0.1 1

0.0 -
0.5 0.6

device increases for higher diameter values, as does
the leakage:

Dent = %\/ m2 + n? + mn. (9)

Figure [11] shows the SNM details for varying the
diameter from 1nm to 2nm. For 1 nm, the HSNM of
PRBIT SRAM increases by 41 % and 22 %, RSNM im-
proves by 52 % and 24 % and WSNM by 22 % and 23 %
compared to CRDIT and CSRBIT SRAMs, respec-
tively. For 2nm, HSNM of PRB9T SRAM increases
by 35 % and 27 %, RSNM is 85 % and 5.8 % higher and
WSNM is 56 % and 24 % higher compared to CRD9T
and CSRBIT SRAMs, respectively.

Stability is directly proportional to the supply volt-
age of the VLSI circuits. Stability of the PRB9IT,
CRDIT, and CSRBIT SRAM is evaluated by mod-
ifying the power supply from 0.9 volts to 0.5 volts.

0.7 0.8 0.9
Supply Voltage (V)

Fi1GURE 12. Effect of supply voltage on SNM.

Figure [I2] shows the stability of SRAM cells in hold,
read, and write modes and it can be seen that sta-
bility increases as the supply voltage increases. The
proposed structure shows maximum improvements
in hold, read, and write stability of 47 %, 60 %, and
27% at 0.5 volts and 38%, 61 %, and 28% at 0.9
volts, compared to CRD9T and CSRBI9T SRAMs,
respectively.

Due to the increase in oxide thickness, gate-to-
channel capacitance decreases. However, the increased
oxide thicknesses lead to a decrease in driving current.
Figure[13]shows the effect of varying oxide thickness on
the stability of memory cells. Maximum improvements
of 33 %, 65%, and 42 % at 1 nm thickness and 34 %,
49 %, and 30% at 5 nmis were observed for the hold,
read, and write stability, respectively, of the PRB9T
SRAM as compared to conventional structures.
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F1GURE 13. Effect of oxide thickness on SNM.
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FiGURE 14. Effect of pitch on SNM.

Pitch (intertube spacing) is the distance between
two adjoining carbon nanotube centres under the same
gate of a CNFET. The integration density decreases
as the pitch value increases, but the device on-current
increases. The effect of pitch () on stability of con-
ventional and proposed memory cells is shown in Fig-
ure[l4. The HSNM, RSNM, and WSNM of the PRBIT
SRAM is 31 %, 66 %, and 40 % higher, respectively,
at a pitch of 10nm, and 18 %, 29 %, and 18 %, respec-
tively, at a pitch of 30 nm, compared to conventional
SRAMs.

Figure shows the HSNM, RSNM and WSNM
for different temperatures. Stability is inversely pro-
portional to temperature, which is also proven by the
simulation results. As the temperature varies between
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27°C and 125°C, the stability decreases, however,
the proposed cell stability is still higher compared
to existing SRAMs. At 27°C, the HSNM, RSNM,
and WSNM of the PRBIT SRAM is 34 %, 54 % and
56 % higher, respectively, and at 125°C, the SNM
improvement is approximately 31 %, 58 % and 36 %,
respectively, for PRB9T SRAM compared to conven-
tional SRAMs. Table [1] shows the SNM comparison
between the conventional and proposed SRAMs for
various CNT tube counts and temperatures. Table 2]
shows the average percentage improvement in SNM
of the proposed SRAM over conventional SRAMs for
different CNFET parameter values.

Memory cells occupy the most of the area of the
integrated circuits. The leakage power of memory
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FI1GURE 15. Effect of temperature on SNM.

No. of CNT Hold SNM [V] Read SNM [V] Write SNM [V]
tubes CRDYT CSRBY9T PRBY9T CRDIT CSRBIT PRBIT CRDIT CSRBIT PRBIT
3 0.317 0.376 0.475 0.159 0.370 0.475 0.289 0.387 0.490
6 0.315 0.367 0.473 0.160 0.372 0.475 0.278 0.381 0.473
9 0.333 0.375 0.473 0.157 0.339 0.462 0.280 0.380 0.472
12 0.329 0.358 0.474 0.160 0.374 0.472 0.281 0.369 0.483
15 0.316 0.369 0.474 0.162 0.328 0473 0.317 0.370 0.489
Temp [°C] Hold SNM [V] Read SNM [V] Write SNM [V]
CRDYT CSRBY9T PRBIT CRDIT CSRBIT PRBIT CRDIT CSRBIT PRBIT
27 0.315 0.376 0.475 0.217 0.370 0.475 0.217 0.387 0.490
50 0.322 0.311 0.459 0.209 0.361 0.469 0.317 0.341 0.487
75 0.323 0.367 0.462 0.201 0.298 0.465 0.313 0.351 0.486
100 0.306 0.332 0.458 0.201 0.357 0.458 0.318 0.354 0.480
125 0.309 0.321 0.448 0.187 0.316 0.445 0.307 0.342 0.480

TABLE 1. Comparison of conventional and proposed SRAM SNMs.

Effect of number Effect of oxide Effect of CNT Effect of
Parameters of CNT tubes thickness diameter pitch
CRD9T CSRB9T CRDY9T CSRB9T CRD9T CSRB9T CRD9T CSRBIT
Hold SNM 34 25 32 22 34 24 31 21
Read SNM 66 31 57 16 67 21 67 25
Write SNM 41 24 36 23 41 23 39 20
Effect of supply Effect of
Parameters voltage temperature
CRDY9T CSRB9T CRDY9T CSRB9T
Hold SNM 35 23 32 26
Read SNM 55 22 56 26
Write SNM 16 22 39 39

TABLE 2. Average percentage improvement in proposed SRAM SNM compared to conventional SRAMs.
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power.

cells usually accounts for a large portion of the total
chip leakage. Therefore, a leakage power analysis and
its minimisation is another important factor in the
SRAM cell design. Figure [I6] illustrates the power
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consumption in the hold state for changes in various
parameters. The impact of CNT tubes on leakage
power is given in Figure[I6a] which shows that the con-
ventional structures draw 96 % more power than the
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No. of CNT = ~ppor  csrBoT PrBoT CNT diameter  oppgrn GRB9T  PRBYT
tubes [nm)]
3 1.8x107% 81x1077 81x1077 1 28x107% 2.7x10°% 81x1077
6 3.6x107% 81x1077 81x1077 1.33 6.7x107% 81x107 81x1077
9 53x107°% 4.6x107% 81x1077 1.49 1.8x 1075 81x1077 81x1077
12 70x1075 6.1x107° 81x10~7 1.72 28x 1075 24x107° 81x10°7
15 87x107° 7.6x107° 8.1x1077 2 36x107° 3.1x107% 81x1077
Supply CRDOT CSRB9OT PRBor OXide thickness —~pnop  ogrBoT  PRBOT
voltage [V] [nm)]
0.5 71x1077 25x1077 25x%x 1077 1 3.0x107% 81x1077 81x1077
0.6 22x107% 3.6x1077 3.6x107 2 24x107% 81x1077 81x10~"
0.7 53x107% 49x107% 4.9x 1077 3 20x107% 81x10"7 81x10°7
0.8 1.1x107° 95x1076% 6.4x 1077 4 1.8x107° 81x1077 81x1077
0.9 1.8x107°% 81x107" 81x1077 5 L7x107% 15x107% 81x1077
Pitch Temperature
(o] CRD9T CSRB9T PRB9T °C] CRD9T CSRB9T PRBIT
10 1.7x107% 1.5x 1075 81x 1077 27 1.8x107° 81x1077 81x1077
15 1.8x1075 1.6x107°5 81x 1077 50 1.9%x107° 81x1077 81x1077
20 1.8x107° 81x1077 81x1077 75 20x107% 1.7x107° 81x10~"
25 19x1075 81x1077 81x1077 100 20%x107% 1.8x107° 81x1077
30 1.9x1075 81x107 81x1077 125 21x107% 82x1077 82x10°7

TABLE 3. Conventional and proposed SRAM cells leakage power comparison.

proposed PRBIT cell for three CNT tubes, and 99 %
more power for fifteen tubes. As per Equation , an
increase in the number of tubes results in an increase
in the transistor width, thereby minimising the on-
resistance and increasing the power, which confirms
the above results:

W =(N-1)S+ DenT, (10)

where W is the width of a transistor, N is the number
of CNT tubes, S is the pitch, and DCNT is the diam-
eter of the CNTs. As per Equation , an increase
in diameter decreases the threshold voltage of the
CNFET transistor, resulting in an increase in power:

_ aVy
V3¢Dont’

where ¢ is the electron charge, a is the CNT atomic
distance, and V is the carbon bond energy [23]. Fig-
ure [I60] illustrates the effect of CNT diameter on
leakage power, and it confirms Equation . The
maximum power reduction (from 71% to 98 %) is
achieved with a diameter change from 1nm to 2nm.
Figure illustrates the effect of supply voltage on
SNM, and it is obvious that the power of all SRAMSs de-
creases as voltage decreases. At 0.5 volts, the PRB9T
SRAM offers a maximum hold power savings of 65 %,
and at 0.9 volts, it provides approximately 96 % hold
power savings compared to existing SRAMs.

Figure shows the effect of oxide thickness on
power. Reducing the oxide thickness from 1nm to

(11)

Vin

5nm results in a leakage power reduction of 97 % to
95% for the PRB9T SRAM compared to existing
SRAMs. Power is inversely proportional to oxide
thickness, which is confirmed by the simulation results.

The effect of pitch (S) on the power of conventional
and the proposed memory cells is shown in Figure [L6¢
Referring to Equation , increasing the pitch has
the same effect as increasing the number of tubes.
However, the impact is less pronounced than that of
increasing the number tubes. Varying the pitch from
10nm to 30 nm results in the proposed cell achieving
a maximum power saving of 96 % compared to the
CRDIT and CSRBIT SRAMs.

Figure[I6f]shows the leakage power of a conventional
and the proposed 9T SRAM at different temperatures.
The power consumption of CNFET circuits is directly
proportional to the temperature. At 27°C, the hold
power of conventional structures is 95 % higher than
that of the proposed structure, and at 125 °C, it is 96 %
higher than that of the PRB9T SRAM. Table [3] shows
a comparison of the leakage power of conventional
and proposed SRAM cells.

3. CONCLUSION

A low-leakage and highly stable CNFET SRAM is pro-
posed in this paper. The performance of conventional
structures such as CRD9T and CSRB9T SRAM and
the proposed structure PRB9T SRAM is analysed
by varying the device and environmental parameters.
The proposed structure performs better in terms of
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both power and stability, even under various parame-
ter changes. Apart from its better hold and read sta-
bility, the proposed SRAM’s performance with respect
to write stability also is excellent, thus making it suit-
able for applications such as MIMO, where low power
and high stability are considered as important factors.
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