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Abstract: In this paper a Level shifter is design to mitigate power consumption in System-on-Chips (SoCs) by applying
proper technique to reduces additional power consumption and propagation delay in the circuit. Carbon Nano-tube material
have one of the best property that provides variable Threshold Voltage (V) to change V., of both PMOS Pull Up Network
(PUN) and NMOS Pull Down Network (PDN) of transistor. In this research paper, the power and speed of CNT-FET based
level shifters at 32-nm technology is calculated. It can increase the overall performance of the circuit by optimising the
parameter like chirality, diameter, number of nanotubes and substrate (back gate) bias for both feedback-based and multi-Vry
based level shifters. Proposed circuit provides amplification of signal by applying input 0.2V and shifts the level to 0.9V
without degradation of logic level of the signal. By applying back gate bias, minimum PDP is obtained by SI-LS i.e. 0.0028aJ
which is thelowest PDP among all CMOS and FinFET technology.
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Introduction

Nowadays as device sizes shrinks, the number of transistor get doubled every year according to Moore’s law, so power
consumption increases due to millions of transistor fabrication on a single IC chip. So, proper technique must be incorporated
for minimization of power in circuits. Total power consumption in CMOS circuit is due three main component i.e., dynamic
power, short circuit power and static or leakage power consumption. The dynamic power consumption is directly
proportional to power supply. Scaling the power supply in circuit is most dominating method for reducing the dynamic and
short circuit power consumption, but propagation delay of circuit increases [1] due to lower transistor current and reduction
in clock frequency [2]. Two most popular types of scaling in VVLSI technology are constant field scaling and constant voltage
scaling. By scaling the supply voltage of the critical path the speed of circuits reduces. To overcome this problem multi-vVDD
system is used, in this case critical path is provided with standard power supply (VDDH) and supply voltage (VDDL) of
non-critical path is scale down [3,4]. This makes different voltage level [5] and in order to communicate among each other, a
voltage level converter is required for interfacing the circuit, and these circuit are called level shifter (LS) in low power
circuit design.

Carbon nanotube based FET i.e. CNTFET is best material to replace the silicon based MOSFET circuit due to its quasi-
ballistic transportation ability, negligible temperature dependency, high carrier mobility, high current density, easy
integration with high-k dielectric material with easy fabrication feasibility [15, 16]. CNTFET has lower intrinsic gate-delay,
energy consumption, OFF current and variableV;,, threshold voltage is one of the best property that can be used in multi
threshold voltage or different threshold voltage for different transistor [17, 18] for reduction of power consumption.

In this research paper, basic circuitry are used for minimizing Power Delay Product (PDP) is Simple Inverter based level
shifter (SI-LS) that are used in multi-V;, technique [11].The circuit is designed with CNTFET to enhance performance of the
CNT over silicon on ordinary MOSFET i.e. reduction in delay and power.

Carbon has two allotropes graphene and diamond, CNT has a perfect crystalline structure that contains strong covalent C-C
bond. CNT has made-up with benzene structure of graphene which is single free electron (e’)and arrangement of multiple
benzene makes three configuration of CNT which define different property for different configuration i.e. (a) Zig-Zag have a
sheet of graphene with horizontal benzene structure by joining two edges of benzene (b) Armchair have sheet of graphene
with vertical benzene making structure like chair. (c) Chiral have sheet of graphene with slightly tilted benzene structure. The
main objective of this paper is to calculate leakage power consumption with various leakage reduction techniques over
CMOS and FinFET devices. CNTFET can be applied on high performance, low power applications where leakage is major
concern such as microprocessor, memory units and other portable devices. The rest of this paper is organized as follows.
Study of properties of CNTFET i.e. diameter, threshold voltage control, chirality vector, SI-LS circuit in section I1. Study of
various optimization technique of CNT-FET based Level Shiftersin section Ill. In Section 111 working of proposed circuit is
disused. Section 1V is of results and discussion; here leakage power is calculated by using FInFET (HP and LSTP library)
technology. Finally, conclusion is offered in Section V.
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CNTFET

Carbon Nanotube (CNT) is made-up of rolling a sheet of graphene. On the basis of number of concentric layers of CNT, it is
called Single-Walled or Multi-Walled CNT and on the basis of vector direction a; and a, of rolling a sheet (also called
chirality), it can act as metallic or semiconducting. The chirality index (m, n) is used to identify the direction of rollingof
graphene sheet as shown in Fig.1. The carbon nanotube is metallic if m=n or the difference (m-n) = 3k where k is an integer,
otherwise it act as semiconducting material [18]. Conductive or metallic is used as connection wire on-chip and
semiconducting CNTSs are used as channel of transistor or SWCNT and MWCNT channel. The diameter of CNT is given by

equation (1)[15] Deyr = @ JM )

T
Where m and n are chirality index of CNT and a is the lattice constant (2.49 ). Fig.1 2D Graphene structure on the basis of chiral
vector. Top view of CNTFET are shown in Fig. 2.

<« Gate Width—— 3

Carbon Nano-Tube

>«

F}’itcfg Decnt
Fig.1 2D Graphene structure on the basis of chiral vector. Fig.2 Top view of CNTFET

Andwidth of the CNTFET gate (W) is calculated from equation (2)
Wyate = Max(W,,;,,, N % Pitch)(2)
Where Pitch is the distance between Centres of two neighbouring SWCNT under same gate, W,,;, is minimum gate width
and N is the number of Nanotube.
The layout of CNTFET is approximately similar to traditional MOSFET exceptchannel whichis formed between source and
drain region is completely replaced by Carbon Nanotube. The source and drain region of the CNT are heavily doped which
are used to interconnect with intrinsic CNT using heavily doped CNT interconnects. The intrinsic CNT forms the channel by
enclosing with planer metal gate by high-k dielectric like zirconium oxide (ZrO,) and hafnium oxide (HfO,). Then substrate
are fully covered by insulating thick SiO, layer. A single CNTFET channel is formed by multiple nanotube which are
paralleled and aligned in accordance with the width of gate. The distance between centres of adjacent nanotube is called the
pitch. In simulation work, source and drain are heavily doped CNTs with 0.8% doping level, HfO,;used as gate dielectric
having thickness 3nm and bulk dielectric SiOjhaving thickness 10um [17]. CNT has a property that its energy gap (Ej) is
inversely proportional to its diameter which allows to alter its band-gap by varying the diameter of CNTs. The threshold
voltage (V) of the CNT-FET can be approximated as half of the CNT band-gap [8, 9] as

_Eg_ 1 aVg
N Z - % qaDcnT (3)
Where 1, = 3.033 el/ the carbon-carbon bond energy and q is the electronic charge and b values,the equations can be
simplified into y substituting these constant

TH

E = 0.872AndVTH — 0.436 (4)
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Where,D.yr is in nm. Thus, by changing the diameter of CNT, the threshold voltage and energy gap of CNTs arechanged and
I,n-current of device can be controlled. By increasing the diameter of CNTSs, the threshold voltage decreases and I,-current
increases because the sub-band of the channel becomes closer and more number of sub-band can shift towards fermi energy
level [21]. This diameter-dependency of threshold voltage of CNT-FET makes the multi-VTH implementation of CNT-FET
based circuits to be easier. Once therequired chirality(ordiameter)is fixed, ways toincrease current is that thenumber
ofnanotubes should be increased andthepitchofthenanotubes is fixed atanoptimumvalue. Due to smaller pitch there is higher
packingdensityofthenanotubes and at the same timetheON-current is reduced because of thescreeningof the gate field lines
bythe neighbouring nanotubes when they come closer [9].

Another unique feathers of CNTFET is that the mobility of both p-channel and n-channel is approximately same and due to
this I,y and I,z currents are same for identical dimensions [23].Thisisbecauseof symmetry of electron-hole inCNT band
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structure forsmallrangeofenergies which is closetotheFermi energy where mostofthephysicsofdeviceoperationliearound [24].
Since both type of CNTFET can draw same current, so p-channel CNTFET does not requireany sizing with respect to n-
channel CNTFET for producing same current. Thus, various physical phenomena like quantum confinement, phonon
scattering, band-to-band tunneling, charge screening and non-ideal ties like channel elastic scattering, parasitic resistances
and capacitances are account into CNTSs.

Level shifters using CNT-FET

Simple Inverter based Level Shifters (SI-LS)

The schematic diagram of SI-LS is shown in Fig.3. This circuit constitute multi-V,, technique that has two stage of cascaded
inverter i.e. inverter-1 followed inverter-11. In inverter-1 the PMOS X1 has shown by narrow tube indicating smaller diameter
for higher threshold voltage. The working of SI-LS is that when low swing input voltage (0 to Vpp,) is given to inverter-I
then it gives high swing inverted output voltage at node A (Vppy to 0) which acts as input for inverter-11 and whose output is
proper up-converted form of input voltage i.e. 0 to Vppy. Here importantthing is that threshold voltage PMOS X1 should be
higher than the difference of (Vppn-VppL) to reduce static leakage current and inverter-11 need to be proper sized to reduce
loading effect on inverter-1. The important in SI-LS circuit is that the sizing of all CNTFET should be proper to reduce static
current.
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Fig.3 Simple inverter based level shifter

Optimization of CNT-FET based LEVEL SHIFTERS

SI-LS are optimized individually by two method [28] i.e. (a) By adjusting the number of nanotube (N) of PUN and PDN (b)
By adjusting the back gate (substrate) bias of CNTFET. Optimization is made for input voltage Vpp, of 0.2V which is shifted
up to 0.9V. Some of the chirality that is used in circuit, their diameter and threshold voltages are listed in Table.l and are
calculated using equation (1) and (3).

Table. 1. List of chirality used in the circuits, their diameter and threshold voltage

Chirality Diameter Veu (V) Eg4(eV)
(4,0) 0.313 1.392 0.626
(7,0 0.548 0.795 1.096
(10,0) 0.783 0.556 1.566
(13,0 1.018 0.428 2.036

(16,0) 1.251 0.348 2.502
(19,0 1.486 0.293 2.972
(22,0 1.720 0.253 3.440
(25,0) 1.955 0.223 3.910

Optimization of SI-LS

In optimization of SI-LS based circuit first chirality index (7, 0) of PMOS transistor (X1) in inverter-I is made to avoid static
leakage current. This is due to Vpp =0.2V and Vppy=0.9V, to reduce leakage static power dissipation, the threshold voltage
of X1 transistor should be larger than the difference between two i.e. 0.7V andV;;=0.795V with chirality index (7, 0). When
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the chirality index of NMOS (Inverter-1) i.e. X3 is fix at (25, 0) and number of Nanotube is fixed N=30and Inverter-1I of the
transistor X2 and X4 with chirality index (13, 0) and number of Nanotube N=5 is fix and by varying the number of tube from
N=1 to N=15 of PMOS (Inverter-1) i.e. X1. Propagation delay, average power consumption and PDP are shown in Table-V1.
When number of nanotube of X1 transistor increases driving current increase and due to this delay and power dissipation will
more in SI-LS based circuit. When transistor X1 have N=1 then minimum PDP =6.087 aJ is obtained.

When PMOS (Inverter-1) X1 transistor is fix with chirality index (7, 0) and N=5 PMOS and Inverter-I1 of both transistor i.e.
X2 and X4 are fix with chirality index (13, 0), N=5 by varying the number of Nanotube (N=5 to N=40) of X3 transistor with
chirality (25, 0) and propagation delay, average power consumption and PDP are shown in Table-VII. Similar trade-off
between delay and power dissipation is observed in Table-VI and Table-VII. The minimum PDP 0.055 aJ is observed with
N=5 for X3 transistor i.e. NMOS of inverter-I.

The analysis of loading effect of inverter-11 on inverter-I, by varying of Nanotube of both X2 and X4 transistor i.e. PMOS
and NMOS of inverter-1I simultaneously and which shown in Table-VII. It is observed that the delay and power consumption
reduces if the number of Nanotubes are less. Hence by choosing N=40 of inverter-Il give lowest PDP of 0.0028 aJ. Another
analysis is when back gate bias is applied to any inverter lor Il the PDP obtain value is 0.73 aJ which is minimum optimized
value for SI-LS circuit.

Results and Discussion

All the simulation results are obtained by using BISM4, HSPICE model at 32nm by using Predictive Technology Model
(PTM), which requires a spice code (transistor-level net-list) of the desired circuit for calculation of the parameters. In SI-LS
circuit if tube of PMOS of inverter-I is increases then power consumption rapidly increases and delay also increase and
overall PDP also increases which is shown in Table-11. If the number of tube of NMOS increase in inverter-1, then power,
delay and overall PDP increases as shown in Table-11l. In SI-LS circuit if number of tube of inverter-11 is increases then
power consumption will constant at higher value of N and delay reduces and overall PDP will decrease and minimum PDP is
obtained at N=40 of inverter-Il and inverter-1 have N=10 and minimum PDP is 0.0028 aJ that’s are shown in table-1V.

In DCVS-LS circuit, when back gate bias voltage is applied to substrate of both PMOS and NMOS transistor, it acts like
secondary gate of CNTFET. If the positive back gate bias voltage increases from 0 to 0.9V keeping number of tube of PUN
fixed at N=4 and number of tube of PDN are fixed at N=40 then power and delay get increased by that the overall PDP
increases. If the negative back gate bias voltage increases from 0 to 0.9V then both power and delay get decreased and due to
this the overall PDP decreases which as shown in Table-1V. Similarly, if PDN is fixed at N=25 then power and delay
increases due to this the overall PDP increases with positive back gate bias voltage. Power and delay decrease and overall
PDP decrease with negative back gate bias voltage which are shown in Table-V.

Table 2. SI-LS by varying N of PMOS of inverter-1 Vppy=0.9V, Vpp =0.2V PMOS (7, 0)
Pitch=20nm, NMOS (25, 0) N=30, Pitch=20nm and inverter-1I (13,0), N=5

N=NO. of tube in PMOS Power (nW) Delay (ps) PDP (aJ) EDP (E-30J)
Inverter-1
1 136.24 90.48 12.326 1115.347
2 141.85 90.97 12.904 1173.885
3 141.85 90.98 12.905 1174.144
4 149.57 94.56 14.143 1337.394
5 161.72 98.58 15.942 1571.598
6 169.81 100.1 16.997 1701.498
7 179.74 102.3 18.387 1881.031
8 188.82 104.6 19.750 2065.91
9 201.36 106.7 21.485 2292.461
10 209.24 109 22.807 2485.98
11 221.27 111.2 24.605 2736.101
12 231.47 108.9 25.207 2745.051
13 245.22 111.3 27.292 3037.709
14 263.78 113.1 29.833 3374.171
15 284.99 115.2 32.830 3782.114
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Table 3. SI-LS by varying N of NMOS of inverter-1,Vppy=0.9V, Vpp.=0.2V PMOS (7, 0)
Pitch=20nmN=5,NMOS (25, 0) Pitch=20nm and inverter-II (13, 0), N=5

N=NO. of tube in NMOS Power(nW) Delay (ps) PDP (aJ) EDP (E-30J)
Inverter-I
5 20.02 3.494 0.069 0.2444
10 32.32 11.34 0.366 4.1573
15 58.69 39.449 2.315 91.348
20 94.56 69.562 6.577 457.56
25 127.3 87.924 11.19 984.34
30 161.7 98.562 15.93 1571.0
35 194.2 107.41 20.86 2241.1
40 226.7 116.53 26.41 3078.5

Table 4. SI-LS by varying N of inverter-11,Vppy=0.9V, Vpp, =0.2V PMOS (7, 0) Pitch=20nm,
NMOS (25, 0) Pitch=20nm N=10

N=NO. of tube in Inverter-II Power (nW) Delay (ps) PDP(aJ) EDP (E-30J)
5 29.19 8.97 0.2618 0.1547
10 21.29 2.67 0.0568 2.3517
15 18.55 1.04 0.0192 10.735
20 18.38 0.501 0.0092 43.595
25 18.44 0.413 0.0076 165.70
30 18.37 0.296 0.0054 447.39
35 18.43 0.171 0.0031 1124.69
40 18.45 0.153 0.0028 2122.55

Comparison with FinFET based Level Shifters

FinFET is a non-planar 3D structure that contains thin vertical channel that resembles Fish’s Fin surrounded by gate.
Alongthese sides forms Drain and Source unlike MOSFET the conducting channel gate is wrapped around the Fin allowing
very less leakage of current through the body during OFF state and provides better control over the channel. Fabrication of
double gate by using a process of lithography, gate is easily wrapped over the silicon fin. Front gate and back gate have
different doping profile, so both gate operate independently according to the requirement. One of the main challenges in
making FInFET over bulk-CMOS is that it has large number of capacitance associated, like fringing and overlapping
capacitance due to which the resistance of FInFET increases. Table-1X shows all the parameter taken into consideration
during the simulation of FinFET technology.

The performance comparison of CNTFET with silicon based device i.e. FInFET based level shifter circuit with FinFET
having Vpp =0.5V and Vppp=0.9V is observed by using BSIM-common Multi-Gate (BSIM-CMG) technology. FET model
[27] is used for simulation and comparison with CNTFET based level shifter.

Table 5. Device Parameters of 32nm Double gate NMOS and PMOS MSFET

Parameter 32nm 32nm
DGN MOSFET DGP MOSFET
Channel length from Source to drain(L) 32nm 32nm
Channel length(Le) where gate is 25.6nm 25.6nm
wrapping over thin silicon Fin

Thickness of the Fin (tg) 8.6nm 8.6nm

One face Height of Fin (Hgy,) 40nm 80nm
Silicon oxide thickess (tox) 1.4nm 1.4nm
Threshold voltage Vry (V) 0.29 -0.25
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Table 6. Comparison of level shifter SI-LS in delay, power and PDP

Circuit Power (nW) | Delay (ps) | PDP (aJ)
FinFET | SI-LS 22.83 19.28 0.440
CNTFET | SI-LS 18.45 0.153 0.0028

Above Table shows that CNTFET has superior electrical characteristic to replace both CMOS and FinFET technology in
terms of power and speed of circuit.

Conclusion

As the demand of low power consumption, battery operated device and high speed CNTFET comes into existence for
minimization of technology.. As the number of tubes increase of SI-LS in inverter-1l the power consumption reduces
drastically up to 98.93% and propagation delay is reduced by 98.29%. The result of FInFET and CNTFET is also compare in
terms of PDP, we observe that CNTFET has 99.36% SI-LS. This result shown in Table-6.
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