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Abstract 
   Multi-VDD design is one of the most effective lower-power design techniques. Multi-VDD VLSI circuits 

require voltage level converters to prevent high static power dissipation between different voltage 

islands. As the level conversion step imposes additional power and delay to the design, it is very 

important to optimize the level converter circuits for minimum power-delay product (PDP). This paper 

presents an energy efficient single supply level converter (SSLC) based on carbon nanotube FET 

(CNTFET) for near threshold dual-VDD circuits. CNTFET as an emerging nanotechnology is suitable 

for low-power and high-performance circuits design. The proposed SSLC is utilized in the structure of a 

modified low-power parallelized dual-VDD multiplier. Insertion of the proposed SSLC at the output 

stage of the multiplier significantly reduces static power and enhances the output driving capability. In 

the proposed SSLC, dynamically controlled source-body voltage reduces drain-induced barrier lowering 

(DIBL) effect. In addition, using dual-chirality CNTs leads to optimum static power and energy 

consumption. The simulation results, obtained using the Stanford CNTFET HSPICE model at 32nm 

feature size, indicate the superiority of the proposed dual-VDD parallel multiplier utilizing the proposed 

SSLC in terms of power and power-delay product (PDP) as compared to the single supply multiplier. It 

is worth mentioning that the proposed low-power multiplier improves static power, average power and 

PDP by almost 41 %, 42% and 33%, respectively, while maintaining almost the same throughput as 

compared to the single-supply multiplier. 

Keywords: Low-Power design, Dual-VDD, CNTFET, Voltage level converter, Multiplier, Parallelized. 

 

1. INTRODUCTION

Maintaining electrostatic integrity in 

Nano-devices has become a significant 

task in the recent years. By the 

continuous scaling of the CMOS 

technology, many challenges such as 

intensified short-channel effects, 

exponentially increased leakage currents 

and high power density restrict its 

usefulness for the near future high-

density and energy efficient applications. 

Nowadays, power saving is becoming 

very significant in arithmetic logic unit 

(ALU) and memories and especially in 

the portable battery-powered systems [1, 

2]. The equivalent circuit carbon 

nanotube field effect transistor 

(CNTFET) is considered as a promising 

alternative device for the bulk silicon 

MOSFET due to its superior electrical 

properties such as significantly high 

ION/IOFF and subthreshold swing and also 

the computed quantum capacitances 

from the charge in the channel [3,4,5]. In 

the Model of model CNT quantum 

inductance, assumed constant and equal to 

4 pH/nm, which have splitted up into two 

inductances of 2 pH/nm, while the 

classical self-inductance can be ignored. 

 The threshold voltage (Vt) of a 

CNTFET is determined according to the 

diameters of its nanotubes as given in 

Eq. (1) [6]. Therefore, multi-threshold 

design can be accomplished by employ-

ing CNTs with different diameters [6, 7, 

8]. 
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where, Eg is the CNT bandgap, e is the 

unit electron charge, a (≈0.246 nm) is the 

CNT lattice constant, Eπ (≈3.033ev) is 

the carbon π- π band energy in the tight 

bonding model and DCNT is the 

diameter of nanotubes in nanometer 

which can be calculated based on the 

chirality of CNTs (n1, n2) according to 

Eq. (2) and Eq. (3) [6]. 
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CNTFET semi empirical model, based 

on analytical approximations derived 

from quantum mechanical simulations of 

the devices which is based on the 

hypothesis of fully ballistic transport in a 

mesoscopic system between two 

nonreflective contacts. In addition, two 

coefficients, depending on the subbands 

minima, have been introduced to 

evaluate the charge in the channel [5]. 

In the CNTFET model of [9] due to 

lighter ensuring compile and shorter 

execution time, without losing in 

accuracy, significant improvements have 

utilized to obtain an easy implementation 

in simulation. 

Low-power design techniques are 

considered in various levels of abstract-

tion, including system, architecture, 

logic, circuit and devices levels [10, 11, 

12, 13, 14,15]. Considering different 

low-power design techniques, supply 

voltage scaling is an effective approach 

for reducing static and dynamic power 

dissipations and consequently, low-

power and robust circuits design 

techniques have become very crucial in 

the nanoscale era. The total power 

consumption of a digital CMOS circuit 

can be calculated according to Eq. (4) 

and Eq. (5) as described in detail in [13]. 

  total dynamic short circuit staticP P P P      (4) 

   , , ,. . . .  . . total DD clk swing i i i DD sc i DD l i

i i i

P V f V C V I V I     (5) 

It can be inferred from Eq. (5) that 

reducing the supply voltage has a 

considerable impact on all of the power 

consumption components. However, due 

to speed constraints, the supply voltage 

of the blocks located on the critical paths 

cannot be scaled to the values lower than 

a specific value. As a result, for low- 

power design under a specific 

performance constraint, multi-VDD for 

different voltage regions is an attractive 

methodology. In these designs, the 

signals from the high-VDD (VDDH) region 

can enter the low-VDD (VDDL) region 

with no problem. However, the signals of 

the VDDL region should be passed to the 

VDDH region through voltage level 

converters (LCs), which results in power, 

delay and area redundancies. As a result, 

minimizing the cost of the level 

conversion step is a significant issue in 

multi-VDD designs. Generally, single-

supply LCs (SSLC) are more of interest 

in comparison with the dual-supply 

voltage level converters (DSLCs) 

according to their less complexity, lower 

overall system cost and less crowding in 

supply-voltage routing [16].  

In this paper, a robust and energy 

efficient SSLC based on CNTFETs is 

proposed, which outperforms the 

existing level converters in terms of 

performance and energy efficiency. In 

addition, in order to demonstrate the 

effectiveness of the proposed SSLC in 

low power design, a CNTFET-based 

low-power multiplier using parallelism 

and dual supply voltages is suggested. 

The simulation results indicate the 

considerably lower power consumption 

and PDP of the suggested multiplier as 

compared to its single supply 

counterpart. 

The rest of the paper is organized as 

follows: In Section 2, the related level 

converters are briefly reviewed. Section 

3, the proposed SSLC and dual-VDD 

multiplier are described. Section 4 

contains the simulation results, 

comparisons and discussions. Finally, 
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Section V concludes the paper. 

 

2. A BRIEF REVIEW OF THE LEVEL 

CONVERTERS 

Different low-voltage and low-power 

circuits with different design styles have 

been presented in the literature. The 

SSLC suggested in [17] (SSLC1), 

utilizes a diode-connected nMOS 

transistor in its pull-up network for low 

voltage converting. In this design, the 

input signal is connected to both NMOS 

and PMOS transistors. Hence, for ultra-

low-voltage (ULV) input signals, where 

the input signal is logic ‘1’, both input 

nMOS and pMOS transistors turn ON 

which leads to a considerably high static 

power dissipation. The SSLC of [18], 

(SSLC2) uses the stacking technique in 

its both input and output stages, which 

reduces the power consumption and PDP 

but increases the delay and design 

complexity. The SSLC presented in [16] 

(SSLC3), utilizes dynamically body 

biased input transistor and diode-

connected nMOS transistors in the pull-

up network to increase the strength of the 

input nMOS transistors for up-

converting ULV input signals. Moreover, 

a second-stage circuit is added to provide 

a full-swing output. Accordingly, the 

number of the transistors is increased 

and the speed of the circuits is degraded. 

The design of (DSLC) in [19] employs 

dual supply voltages. In this LC, when 

the input signal is at logic ‘0’, the 

transistors in the pull-up path turned ON 

and the drain node of the input transistor 

is charged. However, the voltage of this 

node is lower than VDDH. This is due to 

the fact that, when the voltage at this 

node crosses the switching threshold 

voltage of the output inverter, the output 

voltage commences to discharge. 

Accordingly, before the voltage of the 

drain node of the input transistor reaches 

to VDDH, the output voltage decreases to 

zero. As a result, the nMOS transistor, 

which its gate is connected to the output 

node, turns OFF and subsequently the 

current mirror cuts OFF. Therefore, the 

drain node of the input transistor is not 

continuously charged VDDH. This 

incomplete voltage lower than VDDH is 

not able to turn OFF the pMOS transistor 

of the output inverter completely. As a 

result, static power dissipation increases 

and this situation becomes worse in 

nanoscale technologies. 

In the CNTFEET-based level converter 

presented in [5], (SSLC4), the Vt of the 

CNTFETs are determined by adopting 

specified diameters for the CNTs. In 

order to convert ULV input signals, 

DCNT/Vt of the CNTFETs are adopted 

as 2.2nm/0.2V, 0.55nm/0.8V and 

1.5nm/0.3V. 

Another SSLC5 of [20] utilizes diode-

connected nMOS in the pull-up network 

and low-Vt input nMOS transistors to 

convert low voltage input signals. Also, 

source biasing in this design reduces 

leakage power. 

 

3. PROPOSED WORK 

The proposed CNTFET based SSLC is 

shown in Figure 1. The proposed SSLC 

is composed of two modified inverters. 

The first inverter with low voltage input 

signal consists of a p-type CNTFET 

(M3) with DCNT/Vt of 0.65nm/0.7V 

and two stacked n-type CNTFETs (M1 

and M2) with DCNT/Vt of 1.5nm/0.3V. 

The second inverter is a normal inverter 

(M4 and M5) with DCNT/Vt of 

1.5nm/0.3V, which generates the full-

voltage swing at the output. 

In order to convert an ultra-low-voltage 

input signal to VDDH at the output, the 

strength of M1 and M2 must overcome 

M3. Hence, according to the voltage 

level conversion, a higher Vt is adopted 

for M3. For converting a 0.3V input 

voltage to a 1V output, according to the 

difference between VDDH and Vin (VDDH -

Vin =0.7V) the Vt of M1 and M2 is 

adopted as 0.3V and the Vt of M3 is 

adopted as 0.7V.  

Due to the considerable DIBL effect 

when VGS=0V but VDS=VDD [20], the 
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OFF state leakage current reduction is a 

significant issue in nanoscale circuits. In 

the proposed SSLC, by connecting the 

input signal to the source node of the M4 

transistor a lower VDS (VDDH –Vin instead 

of VDDH) is achieved. When the input 

signal is ‘1’, the first inverter 

complements the input signal and 

subsequently, the input signal of the 

second inverter becomes 0V. Therefore, 

M4 turns OFF, M5 turns ON and Vout 

reaches VDDH. In this situation, the VDS 

of the OFF transistor M4 is reduced to 

VDDH –VDDL and the leakage current is 

considerably reduced. When the input 

signal is ‘0, Vin provides a ground for the 

second stage inverter and VOut becomes 

0V. In addition, stacking of the M1 and 

M2 transistors leads to a large reduction in 

the static OFF current. The stacked 

devices between supply and ground 

nodes increase the resistance of this path. 

Moreover, the VDS of the transistors are 

reduced which leads to lower DIBL 

effect and consequently lower OFF 

current. Furthermore, the threshold 

voltage of M2 increases due to its higher 

VBS, which leads to lower leakage 

current [21, 22]. As a result, the static 

power of the proposed design decreases. 

The proposed SSLC can be utilized 

effectively in the structure of VLSI 

circuits. Multiplier is one of the most 

important arithmetic units and is usually 

located on the critical path of in digital 

signal processing and microprocessors. 

The structure of a dual-VDD 4-bit 

multiplier [20] using the proposed SSLC 

is shown in Figure 2. In this design, the 

input signals with the voltage swing of 

VDDH enters the AND unit which 

generates the partial products with VDDL 

swing. However, only one of the AND 

gates, which directly computes M0, 

utilizes VDDH. The subsequent half adder 

(HA) and full adder (FA) units with VDDL 

reduce these partial products and also 

produce the M1 output, as shown in 

Figure 2. Finally, a carry ripple adder 

and an XOR gate compute the remained 

outputs (M3 to M7).  

D=0.65nm

VDDH 

D=1.5nm

D=1.5nm

D=1.5nm

D=1.5nm

Vout

Vin

M1

M2 M4

M5M3

X2

Tubes = 7

Figure 1. The schematic of the proposed 

SSLC. 

 

   The transistor level structures of the 

utilized HA and FA circuits have been 

presented in detail in [23, 24]. 

As the voltage swing of the output 

signals of the multiplier is VDDL, the 

proposed SSLCs are inserted to shift the 

level of these signals to VDDH to provide 

a low-power communication with other 

VDDH blocks. The abovementioned dual-

VDD multiplier is more suitable for 

specific applications where power is 

significantly more important than 

performance [20]. In this design, the 

operation frequency is reduced due to the 

voltage reduction. For instance, with a 

0.65V VDDL and a 1V VDDH, the 

operating frequency is almost halved as 

compared to the multiplier with a single 

supply of 1V. While the dynamic and 

static power consumptions and PDP are 

reduced, the throughput is also halved. 

   Hence, according to the parallelism 

method [25], a dual-VDD parallel 

multiplier is designed to compensate this 

frequency and throughput degradation. 

   The block diagram of the reference 

single-VDD multiplier and the 

parallelized dual-VDD multiplier are 

shown in Figure 3.  
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Figure 2. The block diagram of the dual-VDD low-power multiplier using the proposed SSLC. 

 

   As shown in Figure 3 (b), two identical 

multipliers are used. In addition, the 

upper input registers are sensitive to the 

rising edge of the clock pulse and the 

other input registers are sensitive to the 

falling edge of the clock pulse. This 

allows each multiplier to operate at half 

the original frequency while maintaining 

the original throughput. Since the speed 

requirement for this parallelized circuit 

has been almost halved, the supply 

voltage can be dropped to the voltage at 

which the delay is almost doubled. While 

the capacitance increases by a factor of 

about two, the operating frequency is 

reduced by a factor of almost two as 

well. As reducing the supply voltage has 

a quadratic impact on the dynamic power 

consumption, the dynamic power 

consumption is significantly reduced, 

while the original throughput is 

maintained. However, the overheads of 

the multiplexers and specifically the 

required voltage level converters should 

be considered.  

   The significant power reduction in the 

parallelism method for low-power 

designs is provided with a cost of highly 

increased transistor count. It is worth 

mentioning that the reduced voltage 

swing in a considerable part of the circuit 

will considerably alleviate the aging 

effects, as one of the most important 

issues in the recent technologies and 

increases the effective lifetime of the 

integrated circuits [26]. 

 

4. SIMULATION RESULTS AND 

COMPARISONS 

In this section, the performance metrics 

and effectiveness of the proposed SSLC 

are evaluated and compared with the 

other existing level converters.  
 



60                                             Moghaddam and Taghavi 

A[0:3]

B[0:3]

1/T

1/T

M[0:7]

fSample=1/T

REG

REG

 
(a) 

A[0:3]

B[0:3]

A[0:3]

B[0:3]

1/2T

1/2T

1/2T

1/2T

[0:7]

[0:7]

M[1:7]
MUX 

2:1

Selector

M0

fSample=1/T

REG

REG

REG

REG

SSLC

 
(b) 

Figure 3. The block diagram of the multiplier: a) single supply design, b) Dual-VDD 

parallelized design using the proposed SSLC. 

 

In order to have fair comparisons, each 

design is optimized in terms of energy 

efficiency and leakage currents with 

consideration of presented CNTFET 

model of [3, 4, 5]. Therefore, results are 

simulated using the valid Stanford 

CNTFET HSPICE model at 32nm 

technology node. Some of the important 

parameters of the CNTFET model are 

listed in Table 1.  

The simulation results of the level 

converters, considering VDDH=1V, 

f=8GHz and CL=0.5 fF, are given in 

Table 2. The results demonstrate the 

superiority of the proposed level 

converter especially in terms of power 

consumptions and energy efficiency. 

Utilizing the stacking technique in all 

paths in SSLC2 results in power 

reduction with the expense of a 

considerable speed degradation.  

Furthermore, as SSLC2 doesn’t work 

at input signals with voltage swing lower 

than 0.6V, it is not considered as a low-

voltage design. As stated before, in 

DSLC [19] when the input signal is at 

logic ‘0’, the incomplete voltage at the 

input node of the output inverter turns 
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ON the nMOS transistor of the output 

inverter, but it is not able to turn OFF its 

pMOS transistor and consequently 

power dissipation increases. 

Although the SSLC4 of [8] has less 

power consumption as compared to the 

all designs of [16, 17, 18, 19, 20], but 

has highest delay compared to the 

designs of [17, 18, 19, 20]. However, in 

the proposed SSLC, by utilizing dual-

chirality CNTFETs, source biasing and 

decreasing the DIBL effect, the power 

consumption and PDP are considerably 

reduced. 

Systematic and random process 

variations and noise are among the most 

significant challenges ahead of designing 

nanoscale circuits, which can negatively 

affect their robustness and energy-

efficiency [27]. Experimental results 

show that the mainly variations in 

CNTFET-based circuits are variations in 

the CNT density which occurs due to the 

variations in the spacing between CNTs 

and CNT count [28]. In addition, the 

impact of CNT diameter variation 

become more important in multi-

diameter CNTFET-based circuits.  

In order to evaluate the process 

variations effect, Monte Carlo 

simulations have been conducted by 

modeling the CNT diameter and density 

with ±5% to ±15% Gaussian 

distributions and variation at ± 3σ level. 

The performance parameters of the 

designs in the presence of major 

CNTFET process variations are shown in 

Figure 4 and figure 5. The results 

demonstrate the correct operation of the 

proposed SSLC with smaller parametric 

variations even in the presence of 

process variations, as compared to the 

other optimized CNTFET-based designs. 

Also, in order to evaluate the 

effectiveness of the proposed efficient 

level converter, the single-supply and the 

suggested dual-supply multipliers, 

described in the previous section, are 

considered for simulation. 

Table 1. The CNTFET parameters. 

Parameter Value 

Physical channel length 32 nm 

The mean free path in the intrinsic CNT 
100 

nm 

The length of doped CNT drain-side 

region 
32 nm 

The length of doped CNT source-side 

region 
32 nm 

The mean free path in p
+
/n

+ 
doped CNT 15 nm 

The distance between the centers of two 

adjacent CNTs within the same gate 

≤30 

nm 

Sub-lithographic pitch 4 nm 

The thickness of high-k top gate dielectric 4 nm 

The dielectric constant of high-k top 

gate dielectric material (HfO2) 
16 

The dielectric constant of substrate (SiO2) 4 

The coupling capacitance between the 

channel region and the substrate (SiO2) 

40 

aF/m 

The Fermi level of the doped S/D CNT 6 Ev 

The work function of S/D metal contacts 4.6 eV 

CNT work function 4.5 eV 

Table 2. Simulation results of the LCs 

(VDDH=1V and f=8 GHz) 

Static 

power 

(nW) 

PDP 

(aJ) 

Average 

Power 

(uW) 

Delay 

(ps) 

Vin 

(V) 

Level 

Converter 

8.54 46.53 4.62 10.05 0.4 
Proposed 

SSLC 
0.53 46.10 4.77 9.65 0.5 

0.20 47.59 5.03 9.45 0.65 

280.8 105.65 9.65 10.93 0.4 
SSLC1 

[17] 
73.21 79.964 7.62 10.49 0.5 

12.4 63.823 7.04 9.05 0.65 

Don’t work 
0.4 

SSLC2 

[18] 
0.5 

4.5 135.65 8.25 16.42 0.65 

260 266.69 13.26 20.10 0.4 
SSLC3 

[16] 
52.5 255.31 12.86 19.84 0.5 

4.67 252.35 12.43 19.46 0.65 

1.61 321.00 12.1 26.52 0.4 
DSLC 

[19] 
1.64 184.31 11.59 15.90 0.5 

1.68 118.79 11.93 9.95 0.65 

2.36 122.6 6.54 18.73 0.4 
SSLC4 

[8] 
2.20 118.96 6.52 18.22 0.5 

2.19 118.37 6.5350 18.11 0.65 

261.3 91.28 7.65 11.93 0.4 
SSLC5 

[20] 
54 61.6 6.58 9.35 0.5 

6.18 59 6.1 9.63 0.65 
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              (c) 

Figure 4. Simulation results at the 

presence of CNT diameter variations. 
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Figure 5. Simulation results at the 

presence of CNT Density variations. 
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Indeed, the 4-bit multiplier as a 

benchmark with a high supply voltage 

(1V) without level converter and the 4-

bit parallelized multiplier with dual-VDD 

of 1V as VDDH and 0.65V as VDDL using 

the proposed SSLC are compared in 

Table 3. According to the results, the 

proposed design leads to lower average 

power consumption, static power 

dissipation and PDP, while maintaining a 

comparable performance as compared to 

the single supply multiplier. 

 

Table 3. Simulation results of the 

multipliers (fSampling=8GHz) 

Static 

power 

(uW) 

PDP 

(  × 10
-

15
J) 

Average 

Power 

(uW) 

Delay 

(ps) 

Multiplier 

Circuit 

5.64 11 220.74 49.55 

Multiplier 

Without LC 

VDD=1V 

3.70 6.5 129.53 50.12 

Parallel 

Multiplier 

VDDH = 1V, 

VDDL = 0.65V 

 

5. CONCLUSION 

In this paper, an efficient Single Supply 

Level Converter and a dual-VDD parallel 

multiplier for low power and high-

performance applications have been 

proposed. In a multi-VDD system, voltage 

islands to communicate with each other, 

low power, and low-cost LC is required. 

In the proposed SSLC, dynamically-

controlled source voltage decreased 

drain induced barrier lowering (DIBL) 

effect, suitable CNT diameter to provide 

Multi-Vt transistors have been utilized 

properly in order to reduce the power 

consumption without performance 

degradation. The proposed SSLC has 

been utilized in the proposed dual-VDD 

parallel multiplier. Each design has been 

optimized based on mentioned CNTFET 

Models and simulated using the HSPICE 

Stanford CNTFET model at 32nm. The 

simulation results demonstrate the 

superiority of the proposed designs, 

especially in terms of average and static 

powers delay and PDP. The proposed 

dual-VDD parallel multiplier with 

proposed SSLC as compared to the 

single supply multiplier without LC was 

about on average 42 %, 41%, and 33% 
lower total average power, static power 

and PDP respectively. 
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