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ABSTRACT 
Biomedical applications are using miniaturized implantable and wearable devices; these 

devices require very efficient powering techniques to support their operations. This paper provides 

carbon nanotubes field effect transistors (CNTFETs) based full–wave rectifier architecture, which 

is suitably use in low voltage biomedical implantable devices. CNTFET based switching 

transistors are having very low threshold voltage results in good power transfer and power 

efficiency. This architecture is simulated and compares its results with CMOS based architecture. 

This architecture has very good overall power efficiency (~75%), low ripple and voltage drop at 

low input excitation voltage (typical ~0.6V) over a large range of frequencies (10-50 MHz). Hence, 

the proposed rectifier is suitable to use where low voltage power supplies (0.5V~0.6V) is required 

especially in biomedical implanted devices. This rectifier can also be used to power up biomedical 

implantable devices over RF link as its performance efficiency remains constant over wide range 

of radio frequencies. Exhaustive simulation and analysis shows that the performances of the 

CNTFET based rectifier are much better than the performance of CMOS based rectifier. 
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1. INTRODUCTION 
The advancements in microelectronics applications have resulted in portable, wearable, 

implantable device, wireless sensors, body sensors1,2,3,4 and radio frequency identification tags 

(RFID)5,6 tags. These devices need efficient energy sources with very small size to make 

implantation easier and to minimize infection risk because of feed through wire. Conventional 

powering techniques like embedded battery and transcutaneous power harvesting method are not 

much successful because of the constrained in lifetime, physical size, potential hazard and energy 

density. To power up such devices people are using inductive RF link over short distance7,8. Such 

energy sources not only minimize the risk of health hazard but also reduce constrained of 

inadequate energy density. However, poor electromagnetic coupling causes low power 

transmission efficiency in such RF link. Therefore, it becomes more important to have efficient 

rectifier for getting required output power with a lesser source voltage which is induced across the 

secondary coil of the radio frequency (RF) link.  

The wide band power rectifiers in a power conversion chain (PCC) with proper distanced 
and orientated RF link can deliver sufficient energy to the load. A typical power conversion chain 
(PCC) block diagram can be shown as given in the Figure 1. Wideband rectifier in the PCC is used 
to rectify an AC voltage induced across the secondary coil of RF link to the DC supply voltage. 
The regulated DC power supply voltage is used to power up implanted biomedical devices working 
as a load. Several full-wave rectifier topologies were proposed earlier with their own advantages 
and disadvantages9,10,11,12. Conventionally wideband diode based power rectifiers were generally 
used in power conversion chain. But it faced high threshold voltage drop. Later diode-tied MOS 
transistor replaced diode in the rectifier, which is easier to implement in CMOS process. But still 
significant voltage drop across the transistor based switches causes degradation of overall power 
efficiency of the rectifier. Output voltage is also getting reduced because of the voltage drop across 
the transistor switch. Researcher proposed several rectifier architectures with active and passive 
components having their own advantages and disadvantages 9,10,11,12 such as voltage drop, 
threshold voltage, leakage voltage of the diode-tied transistor in the rectifier circuits. To improve 
power efficiency other active rectifiers were also propose10. Selected MOS transistors used in such 
active rectifier are working in triode region causes low voltage drops. But in spite of having 
advantages, active rectifier circuits consume additional static power of the operation. Active 
rectifiers also suffer at high frequencies of operation as it use more current to drive the load because 
of the parasitic involved in the active rectifier circuits and reduce power efficiency. 

Threshold voltage of the transistor is very important factor to determine the conductivity 

of the circuits and it depends on process dependant parameters, oxide choice and oxide thickness. 

A low threshold device like CNTFET is a good choice to use in the circuits to improve the power 

loss of the circuit. This CNTFET based rectifier circuit is having better performance in low voltage 

applications over a wide range of input frequencies (100MHz) and therefore, can be use to power 

up implantable circuits over RF link.  
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 Figure1.  Block Diagram of Power Conversion Chain 
 

 This paper presents a low voltage high efficiency carbon nanotube field effect transistors 

(CNTFETs based fully gate crossed coupled full wave rectifier architecture. Because of promising 

electrical characteristics of carbon nanotubes, the devices based on carbon nanotubes have very 

good electrical characteristics compared to traditional bulk semiconductor devices particularly in 

low voltage applications. Attributes of the paper can be given as:  

I. CNTFET based architecture of fully gate crossed coupled full wave rectifier is 

proposed for low voltage operation 

II. Performance of proposed architecture is analyses with extensive simulations and 

compare with MOSFET based design. 

Section 2 of this paper gives the brief introduction of carbon nanotube field effect transistor 

followed by architecture and working of the rectifier in Section 3. Section 4 discusses the design 

considerations, performances and the results of CNTFET rectifier along with its CMOS 

counterpart, the conclusion of the work is given in section 5. 

2. CARBON NANOTUBE FIELD EFFECT TRANSISTOR 

 There are significant developments in alternative technologies to improve the device 

performance, as CMOS scaling is attaining saturation. Carbon nanotube field effect transistor 

(CNTFET) is very promising candidate and has very bright future among the nano-scale electronic 

device because of its very good electrical properties13,14,15,16. CNTFET overcome the problems like 

leakage currents, quantum confinement effect, high field effect, short channel effects, lithographic 

constrains, which are very prominent in CMOS technology at nano scale13 Feature size of 10-nm 

channel length and 4-nm channel width can be achieved by scaling a CNTFET, results in very high 

speed. 

 Sheets of carbon (graphane) are being rolled into long, thin allotropic hollow cylinders to 

get a Carbon nanotubes (CNTs).Single Walls Carbon Nanotubes (SWCNTs) is having single shell 

with 1D- molecular structure Figure2. 
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Figure2. Single Wall Carbon Nanotube Structure 
 

 This 1-D structure of SWCNTs offers better electrostatic control over the channel 

compared to 2-D (e.g. silicon on insulator) and 3-D (e.g. bulk CMOS) devices. The properties of 

SWCNTs like conductivity, diameter and band-gap depend on chirality (n, m). If n=m or (n-m) is 

a multiple of “3” then SWCNTs behaves as metallic otherwise it works as semiconductor. Chirality 

vector (Ch) is used to determine the diameter (Dcnt) of carbon nanotube and its threshold voltage 

(Vth) with the help of following equations: 

  2/122 nmmnaCh       (1) 
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Where lattice constant a = 2.49Å, q is electronic Charge, Eg=Band gap Energy and Vπ=3.033 eV 

is carbon π- π bond energy16,17. 

Channel of a conventional MOSFET is replaced by an array of semiconducting CNT to 

obtain a MOSFET like CNTFET as shown in Figure 3. The drain and source may either be made 

up of doped semiconducting CNTs, known as Schottky Barrier CNTFET (SB-CNTFET) or metal 

contacts like MOSFET. We are taking MOSFET like CNTFET here because of its superior 

properties. CNTFET is also a three terminal device like MOSFET. Its working is controlled by the 

voltage at one of the three terminal i.e. gate by varying the voltage which is perpendicular to the 

International Journal of Scientific Research and Review

Volume 7, Issue 11, 2018

ISSN NO: 2279-543X

Page No: 96



charge flow through the channel region i.e between source and drain. Current drive requirement is 

deciding the number of SWCNTs in the channel region. The carriers flow through these narrow 

CNTs between the source and drain terminal. This carrier flow shows ballistic transport properties 

because of the availability of longer mean free path compared to the device dimensions. Therefore, 

the mobility of the carrier becomes higher because of non collision of charge carrier and reduction 

in resistance. 

Carrier transport between source and drain confined in the undoped CNT tubes. These 

carriers are having high mobility due to (ballistic transport) available free path for the charge 

carrier is longer than the device dimensions which gives reduction in scattering due to collision. 

This better electrical and physical characteristic of CNTFET promises the improved performance 

than the earlier silicon based devices 18,19,20,21,22,23,24. 

CNTFETs also show larger drive current, higher transconductance, lower resistance and 

ignorable off- current compared with the conventional silicon based technologies. Threshold 

voltage (Vth) of CNTFETs based device can also be control by varying the diameter (chirality) of 

nanotubes. Hence, voltage drop across the diode switch can be reducing with reduction in Vth of 

the device. Therefore, CNTFET based device offer better performance. 

 

 

(a) Side View 

 

(b) Top View

Figure3. Carbon Nanotube Field Effect Transistor 

 

3. FULLY GATE CROSSED COUPLED FULL WAVE RECTIFIER 

CIRCUIT 

 A typical CNTFET based fully gate-crossed coupled full wave rectifier circuit is shown in 

Figure 4.This circuit is having two n-type CNTFET (CNN1, CNN2) and two p-types CNTFET 

(CNP3,CNP4). All CNTFETs used in the circuits, are of semiconducting type that is with chiral 

International Journal of Scientific Research and Review

Volume 7, Issue 11, 2018

ISSN NO: 2279-543X

Page No: 97



number (19, 0).The CNTFET structural parameters are also shown in Table 1. The gate terminal 

of a n- type CNTFET (CNN2) and a P-type CNTFET (CNP4) are connected with the positive 

terminal of input excitation voltage while the gates of other n-type and p-type CNTFET (CNN1 

and CNP3) are connected with negative terminal of the input voltage to produce the fully gate 

crossed coupled rectifier architecture as shown in Figure 4. 

 In the positive cycle of the input voltage (Vin), CNN2 and CNP3 turn on and provides a 

conduction path to the load. The gate cross-coupled N-Doped CNTFET transistor (CNN2) 

provides low impedance return path, therefore the main path current charges the load capacitor 

CL. The output voltage (Vout) will be equal to the input voltage less than the threshold voltage of 

the switching transistor and given by equation (4). 

 Vout = Vin – Vth    (4) 

Where Vout is average output voltage across load, Vin is amplitude of input excitation voltage and 

Vth is threshold voltage of the CNTFET transistor. 

In the negative cycles of the input excitation voltage (Vin), the dual circuit made up by the 

transistors CNN1 and CNP4 becomes ON while CNN2 and CNP3 turn OFF. Now the CNN1 and 

CNP4 rectify the input source voltage similarly as discussed for the positive cycle and provide the 

output voltage (Vout) across the load. 

 

Figure4.  Schematic of Fully Gate Crossed Coupled Rectifier Circuit 
 

4. RESULTS AND DISCUSSION 

 The CNTFET structural parameters like number of CNTFETs, inter CNTs pitch and CNT 

diameter decides as given in the TABLE 1 decides the electrical properties of the CNTFET which 

affects the performance of the circuits. Stanford CNTFET for 32 nm technology model [16] is used 

to simulate and check the performance of the full wave rectifier architecture and simulation of 

CMOS based circuits is done with standard Berkeley PTM 32nm technology model [24]. 
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 In 32nm CMOS PTM model, the transistors sizes are 120/32 nm with a multiple factor of 

5 while some of the CNTFET parameters of Stanford CNTFET model are given in TABLE1. A 

shunt load of RL = 2 kΩ and CL = 200 pf is used with application of a sinusoidal voltage source 

peak amplitude ranges from 0.8V to 0.4V and frequency ranges from 10MHz to 100MHz to the 

rectifier circuit. 

 

 

Table1. CNTFET structural parameters 

Parameter Value  Description 
(n1,n2) (19,0) Chiral numbers 
Dch 1.5nm Diameter of CNT 
Lch 32 nm Physical Channel Length 
Lgeff 200 nm  Mean free path in Intrinsic Semiconductor 
N 15 Number of CNT 
Pitch 7 nm Inert CNT Pitch  
Tox 4 nm Top gate Dielectric Material Thickness 
Efo 0.06 eV Fermi level of doped Drain/Source Tube 

 

 Voltage conversion ratio (VCR), output average voltage, ripples factors and power 

conversion efficiency (PCR) are the performance matrices generally use to analyses the rectifier 

structure.These matrices are calculated with the following formulae (5-7):  

��� =
����

���
∗ 100  (%)                                  (5) 

��� =
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∗ 100  (%)                                  (6) 

������ = ����(���) −  Vout(min)             (7) 

 

0

10

20

30

40

50

60

70

80

90

0.9 0.8 0.7 0.6 0.5 0.4

P
C

E 
(%

)

Input Volatge (V)

CNTFET

CMOS

International Journal of Scientific Research and Review

Volume 7, Issue 11, 2018

ISSN NO: 2279-543X

Page No: 99



(a) Power Conversion Efficiency Vs input Voltage 

 
(b) Voltage Conversion Efficiency Vs Input Voltage 

Figure5. Rectifier Performances Variation of MOSFET and CNTFET Based Rectifier with Input Voltage  

 

(a) Power Conversion Efficiency  Vs signal Frequency 

 

(b) Voltage Conversion Efficiency Vs Signal Frequency 

Figure6.  Rectifier Performance Variation of MOSFET and CNTFET Based Rectifier with Input Voltage 

 The simulations are carried out with HSPICE simulation tool with CMOS (32nm) Barkley 

standard PTM model and Stanford CNTFET (32nm) based rectifier circuits. The simulated results 

for the performance matrices are analyses and compared. Results find that the average power 
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conversion efficiency in deep submicron region (below 0.6V) is ~75% for the CNTFET based 

architecture whereas it is very low (below 0.06V) 20% for its CMOS counterpart. Therefore, the 

CNTFET based rectifier architecture can be used at low voltages ranges (~0.6 to 0.5 volt). 

 The power conversion efficiency (PCE) of CNTFET and CMOS based fully gate crossed 

coupled amplifiers are 75.34 % and 24.64% respectively at 0.6 volt of input excitation voltage, shown 

in figure 5. The voltage conversion efficiency (VCE) of the given rectifier circuits are also 47.24 % 

and 16.29 % as shown in figure 6. 

 The effect of operating frequency of the input source voltage has also been investigated for 

the rectifier performance as shown in figure 7 and Figure 8. The performance (PCE & VCE) of the 

CNTFET based rectifier is better than the CMOS based rectifier. 

 

5. CONCLUSION 

 This CNTFET based fully gate crossed coupled full wave rectifier architecture and CMOS 

based rectifier circuit are simulated with HSPICE 2008.03 tools. Simulations are exhaustively carried 

out and the results found are shown in Figure5-7. We are concluding based on the simulation results 

that the CNTFET based architecture is having better performance matrices as compared with its 

CMOS based circuit. The power conversion efficiency and voltage conversion efficiency are better 

for CNFET based rectifier circuit even at very low voltage (0.6v to 0.5V) compared with its CMOS 

based counterpart. The performances of this architecture also remain satisfactory over the wide range 

of operating frequencies (10- 100MHz) and hence can be suitably use for radio frequency link. 

Therefore, the proposed low voltage and high frequency CNTFET rectifier architecture can be 

efficiently use for wirelessly (over RF Link) powering up of biomedical implantable device. 
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