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ABSTRACT: 

This paper presents a novel design of a high performance current mode (CM) precision full-wave rectifier by using 

just four diode-tied carbon nanotube field effect transistors. To compare the behavior of the proposed design, the 

frequency dependent RMS error and DC transient value for different values of input current amplitudes are evaluated. 

Extensive simulation results using HSpice demonstrate that the proposed circuit has a good performance at high 

frequencies. The main advantages of the proposed design over the previous designs are the minimal number of  the 

transistors, small size, circuit simplicity, high accuracy and capability of rectifying low-level signals at high 

frequencies with little or no distortion. The circuit also provides good temperature stability. 
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1.  INTRODUCTION 

Full-wave rectifier circuits have various applications in 

analog electronics such as AC measurements, function 

fitting, providing inputs to single-quadrant devices, 

triangular-wave frequency doubling, error 

measurements, average envelope detection and clock 

recovery [1, 2]. Generally, diodes are used for 

rectification, but sometimes, we need to rectify a signal 

with an amplitude less than the threshold voltage of the 

diode [3]. By combining diodes with operational 

amplifiers, one can overcome the diode threshold 

voltage, and obtain rectifier circuits with precise 

characteristics, thus these circuits can rectify the low-

level signals. However, such circuits can only have a 

good performance at low frequencies, while they cause 

average or severe distortions at frequencies almost 

more than 1 KHz [4]. 

Various rectifier circuit designs have been proposed by 

many researchers [35-47].Implementation of the most 

rectifier designs [35-47] has been done by conventional 

MOSFET technology. Nowadays because of the 

limitation of traditional silicon transistors, it is 

gradually replaced by new technologies and devices 

that are the achievement of nanotechnology such as 

quantum-dot cellular automata (QCA), spin-wave 

architecture, single electron devices, quantum 

computing and carbon nanotube field effect transistor 

(CNTFET). As we progress into an era of 

nanotechnology, molecular devices are becoming 

promising alternatives to the existing silicon 

technology. Nanotechnology is a new field of research 

that cuts across many fields – electronics, chemistry, 

physics, and biology, that analyzes and synthesises 

objects and structures in the nano scale (10
_9

 m) such as 

nano particles, nanowires and carbon nanotubes 

(CNTs). CNT is one of the several cutting-edge 

emerging technologies within nanotechnology with 

high efficiency and a wide range of applications in 

many different streams of science and technology. 

Nanocircuits based on CNTs such as CNT field effect 

transistors (CNTFETs) show big promise of less delay 

and power consumption than available silicon-based 

FETs. Carbon nanotube has attracted attention in recent 

years not only for its relatively small dimensions and 

unique morphologies but also for its potential of 

implementation in many current and emerging 

technologies. CNT is made up of graphite. It has been 

observed that graphite can be formed in nano-scale in 

three forms: (1) carbon nano ball (CNB) (or Bucky 

ball) (2) carbon nanotube (CNT) that comes mainly in 

two types: (a) multi-wall CNT (MWCNT), and (b) 

single-wall CNT (SWCNT), and (3) carbon nano coil 

(CNC). Many studies and circuit designs through 

CNTFET have been proposed by CNTFET researchers 

[21-34]. 

For a number of years, current mode circuits have been 
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recognized as the main opponent of the voltage mode 

circuits. Current-mode (CM) compared to voltage-

mode (VM) has numerous advantages among which are  

higher usable gain, greater linearity, lower power 

consumption, wider bandwidth, lower number of 

components and larger dynamic range [5] . Since 

current mode circuits have better performance at high 

frequencies, a lot of rectifications have been designed 

in this mode. The rectifier circuit suggested by 

Kumngern [3] has a very low precision. This circuit 

rectifies an input current with amplitude of 20 µA and 

frequency of 300 MHZ with a high voltage drop. In this 

design, numerous transistors have also been employed. 

Koton [6] has also used a number of transistors to 

design rectifier circuits. This circuit rectifies a signal 

with amplitude of 5 µA and frequency of 1 MHz with a 

considerable distortion. Moreover, the cut-off 

frequency of this circuit for an input current with 

amplitude of 5 µA is 15 MHz. However, for the 

mentioned input, the cut-off frequency of the proposed 

circuit is 140 GHz which is capable of rectifying the 

current with little or no distortion at frequencies less 

than 10 GHz. The performance of the proposed circuit 

at high frequencies is far better than the full wave 

rectifier based on 2 diodes and a CDTA structure which 

proposed in [7].The cut-off frequency of our proposed 

design for an input current with amplitude of 10 µA is 

190 GHz, while for this input current, the cut-off 

frequency of their proposed circuit [7] is almost 4.9 

MHz. In this article, only four Carbon nanotube field 

effect transistors were used to implement the full-wave 

rectifier.   The threshold voltage of CNTFET can be 

adjusted by changing the chirality vector [8]. In this 

paper this feature is used to implement high precision 

rectifier. The simulation results demonstrate that our 

proposed design have better performance in 

comparison to the previous work.  

The remaining of this paper is organized as follows. 

Section 2 shows the review of CNTFETs. Section 3 

presents our design of a new rectifier. Section 4 

includes simulation results, and finally in section 5 

conclusion is presented. 

 

2.  REVIEW OF CNTFETS 

Carbon nanotube field effect transistor is a propitious 

technology which has been replaced with primitive 

silicon devices. A field-effect transistor (FET) was 

successfully fabricated based on a single wall carbon 

nanotube (SWCNT) and proved to be able to operate at 

room temperature in 1991 [9]. Carbon nanotube field-

effect transistors (CNTFETs) have attracted a lot of 

attention as the next-generation devices in Nano 

Electronics. Figure 1(a) illustrates a one-dimensional 

conductor named single walled carbon nanotube 

(SWCNT) which can be either metallic or 

semiconducting depending on the arrangement of 

carbon atoms defined by their Chirality, Ch (i.e. the 

direction in which the graphite sheet is rolled) whose 

magnitude with CNT diameter (DCNT) is given by (1) 

and (2) respectively, and where „a‟ is the graphite 

lattice constant (0.249nm), and n1 and n2 are positive 

integers that specify the chirality of the tubes. SWCNT 

can be imagined as a sheet of graphite which is rolled 

up and joined together along a wrapping vector (1), as 

shown in Figure 1(b), where a1 and a2 are unit vectors 

[10]. The CNT is called zigzag if n1= 0, armchair if 

n1= n2, otherwise nanotube will be chiral. 

2211h .. ananC 
                                                 (1) 

hCD cnt                                                         (2) 

 
Fig. 1. (a) SWCNT (b) Graphite sheet in terms of 

chirality n1 and n2 

 

 
Fig. 2. Schematic CNFET cross-section 

 

Substituting a number of semiconducting carbon 

nanotubes for the channel of a conventional MOSFET 

is one of the particular details of CNTFET as shown 

cross-section in Figure 2 [11]. The operation principle 

of CNTFET is the same as traditional MOSFET. Since 

electrons are only limited to a narrow nanotube, the 

mobility rises substantially due to the ballistic transport 

as compared with the bulk MOSFET [12]. There are 

two types of carbon-nanotube transistors that are 

extensively studied .One is a tunnelling device (Figure 

3(a)), that works on the principle of direct tunnelling 
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through a Schottky barrier at the source–channel 

junction. The barrier width is modulated by using gate 

voltage so that the transconductance of the device is 

dependent on the gate voltage [13]. To overcome these 

disadvantages associated with Schottky barrier 

CNTFETs, there have been some attempts to develop 

CNTFETs so that they behave like normal MOSFETs. 

Being potentially noticeable, these attempts have been 

significantly successful. The MOSFET-like CNTFET 

(Figure 3(b)) operates on the principle of barrier height 

modulation by using gate potential. In this paper, we 

will consider a non-Schottky-barrier MOSFET-like 

unipolar CNTFET with ballistic transport as our device 

of interest. 

 
Fig. 3. Two types of single walled CNTFETs. 

 

Hereafter in this paper the abbreviation CNTFET will 

be used to denote a MOSFET-like device unless stated 

otherwise. Figure 3(b) shows the band diagram of this 

device [13-15]. The source Fermi level for a 

degenerately doped source can be derived from the 

conduction band edge. Inside the intrinsic channel, the 

Fermi level is in the middle of the band-gap. An 

important property of these CNTFETs is that the band-

gap is in inverse correlation with the diameter of the 

nanotube as in (3) [16, 17]. As the barrier height 

determines the threshold potential of a FET, the 

threshold voltage of the CNTFETs can be expressed as 

in (4). 
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DCNT is the CNT diameter, e is the unit electron 

charge, Vπ=3.033 eV is the carbon π–π bond energy in 

the tight bonding model, and a=2.49 Å is the carbon-to-

carbon atom distance. For example, the threshold 

voltage of the CNTFETs that use (19, 0) CNTs as 

channels is 0.289 V because the DCNT of a (19, 0) 

CNT is 1.49 nm. Simulation results have acknowledged 

the validity of this threshold voltage. Since the vector 

changes, the CNTFET thresh-old voltage will also 

change. The threshold voltage of the CNTFET is 

inversely related to the CNT chirality vector. The 

threshold voltage of the CNTFET using (13, 0) CNTs is 

0.423 V, whereas the threshold voltage of the CNTFET 

by means of (19, 0) is 0.289 V. Figure 4 shows the 

threshold voltage of both P- and N-type CNTFETs 

obtained from (2) and HSPICE simulation results for 

various chirality vectors (various n1 for n2=0). The 

current–voltage (I–V) characteristic of the CNTFET 

with different gate lengths is shown in Figure 4, which 

shows that the I–V characteristics of the CNTFET are 

similar to those of the MOSFET. The CNTFET circuit 

current is saturated at higher Vds (drain to source 

voltage) as the channel length increases, as shown in 

Figure 5. The energy quantization in the axial direction 

at a 32-nm (or less) gate length causes the on-current to 

decrease, as expected [19]. 

 

 
Fig. 4. Threshold voltage of the CNTFETs versus 

n1 (for n2 = 0). 
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Fig. 5. Current-voltage (I-V) characteristics of a 

ballistic CNTFET 

 

3.  PROPOSED DESIGN 

This design consists of just four N-type carbon 

nanotube field effect transistors (Figure 6). By 

connecting gate and drain in M1, M2, M3 and M4 

transistors, these transistors will operate as a diode (By 

connecting gate and drain in carbon nanotube field 

effect transistor, this device can be easily converted 

into a diode, similar to diode-connected transistor in 

silicon device [18].) , thus if the gate voltage is greater 

than the source voltage, the diode-connected transistors 

will pass the current, and if gate voltage is less than the 

source voltage, these transistors will be turned off. The 

operation of proposed circuit is as follows: When input 

current is positive, since gate and drain in M1 and M2 

are connected to the earth and also according to the 

input current direction, the gate voltage in M1 becomes 

less than the source voltage, and in M2 the gate voltage 

becomes greater than the source voltage, therefore M1 

will be switched off, and M2 will be turned on. 

Meanwhile, M3 and M4 will be turned on and off 

respectively (according to the transistors type and input 

current direction). As a result, input current will flow 

through M3 to the output, and therefore Ioutput will 

become equal to Iinput. Similarly, when Iinput is 

negative, since in M1 and M4 gate voltage is greater  

than the source voltage, these diodes-connect 

transistors will be turned on, and M2 and M3 will also 

be turned off because gate-source voltage in these 

transistors is negative. As a result, “-I input” will flow 

through M4 to the output. Thus, Ioutput will be always 

positive.  To simulate our circuit design, we used the 

STANFORD compact model of CNTFETS [19]. The 

values of Lch, Lgeff, Lss, Ldd and Efi parameters 

which are used in this model are 32nm, 100nm, 32nm, 

32nm and 0.6EV, respectively, where Lch and Lgeff 

represent physical channel, and mean free path in 

intrinsic CNT channel; also Lss, Ldd and Efi mean the 

length of doped CNT source side extension region, 

length of doped CNT drain-side extension region and 

Fermi level of the doped S/D tube. The values of 

Kgate, Tox, Csub, Csd and Pitch are 16, 4nm, 20PF/M, 

0 pF/m, 20nm respectively where Kgate and Tox show 

dielectric constant of high-k top gate dielectric material 

and thickness of high-k front gate dielectric material. 

Csub is the coupling capacitance between channel 

region and substrate; Csd is the coupling capacitance 

between channel region and source/drain region, and 

Pitch is the distance between the center of two adjacent 

tubes under the same gate. n1, n2 in this model 

represents the chirality of tube, and their values are 29 

and 0, respectively. 

 

 
Fig. 6. The proposed Precision Full-Wave Rectifier. 

 

4.  SIMULATION RESULTS 

In this article we use CNT field effect transistors to 

implement our circuit designs. In order to observe the 

transient behavior of the circuits and to verify the 

functionality of our rectifier, simulations have been 

done by means of HSpice simulation tool. We apply the 

SPICE model from [19] which is described in more 

detail in [16] and [17]. 

Figure 7 shows the DC transfer characteristic, which 

confirms precise rectification over a range of input 

currents [-108uA, 108uA]. 

 

 
Fig. 7. DC transfer characteristic of proposed circuit 
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To evaluate the behavior of the proposed circuit at 

different frequencies and amplitudes of input signal, the 

DC value transfer (PDC) and RMS error (PRMS) have 

been analyzed [20]: 






T
ID

T
R

tdt

tdt

P
y

y

)()(

)()(

DC

                                                   (5) 



 


T

T

dtt
ID

dt
IDR

P

y

tyty

)(
2

2

RMS

)]()([

                                (6) 

Where T is the period of the input signal, and YR (t) 

and YID (t) represent the actual and ideal output signal. 

For ideal rectifier, i.e. where YR (t) = YID (t), the DC 

value transfer and root mean square error are equal to 

“1” and “0”, respectively. Figure 8 shows the PDC (a) 

and PRMS (b) for input signal magnitudes of 0.1µA, 

5µA and 10µA in various frequencies (10 MHz to 1 

THz). 
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Fig. 8. (a) DC value transfers, (b) RMS errors for input 

signal amplitudes 0.1 μA, 5 μA, and 10 μA 

 

Increasing the frequency and/or decreasing the 

amplitudes of the input signal causes distortion, and the 

PDC value decreases to less than the ideal value; 

PRMS also increases above the zero value. As can be 

observed in Figure 8, the -3db cutoff frequency of DC 

value transfer for the input current magnitude of 0.1µ, 

5µ and 10µ is about 9GHz, 140GHz, and 190GHz 

respectively. The transient responses for frequencies of 

100 MHz, 1 GHz, 10 GHz, 40 GHz and an input signal 

amplitude of 10µ are shown in Figure 9. The proposed 

circuit is able to rectify 100 MHz input signal without 

any distortion (Figure 9a). A little distortion of the 

output signal, mainly in the zero crossing area, appears 

with 1 GHz and 10 GHz input signal (Figure 9b and 

Figure 9c). This distortion increases with increasing the 

frequency of the input signal (for 40 GHz input signal 

significant distortion can be observed (Figure 9d)) , 

which is in agreement with the decreasing value of  

PDC to less than the ideal unity value (Figure 8a) 

and/or increasing the value of  PRMS above the zero 

value (Figure 8b). 

Simulation results of rectifiers for input signal 

amplitudes 5 μA, 20 μA, and 50 μA are shown in Table 

1. It demonstrates that our proposed design has the best 

results than the state-of-the-art rectifier circuit design 

[6]. 

 

Table 1. Simulation results of the rectifiers for 

input signal amplitudes 5 μA, 20 μA, and 50 μA 

input 

signal 

amplitude 

 

Design 

 

Technology 

-3 dB 

Cutoff 

frequency 

 

 

 

5 µA 

 

Proposed 

 

CNTFET 

Lg=32nm 

 

140 GHz 

 

Based on 

[6] 

 

CMOS 

Lg=32nm 

 

15 MHz 

 

 

 

20 µA 

 

Proposed 

 

CNTFET 

Lg=32nm 

 

326 GHz 

 

Based on 

[6] 

 

CNTFET 

Lg=32nm 

 

27 MHz 

 

 

 

50 µA 

 

Proposed 

 

CMOS 

Lg=32nm 

 

467 GHz 

 

Based on 

[6] 

 

CMOS 

Lg=32nm 

 

50 MHz 

 

Figure 10 shows the transient response of the output 

waveforms for input signal of 100 MHz and amplitudes 

from 1 µA to 101 µA with step of 25 µA. It is obvious 
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here that the rectifier is capable to rectify a wide range 

of amplitudes. 

Temperature analysis of the DC transfer characteristic 

with temperature in range of 0–100 °C were provided, 

and the simulation shows an overlapped curves 

confirming a good temperatures stability of the 

proposed circuit (Figure 11). 

 

 
Fig. 9. Transient responses of the proposed design for input signal amplitude 10µA (a) f=100 MHz (b) f=1 GHz (c) 

f=10 GHz (d) f=40 GHz 
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Fig. 10. Transient analyses of the output waveforms     

with 100 MHz and various amplitudes of the input 

signal 

 

 
Fig. 11. DC transfer characteristic of the proposed full-

wave rectifier at different temperatures 

 

5.  CONCLUSION 

A design of high precision rectifier circuit has been 

proposed in this paper. This design consists of just four 

diode-tied carbon nanotube field effect transistors. The 

main attractive features of the proposed design are 

minimal number of transistors, small size, circuit 

simplicity, high accuracy and capability of rectifying 

signals with a relatively wide range of frequencies and 

amplitudes. The performance of the rectifier was 

analyzed by evaluating the frequency dependent RMS 

error and DC transient value for different values of 

input current magnitudes. The simulation results using 

HSPICE demonstrate that the -3db cutoff frequency for 

the input current magnitude of 0.1µA, 5µA, 10µA, 

20µA, 50µA  is about 9GHz, 140GHz, 190GHz, 

326GHz and 427GHz, respectively. Simulation results 

of various temperatures (0°C–100°C) show that the 

proposed rectifier provides good temperature stability. 
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