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Abstract. A novel field emission Carbon Nanotube (CNT) - based controlled switch is 
introduced in the second part of the article. For the architecture effectuation of the new CNT 
field emission – based switching device, four field emission tubes having single CNT as 
emitters were previously tested and compared to a tungsten-tip tube, and the corresponding 
Fowler-Nordheim analysis was performed. Measurements conducted with the CNT 
suggested that mixer current could be 30 times greater if either SWCNT or MWCNT were 
used in place of metal emitters, increasing the microwave output power by 30 dB. Laser 
radiation was utilized to increase field emission current from a cathode with a dense field of 
CNT by a factor of 18. The extension of the new device from the two-valued to the general m-
valued case is introduced, and the implementation of many-valued Galois circuits and 
systems is also shown. 
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1. INTRODUCTION 

Nanotechnology is a new emerging interdisciplinary field of research that covers several 
important science and technology areas of electronics, chemistry, physics and biology, which 
analyzes and synthesizes systems in the nano scale (10-9 m) such as nanoparticles, nanowires 
and carbon nanotubes (CNTs) [4,7,8,14,15,17,29,30,33,35,44]. The CNT technology is one 
of many cutting-edge new technologies within nanotechnology which is showing high effi-
ciency and a very wide range of applications in several various areas in science and engi-
neering [3-7,9,12,14,15,17,24,28,30,35,36,41,44].  

Carbon nanotubes have attracted attention in recent years not only for their relatively 
small dimensions and unique morphologies, but also for their potential implementations in 
many current and emerging technologies [3-9,12,14,15,17,24,28-30,33,35,36,41,44]. The 
CNT is made from graphite [8,14,15,17,30,33]. It has been observed that graphite can be 
formed in nano-scale in three forms: (1) Carbon Nanoball (CNB) (or buckyball) – a 
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molecule consisting of 60 carbon atoms (C60) that are arranged in the form of a soccer 
ball, (2) Carbon Nanotube (CNT) – a narrow strip of tiny sheet of graphite that comes 
mainly in two types: (a) multi-wall CNT (MWCNT) where each CNT contains several 
hollow cylinders of carbon atoms nested inside each other, and (b) single-wall CNT 
(SWCNT) that is made of just a single layer of carbon atoms, and (3) Carbon Nanocoil 
(CNC) [8,14,15,17,30,33].  

Carbon nanotube, which is a cylindrical sheet of graphite, is geometrically formed in 
two distinct forms which affect CNT properties: (1) straight CNT in which a CNT is 
formed as a straight cut from a graphite sheet and rolled into a carbon nanotube, and (2) 
twisted CNT in which a CNT is formed as a cut at an angle from a graphite sheet and 
rolled into a carbon nanotube. Fig. 1 shows a carbon nanoball (i.e., buckyball), SWCNT, 
and Scanning Electron Microscopy (SEM) image of chemical vapor deposition (CVD) 
grown array of MWCNT towers. 
 

         
     

               (a)                                         (b)                                            (c) 
 

Fig. 1. Different shapes and formations of CNTs: (a) carbon nanoball (i.e., buckyball), 
(b) single-wall CNT, and (c) an image from the Scanning Electron Microscopy (SEM) 
of chemical vapor deposition (CVD) grown array of multi-walled CNT towers. 

 
The emerging CNT technology has been implemented in many new promising appli-

cations [3-9,12,14,15,17,24,28-30,33,35,36,41,44]. Recent CNT-based examples of such 
applications include nanocircuits based on CNTs such as CNT Field Effect Transistors 
(FETs) that show high potentials for consuming less power and are much faster than the 
available silicon-based FETs. Other important applications include: (1) TVs that are 
based on the field emission of CNTs that consume much less power, are thinner and have 
a much higher resolution than the best plasma-based TVs, (2) nano circuits based on 
CNTs such as CNT-based FETs that consume less power and are much faster than the 
available silicon-based FETs, (3) Carbon nanocoils used as inductors in nanofilters and as 
nanosprings in nano dynamic systems, and (4) CNT rings. The CNT has also potential 
applications such as in: (1) CNT probes, (2) new composite materials, (3) CNT data stor-
age devices that are capable of storing 1015 bytes/cm2, (4) drug delivery systems, (5) nano 
lithography, and (6) CNT gears.  

Carbon nanotube growth, as observed using (1) Transmission Electron Microscopy 
(TEM), (2) Atomic Force Microscopy (AFM) and (3) Scanning Electron Microscopy 
(SEM), requires processes with correct conditions and materials. Currently, several meth-
ods for growing various types of CNTs exist [8,14,15,17,30,33]: (1) a big spark between 
two graphite rods, few millimeters apart, that are wired to a power supply in which a 102 
Ampere spark between the two rods vaporizes carbon into hot plasma which partially re-
condenses into the form of CNT, (2) chemical vapor deposition (CVD) of a hot gas such 
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as methane in which a substrate is placed in an oven, then the oven is heated to approxi-
mately 600 degrees Celsius and methane is added slowly; as methane decomposes, it frees 
carbon atoms that partially re-compose into the form of 0.6-1.2 nm in diameter SWCNTs, 
and (3) a laser blast of a graphite target in which laser pulses blasts a graphite rod which 
generates hot carbon gas from which CNT forms.  

Despite the fact that CNT has been grown into several forms, CNT use is still limited 
as compared to other wide spread technologies. This is mainly due to the fact that (1) it is 
still difficult to exactly control CNT growth into desired forms and (2) CNT growth is 
still very expensive due to the low yield of CNTs that meet the desired geometrical speci-
fications (cf. the cost property in Table 1). The existing and rapidly growing wide usabil-
ity of CNTs in several applications is due to the unique structural properties they possess. 
Table 1 summarizes most of these properties as compared to traditional counterparts [4]. 
For example, field emission property is used in the recently developed highly efficient 
CNT-based TVs and is used in new prototype vacuum tube lamps in six colors that are 
twice as bright as conventional light bulbs, longer-lived and at least ten times more en-
ergy-efficient. The properties of current carrying capacity, thermal stability, power con-
sumption and electron scattering qualify the CNT for a very promising future use in 
highly efficient power transmission. The property of preserving the electron spin will be 
utilized in using the CNT for reliable spintronics (quantum-based) computations. The size 
property is very useful for using CNTs as nanowires that would result in decreasing the 
total size of areas and volumes that are occupied by wires and interconnects in the corre-
sponding integrated circuits. The property of resilience is useful in building circuits and 
structures that have to maintain stresses without suffering from structural damages. The CNT 
property of energy band gaps qualifies CNTs to be used in wide applications that require 
wide range of energy band gaps from the conductor state to the semiconductor state.  

Conducted simulations and experiments have shown that photomixing (i.e., optical 
heterodyning) in laser-assisted field emission could be used as a new microwave or tera-
hertz (THz) source with a multi-octave bandwidth [1,11,13,23-26,29,31,34,37,38]. The 
field emitter tip used is much smaller than the wavelength of the incident optical radiation 
so quasi-static conditions require that the electric field of the radiation is superimposed on 
the applied static field to modulate the height of the energy barrier. Electrons tunnel from 
the tip into vacuum with a delay  which is less than 2 fs. Therefore, because the current-
voltage characteristics of field emission are extremely nonlinear, it is shown that if two 
lasers are focused on the tip, the mixer current follows each cycle of the difference fre-
quency of the two lasers from DC up to 500 THz (which is equal to 1/). It is also shown 
that the tip will withstand applied static fields as high as 9 V/nm, so that incident laser 
radiation with comparable field strengths could produce a bright source of microwave or 
THz radiation. Carbon nanotubes are excellent field emitters [9,10,13,16,19,29,36,38,39,41] 
and facilitate the miniaturization of electronic devices [3,4,6-9,15,17,24,26-28,30,33,35,36,41]. 
Furthermore, the kinetic inductance of CNT causes them to be high impedance (approximately 
5 k) transmission lines [28], and had shown that this effect can be used for efficient 
broadband matching to the high impedance that is inherent in field emission. The static and 
dynamic characterizations of field emitters consisting of a single CNT, both single-walled 
(SWCNT) and multi-walled (MWCNT) were described [29] and the comparison to a field 
emitter consisting of an etched single crystal of tungsten was also performed.  
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Table 1. Properties of Carbon nanotubes. 
      

Property Single-Walled CNT By Comparison 

Size 0.6 - 1.8 nm in diameter Electron beam lithography 
can create lines 50 nm 

wide and a few nm thick 

Density 1.33 – 1.40 g/cm3 Aluminum has a 
density of 2.7 g/cm3 

 

Tensile Strength 

 

≈ 45·109 Pascals 
High-strength steel alloys 
break at ≈ 2·109 Pascals 

Resilience Can be bent at large angles
and re-straightened 

without damage 

Metals and carbon fibers 
fracture at grain boundaries 

Current Carrying Capacity ≈ 1·109 A/cm2 Copper wires burn out at 
≈ 1·106 A/cm2 

Field Emission Can activate phosphors at 
1 – 3 V if electrodes are 
spaced 1 micron apart 

Molybdenum tips require 
≈ 50 – 100 V/micrometer 
with very limited lifetimes 

 

Heat Transmission 
≈ 6,000 W/m·K at room 

temperature 
Nearly pure diamond 

transmits ≈ 3,320 W/m·K 
 

Temperature / Thermal Stability 
Stable up to 2,800 C in 

vacuum and 750 C in air 
Metal wires in microchips 
melt at ≈ 600 – 1,000 C 

Cost ≈ 1,500 $/g Gold sells for ≈ 40 $/g 

Preservation of the Quantum 
Property of Electron Spin 

Optimal; Very high Low in regular conductors 

Power Consumption Very low Higher in metal wires 
 

Speed 
Very high ≥ 1·1012 Hertz 

nanoscale switch 
≥ 1,000 times as fast as 

processors available today 

Electron Scattering (Resistance) Almost none Comparatively high 

Energy Band Gaps Easily tunable; Depends on
CNT diameter and thus 
wide range of band gaps 

can be obtained: ≈ 0  
(like a metal), as high as band 

gap of Silicon, and almost 
anywhere in between 

No other known material 
can be so easily tuned 

This second part of the article introduces a novel CNT field emission – based device 
that implements an important and fundamental building block in logic synthesis – the 
controlled switch [2,3,4,7,32,43], and the use of the new device in many-valued computa-
tions is also shown for the important case of ternary Galois logic (GF3), where Fig. 2 il-
lustrates the layout of the introduced CNT-based system design method. Although the 
many-valued implementation of the new CNT-based controlled switch is demonstrated in 
this work for the case of GF3, the implementations and extensions over higher radices of 
Galois logic and other algebras are similar.  
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Applications: Nano Systems  
Circuits: Nano Circuits 
Devices: Nano Devices  

Technology: Carbon Nanotube  
Physics: Field-Emission  
Algebra: Galois Field  

Fig. 2. The implementation hierarchy of the introduced CNT-based devices. 

The remainder of this article is organized as follows: New CNT field emission-based 
controlled switch is introduced in Section 2. The implementation of parity-preserving 
reversible controlled-swap gate using the new CNT-based controlled switch is introduced 
in Section 3. Several examples of many-valued computations using the new devices are 
introduced in Section 4. Conclusions and future work are presented in Section 5. 

2. NEW CNT FIELD EMISSION – BASED CONTROLLED SWITCH 

This Section introduces the basic new device of CNT field emission – based controlled 
switch, and its extension to the case of many-valued Galois logic. 

2.1. Two-to-one controlled switch 

Utilizing the previously experimented and observed CNT characterizations and op-
erations that were introduced in Part 1 of this article, Fig. 3 introduces the new CNT field 
emission – based primitive that realizes the 2-to-1 controlled switch. In Fig. 3, the input 
control signal that is used to control the electric conduct of the new device is implemented 
using the imposed electric field intensity (E), or equivalently the work function (Φ) or 
voltage (V). 

The description of the operation of the CNT field emission – based device shown in 
Fig. 3(b) is as follows: by imposing the control signal of high voltage (HV), the voltage 
difference between the CNT cathodes and the facing anode is varied. This change will 
make the CNT cathode with control signal (HV) to be field emitting while the other CNT 
cathode with the complementary control signal ( VH ) to be without field emission. When 
the voltage difference is reversed, the CNT cathode with the complementary control sig-
nal ( VH ) will be field emitting while the other CNT cathode with the control signal (HV) 
will be without field emission. Thus, this device implements the functionality of the 2-to-1 
controlled switch  ( cbacG  ) shown in Fig. 3(a). 

The experimental results show that the distance d required between the cathodes and 
the facing anode must be around 10 mm, or else beam distortion will occur affecting the 
collected current at the facing anode screen. The equations that relate the electric field 
intensity (E), work (energy) function (Φ) in Joules (J), distance (d), voltage (V), and the 
current density (J), are as follows: 
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                      (a)                                                                          (b) 
 
 
 
 
 
 
 
 

                                                                 (c)  
 

Fig. 3. The CNT - based device implementing the operation of the 2-to-1 controlled switch: 
(a) the 2-to-1 logic multiplexer ( cbacG  ), (b) the CNT - based field emission – 
based 2-to-1 controlled switch, and (c) block diagram for the new 2-to-1 multiplexer.  

In this figure, HV is high-voltage source, VH is the complementary (i.e., opposite) high 
voltage source, and CS is the controlled switch. 

 Φ = eV (1) 

 V = Ed (2) 

 d = V / E (3) 

 J = I / (a/) = I  (/a) (4) 
 

where e is the electron charge  1.602  10-19 Coulombs (C), a is the tip area, and  is the 
emission angle. Then, the equation which is modeling the current value on the anode 
screen can be derived as follows: 
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From Equation (5), one can clearly observe the corresponding proportionality relation 
between the current value (I) and the voltage difference (V), proportionality relation between 
the current value (I) and the tip area (a), and the inverse relation between the current value (I) 
and the emission angle (), where A = 1.541 x 10-6/Φ and B = 6.831 x 109 Φ3/2. The values of 
the work function are Φ = 4.5 eV for tungsten and for CNT was set to Φ = 4.9 eV for graphene. 
The typical values which are used for the experiment input control variable of the electric field 
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intensity (E) is  3109 V/m, for the distance (d) between the CNT cathode and the facing anode 
screen is  10 mm, and for the voltage is V  3107 V.    

2.2. The extension to many-to-one controlled switches 

Synthesizing many-to-one (i.e., m-to-1) CNT field emission – based controlled switches is 
possible using the fundamental two-to-one CNT field emission – based controlled switch from 
Fig. 3(b).  
 

 

 

 

 
Fig. 4. The 3-to-1 CNT field emission - based controlled switch, where the devices {D1, D2} 

are implemented using the CNT-based controlled switch device shown in Fig. 3(b). 
       
 

 
 

 

 
 
 

 
 
 

Fig. 5. The realization of an m-to-1 controlled switch, where devices {D1,..., D(m-1)} are 
implemented using the CNT field emission – based controlled switch from Fig. 3(b). 

For example, for the 3-valued logic case, one needs two devices from Fig. 3(b) to realize 
the functionality of three-to-one CNT field emission – based controlled switch. This idea is 
illustrated in Fig. 4. Note that, in Fig. 4, device D1 outputs one signal from two input signals and 
device D2 outputs one signal from two input signals, thus the total functionality of the device in 
Fig. 4 is a three-to-one CNT field emission – based controlled switch.  

In general, for an m-valued logic, one needs (m-1) of 2-to-1 controlled switches to 
realize the function of an m-to-1 controlled switch. This is illustrated in Fig. 5. 
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                  Condition #2   "1" 
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3. THE IMPLEMENTATION OF PARITY-PRESERVING REVERSIBLE CONTROLLED-SWAP GATE 

USING THE NEW CNT FIELD EMISSION – BASED CONTROLLED SWITCH 

Due to the anticipated approaching failure of Moore's law, quantum computing will 
play an increasingly important role in building more compact and less power consuming 
computers. Due to this fact, and because all quantum computer gates (i.e., building 
blocks) should be reversible (i.e., information lossless) [2], reversible computing will 
have an increasingly larger existence and utilization in the future design of regular, com-
pact and universal circuits and systems.  

Motivations for pursuing the possibility of implementing circuits and systems using 
reversible logic and quantum computing would include important design objectives such 
as power minimization, size miniaturization, speed maximization, and added error cor-
rection property [2]. For the error correction property, parity checking is one of the oldest 
and most widely used methods for error detection in digital circuits and systems. It is 
shown that reversible logic gates having an equal number of inputs and outputs are suffi-
cient for parity preservation if a reversible circuit at each gate is parity-preserving 
[2,21,42], where parity-preserving reversible logic gates refer to reversible gates for 
which the parity of the output matches that of the input. The synthesis choice from such 
gates depends on the circuit design specifications in terms of the number of the used re-
versible gates, amount of needed "garbage" output which is used only for the purpose of 
ensuring reversibility, logical complexity, and the number of executed clock cycles. 
        
        
 
 
 
 
 

                   (a )                      (b)                         (c)                             (d) 
 

Fig. 6. Galois field addition and multiplication tables: (a) GF2(+), (b) GF2(*), (c) GF3(+), 
and (d) GF3(*). 

 
Fredkin gate [2] is one of the most fundamental building blocks in reversible and 

quantum computing, where many propositions have been performed to realize the Fredkin 
gate in various technologies [2,6] such as optical, electrical, nano mechanical, and 
quantum. The Fredkin gate belongs to a group of primitives where each primitive 
represents a fundamental family of logic gates in reversible computing [2] that contain 
Fredkin-like, Toffoli-like, and Feynman-like gates [2]. It was also shown how to formally 
generalize the fundamental Fredkin gate to any general m-valued Galois logic [2].  

In general, and as previously stated, the detection of faults generated in a circuit can 
be performed using parity-preserving reversible logic gates. Given that reversible gates 
tend to have the same number of input and output vectors, a sufficient requirement for 
parity preservation in the course of reversible computation with such gates is that each 
gate should be parity-preserving, i.e., have the same parity for the input and output vector. 
The implementation methodologies that are developed is this section and in the following 

+ 0 1 
0 0 1 
1 1 0 

+ 0 1 2 
0 0 1 2 
1 1 2 0 
2 2 0 1 

* 0 1 2 
0 0 0 0 
1 0 1 2 
2 0 2 1 

* 0 1 
0 0 0 
1 0 1 
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section are general and are applied in the m-valued Galois radix for m = pk, where p is a 
prime number and k is a natural number of value k  1. Fig. 6 shows important examples 
of binary and ternary Galois field addition and multiplication tables. 

The following definition provides the formal specification for the two-valued parity-
preserving reversible logic gate. 
 

Definition 1. For the binary radix of Galois field, let I = (a; b; c) and O = (P; Q; R) be 
the input and output vectors of a (3, 3) reversible gate, respectively. We call a reversible 
gate to be a Parity-Preserving Reversible Logic Gate (PPRLG) if the gate satisfies the 
parity-based equation: a  b  c = P  Q  R, where  is the Boolean Exclusive-OR 
(i.e., XOR) operation which is the GF2 addition operation. 
 

 
 
 
 

                                   
 
             
                                             

 

                               (a)                                                                   (b) 
Fig. 7. Representations for important reversible primitives: (a) reversible GF2 Shannon1 

(i.e., Fredkin1) gate, and (b) reversible GF2 Shannon2 (i.e., Fredkin2) gate. 
 

Fig. 7 shows two commonly used PPRLGs [2] which are based on the fundamental 
Fredkin gate (also known as the two-valued reversible Shannon gate [2]). Both of the 
reversible gates in Fig. 7 are clearly parity-preserving because both of them satisfy the 
parity-based equation which was shown in Definition 1. While Definition 1 provides the 
formal specification of binary parity-preserving reversible gates, Definition 2 provides the 
formal specification of m-valued parity-preserving reversible gates. 

Definition 2. A general m-valued Galois Parity-Preserving Reversible Logic Gate (PPRLG) 
satisfies the equation a +m b +m … +m c = P +m Q +m … +m R, where m = pk, p is a prime number, k 
is a natural number of value k  1, and {a, b, …, c} and {P, Q, …, R} are the corresponding input 
and output vectors of an m-valued (m + 1, m + 1) reversible gate, respectively.  
 

As an example of Definition 2, for the important specific case of the third radix Galois 
field, let I = (a; b; c; d) and O = (P; Q; R; L) be the input and output vectors of a ternary 
(4, 4) reversible gate, respectively. A ternary PPRLG is a gate that satisfies the parity-

 g0 g1 c g1r0 g1r1 c  

0 0 0 0 0 0 0 0 
1 0 0 1 0 0 1 1 
2 0 1 0 0 1 0 2 
3 0 1 1 1 0 1 5 
4 1 0 0 1 0 0 4 
5 1 0 1 0 1 1 3 
6 1 1 0 1 1 0 6 
7 1 1 1 1 1 1 7 

 g
0 

g
1 

c g2r

0 
g2r

1 
c  

0 0 0 0 0 0 0 0 
1 0 0 1 0 0 1 1 
2 0 1 0 1 0 0 4 
3 0 1 1 0 1 1 3 
4 1 0 0 0 1 0 2 
5 1 0 1 1 0 1 5 
6 1 1 0 1 1 0 6 
7 1 1 1 1 1 1 7 

 0    1  0    1 

  g0             g1 

          g2r0           g2r1 

 0    1  0    1 

g0        g1 

         g1r0           g1r1 
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based GF3 equation of a +3 b +3 c +3 d = P +3 Q +3 R +3 L. For instance, Equation (6) 
characterizes the operation of the 3-valued Fredkin gate (also known as the 3-valued 
reversible Shannon gate) [2]: 
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where ic is the 1-Reduced Post Literal which is a single variable function defined as ic = 1 
if c = i else ic = 0 if c  i where the variable c can take any value in the set {0,1,2} [2].  
 

 
 
 
 
 
 
 
 

 

Fig. 8. Logic circuit realization of the reversible expansion in Equation (7). 

The corresponding gate that is represented by Equation (6) is reversible given that 
input c is produced in the output [2] for which a modified form of Equation (6) would be 
as shown in Equation (7):    
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The reversible Shannon expansion in Equation (7) is represented using the 3-to-1 
controlled switch as shown in Fig. 8 [2]. Table 2 illustrates the reversibility proof of the 
4-input 4-output (i.e., (4, 4)) ternary Fredkin gate shown in Fig. 8 that was formally 
represented by Equation (7). 

Both of the 2-to1 controlled switches in Fig. 7 can be directly implemented using the 
CNT field emission - based realization that was shown in Fig. 3(b), and the 3-to-1 
controlled switch in Fig. 8 can be directly implemented using the 3-to-1 CNT field 
emission - based realization shown in Fig. 4. 

4. MANY-VALUED COMPUTING USING THE NEW CNT-BASED DEVICE 

Many-valued computing will be illustrated in this section using the new CNT field 
emission – based device that was previously developed for the case of ternary radix Galois 
field (GF3). Although the demonstration of the use of the new CNT-based controlled switch 
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is for the case of GF3, implementations over higher radices of Galois logic follow the same 
proposed method. 

Table 2. The proof of reversibility of the ternary (4,4) gate from Equation (7) and Fig. 8. 
 

 

      
 
 
 
 
 

 

       
A controlled switch - based circuit that implements Figs. 6(c) and 6(d) is shown in 

Fig. 9, where Fig. 9(a) can be implemented using the new two-input single-output CNT 
field emission – based device from Fig. 3(b).  
 

 
 
 
 
 
 
    
 
                                                                         (a) 
 

                                                                    
 
 
 
 
 
 
 
  
 
 

(b) 
 

Fig. 9. The CNT - based implementation of Galois arithmetic operations: (a) controlled 
switch symbol that can be implemented using the CNT device in Fig. 3(b), and (b) 
circuit that uses the controlled switch from Fig. 9(a) to implement GF3 addition 
and multiplication tables from Figs. 6(c) – 6(d). 

 

The internal nano interconnects in Fig. 9(b) can be implemented using CNTs as well 
(cf. Fig. 10), where = means a metallic CNT used as a nanowire, especially as the CNT 
possesses the important properties of small size, high resilience, and very low electron 
scattering as was shown in Table 1. Several efficient methods for implementing such 
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interconnects have been reported by growing a SWCNT between two metal catalyst 
islands such as iron (Fe), cobalt (Co), nickel (Ni), yttrium (Y), or molybdenum (Mo). 
 

       
 

                     (a)                                                         (b) 
Fig. 10. The implementation of CNT-based nano interconnects: (a) TEM image of a 

bundle of SWCNTs catalyzed by Ni/Y mixture, and (b) growing CNT wires on 
catalysts where CNT meshes are shown on which the metal catalyst is coated. 

In Fig. 9(b), the variables {A, B} are two ternary input variables that can take any 
value from the set {0, 1, 2}, inputs {0, 1, 2} are constant inputs, and inputs Ck (k = 0, 1, 2, 
3) are two-valued control variables that take values from the set {0, 1}. Note that Fig. 
9(b) implements Figs. 6(c) and 6(d) by using the appropriate values of control variables 
Ck that select the variable inputs {A, B} and constant inputs {0, 1, 2}, where Table 3 
shows an example for the implementation of Figs. 6(c) and 6(d) using Fig. 9(b). 
Since m-valued circuits over GF3 will be synthesized using the addition and multiplication 
operations from Figs. 6(c) and 6(d), the circuit in Fig. 9(b) can be used in many-valued 
implementations whenever GF3 addition and multiplication operations are applied, and 
the internal nano interconnects can be implemented using metallic CNTs. A simple 
illustration is presented in Example 1.  
 

Example 1. Let us implement the ternary function H = X4X1 +3 X2X3X1 +3 X2X3 using the 
addition and multiplication operations realized using Fig. 9(b). For instance, the 
corresponding GF3 addition and multiplication used in Fig. 11 could be implemented 
using Table 3 (that specifies input values to Fig. 9(b)) for specifying values to various 
inputs. 
 
Table 3. An example for the implementation of Figs. 6(c) - 6(d) using Fig. 9(b), where + 

means GF3 addition from Fig. 6(c), * means GF3 multiplication from Fig. 6(d), 
Ck (+) means that the control variable Ck to implement the ternary addition 
operation, and Ck (*) means that the control variable Ck to implement the ternary 
multiplication operation. 

 

A B C0 (+) C1 (+) C2 (+) C3 (+) C0 (*) C1 (*) C2 (*) C3 (*) + * 

0 0 0 0 0 0 0 0 0 0 0 0 
0 1 1 0 0 0 0 0 0 0 1 0 
0 2 1 0 0 0 0 0 0 0 2 0 
1 0 0 0 0 0 1 0 0 0 1 0 
1 1 0  0 0 1 0 0 0 0 2 1 
1 2 0 1 0 0 1 0 0 0 0 2 
2 0 0 0 0 0 1 0 0 0 2 0 
2 1 0 1 0 0 0 0 0 0 0 2 
2 2 0 0 1 0 0 0 1 0 1 1 
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       The following example shows system-level design of an Arithmetic and Logic Unit 
(ALU) circuit by illustrating the implementation of a 2-digit multiplier using the newly 
introduced CNT field emission - based device. 
 

 
 
 
  
 
 
 
 
 

 
Fig. 11. A GF3 implementation of H = X4X1 +3 X2X3X1 +3 X2X3 using the two-input 

single-output operators from Figs. 6(c) - 6(d), where Table 3 shows the 
implementation of Figs. 6(c) - 6(d) using Fig. 9(b), and where = means a metallic 
CNT used as a nanowire. 

Example 2. Let us design a ternary 2-digit multiplier. A 2-digit m-valued multiplication is 
performed utilizing the mod-multiplication operator as follows [2]: 

                                                               B1     B0 
                                                                     A1     A0 
                                                       Cout1     m01     m00 
                                             Cout2      m11     m10     0 
                                    Cout      S3       S2       S1      S0 

Fig. 12 shows the general maps for the ternary multiplication and the output carry (Cout) 
functions, and Fig. 13 shows the corresponding 3-valued circuit realization. 
 
 
 
 
                                           (a)                                                   (b) 
    

Fig. 12. Ternary 2-digit multiplication: (a) ternary multiply and (b) ternary carry out. 

The corresponding GF3 addition and multiplication operations that are used in Fig. 13 
could be implemented using Table 3 that specifies input values to Fig. 9(b) for specifying 
values to the various inputs. Further implementation of the general m-valued N-bit full 
ALU, which is the main functional unit in the microprocessor data path [2,43], that 
includes the realization of all arithmetic sub-units of addition, subtraction, multiplication 
and division, and includes the realization of all logic sub-units such as AND, OR and 
XOR, can be performed from the utilization of the new CNT-based controlled switch 
device previously introduced by using the same method which was used in the realization 
of the 2-digit multiplier shown in Fig. 13. 
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5. CONCLUSIONS AND FUTURE WORK 

In this second part of the article, a novel carbon nanotube - based controlled switch is 
introduced. For the architecture effectuation of the new CNT field emission – based 
switching device, four field emission tubes having single CNT as the emitters were 
previously tested, and a tube having a tungsten tip was also used for the corresponding 
comparison.  
 

 
 
 
 
 
 
 
 

 
 
 
 
 
 

Fig. 13. Logic circuit of a ternary 2-digit multiplier. 

The Fowler-Nordheim analysis of the DC current-voltage data gave reasonable values 
for the local fields at the emitters and the sizes of the emitter sites. Also, two audio-fre-
quency oscillators were used to superimpose sinusoidal signals on the applied static field, 
thus increasing the DC emitted current. As was previously shown, a single square-wave 
modulated laser diode of specific power and wavelength focused on each emitter in-
creased the emitted current during each laser pulse with the CNT.  

The measurements previously conducted with the CNT suggest that the mixer current 
could be 30 times greater if either SWCNT or MWCNT were used in place of the metal 
emitters, which would increase the microwave output power by 30 dB as a considerable 
improvement. More pertinently, laser radiation was utilized to increase the field emission 
current from a cathode with a dense field of CNT by a factor of 18, and also was shown 
that this is not a thermal effect by comparing the corresponding data with the effect of 
elevated temperatures on the field emission from the used CNT. 

The extension of the new two-valued CNT field emission – based device to the gen-
eral m-valued case is introduced, and the general implementations of m-valued Galois 
circuits using the new CNT field emission – based controlled switching devices were also 
demonstrated. A 2-to-1 controlled switch is a basic building block in "switch logic", 
where the concept of the switch logic is that logic circuits are implemented as combina-
tion of switches, rather than a combination of logic gates as in the gate logic, which 
proves to be less-costly in synthesizing a wide variety of logic circuits and systems. Since 
the controlled switch is of fundamental importance in logic design, the new device can 
have a wide spectrum of implementations in a wide variety of nano circuits. 
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Future work will include items such as: (1) the complete fabrication and test of the new 
CNT field emission – based controlled switching devices, (2) the integrated application of 
the new nano devices in full system-level computer and electro-mechanical implementations, 
(3) investigating all of the experimental and fundamental aspects of potential terahertz field 
ion emission – based controlled switching devices and conduct the comparison with respect 
to the terahertz field electron emission – based controlled switching devices, (4) investigat-
ing all of the experimental and fundamental aspects of thermionic emission (i.e., thermal e- 
emission) – based controlled switching devices and conduct the comparisons with respect to 
field electron emission – based and field ion emission – based controlled switching devices, 
and (5) investigating new experimental conditions for the distance d between the cathodes 
and the anode screen to be less than 10 mm without causing any beam distortion and thus 
without affecting the collected current at the facing anode screen. 
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