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Abstract 
 
In the current scenario, most of the real-time applications are highly 

associated with the revolution of technology.  We are familiar with the 

advantages of traditional computing process. But, there are few challenges 

like size and complexity that has to be addressed. Hence, we can rely on 

recent technology for efficient computing process. All computing process 

depends on classical method for storing and manipulating the information. 

But, Quantum computing is based on quanta-mechanical phenomena like 

entanglement and superposition to perform computation. The future quantum 

technology provides low power dissipation using reversible logic concepts 

which evolved from thermodynamics. It has triggered several researchers & 

scientists in the development of quantum computers. The concept of 

Quantum Cellular Automata (QCA) holds the advantage of building quantum 

circuit with minimal area design & power consumption. Hence, Arithmetic & 

logic unit (ALU) which is a basis of processor has been implemented in both 

QCA technology & (Complementary Metal Oxide Semiconductor) CMOS 

technology and observed its performance analysis. This AL unit uses four 

control inputs to perform different arithmetic and logical operations. 

Simulation tools used for this analysis are Tanner tool and QCA designer 

tool .The parameters like area and delay are taken into consideration, in 

which 50% of area reduction has been achieved in QCA nano-technology 
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compared to CMOS technology. 
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1 Introduction 
 

The design development of all the devices emphasis on small, more 

portable products that require more advanced computing technologies. All 

the devices were designed using transistor-based CMOS technology. Hence, 

the heat dissipation from the high-density CMOS mechanism was a major 

challenge. The exponential increase in fabrication cost degrades the 

development of CMOS technology. The scaling limitation of the current 

CMOS technology has to be overcome by various emerging device 

technologies. Quantum technology is one among it and it holds good as  its 

cell process takes place at the nanoscale– which works in subatomic levels. 

At this nano-level, matter stops working according to the law of conventional 

physics and start signifying the sole properties of quantum mechanics. 

Quantum mechanical effects & lithographic complications will stop the 

development of transistor-based fabrication. 

In the proposed paper, we have discussed about area-efficient Arithmetic 

& Logic Unit which was implemented in both CMOS and reversible logic 

concept. This concept holds good for the development of future generation 

IC‟s that comes across the limitation of CMOS technology. As a reason, 

QCA became an exclusive deal of attention. Great efforts directed towards 

the design of arithmetic circuits using QCA. The essential components of 

QCA are the majority gate [8]. Nanostructure-based QCA involves 4 

quantum dots and 2 free electrons. These electrons obey the Columbic 

repulsion and always located in opposite corners and leads to two possible 

stable states, termed as polarization. QCA represents the two binary states 1 

and 0 according to the location of electrons[10] through which no current 

flows.Quantum Cellular Automata is the improved version in conventional 

computer designs proposed by John Von Neuman. These QCA devices are 

discrete dynamic systems consisting of a uniform grid of cells. These QCA 

devices work on the principle of state transitions which are considered to be 

more powerful in designing various CPU. Hence the proposed system details 

the designing of ALU with QCA mechanisms to achieve the high 

performance and area efficient. These techniques will make the intelligent 

area and power-aware CPU suitable for all applications. The proposed paper 

is organized as follows,  

 Followed by the literature aspects basics of QCA technology & 

reversible logic gates are discussed. 

 Then, the implementation of an area-efficient Arithmetic & 

Logic Unit using QCA & CMOS technology are discussed. 
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 Finally the experimental setup, testing results & comparative 

analysis of both the technology in terms of area and delay are discussed. 

 

2 Literature Aspects 
 

MahyaRahimpourGadim et al. provided a broad survey on various 

techniques for designing an ALU using QCA technology. They have given a 

clear explanation of three units namely: ALU,  logic unit  (LU) &  arithmetic 

unit (AU). Also, they have briefed about the challenges in designing all three 

units. Furthermore, they provided the open issues and recommendations for 

forthcoming research work. They have undergone 1,960 relevant papers and 

through their selection process, identified 26 primary studies that are highly 

correlated to the proposed work. [1]. 

Kamaraj et al. proposed four different reversible gates which satisfy the 

basic two quantum properties. The design of ALU  has been implemented 

with these reversible gates and simulated in QCA designer tool . It can be 

used as a basic block of Quantum computers to perform any mathematical 

operations. [2] 

Manisha G. Waje et al., made an extensive analysis of the QCA Designer 

tool which can be used for implementation and simulation of any digital 

circuits. They have done a comparative analysis of adder and multiplexer 

circuits. As per their results, the design circuits are area efficient. They have 

also discussed arithmetic and logic units which can be the core element of 

future Nano processors.[3] 

ShaikShabeena et al. portrays the concept of reversible logic  gates using  

QCA technology which can replace transistor  based  technologies. The basic 

principle is the measurement based on polarization states of electrons rather 

than voltage levels. Compared to standard logic gates, the reversible gates 

use buffers for implementation. It seems to consume less amount of power 

than standard CMOS gates. Hence, it helps in striking the low power 

consumption logic circuits.[4] 

P. Sai Krishna presented a technique called MGDI (modified Gate 

diffusion input) of low power digital combinational design. This technique is 

compared with current logic design styles(GDI and CMOS technologies) and 

proved to achieve less power consumption and reduced propagation delay 

with the minimum no. of transistors. It describes 16 – bit Arithmetic Logic 

Unit using Modified Gate Diffusion Input (MGDI) technique and also the 

number of transistors is reduced than existing Systems [5] 

 

3 Reversible Logic Concepts 
 

Low power dissipation is a significant aspect of reversible logic that 

gains more importance in CMOS design.  
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Here, we have briefed about reversible logic and various types of 

reversible gates.[7] Basic logic gates are traditional irreversible gates[3]. 

Hence, an additional reversible line has been added in output that maps 

between inputs & outputs to prevent the loss of information. [17]This has a 

great impact on irreversible power dissipation circuits. The extra inputs 

assigned makes irreversible as reversible and called as constant inputs (CI). 

All the outputs that is not used in reversible circuits are termed as garbage 

outputs (GO).[9][11] Garbage outputs cannot be predicted. The commonly 

used terminologies in reversible concepts with definitions are as follows, 

 Gate count – defined as the count of gates (reversible gates) . 

 Garbage output – Some outputs of gates that are left uncomputed 

in the further design are termed as garbage outputs. 

 Quantum cost – defines the no. of 1 * 1 & 2 * 2 gates. 

 Quantum depth- The critical path of output from the input is 

termed as quantum depth.Reversible gates are, 

a. NOT-Gate 

 
Figure 1: Reversible NOT-gate 

The fundamental requirement of NOT-gate is single input and a single 

output as shown in figure 1. 

 

b. Feynman gate  

 

 
Figure 2: Feynman-gate 

The Feynman-gate is called as Controlled NOT (CNOT) gate which has 

two inputs & two outputs given in fig 2. It works similar to irreversible EX-

OR gate. When one of the input is high, the output Q goes to high state 

 

c. Toffoli-Gate 

 
Figure 3: Toffoli-Gate 

Figure 3, the symbol of  Toffoli gate which has  three inputs and three 

outputs.It is otherwise called as CCNOT gate. It behaves like irreversible 

AND gate when the input C is equal to 0. When the input C is equal to 1, it 

behaves like an irreversible NAND gate. 
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3.1 QCA Technology 
 

This section deals with theories of QCA technology. It is a computing-

paradigm which uses the arrays of nanostructures called quantum dots. [6] 

The Figure 4 shows QCA cell with polarization +1 and polarization -1 which 

acts as a basic building block for all designs. These are the two states of 

polarization in a QCA cell. Polarization +1 implies logic 1 in binary & -1 

implies logic 0 in binary. 

 

 
Figure 4:  QCA cell representation 

 
Figure 5: Majority gate representation 

 

Fig.5 is majority gate that uses five QCA cells with inputs A, B & C and 

single output D. Its output expression is, D=AB+BC+CA. It is the basic 

block of QCA. For M(A,B,0) , it works as an AND gate & for M(A,B,1), it 

works as OR gate. [14][21]QCA wire shown in Figure.6 is formed by an 

array of basic cells. It acts as a medium for data transmission. 

 
Figure 6:  QCA Wire 

 
Figure 7:  QCA inverter 
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QCA inverter is shown in Fig. 7. Its output polarization is opposite to 

input polarization. Polarization +1 changed to polarization -1. [15] QCA 

technology with reversible gates gives better performance and also helps in 

testing logic by itself [16] 

 

3.1.1 QCA Clocking 
 

Each QCA cell is based on 4 clock   phases: switch , hold ,  release &  

relax phase which is given in Figure 8. In Switch phase, the unpolarized cells 

get polarized depending on the input; the hold phase held the polarization to 

be high to pass it to the next phase. The barriers to the release phase are 

lowered & go to an unpolarized state. Relax phase remains in the same 

unpolarized state. Hence, it shows a mechanism of pipelining. QCA clock 

controls the entire QCA circuit [12][13] 

 
Figure 8:  QCA clocking 

 

3.2 Reversible Gates 
 

The Arithmetic & logical unit is the central core of a processor that has 

to be designed with low power and less area. QCA technology and reversible 

logic gate concepts help us to acquire these requirements. The proposed ALU 

has been implemented using the following reversible gates, figure 9.[2] 

 
 

  
Figure 9: Reversible gates 
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4 Implementation of Arithmetic & Logic Unit in QCA 
Technology 
 

An ALU should perform arithmetic and logical operations with low 

power dissipation. Every part ofthe design has to be checked for its proper 

operation and also to achieve reversibility. [18][19] 

 

4.1 Functions of Proposed Arithmetic Unit 
 

In ALU, the arithmetic block plays a significant role in performing 

arithmetic operations. A & B are the inputs and S0, S1, S2, S3 are control 

inputs of reversible gates. With respect to control inputs, different arithmetic 

operations are performed like Additions, complement subtractions, 

increment, and decrement. By applying the inputs to the design shown in 

fig.10, arithmetic operations are performed are shown in Table 1. It depicts 

different arithmetic operations by using four selection lines. 

The output expression of arithmetic unit  is realized based on equation  and 

it is implemented as shown in figure10. 

               (1) 

For an example, When S3,S2,S1,S0 is 0011, addition operation is 

performed between two inputs.Similarly, when S3,S2,S1,S0 is 0110, the 

input A value is incremented by 1. The combinations of control inputs 

performs 16 different operations on inputs A & B 

 
Table 1: Functions of Arithmetic Unit 

 



                                                                                                                  
 

 

 

 

 

 
3582 R.Anitha et.al 

 

 
Figure 10: Arithmetic unit with Reversible gates 

 

4.2 Function of Logic Unit 
 

This logical unit is the critical component of the processor and it should 

perform all logical operations.  

 

 
Figure 11: Logic unit with Reversible gates 
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The logical unit performs different logical operations. The above figure 

11, shows the logical unit with the reversible gates. A and B are the inputs 

for which logical operations are performed. Control inputs S0, S1, S2, S3 are 

used for selecting different operations. By using these four control inputs 

different logical operations are performed which can be used for any 

applications of a particular requirement. 

The following equation E2 represents the functional operation of the 

logical unit. 

                (2) 

The below Table 2 presents the output combinations and expressions of 

logic unit depending on control inputs.For an example, when the control 

inputs are S3,S2,S1,S0 = 0,0,0,1 , it performs AND operation. When   

S3,S2,S1,S0 = 0110, it performs XOR operation. Hence, a single logic unit 

can perform multiple operations based on the control inputs. 

 
Table 2: Functions of Logic Unit 

 
 

4.3 Arithmetic & Logic Unit (Al Unit) 
 

AL Unit is designed by integrating both the units using Multiplexer. 

With respect to selection lines, arithmetic & logic operations are performed. 

[11][22]. It works similar to 2X1 MUX . 
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Figure 12: Integration of Arithmetic & Logical Unit 

 

Figure.12 displays the complete design of ALU using multiplexer. The 

input Aout comes from Arithmetic Unit (AU) and Lout from Logic unit 

(LU)and selection is the select lines. The multiplexer output is defined as,  

                 (3) 

 
Table 3: Integration of ALU in MUX table 

Selection Operation Functions 

0  Arithmetic 

Unit  

Addition with and without carry, 

Subtraction, Complement etc..,  

1  Logic Unit  AND, OR, XOR, XNOR etc..,  

 

Table 3 explains the selection line inputs are „0‟ and „1‟. Arithmetic 

operation is performed when selection line input is „0‟ and logical operation 

when selection line input is „1‟. Arithmetic operations are addition with 

carry, 1‟s complement addition, subtraction, etc. Logical operations are 

AND, OR, XOR, shifting operations, etc., Multiplexer operates based on the 

majority gate. [20] 

 

4.4 Multiplexer Design 
 

With the help of majority gate pattern of QCA cells, multiplexer is 

designed as follows in QCA designer tool. [2][22] 
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Figure 13: MUX with majority gate 

 

Figure.13 shows the multiplexer design. It is designed with majority 

gates and inverter which is represented as:                 

 
 

5 Implementation of Arithmetic & Logic Unit in CMOS 
Technology 
 

In order to have a comparative analysis between CMOS and Quantum 

technology, the ALU design has also been implemented in CMOS 

technology. As similar to the above discussion, the arithmetic unit , logic unit 

and integrated ALU unit are implemented in Tanner simulation tool.In the 

nano-scale level, the CMOS design has limitations on power dissipation and 

operating speed. It has been found as QCA provides a better platform 

compared to CMOS for all kinds of computations which works on the 

polarization of electrons.  

The following section shows the simulation process of both the 

technology to prove the capability of Quantum technology. 

 

6 Experimentation Setup and Simulation Parameters 
 

We have used the QCA Simulator tool for designing the quantum-based 

ALU installed in Intel i7 CPU,1 TB HDD, 4GB RAM. The simulation setup 

of the QCA Simulator has two modes such as Dataflow models and 

verification modeling. We have designed the required ALU circuit using 

dataflow modeling and verified by the Q-BERT logic verification engine. 

Thus all the inputs and control signals in the designs are assigned with the 

inputs and simulator runs the designs on the assigned inputs. Moreover, we 

have utilized the two different tools such as Tanner and QCAD to prove the 

significance of our designed circuits. 

 

7 Results and Discussions 
 

Arithmetic unit, Logical unit, ALU unit are implemented using majority 

gate and its simulation results are discussed below. 
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7.1 QCA Layout of Arithmetic Unit 
 

 
Figure 14: QCA layout of Arithmetic unit 

 

Fig.14 shows the implementation of the AU using QCAD designer tool. 

The simulation results are obtained using the QCAD designer Bi-stable 

simulation Engine. The arithmetic unit was designed using six Reversible 

gates, each gate with the delay of 1ns (four complete clock zones). Figure 15 

gives simulation results. Simulation results illustrate the operation of 

Arithmetic operations with a total delay of 3ns.  
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Figure 15: Simulation result of QCA Arithmetic unit 

 

Based on the selection lines, different arithmetic operations are 

performed. For example, the output of A+( )‟ is obtained after a clock 

cycle delay of 1ns for the selection lines are S0=0,S1=0,S2=0,S3=0.  

 

7.2 QCA Layout of Logic Unit 
 

 
Figure 16: QCA layout of logical unit. 
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Figure 16 shows the implementation of the Logic unit using the QCAD 

designer tool. The simulation results are obtained using the QCAD designer 

Bi-stable simulation Engine. The logic unit was designed using nine 

Reversible gates, each gate with the delay of 1ns (four complete clock 

zones). Figure 17 gives logic unit simulation results. Simulation results 

illustrate the operation of logical operations with a total delay of 5 ns. Based 

on the selection lines, different logical operations are performed. For 

example, the output of A&B is obtained after a clock cycle delay of 1ns for 

the selection lines are S0=0,S1=0,S2=0,S3=1. 

 
Figure 17: Simulation result of QCA Logic unit 

 

7.3 QCA Layout of Arithmetic & Logic Unit (ALU) 
 

 
Figure 18: QCA layout for the Arithmetic &logical unit(ALU) 
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Figure18 shows the QCA layout of integrated ALU and Figure 19 shows 

its simulated results in QCA designer tool. It is observed that all output 

results are with 8ns delay. 

 
Figure 19: Simulation result of QCA Arithmetic unit & Logic unit (ALU) 

 

7.4 Arithmetic Unit Design in Tanner Tool 
 

The below figure 20 presents design of Arithmetic Unit using transistors 

in Tanner tool with its simulation output in figure 21. In order to prove QCA 

is best suitable for the development of Quantum processors, an comparative 

study is made between CMOS & QCA.  

 
Figure 20: Arithmetic (AU) Schematic design in Tanner tool 
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Figure 21: Simulation result of Arithmetic (AU) in Tanner tool 

Recalling the equation (1), the same design of arithmetic unit is 

implemented in Tanner tool (CMOS logic) for the comparative study. From 

the simulation results, it observed as 5.7ns delay , whereas it is just 3ns in 

QCA. Also, the circuit occupies an more area compared to QCA 

 

7.5 Logic Unit Design in Tanner Tool 
 

The below figure 22 presents design of Logic Unit using transistors in 

Tanner tool with its simulation output in figure 23. 

 

 
Figure 22: Logic Unit(LU) Schematic design in Tanner tool 
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Figure 23: Simulation result of Logic Unit (LU) in Tanner tool 

 

Recalling the equation (2), the same design of logic unit is implemented 

in Tanner tool (CMOS logic) for the comparative study. From the simulation 

results , it observed as 4.45ns delay , which is again more than QCA which is 

implemented using majority gate. Also, the circuit occupies an more area 

compared to QCA 

 

7.6 Arithmetic & Logic Unit in Tanner Tool 
 

The below figure 24 shows the design of  Arithmetic  &  Logic  Unit 

design (using transistors) USING Tanner tool with its simulation output in 

figure 25. 

 
Figure 24: Schematic  design  of Arithmetic  &  Logic Unit (ALU) - Tanner tool 
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Figure 25: Simulation result of Arithmetic & Logic Unit (ALU) in Tanner tool 

 

Recalling the equation (3), the using multiplexer, arithmetic & logic unit 

are integrated , such that single ALU can perform both arithmetic & logic 

operations. Its operation is already discussed in Table (1). Depending on the 

selection inputs, either it can work as an arithmetic unit or logic unit. 

 

7.7 Comparison of CMOS & QCA Technology 
 

The following Table 4. shows the comparative analysis of QCA 

technology & CMOS technology using  the parameters like area (cell count) 

& Delay. In terms of area, AU & LU using QCA design is less compared to 

CMOS technology. It is observed that 51.27% and 52.88% of area reduction 

in Arithmetic & logic unit respectively. In QCA, quantum cells interact 

through columbic attraction. The reduction in cell count implies that energy 

dissipation will be below KTln 2 because of the reversible logic 

implementations. The loss of information is associated with laws of physics 

requiring that one bit of information lost dissipates k T ln 2 of energy, where 

k is Boltzmann‟ constant and T is the temperature of the system. But in 

reversible computation ,there will be reduction in heat dissipation, thereby 

allowing higher densities & higher speed. To justify this, the statement of 

Landauer  & Bennett are taken into consideration . Landauer has shown that 

for irreversible logic computations,each bit of information lost, generates 

kTlog2 joules of heat. Bennett showed that kTln2 energy dissipation would 

not occur, if a computation were carried out in a reversible way. Hence, the 

area reduction implies the reduction in cell count which in turn reduces the 

heat dissipation and result in an efficient energy Arithmetic & logic unit 

which is suitable for development of Quantum processors. 
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Table 4: Comparison table of CMOS & QCA technology 

 

Units 

CMOS QCA Improvement 

in area 

% 
Area Delay Area Delay 

Arithmetic 

Unit 

1451 5.7ns 707(1.54 ) 3ns 51.27% 

Logic Unit 2177 4.45ns 1027(1.90 ) 3ns 52.88% 

Arithmetic 

and logical 

unit 

3648 3.66ns 2388(4.96 ) 2ns 34.5% 

 

ALU design in CMOS technology utilized 3648 cells whereas in QCA 

technology only 2388 cells were utilized. Hence, the cell reduction of 34.5% 

has been achieved in the reversible logic based Arithmetic & Logic unit 

which was implemented in the QCAD designer tool. 

 

8 Conclusion & Future Enhancement 
 

The paper discusses the application of   the Quantum-dot Cellular 

Automata (QCA) technique for ALU design. Moreover, the paper also 

discussed the drawbacks of traditional methods in designing the CPU and the 

replacement of CMOS with Quantum-dot Cellular Automata (QCA). The 

experimentations were carried out by designing the traditional methods and 

also proposed methods by using different simulator tools such as Tanner and 

QCAD. The performance in terms of area and speed has been analyzed and 

compared, in which the speed has been increased to 30% and the area has 

been reduced to 34.5 %. Hence the proposed QCA designs based ALU can 

find its suitability in quantum processor. The reduction in cell count & 

reversible logic concepts lead to reduction in heat dissipation. 
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