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Abstract: The latest trends in the digital design circuits are based on Quantum Dot based structures. The Quantum-dot Cellular 

automata is paradigm in the area of Nano chip design in terms of their size and low power, which plays a significant role in the Nano 

electronic industry. This paper presents a novel robust design of LFSR which consumes lesser power than conventional design which 

is restructured using QCA based XOR gate and D Flip Flop. The simulation of the proposed design were done using coherence engine 

vector of QCA designer tool. The D flip flop show 41% lesser complexity and power with the single latency. The XOR Gate is designed 

with 22 QCA Cells and complexity of 0.02 µm2 and latency of 0.75 cycles as compare to previous design which was having 28 cells. 

The proposed 4 Bit LFSR is designed using four D flip flops and one XOR gate, further average power dissipation is calculated.  

 

Keywords: Quantum Cellular Automata (QCA), Majority Logic, Linear Feedback Shift Register (LFSR), Combinational Logic, QCA 

Designer, Flip Flop (FF), Clock (Clk).  

 

1. INTRODUCTION 

With continuous scaling of feature size, as suggested 

by Gordon Moore, the transistor density is increased by 

past few decades. The high density leads to increase in 

heat generated per switching cycle. The latest 

developments for heat dissipation are not effective which 

harms the chip very tremendously [1]. Another factor that 

affects the working of nano scaled devices is the scaling 

down of transistor which leads to voltage and current 

leakages. These problems may be resolved with the 

introduction of latest technologies in the manufacturing 

industry and designer to introduced low powered circuits. 

Still the research has been carried out which might either 

replace or augment the conventional CMOS technology as 

nano scale devices crosses its physical limits to its 

maximum extent. The future of the Nano scaled devices is 

quantum dots which works on the principle of mutual 

interaction between the cells and magnetism. 

 

2. QCA REVIEW 

The QCA stores logic states not as voltage levels but 
based on the position of individual electrons [2] shown in 
Figure 1(a). The QCA cell contains four quantum-dots 
that are located at the corners of a square. There are two 

additional mobile electrons for a cell which are allowed to 
tunnel among neighboring sites. The columbic repulsion 
which exists between two electrons forces them to relocate 
its position in opposite corners which arises the concept of 
polarization. Consequently, there are only two stable 
states for representing the binary information “1” and “0”. 
When polarization is "-1”, the logic become "0" and when 
the polarization is "+1", the logic is said to be "1".  The 
QCA standard wire can be simply constructed by 
cascading a chain of QCA cells as illustrated in Figure 
1(b).  

 

 

 

 

Figure 1 (a). Schematics of binary QCA cells 

 

Figure 1(b). Schematics of a QCA wire  

http://dx.doi.org/10.12785/ijcds/090318 
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3. QCA MAJORITY GATE  

The basic elements of QCA are designed with the 
combination of various logic gates. These logic gates are 
designed using various binary majority decisions 
elements. The evaluation is done using boolean 
expressions for multiple gates and hence the majority gate 
is thus come into existence. The Inverter or NOT gate is 
designed as shown in Figure 2(a), in which two opposite 
polarized are place diagonally to each other; the resulted 
output is inverse of the input. The Three-input majority 
gate is implemented by using five QCA cells set shown in 
Figure 2(b), the input cells are designated with A, B, and 
C and cell M is the output cell  which depends upon the 
polarization of the various cells present. The logic 
expression of the 3-input majority gate is expressed by Eq. 
1. 

M (A,B,C) =AB + BC +AC   (1) 
 

The five input majority gate is also designed by 
placing the cells as shown in Figure 2(c), this innovative 
idea was introduced by Rahimi Azghadi et al [6] which 
optimized Boolean expression. In this A, B, C, D, E act as 
input of the five input majority gate and output is 
designated with M. The output from majority gate 
depends upon the various polarizations of ten cells in the 
majority gate. The five input majority gate whose logic 
function is expressed by Eq. 2. 

M (A,B,C,D,E) = ABC + ABD + ABE + ACD + ACE + 

ADE + BCD + BCE + BDE + CDE                            (2) 

 

Figure 2(a). QCA Inverter 

Figure 2(b). QCA 3 Input majority gate 

 

 

 

 

Figure 2(c). QCA 5 input majority gate 

 

The clock signals in various digital circuits are main 
elements which synchronized the digital circuits and 
control the data flow in QCA circuits. In QCA clocking 
sequence, there are four different successive phases 
categorized into four clock zones and 90 degree phase 
delay exists in between the subsequent clock zones as 
shown in Figure 3. These four clock phases are: Switch, 
Hold, Release and Relax. As discussed in [4], the noise is 
much more concern in three input majority gate structure, 
thereby different clock zone are positioned at the input 
cells, middle QCA cells and output of the majority gate.  

 

Figure 3. Clocking Mechanism in QCA 

4. QCA BASED D FLIP FLOP 

The logic diagram of D Flip Flop is shown in Figure 
4. In this design, D input is fed directly to the input gate 
and another complement of D is fed to the other NAND 
gate with a clock signal.  The resultant Q and its 
complement of Q that is Q (t+1) is illustrated in Table 1. 
As described in characteristics table, if D is switched to 
logic 1 then output state will switch to set state and if D is 
at logic 0 then output will have logic zero. It shows that 
the next state of the D flip flop doesn't depend upon 
present state Q and Q (t+1) is equal to the input D. 
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Figure 4. Logic diagram of D Flip Flop 

 

TABLE I.  TABLE TRUTH TABLE/ DESIGN VECTOR OF D FLIP FLOP 

 

 

When the clock (clk) pulse as input is enabled the data 
present at the input of the D flip flop is transferred to the 
'Q' output. The D flip flop is designed using five majority 
gates as shown in Figure 5. This design is having one 
inverter gate which is fed to majority gate along with 
original D Flip flop. The output is feedback to one of the 
input of the five input majority gate. 

 

 

 

 

 

Figure 5. D Flip Flop Using Majority Gate 

 

 

 

 

 

 

 

 

 
 

 

Figure 6. Proposed D Flip Flop 

 

D flip flop is implemented using QCA designer as 
shown in Figure 6. The QCA implementation requires 20 
cells, with an area of 0.02 µm2 which is having 58.3% less 
complexity then previous design and area utilization is 
50% less than the conventional design. The four clock 
zone are used for designing the D Flip Flop, hence the 

latency is 1.  The simulation results represented in Figure 
7 shows the consistent clock cycle denote with 'clk' and 
input denoted as 'D' whose vectors as shown in Table 1, 
the output is denoted with 'out' . The output is reflected at 
the output after the delay of 1 clock cycle hence the 
latency is 1. The performance analysis of D flip flop and  
other flip flops are described in Table 2, comparison with 
the best previous structure and proposed design. 

 

 

Figure 7.  Simulation Results of D Flip Flop 

 

TABLE II.  : PERFORMANCE ANALYSES OF FLIP FLOPS 
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5. QCA BASED XOR GATE 

The QCA based Exclusive-OR gate is designed using 
one 5 input majority gate and one 3 input majority gate. 
The gate is having two inputs A and B and the output from 
the Boolean expression A + B as shown in Table 3. In 
three input majority gate input A and B is belong along 
with +1 signal and in five majority gate inversion of input 
A and B is fed along with output from three majority gate 
and zero signal as shown in Figure 8. 

 

 

 

 

 

 
 

Figure 8. Design of XOR Gate using Majority Gate 
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TABLE III.   TRUTH TABLE/ DESIGN VECTOR OF XOR GATE 

A B Out 

0 0 0 

0 1 1 

1 0 1 

1 1 0 

 

The QCA based XOR gate as described[7] which was 
having 28 QCA Cells and complexity of 0.02 µm2 and 
latency of 0.75 cycle. The proposed design of XOR as 
shown in Figure 9(a) having 22 cells and complexity of 
0.02 µm2 and latency of 0.75 cycle. The XOR gate 
proposed having 22 QCA cells as compare to 28 cells 
which was previously design in 2016[7]. The simulation 
of XOR gate shows the transient response with respect to 
input A and B with the latency 0.75 whose truth 
table/design vector are described in Table 3.  

 

Figure 9 (a). QCA Based XOR Gate 

 

 

Figure 9 (b). Simulation Results of XOR Gate 

 

6.  PROPOSED LFSR 

Linear Feedback Shift Register consists of series 
connection of flip flops where output of one flip flop is the 
input of the next flip flop. It is formed by combining XOR 
gates in the feedback of series of flip flops as shown in Fig 
10. The QCA based LFSR is designed using D Flip Flop 
and XOR gate in Figure 6 and Figure 9 (a). The QCA 
based LFSR is having 184 QCA cells and utilizes the area 
of 0.18 µm2 as shown in Figure 11. The simulation results 
described in Figure 12, the resultant output which is 
simulated under the Coherence Vector Simulation Engine 
[8] environment described in Table 4 and the design vector 

which are used for simulation of the design in QCA 
designer tool are in Table 5. The simulation results of 
LFSR is given in Figure 12, the response reflected at the 
output after the delay of one clock cycle with a latency 1. 
In QCA designer tool  'clk' and 'D' acts as inputs clock and 
input 'D', the four clock cycle phases acts as switch, hold, 
release and relax simulated using coherence vector 
simulation engine. The relaxation time and total 
simulation time for the design is 1.e-015 sec and 7.0e-011 
sec. 

TABLE IV.  COHERENCE VECTOR SIMULATION ENGINES [8] 

Parameters Values 

Temperature  1 Kelvin 

Relaxation Time 1.0e-015 Sec 

Time Step 1.0e-016 Sec 

Total Simulation Time 7.0e-011 Sec 

Clock High 9.8e-022 J 

Clock Low 3.8e-023J 

Clock Shift 0.00e+000 

Clock Amplitude Factor 2.0 

Radius of Effect 80.00 nm 

Relative Permittivity 12.90 

Layer Separation 11.5 nm 

 

 

 

 

 

 

 

Figure 10. Schematic of LFSR 

TABLE V.  DESIGN VECTOR OF LFSR 

D Clk 

1 0 

0 0 

1 1 

0 1 

1 0 

0 0 

1 1 

0 1 
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Figure 11. QCA based Linear Feedback Shift Register 

 

 
 

Figure 12. Simulation Result of LFSR 

 

The Hamiltonian matrix is used to calculate total 
energy and power in a array of QCA Cells. Hence energy 
dissipation of a QCA cell in one clock cycle TCC= [-T, T] 
is derived in respect to Hamiltonian and coherence vectors 
as described in equation 3. 

. . .
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T T
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d d
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       (3) 

This tool estimates the dissipated energy of whole 
circuit for each input combinations in various tunneling 
energy levels under non-adiabatic switching [15]. The 
upper bound power dissipation model [15] is given shown 
in equation 4. 

tanh tanh
2

diss
diss

cc cc b b

E
P

T T k T k T

 




               
     

           (4) 

 

 

 

 

 

 

TABLE VI.  ENERGY DISSIPATION RESULTS 

 

7. SIMULATION RESULTS 

The Proposed LFSR is having lowest complexity gate 
in which D Flip Flop and XOR gate are building block 
having 58.3% and 50% lesser complexity then previous 
best reported designs,  hence the lower complexity and 
low power dissipation of novelty of LFSR proves and 
suitable for low power devices for complex digital 
circuits. To verify the proposed D flip flop design with the 
previous design, the QCA designer version 2.0.3 is used 
with the coherence vector simulation engine setup [8]. The 
Table 4 briefly lists the various parameters assumptions 
values using for the simulation. The value of relative 
permittivity set as default as 12.9 for the hetero structure 
based semiconductor. The Figure 7 presents the 
simulation waveform of proposed D Flip flop design, the 
output appears after the latency of 1 clock cycle and 
having the complexity 20 cell which is 41 percent lesser 
then previous design. The Figure 9(b) represents the 
simulation waveform of XOR gate which is having the 
latency of 1 clock cycle, complexity of 32 Cells and 
covering the area of 0.04 µm2 . The figure 12 shows the 
simulations waveform for the LFSR design. The output 
appears after the latency of 1 clock cycle after the input 
vector is applied. The Table 6 describes the energy 
dissipation result of D Flip Flop and LFSR at 0.5 Ek, 1.0 
Ek, and 1.5 Ek at 2 Kelvin. The average switching energy 
dissipation is the transaction from one clock cycle to 
another clock cycle. The power of the proposed LFSR are 
also calculated which can be used to design more complex 
low power Nano scale random pattern generator for Nano 
communication architectures.
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Figure 12. Complexity analyzes of D flip flop 

 

 

Figure 13. Energy dissipation analyses of D Flip Flop and Proposed LFSR 

 

 

8. CONCLUSION 

This paper presents the novel approach of 
implementing and designing 4 bit LFSR by using four D 
flip flop and one XOR gate in quantum-dot cellular 
automata with minimum area, latency, complexity and 

energy dissipation as compared to previous design. The 
proposed D Flip Flop is designed using a five input 
majority gate and an Inverter which is 58.3% less complex 
then other reported designs. The XOR gate design utilizes 
a three input majority gate, a five input majority gate and 
two inverter. It uses 22 QCA cells and having latency of 
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0.75 clock cycle. The proposed novel 4 bit LFSR design 
utilizes four D flip flop and a XOR gate having the latency 
1 clock cycle. Four bit LFSR is having 184 QCA cells and 
utilizes the area of 0.18 µm2. he analysis has been carried 
out and evaluation on the basis of average leakage energy 
dissipation, average switching energy dissipation and 
average energy dissipation. 
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