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Abstract
Quantum-dot Cellular Automata (QCA) is emerging nanotechnology that can represent
binary information using quantum cells without current flows. It is known as a
promising alternative of Complementary Metal–Oxide Semiconductor (CMOS) to
solve its drawbacks. On the other hand, the shift register is one of the most widely
used practical devices in digital systems. Also, QCA has the potential to achieve
attractive features than transistor-based technology. However, very small-scale and
Nano-fabrication limits impose a hurdle to the design of QCA-based circuits and
necessitate for fault-tolerant analysis is appeared. Therefore, the aim of this paper is
to design and simulate an optimized a D-flip-flop (as the main element of the shift
register) based on QCA technology, which is extended to design an optimized 2-bit
universal shift register. This paper evaluates the performance of the designed shift
register in the presence of the QCA fault. Collected results using QCADesigner tool
demonstrate the fault-tolerant feature of the proposed design with minimum clocking
and area consumption.
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1 Introduction

Quantum-dot Cellular Automata (QCA) is one of the most promising candidates which as a
new kind of computing paradigms can be a solution to the scaling problems [1, 2]. Nowadays,
the need for increasing the number of transistors within the chip dramatically grows, however,
due to scaling limitation of Complementary Metal–Oxide Semiconductor (CMOS) devices,
they can’t respond to this increasing demand [3–7]. In order to overcome the limits of CMOS
technology, QCA has attracted attention as one of the best forms of alternative current CMOS
technology [8–10]. The main benefit of this technology is solving the interconnection problem.
In this technology, the Coulomb interaction provides the coupling mechanism and intercon-
nection lines are no longer essential which results in encoding and processing binary infor-
mation, rather than current and voltage levels [11, 12]. Its main advantage is the improved
functional density of computing elements. Also, it is extremely low in power dissipation. QCA
offers the possibility of ultra-fast computing and may facilitate fabrication of ultra-dense
memory storage [13–16]. QCA cells are the basic component in this technology and consist
of a four-dot charge placed in the square’s corners [6, 17, 18].

A shift register includes a synchronous clock and a collection of flip-flops linked together so
that information can be shifted from one position to left or right in accordance with the clock [19,
20]. Shift registers are a sequential circuit which can be store and pass the digital data depending
on the clock pulse [21, 22]. The shift register design can be realized utilizing the QCA technology.
However, one of the most critical features of nanoscale circuits is the expected high defect density
compared to VLSI [23, 24]. Therefore, a large probability of occurrence fabrication defects in
QCA is a basic challenge to use this technology. So, fault tolerance in the QCA-based circuits
including shift registers is important for achieving acceptable performance.

In this context, this work proposes and evaluates a new and efficient 2-bit Universal Shift
Register (USR) with fault tolerant feature based on the QCA technology. This feature is added
by using Rotated Majority Gate (RMG) as the majority gate to the structure of the proposed
design because it has more precise functionality in against misalignment and displacement
faults [25]. The logic-level behavior of the RMG is the same as the original device and the basis
of its function is Coulombic interaction QCA cells. Also, the accuracy of the proposed shift
register operation is surveyed which can withstand several misalignments or displacement fault.

The next section provides a review of the related works. Section 3 proposes a layout of 2-bit
USR and describes various circuits which are employed for designing this layout. Section 4
illustrates simulation results obtained from QCADesigner. Also, a comparative study on the
existing shift register designs with the proposed design is also provided in this section. Finally,
conclusion and future work are provided in the last section.

2 Related Work

Sabbaghi-Nadooshan and Kianpour [26] have proposed an optimal design of an 8-bit USR in
QCAwhich using a 4 × 1 multiplexer and D-FF implementation. This structure has eight 4 × 1
multiplexers and eight D-flip flop and it can be shifted into the right or left directions and
transmitted parallel data to output. In this paper, layouts have been optimized in terms of cell
count, area, and latency saliently more than previous works. This USR can be used for
designing the high-speed processors and cryptography circuits. The presented multiplexers
and D-FF in this work are susceptible to cell missing defects.
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The design of an optimized QCA-based shift register using a new QCA-based layout of D-
FF has been proposed in [22]. Serial-In-Serial-Out (SISO) shift register composed of three D-
FFs connected in a chain. All the flip-flops are driven by a common clock, and all are also set
or reset concurrently. The presented layout improves cell count and density. The power
consumption investigations also show that the proposed design has low energy consumption.
But, the design is very prone to failure.

Also, a robust design of QCA-based multiplexer and 4-bit shift register using
majority gates has been proposed in [27]. In this work, the proposed shift register
has been designed using four D-FFs and four 2 × 1 multiplexers. Serial-In-Parallel-Out
(SIPO) and Parallel-In-Parallel-Out (PIPO) operations can be realized by controlling
the select line of multiplexers, i.e., shift = ‘1’ or ‘0’ respectively. After each rising
edge of the clock signal, shifted serial data are obtainable at output lines. The
presented design achieves improvements in terms of complexity and area usage. This
design comprises single-cell wire crossing, which reduces defects because of the
manufacturing of two cells in a single QCA layout but incurs extra delays.

A new design for binary Discrete Cosine Transform (BinDCT) based on QCA
technology which is composed of four 8 bits USR has been proposed in [28]. In this
design, QCA-based shift registers are used for storage or transferring of data. The
QCA multiplexer and the D latches are the basic structures of the USR. In this work,
eight 4 × 1 multiplexers and eight D latches are also used. In the proposed BinDCT,
when EN = ‘1’, CLK = ‘1’ and S1S0 = ‘11’, then the binary results on the parallel input
lines (a0–a7) are transferred into the USR. The proposed sub-modules of QCA
BinDCT circuit having lower computational complexity and better performances
compared to some other designs. In this work, faults and failures may occur at D-
FFs and a 2 × 1 multiplexer.

Finally, a design of fault-tolerant 2-bit USR in QCA based on 4 × 1 multiplexer
and D-FFs has been presented in [29]. Proposed design performs four actions:
unchanged state, shift to left, shift to the right, and parallel loading. It explores fault
tolerance in USR using RMG as the main factor. The obtained results in this work
demonstrate an improvement in terms of misalignment and displacement defects
compared to previous work. Also, this USR requires fewer QCA cells clock and area
occupation. But, the missing cell defect is possible to happen.

Table 1 summarizes the discussed QCA-based shift register and their outlines their main
benefits and drawbacks.

3 Proposed Design

The USR is a vital element of complex sequential logic circuits and memories to improve
flexibility. The information can be shifted in both the directions upon the occurrence of the
clock in a USR. It consists of flip-flop blocks and a 4 × 1 multiplexer as basic modules. USR
provides a plurality of different and individually selectable operating modes, including, parallel
input, shift-right, shift-left, and hold. The small-scale nature of QCA and the required accuracy,
make cell misplacement occurrence more possible. In order to reach viable QCA-based logic,
QCA gate architectures for tolerating of manufacturing variations and device defects must be
developed. Majority gate is more vulnerable to misalignment in the vertical direction than in
the horizontal direction. A misalignment causes the MG to malfunction. So, in the USR, the
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faults can occur at multiplexer and D-FF. RMG is obtained from an assembly with the
symmetrical rotation of the inputs and output around the device cell and it’s the logic level
behavior is the same as the original one. The simulation results in [11, 30] show that majority
gate is completely robust with respect to the rotation of all input and output cells around the
center cell. However, the Ordinary Majority Gate (OMG) is more dependent on the middle
input (B) than the other inputs both regarding displacement and misalignment. But, this
dependency can be completely changed in the RMG, with regard to the degree of rotation.
A layout of 3 input OMG and RMG are depicted in Fig. 1(a) and (b), respectively.

A mechanism for synchronizing information flow is accomplished in QCA by the cascaded
clocking [31, 32]. Each clock cycle consists of four distinct and periodic phases as apparent in
Fig. 2. The four phases are a switch, hold, release, and relax. These phases are used to maintain

Table 1 Summarization of the discussed QCA-based shift register

Paper Main idea Advantages Disadvantages

Sabbaghi-Nadooshan
and Kianpour [26]

Proposing a new design of 8-bit
USR based on 4 × 1 multi-
plexer in QCA

• Complexity improving
• Delay improving
• High-speed function
• Extendable

• Missing cell failure
• Occurring the faults

Das and De [22] Proposing and implementation
of D-FF and 3-bit SISO shift
register using QCA.

• Low complexity
• Low energy consumption
• High density
• Stability under thermal

randomness

• Missing cell failure
• Additional cell
• Cell misalignments

failure

Sasamal, et al. [27] Designing single-layer
crossing-based 4-bit shift
register in QCA using opti-
mal 2 × 1 multiplexer and
D-FF

• Complexity improving
• Area usage improving
• Area-to-delay product

improving

• Causing an extra
delay

Afrooz and
Navimipour [29]

Designing an optimized 2-bit
USR based on QCA technol-
ogy through the optimized
multiplexer and D-FFs.

• Low complexity
• Low area
• Low latency
• Improvement in

misalignment and
displacement faults

• Missing cell failure

Touil, et al. [28] Proposing new design for USR
for using in BinDCT based
on QCA technology

• Low computational
complexity

• Better performance

• Faults can occur
• Temperature

considerations

Fig. 1 a Ordinary Majority Gate (OMG), (b) 45° Symmetrical Rotation of MG (RMG) [25]
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a stable state of the system. In the switch phase, the inter-dot barriers of a QCA cell start to rise
and a cell attains a definitive polarity under the influence of its neighbors. In the Hold phase,
inter-dot barriers are high enough and the electrons retain their polarity in the cell. In the
release phase, the inter-dot barriers revert back to the lower level and the cell loses its polarity.
Finally, in the relax phase, the electron tunneling does not happen and the cell remains un-
polarized [33, 34].

Coplanar wire crossing is used to implement interconnects in the 4 × 1 multiplexer and 2-bit
USR. In the coplanar crossover, the crossing is implemented using a combination of 45° and
90° cells. If they are properly aligned, the regular cell and the rotated cell do not affect each
other. So, it is possible to implement the entire layout of a single layer as illustrated in Fig. 3.

A flip-flop is a bi-stable element and can be applied as a one-bit memory device, wherein
the clock playing an important role to control the output. The storage element in the USR is D
flip-flop with a common clock and clear inputs. The truth table for the D flip-flop operation is
explored in Table 2. If a clear signal is set to 0, D flip flop will be deactivated. if D flip flop is
enabled and CLK signal is low, the value output will be equal to the stored value in the loop
and when CLK signal is high input D value is passed to the output. The structure of D flip-flop
is achieved using a closed loop spanning at least four clocking zones.

Fig. 2 Clocking with four phases of the complete cycle and its effect on a QCAwire [47]

A 

B 

Out A

Out B

Fig. 3 Coplanar wire crossing [35]

International Journal of Theoretical Physics (2019) 58:3006–30243010

RETRACTED A
RTIC

LE



The QCA schematic of D flip-flop and its layout in QCA using RMG are shown in Fig. 4
(a) and (b) respectively. The designed D flip-flop in this article created with 43 cells covering
an area of 0.7 μm2. Also, 4 RMGs and 1 inverter are used. Figure 4 shows the layout of the D-
flip flop according to its operations in Table 2. It provides the output after 1.25 clock cycle (5
phases) delay.

Another essential element in the USR structure is a 4 × 1 multiplexer. Larger
multiplexer trees can be designed, using 2 × 1 multiplexers. So 4 × 1 multiplexer
can be realized using three 2 × 1 multiplexers. This architecture has four inputs that
are labeled as A, B, C, D, and S0, S1 as two select lines, and one output. Figure 5
shows a logic block of the 4 × 1 multiplexer architecture. According to the S0 and S1,
the multiplexer produces the output from the respective four inputs. The select line S0

and inputs are connected to the first two 2 × 1 multiplexer and the output of these
multiplexers along with select line S1 are imported as the input of the third 2 × 1
multiplexer. If both S0S1 = 00, input A appears at the output. When S0S1 = 01, the
output will become B, when S0S1 = 10, input C is selected and when both S0S1 = 11,
input D appears at the output.

The 4 × 1 multiplexer made of six RMG for implementing AND and OR gate in
the first stage and three RMG for implementing them in the second stage. The
implementation of the 4 × 1 multiplexer in QCA is depicted in Fig. 6. In this
design, 139 cells are used to design the QCA layout of the 4 × 1 multiplexer and
the total area consumed by the circuit is 0.25 μm2 with 1.25 clock cycles delay (5
phases).

At the end of this section, a fault-tolerant feature of USR is explained using QCA
technology. Some shift registers have the needed terminals for parallel transmission.
Some shift registers, in addition, to shifting in two directions, have parallel load
capabilities. Figure 7 shows the USR for 2-bit storage. It consists of two D flip-
flops and two 4 × 1 multiplexers. Two common selection inputs S1 and S0 in 4 × 1

Table 2 Function table of
D flip-flop D CLK Clear Output

X X 0 0
X 0 1 Stored value
0 1 1 0
1 1 1 1

CLR 

D

CLK 

Output 

Memory 

loop 

(b)(a)

Fig. 4 a Circuit schematic of D flip-flop (b) Layout of D-flip flop architecture in QCA
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multiplexer determine the operation to be performed. The right or left shifting
operation can be activated one at a time which is determined by the 4 × 1 multiplexer
circuits. The selection inputs (S0, S1) control the mode of operation of the register
based on the function entries in Table 3.

When S1S0 = ‘00’, the current value of the register is loaded to the D flip-flops. So, along
with signal transmissions, the previously saved value of the D flip-flop is published and “no
change” state occurs. The USR performs the shift right operation by transferring the serial
input SR into flip-flop when S1S0 = ‘01’.

Upon the occurrence of the clock, the register shifts its contents from one
position to the right. When S1S0 = ‘10’, the register acts a left shift operation.
Finally, when S1S0 = ‘11’, the binary data from the parallel input lines is moved
into the register simultaneously. Proposed QCA layout of 2-bit USR is shown in
Fig. 8. The design consists of 684 cells and occupies an area equal to 1.02 μm2

area. As observed from the layout, maximum delay in the 2-bit USR implementation
is 4 clock cycles (16 phases) to get the first output regardless of the S1S0

combination.

A

Output 

BD
S0C

S1

Fig. 5 A circuit schematic of multiplexer 4 × 1
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Upon the occurrence of the clock, the register shifts its contents from one
position to the right. When S1S0 = ‘10’, the register acts a left shift operation.
Finally, when S1S0 = ‘11’, the binary data from the parallel input lines is moved
into the register simultaneously. Proposed QCA layout of 2-bit USR is shown in
Fig. 8. The design consists of 684 cells and occupies an area equal to 1.02 μm2

area. As observed from the layout, maximum delay in the 2-bit USR implementation
is 4 clock cycles (16 phases) to get the first output regardless of the S1S0

combination.

Fig. 6 The layout of the proposed 4 × 1 multiplexer architecture in QCA
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4 Simulation Results

The simulation results are provided in this section. Simulation tools, simulation parameters,
accurate analysis of offered designs, comparison results and analysis of fault-tolerant are
discussed in the rest of this section.

4.1 Simulation Tool

QCADesigner is a precise and fast simulator and design layout tool to determine the func-
tionality of QCA circuits. The aim of it is to create an easy simulation tool available free to the
research community [36]. Due to the popularity and capability of QCADesigner, it is used for
simulation and testing of the proposed USR.

4.2 Simulation Parameters

Simulation results of proposed 2-bit USR and its structural elements have been
achieved using QCADesigner in the bi-stable approximation simulation engine be-
cause it is faster than coherence vector. Fig. 9 gives a brief description of the utilized
parameters for the simulation.

MUX2 MUX1 

D-FF2 D-FF1

3      2      1     0 3      2      1      0 

Serial input for 

shift-left (SL) 
Serial input for 

shift-right (SR) 

I2 I1 

S1 

S0 

Out1 Out2 

CLK
Clr

Fig. 7 Circuit diagram of 2-bit USR

Table 3 Function table for
2-bit USR Control mode USR operation

S1 S0

0 0 No Change
0 1 Shift Right
1 0 Shift Left
1 1 Parallel Loading
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4.3 Accuracy Analysis

The simulation result of the D-flip flop layout with clear input that has been
performed on QCADesigner is shown in Fig. 10. With active clear, the output is
enabled, and with inactive clear, the output is disabled. When CLK is equal to “1”,
write state is enabled and the data value is stored in memory loop and when CLK
is equal to “0”, read state is enabled and stored bit is placed on output. According
to Fig. 9, the results have appeared in output correctly after 1.25 clock cycle
delays.

The simulation output of the 4 × 1 multiplexer layout is illustrated in Fig. 11. The
multiplexer produces the output from four waveforms with different frequencies A, B,
C, and D as the input lines. When the select bus “S1S0” is “00”, the output is equal
to A; when it is “01”, the output is equal to B and so on. The output is created after
1.25 clock cycle delays.

Fig. 8 The layout of the proposed 2-bit USR architecture in QCA
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Fig. 9 QCADesigner parameters in bi-stable approximation engine

Fig. 10 Simulated output for the D-flip flop
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For different combinations of the CLK, clear inputs and select bus S1S0, the operation of the
2-bit USR is verified for the expected output by applying the bit sting. Fig. 12 shows the
simulation result of 2-bit USR when S1S0=11 and S1S0=00. If S1S0 = ‘11’ the device accom-
plishes parallel load operation and outputs are the binary data on the parallel input lines with a
delay of 4 clock cycles. If S1S0 = ‘00’ the current data are latched to the D flip-flop through the
feedback path. The parallel load input is 2, 3, 1, 0, 3, and 1 respectively. The output shows that
the simulation result is according to the expected outcome. The maximum delay is 4 clock
cycle (16 phases).

The simulation output for the right shift operation when S1S0= ‘01’ is depicted in Fig. 13.
The serial input ‘11100101’ is applied to the input line, and the simulated output is observed
from Out2, respectively. Out2 is visible after 4 clock cycles delay and Out1 is visible after 8
clock cycles delay. Likewise, when the select line combination is S1S0 = ‘10’ the left shift
operation is performed with the serial input string ‘11001010’. The input is applied to the serial
input line and then output shifted from Out1 to Out2. According to Fig. 14, the first simulated
output of left shift operation from 2-bit USR is provided from Out1 after 4 clock cycles delay
and from Out2 after 8 clock cycles delay.

Fig. 11 Simulated output for the 4 to 1 multiplexer
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4.4 Comparisons

In this article, designs are presented using RMG, since it has more accurate
functionality in the face of misalignment and displacement faults. This kind of
defects is associated with the position of cells. In a cell misalignment defect, the
direction of the defective cell is misplaced. A second one is a defect in which the
defective cell is misplaced [30, 37]. So, defect tolerance in a QCA system is
essential for achieving an acceptable manufacturing yield. To assess fault tolerance

Fig. 12 Simulated output for the 2-bit USR when S1S0= =“11 & 00”
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future of the proposed design, it is tested against the misalignment and displace-
ment defects. So, some cell displacement defects are imposed randomly. The test
has been executed for any number of defects 30 times, then the percentage of the
defect is calculated. The amount of permissible displacement is assumed as 7 nm.
Similarly, some cell misalignment defects are imposed in order to evaluate it
against cell misalignment defects. Comparison between the proposed USR and
the existing designs in terms of misalignment and displacement faults is depicted
in Table 4.

Collected results are shown that the proposed design using the RMG has the fault
tolerant feature against misalignment and displacement faults compared to presented
designs in [26, 28]. In this paper, the design is implemented only in a single layer
and it is not applied cell redundancy to resist cell missing defects. The simulation
results of the proposed 2-bit USR architecture compared to the other 2-bit USR
architectures are summarized in Table 5. The proposed shift register achieved a

Fig. 13 Simulated output for the 2-bit USR when S1S0= =“01”
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significant improvement in terms of area, cell count and delay compared to previous
shift registers but it has the same degree of robustness in terms of misalignment, and
displacement compared to [29].

5 Conclusion and Future Work

A new efficient and fault-tolerant design of 2-bit USR in the QCA technology using a fault-
tolerant 4 × 1 multiplexer and D-flip flop has been proposed. Multiplexer and D-flip flop play a
vital role in designing this circuit. Hence, efficient architectures are provided for the 4 × 1
QCA-based multiplexer and D-flip flop. Defect tolerance is an important feature for QCA
systems and improves manufacturing yield at fabrication. Therefore, this study examines the
fault tolerance capability of USR design that is constructed using the RMG to achieve high
performance. Comprehensive fault analysis of the USR with cell misalignment and

Fig. 14 Simulated output for the 2-bit USR when S1S0= =“10”
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displacement defects is provided and according to the proposed results the design shows
significant robustness against a range of defects. However, cell missing is likely to occur.
Moreover, in this paper, extendable 2-bit USR in term of complexity, area usage, and delay
compared to other designs.

In the future works, the high resistance of this USR in the face of QCA fault models must
be developed and it can be used to assign fault-tolerant arithmetic circuits. It can clearly be
perceived that USR can be used to yield larger QCA fault tolerant circuits. The proposed
design can also be extended to an n-bit QCA-based USR. Finally, risk assessment [38],
reliability assessment [39, 40], energy analysis [41–43], and robustness analysis [44–46] of
the proposed design can be investigated in the future research.
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