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Abstract:  
 

Quantum-dot Cellular Automata (QCA) was popular due to its very low power 

consumption and fast operating speed. QCA Designers are fascinated with developing 

and implementing nanoscale devices of digital circuits with rapid operating speed, low 

power consumption, and less area requirement. This paper describes an efficient layout 

design of CLB for FPGA implemented using Lookup Tables (LUTs) constructed by 

using efficient Multiplexers and DFF. A 4-input LUT is implemented using 2x1 

multiplexers, and D Flip Flop is incorporated into the LUT to frame CLB. 

Programmable routing resources for signal propagation and control are done by 

quantum cells. The proposed D Flip Flop was implemented with an area-efficient and 

less delay requirement. The functionality of the D Flip Flop in the CLB was analyzed 

using the simulation results of the QCA Designer tool. It is implemented with 53 

quantum cells in a small area of 0.07µm2 and a delay of one clock cycle. Furthermore, 

the flexible logic block developed using the proposed D Flip Flop structure has proven 

to be the best among existing modules. The CLB architecture has 655 quantum cells 

spread across 1.32 µm2 with three clock cycles delay and a power dissipation of 43. 

33nW. It is clear that the present is a better and more effective solution in terms of area, 

complexity, cell count, and latency. The QCA Pro and QCA Designer software is used 

for all designs and simulation results. 

 

1. Introduction 
 

Over the past few decades, semiconductor 

manufacturing technology has advanced quickly, 

and certain applications need for more speed and 

less power. These have prompted academics to look 

for a workaround or substitute technology. Among 

these potential technologies, QCA presents a 

predominant. Lent, in 1993 [1], proposed the QCA 

approach. The quantum cell is the fundamental 

element of QCA. A cell has four quantum dots in 

which two free electrons are presented these dots 

are located at the corners of the structure. For any 

digital circuit figurations, QCA structures are 

created and implemented. Rather than using the 

conventional charge current for digital information 

transmission, the QCA system uses a polarized 

approach [2-5].  

 

1.1 Field-Programmable Gate Array 

A Field-Programmable Gate Array (FPGA) is an 

integrated circuit that can be programmed or 

reconfigured by the user after manufacturing to 

perform specific logic functions. Unlike traditional 

processors that execute software instructions, 

FPGA is configured using hardware description 

languages (HDLs) like VHDL or Verilog, which 

describe the circuit's behaviour. One of the key 

advantages of FPGAs is their parallel processing 

capability, allowing multiple operations to be 

performed simultaneously, which leads to faster 

processing speed for specific tasks compared to  
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Figure 1. FPGA architecture 

traditional sequential processors. FPGAs offer low 

latency and can be optimized for power efficiency, 

making them suitable for real-time applications. 

FPGAs comprise a couple of Configurable Logic 

Blocks (CLBs) arranged in the matrix form 

accompanied by programmable interconnects. 

These CLBs can be configured to perform a wide 

range of logic operations, while the interconnect 

allows them to be connected in various ways to 

implement complex digital circuits. Figure 1 is 

FPGA architecture. 

1.2 Configurable Logic Blocks  

CLBs are essential components in FPGA, serving 

as basic building blocks that enable the 

implementation of complex digital circuits. Each 

CLB typically contains LUTs, flip flops, and 

multiplexers, which work together to perform 

various logic functions. The LUTs handle 

combinational logic by storing output values for 

different input combinations, allowing quick 

retrieval and execution of logic functions. Flip flops 

are used for storing and transferring data, 

facilitating the implementation of sequential logic, 

while multiplexers manage the selection and 

routing of data within and between CLBs. These 

elements are interconnected through programmable 

pathways, giving FPGAs their flexibility and 

allowing for the creation of intricate digital designs. 

The configuration and arrangement of CLBs within 

the FPGA directly impact its capacity to handle 

complex tasks, so they play a critical role in 

deciding the device's overall functionality and 

performance. 

1.3 Lookup Table 

The heart of the CLB is lookup tables. It is a small 

memory block that stores the truth tables of logic 

functions to be implemented, which is constructed 

with the help of multiplexers (MUXs). LUT is a  

 

 

Figure 2. Configurable Logic Block 

 

fundamental component in digital logic design, 

particularly in the FPGAs, Figure 2, where it 

performs the functions of a programmable logic 

element that will carry out any boolean operations. 

The LUT is essentially a memory block that stores 

the precomputed outputs corresponding to all 

possible combinations of its input values. When a 

specific input combination is applied, the LUT 

retrieves and outputs the corresponding stored 

value, effectively implementing the desired logic 

function by configuring the QCA cells, it can 

implement the programmable logic functions within 

a compact and efficient nanoscale structure, 

significantly reducing the power consumption and 

increasing computational speed compared to 

traditional CMOS technology. The flexibility of 

QCA in constructing various logic gates, such as 

majority gates and inverters, allows for the 

implementation of complex logic functions, within 

a QCA-based LUT, making it a promising approach 

for future nano-electronic devices. 

1.4 Multiplexer 

A multiplexer, often called MUX, is a digital circuit 

that selects one input of several and forwards the 

chosen input to the output. Generally, MUX has 2N 

number of inputs, ‘N’ number of selection lines, 

and a single output. It operates based on a set of 

control or selection inputs, determining which input 

line is connected to the output. A 2x1 multiplexer 

has two data inputs, one control input, and one 

output. The control input dictates which data inputs 

are transmitted to the output. Multiplexers are 

essential in digital circuits because they enable the 

efficient management and routing of data within the 

system, allowing multiple signals to share a single 

communication line or resource. This functionality 
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is widely used in data selection processes. 

Multiplexers proposed the LUTs in CLB, and the 

function of MUX is to select the direct output or 

delayed version of it. Generally, 2x1 MUX has 

been used for LUT. Here, the 2x1 MUX is 

implemented by 7 QCA cells only. 

1.5 Flip-Flop 

A Flip Flop in the FPGA is the basic storage 

element that captures and holds the data input value 

on a specific clock edge, typically the rising or 

falling edge. In FPGA, DFFs store binary data, 

synchronize signals, and create sequential logic 

circuits. They are critical components in the design 

of counters, shift registers, and state machines 

within the FPGA's configurable logic blocks. The 

paper proposed the implementation of CLB for 

FPGA, which consists of D Flip Flop. This CLB is 

implemented using 4-input LUT along with the flip 

flop. It enabled the implementation of sequential 

logic circuits like registers, counters, and more. The 

present designs were worthy in size, quantity of 

cells, and latency. An energy analysis will be 

performed on each design in this article.  

 

2. QCA Fundamentals  
 

A majority gate and inverter gates are the 

fundamental elements of QCA, and are constructed 

with the aid of QCA cells. Figure 3 depicts a QCA 

cell with two electrons and four quantum dots on 

each corner. Due to their electrostatic repletion, 

these two electrons have a tendency to occupy their 

corners or diagonally. 

 

Figure 3. QCA cell with polarizations 

The binary conditions of a QCA cell are determined 

by its functional element. If the position of two free 

electrons is present in an anticlockwise direction, 

the positional value or the polarization ‘P’ = ’’−1’’ 

is considered as binary "0." If the position of free 

electrons in quantum dots is in a clockwise 

direction [6], the value of ‘P’ = ”+1’’ is considered 

binary "1". Furthermore, depending on the polarity 

of the majority gate inputs, the OR gate and AND 

gates are developed. If one of the inputs has the 

fixed polarity ‘-1’ applied to the majority gate, an 

AND gate is formed, and the fixed polarity of 

‘+1’is applied to one input of the majority gate 

resembles an OR gate (Figure 4) [6]. 

2.1 QCA Majority Gate 

 

The majority gate is the fundamental functional 

component used in QCA to design any digital 

circuit. It presents three inputs, one output, and one 

device cell. The device cell is located at the center, 

and the rest of the four cells are presented in all 

four directions of the device cell, and the gate 

output depends on the majority of the inputs.  

 

Figure 4. QCA Majority Gate 

2.2 Inverter Gate 

Another essential element in the QCA is the 

inverter gate. Figure 5 depicts an inverter. There are 

two ways to construct: keeping the cells arranged 

diagonally (Figure 5(a)), and constructing the cells 

at half of the previous cell's location (Figure 5(b). 

In either case, the output is always the present 

complement of the input. 

 

Figure 5. QCA Inverter Gate (a) Corner cells (b) Half-

cell portion 

2.3 QCA Wire 

In CMOS circuits wiring is used to provide 

interconnections and global routing. An aluminium 

metal layer is preferred to provide connecting 

paths. In QCA, cells are sequentially arranged to 

frame wire, which enables efficient and rapid large-

volume data transfer. The signal, in this case, 

travels from input to output due to the cell’s 

electrostatic interaction. 
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Figure 6. QCA Wire 

2.4 QCA Clocking 

The flow of data within the QCA circuits is 

governed by a clock system that regulates the 

power required for circuit operation. QCA employs 

a 4-zone clock scheme to manage cell interactions 

and intracell information, the design process 

becomes more systematic and forward-looking. 

Figure 6 is QCA wire and the four distinct states of 

the QCA clocks are displayed in Figure 7 and the 

clocking techniques are as follows: clock0, clock1, 

clock2, and clock3 [7-19]. The main difference 

between these four clocks is their internal pacing 

and data transfer conditions, no two clocks are ever 

in the same state. The quantum lagging is the 

propagation delay of the circuit. The clocking 

scheme of the clock cycles is a switch, hold, 

release, and relax, and the cycle time zones repeat 

across these four phases. 

Switch Phase: During this phase, electrons aim to 

transition from their previous state to a new state, 

initiating the change in information within the 

circuit. Hold Phase: Here, electrons stabilize into a 

steady state, allowing for the output to be 

accurately obtained and processed. Release Phase: 

 

 
Figure 7. QCA Clock Phases 

In this phase, electrons begin to move toward the 

next cell, preparing for the transfer of information. 

Relax Phase: Finally, electrons are poised to 

receive a new state, marking the completion of the 

clock cycle and setting the stage for the next 

iteration of the information flow. The contents of 

this article were categorized into five sections and 

are arranged as follows. In the first section, the 

structure and configuration of quantum cells, 

fundamental gates, QCA wiring, and the clock 

analysis are explained. The second section 

describes the previous designs and their limitations. 

Section three explains the proposed D Flip Flop 

schematic, layout implementation, simulation 

results, and comparisons of various designs. It also 

explains the multiplexer layout and its simulation 

results. LUT implementation, D Flip Flop 

incorporates the LUT and CLB implementation, 

and comparisons of various CLBs for FPGA 

implementation are discussed in the fourth section. 

The fifth section presents the power dissipation 

analysis of the proposed designs and the 

conclusion. 

3. Literature survey 
 

Craig S. Lent et al. [1] In 1993, they discovered that 

QCA nanotechnology can be used to represent logic 

gates. Later, in 1994, the same authors used this 

QCA to implement majority and inverter gates. The 

optimized logic gates have been implemented using 

QCA in [6]. Zoka, S. Gholami, M et al. [2,9] 

present the proposal for two new QCA-optimized 

flip flops with reset input. Two clock cycles are 

needed for the first suggested level-triggered D Flip 

Flop circuit with 82 quantum cells to operate 

correctly. Moreover, the second proposed 

architecture, D Flip Flop, consists of 85 cells and 

one clock cycle delay. Binaei R. and Gholami M. 

Introduced multiplexers based edge sensitive D Flip 

Flop design using QCA [3].  It works with 93 cells 

and an area of 0.2 um2 region. Angizi, S., Moaiyeri, 

M. H., et al [5]. Implemented a T flip flop using 

QCA. In 2012, S. Hashemi et al. developed resilient 

DFF [7] for sequential circuits. The DFF contains 

84 quantum cells a little higher, 0.09 μm2, with a 

delay of 2.75 clock cycles. This D Flip Flop has 

taken a considerable number of clock cycle delays. 

A 5-input majority gate was used by Zoka et al. 

(2018) [9] to introduce a rising edge-triggered 

resettable D Flip Flop. This DFF has a delay of one 

clock cycle and 95 quantum cells higher spread 

across 0.11 μm2. Binaei et al. [11] employed QCA 

technology to present a DFF with set and reset pins. 

This architecture requires 73 quantum cells within a 

0.1 μm2 area with a 2.5 clock cycle latency. In this 

design, the layout has slightly higher quantum cells, 
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and the delay is significant compared to the earlier 

designs. Ghosh, in 2020, Raj Marshal et al. [13] 

Proposed a Configurable logic memory block 

beyond CMOS technology. The suggested memory 

block was constructed with D Flip Flop, which 

comprises 58 quantum cells in an area of 0.07μm2 

with a delay of 1.25 clock cycles.  Bahniman, et al. 

[15] proposed multi-layered QCA for CLB unit to 

implement FPGA with 3915 quantum cells and an 

area of 2.42 μm2 with a delay of 36 picoseconds. 

Zhang, Yongqiang, et al. [16] Employing Clocking 

Mechanism in Quantum-Dot Cellular Automata to 

Implement SRAM for LUT and CLB, the built 

CLB featured 6400 quantum cells, 10.67 μm2 in 

area, and a 45 picoseconds delay. We can conclude 

that DFF is crucial to many digital logic circuits, 

such as Configurable Logic Blocks. It must be 

implemented with fewer quantum cells, less area, 

and lower power consumption. In this paper, we 

will propose a low power, low area, less delay, and 

low design complexity of DFF that will help the 

implementation of configurable logic blocks. 

4. Implementation, result analysis of DFF 

and mux 

4.1 D Flip Flop 

The digital circuit that holds a single bit of data is 

called a flip flop, also known as a storage element. 

DFF [4,18] is used to store the applied data within 

 

 

Figure 8. (a) D Flip Flop using Nand gates (b) D Flip 

Flop Schematic using Majority Gates 

itself. It has one data input (D) and a clock input 

(CLK). When the clock signal goes from low to 

high, the value of data input is sent to the output 

(Q), and if the clock changes from high to low, 

transition input has no effect on the output. Figure 

8(a) shows a DFF constructed using NAND gates 

and an inverter gate.Sequential circuits like flip 

flops are crucial to the field of QCA because large-

scale sequential circuits like shift registers and 

counters are anticipated to be designed and 

implemented using them. The characteristic 

equation of the DFF is obtained by taking past 

output Qn and present input D [12]. The table 1 will 

give the status of output Qn+1 depending on the 

present input and past outputs. The characteristic 

equation can be written based on the characteristic 

table shown in Table: 2. 

𝑄𝑛+1 = 𝐷                                       (1) 

 

Table 1. Truth table for D-FF 

   CLK D Q �̂� 

0 0 Q �̂� 

0 1 Q �̂� 

1 0 0 1 

1 1 1 0 

 
Table 2. Characteristic table for D-FF 

Qn D Qn+1 

0 0 0 

0 1 1 

1 0 0 

1 1 1 

 

 
Figure 9. D Flip Flop QCA Layout 
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Figure 10. Simulation results of D FLIP FLOP 

 

Figure 8(b) is the schematic diagram of DFF using 

QCA majority gates, and Figure 9 depicts the QCA 

layout for DFF, and it is constructed using majority 

gates like AND gates and OR gate [6]. The orange 

colour represents AND gates, and the blue colour 

represents an OR gate. The data input and the clock 

applied to the circuit, output is considered across 

q0. This D Flip Flop layout is proposed with 53 

QCA cells and a delay of 1 clock cycle. It is 

optimized in terms of cell count, delay, and area 

and also has low complexity due to single layer. It 

is recommended that CLB be implemented for 

FPGA. The simulation results depict the effective 

implementation of DFF and its working 

performance. Table: 3 shows comparisons of 

various DFF, the delay is more in [7] and [11] later 

reduced in [10,13]. However the number of QCA 

cells are also reduced. In the design [9] even the 

required delay is 1 clock cycle and the occupied 

area is more 0.11µm2. From Figure 10 when clock 

signal has its rising edge as shown, the input data is 

transferred to its output. If the transition of the 

clock change from high to low the same data is 

transferred until it can change from low to high.  

Table 3. Comparison of various design 

parameters of DFF 

Design 

Number of  

Quantum 

cells 

Area(μm2) 

Delay 

(Clock 

Cycles) 

[7] 84 0.09 2.75 

[9] 95 0.11 1 

[10] 59 0.06 2 

[11] 73 0.1 2.5 

[13] 58 0.07 1.25 

Proposed 

DFF 

53 0.07 1 

 

   (a) 

 

(b) 

 

  (c) 

Figure 11. Graphical representation of (a) Number of 

cells, (b) Area (μm2) (c) Delay (Clock cycles) 
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The layout required four clock phases to obtain 

exact output. The proposed design uses 53 QCA 

cells with an area of 0.07µm2 and the latency of 1 

clock cycle.Figure 11 depicts a graphical 

representation of the proposed design performance 

metrics. It has low quantum cells, area, and delay 

compared to existing models. 

4.2  Multiplexer 

A QCA multiplexer is a nanoscale device that 

selects one channel input to the output from several 

input signals based on control inputs. The 

multiplexer can be used to implement a lookup 

table. In the CLB, the multiplexer's function is to 

select the direct output from the LUT or its delayed 

version. For this, a 2x1 multiplexer has been 

typically employed. Figure 12 shows a 2x1 MUX is 

implemented using QCA with seven cells, which 

occupy a 0.01μm2 area. The Figure 13 explains the 

performance of the designed MUX. If the selected 

input S0 is ‘0’, the content of data I0 is sent to the 

output. When S0 is ‘1’, it selects the output Y = I1. 

The designed mux has no delay, and the LUT of 

this multiplexer works effectively. 

5. Implementation of lut and clb 

5.1 Implementation of 4-input Lookup Table 

Figure 14(a) shows the schematic of a 4-input LUT 

constructed using 2x1 multiplexers, and the inputs 

are A, B, C, and D, with selection lines at different 

stages. The primary function of the SRAM Cell is 

to provide data to the inputs of a 2x1 multiplexer. 

The data in SRAM is set based on the function that 

the CLB needs to complete. In the layout Figure 

14(b), the blue colour quantum cells represent the 

SRAM cell that holds the input data to be selected 

by the multiplexer. The 4-input LUT in digital 

 
Figure 12. 2x1 Multiplexer layout using QCA 

 
Figure 13. Simulation results of Multiplexer 

 

 

Figure 14. (a) Schematic of 4 Input LUT 
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logic is a highly flexible component that can 

implement any Boolean function involving four 

inputs.  The proposed QCA layout of LUT is 

implemented with 547 quantum cells and an 

occupied area of 0.88 μm2 with a propagation delay 

of 2.5 clock cycles. Each clock cycle will offer four 

picoseconds. Therefore, the overall delay associated 

with the proposed LUT is 2.5 x 4x10-12 sec = 10-12 

sec is 10 pico sec. 

 

Figure 14. (b) QCA layout for 4 Input LUT 

Configurable Logic Block  

CLBs are the essential components in the FPGA, 

which is the heart of FPGA. Each CLB typically 

contains LUTs, D Flip Flop, and multiplexers, 

which work together to perform various logic 

functions. Figure 15 shows the detailed 

construction of CLB implemented with the help of 

4-input LUT shown in a yellow coloured box, the 

DFF in green, and the 2x1 multiplexer is 

represented with a dark blue coloured box. The 

layout is implemented with 655 quantum cells, an 

optimized area of 1.32 µm2, and the delay occurred 

in transferring the input to the output in three clock 

cycles. Each cycle has four clock phases, and each 

phase will offer 12x10-12sec. Table: 4 comprises 

three metric performances of the proposed and the 

previous designs [8,15,16] in area, delay, and cell 

count. Figure 16 depicts the graphical 

representation of the designed metrics visualized in 

quantum cells area and delay. The result says that 

the proposed model is the best among the existing 

models. 

 

Figure 15. QCA layout for CLB 

Table 4. Comparison of various performance metrics for 

CLBs 

Design 

Number of 

quantum 

cells 

Area 

(μm2) 
Delay(ps) 

[8] 3075 4.86 55 

[15] 3915 2.42 36 

[16] 6400 10.67  45 

Proposed 

CLB 
655 1.32 12 

 2 X 1 Mux 
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(a) 

 
(b) 

 

(c) 

Figure 16. Graphical representation of performance 

metrics of CLB (a) Number of quantum cells (b) Area in 

μm2 (c) Delay in picoseconds 

6. Power dissipation analysis of proposed CLB 

 

There are several tools available for calculating 

power dissipation, including QCAPro and 

QCADesigner E 2.2. [17,18]. The current research 

used the QCADesignerE 2.2 tool to determine the 

energy dissipation of the CLB in FPGA which was 

studied [20,21]. The proposed QCA layout is 

simulated using the Coherence vector simulation 

model. Coherent vector simulation using the Euler 

technique has been used in the power dissipation 

analysis of the disclosed model [22], as shown in 

Figure 17. It evaluates the energy dissipation of 

each quantum cell uniformly in the total 

environment of the layout [16]. The energy 

dissipation of a layout is considered in two factors: 

one is the energy dissipation of all the quantum 

cells in the layout environment, and the second is 

the average energy dissipation of each quantum cell 

in the entire layout environment. The energy 

dissipation of the proposed CLB is given as 

Sum_bath of 3.24e-001 eV. This value will help to 

determine the power consumption or dissipation 

[19] of the proposed layout. Figure 17 also shows 

the various parameters like temperature, relaxation 

time, clock period, input period, time step, total 

simulation time, clock high, low, shift, and slope, 

radius of effect, relative permittivity, and layer 

separation, which are associated with the simulation 

of the QCA layout design and its simulation. As 

shown in Figure 17, temperature says the layout is 

simulated in the mentioned 10C. Relaxation time, 

clock period, clock high and low, clock shift, and 

clock slope parameters are related to the clock 

signal. The clock period, by default, is set to T = 

4x10-12 sec, which decides the speed of the layout 

operation. As this value is meager, the QCA layout 

works at Tera hertz of frequency (f=1/T=1/(4x10-12) 

=0.25x1012 Hertz=0.25 THz).  

 

Figure 17. Specification of each parameter in simulation 

analysis. 
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The proposed layout’s energy dissipation is Ed-

=3.24eV. The value in electron Volts will be 

converted into joules by multiplying with the 

electron's charge. 

Charge of an electron (eV) = 1.608X10−19 Joules 

Ed = 3.24eV = 3.24 X 1.608X10−19 Joules 

Ed = 5.20 X10−19 Joules 

The delay incurred for the proposed layout is about 

three clock cycles, and for the selected coherent 

vector simulation method, the period of each clock 

cycle is 4 Pico seconds.  

Hence, the total time delay can be calculated as 

follows: 

Delay in time, Td = 3 clock cycles. 

The period of each clock in the simulation tool is 

4x10-12 sec. 

Therefore, the time delay, 𝑇𝑑 = 3𝑋4𝑋10−12 𝑠𝑒𝑐. 

= 12𝑋10−12 𝑠𝑒𝑐. 

= 12 𝑝𝑖𝑐𝑜 𝑆𝑒𝑐 

The power dissipation will be evaluated using the 

standard correlation between energy, power, and 

time. 

Energy = Power X Time 

Power =
Energy

Time
 

Power dissipation, Pd =
Ed

Td
 

Pd =
5.20X10−19

12X10−12
 

      = 0.4333 X 10−7 

Therefore, Pd

= 43.33 X 10−9 Watts. 

Therefore, the power dissipation of the presented 

CLB is 43.33 nW. 

7. Conclusion 

This paper presents the development of a low-

power and area-efficient D Flip Flop layout 

employing the fastest-growing and most advanced 

nanotechnology Quantum-dot Cellular Automata. 

The suggested DFF is the best model currently 

available in terms of area, delay, and quantum cell 

count.  The performance metrics of the suggested D 

Flip Flop and its layout were integrated into the 

CLB, which is the heart of FPGA. The CLB with 

the proposed D Flip Flop layout took 655 cells in a 

1.32 μm2 area with a delay of 3 full clock cycles. 

The number of quantum cells, area, power 

dissipation, and latency of the proposed CLB 

architecture are also examined. The energy and 

power dissipations have been evaluated using the 

QCA Designer-E tool. The energy and power 

consumed by the proposed configurable logic 

blocks are 3.24 eV and 43.33 nW, respectively. It is 

concluded that the proposed D Flip Flop is the best 

model among the existing, and performs well when 

integrated into a complex architecture like CLB. 

Hence, the FPGA architecture can be implemented 

using the proposed configurable logic block's 

layout. 
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