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Abstract— This paper presents the design and FPGA 

implementation of an efficient 4x4 squarer circuit using 

reversible logic. The proposed architecture is developed using 

the hardware description language Verilog and synthesized with 

Xilinx Vivado and Xilinx ISE 14.7 tools. The FPGA 

implementation of proposed design has been done on Artix 7 

(Nexys A7). The main improvements in this work include a 

significant reduction in garbage output, quantum cost, and total 

reversible logic implementation cost (TRLIC) compared to 

existing designs. Notably, the proposed architecture achieves 

quantum cost and TRLIC reductions of 84.34% and 82.10%, 

respectively. The circuit also demonstrates a remarkably low 

delay of 1.076 ns, making it suitable for high-speed applications. 

Keywords— Reversible logic, Squarer, Quantum Cost, 

Verilog, FPGA 

I. INTRODUCTION 

In the dynamic landscape of digital systems, two 
paramount objectives stand out: minimizing delay and 
reducing quantum cost. Delay, the interval between an input 
signal and the system's response, holds the key to unlocking 
speed and responsiveness in digital operations. Even marginal 
reductions in delay can yield substantial performance 
enhancements, enabling faster data processing and heightened 
real-time responsiveness. Similarly, the reduction of quantum 
cost is foundational in digital system design. Quantum cost 
represents the computational resources necessary for 
executing logic operations, encompassing gate count and 
complexity. By minimizing quantum cost, we not only 
optimize resource utilization but also pave the way for lower 
power consumption and improved scalability of digital 
circuits. Essentially, cutting quantum cost enables the creation 
of compact, energy-efficient designs endowed with 
heightened computational prowess. 

Traditional logic gates—those trusty stalwarts like AND, 
OR, NOT, and XOR—bear inherent limitations in fulfilling 

these objectives. While they form the bedrock of digital 
circuitry, their association with significant delay and high 
quantum cost poses challenges in the face of escalating system 
demands. As digital systems evolve in complexity and 
sophistication, the constraints of traditional logic gates 
become more conspicuous, impeding the realization of high-
performance and energy-efficient solutions. Furthermore, the 
specter of energy dissipation looms large over traditional logic 
gates, complicating the already intricate task of power 
management in digital systems. The perpetual generation of 
heat due to energy loss not only jeopardizes the reliability and 
durability of electronic components but also imposes 
constraints on system scalability and operational expenses. 
Hence, the pursuit of low-power solutions emerges as a 
critical imperative, offering a pathway to address these 
challenges and fortify the sustainability of digital systems. 

II. REVERSIBLE LOGIC GATES

Reversible logic gates are based on injective functions, 
where every input function give a unique output. There is 
always a one-to-one mapping between the inputs and outputs 
i.e., Both inputs and outputs have an equal quantity. Gate
count (N), constant inputs (CI) / ancilla inputs, garbage
outputs (GO) and quantum cost (QC) are few essential
elements should be considered during the constructing of
reversible logic gates.

Gate count - The total number of reversible logic gates 
are required while designing the circuit. 

Constant inputs / Ancilla inputs- The number of 
constant inputs either 0 or 1 are used to implement the logical 
function. 

Garbage outputs- it refers to the outputs that are 
generated as a result but not a desired output during the 
designing of logical function using reversible gates. Minimum 
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number of garbage outputs is more effective in 
implementation of logical function using reversible gates. 

Quantum cost- in reversible quantum computing one of 
the most important parameters is Quantum cost which refers 
to the cost of the circuit in terms of the cost of a primitive gate. 
The calculation process is the number of primitive reversible 
logic gates (1*1 or 2*2) needed to recognize the circuit. 

III. REVERSIBLE LOGIC GATES USED IN PROPOSED WORK

A. Peres Gate (PG)

Peres Gate is a reversible gate with 3 inputs (U, V, 
W) and same number of outputs (M, N, O) where M=U,
N=U⊕V, O=UV⊕W. 4 is the quantum cost of Peres gate.

 M=U 

 N=U ⊕V 

 O=UV ⊕W 

B. Hybrid New Gate (HNG)

Hybrid New Gate (HNG) is a universal reversible gate
with 4 inputs (U, V, W, X) and same number of outputs (M, 
N, O, P) where M=U, N=V, O=U ⊕V ⊕W, P= (U ⊕V) W 
⊕UV⊕X. Quantum cost of Hybrid New Gate is 6. 

 M=U 

 N=V 

 O=U ⊕V ⊕W 

 P= (U ⊕V) W⊕UV ⊕X 

IV. PROPOSED 4X4 SQUARER CIRCUIT 

Squaring is basically a multiplication of two same 
numbers. This section of the paper shows quantum circuit for 
squaring of an operand. Fig:1 represents the partial product 
generation for square operation of a 4-bit operand. In middle 
section of the Fig:1 shows the partial product array in which 
the combining of some products terms generate using the 
similar equation ai •aj+ ai •aj =2• ai •aj. Rectangular boxes 
present possible equivalence form the generated product 
terms. Following the application of the equation to these 
product terms, product phrases gain two times more weight as 
shown in the following column. Full adder and Half adder are 
used for the summation part of the circuit. Full adder is a 
combinational circuit use for adding three binary digits and 
result in terms of sum and carry where Half adder is used for 
addition of 2 binary digits. The arrows represent the moving 
of combined product phrases left by one position. Lastly, the 
reduced partial products are displayed in the final column of 
Fig:1. 

Fig. 1. Partial product generation [2] 

     The full squarer circuit is represented in Fig:4 where 
AND gate is used for partial product generation. In next step 
Full adder and Half adder are used for reducing the partial 
product terms. In Fig:4 a0, a1, a2, a3 are the input digits of a 4-
bit binary number and Y0, Y1, Y2, Y3, Y4, Y5, Y6, Y7 are final 
output of the squarer circuit which is square of the input 
number. 

Fig. 2. Squarer circuit 

A. Partial Product Generation Using Reversible Logic

The first step for performing square operation is to 
generate the product terms using reversible logic. For 
generating the partial product terms and reducing the terms 
Peres gates are used. For implementing AND operation, the 
input W of the Peres gate is fixed at zero which is an ancilla 
input (zero is constant). Their connections to one another are 
made in series. Peres gate is used because quantum cost of this 
gate is 4 which is less than Toffoli gate. In Fig:3 a0, a1, a2,a3 
are the inputs and m0, m1, m2, m3, m4, m5 required products 
terms for summation. Some output of each Peres gate relates 
to another Peres gate or to the summation part. 

Fig. 3. Block diagram of partial product generation 

B. Summation of Reduced Partial Product Terms

The final reduced products in 4-bit squarer unit are
generated by carry save method in summation stage. For this 
architecture the reversible full adder and half adder blocks are 
required. HNG gates are used to design a full adder where 
input X=0 as displayed in Fig:5. similarly, for half adder Peres 
gates are used by keeping input W=0 as displayed in Fig:4. 
Y2, Y3, Y4, Y5, Y6 are few output digits of the squarer circuit 
present in the Fig:3. The summation circuit for the full squarer 
circuit is illustrated in fig.4. 
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Fig. 4. Summation circuit block diagram for 4*4 square unit 

Fig. 5. Half adder using Peres gate 

Fig. 6. Full adder using HNG gate 

V. SIMULATION AND RESULT

The proposed reversible squarer architecture is validated 
by simulation. Fig.10 shows the RTL of proposed 
architecture. For checking proper functioning of the circuit, 3 
random inputs have been taken, which has been organized in 
a tabular form in table.1. Fig.7, fig.8, fig.9 represents the 
simulation results of 3 different test cases. 

TABLE I. TEST CASE RESULT IN SIMULATION 

TEST CASE INPUT OUTPUT 

1 0111 00110001 

2 1010 01100100 

3 1101 10101001 

Fig. 7. Simulated output of test case 1 

Fig. 8. Simulated output of test case 2 

Fig. 9. Simulated output of test case 3 

Fig. 10. RTL view if the circuit 

The delay of the proposed design using NEXYS A7 - 
xc7a100tcsg324-1  (Artix-7 series ) is obtained 1.076 ns and 
the device static  power of the proposed design is obtained 
0.136 W. 

Fig. 11. On-Chip power during FPGA implementation 

In table 2. It is visible that just 12 reversible gates were 
used in the proposed design of the squarer. The 
circuit contains 13 garbage outputs, 13 ancilla inputs, 
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and quantum cost of 54. Table displays the comparative 
analysis and improvement with the existing design.  

TABLE II.  COMPARISON WITH EXISTING DESIGN 

Fig. 12. Comparison of garbage output 

VI. FPGA IMPLEMENTATION

FPGA Implementation of the proposed design has been 
done on NEXYS 7 (Artix 7 series) Fpga. Figure 13 shows the 
fpga implementation of test case 1 where each led represents 
one bit of output. For the implementation switches pin of J15, 
L16, M13 and R15 are used for input, R15 represents MSB 
bits of input, and from leds H17 represents the MSB of 
outputs. Blinking led results in binary 1 and turned off light 
results in binary 0. It can be observed that the simulated output 
and the FPGA functioning outputs are similar. 

Fig. 13. FPGA implementation of test case 1 

VII. CONCLUSION

This paper presents a high-speed, efficient squarer circuit 
design utilizing reversible logic, specifically implemented on 
an FPGA. The proposed architecture, realized using Verilog 
and synthesized with Xilinx Vivado and ISE 14.7 tools, 
demonstrates substantial improvements over traditional 
designs. Targeting the Artix-7 FPGA, the design achieves 
significant reductions in delay, garbage output, quantum cost, 
and TRLIC. Notably, the proposed architecture reduces 
quantum cost by 84.34% and TRLIC by 82.10%, while 
maintaining a remarkably low delay of 1.076 ns. 

These advancements highlight the potential of reversible 
logic in creating more efficient and high-performance digital 
circuits. By addressing key challenges in power dissipation 
and resource optimization, the proposed design offers a 
promising approach for future digital system development. 
Future work will explore further optimizations and broader 
applications of this design methodology to various 
computational domains, aiming to continue the trend towards 
more efficient and powerful digital solutions. 
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