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Simplified logic circuit design for
efficient quantum computation
with an Excess-3 Adder

Jeong Ryeol Choi*", Ji Nny Song?

ABSTRACT

Quantum computers are composed of quantum logic circuits that fulfill quantum
computation based on quantum mechanics. However, during quantum
computation, collapse of information in the circuits due to decoherence is a very
subtle problem. In order to obtain exact computing results by preventing such
decoherence, simplification of arithmetic logic circuits is important. In this work,
we design a simplified Excess-3 Adder that can be available to decimal arithmetic
operation. The simplification of the circuit is carried out by removing an
operation line from the lately proposed circuit in this context. From a check of the
logic process of arithmetic computations for numerical additions, we confirm that
the circuit works well. Our circuit is robust from decoherence and consumes low

electric power.

Keywords: Quantum computation, Excess-3 Adder, Decimal arithmetic circuit,
Qubit

1. INTRODUCTION

Thanks to the rapid development of information technologies, primitive quantum
computers have been realized now by several leading research groups (Arute et
al., 2019; Zhong et al., 2020; Ball, 2021; Wu et al., 2021). Differently from classical
computers that operate based on the principle of classical mechanics, the
underlying mechanism of quantum computers is the principle of quantum
mechanics. The main feature of quantum computation, which distinguishes it
from existing computation, is that it adopts superposition and entanglement (Li
and Yin, 2016). Both the superposition and entanglement are deeply related to
quantum coherence, which is a natural but a weird characteristic of quantum
mechanics. They are key resources of quantum information processing and its
related quantum metrology.

Classical computers are inefficient in managing some information tasks. The
examples of them are database searches and prime factorizations. However, such
tasks can be carried out effectively by means of quantum computers. Grover
algorithm (Morales et al., 2018) serves as a quantum protocol for database
searches. Prime factorizations can also be accomplished by Shor’s algorithm
(Shor, 1997). Another defect of classical computers is that their logic circuits
release lots of heat during arithmetic operation (Landauer, 1961). If the

computation process is complicated, more heat is released. Contrary to this,
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quantum computation requires low electric power in general.

Logic circuits in computers are designed using a specific code. For this reason, decimal numbers should be converted to a
required codeword. Although the binary code is the simplest one for that purpose, some decimal numbers cannot be represented in
terms of the binary code (Thapliyal et al., 2007). Since this leads to errors in the computation, the binary code is inadequate as a code
used for the purpose of exact computation. This is the reason why decimal codes are necessary in the process of computation. Some
of well-known decimal codes are Excess-3 code, BCD (8421 code), 6311 code, 2421 code, EBCDIC, and so on (Choi and Song, 2019;
Yeon et al., 2012; Blatov and Chudov, 1978; Kumar and Umadevi, 2015). Among them, we will adopt Excess-3 code in this work. In
order to obtain a codeword of Excess-3 code, one should add 0011 in the codeword of the corresponding BCD. A merit of Excess-3
code in computing is self-complementing property (Kumar and Umadevi, 2015). In order to understand this property, let us see a
1’s complement of a codeword of Excess-3. For example, 1's complement of a number 0100 (1 in decimal number) is 1011 (8 in
decimal number). From this, we confirm that one can obtain 9(decimal)’s complement of a codeword by simply reversing each bit,
i.e., by converting each bit as 1—0 and 0—1. This property can be efficiently used in the related arithmetic processes. Hence, Excess-
3 code is convenient in computations, especially in subtraction.

A possible trouble in quantum computation is the occurrence of decoherence during its process (Duan and Guo, 1998).
Decoherence is a main factor that hampers the development of quantum computers. The difficulty in manufacturing high-fidelity
quantum computers with a large number of qubits is mainly due to this. Hence, a simplification of computing logic circuits may
reduce such decoherence. Regarding this, we will simplify the existing decimal arithmetic circuit based on Excess-3 code in this

work.

2. MATERIALS AND METHODS
The Excess-3 Adder can be constructed using full and half Adders. Although the computing process of the quantum full and half

Adders gives the same results as that of the classical full and half Adders, they work according to the principle of quantum
mechanics. The detailed flowchart for the process of decimal addition with the Excess-3 code is given in Ref. (Yeon et al., 2012).
Based on that chart, the circuit of the Excess-3 decimal Adder will be constructed rigorously. In this design, we will consider the

minimization of necessary operations. It will also be tested whether the circuit works without errors.

3. RESULTS AND DISCUSSION
3.1. Design of the Excess-3 Adder

In order to minimize decoherence during quantum computing processes, simplification of logic circuits is necessary. A method for
such simplification regarding the operation process is reducing the number of operation lines (qubits). The circuit that we suggest
for this purpose is shown in Fig. 1. This circuit is designed on the basis of Excess-3 code. The process of decimal addition in this
circuit is represented as (AsAszA2A1) + (BaB3B2B1) + input carry[Ci] = (5:535:51) + output carry[Co]. This circuit can be used as a basic
element of computing processes in quantum computers. The addition process adopted in this circuit can also be extended to other

computing processes, such as subtraction, multiplication, and division.
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Figure 1. Diagram of simplified Excess-3 Adder
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The symbol X in the 10th operation line in Fig. 1 means resetting of the qubit to zero (Thapliyal and Ranganathan, 2010). The
number of operation lines in this circuit is 13, while that in the latest previous design in this context, given in Ref. (Choi and Song,
2019), is 14. Hence, the operation lines in our circuit are less than 1 compared to those of the previous design. Among 13 operation
lines in our circuit, 3 lines are garbage lines. In this design, all three garbage lines start with an initial value 0. Apparently, the
operation process in this circuit is simpler than that of Ref. (Choi and Song, 2019). This is the main contribution of this work in the

circuit design.

Table 1. The change of qubit data over time for the process of computation supposed in Example 1.

a|b G d e f g | h i j k l {m|n|o|p
Ci ofojlojojojoflojojoOojO|lO|JO]J]O]O]O]|O
AA|lO]J]O|]O]O|lO|J]O]J]O]J]O|O|J]O]J]O]J]O]J]O|O|O]O
B1 0 0 0 0 0 0 0 0 0 0 0 0 0 1 1 1 S
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
A2 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
B2 0 0 1 1 1 1 S2

As | 1 1 1 1 1 1 1 1 1 1 1 1 1
Bs 000|001 1 1 1 1700|100 ]0]0]|O0]|Ss

Bs4 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1| S

Table 2. The change of qubit data over time for the process of computation supposed in Example 2.

a | b € d e f g | h i j k l {m|n|o|p

Ci ofojfojojojoflo|jojoOojOjlO|lO]J]O]O]O]O

A1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

B 1 1 1 1 1 1 0 0 0 0 0 1 1 1 1 1 S
0 1 1 1 1 1 0 0 1 1 1 0 0 0 0 0

Az 1 1 0 0 0 0 1 1 1 1 1 1 1 1 1

B2 1 1 1 1 1 1 1 1 1 110|0]0]O0|0]|0]| S

As | 1 1 1 0101 1 1 1 1 1 1 1 1 1 1
Bs o(fofo0ojojo0ojo0fo|j0j]o0]1 1 1 1 1 1 1| Ss

At | 0|0 |00 |1 1 1 1 1 1 1 1
B4 1 1 1 170|000 ]O0O]O0O]O0|O0O]O0]O0]O0]| 0] Ss
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3.2. Testing of the operation process

Here we check whether the logic circuit given in Fig. 1 works well by introducing two examples of the computing process now:
3.2.1. Example 1: Let us first see the case where there is no carry in the computation result. For this purpose, we will see the
operation process which is 3+5=8 (in Excess-3 code: 0110 + 1000 = 1011).

3.2.2. Example 2: Now we check the case of computation 4+8=12 (0111 + 1011 = 0100 0101) of which result involves a carry.

We suppose that there is no input carry for both examples for simplicity, i.e., Ci=0.

From table 1, we see that the result of Example 1 is (S4535:51) = (1011), whereas table 2 shows that the result of Example 2 is (S4535251)
= (0101) with an output carry. Thus, we confirm that the two cases produce exact results.

4. CONCLUSIONS

Through the construction of logic circuits based on quantum principle, it may be possible to carry out high-speed computations in
some tasks. However, preventing the collapse of quantum states in the circuits by decoherence induced by the environment and/or
complicated operating processes is a challenging problem (Brune et al., 1996). While quantum coherence is necessary to perform
quantum computing, a loss of coherence results in the disappearance of quantumness of the computing system. For this reason, we
cannot neglect decoherence in quantum circuits. Hence, the simplification of logic circuits is crucial for efficient computations.
According to the above requirement, a simplified decimal arithmetic circuit has been designed using Excess-3 code. The Excess-
3 Adder we proposed here is composed of 13 operation lines, where 3 lines among them are garbage lines. On the other hand, the
circuit design in the previous work (Choi and Song, 2019) is composed of 14 lines. We confirmed that our circuit works well without
loss of functional facilities. The simplification of the quantum logic circuit in this work may help to resolve the problem of

decoherence. In addition, the circuit we have proposed may consume low electric power.
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