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ABSTRACT Article information:
Quantum computing holds promise, but maintaining quantum informa-
tion integrity is challenging. This study evaluates surface codes for error
correction in a quantum ALU using IBM Qiskit. Simulations under depo-
larizing noise show surface codes reduce errors and enhance accuracy. For
the NAND Gate, state |1〉 error dropped from 18.57% to 10.78% and state
|0〉 from 56.3% to 32.68%. For the NOR Gate, state |0〉 error fell from
23.38% to 6.62% and state |1〉 from 70.87% to 20.08%. For the XNOR
Gate, errors for states |0〉 and |1〉 decreased from 5.08% to 2.54%. For the
Full Adder, state |00〉 error decreased from 99.19% to 83.74% and state
|10〉 from 31.3% to 22.02%, but increased for states |01> from 17.63% to
22.11% and |11> from 43.75% to 44.44% due to the added complexity of the
circuit. This advancement in fault-tolerant quantum computing paves the
way for solving problems beyond the capabilities of classical computing.
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1. INTRODUCTION

Quantum computing is an emerging technology
with the potential to achieve results beyond classi-
cal computing methods. It o�ers a new approach to
tackle challenges addressing the growing demands for
solutions to increasingly complex problems [1]. Due
to its capability of processing data at an exponential
rate, researchers are getting more attracted to explor-
ing the possible extensive range of applications [2].

One area where quantum computing opens up
new possibilities is in revolutionizing complementary
metal-oxide-semiconductor (CMOS) technology [3].
This has led to promising quantum computing tech-
nology alternatives, like reversible logic and quantum-
dot cellular automata (QCA) technology, o�ering
higher speed, lower power consumption, and reduced
complexity [4,5]. These advancements translate basic
classical circuit functions into quantum circuits, out-
performing their classical counterparts and handling
quantum-speci�c operations [6].

Several studies have demonstrated the creation of

quantum circuits like arithmetic logic units (ALUs) to
enhance the computational capabilities of central pro-
cessing units (CPUs) [7-10]. Despite ongoing research
and development aimed at creating high-performance
quantum ALUs, the realization of these quantum cir-
cuits are being hindered by noise, decoherence, and
implementation imperfections [11]. Quantum error
correction (QEC) methods are essential to enable
fault-tolerant quantum computing, as these errors
can hinder the progress and e�ectiveness of quantum
computing [2].

Surface code is one of the most promising QEC
methods. It works by increasing the number of
physical qubits to encode a logical qubit, distribut-
ing quantum information across larger qubits [12].
This redundancy allows error detection and correc-
tion, paving the way for fault-tolerant quantum com-
putation [13].

In implementing QEC methods, researchers often
utilize Qiskit, an open-source software developed by
International Business Machines (IBM) Corporation.
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Qiskit, an open-source software developed by Interna-
tional Business Machines (IBM) Corporation. Qiskit
enables users to write code using Python and run
experiments on quantum computers [14]. It offers
tools to create, manipulate, and simulate quantum
registers, circuits, and algorithms, making it easier to
design and implement quantum applications [15,16].
Using Qiskit, researchers can test the fault tolerance
of surface codes in real-world scenarios and assess
their effectiveness on actual quantum hardware [17].

The main objective of this study is to analyze the
fault tolerance of surface code in a quantum arith-
metic logic unit (ALU) under the presence of depolar-
izing noise. The ALU consists of NAND, NOR, and
XNOR gates for the logic unit and a full adder for
the arithmetic unit, all within a 4:1 multiplexer. The
researchers aim to evaluate the robustness of surface
codes against noise and determine the level of fault
tolerance achievable. They will use the IBM Qiskit
platform to simulate the circuits that will be used to
build the quantum ALU, assessing the performance
of surface codes in these circuits.

2. RELATED WORKS

2.1 Quantum Arithmetic Logic Unit (ALU)

With ongoing technological innovations and the
growing need to solve complex problems, there has
been an increase in interest and investment in quan-
tum computing. Major technology companies such
as Google, IBM, Rigetti, Intel, IonQ, and Xanadu
are investing in this field, recognizing its potential to
revolutionize various industries [18].

Researchers are currently exploring quantum com-
puting as an alternative to complementary metal-
oxide-semiconductor (CMOS) technology. While
CMOS has been the primary technology for digital
circuit design, it faces challenges related to heat dis-
sipation and scaling limitations [19]. Quantum-dot
cellular automata (QCA) technology is a promising
substitute for CMOS, especially for building impor-
tant circuits such as full adders and Arithmetic Logic
Units (ALUs).

QCA technology uses the position of electrons
to represent binary information, enabling extremely
compact and low-power circuit designs. This capa-
bility is particularly beneficial for circuits like full
adders, which are crucial components in Arithmetic
Logic Units (ALUs) responsible for performing math-
ematical operations within digital circuits [20]. Op-
timized designs of full adders have been created us-
ing QCA technology, showcasing reduced complexity,
area, latency, and power consumption compared to
traditional designs [21, 22].

The development of efficient full adders paves the
way for constructing more complex circuits, such as
ALUs. ALUs, which rely on full adders for perform-
ing arithmetic operations, benefit from advancements
in QCA technology. Studies [7, 9, 10] highlight the

advantages of QCA technology over CMOS in de-
veloping ALUs. Study [7] developed a logically and
physically reversible ALU based on QCA, notably re-
ducing energy dissipation and increasing energy effi-
ciency. Similarly, a study [9] presented a QCA mul-
tilayer ALU that outperformed CMOS designs in cell
number, area, latency, and power consumption. A
study [10] also demonstrated that QCA technology
improved quantum cost, reduced the number of cells,
and minimized the occupied area for quantum ALUs.
These studies demonstrate that QCA offers a promis-
ing alternative to CMOS technology.

The prospect of constructing a fully functional
quantum ALU, founded on classical operations trans-
posed into quantum circuits, presents a promising
frontier in computational technology [8].

2.2 Fault-tolerant Quantum Computing

Quantum systems are sensitive to various errors,
noise, and imprecisions, which can disrupt the qual-
ity of computations [23]. To address these challenges,
fault-tolerant quantum computing is crucial for re-
liable quantum information processing. It involves
adding extra qubits and logical gates to make circuits
robust against errors like bit-flips, phase-flips, and de-
polarizing noise [24, 25]. This approach ensures that
quantum computations can proceed accurately even
in the presence of errors.

Using quantum error correction (QEC) codes helps
overcome the inherent fragility of quantum systems
[25]. Prominent QEC codes include surface, Shor,
Steane, and stabilizer codes [26].

Shor’s code is a quantum error correction method
that encodes a single logical qubit into nine physical
qubits, allowing it to correct arbitrary single-qubit
errors. A study revealed that Shor codes are degen-
erate, with three pairs of similar syndromes involving
Z errors, yet they can still correct all single-qubit er-
rors [27].

Steane’s code constructs quantum codes from
classical block codes, improving quantum code
parameters by increasing dimension while main-
taining error protection [28]. Its application to
Bose–Chaudhuri–Hocquenghem (BCH) and algebraic
geometry codes further enhances quantum communi-
cation and computation systems, making it a signifi-
cant advancement in QEC.

Stabilizer codes protect quantum information by
encoding qubits into a larger system which are defined
by an abelian subgroup of the Pauli group [29]. These
preserve the encoded state, allowing for detecting
and correcting errors without measuring the quantum
information directly, which is essential for practical
quantum computing and communication systems.

By leveraging these QEC codes, quantum systems
can achieve greater robustness and reliability, paving
the way for more practical and scalable quantum com-
puting applications.
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2.3 Surface Code as Quantum Error Correc-
tion (QEC)

Surface codes are a robust method for quantum
error correction, essential for practical quantum com-
puters [12,13]. It utilizes a two-dimensional lattice of
qubits to identify and correct errors during quantum
operations. These codes are particularly effective for
systems with qubits arranged in a 2D grid, utilizing
local interactions for efficient error management.

The resilience of surface codes to coherent noise
highlights their potential for real-world quantum
computing applications [30]. Recent research has fur-
ther explored this potential by demonstrating the ef-
fectiveness of partitioning surface codes and trans-
mitting them via multiple paths in fault-tolerant
quantum communications. This innovative approach
enhances communication fidelity and optimizes re-
source utilization while maintaining a fidelity thresh-
old. Evaluations through simulations illustrate sig-
nificant improvement in communication fidelity com-
pared to other models, underscoring the promise of
surface codes in practical quantum communication
systems [31].

3. METHODS

The quantum gate translation of a classical CMOS
1-bit ALU is simulated using IBM Qiskit, a software
designed for powerful executions on IBM quantum
computers. The quantum gate translation involved
using NAND, NOR, and XNOR gates for the logic
unit and a full adder for the arithmetic unit, with
the logical operations controlled by a 4:1 multiplexer.
Qiskit Aer, a library within the Qiskit framework, was
primarily used to simulate the behavior of quantum
circuits both under normal conditions and with the
addition of depolarizing noise.

The research study involves five Jupyter note-
books: (1) the NAND quantum circuit, NAND quan-
tum circuit with depolarizing noise, and NAND quan-
tum circuit with surface code then noise; (2) the NOR
quantum circuit, NOR quantum circuit with depo-
larizing noise, and NOR quantum circuit with sur-
face code then noise (3) the XNOR quantum circuit,
XNOR quantum circuit with depolarizing noise, and
XNOR quantum circuit with surface code then noise;
(4) the Full-Adder quantum circuit, Full-Adder quan-
tum circuit with depolarizing noise, and Full-Adder
quantum circuit with surface code then noise; (5) the
realization of a 4:1 multiplexer and a quantum ALU.

3.1 Development of 1-bit ALU Quantum Gate
Circuits

In creating the quantum equivalents of the three
logical gates and a full adder, a reset function was
implemented before the quantum gates to ensure the
qubits started in the state of 0 before the quantum
computation began. Hadamard gates were utilized

to translate classical gates into quantum gates, plac-
ing the qubits in a superposition state and allowing
the measurement of the split probabilities of the cir-
cuit outcomes. All the quantum circuits for the log-
ical operations, NAND, NOR, and XNOR, were de-
scribed by four qubits and one classical register. The
full adder quantum circuit used the same number of
qubits but included two classical registers, one for the
sum and the other for the carry.

Figure 1 shows the quantum gate translation of
the NAND operation. The circuit used a Toffoli gate
with the first two qubits (q0 and q1) as control qubits
and the third qubit (q2) as the target qubit. A Pauli-
X gate was added after the target qubit. The state
of the third qubit (q2) was measured and recorded in
the classical register (c) as the output of the NAND
operation.

Fig.1: Quantum Gate Translation of NAND Oper-
ation and its Split Probability.

Figure 2 displays the quantum gate translation of
the NOR operation. The circuit also used a Toffoli
gate with the first two qubits (q0 and q1) as control
qubits and the third qubit (q2) as the target qubit.
Each of the first three qubits (q0, q1, and q2) had a
Pauli-X gate applied to them before the Toffoli gate
operation. This was followed by another Pauli-X gate
applied to the target qubit (q2) after the Toffoli gate
operation. The third qubit (q2) was measured, and
the output of the NOR operation was recorded in the
classical register (c).

Fig.2: Quantum Gate Translation of NOR Opera-
tion and its Split Probability.

Figure 3 illustrates the quantum gate translation
of the XNOR operation. A CNOT gate was used
with the first qubit (q0) as the control qubit and the
second qubit (q1) as the target qubit, cascaded with
a Pauli-X gate. The result of the XNOR operation
was measured by getting the state of the second qubit
(q1) which was recorded in the classical register (c).

Figure 4 depicts the quantum gate translation of
the full-adder operation. The full-adder circuit in-
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Fig.3: Quantum Gate Translation of XNOR Oper-
ation and its Split Probability.

volved multiple Toffoli and CNOT gates with dif-
ferent combinations of control and target qubits to
perform the necessary bitwise addition operations.
The state of the fourth qubit (q3) was measured and
recorded in the first classical register (c1) as the sum,
while the state of the third qubit (q2) was measured
and recorded in the second classical register (c2) as
the carry.

Fig.4: Quantum Gate Translation of Full Adder Op-
eration and its Split Probability.

Figures 1, 2, 3, and 4 also present the split proba-
bilities of each quantum gate translation. Each circuit
was simulated for 1024 counts, and the split probabil-
ities matched the expected outcomes from the truth
table of its classical counterpart.

3.2 Development of 1-bit ALU Quantum Gate
Circuits with Surface Code

The quantum gate translations with surface code
for the NAND, NOR, and XNOR circuits are shown
in Figures 5, 6, and 7, respectively. These were cre-
ated by applying three additional ancilla qubits to
the four data qubits. Incorporating the surface code
involved using X-type and Z-type stabilizers to detect
errors. For X-type stabilizers, Hadamard gates were
applied to the ancilla qubits, followed by CNOT gates
between the ancilla and data qubits, and then mea-
suring the ancilla qubits to detect bit-flip errors. For
Z-type stabilizers, CNOT gates were directly applied
between the data qubits and ancilla qubits, and then
the ancilla qubits were measured to detect phase-flip
errors. Stabilizer measurements provided information
about the presence of bit-flip or phase-flip errors by
reflecting changes in the ancilla qubits, allowing for
error detection without disturbing the quantum state
of the data qubits. The data qubits were then mea-
sured to obtain the logical gate output while ensuring
error robustness through the surface code.

Fig.5: NAND Quantum Circuit with Surface Code.

Fig.6: NOR Quantum Circuit with Surface Code.

Fig.7: XNOR Quantum Circuit with Surface Code.

Implementing surface code in the quantum circuit
of a full adder was slightly different. In the circuit
shown in Figure 8, five additional ancilla qubits and
an additional classical register were added to the four
data qubits and two classical registers for sum and
carry. Like in the three logical gates, X-type and Z-
type stabilizers were also applied to detect bit-flip and
phase-flip errors. The circuit concluded by measur-
ing the data qubits to obtain the final computational
results.

Fig.8: Full Adder Quantum Operation with Surface
Code.

3.3 Testing

Figure 9 outlines the research process. The
NAND, NOR, XNOR, and full adder quantum cir-
cuits were simulated with and without surface codes
to assess error correction capabilities. The depolariz-
ing noise model, implemented through the depolariz-
ing error function in Qiskit, was used to simulate real
quantum noise in the circuit, impacting measurement
accuracy. This noise mirrors real-world disturbances
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in quantum systems and is essential for assessing er-
ror correction methods and strategies.

Each circuit is simulated using IBM Qiskit, with
each simulation repeated for a total of 1024 times.
The circuits were first tested without error correc-
tion to observe the effects of noise and generate his-
tograms of the results. Surface codes were then ap-
plied to the circuits before simulating noise again,
creating a second set of histograms for comparison.
The researchers then analyzed how well the surface
codes reduced the impact of noise. They compared
histograms from circuits with and without surface
codes to determine the effectiveness of surface codes
in maintaining the integrity of quantum computa-
tions against noise.

Fig.9: Flowchart Diagram.

4. RESULTS AND DISCUSSION

The researchers used histograms to illustrate the
simulated circuits and interpret the results eas-
ily. The histograms display how often a specific
state is an output in 1024-count circuit simulations.
When simulating a quantum circuit, results may vary
slightly each time due to the probabilistic nature of
Hadamard gates, which create superposition states.
This inherent randomness ensures consistently simi-
lar results despite minor variations.

Histograms of original quantum circuits without
surface code show a distinct output state from the
simulation of the three logical gates quantum circuit,
which has only 2 output states, and the full adder
operation, which has only 4 output states. When sur-
face code is applied to the original quantum circuits,
the researchers noticed increased states from the his-
tograms. The quantum circuits applied with surface
code tend to collapse into 16 possible states, as indi-

cated by the figures of the logical NAND, NOR, and
XNOR gates depicted in Figures 11, 13, and 15. In
comparison, the full adder operation, shown in Figure
17, collapses into 64 possible states. This increase is
due to the surface code spreading quantum informa-
tion across many qubits and using multiple layers of
redundancy to detect and correct errors. This pro-
cess introduces additional possible outcomes because
of the greater number of qubits and interactions in-
volved. Additionally, adding more qubits to a quan-
tum system introduces additional sources of errors,
which can accumulate and affect overall performance
[12].

The histograms for logical NAND, NOR, and
XNOR gates, as presented in Figures 10, 11, 12, 13,
14, and 15, were interpreted by calculating each quan-
tum circuit’s split probabilities for Output 0 (|0000〉)
and Output 1 (|0001〉). The final count for Output 0
and Output 1 was obtained by adding together all the
state probabilities measured by the last measurement
gate that resulted in Output 0, and the same was done
for Output 1. In contrast, the histograms for a full
adder, shown in Figures 16 and 17, were interpreted
by focusing on the last two qubits of the quantum
state, which represent the sum and carry-out qubits.
The counts for these two qubits were categorized into
four possible output states: |00〉, |01〉, |10〉, and |11〉.

The percentage error was then calculated, which
measures the discrepancy between observed and ex-
pected values. This involved comparing the observed
results of quantum circuits with noise (shown in Fig-
ures 10, 12, 14, and 16) and quantum circuits with
surface code then noise (shown in Figures 11, 13, 15,
and 17) to the expected results of the original quan-
tum circuits (shown in Figures 1, 2, 3, and 4).

The comparison of the percent error between the
quantum circuits with noise and the quantum cir-
cuits with surface code then noise served as the ba-
sis to evaluate the effectiveness of the surface code
as a quantum error correction method. This anal-
ysis aimed to determine if the surface code success-
fully reduced noise and contributed to creating fault-
tolerant circuits that maintained quantum informa-
tion integrity.

4.1 Circuit Simulation of NAND

In the simulation of the four-qubit NAND Quan-
tum Circuit with Noise, the |0000〉 state (representing
|0〉) had a count value of 397, while the |0001〉 state
(representing |1〉) had a count value of 627. The cir-
cuit created the states |0000〉 and |0001〉 with proba-
bilities of 38.8% and 61.2%, respectively. These split
probabilities are not close to the ideal case due to the
noise, wherein the state |0000〉 has a percent error of
56.3%, while the state |0001〉 has an error of 18.57%.

The seven-qubit NAND Quantum Circuit with
Surface Code then Noise, shows more split probabili-
ties due to the additional ancilla qubits. The sum for
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Fig.10: Result of NAND Quantum Circuit with
Noise.

Output 1 (representing the |0001〉 state) results in
687 counts, and the sum for Output 0 (representing
the |0000〉 state) results in 337 counts. The percent
error for the sum of Output 1 is 10.78%, and for the
sum of Output 0 is 32.68%.

Fig.11: Result of NAND Quantum Circuit with Sur-
face Code then Noise.

Table 1 summarizes the output states for NAND
Gate. For the 1024 shot counts, the expected output
should be 770 for the sum of Output 1 and 254 for
the sum of Output 0.

Table 1: Measurement of Output States for NAND
Gate.

Comparing the two simulations, the surface code
implementation reduces the percent error for Output
1 from 18.57% to 10.78% and Output 0 from 56.3%
to 32.68% as shown in Table 2 below.

Table 2: Measurement of Percent Error when Com-
pared to Split Probabilities of NAND Quantum Cir-
cuit.

4.2 Circuit Simulation of NOR

In the case of the four-qubit NOR Quantum Cir-
cuit with Noise, the —0000> state (representing —0>)
had 590 counts, and the —0001> state (represent-
ing —1〉) had 434 counts. The circuit generated
the —0000〉 and —0001〉 states with probabilities of
57.61% and 42.38%, respectively. These probabilities
differ from the ideal case due to noise, resulting in
a percent error of 23.38% for the —0000〉 state and
70.87% for the —0001〉 state.

Fig.12: Result of NOR Quantum Circuit with
Noise.

For the seven-qubit NOR Quantum Circuit with
Surface Code then Noise, additional split probabili-
ties arise due to the inclusion of ancilla qubits, similar
to the NAND Quantum Circuit with Surface Code.
The expected output should be 590 for the sum of
Output 0 (representing the |0000〉 state) and 434 for
the sum of Output 1 (representing the |0001〉 state),
out of a total of 1024 counts. In the actual results,
the sum for Output 0 is 719 counts, and the sum
for Output 1 is 305 counts. Comparing the expected
and actual distributions, Output 0 has 590 expected
counts and 719 actual counts, resulting in a percent
error of 6.62%. Output 1 has 434 expected counts
and 305 actual counts, resulting in a percent error of
20.08%.

Fig.13: Result of NOR Quantum Circuit with
Noise.

Table 3 summarizes the output states for NOR
Gate. For the 1024 shot counts, the expected out-
put should be 254 for the sum of Output 1 and 770
for the sum of Output 0.

The surface code implementation reduces the per-
cent error for Output 0 from 23.38% to 6.62% and for



Analyzing Surface Code as Error Correction Method for Quantum Gate Translation of a Classical Arithmetic Logic Unit (ALU) 103

Table 3: Measurement of Output States for NOR
Gate.

Output 1 from 70.87% to 20.08% as shown in Table
4 below.

Table 4: Measurement of Percent Error when Com-
pared to Split Probabilities of NOR Quantum Circuit.

4.3 Circuit Simulation of XNOR

In the four-qubit XNOR Quantum Circuit simu-
lation with Noise, the |0000〉 (representing |0〉) state
had 538 counts, while the |0001〉 (representing |1〉)
state had 486 counts. These counts correspond to
probabilities of 52.5% and 47.5%, respectively. These
probabilities are close to the expected output of the
XNOR operation, which ideally produces 512 counts
for both |0000〉 and —0001> states. The percent error
is not high, wherein the state |0000〉 has an error of
5.08% and |0001〉 has an error of 5.54%.

Fig.14: Result of XNOR Quantum Circuit with
Noise.

The introduction of additional ancilla qubits in
the seven-qubit XNOR Quantum Circuit with Sur-
face Code then Noise also leads to an increase in split
probabilities. The total output counts correspond to
the number of shots, totalling 1024. The expected
output should be 512 for the sum of Output 0 (rep-
resenting the |0000〉 state) and 512 for the sum of
Output 1 (representing the |0001〉 state). Actual Out-
put 0 recorded 525 counts, while Output 1 recorded
499 counts. Upon comparing the expected and actual
distributions, Output 0 has a percent error of 2.54%,
mirroring the same percent error for Output 1.

Table 5 summarizes the output states for XNOR
Gate. For the 1024 shot counts, the expected out-

Fig.15: Result of XNOR Quantum Circuit with Sur-
face Code then Noise.

put should be 512 for the sum of both Output 1 and
Output 2.

Table 5: Measurement of Output States for XNOR.

This surface implementation in XNOR Quantum
Circuit reduces the percent error for both Output 0
and Output 1 from 5.08% to 2.54% as shown in Table
6 below.

Table 6: Measurement of Percent Error when Com-
pared to Split Probabilities of XNOR Quantum Cir-
cuit.

4.4 Circuit Simulation of Full Adder

The Full Adder Quantum Circuit with noise has
four state probabilities compared to the three logic
quantum gates: NAND, NOR, and XNOR. The sim-
ulation of the four-qubit full adder resulted in the
state |00〉 having 245 counts, the state |01〉 having
313 counts, the state |10〉 having 259 counts, and the
state |11〉 having 207 counts, resulting in a total of
1024 counts. These counts correspond to probabilities
of 23.93%, 30.52%, 25.25%, and 20.24%, respectively.
These probabilities are noticeably different compared
to the expected output of the Full Adder operation,
which ideally produces 123 counts for state |00〉, 380
counts for state |01〉, 377 counts for state |10〉, and
144 counts for state |11〉. The comparison between
the expected outputs and actual outputs resulted in
a percent error of 99.19% in state |00〉, 17.63% in
state |01〉, 31.3% in state |10〉, and 43.75% in state
|01〉.

Similar to the three previous logic gates, the in-
clusion of ancilla qubits in the nine-qubit Full Adder
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Fig.16: Result of Full Adder Quantum Circuit with
Noise.

Quantum Circuit with Surface Code then Noise re-
sults in additional split probabilities. Comparing the
expected and actual distributions, |00〉 sum-carry out
qubits has 123 expected counts and 226 actual counts,
resulting in a percent error of 83.74%. The state |01〉
has 380 expected counts and 296 actual counts, re-
sulting in a percent error of 22.11%. The —10> state
has an expected count of 377 and 294 actual counts,
resulting in a percent error of 22.02%. Lastly, the
state —11> has 144 expected and 208 actual counts,
resulting in a 44.44% error.

Fig.17: Result of Full Adder Quantum Circuit with
Surface Code then Noise.

Table 7 summarizes the output states for the Full
Adder. For the 1024 shot counts, the expected output
should be 123 for |00〉, 380 for |01〉, 377 for |10〉, and
144 for |11〉.

Table 7: Measurement of Output States for Full
Adder.

This surface implementation in Full Adder Quan-
tum Circuit reduces the percent error for the state
|00〉 from 99.19% to 83.74% and for state |10〉 from
31.3% to 22.02%. The sum and carry-out qubit re-
sult for |01〉 didn’t reduce the percent error after im-
plementing surface code, which goes from 17.63% to

22.11%. Similarly to the state |11〉, the error went
up from 43.75% to 44.44% as shown in Table 8 be-
low. The increase in percent error for some states is
likely due to the added complexity and ancilla qubits
of surface codes, along with varying susceptibilities of
different quantum states to noise.

Table 8: Measurement of Percent Error when Com-
pared to Split Probabilities of Full Adder Quantum
Circuit.

5. CONCLUSION

This study explored the effectiveness of surface
code as a quantum error correction method for cre-
ating a fault-tolerant quantum ALU, consisting of
NAND, NOR, and XNOR gates for the logic unit
and a full adder for the arithmetic unit.

The research team compared the percent error of
the quantum circuits with and without surface code
when noise was applied to the original quantum cir-
cuits without noise. The results showed that surface
codes reduced noise in NAND, NOR, and XNOR cir-
cuits compared to their counterparts without surface
codes. In contrast, the full adder quantum circuit
with surface code reduced noise in some states but
increased errors in others. This suggested that cer-
tain states were more susceptible to noise due to the
added complexity and ancilla qubits.

Overall, the results demonstrated that the surface
code implemented in the quantum circuits for cre-
ating a quantum ALU functioned effectively as an
error correction method against depolarizing noise.
The data revealed that the surface code reduced er-
rors for most states in the quantum circuits, thereby
enhancing the overall reliability of the quantum ALU.
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