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 Abstract 
 

Quantum Fourier Transform (QFT) is an essential algorithm for 
quantum computers. There are many uses of QFT in the application 
of quantum computing. In this work, we proposed a generalized 
adder circuit that was fundamental for QFT. We designed and ran 
the experiments with the proposed adder circuit on an IBM quantum 
computer facility. We observed that the number of qubits was one 
factor in the error rate. We found that our proposed two-qubits adder 
circuit running on the IBM quantum computer had an error rate of 
around 25%. The complexity of the adder circuit includes qubit 
connectivity, physical devices, and error from noise due to the 
environment. We demonstrated the constraints of the proposed adder 
circuit. 

 
 
1. Introduction 
 
Quantum computing has experienced a surge in popularity and has garnered significant attention 
from both researchers and governmental bodies. It has proven to be a promising field with numerous 
powerful algorithms [1]. Notably, Shor's factorization algorithm [2] has gained widespread 
recognition and has the potential to revolutionize the encryption landscape [3]. Many efforts have 
been devoted to implementing Shor's algorithm on various quantum devices. For instance, Drapper 
[4] proposed an addition operation for quantum computers, while Vandersypen et al. [5] conducted 
experiments on prime factorization using a nuclear magnetic resonance quantum computer. 
Beauregard [6] put forward a circuit design for Shor's algorithm employing 2n+3 qubits. In recent 
years, IBM has made notable advancements in quantum computing by developing programmable 
superconducting-based quantum computers, offering the Open Quantum Assembly Language [7], 
and providing a quantum computer system for researchers. Progress has been made in terms of qubit 
count, qubit quality, and the overall size of quantum volumes, with ongoing improvements observed 
over time. Quantum volume, as a metric introduced by Cross et al. [8], serves to quantify the 
performance of a quantum computer within the noisy intermediate-scale quantum computing  
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(NISQ) paradigm. Our focus lies in the design of an adder circuit that serves as an integral 
component of the prime factorization circuit. We proposed a generalized adder circuit [9], which 
formed the foundation for quantum Fourier transform (QFT) [10, 11]. Additionally, we considered 
realistic parameters, such as noise, and incorporated them into our work to align with real-world 
quantum computing systems. 
 
 
2. Materials and Methods 
 
2.1 Quantum simulator and quantum computer 
 
For our experiment, we utilized the open quantum platform provided by IBM [12] to access both 
the quantum simulator and the physical quantum computer. The Python Qiskit library [13] served 
as the interface to interact with the IBM quantum system. This library offers a software development 
kit that enabled us to simulate the behavior of the quantum computer on our local machine. 
Subsequently, we executed the developed circuit on the actual quantum computer. To ensure the 
realism of our experimental outcomes, we incorporated the noise and topology characteristics 
obtained from the IBM quantum computer into the simulator [14]. By doing so, we accounted for 
the impact of noise on the results, as it is an inherent factor affecting the performance of real quantum 
computers. 
 
2.2 Quantum two-qubits adder circuit 
 
In our study, we put forth a modified adder circuit that employs 2n+1 qubits for an n-qubit adder 
[9]. To validate its effectiveness, we conducted experiments using both IBM quantum simulators 
and real quantum computers. The IBM quantum computer provided us with valuable information 
concerning device calibration, including qubit gate and measurement errors. In the absence of noise 
within the simulator, the experimental results were consistently flawless across all cases. However, 
when implementing the adder circuit on the IBM quantum computers, the results exhibited errors in 
most cases. Despite these errors, the outcomes demonstrated the potential for correct addition, 
highlighting the promising capabilities of the approach. In this experiment, we used the circuit as 
shown in Figure 1. 
 

 
 

Figure 1. The two-qubits adder circuit for 10+01 
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2.3 IBM quantum computers 
 
The IBM quantum computer is composed of interconnected physical qubits based on 
superconducting technology. These qubits are organized and connected in a graph-like structure 
known as the qubit topology or qubit connectivity. To manipulate these qubits and perform 
operations such as single-qubit rotations and two-qubit gates, IBM employs techniques including 
microwave pulses and electromagnetic fields. IBM is continuously developing new generations of 
quantum processors with varying numbers of qubits and evolving topologies. The number of qubits 
is increasing, and the topology has shifted from a nearly square lattice to a more refined 
configuration, resulting in reduced qubit connectivity [15]. 

The three primary properties of IBM quantum processors are the qubit coherence time, 
single-qubit and two-qubit manipulation errors, and readout errors. The qubit coherence time is a 
critical factor in constructing a quantum circuit and encompasses two metrics: relaxation time (T1) 
and dephasing time (T2). T1 measures the time it takes for a qubit to transition from its excited state 
|1> to the ground state |0>, while T2 measures the time it takes for a qubit in a superposition state 
|+> to lose its superposition. Figure 2 illustrates that the average T1 and T2 for the ibmq_quito 
processor are 97.99 microseconds and 89.84 microseconds, respectively. The coherence time of 
quantum processors is influenced by environmental noise, fabrication processes, material quality, 
and the microwave pulses used for qubit manipulation. 

IBM employs various techniques, including microwave pulses, to manipulate physical 
single-qubits and two-qubit operations. However, they also provide a logical layer representation 
that allows researchers to manipulate qubits using gate operations without directly dealing with the 
physical aspects. This logical layer simplifies the process of understanding how to manipulate 
physical qubits through microwave pulses. An example of a single-qubit gate operation is the Pauli-
X gate, also known as a bit-flip or NOT gate. A fundamental two-qubit gate operation is the CNOT 
(controlled not) gate [16]. Figure 2 presents the error rates for both single-qubit and two-qubit gate 
operations, as well as the average error rates for the ibmq_quito quantum processor due to 
imperfections in controlling the physical qubits. The average Pauli-X gate error is 3.518e-4, while 
the CNOT gate error is 1.118e-2. The error rate for two-qubit operations is notably higher than that 
for single-qubit operations. The error rates for two-qubits are also correlated with the complexity of 
the qubit topology. The heavy-hex lattice topology offers advantages in terms of fidelity and 
scalability as it reduces frequency collisions resulting from the qubits' resonance frequencies [15]. 

Readout refers to the process of measuring the state of a qubit. IBM utilizes attenuators, 
filters, and amplifiers to minimize noise during the readout of qubit signals [17]. Figure 2 indicates 
that the average readout error for the ibmq_quito processor has a possibility of 4.644e-2. 

The available topologies for IBM's five-qubit quantum computers include linear and T-
shaped configurations. The IBM quantum computing facility houses multiple computers with these 
topologies. For the linear topology, we selected the ibmq_manila [18] system, and for the T-shaped 
topology, we chose the ibmq_quito [19] system. The simulator experiments also utilize the 
topologies and error characteristics of the ibmq_manila and ibmq_quito systems. 
 
2.4 Transpilation process 
 
The transpilation process [20] refers to the conversion of logical gate operations into the physical 
manipulation of qubits within a specific physical quantum processor. In the case of our study, Qiskit 
performs transpilation on the proposed adder circuit for both the ibmq_quito and ibmq_manila 
quantum processors. The transpilation process comprises several steps, including virtual circuit 
optimization, decomposition of 3+ qubit gates, placement of gates on physical qubits, routing on  
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Figure 2. The ibmq_quito details include the number of qubits, available gates, and gate errors of 

a single-qubit and two-qubit [19]. 
 
restricted topologies, translation into basis gates, and physical circuit optimization. For this  
experiment, we did not perform any additional optimization beyond the default transpilation 
process. 

To examine the effects of the transpiler, we compare three circuits before and after 
transpilation. Figure 3 illustrates how the transpiler converts the Hadamard gate into three basic 
gates (a rotation about the z-axis gate and a square root x gate) on the ibmq_quito computer. Figure 
4 demonstrates how the transpiler converts the control rotation about the z-axis gate into five basic 
gates (a rotation about the z-axis gate and a controlled-NOT gate) on the ibmq_quito. Figure 5 
represents the second part of our adder circuit, which involves the quantum Fourier transform. 
Figure 6 shows how the Qiskit library converts this circuit for the IBM ibmq_quito quantum 
computer. During this conversion process, three basic gates from ibmq_quito are added, including 
18 CNOT gates, 14 Rotation Z gates, and 3 NOT gates. 
 

 
 

Figure 3. The representation of a Hadamard gate (left). The circuit after the transpilation process 
for ibmq_quito (right). 

 

 
 

Figure 4. The representation of a CU1 (control rotation around the z-axis) gate (left). The circuit 
after the transpilation process for ibmq_quito (right). 

 
 
 
 
 
 
 
 
 

Figure 5. A part of the proposed adder circuit for quantum Fourier transform 
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Figure 6. The transpiled circuit of Figure 5 for ibmq_quito computer 
 

2.5 Experiment hypothesis and procedure 
 
Understanding the physical layer of a quantum computer is crucial for constructing a generalized 
circuit [16]. The physical layer encompasses the control, measurement, and error correction of 
individual physical qubits. It involves knowledge about the properties of the quantum processor, 
such as coherence time, gate errors, readout errors, and topology. However, imperfections in 
fabrication, manipulation, connection, and environmental noise introduce significant uncertainties 
in the physical properties of a quantum computer. 

In our experiments, we employed the adder circuit on a quantum simulator as well as two 
different IBM quantum computers with distinct qubit topologies, namely ibmq_quito and 
ibmq_manila. We used the generalized five-qubit adder circuit [9] to perform one and two bit 
additions with all possible input combinations. Before executing each experiment on an IBM 
quantum computer, we obtained the physical device calibration information, including the qubit 
topology, gate manipulation errors, and measurement errors. We took into account the physical 
device’s properties such as topology, coherence time, gate operations, and readout errors from both 
processors. Our intention was to simulate an ideal scenario of the noise model based on the 
characteristics of ibmq_quito and ibmq_manila. By comparing the results obtained from the actual 
devices with the simulated noise model, we aimed to observe consistent outcomes that exhibited a 
small amount of noise similar to that of a real quantum device. 

 
 

3. Results and Discussion 
 
3.1 Results 
 
The experimental results were obtained using an IBM quantum simulator with multiple noise models 
and actual IBM quantum computers. The noise models used in the simulation were based on 
measurements taken during the experiments conducted on the IBM quantum computers. The 
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magnitude of errors observed in the results depended on the specific noise characteristics of each 
quantum computer. Figures 7 to 10 present the outcomes of the experiments 

Figure 7 and Figure 9 depict the results of the simulation experiments incorporating the 
noise models from ibmq_quito and ibmq_manila, respectively. In these Figures, the X-axis 
represents the two input numbers in binary, while the Y-axis represents the probability of the adder 
producing the correct result. A probability of 1 signifies that the adder always correctly performs 
the addition. The experiments were repeated 2,048 times for each input combination. 

The results of the one-qubit addition with the noise models from ibmq_quito and 
ibmq_manila are relatively similar. The average peak probabilities of correctly adding the two inputs 
are around 0.855 for ibmq_quito and 0.8825 for ibmq_manila (Figure 8). Although there are some 
minor errors, the noise models do not significantly impact the expected results. 

In contrast, the two-qubit addition yields different outcomes. The average probability of 
correctly adding the two inputs is lower, with around 0.39875 for ibmq_quito and 0.255 for 
ibmq_manila (Figure 10). However, at the peak probability, the result is correct. It is important to 
note that the two-qubit addition exhibits a higher error rate compared to the one-qubit addition 

Considering the actual experiments performed on the quantum computers, the results align 
with the simulations. For the one-qubit addition, both ibmq_quito and ibmq_manila demonstrate 
correct results for all inputs, with peak probabilities ranging from 0.84 to 0.91 (Figure 8). However, 
for the two-qubit addition, ibmq_quito performs relatively better than ibmq_manila. Although there 
are 12 cases (01+10, 10+11, 11+10, and 11+11) where the peak probabilities are lower than 0.5, 
ibmq_quito still shows a higher probability of correct results compared to ibmq_manila (Figure 10). 

In summary, both ibmq_quito and ibmq_manila, when utilized with the proposed 
generalized adder circuit for one-qubit addition, produce correct results for all input combinations. 
The two-qubit adder circuit on ibmq_quito exhibits peak probabilities at the correct output results 
for all inputs, albeit with a decrease in probability compared to the one-qubit addition. On the other 
hand, ibmq_manila demonstrates 12 peak probabilities at the correct results, with an overall 
correctness rate of approximately 75%. 
 

 
 

Figure 7. The probability of the correct result from the simulation on a one-qubit addition (with 
noise). The ibmq_quito result is light magenta, and the ibmq_manila result is dark green. 
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Figure 8. The probability of the correct result from the actual IBM quantum on a one-qubit 
addition. The ibmq_quito is dark orange, and the ibmq_manila is light cyan. 

 

 
 

Figure 9. The probability of the correct result from the simulation on a two-qubits addition (with 
noise). The ibmq_quito result is light magenta, and the ibmq_manila result is dark green. 

 

 
 

Figure 10. The probability of the correct result from the actual IBM quantum on a two-qubits 
addition. The ibmq_quito is dark orange, and the ibmq_manila is light cyan. 
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3.2 Discussion 
 
The results of the experiments validate the correctness of the proposed generalized two-qubit adder 
circuit when executed on IBM quantum computers. Compared to previous experiments conducted 
on deprecated quantum computers like ibmq_essex, ibmq_yorktown, and ibmq_melbourne, the 
adder circuit performs better on the current IBM quantum computers, namely ibmq_quito and 
ibmq_manila. However, direct comparison with the deprecated quantum computers is not possible 
due to the lack of calibration information (gate and measurement errors) for those devices. 

The improvement observed in the IBM quantum computers can be attributed to two factors. 
Firstly, it could be a result of advancements in the physical devices themselves. The deprecated 
quantum computers may have had limitations or imperfections that have since been addressed in the 
newer models. Unfortunately, without specific calibration data, a direct comparison is not feasible. 

The second factor contributing to the improvement is the Qiskit transpilation process, 
which converts the adder circuit to be executed on the physical devices. This process involves 
various optimization steps, such as gate decomposition, qubit placement, routing, and gate 
translation. However, it should be noted that adding gates during the transpilation process can 
introduce additional errors to the adder circuit. 

Understanding the transformation from a logical quantum circuit to the manipulation of 
physical qubits is crucial for researchers to investigate and improve the accuracy of their results on 
real devices. While certain limitations such as fabrication imperfections and the use of microwave 
pulses for qubit manipulation cannot be directly addressed, the concept of error-correcting codes 
holds the potential for improving the accuracy of computations on noisy or large-scale quantum 
computers. However, implementing error-correcting codes requires additional ancillary qubits, 
which may be challenging given the limited number of qubits in current early-generation quantum 
computers. 

Nevertheless, with advancements in Qiskit, researchers now have the ability to directly 
manipulate qubits using specific pulses and readout operations. This opens up opportunities for 
developing algorithms that tailor generalized circuits to specific circuit configurations based on 
input parameters and the properties of the quantum computer, such as its topology and gate errors. 
 
 
4. Conclusions 
 

In summary, there have been significant improvements in IBM quantum computers over the past 
two years. Previous experiments conducted two years ago resulted in correct outputs for two-qubit 
additions at a rate lower than 25%. However, in the current year, the upgraded quantum computers 
demonstrate higher correctness percentages. It is worth noting that the devices have the same qubit 
topology. 

The Qiskit library has evolved to provide more comprehensive data about the physical 
device characteristics of each qubit. This information can be utilized for simulation purposes as well. 
The topology of qubits in a quantum computer plays a role in noise tolerance, with T-shaped 
topologies generally exhibiting better noise resilience than linear topologies. 

The proposed generalized adder circuit incorporates a control rotation operation gate 
between every pair of qubits. It is observed that in the transpilation process, additional gates are 
added when two-qubit operations are not directly connected. These added gates can introduce noise 
into the system. 
  In quantum computing, building a quantum circuit requires an understanding of the 
physical architecture of the actual quantum computer, which distinguishes it from classical 
computing. The experimental results highlight the differences in behavior between simulators and 
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actual quantum computers, particularly when dealing with larger inputs. Knowledge of the physical 
properties of quantum computers enables researchers to gain insights into the current state of the 
noisy intermediate-scale quantum (NISQ) era and comprehend the effects of various types of noise, 
including environmental noise, noise from quantum mechanical processes, and noise from qubit 
control. 
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