
International Journal of Latest Research in Engineering and Technology (IJLRET) 

ISSN: 2454-5031 

www.ijlret.com || Volume 12 - Issue 05 || May 2026 || PP. 11-15 

www.ijlret.com                                                         11 | Page 

 

A Review Paper: Advances in Quantum Computing: Physical 

Principles and Experimental Challenges 
 

Afrah Abass Abd Alkreem 
Wasit Education Directory 

 

Introduction 
Quantum computing utilizes the basic principles of quantum mechanics, involving superposition and 

entanglement, for executing computational tasks that are intractable for classical computers [1]. The new 

paradigm uses the unique quantum properties of qubits for processing as well as storing data, providing 

exponential speedups of certain problems, such as prime factorization, database search, and simulation 

regarding complex quantum systems [2], [3].  

A classical bit may only exist in 0 or 1 state but a quantum bit, or qubit, may exist in a superposition of 0 

and 1 at the same time, which greatly enhances the computational capacity of quantum systems [4]. This 

intrinsic characteristic, along with the entanglement, in which qubits become correlated to the extent that the 

state of one cannot be specified without the rest, allows quantum computers to compute multiple computations 

in parallel [5], [6].  

This property is the basis of quantum algorithm design, including the Shor’s algorithm of factoring and 

the Grover’s algorithm of unstructured search, which appear to have a major theoretical benefit over their 

classical counterparts [7]. This property of qubits to be in a superposition of states in addition to the 

entanglement phenomenon enables quantum computers to process very large volumes of information more 

effectively than the classical computers through quantum parallelism [4], [8]. This fundamental departure from 

classical computing is due to the wave-particle duality of the quantum mechanics that enables the exploration of 

multiple computational paths at the same time [9].  

Moreover, the engineering of quantum circuits is the most accurate control of the enhancement of the 

performance and scalability of such algorithms especially in high-performance computing use [10]. But it is 

difficult to preserve these quantum states, because of the process of decoherence, where environmental 

interactions cause qubits to lose their quantum characteristics, and therefore coherence times are only 

milliseconds[11].  

As a result, a reduction of decoherence and engineering fault tolerant quantum systems are some of the 

main issues in the creation of robust quantum computing systems [12]. This necessitates the development of 

more advanced error detection codes and novel hardware architecture to achieve the delicate quantum 

coherence, on which scalable and reliable quantum computation relies.  

 

Literature Review 
This paper gives a review of the recent developments in physical implementations of qubits and the 

experimental challenges with qubit scaling of quantum systems with quantum coherence. It also looks at the 

current development of quantum algorithms and the applications and performance standards through which they 

are assessed to be effective in the current quantum hardware [13]. It also explores the details of quantum gate 

operations that act on these qubit states, and the different quantum circuit architectures that implement more 

complicated quantum algorithms [8], [14].  

Their application on a variety of quantum architectures, such as superconducting circuits, trapped ions, 

and others, is essential to the efficacy of these algorithms, and each has its own opportunities and challenges in 

relation to scalability and error rates [13]. The current endeavor to achieve fault tolerant quantum computing 

requires a rigorous examination regarding such architectural differences, especially in respect to the inherent 

resistance of their resilience to environmental noise and their ability to execute more complex quantum circuits 

[15].  

Although there are major theoretical breakthroughs, practical implementation of large-scale, fault-

tolerant quantum computers is limited by both hardware and software limitations, noise, lack of control, and 

decoherence are the most prominent challenges in many quantum computing systems [16]. Although it has 

already been demonstrated that superconducting systems can increase qubit count and quality, achieving 

practical fault tolerant quantum computing with standard quantum algorithms requires logical qubits of 

extraordinarily high quality (usually using error-correcting codes such as the surface code [17]).  

This implies the need to investigate different physical systems to implement qubits with different benefits 

and drawbacks related to coherence, scalability, and error rates [18].  
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Methodology 
The section outlines the systematic method used to survey and critically assess the current landscape in 

quantum computing in terms of interaction of physical principles and engineering issues. We were able to 

analyze the peer reviewed literature, preprints, and technical reports of experimental advances in qubit 

fabrication, quantum gate fidelity, and entanglement generation in the various modalities of quantum 

computing.  

In particular, we have considered superconducting qubits, trapped ions, and topological qubits and 

evaluated their current development levels of coherence times and error reduction [4], [13]. Moreover, we have 

gone to the theoretical foundations of quantum error correction and fault-tolerant quantum computing and 

analyzed the architectures and their practicality in addressing environmental noise and operational imperfections 

[19]. We also discussed the measures to increase the stability and scalability of qubits, as they affect the future 

of developing practical and large-scale quantum processors [4].  

The focus was especially put on the knowledge of the constraints posed by the Noisy Intermediate-Scale 

Quantum era, especially on qubit coherence and gate error rates, which are currently limiting the complexity of 

the executable quantum algorithms [20]. This included scrutinizing physical-level metrics, including T1 and T2 

times of qubit stability and fidelity of multi-qubit operations, which are important to measure the overall 

performance of the platform [21].  

The benchmarks also covered entanglement resilience and basis-state uniformity to quantify a noise-

induced deviation of theoretical gate specifications, specifically, in multi-qubit operations [22]. Other solutions 

that we explored to enhance qubit stability and reduce error rates were advanced materials engineering and 

design of topological protection schemes [11]. We also explored implication of device topology, native gate set 

and physical arrangement and connectivity of qubits on quantum circuit mapping together with execution 

efficiency regarding different quantum hardware platforms [23].  

 

Results 
The compiled results are used to explain the present state-of-the-art in each of these platforms not only in 

the improvements in qubit counts and in addition to the successes in improving the gate fidelities, but also in the 

ongoing challenges on how to achieve universal fault tolerant quantum computation [24]. As an example, 

although superconducting and trapped ion qubits dominate the landscape, neutral atom and silicon-spin qubits 

are rapidly advancing, each with its own set of trade-offs in the form of coherence, connectivity and scalability 

[25].  

Although notable achievements have been made in the field of qubit coherence and gate fidelity on a 

variety of platforms, it is clear that there is a significant gap between predicted noise-free performance and 

measured hardware performance as demonstrated by the large degradation in fidelity in actual implementations 

[22]. This discrepancy highlights the urgent requirement of the robust benchmarking protocols that consider the 

variation in the performance in the state-dependent environment and the multifaceted interaction between 

quantum state preparation and gate implementation in noisy intermediate-scale quantum devices [22].  

Benchmarking must include a thorough assessment at component, system and application level measures 

in order to describe in a comprehensive manner the performance of quantum computers [26]. These standards 

are not only made important to quantify the existing hardware capabilities; but also guide the further evolution 

of quantum architectures to seek the bottlenecks and the ways of improvement [27]. As an illustration, a crucial 

metric, including the gate fidelity, can vary significantly, based on the quantum platform, and the type of a gate 

that is being used, and needs a certain characterization technique [28].  

These characterization techniques must also be used to measure the impact of environmental factors and 

control pulse engineering on gate performance particularly when the performance of multi-qubit operations is 

being considered, where crosstalk and coherent errors may critically impact overall fidelity [29]. The 

imperfections of gates, which are the characteristics regarding current Noisy Intermediate-Scale Quantum era, 

introduce the error into the program output, and the maximization of the algorithmic fidelity is an important 

performance measure of the current systems [25].  

 

Discussion 
This has stressed the need to develop thorough benchmarking approaches that extend beyond individual 

gate fidelities, to assess the overall system performance when subjected to realistic algorithmic workloads [28]. 

It is a multi-dimensional evaluation that uses metrics that include quantum volume, application based 

benchmarks and randomized benchmarking to give a more global picture as to the abilities and constraints of a 

given device [30], [31]. Randomized Benchmarking protocols are generally applied to quantify the average gate 

fidelity by using random Clifford gates and studying the depolarization channel due to errors [25].  
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These approaches tend to be simplified forms of error models, however, and more complex approaches 

are required to capture non-Markovian noise and coherent error processes in superconducting, trapped-ion and 

photonic quantum systems. Moreover, more detailed characterization regarding quantum operations via 

deterministic benchmarking methods, including quantum process tomography, provide the possibility for 

quantification regarding both coherent and incoherent error channels [32], [33].  

However, quantum process tomography becomes computationally intractable with large numbers of 

qubits, and the number of measurements needed increases exponentially with the number of qubits, which has 

led to scalable alternatives such as gate set tomography [34].  

Higher-efficiency characterization techniques are randomized benchmarking techniques that determine 

quantum gate error rates by random sequences of operations, such as randomized benchmarking [35], while 

direct randomized benchmarking which is suitable in non-Clifford operations [36]. The techniques of 

benchmarking play a critical role in estimating the performance that can be achieved with existing quantum 

hardware as well as offering useful metrics to assess improvements in the process of gate and circuit 

implementations [33].  

 

Conclusions 
Specifically, randomized benchmarking has been found to be robust in measuring the Markovian fidelity 

of individual operations, however its applicabilityto non-Markovian or context-dependent gate errors remains an 

understudied field [37]. Although the standard randomized benchmarking can be theoretically scalable, the 

practical implementation of it becomes difficult with systems of more than 5-6 qubits because of the depth of 

the Clifford circuits required, so variants that reduce the circuit depth with larger quantum processors are used 

[28].  

Improved randomization benchmarking methods including cycle benchmarking and interleaved 

randomized benchmarking seek to address these shortcomings by offering more refined error estimates and 

allowing the characterization of particular gate operations in longer circuit sequences [33]. Furthermore, the 

ability of non-Markovian noise models to be integrated into randomized benchmarking frameworks is gaining 

more significance as quantum control methods push towards reduced timescales, at which the Markovian noise 

assumption fails [38].  

This difficulty is especially relevant when it comes to the development of robust error correction codes 

where the accurate characterization of the noise channels including non-Markovian effects is essential in 

reaching fault tolerance. The future research efforts can therefore be aimed at developing benchmarking 

protocols that are capable of effectively characterizing the complex noise effects, such as cross-talk and state 

dependent errors which are usually not taken into account in simplified models [39].  

This entails the advancement of methods of discerning as well as quantifying the delicate environmental 

interactions which balance imperfections that will cause coherent and incoherent errors [40]. The blind spots of 

the randomized benchmarking should also be researched further where there exists a temporal correlation, 

especially where worst-case metrics of error are considered as opposed to average gate errors [40].  
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