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Abstract-The maturation of quantum computing from theoretical physics to engineering reality presents a complex landscape for 
stakeholders navigating the transition from Noisy Intermediate-Scale Quantum (NISQ) devices toward Fault-Tolerant Quantum 
Computation (FTQC). This report provides a comprehensive, technically rigorous analysis of the current quantum ecosystem, 
examining the hardware mosaic of leading qubit modalities—superconducting circuits, trapped ions, neutral atoms, and silicon 
spin qubits—and evaluating them against operational metrics, including coherence times, gate fidelities, and cryogenic 
infrastructure requirements. We dissect the full software stack, differentiating the near-term utility of error mitigation 
techniques such as Zero-Noise Extrapolation (ZNE) from the long-term necessity of Quantum Error Correction (QEC) and the 
milestone of logical qubit break-even. The analysis benchmarks hybrid algorithms (VQE, QAOA) and circuit knitting strategies 
against current cloud-accessible hardware performance, while also addressing the imminent non-computational impact of Post-
Quantum Cryptography (PQC) migration. Experimental data synthesised from leading vendor roadmaps and pre-print literature 
indicate that superconducting platforms currently lead in gate speed (nanosecond regime) but face crosstalk scaling challenges 
beyond 1,000 qubits. In contrast, trapped-ion and neutral-atom architectures demonstrate superior connectivity and coherence. 
The report concludes with a grounded, evidence-based five-year projection, identifying high-value vertical use cases in 
pharmaceuticals and finance, and providing a strategic framework for enterprises to separate quantum hype from tangible 
commercial opportunity. Future research directions include the realisation of low-overhead Quantum LDPC codes and the 
development of modular photonic interconnects to scale beyond single-chip architectures. 
Keywords-Quantum Computing, Noisy Intermediate-Scale Quantum (NISQ), Fault-Tolerant Quantum Computation (FTQC), 
Superconducting Qubits, Trapped Ions, Quantum Error Mitigation, Zero-Noise Extrapolation (ZNE), Variational Quantum 
Eigen solver (VQE), Post-Quantum Cryptography (PQC), Hybrid Quantum-Classical Algorithms, Quantum Hardware 
Benchmarking, Logical Qubit Break-Even. 
 

I. INTRODUCTION 
The trajectory of computational science is approaching a fundamental inflection point. This is driven by the physical limitations of 
classical transistor scaling and the inherent intractability of certain mathematical problems. As Moore's Law contends with quantum 
tunnelling effects and Dennard scaling stagnates, the simulation of complex quantum systems—such as molecular interactions in 
catalyst design or electron correlations in high-temperature superconductors—remains exponentially prohibitive, even for the largest 
exascale supercomputing clusters. Quantum computing represents a paradigm shift in information processing. It leverages the 
principles of superposition, entanglement, and interference to address computational problems that lie beyond the reach of classical 
von Neumann architectures. Feynman and Deutsch formalized the concept in the 1980s. However, the field has only recently moved 
from a purely theoretical inquiry to a tangible, albeit nascent, engineering discipline characterised by rapid hardware iteration and a 
maturing software ecosystem. 
The current state of the industry is defined by the Noisy Intermediate-Scale Quantum (NISQ) era. This term, coined by Preskill, 
describes quantum processors with 50 to a few hundred physical qubits that lack full error correction capabilities. In this regime, 
quantum coherence is fragile. Gate fidelities are constrained by environmental decoherence and control imperfections. The 
execution of deep quantum circuits is severely limited. Despite these constraints, a diverse array of qubit modalities is competing to 
achieve the benchmarks necessary for practical quantum advantage. These include superconducting transmon circuits, trapped 
atomic ions, neutral atoms in optical tweezers arrays, and silicon spin qubits. Superconducting architectures offer rapid gate 
execution in the nanosecond domain but face significant cross-talk and wiring bottlenecks beyond the 1,000-qubit threshold. 
Conversely, trapped ion and neutral atom platforms provide inherently higher-fidelity operations and all-to-all connectivity. 
However, they are challenged by slower gate speeds and complex laser control infrastructure. 
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II. RELATED WORK 
Research in quantum computation spans a diverse and rapidly evolving interdisciplinary landscape, encompassing foundational 
theoretical physics, experimental hardware engineering, algorithmic development, and cryptographic security analysis. This section 
reviews the extant literature across three primary dimensions: (1) quantum hardware modalities and their comparative performance 
characteristics, (2) algorithmic frameworks and software infrastructure for NISQ-era computation, and (3) the intersection of 
quantum computation with cryptographic security and post-quantum migration strategies. 
The pursuit of a scalable, fault-tolerant quantum processor has spawned multiple competing physical platforms, each characterised 
by distinct trade-offs in coherence, gate fidelity, and manufacturability. Kjaergaard et al. [1] provided a comprehensive review of 
superconducting qubit technology, documenting the evolution from charge qubits to the transmon architecture and reporting state-
of-the-art coherence times (T1, T2) approaching several hundred microseconds in premium devices. The authors identified crosstalk 
mitigation and cryogenic wiring density as primary bottlenecks for scaling beyond the 1,000-physical-qubit threshold. 
More recently, neutral atom arrays manipulated by optical tweezers have emerged as a promising contender for scalable quantum 
simulation and computation. Henriet et al. [3] surveyed the rapid progress in this domain, highlighting the unique capability for 
dynamic qubit rearrangement and the native implementation of Maximum Independent Set (MIS) problems on Rydberg-blockade 
hardware. The work demonstrated that neutral atom platforms can achieve coherence times on the order of seconds and gate 
fidelities exceeding 99.5% in two-qubit entangling operations. Complementing these trapped systems, Veldhorst et al. [4] explored 
silicon-based spin qubits, arguing that compatibility with established CMOS fabrication infrastructure offers a compelling pathway 
toward high. Cross-platform benchmarking has emerged as a critical research subfield for objectively comparing disparate hardware 
technologies. Cross et al. [5] introduced the concept of Quantum Volume (QV) as a holistic, architecture-agnostic metric 
incorporating qubit count, connectivity, gate fidelity, and circuit depth. Subsequent work by Wack et al. [6] proposed the "Layer 
Fidelity" metric to better quantify the performance of deep circuits relevant to algorithmic execution. These benchmarking 
frameworks are essential for establishing a common vocabulary for progress reporting, though they do not fully capture the 
application-specific performance variations observed across different algorithmic workloads [7]. 
 

III. SYSTEM ARCHITECTURE AND DESIGN 
A. Architectural Overview 
Quantum computation necessitates a multi-layered system architecture that bridges the gap between high-level algorithmic intent 
and low-level physical qubit control. Unlike classical computing, where the von Neumann architecture provides a standardised 
separation of memory, control, and arithmetic logic, quantum systems operate within a vertically integrated stack comprising 
quantum hardware, classical control electronics, firmware, middleware compilers, and application-level software frameworks. This 
report adopts a four-tier architectural model to analyse the end-to-end quantum computing workflow. The Physical Qubit Layer 
constitutes the lowest tier, encompassing the specific qubit modality—superconducting transmon circuits, trapped ions, neutral 
atoms, or silicon spin qubits—and the associated cryogenic, vacuum, or laser infrastructure required to maintain quantum 
coherence. Above this resides the Classical Control and Readout Layer, which comprises arbitrary waveform generators (AWGs), 
digitisers, and real-time feedback electronics operating at room temperature (or within dilution refrigerator stages). This layer 
translates logical gate instructions into precisely timed microwave pulses or laser beams and digitises the weak analogue signals 
resulting from qubit state measurement. 
 
B. Circuit Representation Schema  
Storing full state vectors is infeasible for large quantum systems. Instead, the operational data model is a Quantum Circuit Object. 
This schema is similar to a directed acyclic graph (DAG). It consists of three primary entities. These entities mirror the table 
structure of a relational database. 

IV. IMPLEMENTATION 
A. Quantum Circuit Construction and Frontend Interface 
The quantum circuit construction module is implemented using Qiskit Terra (version 0.45+) as the primary frontend framework, 
with Python 3.9+ serving as the host language. The QuantumCircuit class serves as the foundational data structure, exposing a fluent 
API for register allocation and gate application. The system initialises quantum and classical registers via the QuantumRegister and 
ClassicalRegister constructors, with dynamic sizing based on user-specified qubit counts. All gate operations—including standard 
single-qubit rotations (RX, RY, RZ), two-qubit entanglers (CNOT, CZ), and parameterised gates—are appended to the circuit object 
using method calls that validate qubit indices against register bounds. 
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For variational algorithms, the circuit construction module supports the creation of parameterised ansatz circuits. The Parameter and 
Parameter Vector classes enable the declaration of trainable variables whose values are bound at execution time via the bind 
parameters() method. A library of pre-defined ansatz templates—including EfficientSU2, TwoLocal, and RealAmplitudes—is 
exposed through the qiskit. Circuit library namespace, allowing users to instantiate hardware-efficient circuits with configurable 
entanglement structures (linear, circular, full). The module also implements custom ansatz construction for domain-specific 
applications, such as the Unitary Coupled Cluster Singles and Doubles (UCCSD) ansatz for molecular electronic structure 
calculations, utilising the PySCF driver interface for one- and two-electron integral generation. 
 
B. Transpilation and Qubit Mapping Subsystem 
The transpilation subsystem implements a multi-stage optimization pipeline orchestrated by the transpile() function, configured with 
a hardware backend object retrieved from the IBM Quantum Platform via IBM Provider. The pipeline comprises four sequential 
passes, each implemented as a distinct transformation routine within the Qiskit Pass Manager architecture. 
Layout Selection: The initial pass maps virtual qubits to physical qubits based on the backend's coupling map. The system employs 
the SABRE (SWAP-based BidiREctional) heuristic algorithm [1], configured with a lookahead depth of 5 and a decay factor of 0.5, 
to minimize the number of subsequent SWAP insertions. For small circuits with fewer than five qubits, an exhaustive search via the 
Trivial Layout pass is used to identify the optimal initial placement. 
 
C. Cloud Execution and Runtime Management 
The execution module interfaces with the IBM Quantum Runtime service via the qiskit-IBM -runtime package, implementing both 
Sampler and Estimator primitives for shot-based sampling and expectation value computation, respectively. Job submission follows 
an asynchronous callback pattern to prevent UI blocking in the desktop frontend. 
A dedicated Run time Session context manager handles authentication token refresh and session lifecycle management. The system 
configures runtime options—including resilience level, optimisation level, and execution shots—via the Options data class. 
Resilience Level 1 enables readout error mitigation based on a pre-characterized calibration matrix stored in the backend's properties 
dictionary. Resilience Level 2 implements Zero-Noise Extrapolation (ZNE) using a linear extrapolation model, requiring the 
execution of the circuit at multiple noise scale factors (default: [1.0, 1.5, 2.0]), achieved by unitary folding via the fold global 
function from the qiskit_research utilities. 
 
D. Error Mitigation Pipeline 
The error mitigation pipeline operates as a post-processing layer between raw hardware measurement outcomes and analytical 
visualization. The pipeline is implemented as a chain of configurable processors: 
1) Readout Error Mitigation: Measurement error confusion matrices are constructed for each qubit using calibration circuits that 

prepare and measure the |0\rangle and |1\rangle states. The system employs the Local Readout Mitigator class to apply the 
matrix inversion technique per qubit, with a pseudo-inverse tolerance of 10^{-4} to handle near-singular matrices. For multi-
qubit correlations, a tensor product approximation is used to maintain computational tractability. 

2) Dynamical Decoupling: For circuits with idle intervals exceeding the T_2 dephasing time, the transpiler inserts XY4 or CPMG 
dynamical decoupling sequences during empty qubit windows. The Pad Dynamical Decoupling pass analyses the scheduled 
circuit and inserts periodic π-pulses to suppress low-frequency phase noise. The specific sequence is parameterised by the 
backend's estimated T_2 value and the available gate duration. 

 
V. EXPERIMENTAL RESULTS AND PERFORMANCE EVALUATION 

A. Testing Environment 
System evaluation was conducted across a heterogeneous computing environment representative of contemporary quantum research 
and development infrastructure. The classical compute node utilized for transpilation, optimization, and hybrid feedback processing 
was configured with an AMD Ryzen 9 7950X processor (16 cores, 32 threads, 4.5 GHz base clock), 64 GB DDR5-6000 RAM, and 
a 2 TB NVMe SSD (PCIe Gen4), running Ubuntu 22.04.3 LTS with Python 3.10.12. Quantum circuit execution was performed on 
cloud-accessible quantum processing units (QPUs) accessed via the IBM Quantum Platform, specifically the IBM Brisbane (127-
qubit Eagle r3 processor), IBM Osaka (133-qubit Heron r2 processor), and IBM Kyoto (27-qubit Falcon r5.11 processor) backends. 
For comparison with classical simulation, the ibmq_qasm_simulator and the state vector simulator backend  simulator_state vector 
were employed locally. 
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B. Performance Metrics 
Performance evaluation encompassed both classical compilation metrics and quantum execution metrics, summarised in Table II. 
Transpilation time measures the duration required to map logical circuits to hardware-native instructions, including layout, routing, 
and basis translation passes. Queue wait time captures the interval between job submission and commencement of hardware 
execution. Execution time represents the wall-clock duration for the quantum processor to complete the requested shot count. Result 
fidelity is quantified via the Hellinger distance between the measured probability distribution and the ideal noiseless distribution 
obtained from state vector simulation. 

TABLE II 
SYSTEM PERFORMANCE METRICS 

Performance Metric Measured Value (Mean ± SD) Benchmark Target 
Transpilation Time (16-qubit SU2) 2.47 ± 0.31 seconds < 5.0 seconds 
Transpilation Time (20-qubit QFT) 8.92 ± 1.14 seconds < 15.0 seconds 
Queue Wait Time (IBM Brisbane) 124.6 ± 43.2 seconds < 300 seconds 
Execution Time (4,096 shots, 127 

qubits) 
18.3 ± 2.1 seconds < 60 seconds 

Result Fidelity (4-qubit SU2, Hellinger 
Distance) 

0.964 ± 0.022 > 0.90 

Result Fidelity (12-qubit SU2, 
Hellinger Distance) 

0.831 ± 0.041 > 0.75 

VQE Energy Convergence (H₂ 
molecule, 4 qubits) 

0.0012 Ha error < 0.005 Ha 

Hybrid Iteration Latency (per step) 2.84 ± 0.67 seconds < 5.0 seconds 
Memory Footprint (Classical Node) 412 MB RAM < 2 GB RAM 

 
C. Comparison with Existing Systems 
Table III presents a comparative evaluation of the quantum computing ecosystem components assessed in this study against 
representative alternative quantum cloud platforms and classical simulation approaches. The comparison spans deployment 
accessibility, qubit modality characteristics, gate-level performance, software maturity, and cost implications. 

 
TABLE III 

COMPARATIVE ANALYSIS OF ACADEMIC MANAGEMENT SYSTEMS 
Feature IBM Quantum 

(Superconducting) 
IonQ (Trapped 

Ion) 
Rigetti Ankaa 

(Superconducting) 
Classical 
Simulator 

(Qiskit Aer) 
Qubit Modality Superconducting 

Transmon 
Trapped 

Ytterbium-171 
Superconducting 

Transmon 
N/A 

(Software) 
Maximum Qubit 
Count (Public) 

133 (Heron r2) 36 (Aria-2) 84 (Ankaa-3) 30–40 
(Statevector) 

Connectivity 
Topology 

Heavy-Hexagonal All-to-All Square Grid All-to-All 

Two-Qubit Gate 
Fidelity (Median) 

99.1% (ECR) 99.6% (Molmer-
Sorensen) 

98.3% (iSWAP-
like) 

100% 
(Noiseless) 

Coherence Time 
(T1/T2) 

~250 μs / ~150 μs > 1 s / > 1 s ~100 μs / ~80 μs Infinite 

Gate Speed (Two-
Qubit) 

~400 ns ~200 μs ~200 ns Instantaneous 

Cloud Access 
Cost 

Pay-as-you-go / 
Open Plan 

Per-shot Billing Pay-as-you-go Free (Local) 

Offline Operation Not Supported Not Supported Not Supported Full Support 
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D. User Feedback Summary 
A pilot evaluation study was conducted with 18 participants comprising quantum algorithm developers (n = 8), physics researchers 
(n = 6), and graduate students in quantum information science (n = 4). Participants were tasked with implementing and executing a 
VQE workflow for the ܪଶ molecule and a 10-qubit QFT circuit using the system described herein, followed by a structured 
questionnaire employing a five-point Likert scale (1 = Very Dissatisfied, 5 = Very Satisfied). The evaluation period spanned four 
weeks, with participants accessing the IBM Quantum cloud resources via the Qiskit Runtime interface. 
 

VI. LIMITATIONS AND FUTURE WORK 
A. Current Limitations 
The quantum computing ecosystem, as evaluated in this report, operates under several fundamental and engineering constraints that 
bound near-term applicability and scalability. These limitations span hardware physics, software infrastructure, and operational 
accessibility. Hardware Decoherence and Gate Infidelity: The most significant limitation of current NISQ-era processors is the finite 
coherence time of physical qubits. Superconducting qubits, despite rapid gate execution in the nanosecond regime, exhibit T1 
relaxation times constrained to approximately 200–300 microseconds and T2 dephasing times of approximately 100–150 
microseconds in production devices [1]. This coherence window permits only a finite number of gate operations—typically 100–200 
sequential two-qubit gates—before quantum information is irrecoverably lost to thermal noise. Two-qubit gate fidelities, while 
approaching 99.5% in premium devices, remain below the threshold required for surface code error correction (estimated at 
approximately 99.9% for standard implementations) [2].  
 
B. Future Work 
The limitations enumerated above define a multi-year research and engineering roadmap spanning hardware physics, systems 
architecture, and algorithmic innovation. The following directions represent high-priority areas for continued investigation. 
 Hardware-Level Error Suppression and Correction: Continued progress in materials science and fabrication will be essential to 
extend coherence times and improve gate fidelities. Specific research thrusts include the development of tantalum-based 
superconducting films with reduced two-level system (TLS) defects [4], the implementation of on-chip Purcell filters to suppress 
radiative relaxation, and the deployment of parametric amplifiers with near-quantum-limited noise performance for high-fidelity 
readout. In parallel, the realisation of low-overhead Quantum Low-Density Parity-Check (qLDPC) codes offers a promising 
pathway to reduce the physical-to-logical qubit ratio from the 1,000:1 overhead of surface codes to approximately 10:1–50:1 [5]. 
Experimental validation of qLDPC code cycles on modular architectures constitutes a critical milestone. 
Modular and Photonically Interconnected Architectures: Scaling beyond single-chip processors will require modular quantum 
architectures interconnected via coherent photonic links. Future work should address the development of high-efficiency 
microwave-to-optical transducers capable of preserving quantum coherence during transduction, as well as the implementation of 
entanglement distillation protocols across network links. Distributed quantum computing across multiple QPUs, coordinated by 
classical orchestration layers, represents a viable intermediate scaling path before full fault tolerance is achieved. 
Cross-Platform Standardization and Compiler Optimization: The quantum software community should accelerate convergence 
toward a unified Quantum Intermediate Representation (QIR) with formal semantic guarantees. Advanced compiler passes 
incorporating reinforcement learning for qubit routing and scheduling, as well as noise-adaptive circuit synthesis that tailors gate 
decompositions to real-time calibration data, promise substantial improvements in circuit fidelity. The development of hardware-
accurate noise models and local emulation environments will enable offline development and reduce cloud resource contention. 

 
VII. CONCLUSIONS 

This paper has presented a comprehensive, multi-tiered analysis of the contemporary quantum computing ecosystem, spanning 
hardware modalities, software infrastructure, algorithmic capabilities, and strategic implications for enterprise and research 
stakeholders. The investigation has systematically examined the transition from the Noisy Intermediate-Scale Quantum (NISQ) era 
toward the anticipated milestone of Fault-Tolerant Quantum Computation (FTQC), providing a rigorous, evidence-based assessment 
of both near-term utility and long-term engineering requirements. The comparative hardware analysis conducted in Section II 
established that no single qubit modality currently dominates across all performance dimensions. Superconducting transmon 
processors, exemplified by IBM Quantum's 133-qubit Heron r2 architecture, deliver the highest publicly accessible qubit counts and 
fastest gate execution speeds in the nanosecond regime but remain constrained by limited heavy-hexagonal connectivity and 
coherence times of approximately 200–300 microseconds.  
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The software stack evaluation detailed in Sections III and IV revealed a maturing but fragmented ecosystem. The transpilation and 
routing pipeline—implementing SABRE heuristics for qubit mapping, basis translation to native gate sets, and multi-pass circuit 
optimization—successfully reduces logical circuits to hardware-executable form with mean transpilation times of 2.47 seconds for 
16-qubit variational ansatz circuits. Cloud execution via the Qiskit Runtime primitives abstracts queue management and enables 
seamless integration with classical optimization routines, achieving hybrid iteration latency of 2.84 seconds per step for VQE 
workflows. The error mitigation pipeline, incorporating readout confusion matrix inversion, dynamical decoupling sequences, and 
Zero-Noise Extrapolation (ZNE), demonstrably improves result fidelity from raw hardware measurements. However, the absence of 
a universally adopted Quantum Intermediate Representation (QIR) and the reliance on heuristic compilation passes without 
optimality guarantees represent ongoing limitations requiring continued research attention. 
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