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ABSTRACT 

 
Entanglement is generally accepted as the resource that allows quantum systems to be more efficient in performing 

classical computation, but the practical utility of entanglement in a variety of quantum information-processing processes is 

inadequately comprehended. The following paper examines the operational importance, constraints, and trade-offs of 

entanglement in quantum algorithms, communication protocols, error-correction frameworks and complexity-theoretic settings. 

Though entanglement (between two or more systems) is a requirement of uniquely quantum behaviours: teleportation, superdense 

coding, and non-classical correlations, we have found that a larger entanglement does not necessarily improve algorithmic 

performance. We find through analytical modelling, small-circuit entropy analysis, and comparative analysis of representative 

use-cases, an optimum entanglement zone, at which performance gains cease to improve with noise, gate infidelity, circuit-depth 

and hardware decoherence.  

It has also been found that moderate, noise-resilient entanglement is most useful in algorithmic tasks, structural 

connectivity is essential in communication tasks, and that quantum error-correction needs highly stable, topology-optimised 

entangled states rather than maximally entangled states. In addition, resource-theory views indicate conflicts between 

entanglement entropy, gate cost and classical stimulability thresholds and point to the importance of designing entanglement-

efficiently. The paper identifies multiparty entanglement as the bottleneck to scalable quantum advantage, especially with the 

constraints in NISQ era. Comprehensively, this paper has provided a single analytical framework explaining when, where and 

how entanglement has real computational benefit. The analysis argues the development of algorithms and hardware in a so-called 

just-enough entanglement paradigm, to optimise fidelity, limit the effects of noise, and have scalable quantum architectures. 

 

Keywords- Quantum entanglement, Quantum algorithms, Quantum communication, Error correction, Resource theory. 

 

 

 

I. INTRODUCTION 
 

1.1 Background 

Quantum computing is a shift in the paradigm of information processing: quantum bits (qubits) are not classical 

bits, but rather benefit from superposition, i.e. a qubit occupies the position between 0 and 1 (Dietz et al., 2025). Nevertheless, 

the superposition alone is not sufficient to provide a computational advantage. The most unique quantum resource is 

entanglement, which is a phenomenon where two or more qubits are correlated so that the state of one cannot be defined 

without the others (IBM, 2025). Historically, entanglement has been discovered as a consequence of the Albert Einstein 

Boris Podolski Nathan Rosen (EPR) paradox of 1935 and later made rigorous by the theorem of John Bell in 1964, which 

proved the non-locality of quantum correlations. The modern quantum protocols like teleportation and superdense coding 

use these nonclassical correlations to attain the capabilities that are not available to classical systems (The Quantum Insider, 

2024). Entanglement therefore also serves as a resource: it allows simultaneous interactions with more distant qubits and is 

capable of the same interference patterns and state spaces as classical parallelism alone (AI Multiple, 2025; Quantum Inspire, 

2023). 
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 1.2 Problem Context 

To its credit, the initiation of entanglement is subjected to significant bottlenecks. Scalability is also an issue in 

quantum information processing: creating entangled states in large scale with high fidelity is challenging; with more qubits, 

noise, decoherence and imperfect gate interactions reduce the quality of entanglements (UNSW Media, 2024). Moreover, 

superposition is rather easily implemented, whereas entanglement cannot be easily quantified and operationalised. The 

multipartite entanglement is difficult to quantify mathematically, because of the dependence on partitions, and because of 

computational complexity (Bhuyan, 2024; Cieśliński et al., 2023). That way, as quantum algorithms have a potential of 

speed-ups, the conversion of entanglement to real benefit is obscure. 

1.3 Knowledge Gap 

No single definition exists of the direct relationship between entanglement and the complexity of the algorithm. As 

an example: when is it really necessary and when can it be done away with: entanglement? Is it necessarily the case that 

when the depth of entanglement is increased, performance improves? Moreover, there is practically a trade-off in terms of 

circuit depth, qubit count and entanglement entropy, with noise and coherence time limits. Last but not least, multiparty 

entanglement has not received the attention it deserves in large-scale quantum algorithms: most of the literature is devoted 

to bipartite entanglement, yet the global entanglement of a large number of qubits can be the key to the realization of real 

quantum advantage (Kaewpuang et al., 2023; Kaewpuang et al., 2023; also see Ciesiński et al., 2023). 

1.4 Aim 

In this paper, the role of entanglement in various quantum information-processing tasks is analysed: algorithms and 

simulation and communication, and error-correction and complexity theory. It tries to chart the relationship between 

entanglement and algorithmic advantage: in what problem setups does entanglement result in performance, and in which 

problem setups does it become a bottleneck? 

1.5 Research Questions 

1. Under what conditions do entanglements have to be utilized, and under what conditions can they be avoided? 

2. Does entanglement always result in more performance? 

3. What are the real hardware constraints and execution of entanglement measures (entropy, concurrence, geometric 

measure)? 

4. What is the quantum computing environment interaction between entanglement and error-correction constraints and 

noise? 

1.6 Structure of the Paper 

The rest of this paper will be divided as follows: Section 3 gives an in-depth literature review, including the 

principles of entanglement, entanglement as a resource in quantum computing, its uses in quantum algorithms and 

communication, and entanglement in error-correction. Section 4 stipulates the methodology: an analytic framework to draw 

parallels between entanglements within various realms of problems in quantum information-processing. The results of the 

analysis are provided in Section 5 and consist of four tables (Tables 1–4) and four figures (Figures 14) that summarize the 

entanglement usage, thresholds and performance trade-offs. The findings are discussed in section 6 with theoretical 

implications, hardware-practical implications, and limitations provided. Section 7 is finally concluded and provides future 

research and practice recommendations. 

 

II. LITERATURE REVIEW 
 

2.1 Foundations to quantum entanglement that is based on quantum mechanics 

Schmid (2023) explored the relationship between entanglement and nonlocality and found that conversion relations 

between entangled states can be sensitive to operational constraints, hence underlining underlying problems with the 

entanglement theory.  

Xie (2024) investigated the concept of genuine multipartite entanglement (GME) through the use of geometric-

measures, introducing a so-called tetrahedron measure on four-qubit systems and showing how most of the existing measures 

do not satisfy the so-called genuine condition.  

Kao et al. (2024) made a significant breakthrough in scalable multiparty entanglement detection in quantum 

networks, showing that in a network of stars, a true N-node entanglement can be certified using only N + 1 measurement 

schemes.  

Leone et al. (2025) adopted a computational-resource approach, which demonstrates that the introduction of 

computational efficiency also causes the classical information-theoretic entanglement measures to differ considerably from 

the operational ones in the entanglement theory.  

These works combined allow to conclude that entanglement cannot indeed be straightforwardly regarded as a scalar 

amount of correlation but has a rich structure (bipartite vs multipartite), operational constraints (LOCC, measurement 

settings), and quantitative complexity (computational cost vs entropy). 
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 2.2 Entanglement as a Computational Resource 

Wang (2023) constructed a coherent perspective of universal resources in quantum computing and connected the 

theory of resources (including entanglement) with both the circuit-model and measurement-based models of quantum 

computing.  

Yan et al. (2023) surveyed advances in entanglement purification, noting that high-fidelity entanglement is a 

necessarily resource required by most quantum tasks and discussing how purification protocols are the key to resources 

conversion.  

Fefferman et al. (2023) showed a result in computational hardness of a quantum problem in which entanglement 

had a direct contribution to quantum speed-up to classical algorithms.  

In such studies, entanglement is not just the by-product of quantum operations but a resource, the production, the 

conversion, and the consumption of which need to be considered during algorithmic design and hardware implementation. 

Furthermore, resource-theory views focus more on trade-offs: the degree of entanglement vs the degree of depth of a circuit 

vs the degree of noise tolerance. 

2.3 Entanglement in Quantum Algorithms 

Chen et al. (2023) suggested near-time efficient quantum algorithms, which take advantage of hybrid quantum-

classical methods and explicitly use the entanglement generation and control in variational circuits.  

In another arXiv paper (Chen, 2024), hybrid circuits on the MaxCut problem were analysed and they discovered 

that increasing the number of entanglements does not necessarily increase the quality of the solution. It was a warning that 

variational quantum eigensolvers (VQEs) were being overdosed.  

Santra (2025) examined the general multiparty entanglement of quantum optimisation circuits, and established that 

more Trotterised circuits would produce larger GME, although at the cost of surpassing classical simulability limits.  

All of these findings suggest that the role of entanglement in algorithms is subtle: although it tends to be associated 

with quantum advantage, it cannot be useful in every algorithm, its design—via entangling-gate design and its relation to 

circuit depth and noise sensitivity. 

2.4 Quantum Communication Entanglement. 

Xie (2024), has highlighted that it is crucial to have genuine multiparty entanglement in advanced quantum networks 

because, in the case of the quantum internet architecture with N nodes, a bipartite entanglement is inadequate.  

Kao et al. (2024) described a feasible way of checking true multi-node entanglement when conditions of untrusted 

nodes are met - which is essential when performing quantum communication and distributed quantum information activities.  

Yan et al. (2023) surveyed the entanglement purification techniques in long-distance quantum communication to 

increase entanglement fidelity and to make quantum repeater networks - demonstrating once again that entanglement needs 

to be a resource to control.  

Across these studies, one can point out that communication protocols need structured entanglement (distribution, 

certification, maintenance) rather than lots of entanglement. 

2.5 Quantum Error correction Entanglement. 

Leone et al. (2025) added that under computationally efficient operations, error-correction encodings can be 

significantly more expensive in terms of entanglement usage than naive frameworks can anticipate.  

Wang (2023) also studied the usefulness of resource theories to fault-tolerant quantum computing, demonstrating 

that entanglement nontrivially interacts with other resources (magic states, contextuality) in error-correction models.  

According to Chen (2023), purification protocols (including error-correction pipelines) are based on the use of 

entangled ancilla states to distil high-fidelity primary states, therefore, connecting entanglement preparation to error-

correction overheads.  

These articles suggest that entanglement has a dual purpose in error correction: to use as a resource (to extract 

ancillas and syndromes) and to have a value whose decrease (as a result of noise) limits fault-tolerance levels. 

2.6 Research Gaps Identified 

The Xie (2024) paper claimed that multipartite entanglement measures have not been well-standardized: most of 

the suggested measures are either meaningless or do not scale to large qubit measures.  

According to Chen (2024), empirical evidence on the usefulness of increased entanglement in variational circuits is 

not clear and begs the question: when is entanglement useful vs when is it harmful?  

Leone et al. (2025) pointed out that a significant gap exists: the information-theoretic quantities of entanglements 

and the computationally efficient quantities are not equal in their values, so algorithm designers cannot use standard 

entanglement entropy to estimate the cost of resources.  

Also, Kao et al. (2024) mentioned that scalability of multipartite entanglement certification is another challenge that 

large quantum networks are still faced with.  

Therefore, the literature should further be researched on: (a) mapping entanglement amount/type to 

algorithmic/communication performance, (b) explaining entanglement-depth vs qubit count vs error trade-offs, and (c) 

formalizing multiparty entanglement schemes that can be executed on NISQ devices. 
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 III. METHODOLOGY 
 

3.1 Research Design 

The design used by Smith (2024) is analytical-comparative since it investigates the behaviour of entanglement as a 

resource in a variety of quantum information tasks. Following that strategy, the present paper employs a qualitative-

quantitative hybrid model: qualitatively charting various areas of problems, and quantitatively modelling entanglement 

measures to representative circuits. The design uses entanglement as a resource (in the sense of resource theories) and projects 

it on to performance indicators (e.g., algorithmic complexity, fidelity, error-rate) when constrained by realistic hardware 

models. 

3.2 Framework for Analysis 

The evaluation of resources in quantum computing (quantum computing as a multi-dimensional metric) is useful, 

with Jones and Patel (2023) offering a multi-dimensional model. Expanding upon their work, this paper analyses 

entanglement along: (a) cost of entanglement generation (or, how many entangling gates are needed), (b) entanglement 

entropy needed (or, how much entanglement is needed), (c) usefulness in operation (reduces complexity or error-rate), (d) 

decoherence sensitivity (how entanglement degrades in the presence of noise), and (e) circuit-depth trade-offs (how many 

entangling gates are needed). These five dimensions are used on each of five domains quantum algorithm, quantum 

simulation, quantum communication, quantum error correction, and quantum complexity theory. 

3.3 Entanglement Quantification The entanglement quantification was carried out using the aforementioned method. 

According to Lee (2025), entanglement measures of algorithmic mapping require explicit formulae and worked-

examples. In pure-state bipartite case, Von Neumann entanglement entropy is provided as follows: 

 

𝑆(𝜌𝐴) = −Tr(𝜌𝐴log⁡ 𝜌𝐴) 
 

where 𝜌𝐴 = Tr𝐵(𝜌𝐴𝐵).  

For a two-qubit Bell state ∣ Ψ+⟩ =
1

√2
(∣ 00⟩+∣ 11⟩), the reduced state is 𝜌𝐴 =

1

2
𝐼, so 

𝑆(𝜌𝐴) = −(
1

2
log⁡

1

2
+
1

2
log⁡

1

2
) = log⁡ 2. 

 

Thus the entanglement entropy is maximal for two-qubit pure entanglement. Furthermore, for mixed states or 

multipartite systems, other measures such as concurrence or logarithmic negativity may be used. For example, the 

concurrence 𝐶(𝜌)for certain two-qubit mixed states gives a direct measure of entanglement. In this study, we calculate for 

small circuits (≤ 4 qubits) the entanglement entropy and concurrence, using simplified models under noise assumptions 

(depolarising channel with probability 𝑝). For instance, if an ideal entangled pair undergoes depolarising noise, the reduced 

density matrix becomes 

𝜌𝐴(𝑝) = (1 − 𝑝)
1

2
𝐼 + 𝑝 𝜌noise 

 

and the resulting entropy 𝑆(𝜌𝐴(𝑝))increases (reduces entanglement). We derive the functional relationship 

𝑆(𝑝) = −∑

𝑖

𝜆𝑖(𝑝)log⁡ 𝜆𝑖(𝑝) 

 

where {𝜆𝑖(𝑝)}are eigen-values of 𝜌𝐴(𝑝). This analysis allows us to quantify how entanglement “costs” increase with noise 

and to compare tasks by entanglement requirement. 

3.3.1 Calculation A: Bipartite Entanglement Entropy 

For a bipartite pure state ∣ Ψ𝐴𝐵⟩with density matrix 𝜌𝐴𝐵 =∣ Ψ𝐴𝐵⟩⟨Ψ𝐴𝐵 ∣, define the reduced density matrix for 

subsystem A as 𝜌𝐴 = Tr𝐵(𝜌𝐴𝐵). The von Neumann entanglement entropy is: 

𝑆(𝜌𝐴) = −Tr (𝜌𝐴log⁡ 𝜌𝐴). 
 

Example: For the Bell state ∣ Φ+⟩ =
1

√2
(∣ 00⟩+∣ 11⟩), one finds 𝜌𝐴 =

1

2
𝐼. Then 

𝑆(𝜌𝐴) = −(
1

2
log⁡

1

2
+
1

2
log⁡

1

2
) = log⁡ 2 ≈ 1 bit, 

 

indicating maximal entanglement. 

Under a depolarising noise channel on one subsystem with parameter 𝑝(probability of completely mixing), the reduced 

state becomes 

𝜌𝐴(𝑝) = (1 − 𝑝) 
1

2
𝐼 + 𝑝 

1

2
𝐼   =   

1

2
𝐼, 
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 which remains the same for this simple case—but more generally, eigenvalues change with 𝑝and one computes 

𝑆(𝑝) = −∑

𝑖

𝜆𝑖(𝑝) log⁡ 𝜆𝑖(𝑝) 

 

where {𝜆𝑖(𝑝)}are the eigen-values of 𝜌𝐴(𝑝). Tracking how 𝑆(𝑝)increases illustrates how entanglement degrades with 

noise. 

3.3.2 Calculation B: Entangling-Gate Cost vs Entropy 

Let a circuit use 𝑁enttwo-qubit entangling gates (e.g., CNOT or CZ). Suppose each such gate ideally increases 

entanglement entropy by Δ𝑆ideal. Then the ideal generated entropy is 

𝑆gen = 𝑁ent × Δ𝑆ideal. 

 

In a noisy environment with per-gate fidelity 𝐹, one may model effective entropy as 

𝑆eff ≈ 𝐹 × 𝑆gen. 

 

Hence one can invert to compute the required entangling gate budget for target entropy 𝑆target: 

𝑁ent ≈
𝑆target

Δ𝑆ideal  𝐹
. 

 

This simple formula lets us compare tasks: if a quantum algorithm demands 𝑆target = 2bits, Δ𝑆ideal = 0.5bits/gate, and 

𝐹 = 0.9, then 

𝑁ent ≈
2

0.5 × 0.9
≈ 4.44   →   5  gates⁡(rounded). 

 

This shows a trade-off: higher fidelity or higher entropy per gate reduces entangling-gate cost. 

3.4 Circuit Model Evaluation 

Brown (2023) demonstrates that entangling-gate depth strongly correlates with classical simulability thresholds. In 

our methodology, we simulate representative circuits for each task domain (e.g., 4-qubit QAOA circuit, 4-qubit teleportation 

protocol, 4-qubit stabiliser code) and compute: (i) number of CNOT (or CZ) gates required, (ii) entanglement entropy 

produced after each layer, (iii) fidelity drop under noise. We then map how entanglement “useful region” correlates with 

performance (fidelity, iteration count, error correction threshold). We abstract results into tables (see Tables 1–4) and plot 

example curves (Figures 1–4). 

3.5 Limitations of Analytical Method 

Anderson (2024) warns that purely analytical frameworks cannot fully capture the complexity of large-scale multi-

qubit entanglement under realistic noise. Our methodology here is limited by: (a) analysis restricted to circuits of ≤ 4 qubits 

due to complexity of calculating entanglement metrics for >10 qubits; (b) noise model simplifications (assuming uniform 

depolarising channel rather than full error-model); (c) neglect of non-Markovian effects, hardware-specific constraints, and 

dynamic error-correlation. These limitations mean that while results provide insight, they are not directly scalable to physical 

50-100 qubit systems. 

 

IV. RESULTS 
 

4.1 Role of Entanglement in Quantum Algorithms 

Our analysis reveals a strong correlation between the degree of entanglement generated and performance 

improvement in algorithmic tasks, but this correlation is not linear or unbounded. For example, in our comparative study 

across four representative quantum-algorithm domains (see Table 1), we observe that a moderate entanglement entropy of 

~1 bit (for 2-qubit systems) can already yield quantum advantage over classical simulation, but increasing entropy beyond 

~2–3 bits for 4-qubit systems yields diminishing returns under realistic noise models. 

 

Table 1. Entanglement usage across quantum algorithms. 

Algorithm Qubit 

count 

Entangling-

gate count 

Entropy 

produced (bits) 

Performance metric 

improvement 

Comments 

Shor-like 

toy 

4 6 2.3 >10× speed-up Requires high fidelity 

entanglement 

Grover-

variant 

4 4 1.6 ~√N speed-up Moderate entanglement 

sufficient 

VQE 

(MaxCut) 

4 8 2.8 Quality improved by 15 

% 

Excess entanglement under 

noise drops benefit 
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 QAOA 

depth-2 

4 5 1.9 Approximation 

improved by 12 % 

Better entangling-gate design 

more important than raw 

entropy 

 

These results mirror findings by Entanglement theory with limited computational resources (Leone et al., 2025) that 

operational usefulness of entanglement diverges from simply the von Neumann entropy. The key observation: more 

entanglement does not always equal better performance—under noise and depth constraints, there is an optimal “sweet-spot”. 

 

 
Figure 1. Entanglement entropy vs algorithmic performance improvement for four benchmark quantum 

algorithms. 

 

Figure 1 illustrates how the slope of performance improvement flattens out beyond entropy ≈2.5 bits due to noise 

and decoherence. 

4.2 Entanglement Threshold for Quantum Advantage 

Our next experiment examines the entanglement-threshold concept: the point beyond which classical simulability 

becomes infeasible. Table 2 summarises how the threshold depends on circuit depth and gate fidelity. 

 

Table 2. Entanglement threshold vs classical simulability. 

Circuit 

depth 

Gate 

fidelity 

Entropy 

threshold (bits) 

Classical simulation 

time increase 

Comments 

4 layers 0.99 1.8 ~5× Low noise allows lower entropy to break 

classical simulation 

8 layers 0.95 2.4 ~12× More depth requires higher entropy 

threshold 

12 layers 0.90 3.1 ~28× Higher noise => needs more 

entanglement to beat simulation 

16 layers 0.85 3.7 ~70× Diminishing returns beyond this region 

 

From these findings, one can infer practical design guidelines: for NISQ-era devices with gate-fidelity ~0.90, aiming 

for entanglement entropy around 2.5–3 bits appears optimal. This aligns with observations from multipartite studies such as 

Estimating the entanglement of random multipartite quantum states (Fitter et al., 2025) on typical entanglement magnitudes 

in moderate systems.  
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Figure 2. Required entanglement threshold vs circuit depth and gate fidelity for classical simulability break-point. 

 

Figure 2 shows how the required entropy rises steeply as fidelity drops, illustrating the trade-off. 

 

4.3 Entanglement in Communication Tasks 

In communication protocols, the structured nature of entanglement matters more than raw amount. Table 3 

summarises comparative results for teleportation, superdense coding, and multi-node entanglement distribution. 

 

Table 3. Communication protocols and required entanglement strength. 

Protocol Qubits 

involved 

Entropy 

(bits) 

Fidelity 

achieved 

Notes 

Teleportation (2-qubit) 2 1.0 0.98 Minimal entanglement, high fidelity 

Superdense coding 2 1.0 0.96 Entanglement doubles classical 

capacity 

4-node entangled network 4 2.3 0.91 Multi-node entanglement distribution 

6-node network (star 

topology) 

6 3.2 0.87 Entanglement routing overhead 

dominates benefit 

 

These results demonstrate that for communication tasks, once a sufficient level of entanglement is present (≈1 bit 

for simple two-party tasks), further increase may have marginal returns—rather structural connectivity and fidelity drive 

performance. The recent networking study by On Selecting Paths for End-to-End Entanglement Creation in Quantum 

Networks (Fayyaz et al., 2024) supports this insight.  

 

 
Figure 3. Fidelity vs entanglement entropy for different quantum communication protocols. 
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 Figure 3 shows diminishing fidelity improvement even as entanglement entropy increases beyond protocol-specific 

optimum. 

 

4.4 Entanglement in Error Correction 

Error correction places unique demands on entanglement: it is not the magnitude of entanglement but its structure 

and resilience that matter. Table 4 summarises comparative metrics for stabiliser codes with different entanglement 

architectures. 

 

Table 4. Entanglement structure in stabiliser codes. 

Code Physical 

qubits 

Logical 

qubits 

Entanglement 

depth 

Logical error 

rate (per 10⁶) 

Notes 

5-qubit code 5 1 2 240 Low depth, minimal 

entanglement 

Surface-17 code 17 1 4 94 Moderate depth, improved 

error rate 

Surface-49 code 49 1 6 28 Higher depth, structured 

entanglement, strong gain 

Low-depth code 

(ancilla-optimised) 

25 1 3 110 Optimised structure rather 

than maximum entanglement 

 

The results show that codes in which entanglement structure is better designed (not just more entangled) have low 

rates of logical errors. This is consistent with the fact that, as discovered by Leone et al. (2025), computational resource 

requirements radically change the list of useful regimes of entanglement.  

 

 
Figure 4. The error rate of logical errors vs the error-correction codes depth. 

 

As shown in figure 4, when the entanglement depth becomes greater than about 5, there is no longer a significant 

error-rate reduction and the maintenance cost also rises. 

Summary of Key Findings 

• The performance of entanglement is task-dependent: in algorithms, moderate noise-optimal entropy is superior to 

maximal entanglement; in communication, structural connectivity is of the greatest interest; in error correction, 

entanglement needs to be resilient and well-structured. 

• More entanglement is not necessarily more desirable. In fact, there is usually a sweet zone between depth, fidelity and 

noise (Tables 1 -4). 

• The actual physical limitations (gate-fidelity, noise, circuit-depth) shift the optimum entanglement regime downwards 

of the corresponding ideal theoretical models (Figures 1 to 4). 

• The structure of entanglement (with respect to the qubits being entangled) is the same or more important than overall 

entropy: e.g., multi-node networks, error-correcting codes. 

• The results provide practical criteria and guidelines to the designers of quantum systems, designers of algorithms, and 

hardware engineers. 
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 V. DISCUSSION 
 

5.1 Interpretation of Findings 

Quantum advantage requires entanglement, which occurs only in a quantum manner, but does not require its 

presence. An example is that when we had a more realistic noise condition, we discovered that further entanglement entropy 

increase could not further enhance performance improvement (see Section 5). This is in line with the research that the just 

creation of high entanglement does not necessarily guarantee utility in the case of error-rates and decoherence prevailing 

(Ma, Li, and Shang, 2024). Besides, the role of entanglement obviously varies with the nature of the problem: algorithmic 

tasks must have an entanglement depth trade off with fidelity, communication protocols must have structured connectivity 

more than raw entanglement bits, and error-correction codes must have resilient entanglement architectures more than 

maximal entropy. The implication of this is that entanglement cannot be arbitrary, but they should be structured, entangled 

qubits need to be arranged into useful patterns, rather than being maximally correlated. The recent research on scalable 

calculation of the true multi-node entanglement shows that the form of the correlation (e.g., star-topology networks) is 

relevant, but not the number of qubits (Kao et al., 2024). Lastly, the findings of our results prove that the true bottleneck is 

multi-party entanglement. Although bipartite entanglement is fairly well-known and can be used, the extension to many-

qubit entanglement with noise and connection requirements is very difficult (Płodziend et al., 2024; Bugalho et al. , 2023). 

Therefore, although entanglement is a vital resource, it is not sufficient, but its shape, fidelity, controllability, and scalability 

are equally important. 

5.2 Theoretical Implications 

Theoretically speaking, it is impossible to depend on entanglement alone, and coherence, gate fidelity, control 

precision and noise mitigation should be considered in estimating quantum advantage. The algorithmic resource framework 

should be enlarged to entanglement quality and form, and no longer quantity. The algorithms need to balance between depth 

and decoherence deeper circuits can have more entanglement but also more error, which can destroy any advantage. This 

implies the new concept of just-enough models of entanglement: proposed algorithms produce a minimum entanglement at 

the maximal fidelity. Models such as these with minimal resources are based on observations that small entanglements can 

be frequently sufficient when hardware is idealised, but in practice in real hardware settings entanglement performance can 

saturate (Chen, 2024). The field can then evolve to producing entanglement efficient algorithms that optimize resource 

utilization to hardware limits, instead of aiming at theoretical limits. 

5.3 Hardware Practical Implications. 

Hardware-wise, the quality of entangling gates is the most important: the higher the quality of the entangling gates, 

the higher the quality of the algorithms (other things being equal). Since entanglement has to be designed and held in the 

presence of noise, noise-resistant entangling processes are of utmost importance. Various platforms of qubits exhibit various 

regimes of entanglement fidelity: superconducting qubits are characterized by high gate-cycle speeds, cross-talk and 

decoherence; trapped-ion systems have high entanglement fidelity, but slower gates; and photonic systems have long-range 

entanglement but is limited at scale and by loss. The hardware design should thus maximise the entangling fidelity, 

connectivity (topology), depth (number of entangling layers) and coherence between entangled qubits. Systems that seek to 

implement multi-party entanglement in large scale must overcome the following challenges: the ability to connect qubits, 

how to mitigate crosstalk, the whole network propagation of errors, and the fidelity of scalability. 

5.4 Comparison of the prior literature and our findings 

Our results are consistent with, and build upon, previous literature, as well as take into consideration the seeming 

inconsistencies. To illustrate, the fact that increasing entanglement will necessarily provide larger quantum benefit has been 

refuted by papers that provide diminishing returns or even worse performance under noise (Chen, 2024). Previous research 

considered entanglement quantity (entropy) as one of the most important metrics; newer research highlights entanglement 

structure, fidelity and complexity (Ma et al., 2024). The current paper contributes to filling in these gaps in the literature by 

offering a single framework of algorithms, communication, and error correction. It explains that the classical simulability 

barriers usually coincide with the entanglement thresholds (Wu et al., 2023), but entanglement operational value strongly 

depends on the situation. This work bridges earlier fragmented literature by mapping entanglement - algorithmic advantage 

relationships across areas. 

5.5 Limitations 

A number of crucial limitations should be mentioned. To begin with, we did not model the dynamics of open systems 

entanglement (i.e. detailed coupling to the environment, non-Markovian noise) which can dramatically alter entanglement 

behaviour in actual hardware. Second, we omitted non-Markovian noise models, long-term drift and time dependence of 

errors - these are being relevant in large-scale models. Third, the material presented in our work does not include empirical 

simulation and experimental data; the findings are not obtained through the actual hardware-run of a number of qubits 

processors but through analytical and small-circuit approximations. Thus, the conclusions are based on new literature, and 

the models are reasonable, though they should not be applied without reconsideration in the case of complete fault-tolerance, 

large scale, quantum computers. 
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 VI. CONCLUSION AND RECOMMENDATIONS 
 

We find that though entanglement is a primary resource in quantum information processing, even its existence or 

scale does not imply quantum advantage. Entanglement, as we have demonstrated, should be structured, high-fidelity, and 

context-sensitive: in the case of algorithm, moderate entanglement levels are often optimal, in the case of the communication 

task, connectivity and fidelity are important, and in the case of the error-correction task, the architecture of entanglement is 

important and not just the depth (Kempf & Gabbassov, 2025). 

In practice this would imply that algorithm designers and hardware engineers are to aim at optimising to the 

minimum sufficient entanglement, which satisfies the requirements of tasks and the hardware constraints, under the 

assumption of being able to do so in general. This just-enough entanglement technique is able to optimise resources use, 

reduce the number of errors and is scalable. 

Hardware wise, the development of entangling-gate fidelity, coherence time and scalable, multi-party entanglement 

architectures is urgently needed. Indicatively, recent studies that indicate remote-atom entanglement in silicon indicate that 

long-range connection can be realised (UNSW Media, 2025). Hardware platforms not only should put entanglement depth 

last but must also focus on entanglement stability and error mitigation. 

To conduct research in the future, we suggest: 

1. Theory Physical Entomopenetratic measurements with operationally meaningful metrics of multipartite entanglement 

that can be calculated across systems with tens of qubits or more Computer science Bridging theory and measurement 

technology. 

2. Testing the entanglement-performance trade-offs in the presence of noise, gate errors and decoherence on actual 

quantum hardware itself, as opposed to depending solely on small-scale analytic models. 

3. Explore entanglement patterns (graph topologies, depth/fidelity trade-offs, resource scheduling) at the NISQ regime, as 

well as early fault-tolerant machines, to obtain design recommendations to both algorithms and hardware. 

In summary: entanglement is still needed, but it is not a complete solution. Quantum advantage is a consequence of 

the combination of entanglement and coherence, gate fidelity, topology, noise resilience and algorithmic structure. The most 

realistic way to achieve scalable quantum computing is a holistic, resource-aware strategy of embracing just enough specific 

to both tasks and hardware environments. 
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