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Abstract. Quantum entanglement was once a subject of intense philosophical debate and regarded 
as a puzzling theoretical anomaly. However, it has now been empirically validated and is widely 
recognized as a fundamental feature of quantum mechanics. This review traces its development in 
chronological order, beginning with the Einstein–Podolsky–Rosen (EPR) paradox, which raised 
profound questions about the completeness of quantum theory, and John Stewart Bell’s subsequent 
theorem, which established a measurable framework to verify entanglement’s non-local nature. The 
discussion then turns to contemporary experimental and applied domains where entanglement 
serves as a critical resource. Notable examples include quantum teleportation, entanglement-
enhanced metrology, quantum radar, and emerging quantum energy devices such as quantum 
batteries. The transition from theoretical dispute to practical application underscores how 
entanglement now enables tangible technologies—ranging from ultra-secure communication 
networks to highly precise sensors. Furthermore, potential interdisciplinary applications in fields such 
as quantum biology are also explored, suggesting new pathways for innovation. This review aims to 
bridge foundational concepts with current technological advances, illustrating the continuing impact 
of quantum entanglement on both scientific understanding and real-world engineering.  
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1. Introduction 

Since its discovery in early 1900s, quantum mechanics has been an unknown but surprising 

challenge for physicists that fundamentally changed the way of how people view the world. It 

originates from several odd phenomena: black-body radiation, photoelectric effect, lasers, etc. In 

modern physics, quantum mechanics also plays an important role in Bose-Einstein condensates, and 

quantum spin liquid. All these observations point to the fact that the quantum mechanics works very 

differently with the classic theories people are familiar with [1]. 

Even Einstein struggled to accept some of these ideas. The most confusing part is the quantum 

entanglement where particles become mysteriously connected across any distance [2]. This paper 

tells the story of how physicists went from arguing about whether entanglement was real to using it 

for amazing new technologies. The journey starts with Einstein's famous 1935 paper with Podolsky 

and Rosen (called the EPR paradox). They used entanglement to argue that quantum mechanics must 

be incomplete [3]. Their thought experiment showed that measuring one particle instantly affects its 

entangled partner, which seemed impossible under relativity's speed limit. For decades, physicists 

debated whether "hidden variables" could explain this without spooky action. The breakthrough came 

in 1964 when John Bell proposed a way to test this experimentally through his inequality [4]. Later 

experiments by Aspect and others confirmed that entanglement is real and weirder than anyone 

imagined. 

This paper will explore several key aspects of entanglement. First, it will explain the original EPR 

paradox and Bell's game-changing theorem with its experimental proofs. Then it will see how these 

strange quantum connections are now used in real applications -- from teleporting quantum 

information to making super-precise measurements. The author will also look at cutting-edge uses 

like quantum radar and quantum batteries that might change technology in coming years. Along the 

way, one will meet important equations like the Bell state |Φ+⟩ = (|00⟩ ± |11⟩) √2⁄  that make these 

applications possible. 
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The structure follows entanglement's historical development to modern uses. Section 2 covers the 

theoretical foundations including the EPR paradox and Bell's inequality. Section 3 dives into practical 

applications across three areas: communication, measurement, and new quantum devices. Finally, 

Section 4 discusses where this field is heading next, including exciting interdisciplinary research 

combining quantum physics with biology and materials science. By the end, one will see how a theory 

that once seemed too strange to be true is now driving real technological revolutions. 

2. Theory and Principle 

2.1. EPR Paradox 

The EPR paradox began as Einstein's attempt to prove quantum mechanics was incomplete. In 

their 1935 paper, Einstein, Podolsky and Rosen imagined a simple but clever experiment with two 

entangled particles. These particles could be electrons with spin (like tiny magnets pointing up or 

down), described by the quantum state: 

|Ψ−⟩ =
1

√2
(|↑⟩𝐴|↓⟩𝐵 − |↓⟩𝐴|↑⟩𝐵) (1) 

Here, | ↑⟩ and | ↓⟩ represent possible spin states (like tiny compass needles pointing up or down), 

while the subscripts 𝐴 and 𝐵 label the two particles. How is the weird part? If one measures particle 

A and find it spinning up (↑), particle B immediately becomes spinning down (↓) - instantly, even if 

they're light- years apart. This "spooky action at a distance" (as Einstein called it) appeared to violate 

relativity's cosmic speed limit: nothing should be able to influence anything else faster than light can 

travel between them. For decades, physicists argued about whether this quantum connection was real 

or if there might be "hidden variables" secretly determining the particles' behavior all along. 

2.2. Bell's Theorem 

For 30 years, the debate on EPR paradox remained philosophy until John Bell found a way to test 

it. Interestingly, Einstein might have been partly right - just not how he expected. Modern 

interpretations suggest the "hidden reality" is even stranger: particles aren't separate objects but 

connected through quantum fields spanning all space. When people measure one, they are accessing 

information already present in the shared field. This doesn't violate relativity because no actual signal 

is transmitted - the correlation was always there, people just did not know it yet. 

John Bell's 1964 breakthrough was showing that Einstein's hidden variables idea made testable 

predictions. He derived an inequality that any local hidden variable theory must obey. For a system 

with measurement settings 𝑎⃗, 𝑏⃗⃗, and 𝑐, the inequality can be written as: 

|𝑃(𝑎⃗, 𝑏⃗⃗) − 𝑃(𝑎⃗, 𝑐)| ≤ 1 + 𝑃(𝑏⃗⃗, 𝑐) (2) 

Here, P represents correlation probabilities between measurements at different angles. Quantum 

mechanics predicts violations of this inequality because entanglement creates stronger correlations 

than any classical theory allows. For the singlet state, quantum mechanics predicts the correlation to 

be 𝑃(𝑎⃗, 𝑏⃗⃗) = −𝑎⃗ ⋅ 𝑏⃗⃗ = − cos 𝜃 , which violates the Bell inequality for certain angles. Bell gave 

physicists a recipe: prepare entangled particles, measure them at various angles, and check if the 

correlations break his inequality. 

The first real tests came in the 1970s by John Clauser and Stuart Freedman. Their results already 

favored quantum mechanics, but had loopholes. Maybe the detectors were inefficient or the 

measurements weren't truly independent. Alain Aspect's 1982 experiment was more convincing - he 

switched measurement directions while photons were in flight, making it harder for hidden variables 

to "cheat." His team saw clear Bell inequality violations matching quantum predictions. 

But the gold standard came only recently. Between 2015-2017, three groups (including one led by 

Anton Zeilinger) closed all major loopholes simultaneously. They used distant detectors, fast random 
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number generators, and high-efficiency photon counters. One experiment even used stars as random 

number sources! The results were unambiguous - quantum mechanics wins, Einstein's local hidden 

variables don't exist. This doesn't just settle an old debate; it proves the universe really does have 

"spooky action at distance" built into its fabric. 

3. Quantum Applications 

3.1. Quantum Teleportation 

One of the coolest uses of entanglement is quantum teleportation - sending quantum information 

without physical transfer. The key ingredients are Bell states, which are maximally entangled pairs 

like: 

|Ψ±⟩ =
1

√2
(|00⟩ ± |11⟩), |Φ±⟩ =

1

√2
(01⟩ ± |10⟩) (3) 

The protocol relies on a joint Bell-state measurement (BSM) performed by Alice on the qubit to 

be teleported (state |ψ⟩) and her half of the entangled pair, see Fig. 1 [5]. This measurement projects 

the system into one of the four Bell states, collapsing Bob's particle into a state related to |ψ⟩. Alice 

then sends the 2-bit classical result of her BSM to Bob, who applies a corresponding unitary operation 

(𝑈𝑖̂, e.g., the Pauli matrices 𝐼, 𝑋̂, 𝑌̂, 𝑍̂) to perfectly reconstruct the original state: 

𝑈𝑖̂|ψ
′⟩𝐵 = |ψ⟩𝐵 (4) 

 

Fig. 1 Coincidence detection between Alice (A) and Bob (B). ”D” marks detection events for an 

entangled particle pair. Quantum mechanics predicts perfect anti-correlation (e.g., Alice’s ”up” spin 

coincides with Bob’s ”down”), violating classical locality [5]. 

Scientists have demonstrated it with photons and atoms. The Bell states are what make it possible 

because of their perfect correlations. Researchers have even achieved quantum teleportation over 

distances of more than 1,400 kilometers using China's Micius satellite, showing how this strange 

quantum effect can be harnessed for practical long-distance communication. The fidelity of 

teleportation, measured by how close the final state is to the original, can be expressed as: 

𝐹 = ⟨ψ|ρ𝑜𝑢𝑡|ψ⟩ (5) 

where ρ𝑜𝑢𝑡  is the density matrix of the output state. Experimental values now approach the 

theoretical maximum of 1, demonstrating the remarkable reliability of quantum teleportation. 
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3.2. Quantum Metrology 

Quantum metrology uses entanglement to beat the Standard Quantum Limit (SQL), which governs 

the best precision achievable with classical resources [6]. For 𝑁 independent particles, the SQL for 

phase estimation scales as: 

Δϕ𝑆𝑄𝐿 ∝
1

√𝑁
(6) 

However, using entangled states like the NOON state, which is a superposition of all $N$ particles 

in one mode or all in another: 

|N00N⟩ =
1

√2
(|N, 0⟩ + |0, N⟩) (7) 

allows one to achieve the ultimate Heisenberg Limit Δϕ𝐻𝐿 ∝
1

𝑁
. 

This represents a quadratic improvement in precision, a massive advantage for measuring tiny 

signals. For example, in gravitational wave detection at LIGO, this enhancement could mean the 

difference between detecting a signal or missing it entirely. The signal-to-noise ratio improvement 

can be dramatic, with the quantum-enhanced version offering: 

𝑆𝑁𝑅𝑄 = √𝑁𝑆𝑁𝑅𝐶 (8) 

Another awesome quantum tool is "squeezed light," where the uncertainty in one quadrature (Δ𝑋̂) 

is reduced below the standard quantum noise level at the expense of increased uncertainty in the 

conjugate quadrature (Δ𝑃̂), satisfying the Heisenberg uncertainty principle Δ𝑋̂Δ𝑃̂ ≥
1

2
|⟨[𝑋̂, 𝑃̂]⟩|. The 

LIGO experiment used this to detect gravitational waves, with the squeezing parameter given by: 

𝜉 =
Δ𝑋squeezed

Δ𝑋standard

(9) 

Current experiments achieve squeezing of up to 15 dB, corresponding to ξ ≈ 0.18, which 

significantly enhances detection sensitivity. This improvement was crucial for detecting gravitational 

waves from black hole mergers billions of light-years away. 

3.3. Emerging Quantum Technologies 

3.3.1. Quantum Radar 

Quantum illumination is a protocol that uses entangled signal-idler photon pairs to detect a low-

reflectivity object in a noisy environment [7]. The signal photon is sent toward the target, while the 

idler is retained. Even if the entanglement is broken by noise, the quantum correlation provides a 

measurable advantage. The error probability for distinguishing between the presence or absence of a 

target can be shown to be: 

𝑃𝑒𝑟𝑟 ∝ 𝑒−𝑀κ𝑁𝑆/𝑁𝐵 (10) 

where 𝑀 is the number of modes used, 𝑁𝑆 is the number of signal photons per mode, 𝑁𝐵 is the 

number of noise photons per mode, and κ is the reflectivity. The quantum advantage persists even 

when 𝑁𝐵 ≫ 1, a regime where classical radar fails. This makes quantum radar particularly promising 

for detecting stealth aircraft or submarines, where conventional radar struggles with low reflectivity 

and high noise environments. The signal-to-noise ratio improvement follows: 

(
𝑆

𝑁
)

quantum

= (
𝑆

𝑁
)

classical

⋅
1

1 − η
(11) 
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where η represents the quantum advantage factor that can approach 2 in ideal conditions. Recent 

experimental demonstrations have shown quantum radar working at microwave frequencies, bringing 

this technology closer to practical applications in defense and security [8]. 

3.3.2. Quantum Batteries 

The concept exploits quantum collective effects to enhance charging power. For a quantum battery 

comprising 𝑁 independent cells, the maximum charging power scales classically as 𝑃𝑚𝑎𝑥 ∝ √𝑁 

[9]. However, if the cells are charged collectively while in a highly entangled state (e.g., a Dicke 

state), the power can scale linearly 𝑃𝑚𝑎𝑥 ∝ 𝑁 . This super-extensive scaling, described by 

Hamiltonians with all-to-all interactions 𝐻𝐶̂ = Ω(𝜎𝑡
+̂ + 𝜎𝑡

−̂), is a direct consequence of quantum 

coherence and entanglement. The charging speed enhancement can be quantified by the quantum 

advantage ratio: 

𝑄 =
𝑃𝑞𝑢𝑎𝑛𝑡𝑢𝑚

𝑃𝑐𝑙𝑎𝑠𝑠𝑖𝑐𝑎𝑙
∝ √𝑁 (12) 

For large N, this represents a significant improvement. Recent experiments with superconducting 

qubits have demonstrated this effect with up to 3 qubits, showing charging times that decrease faster 

than classical scaling would allow. The energy storage capacity also benefits from quantum effects, 

with the maximum extractable work given by: 

𝑊𝑚𝑎𝑥 = Tr(ρ𝐻) − min
𝑈

Tr (𝑈ρ𝑈+𝐻) (13) 

where ρ is the density matrix and H is the Hamiltonian [10]. This quantum advantage could 

revolutionize energy storage for portable devices and electric vehicles, though practical 

implementations face challenges in maintaining coherence at macroscopic scales. 

3.4. Quantum Cryptography and Secure Communication 

quantum key distribution, also known as QKD, represents a strong application of quantum 

mechanics in real life as well which secures the security channels [11]. In specific, the famous Ekert91 

protocol uses entangled pairs to encrypt the keys, and its security is guaranteed by Bell's theorem. 

The key rate for entanglement-based QKD can be expressed as: 

𝑅 = 𝑅𝑟𝑎𝑤 ⋅ (1 − τ − 𝑓(𝑒)ℎ(𝑒)) (14) 

where 𝑅𝑟𝑎𝑤 is the raw key rate, τ is the fraction of bits used for testing Bell's inequality, 𝑓(𝑒) is 

the error correction efficiency, and ℎ(𝑒) is the binary entropy function. Current systems achieve 

secure key rates of several megabits per second over distances exceeding 100 kilometers, with the 

Micius satellite demonstrating intercontinental quantum-secured communication [12]. The security 

stems from the monogamy of entanglement. If Eve tries to eavesdrop, she must break the 

entanglement, which is detectable through Bell inequality violations: 

𝑆 = |𝐸(𝑎, 𝑏) − 𝐸(𝑎, 𝑏′)| + |𝐸(𝑎′, 𝑏) + 𝐸(𝑎′, 𝑏′)| ≤ 2 (15) 

Any measurement by an eavesdropper reduces 𝑆  below the quantum maximum of 2√2 , 

revealing their presence. 

4. Conclusion 

This paper has traced the development of quantum entanglement from a theoretical concept to an 

essential resource in quantum technologies. The journey began with the EPR paradox, which 

questioned the completeness of quantum mechanics. Bell’s inequality later provided a testable 

framework to verify quantum nonlocality. Experimental violations of Bell-type inequalities were 

subsequently observed in multiple physical systems. These include photon pairs, trapped ions, and 

superconducting circuits. Such experiments conclusively confirmed the nonclassical nature of 
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entanglement. The translational impact of entanglement is now evident across various applications. 

Quantum teleportation has been successfully demonstrated over long-distance channels. 

Entanglement-enhanced metrology now achieves Heisenberg-limited sensitivity. This capability 

improves precision measurements in gravitational-wave interferometry. It also enhances nanoscale 

magnetic field imaging. Quantum radar protocols exploit entangled states to achieve superior signal-

to-noise ratios in high-noise environments. Quantum batteries utilize multipartite entanglement to 

improve charging efficiency and scaling properties. These technologies demonstrate scalable 

quantum advantages over classical counterparts. These developments highlight entanglement’s role 

across quantum information science. They also underscore its practical impact in quantum device 

engineering. What originated as a foundational debate now enables technologies that surpass classical 

limits. Entanglement has evolved from abstract concept to functional tool, shaping modern quantum 

engineering. 
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