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Quantum entanglement has emerged as one of the most intriguing and

revolutionary phenomena in quantum physics, offering unparalleled opportunities
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protocols, and the pivotal role of decoherence in limiting scalability. Furthermore,
the potential of entanglement swapping and multinode quantum repeaters is
assessed in the context of developing a global quantum internet. The findings
highlight both the immense promise and the persistent technical challenges that
must be overcome to transition from laboratory demonstrations to robust, real-
world quantum networks.

1. INTRODUCTION between them (Horodecki et al., 2009). This

The advent of quantum mechanics in the early
20th century revolutionized our understanding
of the physical world, introducing phenomena
that defied classical intuition. Among these,
quantum entanglement stands out as one of the
most intriguing and counter-intuitive. In an
entangled state, two or more particles share a
joint quantum description such that the
measurement outcome of one particle is
instantaneously correlated with that of the
other, irrespective of the spatial separation

property directly challenges the classical notion
of locality and realism, leading Albert Einstein
to famously describe it as “spooky action at a
distance” (Einstein, Podolsky, & Rosen, 1935).

Initially perceived as a theoretical oddity,
entanglement has since evolved into a
cornerstone of quantum information science,
driving the development of technologies such as
quantum teleportation (Bennett et al., 1993),
quantum dense coding (Mattle et al., 1996),
and  devicesindependent  quantum  key
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distribution (Acin et al.,, 2007). In particular,
entanglement-based communication protocols—
such as BBM92 (Bennett, Brassard, & Mermin,
1992)—leverage the intrinsic correlations of
entangled particles to guarantee cryptographic
security rooted in the laws of physics rather
than computational complexity (Gisin & Thew,
2007).

Recent experimental breakthroughs have
transformed entanglement from a delicate
laboratory curiosity into a practical resource for
emerging quantum networks. The realization of
satellite-based entanglement distribution over
1,200 kilometers by China’s Micius satellite
(Yin et al., 2017) and the development of
metropolitan-scale quantum  networks in
Europe and North America (Wehner, Elkouss,
& Hanson, 2018) highlight its growing viability
for real-world applications. These advancements
address the escalating global demand for ultra-
secure communications, distributed quantum
computing, and next-generation sensing
systems.

Despite  these  achievements, significant
challenges remain. Entanglement generation,
distribution, and preservation are hindered by
decoherence, photon loss, and environmental
noise, especially over long distances and in
complex network architectures (Pirandola et al.,
2020). Overcoming these limitations requires
advancements in quantum repeaters, errot-
correction techniques, and hybrid photonic-
matter interfaces. This paper provides an in-
depth exploration of the mechanics of quantum
entanglement, its role in  quantum
communication protocols, the technological
hurdles it faces, and the innovative solutions
currently under investigation.

2. Theoretical background

2.1 Definition and mathematical formulation
Quantum entanglement is a property of
composite quantum systems whose joint state
cannot be written as a tensor product of states
of the parts. For a bipartite pure state |{)) €
H A ® H_B, the Schmidt decomposition

guarantees there exist orthonormal bases

{lu_i)_A} and {|v_i)_B} and nonnegative real
coefficients A_i such that

[P)=iY Ailui)AQ|vi)B,

with Y _i A_i"2 = 1. For a two-qubit maximally
entangled Bell state one has, for example,
|W+)=21(I0A1B)+|1AOB)),

so that measurement on subsystem A
immediately determines the measurement
outcome statistics on subsystem B (nonclassical
correlations). Entanglement for mixed states p
is characterized through density matrices and
reduced states: p_A = Tr_B(p). For pure states
the entanglement entropy S(p_A) = —Tr(p_A
log p_A) is a canonical measure; for two qubits
one also commonly uses concurrence and
entanglement of formation — quantities with
closed forms in the 2-qubit case (Wootters) and
discussed in detail in standard reviews.

Important operational properties:

Monogamy: entanglement cannot be freely
shared; strong entanglement between A and B
limits entanglement with a third party.

Distillability and purification: noisy entangled
states can sometimes be distilled via LOCC
(local operations and classical communication)
into fewer, higherfidelity Bell pairs. The
theoretical framework for detection,
quantification and manipulation of
entanglement is mature and summarized in
review articles.

2.2 Bell’s theorem and CHSH inequality

Bell’s theorem gives an experimentally testable
distinction between quantum mechanics and
local realistic (hidden wvariable) models. The
Clauser-Horne-Shimony-Holt (CHSH) form
commonly used in experiments defines a
correlation parameter S built from four
correlation functions E(a,b) for measurement
settings a, a’ on Alice’s side and b, b’ on Bob’s
side:

S=E(a,b)+E(a,b")+E(a’,b)—E(a’,b).

Local realistic theories place the bound |S| < 2,
while quantum mechanics (for appropriate
measurement axes on a maximally entangled
pair) predicts up to |S| = 2vV2 (Tsirelson’s
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bound). Violations of the CHSH inequality in
experiments are the operational witness of
nonlocal quantum correlations and underpin
device-independent cryptography and
randomness certification. Loophole-free Bell
tests (closing locality, detection and freedom-of-
choice loopholes) have been performed with
photons, atomic spins and more recently
superconducting circuits, demonstrating robust
CHSH violations in realistic setups.

Why CHSH matters for communication:
entanglementbased QKD protocols (Ekert91)
use Bell tests to quantify the secrecy of
correlations in a device-independent manner: if
the measured correlations violate a Bell
inequality by a sufficient margin, an
eavesdropper  constrained by  quantum
mechanics cannot hold a correlated system that
gives her useful information without degrading
the Bell violation.

3. Experimental Realization of Entanglement
Entanglement has been realized experimentally
in various physical systems, with photons, ions,

Table 1: Comparison of entanglement generation platforms

and superconducting qubits being the most
widely studied platforms.

3.1 Photonic Entanglement via SPDC

One of the most common techniques for
generating entangled photons is Spontaneous
Parametric Down-Conversion (SPDC), a
nonlinear optical process in which a high-
energy pump photon interacts with a nonlinear
crystal (e.g., beta-barium borate, BBO) and
spontaneously splits into two lower-energy
photons—referred to as the signal and idler
photons (Kwiat et al., 1995). Depending on the
crystal configuration, SPDC can produce:
Type- entanglement - Both photons have the
same polarization.

Typell entanglement - Photons have
orthogonal polarizations.

In a typical experimental setup, the pump laser
is directed at the nonlinear crystal, and the
emitted photon pairs are collected using optical
fibers or freespace optics and sent to
polarization analyzers before detection.

Platform Physical Medium

Entanglement
Mechanism

Advantages Limitations

. Nonlinear optical crystal Room-temperature operation, Low  conversion
Photonic SPDC Photons p R P p ’

splitting long-distance transmission efficiency

Shared vibrational modes High fidelity, long coherence

Ion Trap Atomic ions Scalability issues

+ laser pulses time
Superconducting  Josephson Resonator-mediated Fast gate speeds, scalability Requires
Qubits junction circuits coupling potential cryogenics

In a typical experimental setup, the pump laser is directed at the nonlinear crystal, and the emitted photon pairs
are collected using optical fibers or free-space optics and sent to polarization analyzers before detection.
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Figure 1: Experimental SPDC setup

Figure 1: Experimental SPDC setup schematic showing pump laser, nonlinear crystal, optical collection paths,

and polarization analyzers.

3.2 Deterministic solid-state emitters: quantum
dots and color centers

Quantum dots (QDs). Semiconductor QDs can
operate as near-deterministic on-demand sources of
single photons and entangled photon pairs. Recent
droplet-etched GaAs QDs and nanowire QDs have
shown entanglement fidelities exceeding 0.95 while
offering wavelength tunability (Stark effect / strain
tuning) that helps match sources to telecom or chip
infrastructure — a desirable property for network
interoperability. QDs are promising for high-rate
point sources in metropolitan links and on-chip
integration.

Color centers (NV, SiV etc.). Color centers in
diamond provide spin qubits that can be optically
interfaced: a spin state can be entangled with an
emitted photon, and remote spin-spin entanglement
can be achieved via photonic Bell-state projection.
NV centers offer long-lived spin coherence and built-
in quantum memory functionality, making them
attractive repeater nodes. Practical challenges include
a relatively low fraction of photons emitted into the
coherent zero-phonon line and limited collection
efficiency; frequency conversion to the telecom band

is an active area of work that improves compatibility
with fiber networks. Field demonstrations have
shown solid progress toward modular quantum
repeaters.

3.3 Trapped ions, neutral atoms, and
superconducting qubits

Trapped ions and neutral atoms. Trapped-ion
platforms achieve extremely high-fidelity two-qubit
gates (>99% in many setups) and possess excellent
coherence times, making them optimal for quantum
memories and logical nodes in quantum networks.
Remote entanglement between spatially separated
ion traps (photon-mediated entanglement) has been
demonstrated with fidelities on the order of ~0.96
and entanglement rates that in optimized photonic-
link experiments can reach hundreds of Hz; neutral-
atom arrays have also demonstrated high-fidelity,
parallel entangling gates, making both classes good
candidates for quantum repeater nodes and
distributed computation.

Superconducting qubits. Superconducting circuits
are leading candidates for fast, scalable quantum
processors. They offer very fast gate times (tens of
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nanoseconds) and two-qubit gate fidelities
approaching or exceeding 99% in many systems.
Recent  experimental ~ work  has  extended
superconducting-platform demonstrations to the
realm of Bell tests and remote entangling operations
across cryogenic links; a loophole-free Bell violation
with superconducting circuits has also been reported,
demonstrating  the platform’s  maturity  for
nonlocality tests and system benchmarking. The
main limitation for longdistance  photonic
networking is that superconducting qubits operate at
microwave frequencies and require microwave-to-
optical transduction for fiber links — an active area of
research.

3.4 Satellite and long-distance distribution

Spaceborne quantum payloads overcome fiber loss
for continental/intercontinental links. The Micius
satellite demonstrated entanglement distribution to
ground stations separated by =1,200 km and
achieved entanglement-based QKD and teleportation
over previously inaccessible ranges. Link loss and
atmospheric ~ turbulence  remain  important
constraints for downlinks/uplinks; nonetheless
satellitee-mediated entanglement is pivotal for any
near-term architecture of a global quantum internet.

3.5 lon Trap Entanglement

Beyond photonic systems, trapped ions offer an
exceptionally high-fidelity platform for entanglement
experiments. In such setups, ions are confined in
electromagnetic traps and manipulated using
precisely tuned laser pulses. Monroe et al. (1995)
demonstrated entanglement between two ions by
exploiting their shared vibrational modes, enabling
quantum gates and controlled entanglement
generation. lon traps benefit from long coherence
times and high-fidelity measurement but are limited
in scalability due to trap complexity.

3.6 Superconducting Qubit Entanglement

In the field of quantum computing, superconducting
qubits have emerged as a leading candidate for
scalable quantum processors. These qubits are
implemented using Josephson junction circuits that
exhibit quantized energy levels. Entanglement
between  superconducting qubits is  typically
generated using microwave resonators or direct
capacitive/inductive coupling. Barends et al. (2014)
reported  high-fidelity entanglement operations
between transmon qubits, paving the way for multi-
qubit quantum algorithms.

4. Applications in Quantum Communication

4.1 Quantum Key Distribution (QKD)
Entangled-based QKD protocols like Ekert91 use
Bell tests to verify secure keys. This method surpasses
BB84 by being device-independent, relying on
quantum nonlocality rather than assumptions about
hardware.

4.2 Quantum Teleportation
Quantum teleportation transmits the quantum state
of a particle over arbitrary distances. The protocol
requires a shared entangled pair and a classical
channel:

¢ = o|0> + Bl 1>
Alice performs a Bellstate measurement; Bob
reconstructs the state using the measurement result.

5. Decoherence and Practical Challenges

Quantum systems are vulnerable to decoherence—the
loss of quantum information due to interaction with
the environment. The fidelity of entangled states
drops exponentially with time and distance. Error
correction codes (e.g., Shor Code, Surface Code) are
actively researched to maintain coherence in noisy
systems.
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Figure 2. Variation in entanglement fidelity as a function of transmission distance. The plot illustrates the
decline in fidelity due to photon loss, decoherence, and channel noise in fiber- and satellite-based quantum
communication systems. Data points represent simulated or experimental results, with error bars indicating
measurement uncertainty.

6. Quantum Repeaters and the Quantum Internet
Quantum repeaters are essential to extend
entanglement over long distances by breaking it into
smaller segments and applying entanglement
swapping. China’s Micius satellite has already
demonstrated  satellite-to-ground  entanglement
distribution (Yin et al., 2017), a milestone toward
global quantum internet infrastructure.

7. Future Perspectives

Advancements in entangled photon sources,
quantum memory, and satellite links are essential to
scale quantum networks. Integration with classical
infrastructure, standardization, and secure quantum
protocols will define the evolution of quantum
communication systems in the next decade.

8.Conclusion

Quantum entanglement has transcended its early
reputation as a mere quantum curiosity to become
the foundation of a revolutionary paradigm in secure
communication  and
Entanglementbased Quantum Key Distribution
(QKD), quantum teleportation, and entanglement
swapping are no longer just theoretical constructs—

information transfer.

they are active components shaping the blueprint of
a future global quantum internet. This technological
vision promises unprecedented levels of security,
computational collaboration, and real-time quantum
information exchange across vast distances.
Nonetheless, the path to full-scale implementation
remains challenging. Technical hurdles such as
decoherence, photon loss in long-distance fiber or
free-space channels, low entanglement generation
rates, and hardware scalability issues must be
addressed. Overcoming these barriers will require
advancements in quantum repeaters, error correction
protocols, and integration with existing classical
communication infrastructure. Moreover, continued
cross-disciplinary collaboration, combining insights
from physics, computer science, and engineering,
will be essential.

If these challenges are met, the practical realization
of quantum-entangled networks could redefine the
global communication landscape, enabling a level of
security and computational synergy far beyond the
reach of classical systems. The transition from
experimental setups to operational quantum
networks is not a question of if, but when.
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