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The Role of Quantum Optics in Next-Generation Secure Telecommunications

\TU
\‘A‘i‘" Te e

4

g«

e

N E’?I.q
>

Sols N

“IAtsuwe, Bernard Aondofa, 2Atser, Akpenongun Roy, *Gesa, Newton Felix and “Ahemen, Iorkyaa

"Department of Physics Education, Joseph Sarwuan Tarka University, Makurdi, Benue State, Nigeria.
’Department of Electrical/Electronics, Joseph Sarwuan Tarka University, Makurdi, Benue State, Nigeria.
3Department of Industrial Physics, Joseph Sarwuan Tarka University, Makurdi, Benue State, Nigeria.
“Department of Physics, Joseph Sarwuan Tarka University, P.M.B 2373, Makurdi, Benue State, Nigeria.

*Corresponding Author’s Email: atsuwe.bernard@uam.edu.ng

ABSTRACT

Quantum optics, the study of light and its interactions with matter at the quantum
level, has revolutionized modern telecommunications. By leveraging quantum
phenomena such as entanglement, superposition, and photon manipulation,
quantum optics enables ultra-secure communication, high-speed data transfer, and
novel computing paradigms. The integration of quantum technologies into
emerging communication infrastructures, particularly 6G networks, is becoming
increasingly critical for overcoming the inherent limitations of classical
communication and computation. In summary, quantum optics and quantum
information have profoundly influenced modern physics and technology, where
the field continues to bridge fundamental research and practical applications,
promising further innovations in the future. The exponential growth of data traffic
necessitates advancements in secure and high-speed communication technologies.
Classical telecommunications rely on electromagnetic waves, but quantum optics
introduces fundamentally new capabilities by exploiting quantum states of light.
This paper explores the fundamental principles of quantum optics, its applications
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QKD, in quantum key distribution (QKD), quantum teleportation, and quantum
Entanglement, repeaters, and its impact on next-generation telecommunications. We also
Quantum teleportation, discussed challenges and future prospects of the quantum optics in
Optical fibers. telecommunications.

INTRODUCTION on elegantly simple yet profound ideas and experiments

Quantum optics has evolved from a specialized area
within atomic, molecular, and optical physics into a
vibrant and interdisciplinary field that bridges multiple
branches of physics. Its growing prominence is largely
due to its central role in quantum information science and
its connections to ultra-cold quantum gases, which have
revealed fascinating links to condensed-matter physics.
Despite these advancements, quantum optics retains a
distinctive foundation of core principles, which this
concise paper aims to elucidate. At its heart, quantum
optics explores the most elementary quantum systems,
such as light and atoms with few energy levels. These
systems exemplify quantum mechanics in its purest form,
free from the complexities of larger-scale phenomena.
Remarkably, quantum optics often brings to life the
theoretical experiments envisioned by the pioneers of
quantum mechanics. For the foreseeable future, the field
will remain a cornerstone of quantum physics, centered

(Ulf, 2010).

A defining feature of quantum optics is the seamless
interplay between theory and experimentation. While
most literature focuses on theoretical concepts, many of
these ideas are rooted in experimental observations or
have, in turn, driven innovative experiments. Another
strength of the field lies in its accessibility to individual
researchers or small teams. A single scientist or a modest
group can design and conduct an entire experiment, while
a theorist can tackle significant problems with minimal
tools—sometimes just pencil and paper. As John A.
Wheeler aptly noted in Ulf, 2010 that "It is gratifying to
know that computers can solve the problem, but true
understanding comes from human insight." .

The year 1900 marked a pivotal moment in physics when
Max Planck proposed that the energy of the light field is
quantized. This groundbreaking idea laid the foundation
for quantum mechanics, which has since become a
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cornerstone of modern physics. The invention of the laser
in 1960 further revolutionized the field, providing a
precise tool for generating coherent monochromatic
light. This advancement propelled quantum optics
forward, driven by a synergy of experimental and
theoretical research. The contributions of Sir Peter
Knight, a trailblazer in quantum optics, known for his
pioneering work, influential reviews, and textbooks
(Knight, & Allen, 1983: Gerry, & Knight, 2005) is
regarded as being key to quantum optics. Quantum optics
has played a critical role in the advancement of quantum
technology and quantum information, with Knight being
one of its key architects. The field has enabled precise
tests of quantum mechanics, such as the observation of
"quantum jumps," which highlight the discontinuous
nature of quantum measurements (Cook, & Kimble,
1985: Knight, Loudon, & Pegg, 1986: Bergquist, Hulet,
Itano, & Wineland, 1986). Among its central concepts is
the coherent state, introduced by Schrodinger and later
expanded by Glauber and Sudarshan to analyze high-
order light coherences (Glauber, 1963: Sudarshan, 1963).
Squeezed light, which redistributes quantum noise
between quadratures, has also been instrumental, finding
applications in precision measurements like gravitational
wave detection and noiseless communication (Loudon, &
Knight, 1987: Asasi, etal., 2013: Yuen, & Shapiro,1978).
The Jaynes-Cummings model (JCM) (Jaynes,
&Cummings, 1963: Shore, & Knight, 1963), describing
the interaction between a two-level atom and a single
electromagnetic field mode, has been a powerful
framework for exploring nonclassical phenomena. For
instance, the quantization of the field leads to collapses
and revivals of Rabi oscillations, demonstrated in cavity
quantum electrodynamics (QED) experiments (Eberly,
Narozhny, &Sanchez-Mondragon, 1980: Rempe,
Walther, & Klein, 1987: Meekhof, Monroe, King, Itano
& Wineland, 1996). Information-theoretic studies of the
JCM revealed that a cavity field initially in a coherent
state evolves into a superposition state at specific
interaction times (Plenio, & Knight, 1998: Phoenix, &
Knight, 1988: Gea-Banacloche, 1990: Lv et al., 2017).
The exponential growth in the complexity of quantum
systems poses challenges for exact calculations,
prompting Richard Feynman to propose simulating such
systems using controllable quantum entities (Feynman,
1982). Superposition in qubits leads to entanglement,
enabling nonclassical information processing. Quantum
computing, for example, leverages these principles to
solve problems like integer factorization efficiently, as
demonstrated by Shor's algorithm (Shor, 1997). Quantum
mechanics also enhances secure communication; Bennett
and Brassard's 1984 protocol (Bennett & Brassard, 1984)
used superposition states of light to create a one-time pad,
a highly secure encryption method.

A major challenge in quantum technology is
decoherence, caused by unwanted environmental
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interactions. Research into Markovian and non-
Markovian open quantum systems has explored
decoherence  mechanisms. Knight and Plenio

investigated quantum decoherence using quantum jump
methods (Plenio, & Knight, 1998) and developed
strategies to mitigate it, such as phase control
(Paspalakis, & Knight, 1998) and decoherence-free
subspaces (Beige, et al, 2000]. Quantum error
correction, requiring extensive entangled resources
(Shor, 1995), and fault-tolerant quantum computation
(Steane, 1999) are also vital for overcoming decoherence.
Entanglement, a hallmark of quantum mechanics,
describes correlations where local systems may exhibit
more uncertainty than the global system. This
phenomenon, linked to the Einstein-Podolsky-Rosen
(EPR) paradox (Einstein, Podolsky, & Rosen, 1935), has
practical applications. For instance, Ekert's protocol
(Ekert, 1991) uses entangled states for secure key
distribution. Quantum teleportation, another application,
relies on entanglement to transmit quantum states, with
entanglement distillation protocols (Bennett, et al., 1996:
Bose, Vedral, & Knight, 1999) and swapping (Zukowski,
et al., 1993: Bose, Vedral, & Knight, 1998) enhancing its
feasibility. Knight and colleagues advanced the
quantification of entanglement (Ekert, & Knight, 1995:
Vedral, et al., 1997: Vedral, & Plenio, 1998: Lee, et al.,
2000), contributing to its theoretical understanding.
Atom optics, another branch of quantum optics, exploits
quantum coherence in atomic motion. Techniques like
Ramsey interferometry, based on atomic internal state
coherences, have led to atomic clocks and precision
sensors(Deutsch, 1985).

Quantum optics and quantum information have
profoundly influenced modern physics and technology,
with Sir Peter Knight's work being central to these
developments. The field continues to bridge fundamental
research and practical applications, promising further
innovations in the future. The exponential growth of
data traffic necessitates advancements in secure and high-
speed  communication  technologies. Classical
telecommunications rely on electromagnetic waves, but
quantum optics introduces fundamentally new
capabilities by exploiting quantum states of light. This
paper examines how quantum optics enhances
telecommunications through: Quantum Key Distribution
(QKD) for unbreakable encryption, Quantum
Teleportation for state transfer without physical
transmission, and Quantum Repeaters for long-distance
entanglement distribution. Quantum optics, a field that
explores the interaction between light and matter at the
quantum level, has revolutionized the field of
telecommunications. By harnessing the principles of
quantum mechanics, quantum optics enables the
development of advanced technologies that can
transform the way we communicate. Quantum optics is
based on the principles of quantum mechanics, which
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describe the behavior of particles at the atomic and
subatomic level. In the context of telecommunications,
quantum optics focuses on the manipulation of light,
specifically photons, to transmit information securely
and efficiently.

The rapid evolution of global telecommunications
demands security and efficiency beyond the capabilities
of classical systems. While classical cryptography and
signal processing have advanced considerably, they
remain vulnerable to computational breakthroughs and
eavesdropping. Quantum optics, rooted in the quantum
mechanical behavior of light, offers a paradigm shift by
exploiting properties such as entanglement and
superposition to achieve theoretically unhackable
communication and novel networking architectures.
Existing reviews often summarize quantum optical
principles and applications without critically addressing
the gap between theoretical promise and practical
implementation. This paper moves beyond mere
summarization to synthesize insights from the literature,
focusing on the challenges that hinder real-world

Table 1: Key Concepts in Quantum Optics (Field, 2025)
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deployment and the solutions proposed to overcome
them. We argue that the future of quantum
telecommunications depends not only on advancing core
technologies like QKD and quantum repeaters but also
on solving integration, scalability, and noise-related
issues.

Theoretical Foundations of Quantum Optics

Some key concepts in quantum optics according to
(Gisin, et al., 2002: Bell, 1964) include Quantization of
Light which is the idea that light is composed of discrete
packets, or photons, rather than being a continuous wave,
Wave-Particle Duality that entails the ability of light to
exhibit both wave-like and particle-like behavior,
Superposition which is the ability of quantum systems to
exist in multiple states simultaneously and Entanglement
that is the phenomenon where two or more quantum
systems become correlated in such a way that the state of
one system cannot be described independently of the
others.

S/N  Concept Description

1. Quantization of Light Light is composed of discrete packets, or photons

2. Wave-Particle Duality Light exhibits both wave-like and particle-like behavior

3. Superposition Quantum systems can exist in multiple states simultaneously

4. Entanglement Quantum systems become correlated in such a way that the state of one system

cannot be described independently of the others

Quantum Nature of Light
Light exhibits both wave-like and particle-like (photon)
behavior. Photons, the quanta of light, are fundamental to
quantum optical processes.
Some key quantum optical concepts include (Shor,

1997):
i. Photon Statistics: Described by Bose-Einstein
distribution.
ii. Coherent States: Laser light approximates coherent
states.

iii. Squeezed Light: Reduced noise in one quadrature at
the expense of another.
Initially, the quantum behavior of light can appear
peculiar and confusing. The duality of light existing as
distinct packets of energy, massless particles that carry
momentum, and fundamental entities exhibiting wave-
like properties can feel as fantastical as a narrative from
“Alice in Wonderland”. For numerous individuals,
delving into this physics discipline is as mesmerizing as
Lewis Carroll's renowned book. Reflecting on the
contributions of iconic figures and esteemed scientists
like Einstein, Planck, and Compton, examining light's
quantum character reveals a compelling story of how
intelligent interpretation of minor observations sparked
the most crucial scientific advancements of the past 150
years. From the electronics transformation of the

twentieth century to upcoming innovations in solar
power and space research, the quantum aspect of light
promises a domain of significant outcomes, housing
some of the most captivating realities of our era (Bouchee
et al., 2023).

Quantum Superposition

A quantum system can exist in multiple states
simultaneously until measured. In optics, this allows
photons to be in superposition states, enabling quantum
computing and communication protocols.

The concept of superposition in its initial quantum
physics form relates to waves, stemming from the
superposition principle established in mathematics for
solutions to a linear differential equation. Within
quantum mechanics, the mathematical framework for
quantum physics, abstract quantum states and their
superpositions are not always solutions of such an
equation. As a generalization of the principle proven for
linear differential equations, the quantum-mechanical
superposition principle is accepted as a fundamental
postulate. It is not derivable from more basic concepts
and therefore requires no proof. As per this principle, if a
quantum system can exist in one of two states, it can also
exist in a linear combination of these states. This
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combined state is also known as
superposition.( Guang-Liang, 2023)
Consequently, in general terms, quantum superpositions
can be classified into two types: the superposition of
waves, which originates from the mathematical
superposition principle for solutions of a linear
differential equation, and the superposition of abstract
quantum states. These quantum states can be linked to
either a single quantum entity or a system of multiple
quantum objects.

a quantum

Quantum Entanglement

When two or more photons become entangled, their
quantum states are intrinsically linked, regardless of
distance. This phenomenon is crucial for quantum
teleportation and secure communication. Entangled
photons exhibit correlated properties regardless of
distance, forming the basis for quantum communication.
The appearance of the combined term "quantum
entanglement" in published literature seems to trace back
to the mid-to-late 1980s (Ghirardi, et al., 1987). This
occurred several years after pioneering optical
experiments on quantum entanglement were conducted
by Aspect and colleagues in the early 1980s (Aspect, et
al., 1981, 1982a, 1982b). Currently, the domain of
quantum entanglement is vast and is approximately
separated into three primary subfields as: quantum
cryptography, quantum teleportation, and quantum
computing. Quantum communications falls under
quantum cryptography. On paper, based on citation
analysis, these subfields have been strongly shaped by
ideas and concepts originating from the philosophical
approach to quantum entanglement (Duarte, 2022).
Conversely, also from a citation perspective, recognition
of the physics-based path has been exceptionally limited
(Duarte, 2022). This near-total neglect has continued
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despite the critically important probability amplitude for
quantum entanglement, which was identified devoid of
philosophical debate: being reintroduced into the
mainstream quantum entanglement literature by
Greenberger et al. in 1990.

The evolution of quantum physics theory is highly
complex, as it encompasses the work of many different
physicists. Therefore, in addition to clarifying why faster-
than-light communication is unachievable, Yihe-Xue,
2021 moved further to propose theories on superposition
mechanisms. This he did because any deeper
investigation into contemporary quantum entanglement
theory demands a strong foundational knowledge. A
structured historical account can efficiently conserve
time and lower the probability of errors. For humanity to
advance further, deciphering the enigmas in quantum
physics is essential. Although quantum entanglement
cannot be utilized for faster-than-light communication,
its impact on other domains, such as information
encryption, remains highly significant ( Yihe-Xue,
2021).

Quantum entanglement is a unique occurrence that exists
solely within quantum physics. No analogous
phenomenon exists in the annals of classical physics. The
concept was initially introduced by Erwin Schrodinger
following the Einstein-Podolsky-Rosen paradox (Manik,
et al., 2019). Motivated by the thought that experiments
in the quantum Mechanical description of physical reality
can be considered complete (Albert, et al., 1935),
observed that after particles interact, they can only be
characterized as a unified whole, not as independent
entities; they become entangled. Spin is a particle
property that exhibits quantum entanglement. Therefore,
measuring spin is crucial for advanced quantum research
(Yihe-Xue, 2021).
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Figure 1: Quantum Entanglement (Manik, et al., 2019)

Beam Splitters and Interferometers

The beam splitter has served multiple functions across
various optics disciplines. For instance, in quantum
information science, it is crucial for teleportation, Bell

state measurements, entanglement generation, and
fundamental photon research. This is critical for
manipulating quantum states in optical circuits (Fig. 2).
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Figure 2: (a) Schematic Diagram of the Mach-Zehnder Interferometer
with a Quantum Beam Splitter BS2. (b) The Quantum Circuit that
Describes the Evolution of the Ancilla and the Photon in the
Interferometer (Filgueiras, et al., 2012)

No-Cloning Theorem

Quantum information cannot be perfectly copied,
ensuring security in quantum communication by
preventing eavesdropping. These principles form the
foundation for advanced quantum communication
technologies.

Quantum Optical
Telecommunications
Quantum Key Distribution (QKD)

Quantum Key Distribution (QKD) leverages quantum
optics to enable ultra-secure communication. The most
well-known protocol, BB84, uses polarized photons to
generate encryption keys.

Quantum key distribution (QKD) is a component of
quantum cryptography. It refers to a collection of
protocols that enable the expansion of an initial secret
key, shared solely by the two communicating parties, into
a larger key. Given reasonable assumptions, the
information leakage to external parties from the newly
generated bits can be constrained as narrowly as needed,
thereby offering a method for secure symmetric key
generation. Apart from correct protocol execution, the
assumptions are confined to the implementation's
physics: (i) the participants' equipment does not leak
information externally (i.e., a security perimeter exists),
a standard prerequisite for any cryptosystem; (ii) both
participants can access a genuine randomness source,
such as a properly implemented quantum random number
generator (QRNG); and (iii) the known laws of quantum
mechanics are universally applicable, thus limiting any
potential adversaries (Scarani, 2009). In this regard,
QKD security is grounded in physical laws. QKD

Technologies in

protocols are therefore provably absolutely secure in a
mathematical sense, a point we will elaborate on later. No
imaginable attack, whether classical or quantum, could
compromise the system, regardless of the resources
employed. This stands in contrast to other modern key
distribution protocols that rely on mathematically
unverified assumptions for their security. A key example
is the widely used Diffie-Hellman protocol, which
depends on the computational difficulty of the discrete
logarithm problem for security. If the computational
complexity is actually lower than presumed, the
algorithm would be rendered ineffective, and any past
Diffie-Hellman exchange could be decoded, including
historical ones. Indeed, the standard computational
complexity assumption for this problem fails in the
quantum realm. A quantum computer could break Diffie-
Hellman and other prevalent protocols like RSA and
elliptic curve cryptography using Shor's algorithm (Shor,
1994: Shor, 1997). Algorithms that can be executed more
efficiently on a quantum computer than on classical ones
form the subject of quantum computing. Classical
algorithms designed to resist Shor's algorithm, or
quantum computing in general, are the focus of post-
quantum cryptography.

QKD protocols necessitate the capability to generate,
control, transmit, and detect signals at the quantum level.
This constitutes a highly challenging technology, though
the transition to real-world application was relatively
swift. It was first demonstrated in a laboratory as a proof
of concept in 1989 (Bennett, & Brassard, 1989) and
became a commercial product as early as 2002 ( ID
quantique, ND). Since then, it has been deployed in
practical scenarios numerous times, including within
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classical communication networks, and several firms
market QKD devices in the security industry. The
principal distinctions between QKD and equivalent
algorithms (i.e., symmetric key) in traditional
cryptography are that it addresses the secret key
agreement problem in an unconditionally secure manner
(under the aforementioned assumptions). QKD
accomplishes this, however, by requiring a quantum
channel—a communication link capable of transmitting
quantum correlations—that must be physically
established between the two parties (Vincente, Jesus, &
Momtchil, 2016). It also needs an authenticated classical
channel with integrity protection, but this is readily
available in modern communication infrastructures. In
comparison, the conventional method of secret key
distribution only requires an algorithm (e.g., Diffie-
Hellman) operating on a computer and an accessible
classical communication channel. Cryptographically, a
pair of QKD systems can be viewed as a seeded,
distributed, and correlated randomness source, with the
additional assurance that only a limited, controllable
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amount of information is leaked outside the security
boundaries of the two legitimate parties. Another
perspective is to see it as an extension of the security
perimeter of the two parties' devices to include the
connecting communication line. QKD Works in such a
way that a sender (Alice) transmits photons in random
polarization states, a receiver (Bob) measures the photons
using randomly chosen bases and eavesdropping (by
Eve) disturbs the quantum states, alerting Alice and Bob
to potential interception (Vincente, Jesus, & Momtchil,
2016).

The advantages of QKD amongst others are:
Unbreakable Security Based on quantum principles,
QKD detects any intrusion, Future-Proof Resistant to
attacks from quantum computers e.t.c. Real-world
implementations include China’s Micius satellite and
commercial QKD networks by companies like ID
Quantique and Toshiba. QKD enables secure
communication using quantum principles: BB84
Protocol: Uses polarization states for key exchange. E91
Protocol: Relies on entangled photons.
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Figure 3: Framework of the Quantum key Distribution (QKD) Network (Tsai,2021)

Quantum Key Distribution (QKD) principles, their
accompanying challenges and solutions are summarized
as:
i. Principle: Uses
eavesdropping.

quantum states to detect

Table 2: Comparison of QKD Protocols (Field, 2025)

ii. Challenges: Limited transmission distance, high
cost, integration with existing infrastructure.
Solutions: Satellite-based QKD (e.g., Micius),
hybrid classical-quantum networks, improved
photon sources and detectors.

iil.

S/N_ Protocol Basis Used Security Mechanism
1. BB84 Polarization Heisenberg Uncertainty
2. E91 Entanglement Bell’s Theorem
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Quantum Teleportation

For many, quantum physics is among the most
captivating yet baffling areas of modern physics. Despite
its counter-intuitive nature, quantum physics is
anticipated to greatly influence the technologies
underpinning our future communication and online
security (Wehner, Elkouss & Hanson, 2018: Wei S-H et
al 2022: Sridhar, Ashwini &Tabassum, 2023). From the
many quantum physics ideas, quantum teleportation is
one of the most compelling. This procedure is vastly
different from matter teleportation, a notion popularized
by wvarious fictional gadgets like the “Star Trek”
transporter (Krauss, 1995). Matter teleportation involves
moving people or objects between locations, which is not
feasible with our present comprehension of physical
laws. (Fitzgerald, Emonts, & Tura, 2024).

Quantum teleportation, however, is achievable, and
unlike fictional matter teleportation where atoms and
molecules are relocated, it is used to transfer quantum
information between two sites over distances of 1000 km
or more (Yin et al, 2017). In the future, quantum
teleportation will be instrumental in creating quantum
networks, a prerequisite for more complex algorithms
like quantum key distribution, a core protocol for
quantum-secure communication (Bennett, & Brassard,
2014: Zapatero et al., 2023). Hence, it is vital that the
basics, potential, and constraints of quantum
teleportation are communicated clearly and innovatively
to the upcoming generation of quantum physicists in
schools (Singh, Levy, & Levy, 2022) and that instructors
receive adequate training to support this (Sutrini et al.,
2023). The second quantum revolution, which foresees
progress in communication (partly based on quantum
teleportation), sensors, computers, and simulations,
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"poses new challenges for the new emerging workforce
who will develop these quantum technologies or work
with them" (Greinert et al., 2023). However, tackling the
technical obstacles is only one aspect. There are many
challenges in educating students initially, such as
securing qualified teaching staff and addressing
insufficient financial investment in essential educational
infrastructure and equipment (Aiello er al, 2021).
Moreover, there is a pressing need for this education as
quantum physics increasingly permeates daily life,
especially given the prevalence of pseudo-knowledge
and misinformation (Introne et al., 2018), which has also
impacted quantum science (Meyer et al., 2023). Quantum
teleportation allows the transfer of quantum states
between distant particles using entanglement.

Process of Quantum Teleportation

i. Entanglement Distribution: Two entangled photons
are shared between sender (Alice) and receiver
(Bob).

ii. Bell-State Measurement: Alice performs a joint
measurement on her photon and the quantum state
to be teleported.

iii. Classical Communication: Alice sends
measurement results to Bob via a classical channel.

iv. 4. State Reconstruction: Bob applies corrections to
his photon to replicate the original quantum state.

Applications in Telecommunications

Enables secure quantum networks and Facilitates long-
distance  quantum  communication. Quantum
teleportation transfers quantum states between distant
nodes using entanglement and classical communication
(Figure 2). ( Fitzgerald, Emonts & Tura, 2024)

Quantum Teleportation Protocol

Alice Bob
U4 )
(a) @
@ @ Quantum Channel @
BSM U=

j=a,b,c,ord

d o
Classical Channel

Figure 4: A schematic Demonstration of the Quantum Teleportation Protocol

Figure 4 shows a schematic demonstration of the
quantum teleportation protocol. The circles represent
particles, the solid line represents the quantum
communication channel (entanglement), and the dashed
line represents the classical communication channel. In
the (a) above, Alice and Bob Initially share some

entanglement via particles 1 and 2. Alice has a third
particle in which a quantum state [1[]is encoded. While
in (b) Alice subjects particles 2 and 3 to a Bell-state
measurement (BSM), which generates two bit of classical
information j, that distinguish between the four possible
measurement outcomes. Alice communicates this
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information to Bob using a classical channel, whereupon
Bob uses his knowledge of j to apply the appropriate
unitary operator Uj and ensure his particle now encodes
the state [ | (Travis, 2014).
The principles, challenges
summarized as:
i. Principle: Transfers quantum states
entanglement and classical communication.
ii. Challenges: Fidelity loss, decoherence, need for
quantum memory.
iii. Solutions: Entanglement purification advanced
Bell-state measurements, error correction codes.

and solutions can be

using

Quantum Repeaters

Quantum repeaters are instruments that increase the
distance of quantum channels. They do this by
disseminating entangled states among far-apart nodes of
a quantum network. Entanglement acts as a resource for
long-range quantum communication. A comprehensive
quantum network using quantum repeater technology is
built by combining and linking numerous short-range
quantum communication segments. These individual
short-range links are each precisely adjusted to be shorter
than the attenuation length of the quantum
communication channel (Das, Rahman, & Majumdar,
2021). The quantum repeaters are situated as
intermediate units between nodes of neighboring links,
effectively connecting two communication segments.
The quantum repeater executes entanglement swapping
between nodes of adjacent links, thus generating
entanglement between the endpoints of these links. This
procedure is repeated across the whole transmission path,
finally resulting in the entanglement of the sender and
receiver nodes (Ruihong, & Ying, 2019: Gisin, & Thew,
2007). As a result, a strong quantum communication link
is formed between them, enabling direct, secure, and
effective quantum communication. This capacity to
prolong quantum entanglement over large distances is
crucial for the real-world application of quantum
communication and quantum key distribution globally.
The key elements of a quantum repeater include:
quantum entanglement switching for exchanging
entangled states between nearby nodes, quantum
memory for storing quantum states for efficient retrieval
when needed, and quantum entanglement purification for
improving the quality of the entangled states. These
elements face some constraints due to flaws in the source
of entangled particles, the quantum operations, and the
connecting communication channels (Herbstet et al.
2015). Notwithstanding these constraints, quantum
repeaters have been shown to work in experiments, like
those by Herbst et al., 2015 that employed a quantum
repeater to teleport an entangled state, a photon, between
La Palma and Tenerife in the Canary Islands, a distance
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polarization-entangled photon pairs produced in two
separate spontaneous parametric down-conversion
(SPDC) sources employing a non-linear crystal, “B”-
barium borate (BBO) (Herbst et al. 2015).

The quantum entanglement purification protocol is a vital
element in quantum repeaters and is needed for first-
generation or near-future  quantum  repeaters
(Muralidharan et al., 2016). It is the method of refining
high-quality  entanglement  from  lower-quality
entanglement. Its purpose is to guarantee that entangled
states retain high fidelity during transmission (Bennett et
al., 1996), thereby offsetting the fidelity loss caused by
noise or flaws in the communication channel. The two
purification methods used in this study are: Bennett's
protocol (Bennett et al., 1996) and Deutsch's protocol
(Deutsch et al., 1996). Performance factors evaluated for
the purification protocols include the fidelity of the
purified Bell pair and the success probability (Krastanov,
Albert, & Jiang, 2019). All protocols aim to produce
shorter circuits that attain higher success rates and better
final fidelity (Krastanov, Albert, & Jiang, 2019).
Quantum repeaters are essential for future quantum
communication technologies like the quantum internet
(Briegel et al. 1998: Gisin, & Thew, 2007). They will
increase the range of transmission links to a global, inter-
continental scale, driving the future of a worldwide
quantum network. A significant effort in this area
involves attempting to integrate quantum repeaters into
current optical fibre infrastructure (Rabbie et al., 2022).
Experiments, such as those by Hu et al., 2021 where they
effectively disseminated a pair of polarization-entangled
states over a notable 11 km distance using noisy
multicore fibre cables (Hu et al. 2021), build assurance in
the viability of setting up quantum communication links
within existing optical fibre systems. However, realizing
practical, full-scale quantum repeaters in the real world
remains a major technological hurdle. Considerable
ongoing research is examining both the individual parts
and the complete architecture of quantum repeater
systems.

This research details the full-scale architecture of a
quantum repeater, designed and realized using quantum
circuits run on a quantum computer. We employed this
quantum repeater implementation to investigate quantum
entanglement purification (Mugambi, & Okeng'o, 2023).
A major challenge in quantum communication is
photonic loss over long distances. Classical optical
repeaters amplify signals, but quantum signals cannot be
copied due to the no-cloning theorem. How Quantum
Repeaters Work: Use entanglement swapping to extend
entanglement over long distances. Employ quantum
memory to store and retrieve quantum states. Benefits of
quantum repeaters in telecommunications include,
Extending the range of quantum networks beyond direct

of roughly 143 km (Herbst et al., 2015). The fiber limits (~100 km) and it is essential for a global
entanglement swapping experiment utilized two  quantum internet amongst others.
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Summarily, quantum repeaters can be presented in the

form as:

i. Principle: Extend entanglement range via swapping

and purification.

ii. Challenges: Photon loss in
entanglement distribution,
coherence time.

fibers,

slow
quantum memory
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Solutions: Multi-node networks, atomic ensemble

memories, all-photonic repeaters.

Critical Challenges and Synthesis of Solutions
The following table summarizes major challenges and
solution pathways derived from the literature:

Table 3: Major Challenges and Solution Pathways Derived from Literature

S/N  Challenge Category  Specific Issues Proposed Solutions Research Gaps

1. Technical Limitations Photon loss, Squeezed light, improved Long-lived quantum
decoherence, low single-photon detectors, memory, high-rate
detector efficiency fault-tolerant designs entanglement sources

2. Scalability & Cost Expensive hardware, Modular quantum repeaters, Cost-effective QKD

limited
network integration

range,

chip-based photonics, shared
infrastructure

systems, scalable quantum
network protocols

3. System Integration Compatibility ~ with Hybrid networks, software- Interoperability standards,
classical  networks, defined quantum networking quantum-classical
standardization interface design

4, Security Assurance Side-channel attacks, Device-independent QKD, Real-world attack
implementation flaws  security certification resilience, quantum

frameworks firewall development

Impact of Quantum Optics on Next-Generation
Telecommunications

Quantum optics is revolutionizing telecommunications in
several ways:

i. Ultra-Secure Communication: QKD ensures
military-grade security for governments, banks, and
enterprises.

ii. High-Speed Quantum Networks: Quantum
entanglement enables faster-than-classical

information transfer in distributed systems.

iil.

iv.

Quantum Internet: A future global quantum internet
could connect quantum computers and sensors with
unprecedented efficiency.

Post-Quantum Cryptography: Quantum-resistant
encryption methods are being developed to counter
future quantum hacking threats.

Photons degrade in optical fibers; quantum repeaters
extend entanglement distribution via entanglement
swapping (Fig. 4).
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Figure 5: A schematic Diagram of the Entanglement Swapping Process

Role of Quantum in  Advanced
Telecommunications
Quantum optics plays a crucial role in advanced
telecommunications by enabling (Gisin et al., 2002:
Krijfenburg-lewerissa, Brinkman, & Joolingen, 2017):
i. Secure Communication: Quantum cryptography,
also known as quantum key distribution (QKD),
uses quantum optics to create  secure

communication channels. QKD relies on the

Optics
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principles of quantum mechanics to encode and
decode messages, making it virtually un-hackable.
Quantum Telecommunication Networks: Quantum
optics enables the development of quantum
telecommunication networks, which can transmit
quantum information over long distances. These
networks have the potential to revolutionize the way
we communicate, enabling secure and efficient
communication over long distances.

NJP VOLUME 35(1)



NIGERIAN JOURNAL OF PHYSICS

The Role of Quantum Optics in Next... Atsuwe et al., NJP
Table 4: Comparison of Quantum Optics-Based Systems and Classical Systems
S/N  Feature Quantum Optics-based Systems Classical Systems
1. Security Enhanced security through quantum cryptography ~ Vulnerable to hacking and
eavesdropping

2. Efficiency
3. Reliability

Potential for faster data transmission rates
Potential for more reliable data transmission

Limited by classical physics
Prone to errors and interference

Applications of Quantum

Telecommunications

Quantum optics, a branch of physics that deals with the

behavior of light and its interactions with matter at the

quantum level, has numerous applications in
telecommunications. It has a wide range of applications
where by harnessing the principles of quantum
mechanics, quantum optics can enable advanced
telecommunications systems that are more secure,
efficient, and reliable. As research and development in
this field continue to advance, we can expect to see
widespread adoption of quantum optics-based systems in
telecommunications. Some of the key applications of
quantum optics in telecommunications include (Nielsen,

& Chuang, 2010):

i. Quantum Key Distribution (QKD): One of the most
significant applications of quantum optics in
telecommunications is Quantum Key Distribution
(QKD) (Gisin et al., 2002). QKD uses quantum
optics to create secure communication channels,
enabling secure data transmission over long
distances. QKD systems rely on the principles of
quantum mechanics to encode and decode
messages, making them virtually un-hackable.

ii. Quantum Cryptography: Quantum optics enables
secure communication channels, making it ideal for
sensitive data transmission (Nielsen, & Chuang,
2010). Quantum cryptography, which uses quantum
optics to encode and decode messages, provides an
additional layer of security for data transmission.
This is particularly important for applications such
as financial transactions, military communications,
and sensitive data transfer.

iii. Optical Quantum Memory: Optical quantum
memory is a critical component of quantum
telecommunication networks, enabling the storage
and retrieval of quantum information (Bennett, &
Brassard, 1984). This technology has the potential
to enable the development of quantum repeaters,
which can extend the range of quantum
communication systems.

iv. Quantum Computing: Quantum optics is used to
develop quantum computers, which have the
potential to solve complex problems that are beyond
the capabilities of classical computers.

v. Quantum Cryptography: Quantum -cryptography
uses quantum optics to encode and decode
messages, making it virtually un-hackable. This
technology has numerous applications in secure

Optics in

communication, including secure data transmission
over long distances.

vi. Quantum Telecommunication Networks: Quantum
optics enables the development of quantum
telecommunication networks, which can transmit
quantum information over long distances (Ladd et
al., 2010). These networks have the potential to
revolutionize the way we communicate, enabling
secure and efficient communication over long
distances.

vii. Spectroscopy: Quantum optics is used in
spectroscopy to study the properties of atoms and
molecules. By understanding the principles of
quantum optics, we can develop new technologies
and applications that take advantage of the unique
properties of light at the quantum level.

Benefits of Quantum Optics in Telecommunications
The benefits of quantum optics in telecommunications
include:

i. Enhanced Security: Quantum optics enables secure
communication channels, making it ideal for
sensitive data transmission.

ii. Increased Efficiency: Quantum optics can enable
faster data transmission rates, making it ideal for
high-speed data transfer applications.

iii. Improved Reliability: Quantum optics can enable
more reliable data transmission, reducing errors and
improving overall system performance.

Quantum Optics Experiments
Some notable quantum optics experiments include (Ladd
et al., 2010):

i. Double-Slit Experiment: A classic experiment that
demonstrates the wave-particle duality of light.

ii. Hong-Ou-Mandel Experiment: An experiment that
demonstrates the phenomenon of quantum
entanglement.

iii. Quantum Eraser Experiment: An experiment that
demonstrates the ability to retroactively change the
outcome of a measurement.

Quantum Optics Technologies
Some notable quantum optics technologies include:

i. Lasers: Lasers are a key technology in quantum
optics, enabling the manipulation of light at the
quantum level.

ii. Optical Fibers: Optical fibers are used to transmit
quantum information over long distances.
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iii. Photo detectors: Photo detectors are used to detect
and measure the properties of photons.

Challenges and Future Directions

Challenges: While quantum optics has the potential to
revolutionize telecommunications, there are several
challenges that need to be addressed. These include:

i. Scalability: Quantum optics-based systems need to
be scalable to be practical for widespread adoption.

ii. Cost: Quantum optics-based systems are currently
expensive, making them less competitive with
classical systems.

iii. Interoperability: Quantum optics-based systems
need to be interoperable with existing classical
systems.

iv. Photon Loss and Decoherence: Optical fibers
attenuate quantum signals over long distances.

v. Technological Limitations: High-precision
quantum detectors and memories are still under
development.

vi. Noise and Error Correction: Quantum optics-based
systems are prone to noise and errors, which need
to be corrected.

vii. Quantum Control: Maintaining control over
quantum systems is essential for practical
applications.

Future Prospects

i. Satellite-Based ~ QKD: Expanding  secure

communication via satellites (e.g., China’s Micius).
ii. Hybrid Quantum-Classical Networks: Integrating
quantum and classical systems for practical
deployment.
iii. Advances in Quantum Repeaters: Overcoming
distance limitations for global quantum networks.
iv. Integrated Photonics: Scalable quantum chips.

Future Research Directions
Based on our synthesis, the following areas present
significant opportunities for original research:

i. Development of Long-Coherence Quantum
Memories: Materials and designs that extend
storage time beyond milliseconds are critical for
practical quantum repeaters.

ii. Integrated Quantum Photonics: On-chip quantum
light sources, detectors, and circuits to reduce cost
and improve scalability.

iii. Quantum Network Protocols: New protocols for
routing, error management, and network discovery
in large-scale quantum internet.

iv. Post-Quantum Hybrid Systems: Integration of QKD
with post-quantum cryptographic algorithms for
layered security.

v. Standardization and Certification: Establishing
global standards for quantum communication
hardware and software.

Atsuwe et al.,
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CONCLUSION

Quantum optics is a rapidly advancing field that has
revolutionized our understanding of light and its
properties. From quantum computing to quantum
cryptography, quantum optics has enabled the
development of many new technologies and applications.
As research and development in this field continue to
advance, we can expect to see widespread adoption of
quantum optics-based systems in a wide range of fields.
Quantum optics is transforming telecommunications by
enabling ultra-secure, high-speed, and long-distance
quantum communication. From QKD and quantum
teleportation to quantum repeaters, these technologies are
paving the way for a quantum internet. Quantum optics
has numerous applications in telecommunications,
including secure communication, quantum
telecommunication networks, and optical quantum
memory. By harnessing the principles of quantum
mechanics, quantum optics enables the development of
advanced telecommunication systems that are more
secure, efficient, and reliable. Despite challenges like
photon loss and scalability, ongoing research and
technological advancements promise a future where
quantum communication becomes mainstream. As
research and development in this field continue to
advance, we can expect to see widespread adoption of
quantum optics-based systems in telecommunications
and as we move toward next-generation networks,
quantum optics will play a pivotal role in shaping the
future of global telecommunications.
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