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Abstract: Quantum cryptography is a development that is crucial in improving cybersecurity, because it is
based on quantum mechanics concepts and can be used to produce genuine random numbers, which are
important in a strong cryptography. The abstract summarizes the findings of 30 major researches, which
discuss different quantum random number generators (QRNGs) and their use in securing digital
communications.

The emergent distinction between QRNGs and classical pseudorandom number generators is noted in many
studies pointing out the novel properties of quantum mechanics to generate indeed random numbers [1][2].
It is important to note that research highlights the need to have device-independent and semi-device-
independent QRNG protocol that would offer security guarantees against adversarial tampering without
requiring the security of the used devices [3][4].

Additionally, information that is known about entropy sources, approaches to extracting randomness, and
the rigorous statistical justification [5][6] of high-quality RNG confirms that such RNG can be even more
important in cryptography and information security. The enhanced method of public verification and
combination of QRNGs and cloud services have bright prospects in a number of services in the finance and
data privacy industry [7][8].

To sum up, quantum technologies will become even more diversified on an ongoing basis, and their
implementation into cybersecurity systems can serve as an even stronger protection against new threats,
which is why it is impossible to overestimate the role of quantum technologies in the security of the future
of digital communications [9][10].

Index Terms: Quantum Random Number Generator, Cryptographic Security, Quantum Key
Distribution, Randomness Bias, QRNG Limitations.

I Introduction

At a time when cyber security matters most, random number generation comes up as one of the
pillars in cryptography and secure communications. High-quality randomness is very essential and is
essential in providing key generating activities, where it is expected to be unpredictable and resilient against
an attacker. Deterministic algorithms In some traditional random number generators (RNGs), which
generate sequences that are deterministic (although upon inspection the generated sequence may be
random), the sequence is always predictable since the algorithm used to generate the sequence depends on
an initial seed. This predictability is a major threat especially in cryptographic uses where encryption
procedure can only be secure in case the keys are not predictable [1][2].
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This should be compared to quantum random number generators (QRNGS) in which the uncertainty
inherent to quantum mechanics is utilized to provide real randomness. Vacuum fluctuations and photon
detection are some examples of the phenomena used by quantum RNGs to generate an unpredictable
outcome that is free of any biasness that is inherent in classical methods [3][4]. As opposed to pseudo-
random number generators, whose mathematical functions can in many instances be duplicated then
replicated using algorithmic creation, QRNG offers a security level that is necessary in an environment that
is becoming ever more vulnerable to the potentialities of quantum computing [5][6].

The surrounding environment of this trend is the need to find more randomness, in particular, in the area of
post-quantum cryptography (PQC) the role of QRNGs increases. Not only are these generators able to
provide rates of secure random numbers generation high enough to be practically useful, but also are able
to resist the pressure of a host of statistical tests, which makes these generators utterly important in
establishing secured communications [7][8]. This paper is a synopsis of the nature and performance of
QRNGs especially on how it will be implemented and the effects of operational imperfection to generated
randomness, thus advancing greater insight to effecting cryptographic security.

Il Literature Review

Evolution of Random Number Generators

Classic random number generators (RNGs) have long been based on deterministic algorithms which
generate seemingly randomly generated sequences that turn out to be predictable given the initial state (or
even the algorithm). Such pseudorandom number generators (PRNG) lack the actual randomness needed
to apply to cryptography modes exploitable by an adversary (Quantum Randomness in Cryptography--A
Survey, [19]). To eliminate this, the classical systems were developed to utilize the physical sources of
entropy, e.g. thermal noise, which are however plagued by environmental biases and the problem of
repeatability (Entropy and Randomness, [15]).
There was a paradigm shift when quantum random number generators (QRNGS) were invented, to take
advantage of the underlying quantum indeterminacy to generate truly unpredictable outputs. Photons-based
schemes became the early QRNG implementations where single photons found their at probabilistic paths
at beam splitters resulting in binary outcome generation (Quantum Random Number Generation, [8]). Later
advances put forward such techniques as homodyne and heterodyne detection that utilize the vacuum
fluctuations and phase noise to achieve even faster speeds and even smaller designs (Quantum Generators
of Random Numbers, [2]). More modern developments entail source-device-independent methods with
rates up to 17 Gbps (Source-Device-Independent Heterodyne QRNG, [4]), squeezing operations and time-
of-flight measurements in order to provide greater randomness extraction (Quantum Randomness Through
Squeezing, [16]; Characterizing QRNG Efficiency, [30]).

Applications in Cryptography

Such cryptographic systems, which require keys with high entropy, have now become incomplete
without QRNGs. Specifically, the protocols of Quantum Key Distribution (QKD) such as BB84 are based
on the unpredictability of quantum states to ensure the protection against any eavesdropping; any
subsequent attempt at intercepting or measuring quantum states creates disturbances that may be detected
(Certified QRNG Based on Single-Photon Entanglement, [18]). Differential studies have shown the QRNG
to be usable as an addition to a QKD network, both over optical fibre and satellite channels, which represent
its practical cryptographic application ( Optical Fibre-Based QRNG, [17]).
QRNGs are also used in public infrastructures of randomness in addition to secure key generation.
Examples are cloud platforms where quantum sources are incorporated to provide strong random seeds
applicable to a wide range of security services, e.g., the quantum cloud project of Alibaba ( Quantum
Random Number Cloud Platform, [13]). The goal of these directions is to provide provably-trustworthy
randomness to select applications like secure transaction, lotteries and publicly-verifiable randomness
beacons (QRNGs with Entanglements to Make them Publicly Testable, [23]).
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Security Evaluation

Although QRNGs in theory guarantee perfect randomness, real-world based QRNGs are vulnerable
to corruption and external factors. The mismatch of detector efficiency or custom blinding attacks, are only
some of the device-level vulnerabilities that are a security threat ( Source-Independent QRNG Against
Detector Attacks, [20]). Subtly, environmental noise may also pose some biases to effect the quality of
randomness unless proper calibration is done (Practical Security of Continuous-Variable QRNG, [3];
Security Improvement for Source-Independent QRNG, [25]).

As a means to protect against them, statistically strict validation schemes have been constructed.
Commonly used standard test suites are NIST SP 800-22 and Dieharder, which are used to test the statistical
uniformity and independence of the generated sequences ( Advanced Statistical Testing of QRNGs, [28]).
These tests have been confirmed to be passed by many of the current QRNG models even though long-term
stability is under research (Testing Behavioral Stability of QRNGs, [29]). Certification proposals, such as
proposals of formal standards on the ETSI and ISO projects, attempt to set an international standard, but
these protocols are currently in infant stages (Novel Certification for QRNGs, [11]).

Research Gaps

Although there is a significant progress, research on QRNGs has important gaps that need to be
filled in before it can become mainstream. Top of these reasons is the fact that there is no universal standard
or certification procedures of QRNG hardware that make embedding in regulated security systems a
difficult task ( Security of Private Randomness Generation, [26]). Moreover, the majority of the current
QRNGs are not device-independent, i.e., they have the degree of security of trusting both the manufacturer
and the integrity of the device ( Device-Independent QRNG, [12]; Quantum RNG with Untrusted Sources
[21]).
There is also the issue of scalability and real time performance. During this dynamically changing process
of cryptographic systems to manage the enormous data transmission flows, the throughput of QRNGs
would have to evolve in ways which does not compromise the statistical quality (Improved Real-Time Post-
Processing for QRNGs, [10]). New post-processing algorithms and hybrid schemes: quantum randomness
mixed with classical sources of entropy promise to correct these problems (Machine Learning Cryptanalysis
on QRNGs, [22]). Nevertheless, the following studies should focus on creating sound, fast, bias-free
QRNGs that can fit harmoniously into world-cryptographic infrastructures.

111 Proposed Methodology

Literature-Based Theoretical Review

In order to study the situation with quantum random number generators (QRNGS) deeply, a
systematic literature review was carried out within the framework of this research. Academic writings were
retrieved in the well-known databases including IEEE Xplore, SpringerLink, and arXiv. The criteria used
to select these articles and preprints included the consideration of peer-reviewed studies and high-impact
preprints that either provided their experimental results to compare with the ones pertinent to QRNGs or
provided them theoretically.

Thematic analysis was done to identify and merge important patterns in the literature. Observed
were recurring problems such as output sequence bias, throughput constraints and device trust requirements
amongst various implementations of the QRNG. This had assisted in defining a constant list of research
gaps that are vital to the practice of QRNG deployment.

Conceptual Analysis

Block diagrams and conceptual schematics were used in order to explain the functional principles
of QRNGs. Basic models of QRNG most often have a source of photons feeding its particles into a
beamsplitter. Photons follow divergent paths depending on the innate quantum ambiguities, and the
readings are sensed to come up with random outputs in the form of binary components. This involves
tapping naturally into quantum superposition and wavefunction collapse in order to guarantee
unpredictability.
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Fig.1: Basic QRNG Architecture

A diagram with a photon source introducing a beam splitter and two detectors (0 or 1) with labels
to show that randomness is due to the path that is taken.
This visualization will help to understand how phenomena involving quantum mechanics is transformed
into a measurable random result and where may the possible biases occur because of the hardware flaws or
the environment interactions.

Algorithmic Reasoning and Simulation

To support the theoretical study, a theoretical Python simulation was performed by the means of
giskit and numpy libraries. This is a simulation of the probabilistic behavior of photons at a beam splitter
that create bit streams as would output a QRNG.
Simple statistical solutions were carried out on the output:
Using the matplotlib to draw a histogram that will help to see how widespread both Os and 1s are so that
there was no serious imbalance.
The randomness property was ensured by calculation of Shannon entropy which showed values close to the
ideal entropy of 1 in the binary sequences

Photon Random Security
Genera tion Number Analysis
Extraction

"

Fig.2: Block Diagram of QRNG Components

histogram bar graph with about the same number of occurrences of Os and 1s, which visually
confirms close to uniformity.

The simulation confirmed literature results through demonstration of the potential of detecting small
biases in a statistical results by studying entropy and frequency early in a simulation run.
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Methodological Limitations

It is important to mention that the work is more theoretical in nature and simulation based and does
not make use of communications with physical hardware QRNGs in a laboratory setting. Although the
scope of the paper manages to triangulate between experimental papers and the theoretical modeling of its
concepts so that the research is well-grounded, it would be reinforced by a practical device testing activity
in the future

V Discussion
Technical Challenges in QRNGs

Bias in Generated Sequences

The key difficulty in implementing QRNGs is no bias, that is, leaning towards a particular result.
To give an example: because of tiny flaws in a beam splitter or differences in the effectiveness of detectors,
a QRNG can give a small bias, say 54% 0s compared to 46% 1s. Minor departures in an even spread may,
even on the scale of millions of bits, reveal minor patterns that attackers may use. These problems have
been outlined in the studies, and they advise constant calibration and real-time statistical tests to overcome
these hazards (Practical Security Analysis of QRNGs, [3]; Advanced Statistical Testing, [28]).

Entropy vs. True Quantum Randomness

Although QRNGs claim to exploit randomness on the basis of quantum physics, operational
implementations of QRNGs nonetheless need entropy extraction algorithm to process raw results. As an
example photon emission rates can vary or the detector can have dark counts which will cause classical
noise. The aim of post-processing, typically through a cryptographic hash functions or randomness
extractors, is to extract pure randomness. It however adds complexity to the design and even a limitation
of performance (Improved Real-Time Post-Processing, [10]).

Cost and Hardware Requirements

The QRNGs especially those based on entanglement or squeezing are still expensive, and a controlled
laboratory environment is necessary. Off-the-shelf QRNG modules, like the one by ID Quantique, are small
yet are expensive investments, which make their wide scale use on consumer hardware economically
unviable. Eventually, increased manufacturing processes mean the price will reduce, but currently QRNGs
find a major usage in the high-assurance area of banking and government communication.

5.2 Integration with Cryptographic Systems
Supporting Quantum Key Distribution (QKD)

QRNGs play an essential role in QKD protocols, e.g., BB84, in which the randomness of key generation is
directly connected to security. In case of predictability of the random numbers put in use of encoding
guantum states, the very core warranty of QKD is exposed to flimsiness. Combinations of high-speed
QRNGs with a QKD system have been shown to achieve secure key rates over hundreds of kilometers of
optical fiber, attesting to QRNGs key position in actual quantum-safe networks (Source-Device-
Independent QRNG at 17 Gbps, [4]).

Integration Limitations with Existing Internet Infrastructure

Nevertheless, a method of incorporating QRNG-based security into traditional internet protocols is
challenging. The modern cryptography process in networks has been based on deterministic handshake
protocols and central certificate authorities. Key negotiation with quantum randomness embedded would
involve either redesigns of protocols or a hybrid system taking a combination of both classical and quantum
strategies. Furthermore, a majority of existing hardware does not have quantum entropy interface which
necessitates middleware.

[JCRT2507449 | International Journal of Creative Research Thoughts (IJCRT) www.ijcrt.org | do16


http://www.ijcrt.org/

www.ijcrt.org © 2025 IJCRT | Volume 13, Issue 7 July 2025 | ISSN: 2320-2882

QRNG Key Encryption
Device Generation & Signing

Fig.3: QRNG Integration in Cryptographic Systems

Security Implications

Consequences of Biased QRNGs

Using QRNGs with bias or insecurely tested cryptographic strength compromises cryptography. In
case of an attacker being able to model or predict the output tendencies even partially he or she can
considerably diminish an effective key space, turning an imagined 256-bit security into something that can
be brute-forced. Weaker seeding of classical PRNGs are just one of historical examples of cryptographic
failures with the important lessons learned to be applied to QRNGs when engineering rigor is not up to the
mark.

Exploitation of Non-Uniform Randomness

There is even a threat of using more advanced statistical or machine learning algorithm to find
delicate patterns in important streams of defective QRNGs (Machine Learning Cryptanalysis of QRNGs,
[22]). This is particularly troubling in certain products such as multi-session VPN tunnels or blockchain
systems in which randomness reuse may exacerbate security issues. Therefore the implementations of
QRNG should involve sustained randomness health checking and fail-safe fall-back to safe(r) states upon
the detection of anomalies.

Future Potentials

Toward Trustless QRNG Architectures

New work is considering using the output of QRNGs as inputs to blockchain-based public
randomness beacons, which offer audit and decentralized verification. This might permit participants to test
the purity of the random sequence autonomously without having to rely upon only one hardware source
and is an intriguing path towards a genuinely trustless QRNG frameworks ( Quantum Random Number
Cloud Platforms, [13]).

Standardization and Certification

The discipline also looks forward to establishment of international standards on quantum sources
of entropy as entities like ETSI ISG-QKD and NIST continue to work on randomness certification. A
standardized testing procedure would speed up the process since it would help the industries set specific
standards to implement within the financial schemes, safe communications methods, and identity
management processes that involve the use of QRNGs.
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VI Limitations

Although the study has covered a lot of thematic coverage of the theoretical contribution of Quantum
Random Number Generators (QRNGSs) and how it can contribute to privacy enhancement of cryptography
security, there are a number of limitations that must be noted to provide a context of the study.

To begin with, the analysis is simulation and theoretic in nature, with no physical QRNG hardware
experimentation. In this way, knowledge about anomalies at the device level, including those attributed to
thermal drift, detector inefficiencies or effects of real-time noise, is also deduced by secondary sources
(with empirical confirmation being absent).

Secondly, despite the fact that in this work most of the materials used are extracted research articles
published in funds, it is not true that all the cited works were that of peer-reviewed journals. Others have
arXiv preprints or other technical reports as their basis, and are not necessarily a result of formal validation.
This brings in the element of over-dependence on initial discoveries that may change as peer review occurs.
Also, the conceptual and algorithmic models used in this research paper presuppose the basic architectures
of QRNGs with simplified Matters; models of ideal beam splitters and photon detectors that do not have
mechanical or optical flaws. In the real world, devices tend to have complicated dynamics and hidden
dependencies that do not come out clearly in these models.

Last, other issues related to broader system integration were mentioned, where within the overarching
potential issues we found latency due to entropy extraction or regulatory complexities in the deployment
of quantum hardware into current infrastructures, but did not quantitatively investigated. Incorporating
them into the work in research in the future, especially including practical testing of devices, and the use of
hybrid systems would be much more applicable to the conclusions made here.

V11 Conclusion

The paradigm shift in the quest to secure cryptography systems is the use of quantum random
number generators (QRNGSs). The sources can be based on quantum mechanics, which provides a
fundamentally different source of randomness compared with classical pseudorandom generators, which
are based on deterministic procedures susceptible to analysis and therefore to exploitation. With the ever
improving quantum computing capabilities, there may be a threat to traditional cryptographic assumptions,
QRNGs are even more important as the foundation of new generation security architectures.

This paper points out that although the theoretical basis of QRNGs offer unmatched possibilities of
randomness, there are significant challenges associated with practical implementations of a QRNG that one
cannot just ignore. Of them, the risks of making presumption of perfect randomness in practice
implementations stand the first. Behind-the-scenes bias that might be present due to hardware flaws,
throughput requirements that enable adoption in real-life high-speed networks, and the need to trace the
honesty of QRNG hardware manufacturers all highlight that some of the most reproducible biases in the
use of quantum randomness in cryptography emerge in surprisingly subtle and covert ways.

The main objective of the paper is to define three main areas of concern bias, trust, and speed that
have been found as the key concerns that affect the reliability and security of QRNG systems through a
thorough literature-based analysis. The statistical uniformity required to produce secure keys is endangered
because of bias; issues of trust are introduced by the lack of transparency of hardware designs, proprietary
or otherwise; and performance challenges are posed as QRNGs struggle to fit into the fast and data-intensive
contemporary encryption workflow.

Considering the future, it surely needs to be mentioned that future studies must go beyond
explanatory modeling and hypothetical demonstrations so that they can adopt practical experiments with
devices as well as in vivo entropy verification and stringent certification systems. Laying the groundwork
in terms of standardization of performance measures and developing globally recognized testing
methodologies not only serves to help build trust in QRNG deployments, but also ensures that said
deployments become applicable in key staff, financial applications and future quantum networking.

Tackling these challenges by collaborating across disciplines, between quantum physics, hardware
engineering and cybersecurity policy, we can finally see QRNGs realize their potential of building the
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foundation of digital security on the unchanging laws of nature, paving the way to a sustainable, quantum-
safe world..
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