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Abstract

With the exponential rise in cyber threats and increasingly complex digital ecosystems, robust and scala-
ble security architectures have become indispensable. The Crystal Quantum Shield (CQS) is a pioneering
cyber security framework designed to leverage post-quantum cryptography and advanced API security
mechanisms for safeguarding sensitive digital environments. The architecture integrates Kyber key ex-
change and Dilithium signature verification, ensuring resilience against potential quantum computing
threats. Additionally, CQS employs rate limiting via NGINX, token scrambling, and data scrambling for
enhanced protection of sensitive transactions.To manage high-volume interactions, the system incorpo-
rates OAuth2-based authentication, JWT-based session management, and Role-Based Access Control
(RBAC) for granular authorization. With real-time logging, violation detection, and visualization powered
by Grafana, CQS delivers a user-friendly interface for monitoring security metrics, including token usage,
user roles, and violations. This paper explores the modular and scalable design of CQS, detailing its inte-
gration of cloud services and API gateways for seamless deployment. Results from our experimental anal-
ysis demonstrate CQS’s efficacy in mitigating modern threats, ensuring secure communication, and main-
taining system integrity under stress conditions. By combining cutting-edge cryptographic techniques and
robust security mechanisms, CQS sets a new benchmark for next-generation digital security solutions.

Keywords: Post-Quantum Cryptography, API Security, Kyber, Dilithium, OAuth2, JWT, NGINX,
Token Scrambling, RBAC, Grafana Visualization

1 Introduction

The rise of qguantum computing marks a transformative era in computational capabilities, offering solu-
tions to complex problems once deemed insurmountable. Leveraging principles of superposition and en-
tanglement, quantum computers promise breakthroughs in optimization, cryptography, material science,
and machine learning. However, this unprecedented computational power also introduces significant
risks, particularly to current cryptographic systems that secure global digital infrastructure. Algorithms
such as RSA and ECC, foundational to modern encryption, are vulnerable to quantum attacks, most no-
tably Shor’s algorithm, which can efficiently solve factorization and discrete logarithm problems.

The urgency to address this looming threat has spurred global efforts in post-quantum cryptography
(PQC). Governments and organizations, including the National Institute of Standards and Technology
(NIST), are spearheading standardization processes to identify quantum-resistant cryptographic algo-
rithms. At the forefront of innovation, tech giants like NVIDIA and IBM are actively contributing to the
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quantum ecosystem. NVIDIA has integrated quantum acceleration capabilities into its GPUs through
frameworks like cuQuantum, enabling researchers to simulate quantum circuits at scale. Meanwhile,
IBM’s Quantum Network provides cloud-based quantum computing solutions and has significantly ad-
vanced quantum hardware development. These contributions, while propelling the quantum field forward,
simultaneously underscore the pressing need for robust quantum-safe security measures.

Amidst this landscape, we introduce the Crystal Quantum Shield (CQS)—a pioneering security framework
designed to fortify digital systems against classical and quantum threats. CQS integrates NIST-
recommended post-quantum cryptographic algorithms, specifically Kyber for secure key exchange and
Dilithium for digital signatures, ensuring resilience against quantum-powered adversaries. Beyond cryp-
tographic strength, CQS addresses real-world security challenges through advanced API protections, in-
cluding token scrambling, rate limiting via NGINX, role-based access control (RBAC), and real-time vis-
ualization using tools like Grafana.

CQS represents a synthesis of cutting-edge cryptographic protocols and system-level defenses, bridging
the gap between theoretical advancements in PQC and practical implementation for scalable, secure sys-
tems. By providing a comparative analysis of CQS with traditional solutions, this paper highlights its
superiority in resisting quantum and conventional attacks. With rising investments and research from in-
dustry leaders like Google, Microsoft, and NVIDIA, the development of quantum-resistant systems such
as CQS is a critical step toward ensuring a secure digital future in the quantum era..

Vulnerability
Detection

OWASP
Mitigation

Fig. 1.

2 Background

The rapid advancement of quantum computing has revolutionized the technological landscape, offering
unparalleled computational power for solving complex problems. However, this transformative capability
introduces a critical challenge to modern cybersecurity. Traditional cryptographic systems such as RSA
and ECC, which form the backbone of secure communication and data protection, are vulnerable to quan-
tum attacks. Algorithms like Shor's and Grover's can render these systems obsolete, exposing sensitive
information to exploitation.

In the quantum era, the importance of cybersecurity has escalated. Protecting sensitive data, financial
transactions, and distributed systems is no longer limited to defending against classical adversaries but
also requires safeguarding against quantum-enabled threats. This necessitates the adoption of post-quan-
tum cryptographic (PQC) algorithms that are resistant to quantum attacks.
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Beyond cryptographic security, the need for robust API security has become increasingly critical. APIs
serve as the primary interface for communication between distributed systems, making them a prime target
for attacks such as replay attacks, man-in-the-middle (MITM) attacks, and token reuse. The convergence
of quantum threats and API vulnerabilities underscores the urgency to adopt innovative security solutions
that combine PQC with advanced API protection mechanisms to ensure end-to-end security.

2.1 Motivation

Existing cybersecurity frameworks fall short in addressing the dual challenges posed by quantum compu-

ting and API-level threats. Traditional systems are ill-equipped to handle the computational power of

quantum computers, leaving sensitive data vulnerable to interception. Furthermore, current API security
measures often rely on basic token mechanisms, rate-limiting strategies, and rudimentary logging, which
are insufficient in the face of sophisticated attacks.

The absence of comprehensive security frameworks that integrate post-quantum cryptographic solutions

and advanced API protections creates a significant gap in modern security architectures. Without such

integration, distributed systems remain exposed to threats such as token-based vulnerabilities, unauthor-
ized access, and inadequate monitoring of security violations.

This gap highlights the pressing need for a security framework that not only addresses quantum-resistant

cryptography but also incorporates robust mechanisms for API security. By combining these elements,

the framework can provide holistic protection against a broad spectrum of threats, ensuring the integrity,
confidentiality, and availability of sensitive data in distributed environments.

2.2 Objectives

The primary objective of this research is to develop a robust security framework—Crystal Quantum Shield

(CQS)—that leverages post-quantum cryptography to address emerging threats in the quantum era. Spe-

cifically, the framework aims to:

e Leverage Post-Quantum Cryptography: Implement NIST-recommended post-quantum algorithms
such as Kyber for secure key exchange and Dilithium for digital signatures, ensuring resilience against
quantum and classical threats.

e Enhance API Security: Introduce advanced API-level protections, including token scrambling, fine-
grained role-based access control (RBAC), and rate limiting via NGINX, to safeguard sensitive data
and prevent unauthorized access.

e Enable Real-Time Monitoring and Visualization: Utilize tools like Grafana to provide real-time in-
sights into user activity, token usage, rate-limiting violations, and security metrics, ensuring proactive
threat detection and mitigation.

e Optimize System Performance: Design the framework to achieve minimal latency, high concurrency
support, and efficient cryptographic operations without compromising security.

e By achieving these objectives, Crystal Quantum Shield aims to set a new benchmark for cybersecurity
frameworks, offering a comprehensive solution for safeguarding distributed systems in the quan-
tum era.

3 Methodology

The Crystal Quantum Shield (CQS) framework integrates cutting-edge quantum-resistant cryptographic
algorithms, advanced API security mechanisms, real-time visualization tools, and a fine-tuned Large Lan-
guage Model (LLM) agent that monitors and analyzes the data generated by the system. The architecture
is designed to offer robust security in the face of emerging quantum threats while ensuring the protection
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of sensitive data in distributed systems. The major components of the system include the authentication
layer, encryption layer, API gateway, visualization module, and the LLM fine-tuned agent.

Table 1. Comparison between Post-Quantum and Classical Cryptography

Features CQsS Existing Systems
Cryptographic Strength  Cryptographic Strength Classical(RSA/ECC)
Rate Limiting Rate Limiting Standard or Absent
Token Security Token Security Plain IWT
Visualization Visualization Basic or None
Resistance to Quantum Resistance to Quantum Attacks Low

Attacks

The Authentication Layer utilizes the OAuth2 protocol, which enables secure user authentication by issu-
ing tokens that delegate access to resources without exposing sensitive credentials. The JSON Web Tokens
(JWT) further enhance security by facilitating stateless, token-based authentication, where the claims
within the token are encrypted, ensuring that only authorized users or systems can access specific re-
sources. The Encryption Layer employs Kyber, a quantum-resistant key encapsulation mechanism (KEM)
designed for secure key exchanges, ensuring that session keys cannot be compromised by quantum com-
puters. The Dilithium Algorithm, a quantum-safe digital signature scheme, is used to authenticate mes-
sages and transactions, providing non-repudiation and preventing forgery. These post-quantum crypto-
graphic algorithms ensure that the security of CQS remains intact, even in the era of quantum computing.
The API Gateway, powered by NGINX, manages the routing of API requests, performs proxy filtering,
and implements rate limiting. NGINX's role is crucial in safeguarding the system against abuse by limiting
the frequency of API requests. It also optimizes system performance by controlling request traffic and
ensuring that only legitimate users can access the system's resources. The Visualization Module, powered
by Grafana, plays a pivotal role in monitoring and visualizing real-time security metrics, such as token
usage, rate-limit violations, and overall system health. This module provides administrators with actiona-
ble insights to ensure smooth operation and immediate detection of security incidents.

In addition to these components, the LLM Fine-Tuned Agent continuously analyzes the data generated by
the system, including logs, user activity patterns, and security violations. This agent is integrated into the
system to provide intelligent insights into potential threats. The LLM is fine-tuned on a cybersecurity-
specific dataset, including historical logs of security incidents, token usage patterns, and user behavior
data. The agent’s capabilities include anomaly detection, predictive insights, and automated alerting. For
instance, it can detect unusual activity patterns such as multiple failed login attempts, token misuse, or
suspicious API calls, and trigger alerts. It also provides predictive insights into potential security risks
based on past data and context-aware analysis, helping to prevent incidents before they escalate. Further-
more, the LLM agent can suggest mitigative actions, such as blocking malicious IPs, adjusting rate limits,
or reissuing tokens to restore system integrity.
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Fig. 2. Architecture Diagram of Crystal Quantum Shield

The data flow within the CQS system is designed to ensure seamless interaction between all the compo-
nents, while leveraging the intelligence of the LLM agent to enhance security. When a user attempts to
log in, the OAuth2 protocol is initiated, and once authenticated, a JWT is issued to the user, granting
access to the system’s resources. The fine-tuned LLM agent monitors the authentication activity to detect
abnormal login attempts such as brute-force attacks or credential stuffing. Following authentication, Kyber
is used for secure key exchanges, and Dilithium ensures the integrity of messages and transactions, pre-
venting tampering or forgery. As API requests are made, they pass through the NGINX gateway, which
performs rate limiting and proxy filtering, protecting the system from abuse. The LLM agent analyzes the
request logs in real time, identifying patterns of abuse, such as repeated invalid requests or malicious
payloads.

In addition to rate limiting, token scrambling is used to enhance security. Scrambling ensures that tokens
cannot be reused or intercepted during transmission. The LLM agent monitors token usage patterns to
ensure that they follow expected behavior and that no anomalies are present, such as the use of expired or
duplicate tokens. When a user attempts to access a resource, the Role-Based Access Control (RBAC)
system is applied to grant or deny access based on the user’s role. The LLM agent also monitors RBAC
violations, ensuring that no unauthorized access occurs. This continuous monitoring ensures that only
authorized users are granted access to resources, enhancing the system's overall security.

The Grafana Visualization Module serves as the front-end tool for administrators to view real-time secu-
rity metrics and logs. The LLM fine-tuned agent provides additional intelligence by suggesting actions
based on the current system status, such as recommending an increase in rate limits during high-traffic
periods or blocking IP addresses associated with suspicious behavior. It can also predict potential security
threats, such as DDoS attacks or brute-force login attempts, based on historical trends and current activity.
The integration of this LLM-driven intelligence layer allows the system to respond proactively to potential
threats, ensuring that resources are allocated efficiently and that the security posture of the system is con-
tinuously optimized.

The CQS framework is implemented using a range of state-of-the-art tools and technologies, with a focus
on security and efficiency. Flask is used to develop the backend APIs, integrating the cryptographic oper-
ations provided by Kyber and Dilithium. NGINX acts as the API gateway, ensuring that rate limiting and

IJFMR250137652 Volume 7, Issue 1, January-February 2025 5



https://www.ijfmr.com/

i International Journal for Multidisciplinary Research (IJFMR)

IJFMR E-ISSN: 2582-2160 e Website: www.ijfmr.com e Email: editor@ijfmr.com

proxy filtering are applied effectively. Grafana provides real-time monitoring and visualization, offering
administrators insights into system performance and security metrics. The fine-tuned Large Language
Model (LLM) is deployed to monitor the system’s data, providing proactive insights and mitigating po-
tential threats before they escalate. The LLM uses security-specific training datasets, enabling it to provide
context-aware predictions and recommend remedial actions.

The security techniques employed in the CQS system are diverse and comprehensive. Token scrambling
ensures that tokens are secure and cannot be reused or tampered with. The use of post-quantum cryptog-
raphy, including Kyber and Dilithium, ensures that the system remains secure against quantum-based at-
tacks. Rate limiting is applied through NGINX to prevent excessive requests from a single user or IP
address. Role-Based Access Control (RBAC) enforces access restrictions based on user roles, ensuring
that only authorized personnel can access sensitive resources. The fine-tuned LLM agent constantly ana-
lyzes system data to identify anomalies, predict security threats, and suggest actions such as adjusting rate
limits, blocking malicious IPs, or reissuing tokens. This multi-layered approach to security allows CQS to
offer comprehensive protection against both classical and quantum-era threats while optimizing the user
experience.

The integration of the fine-tuned LLM agent into the CQS framework enhances its security capabilities
by providing intelligent, real-time analysis and predictive insights. The LLM agent's ability to monitor
and respond to system activity, combined with its ability to learn from historical data, enables proactive
threat detection and mitigation, ensuring that the CQS framework remains resilient in the face of emerging
cyber threats. This integration of quantum-resistant cryptography, Al-driven monitoring, and real-time
data visualization positions Crystal Quantum Shield as a cutting-edge cybersecurity solution for the post-
quantum era.

3.1 Procedure

APl Gateway

Receive incoming requests from the host (e.g., Login, Product Search, Payment).
Pass Through APl Gateway

Route the request to the Crystal Quantum Shield (C.Q.S) for processing.
Authentication

Validate user identity using Crystal Dilithium:

= Generate a signature ((z, h)) where z=c-s1+y and (h) is computed via hashing.
Verify signature using public key (t1,h): [|z||co<p and hash consistency with (t1).

Mo e

o w o

o If authentication fails, log the failure and discard the request.
4. Encryption

o Encrypt data using Crystal Kyber:

= Generate shared secret (K) via key encapsulation: (K = H(ss)), where ss=H(pk-sk+noise).
= Use encapsulated key for symmetric encryption.

o Ensure secure communication between host and server.

5. Role-Based Access Control (RBAC)

o Check user permissions and roles to validate access.

o Apply rate limiting and data filtering based on policies.

o Ifaccess is denied, log and discard the request.

6. Reverse Proxy with Multi-Layer Security
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o Route the request through multi-layer proxy servers.

o Perform additional checks:

= Filtering: Analyze request content.

= Modify IP Header: Adjust headers for security.

Token Scramble: Encrypt tokens for further validation.

Add Delay: Introduce latency if suspicious patterns are detected.
Endpoint Monitoring

Continuously monitor requests and responses for anomalies.
Whitelist and Blacklist VValidation

Compare requests against whitelist and blacklist rules.

If on blacklist, log and discard the request.

o If on whitelist, allow further processing.

9. Data Flow Validation
@)
@)

0O o =~ =

o

Validate JSON Web Token (JWT) for integrity.
Accept data flow if all checks pass.
10. Logging and Monitoring
o Log all requests and their statuses (passed, failed, filtered, etc.).
o Send logs to the monitoring system for visualization.
11. Fine-Tuned Deep Learning Model
o Analyze logs and request patterns using a trained model.
o Generate insights and alerts for anomalies.
12. Dashboard Monitoring and Alerts
o Visualize data metrics and send alerts for suspicious activities.
13. Response to End User
o If all validations succeed, forward the response to the AP Gateway for delivery to the end user.
14. End
o If any step fails, discard the request and log the failure.

4 Results
Table 2. Cryptographic Performance

Metric CQS (Kyber/Dilithium) Classical Systems
(RSA/ECC)

Key Generation Time |~0.8 ms ~5 ms (RSA-2048) / ~20

(ms) ms (ECC-256)

Encryption Time (ms) |~0.5ms ~1 ms (RSA-2048) / ~2
ms (ECC-256)

Decryption Time (ms) |~1.2ms ~4 ms (RSA-2048) / ~15
ms (ECC-256)

Post-Quantum Security | Resistant to Quantum Attacks Vulnerable to Quantum

Level Attacks (Shor’s Algo-
rithm)

Table 3. API Security Mechanism
Feature | CQS Implementation | Existing Solutions

IJFMR250137652 Volume 7, Issue 1, January-February 2025 7
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Token Protection (JWT)

Scrambled and Encrypted

Plain JWT

Rate Limiting 1 request/sec per IP (NGINX) Basic or Absent
Data Scrambling Enabled for Sensitive Fields Not Common or Absent
Role-Based Access | Fine-Grained (RBAC) Coarse or Application-
Control Specific

Table 4. System Performance
Metric CQsS Existing Systems
Request Latency (API|~20ms ~40 ms
Gateway)
Maximum  Concurrent | ~5,000/sec ~2,000/sec
Requests
Logging Overhead Minimal (<1%) Medium (~5%)
Visualization Updates | Real-Time (<1 sec delay) Often Delayed (>3 sec
(Grafana) delay)

Table 5. Resistance to Security
Threat Type CQS Defense Existing Systems

Replay Attacks

Token Scrambling + Timeouts

Vulnerable if JWT is compromised

Man-in-the-Middle
(MITM)

Kyber Key Exchange
tacks

RSA/ECC vulnerable to quantum at-

Brute Force on Tokens

Scrambled Tokens (Added Complex-
ity)

Standard JWT, Easier to Crack

Quantum-Based Attacks

Resistant via Post-Quantum Cryptog-
raphy

Not Resistant

Table 6. Visualization Metrics(Grafana and Prometheus)

Metric

CQS

Traditional Systems

User Activity Monitor-
ing

Granular by Role and Action

Limited by Application

Token Usage Logs

Scrambled + Role-Based Insights

Basic Logs or None

Security Violations

Tracked in Real-Time

Often Manual Detection

Rate Limiting Viola-
tions

Logged and Visualized

Rare or Not Available

Table 7. Experimental Results:Stress Testing

Condition CQS Existing Systems

API Requests | 70-75% Success, <25 ms avg latency 50-60% Success, ~50 ms
(1000/sec) avg latency

Concurrent  Sessions | Stable (98% Efficiency) Stable (~90% Efficiency)
(1,000)

Token Reuse Attempts

100% Blocked

~80% Detected

IJFMR250137652
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| Condition |CQs | Existing Systems |

5 Positive Impacts of CQS

e Enhanced Security Against OWASP Top 10 Vulnerabilities: Reduces the likelihood of successful at-
tacks, protecting sensitive data and maintaining digital asset integrity.

e Improved Data Protection: Ensures sensitive data is protected both in transit and at rest, enhancing
compliance with data protection regulations.

e Strengthened Access Control: Enforces strict user permissions, minimizing insider threats and unau-
thorized access.

e Increased Operational Resilience: Enhances system stability and performance through traffic manage-
ment and security filtering.

e Seamless Integration with Corporate Software: Allows advanced security measures without extensive
IT infrastructure modifications, reducing implementation costs and downtime.

e Real-Time Security Monitoring: Provides proactive insights into API security, enabling quick re-
sponse to incidents and reducing breach impact.

e Increased Trust and Compliance: Builds trust with stakeholders and helps meet regulatory require-
ments for data security.

e Cost Savings: Avoids expenses associated with breaches and reduces costs through seamless integra-
tion.

e Scalability and Flexibility: Adapts to organizational growth, ensuring continued protection without
performance compromise.

e Increased User Confidence: Enhances user trust and satisfaction with secure API interactions.

The solution fortifies defenses, improves operational efficiency, and supports compliance, making it es-

sential to the organization's cybersecurity strategy

Fig. 3. Monitoring of API calls using Grafana and Prometheus
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Chatbot Interface
Hey! & ‘

Hello! Ask me anything about
load_test_log.csv &

which request number have
maximum elapsed time ‘

. Request number 645.

Justification: To find the request
number with the maximum
elapsed time, we need to
compare the elapsed times of
each request number. The
elapsed time for request number
645 is 2.034162, which is the
highest among all the request
numbers. Therefore, the answer
is request number 645.

Fig. 5. Generate insights and alerts for anomalies

6 Conclusion

The Crystal Quantum Shield (CQS) framework represents a significant advancement in securing distrib-
uted systems against both classical and quantum-era threats. By integrating state-of-the-art post-quantum
cryptographic algorithms such as Kyber and Dilithium, along with advanced API security mechanisms
like OAuth2, JWT, and NGINX, CQS ensures that sensitive data remains protected even in the face of the
emerging threat posed by quantum computing. The addition of real-time monitoring and visualization
through Grafana, coupled with the intelligent insights provided by the fine-tuned Large Language Model
(LLM) agent, elevates the security posture by enabling proactive threat detection, predictive insights, and
automated mitigation actions. CQS not only addresses the current gaps in cybersecurity frameworks by
offering an integrated solution for API security, encryption, and data protection, but it also anticipates

IJFMR250137652 Volume 7, Issue 1, January-February 2025 10
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future challenges by leveraging quantum-safe technologies. This holistic approach ensures that CQS is
not only resilient against known threats but also adaptable to evolving security risks in the post-quantum
era, paving the way for more secure and robust systems in an increasingly interconnected digital world.
6.1 Availability of data and material

The datasets and code generated during the current study are publicly available in the Crystal Quantum
Shield (CQS) GitHub repository: https://github.com/Perfect-Cube/Crystal-Quantum-Shield-FLIPKART-
GRID-6.0. Additional data or material related to the research can be made available upon reasonable re-
quest to the corresponding author. This ensures transparency and reproducibility for academic and indus-
trial applications.

6.2 Funding

This research received no external funding. The development of the Crystal Quantum Shield (CQS) was
self-initiated and executed using the authors' resources to advance the field of post-quantum API security.
Future contributions and collaborations are welcome to explore the commercial and industrial applications
of this work.
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