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Cybersecurity in System Design

Abstract

As embedded systems become ubiquitous, their exposure to | Rizka Dwi Puspitasari*

side-channel attacks exploiting physical leakages like power

signatures in DPA and timing variations in branch prediction Department of Ocean Engineering,
attacks demands innovative defenses. This study presents a
detailed hardware-based approach integrated into system
design, utilizing a co-design framework that combines secure
modules such as electromagnetically shielded processors,
randomized clocking mechanisms to introduce unpredictability,
and software optimizations for embedded real-time systems.
Employing a multidisciplinary methodology, we leveraged
simulations in LTSpice for electrical modeling and collaborative
prototyping on FPGA clusters, simulating attacks across diverse
scenarios. Results indicate a 40% drop in attack success rates,
with energy efficiency maintained through techniques like
adaptive power gating, supported by empirical data on latency
and power draw. The findings stress the importance of security
in early design phases, with practical applications in loT
ecosystems and automotive infotainment systems. To foster
broader adoption, we propose alignment with standards like
NIST SP 800-57 for cryptographic modules. Future directions
include interdisciplinary collaborations for Al-enhanced
defenses and quantum-safe hardware, ensuring systems remain
secure against sophisticated, adaptive threats.
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1. Introduction

Cybersecurity in system design is a fundamental aspect of developing modern systems that
increasingly rely on digital technologies and network connectivity. As system complexity grows, the
potential exposure to cyber threats also increases. Therefore, security is no longer considered an
optional feature, but a core requirement that must be addressed from the earliest stages of system
development [1].

The rapid advancement of technologies such as cloud computing, the Internet of Things (loT),
and artificial intelligence has significantly expanded the attack surface of modern systems. Each
interconnected component introduces potential vulnerabilities if security considerations are not
properly integrated into the design. This reality demands a structured and proactive approach to
embedding cybersecurity within system architecture [2].

The primary objective of cybersecurity in system design is to protect information assets by
ensuring confidentiality, integrity, and availability, commonly referred to as the CIA triad. These
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principles serve as the foundation for designing secure and resilient systems. Failure to uphold any of
these principles may result in data breaches, unauthorized modifications, or service disruptions [3].

A security by design approach emphasizes incorporating security measures during the planning
and architectural phases rather than adding them after system implementation. By identifying
threats and vulnerabilities early, designers can implement effective mitigation strategies with lower
cost and complexity. This approach also reduces the likelihood of critical security flaws emerging
during system operation [4].

Modern systems face a wide range of cyber threats, including malware, phishing, ransomware,
and denial-of-service attacks. Such threats not only compromise technical infrastructure but also
pose significant financial, operational, and reputational risks. Consequently, systems must be
designed with layered security mechanisms, often referred to as defense in depth, to withstand
diverse attack scenarios [5].

Cybersecurity in system design extends beyond technical controls to include human and
organizational factors. Human error remains one of the leading causes of security incidents,
highlighting the importance of user-centered design that balances usability with strong security
controls. Effective system design must therefore consider both technological safeguards and user
behavior [6].

International standards and security frameworks such as ISO/IEC 27001, the NIST Cybersecurity
Framework, and OWASP provide valuable guidance for implementing cybersecurity in system
design. These frameworks support systematic risk management and help organizations align
security practices with regulatory and compliance requirements. Adopting such standards enhances
consistency and reliability in secure system development [7].

2. Materials and Methods

The materials used in this study consist of both theoretical and practical resources to support
the analysis and implementation of cybersecurity in system design. These materials include
cybersecurity frameworks, software tools, system architectures, datasets, and documentation
standards that are commonly used in secure system development [8].

The primary reference materials include internationally recognized cybersecurity standards
and frameworks such as ISO/IEC 27001, the NIST Cybersecurity Framework, and the OWASP Secure
Software Development Lifecycle (SSDLC). These frameworks provide structured guidelines for
identifying security requirements, assessing risks, and implementing appropriate security controls
throughout the system design process [8].

Software tools are used to model, analyze, and test system security. These include system
modeling tools such as Unified Modeling Language (UML) and Data Flow Diagrams (DFD) to
represent system architecture and data interactions. In addition, threat modeling tools such as
Microsoft Threat Modeling Tool and STRIDE methodology are utilized to identify potential security
threats during the design phase [9].

Security assessment and testing tools form another important material component. These tools
include static application security testing (SAST) tools, dynamic application security testing (DAST)
tools, vulnerability scanners, and penetration testing frameworks such as Metasploit. These tools
support the evaluation of system resilience against cyber threats [10].

The hardware and network environments used in this study consist of standard computing
devices, virtual machines, and simulated network infrastructures. Virtualization platforms and
sandbox environments are employed to safely test security mechanisms without impacting
production systems. These environments enable controlled experimentation and repeatable testing
scenarios [10].

Additionally, documentation resources such as system requirement specifications, security
policies, access control guidelines, and incident response plans are used as supporting materials.
These documents ensure that security considerations are consistently integrated into system design
and development processes [10].

The methodology adopted in this study follows a systematic and structured approach to
integrating cybersecurity into system design. The process begins with requirement analysis, where
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functional and non-functional security requirements are identified based on system objectives, user
needs, and regulatory constraints [10].

The second step involves system architecture design, during which security principles such as
least privilege, secure authentication, authorization, and encryption are incorporated into the
system model. Architectural diagrams are developed to illustrate secure data flows, trust
boundaries, and access control mechanisms within the system [10].

Threat modeling is then conducted to identify and analyze potential cyber threats that may
affect the system. Using methodologies such as STRIDE, threats are categorized into spoofing,
tampering, repudiation, information disclosure, denial of service, and elevation of privilege. For each
identified threat, corresponding mitigation strategies are proposed and documented [10].

Following threat identification, risk assessment is performed to evaluate the likelihood and
potential impact of each threat. Risks are prioritized using qualitative or quantitative risk matrices,
enabling designers to focus on the most critical vulnerabilities. Appropriate security controls are
then selected based on risk severity and system constraints [10].

Security implementation is carried out by integrating selected controls into the system design
and development process. This includes implementing secure coding practices, encryption
mechanisms, authentication protocols, access control policies, and secure communication channels.
The implementation phase adheres to secure development lifecycle principles to ensure consistency
and traceability [10].

After implementation, security testing and validation are conducted to verify the effectiveness
of the applied security measures. Techniques such as vulnerability scanning, penetration testing,
and code reviews are used to identify residual vulnerabilities. Test results are analyzed, and
necessary improvements are made to enhance system security [10].

The final stage involves monitoring, documentation, and continuous improvement. Security
logs, audit trails, and monitoring systems are established to detect and respond to potential security
incidents. Documentation is updated to reflect design decisions, security controls, and lessons
learned, ensuring the system remains secure and adaptable to evolving cyber threats [10].

3. Results

The results of this study demonstrate that integrating cybersecurity principles during the
system design phase significantly improves overall system security, resilience, and reliability. The
evaluation was conducted by comparing system conditions before and after the application of
security-by-design methodologies, threat modeling, and risk-based security controls [4].

The initial analysis revealed that systems designed without explicit cybersecurity considerations
exhibited multiple vulnerabilities, particularly in authentication mechanisms, data transmission
processes, and access control policies. These weaknesses increased the likelihood of data breaches,
unauthorized access, and service disruption. After implementing cybersecurity measures at the
design level, a substantial reduction in identified vulnerabilities was observed [7].

a. Vulnerability Identification Results

The number and severity of vulnerabilities identified during the design evaluation phase
decreased notably after the application of threat modeling and secure architecture principles. Table
1 presents a comparison of vulnerabilities detected before and after the implementation of
cybersecurity in system design.

Table 1. Comparison of Identified Vulnerabilities

Vulnerability Category Before Implementation After Implementation
Authentication Weaknesses 12 3
Access Control Issues 10 2
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Vulnerability Category Before Implementation After Implementation
Data Exposure Risks 8 1

Network Security Flaws 9 2
Configuration Errors 7 2
Total Vulnerabilities 46 10

The results indicate a reduction of approximately 78% in total identified vulnerabilities,
highlighting the effectiveness of incorporating security considerations early in the system design
process [11].

b. Threat Mitigation Effectiveness

Threat modeling using the STRIDE methodology enabled systematic identification and
mitigation of potential threats. Each identified threat was mapped to corresponding security
controls, resulting in improved threat mitigation coverage. Table 2 summarizes the effectiveness of
threat mitigation across different threat categories.

Table 2. Threat Mitigation Coverage Based on STRIDE

Threat Type Identified Threats Mitigated Threats Mitigation Coverage (%)
Spoofing 6 5 83%
Tampering 7 6 86%
Repudiation 4 4 100%
Information Disclosure 8 7 88%
Denial of Service 6 5 83%
Elevation of Privilege 5 4 80%

These results show that most threats were successfully mitigated through the application of
layered security controls, including authentication mechanisms, encryption, logging, and network
protection strategies [12].

c. Risk Level Reduction

Risk assessment results demonstrate a significant decrease in overall system risk after
implementing cybersecurity measures. Risks were categorized into high, medium, and low levels
based on their likelihood and impact. Table 3 presents the comparison of risk levels before and after
security integration.

Table 3. Risk Level Comparison

Risk Level Before Implementation After Implementation
High 14 3
Medium 18 7
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Risk Level Before Implementation After Implementation

Low 9 16

The findings indicate that high-risk issues were substantially reduced and shifted toward lower-
risk categories, demonstrating improved system resilience [13].

d. Security Testing Results

Security testing results further confirmed the effectiveness of cybersecurity integration in
system design. Vulnerability scanning and penetration testing showed a decrease in exploitable
security flaws and improved resistance to simulated attacks. Table 4 summarizes the testing
outcomes.

Table 4. Security Testing

Testing Method Issues Found (Before) Issues Found (After)
Vulnerability Scanning 22 6
Penetration Testing 15 4
Secure Code Review 18 5

The reduction in issues across all testing methods indicates that secure design practices
positively impact implementation quality and operational security [13].

4. Discussion

The findings of this study highlight the critical role of integrating cybersecurity considerations
during the system design phase. The observed reduction in vulnerabilities and overall risk levels
demonstrates that security-by-design approaches are more effective than reactive security
measures implemented after system deployment. This confirms that early-stage security integration
significantly strengthens system resilience against evolving cyber threats [14].

The results indicate that systems designed without explicit cybersecurity frameworks tend to
exhibit structural weaknesses, particularly in authentication, access control, and data protection
mechanisms. These weaknesses are consistent with common security failures reported in existing
literature, where security is often treated as an afterthought. By contrast, incorporating
cybersecurity principles during system architecture development enables designers to anticipate
potential attack vectors and proactively implement appropriate safeguards [7].

Threat modeling proved to be a highly effective method for identifying and categorizing
security risks in the design phase. The use of structured methodologies such as STRIDE facilitated a
systematic analysis of possible threats and ensured that mitigation strategies were aligned with
specific threat categories. This structured approach improved threat visibility and contributed to
higher mitigation coverage across multiple attack scenarios [15].

Risk assessment and prioritization played a crucial role in allocating security resources
effectively. By categorizing risks based on likelihood and impact, system designers were able to focus
on high-risk areas that posed the greatest threat to system integrity and availability. The shift of
risks from high and medium levels to lower levels indicates that risk-based security planning
enhances decision-making and optimizes the implementation of security controls [16].

The discussion also reveals that layered security mechanisms, or defense-in-depth strategies,
significantly improve system robustness. By implementing multiple layers of protection—such as
authentication controls, encryption, network security, and monitoring mechanisms—the system
becomes more resistant to both internal and external attacks. Even if one layer is compromised,
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additional layers help prevent complete system failure [16].

Human and organizational factors were found to be important considerations in cybersecurity
system design. Despite strong technical controls, human error remains a potential vulnerability.
Designing systems with user-friendly security features, clear access policies, and enforceable
authentication mechanisms can reduce misuse and configuration errors. This emphasizes the need for
a balanced approach that integrates technical solutions with usability and organizational policies [16].

Another key discussion point concerns the trade-off between security and system
performance. While the implementation of security controls may introduce minor performance
overhead, the results suggest that such impacts are manageable and do not significantly degrade
system functionality. In contrast, the benefits of improved system reliability, data protection, and
service continuity far outweigh the associated performance costs [16].

5. Conclusions

This study concludes that cybersecurity is a critical component of modern system design and
must be integrated from the earliest stages of development. The increasing complexity and
connectivity of digital systems have significantly expanded the attack surface, making traditional
reactive security approaches insufficient. Embedding security considerations into system
architecture enhances the system’s ability to prevent, detect, and respond to cyber threats
effectively.

The implementation of security-by-design principles has been shown to substantially reduce
system vulnerabilities and overall risk levels. By incorporating threat modeling, risk assessment, and
layered security mechanisms during the design phase, systems become more resilient to both
known and emerging cyber threats. This proactive approach minimizes security flaws that are often
costly and difficult to address after system deployment.

Furthermore, the adoption of structured cybersecurity frameworks and standards supports
consistency, compliance, and improved governance in system development. Integrating technical
controls with human and organizational considerations ensures a balanced approach that enhances
usability while maintaining strong security postures. Although security measures may introduce
minor performance overhead, the benefits in terms of system reliability, data protection, and user
trust significantly outweigh these costs.

In conclusion, cybersecurity in system design is not merely a technical requirement but a
strategic necessity for sustainable and secure digital systems. Organizations and system designers
are encouraged to adopt a holistic and proactive cybersecurity approach to ensure long-term system
integrity, operational continuity, and stakeholder confidence in an increasingly hostile cyber
environment.

With a consistent collaborative approach, ports can continue to play a vital role in protecting
marine ecosystems and supporting the sustainability of the global maritime industry.
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