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Abstract - The rapid advancement of Industrial Internet of Things (IIoT) has led to the integration of numerous devices 

and systems in industrial environments, enabling real-time data collection, analysis, and decision-making. However, this 

integration also introduces significant security challenges, particularly in the transmission of sensitive data to cloud 

platforms. This paper proposes a unidirectional security gateway (USG) approach to ensure secure data transmission 

from industrial IoT devices to AWS IoT and SiteWise. The USG acts as a one-way data diode, preventing any 

unauthorized data flow from the cloud back to the industrial network, thereby enhancing the overall security of the 

system. The paper discusses the design, implementation, and evaluation of the USG, including its architecture, 

algorithms, and performance metrics. Additionally, a case study is presented to demonstrate the effectiveness of the 

proposed approach in a real-world industrial setting. 
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1. Introduction 
The Industrial Internet of Things (IIoT) has revolutionized the way industries operate by enabling the seamless integration 

of physical machines with networked sensors and advanced software. This technological synergy allows for the collection, 

analysis, and optimization of data in real-time, which in turn leads to substantial improvements in efficiency, productivity, and 

innovation. For instance, manufacturers can now monitor equipment performance and predict maintenance needs before a 

breakdown occurs, reducing downtime and maintaining production schedules. Energy companies can optimize their grid operations 

by analyzing consumption patterns and adjusting supply in real-time, leading to more sustainable and cost-effective practices. 

Similarly, transportation sectors can enhance logistics and supply chain management through continuous tracking and coordination 

of assets. 

 

However, the connectivity of industrial devices to the internet also introduces significant security risks that can 

compromise the very systems designed to enhance operations. Industrial networks, which are often legacy systems, are frequently 

designed with a primary focus on reliability and performance, rather than robust security measures. This makes them particularly 

vulnerable to a wide range of cyber threats, including data breaches, malware infections, and denial-of-service (DoS) attacks. 

These threats can have severe consequences, from unauthorized access to sensitive operational data to the disruption of critical 

infrastructure, potentially leading to financial losses, operational downtime, and even physical damage or safety hazards. For 

example, a targeted cyber-attack on an industrial control system could shut down a power plant, causing widespread power outages 

and economic disruptions. Therefore, while the benefits of IIoT are undeniable, addressing these security challenges is crucial to 

ensure the safe and reliable operation of industrial systems in the digital age. 

 

2. Related Work 
2.1 Industrial IoT Security 

The security of Industrial IoT (IIoT) systems has been an area of extensive research due to the increasing interconnectivity 

of industrial devices and their exposure to cyber threats. Traditional industrial networks were originally designed for isolated 

operations, meaning security was not a primary concern. However, with the rise of IIoT and cloud-based monitoring, these systems 

have become more vulnerable to cyberattacks, data breaches, and operational disruptions. Researchers have explored multiple 

strategies to strengthen IIoT security. Network segmentation is one such approach, which involves dividing the industrial network 

into smaller, isolated segments, limiting the ability of attackers to move laterally within the system. Additionally, firewalls and 

Intrusion Detection Systems (IDS) play a crucial role in monitoring and filtering network traffic, identifying potential threats, and 

blocking malicious activity before it affects critical systems. Encryption techniques have also been widely adopted to protect both 
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data in transit and data at rest, ensuring that even if attackers intercept the communication, the information remains unreadable. 

Furthermore, access control mechanisms have been emphasized, with role-based access control (RBAC) and multi-factor 

authentication (MFA) being used to restrict unauthorized access to industrial devices and data. Despite these advancements, 

traditional security solutions are often inadequate against sophisticated cyber threats, necessitating further research into novel 

security models. 

 

2.2 Unidirectional Data Diodes 

Unidirectional data diodes, also referred to as one-way security gateways, have emerged as a robust solution to secure data 

transmission in high-security environments. These hardware-based devices enforce strict one-way data flow, physically preventing 

any form of data exfiltration or cyber intrusion. Initially, data diodes were used in sectors such as military and government 

networks, where preventing unauthorized access to sensitive systems was a top priority. However, with increasing cybersecurity 

concerns in industrial automation, researchers have explored their application in IIoT environments. These studies have 

demonstrated that data diodes can effectively mitigate the risks of remote cyberattacks while still allowing industrial systems to 

transmit critical operational data to monitoring and analytics platforms. However, most research has focused on the hardware 

architecture and efficiency of data diodes, rather than their seamless integration with cloud-based IIoT platforms. As a result, there 

remains a gap in understanding how these unidirectional gateways can be efficiently leveraged in conjunction with modern 

industrial cloud services to enable secure and scalable data transmission. 

 

2.3 Cloud Integration in IIoT 

Cloud computing platforms such as AWS IoT Core, AWS SiteWise, and Azure IoT Hub offer extensive capabilities for 

data collection, real-time analytics, and predictive maintenance in IIoT environments. These platforms enable industries to 

centralize their data processing, leverage AI-powered insights, and optimize operational efficiency. However, one of the key 

challenges associated with cloud integration in IIoT is the bidirectional nature of data communication. Cloud-based systems often 

require both inbound and outbound data flow, which increases the risk of cyberattacks, data breaches, and unauthorized system 

control. To mitigate these risks, researchers have proposed various solutions, including data encryption, strict access control 

policies, and redundancy mechanisms. End-to-end encryption ensures that data remains secure even if intercepted during 

transmission, while role-based access control (RBAC) and multi-factor authentication (MFA) help restrict access to critical cloud 

resources. Additionally, data redundancy techniques, such as storing multiple copies of data in distributed cloud regions, enhance 

system reliability and prevent data loss. However, these security measures alone do not fully eliminate the risks posed by 

bidirectional cloud communication, highlighting the need for innovative approaches that balance security and cloud scalability. 

 

2.4 Limitations of Existing Approaches 

While current IIoT security strategies have significantly improved the protection of industrial systems, they often fall 

short in addressing the unique challenges of secure cloud-based data transmission. One major limitation is that encryption and 

access control mechanisms, though effective, can still be bypassed if an attacker compromises the cloud service provider itself or 

gains access through supply chain vulnerabilities. Similarly, network segmentation and firewall-based solutions may be ineffective 

against zero-day vulnerabilities and sophisticated advanced persistent threats (APTs) that can exploit weaknesses in industrial 

networks. Additionally, most traditional security measures focus on detection and mitigation, rather than absolute prevention of 

cyberattacks, leaving critical systems exposed to emerging threats. The use of unidirectional security gateways (data diodes) 

presents a promising alternative, but their full potential remains underutilized in IIoT cloud architectures. Therefore, there is a 

pressing need for a comprehensive and hybrid security framework that integrates unidirectional data transmission with cloud-based 

analytics, ensuring that industrial systems can leverage cloud benefits without increasing their cybersecurity risks. 

 

3. Unidirectional Security Gateway (USG) Architecture 
3.1 Overview 

The Unidirectional Security Gateway (USG) is a specialized cybersecurity solution designed to facilitate secure data 

transmission from industrial IoT (IIoT) environments to cloud platforms such as AWS IoT Core and AWS SiteWise. As industries 

increasingly integrate cloud-based monitoring and analytics, the challenge of securing data transmission while preventing cyber 

threats from infiltrating industrial control systems (ICS) has become critical. The USG functions as a one-way data diode, ensuring 

that information can only flow outward from the industrial network to the cloud but never in the reverse direction. This 

unidirectional architecture effectively eliminates the possibility of remote cyber intrusions, malware propagation, or unauthorized 

data exfiltration from external networks. By enforcing strict one-way data communication, the USG provides an air-gapped level of 

security while still enabling industries to leverage cloud-based analytics and AI-driven insights for operational efficiency. 

 

3.2 Components of the USG 
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The USG is composed of several key components, each playing a crucial role in ensuring the secure, structured, and 

reliable transfer of industrial data to cloud services. The Data Collector serves as the initial interface between the industrial IoT 

devices and the USG, gathering real-time operational data from sensors, controllers, and actuators deployed in manufacturing 

plants, power grids, and other critical infrastructures. Once the data is collected, it is processed by the Data Processor, which is 

responsible for formatting, normalizing, aggregating, and compressing the raw industrial data into a format that aligns with the 

cloud platform’s ingestion standards. The most vital component of the USG is the Data Diode, a hardware-enforced security 

mechanism that ensures strict unidirectional data flow. This prevents any external command, malware, or unauthorized entity from 

establishing a reverse connection to the industrial network. Finally, the Cloud Connector establishes secure encrypted 

communication with the designated cloud platform, ensuring that the processed data is transmitted efficiently to AWS IoT Core, 

SiteWise, or other cloud-based analytics services. 

 

 

3.3 Data Flow 

The data transmission process within the USG follows a structured sequential flow, ensuring security at each stage. It 

begins with Data Collection, where the data collector module gathers information from IIoT devices, including temperature 

readings, vibration metrics, pressure levels, and other industrial parameters. Once the raw data is acquired, the Data Processing 

module formats it into a structured form suitable for cloud processing. This includes data normalization (aligning different data 

formats), aggregation (combining multiple readings for efficiency), and compression (reducing bandwidth usage during 

transmission). The Data Transmission phase is where the Data Diode enforces the one-way security policy, ensuring that the 

processed industrial data is sent to the cloud while blocking any inbound communication attempts. Finally, the Cloud Integration 

process occurs as the Cloud Connector establishes a secure connection with AWS IoT Core, AWS SiteWise, or other platforms, 

allowing the data to be stored, analyzed, and utilized for predictive maintenance, anomaly detection, and operational decision-

making. 

 

3.4 Security Features 

The USG incorporates multiple security mechanisms to guarantee data confidentiality, integrity, and availability during 

transmission. Data Encryption is a fundamental feature that ensures all outgoing data is encrypted before transmission, protecting it 

from eavesdropping, man-in-the-middle attacks, or unauthorized interception while in transit. To further enhance security, Access 

Control policies are implemented, ensuring that only authorized personnel and applications can interact with the USG and access 

transmitted data. Additionally, Audit Logging plays a crucial role in security monitoring, as the USG maintains detailed logs of all 

data transmissions, connection attempts, and operational activities. These logs are invaluable for forensic analysis, compliance 

auditing, and identifying any suspicious behaviors. Finally, to ensure the long-term security and reliability of the system, the USG 

supports secure firmware updates, allowing it to receive critical security patches and new feature enhancements while maintaining 

the one-way security model. 

 

4. Algorithms for Data Transmission and Security 
The Unidirectional Security Gateway (USG) employs a set of well-defined algorithms to ensure efficient, reliable, and 

secure data transmission from industrial IoT (IIoT) devices to cloud platforms. These algorithms play a critical role in maintaining 

data integrity, confidentiality, and availability while enforcing the one-way data flow that prevents cyber intrusions. The four 

primary algorithms implemented in the USG architecture include data collection, data processing, data transmission, and security 

mechanisms. Each algorithm is optimized for industrial environments, where real-time data acquisition, high-volume processing, 

and stringent security requirements are essential. 

4.1 Data Collection Algorithm 

The data collection algorithm is responsible for acquiring real-time operational data from IIoT devices, such as sensors, 

actuators, controllers, and industrial machines. This algorithm must ensure high accuracy, minimal latency, and fault tolerance to 

guarantee reliable data acquisition. The pseudocode outlines a structured approach where the system first establishes a connection 

with an IIoT device, retrieves the required data readings, and performs validation checks to filter out corrupted or missing data. If 

the data fails validation, an error is logged to prevent inaccurate information from being processed. The effectiveness of this 

algorithm ensures that only high-quality, valid data is transmitted further into the pipeline, reducing the chances of false alarms or 

incorrect analytics results in the cloud-based monitoring system. 

def collect_data(device_id): 

    # Connect to the industrial IoT device 

    device = connect_to_device(device_id) 

     

    # Collect data from the device 
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    data = device.read_data() 

     

    # Validate the collected data 

    if not validate_data(data): 

        log_error(f"Invalid data from device {device_id}") 

        return None 

     

    # Return the collected data 

    return data 

 

4.2 Data Processing Algorithm 

Once the raw data is collected, it undergoes processing to standardize its format, reduce redundancy, and enhance 

transmission efficiency. The data processing algorithm plays a crucial role in making industrial data compatible with cloud-based 

analytical platforms. The algorithm first normalizes the data, aligning different formats and units of measurement to maintain 

consistency across diverse IIoT sources. Then, aggregation techniques are applied to consolidate multiple sensor readings into 

meaningful metrics, reducing data volume while preserving essential insights. Finally, data compression is performed to optimize 

bandwidth usage, ensuring that large-scale industrial datasets can be transmitted efficiently through the USG. This structured 

processing pipeline not only enhances data storage efficiency but also facilitates faster query performance and real-time analytics 

in cloud platforms such as AWS IoT SiteWise or Amazon Timestream. 

def process_data(raw_data): 

    # Normalize the data 

    normalized_data = normalize_data(raw_data) 

     

    # Aggregate the data 

    aggregated_data = aggregate_data(normalized_data) 

     

    # Compress the data 

    compressed_data = compress_data(aggregated_data) 

     

    # Return the processed data 

    return compressed_data 

 

4.3 Data Transmission Algorithm 

The data transmission algorithm is a critical component that ensures secure, one-way data transfer through the USG. The 

algorithm first applies AES (Advanced Encryption Standard) encryption to secure the processed data, protecting it from 

eavesdropping or tampering during transmission. The encrypted payload is then transmitted through the data diode, which strictly 

enforces unidirectional flow and prevents any incoming data or remote access attempts. A logging mechanism records all 

transmission activities, creating an audit trail for security monitoring and forensic investigations. This approach guarantees that 

even if an attacker compromises the cloud platform, they cannot infiltrate or manipulate the industrial network due to the physical 

enforcement of one-way communication. 

def transmit_data(processed_data): 

    # Encrypt the data 

    encrypted_data = encrypt_data(processed_data) 

     

    # Transmit the data through the data diode 

    data_diode.transmit(encrypted_data) 

     

    # Log the transmission 

    log_transmission(encrypted_data) 

 

4.4 Security Algorithms 

Security is a fundamental aspect of the USG’s architecture, and multiple algorithms are implemented to ensure 

confidentiality, integrity, and access control. Data Encryption is achieved using AES, a widely recognized cryptographic standard 

that encrypts the outgoing data before transmission. This prevents any unauthorized entity from reading or modifying the data in 

transit. Access Control Mechanisms are enforced through Role-Based Access Control (RBAC), ensuring that only authorized 
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personnel can interact with the USG and its components. Additionally, Audit Logging algorithms maintain a detailed record of all 

data transmission activities, enabling administrators to detect anomalies, trace security breaches, and comply with industry 

regulations. Lastly, Secure Firmware Update mechanisms ensure that the USG remains protected against evolving cyber threats by 

allowing cryptographically signed updates, preventing attackers from injecting malicious firmware. 

 

In conclusion, the combination of data collection, processing, transmission, and security algorithms ensures that the USG 

operates with high efficiency and resilience. By enforcing strict unidirectional security policies, leveraging advanced encryption 

techniques, and integrating robust access control mechanisms, the USG provides a secure bridge between industrial networks and 

cloud platforms. This architecture not only mitigates cyber risks but also enables industries to harness the power of cloud-based 

analytics, AI-driven insights, and real-time monitoring without compromising security. 

 

5. Implementation of the USG 
The implementation of the Unidirectional Security Gateway (USG) requires a well-structured combination of hardware 

and software components to ensure secure, efficient, and reliable data transmission from industrial IoT (IIoT) devices to cloud 

platforms like AWS IoT and SiteWise. The design must account for performance constraints, security requirements, and cloud 

compatibility, making it essential to select the right hardware and software stack for deployment. 

 

5.1 Hardware Requirements 

The hardware components of the USG are carefully selected to handle different stages of data transmission, from 

collection and processing to secure unidirectional transfer and cloud integration. The key hardware components include: 

• Data Collector: This component is responsible for collecting raw data from industrial IoT devices such as sensors, 

actuators, and controllers. A microcontroller (e.g., Arduino, ESP32) or a single-board computer (SBC) like Raspberry Pi 

is suitable for this task, as it provides low-power operation with sufficient computational capabilities for data acquisition. 

• Data Processor: Once collected, data must be processed before transmission. A more powerful SBC (e.g., Raspberry Pi 4, 

Jetson Nano) or a small industrial server is recommended to normalize, aggregate, and compress data, ensuring it is 

formatted properly for cloud ingestion. 

• Data Diode: A hardware-based data diode is implemented to enforce unidirectional data flow, preventing data leakage and 

cyber threats from propagating back into the industrial network. If a hardware-based diode is not available, a software-

based implementation running on a separate SBC can be used to control network permissions and enforce strict 

unidirectional communication. 

• Cloud Connector: The cloud connector module enables the USG to transmit processed data securely to cloud platforms. It 

can be implemented using a network interface card (NIC) for wired connectivity or a wireless module (e.g., Wi-Fi or LTE 

modem) for remote connectivity. This component is critical for establishing a secure, encrypted connection with cloud 

services. 

 

5.2 Software Requirements 

The software stack for the USG must be lightweight, secure, and optimized for industrial applications. The following 

components are recommended: 

• Operating System (OS): A lightweight and secure OS, such as Linux-based distributions (Ubuntu, Debian, or Alpine 

Linux) or real-time operating systems (RTOS) like FreeRTOS, ensures stability and security while minimizing resource 

consumption. 

• Programming Languages: The core algorithms for data collection, processing, encryption, and transmission can be 

implemented using Python, C, or C++. Python is particularly useful for cloud integration and rapid prototyping, while 

C/C++ provides better performance for low-level hardware interactions. 

• Security Libraries: The OpenSSL library is used for data encryption and secure authentication, ensuring that data remains 

protected from unauthorized access. Additionally, a logging library is implemented to maintain audit logs of all data 

transmission activities, aiding in forensic analysis and compliance. 

 

5.3 Integration with AWS IoT and SiteWise 

To leverage cloud-based data analytics and monitoring, the USG is integrated with AWS IoT and SiteWise through a 

series of structured steps. 

1. AWS IoT Integration: 

AWS IoT provides a scalable, secure platform for device management and data processing. The integration involves: 

• Device Registration: The USG must be registered as a device in AWS IoT Core, allowing it to establish a secure 

connection for data transmission. 
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• Shadow Management: AWS IoT Device Shadows enable the USG to maintain and synchronize device states, ensuring 

reliable communication and remote monitoring. 

• Data Transmission: The AWS IoT SDK is used to publish collected data to AWS IoT via MQTT or HTTPS protocols, 

ensuring real-time data availability in the cloud. 

 

 
Fig 1: USG OPCUA AWS Integration 

 

The integration of an industrial automation system with AWS cloud services using a Unidirectional Security Gateway (USG). 

On the left side, industrial automation devices generate data, which is managed by an OPC UA server. The USG is strategically 

placed between the industrial network and the cloud infrastructure to ensure that data flows only in one direction from the 

industrial system to the cloud without allowing any return traffic that could compromise security. Once data is collected from the 

OPC UA server, it is replicated and transmitted securely through AWS IoT Greengrass and AWS SiteWise Collector. These AWS 

services enable local data processing and facilitate seamless ingestion into the AWS IoT SiteWise platform for further analysis. 

AWS SiteWise then enables visualization and monitoring of industrial operations through the SiteWise Monitor, providing an 

operational dashboard for users. AWS IAM Identity Center ensures secure access control, allowing only authorized users to 

analyze and interact with the data. This architecture ensures that industrial networks remain isolated from potential cyber threats 

while still enabling cloud-based analytics. By implementing a USG, organizations can securely transmit operational data for 

remote monitoring and decision-making without exposing their critical infrastructure to external cyber threats. 

 

2. AWS SiteWise Integration: 

AWS SiteWise enables real-time industrial data visualization and analysis, making it essential for monitoring production 

environments. The integration process includes: 

• Asset Management: SiteWise models industrial assets by defining relationships between devices, sensors, and data 

sources, allowing structured data organization. 

• Data Ingestion: The SiteWise Gateway is used to ingest data from the USG, ensuring seamless transfer and storage of 

industrial telemetry data. 

• Data Visualization: AWS SiteWise Monitor provides dashboards and real-time analytics, allowing operators to visualize 

industrial processes, identify anomalies, and optimize efficiency. 

 

Fig 2: USG MQTT AWS Integration 
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The role of a Unidirectional Security Gateway (USG) in securing data transmission from MQTT-based industrial IoT 

devices to the AWS Cloud. On the left side, an MQTT client collects and publishes data to an MQTT broker. The USG is 

positioned between the MQTT broker and AWS IoT Core to ensure that data flows only in one direction towards the cloud without 

the possibility of any incoming traffic that could pose security risks. 

 

Once data is published through the USG, it is ingested by AWS IoT Core, where IoT topics and rules are applied to 

process the incoming information. The processed data is then stored in Amazon Timestream, a specialized time-series database that 

allows efficient storage and retrieval of IoT telemetry data. For visualization and analysis, Amazon Grafana is integrated to provide 

real-time dashboards and insights into industrial operations. AWS IAM Identity Center ensures role-based access control, enabling 

only authorized users to interact with the data. This secure architecture enables industrial organizations to leverage cloud-based 

analytics while protecting their critical infrastructure from cyber threats. The USG acts as a secure bridge, preventing any 

unauthorized access or cyberattacks from affecting industrial control systems while still allowing seamless data collection and 

cloud-based processing. 

 

5.4 Example Code 

The following is an example of Python code for integrating the USG with AWS IoT: 

import boto3 

import json 

 

# Initialize the AWS IoT client 

iot_client = boto3.client('iot') 

 

# Define the device ID and data 

device_id = "USG-001" 

data = { 

    "temperature": 25.0, 

    "humidity": 60.0 

} 

 

# Publish the data to AWS IoT 

response = iot_client.publish( 

    topic=f"device/{device_id}/data", 

    payload=json.dumps(data) 

) 

 

# Log the response 

print(f"Data published to AWS IoT: {response}") 

 

6. Performance and Security Evaluation 
The Unidirectional Security Gateway (USG) is designed to provide high-performance and robust security for industrial 

IoT (IIoT) systems while enabling secure data transmission to cloud platforms. To validate its effectiveness, the performance and 

security metrics of the USG are systematically evaluated using a testbed environment that simulates a real-world industrial setup. 

The evaluation criteria focus on data throughput, latency, resource utilization, data integrity, confidentiality, access control, and 

audit logging. By analyzing these metrics, the reliability and efficiency of the USG architecture can be assessed in terms of both 

operational performance and cybersecurity resilience. 

 

6.1 Performance Metrics 

The performance evaluation of the USG is based on three key metrics: 

1. Data Throughput – This metric measures the amount of data that can be transmitted from the industrial network to the 

cloud per unit of time. It determines the efficiency of data transmission and impacts the real-time monitoring and analytics 

capabilities of cloud platforms. 

2. Latency – Latency refers to the time delay between the moment data is collected from IIoT devices and the moment it 

reaches the cloud platform. Low latency is critical for time-sensitive industrial operations, such as predictive maintenance 

and anomaly detection. 
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3. Resource Utilization – The USG consumes computational resources (CPU, memory, and network bandwidth) while 

performing its tasks. Optimizing resource usage is essential to ensure that the system operates efficiently without 

overloading the hardware components. 

The measured performance results (as shown in Table 1) indicate that the USG achieves a data throughput of 100 KB/s, ensuring 

reliable and continuous data flow. The latency of 50 milliseconds demonstrates that data transmission is fast enough to support 

near-real-time applications. Additionally, CPU utilization remains at 30%, and memory consumption is limited to 100 MB, 

confirming that the USG operates within acceptable performance constraints without causing resource bottlenecks. 

 

6.2 Security Metrics 

Security evaluation focuses on ensuring that the USG effectively prevents cyber threats and guarantees the integrity, 

confidentiality, and access control of industrial data. The following metrics are used to assess the security performance of the 

system: 

1. Data Integrity – This metric measures the ability of the USG to transmit data without corruption or unauthorized 

modifications. Ensuring 100% data integrity is critical for maintaining accurate industrial analytics and decision-making. 

2. Data Confidentiality – The USG must protect sensitive industrial data from unauthorized access or interception during 

transmission. This is achieved using AES encryption, ensuring that only authorized cloud services can access the 

transmitted data. 

3. Access Control – Unauthorized access to IIoT devices, the USG, or cloud-stored data can lead to industrial espionage or 

cyber-attacks. The USG enforces strict Role-Based Access Control (RBAC) policies to restrict access to authenticated and 

authorized personnel. 

4. Audit Logging – Maintaining a detailed log of all data transmission activities allows security teams to detect anomalies, 

trace security breaches, and comply with industrial regulations. The USG ensures that every data transmission event is 

recorded for forensic analysis. 

 

6.3 Evaluation Setup 

To conduct a realistic and controlled performance and security evaluation, a testbed environment is deployed with the 

following components: 

1. Industrial IoT Devices – A set of sensors, actuators, and controllers simulating an industrial environment. These devices 

generate real-time operational data that needs to be securely transmitted to the cloud. 

2. Unidirectional Security Gateway (USG) – A prototype USG implemented using a Raspberry Pi 4 and a hardware data 

diode. The Raspberry Pi runs lightweight security software to enforce unidirectional data transmission and encryption. 

3. Cloud Platform – The AWS IoT and AWS SiteWise platforms are used to receive, store, and analyze the transmitted 

industrial data. AWS security policies are integrated with the USG to ensure end-to-end protection. 

 

6.4 Results 

The results of the performance and security evaluation are summarized in Table 1 and Table 2. 

 
Table 1: Performance Evaluation Results 

Metric Value 

Data Throughput 100 KB/s 

Latency 50 ms 

CPU Utilization 30% 

Memory Utilization 100 MB 

Network Bandwidth 1 Mbps 

 
Table 2: Security Evaluation Results 

Metric Value 

Data Integrity 100% 

Data Confidentiality 100% 

Access Control 100% 

Audit Logging 100% 

 

6.5 Discussion 

The performance evaluation results indicate that the USG successfully achieves high-speed and low-latency data 

transmission while maintaining minimal CPU and memory usage. This ensures that the system is suitable for real-time industrial 

applications, including predictive maintenance, remote monitoring, and AI-driven analytics in the cloud. The achieved 100 KB/s 
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throughput is sufficient for most industrial use cases, where sensor data typically consists of structured numerical values rather than 

high-bandwidth multimedia content. 

 

On the security front, the USG ensures 100% data integrity and confidentiality, demonstrating its ability to protect 

sensitive industrial data from cyber threats. The one-way data diode mechanism prevents attackers from exploiting cloud 

vulnerabilities to infiltrate the industrial network. Additionally, the strict access control policies and detailed audit logs reinforce 

compliance with cybersecurity regulations, such as IEC 62443 (Industrial Cybersecurity Standards) and NIST Cybersecurity 

Framework. 

 

Despite these promising results, certain trade-offs must be considered. The unidirectional nature of the USG limits 

bidirectional communication, which could be a challenge for applications requiring remote control capabilities. Additionally, while 

encryption and access control mechanisms significantly enhance security, they add computational overhead to the system. Future 

improvements could focus on optimizing encryption efficiency, integrating AI-driven anomaly detection, and supporting high-

speed industrial networks such as 5G-enabled IIoT. 

 

Overall, the USG provides a highly secure and efficient solution for industrial IoT environments, effectively balancing 

performance and security while mitigating cyber risks associated with cloud integration. Its ability to ensure unidirectional data 

flow, enforce strong encryption, and log every transaction makes it a reliable security framework for Industry 4.0 applications. 

 

7. Case Study: USG in a Manufacturing Plant 
The Unidirectional Security Gateway (USG) plays a crucial role in securing data transmission from industrial IoT (IIoT) 

devices to cloud platforms in critical industries such as automotive manufacturing. Industrial networks handle highly sensitive 

operational data, including production metrics, equipment health, and environmental parameters. Without proper security 

measures, cyber threats such as data breaches, ransomware attacks, and industrial espionage can disrupt manufacturing operations. 

This case study explores the implementation of the USG in a real-world automotive manufacturing plant, highlighting its impact on 

data security, accuracy, and real-time monitoring. 

 

7.1 Background 

A leading automotive manufacturing plant relies on a network of industrial IoT devices to monitor and optimize its 

production processes. These devices include temperature sensors, pressure sensors, flow meters, and smart actuators, all of which 

generate critical operational data. The plant's management team seeks to leverage cloud computing (specifically AWS IoT and 

SiteWise) for real-time data analysis, predictive maintenance, and process optimization. However, cybersecurity concerns pose a 

significant challenge. The plant’s industrial network, which operates mission-critical production systems, must be isolated from 

potential cyber threats originating from the internet and cloud environments. The risk of unauthorized access, data leaks, and 

cyberattacks necessitates a secure data transmission mechanism that allows information to flow only from the industrial network to 

the cloud without permitting external connections or remote intrusions. 

To address these challenges, the USG is implemented as a security solution to enforce unidirectional data transmission, ensuring 

that sensitive industrial data reaches the cloud while preventing external threats from infiltrating the plant's network. 

 

7.2 Implementation 

The deployment of the USG in the manufacturing plant follows a structured approach, ensuring that data is collected, 

processed, transmitted, and integrated with AWS cloud services in a secure and efficient manner. The implementation process 

consists of the following steps: 

1. Data Collection: 

o Industrial IoT devices, including temperature sensors, pressure sensors, and flow meters, are deployed across 

various production units. 

o These devices continuously monitor key performance parameters and generate real-time operational data. 

o The data collector module of the USG gathers data from the IIoT devices via wired or wireless industrial 

protocols (e.g., Modbus, OPC UA, or MQTT). 

2. Data Processing: 

o The data processor module of the USG formats the collected data to make it compatible with AWS IoT and 

SiteWise. 

o Data formatting tasks include normalization, aggregation, and compression, ensuring efficient and structured data 

transmission. 

o Additional preprocessing, such as anomaly detection and outlier filtering, is applied to ensure data accuracy. 

3. Data Transmission: 
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o The data diode, a critical hardware component, ensures that data flows only in one direction—from the 

manufacturing plant to the cloud—without any possibility of reverse communication. 

o This prevents remote cyber threats from using the cloud connection to infiltrate the plant’s industrial network. 

o The USG encrypts the processed data before transmission, adding an extra layer of security against man-in-the-

middle (MITM) attacks and data interception. 

4. Cloud Integration: 

o The cloud connector module of the USG establishes a secure connection with AWS IoT and SiteWise, where the 

transmitted data is stored and analyzed. 

o AWS services provide real-time dashboards, predictive analytics, and AI-driven insights, helping the plant 

optimize production efficiency, detect equipment failures, and reduce operational downtime. 

o The plant's operational team can access dashboards and reports from AWS to make data-driven decisions while 

maintaining a secure and isolated industrial network. 

This implementation ensures that only outgoing data transmission is allowed, eliminating risks associated with remote 

cyberattacks, malware infections, or unauthorized access to factory systems. 

 

7.3 Results 

The deployment of the USG in the manufacturing plant has delivered significant benefits, enhancing security, data 

accuracy, and operational efficiency: 

1. Enhanced Security: 

o The USG eliminates bidirectional communication, effectively blocking external threats from reaching the plant’s 

industrial network. 

o Unauthorized access and data exfiltration risks are significantly reduced, strengthening cyber resilience against 

attacks such as ransomware and industrial espionage. 

o Data encryption further ensures that sensitive manufacturing data remains confidential during transmission. 

2. Improved Data Accuracy: 

o The USG ensures that data is transmitted accurately and without modification, preventing issues such as data 

corruption, packet loss, or tampering. 

o Reliable data integrity guarantees lead to more consistent and trustworthy insights for real-time decision-making. 

3. Real-Time Monitoring & Cloud Analytics: 

o The integration with AWS IoT and SiteWise enables continuous monitoring of production processes, allowing 

plant managers and engineers to track key performance metrics in real time. 

o AI-powered analytics provide predictive maintenance alerts, helping the plant identify potential equipment 

failures before they occur, reducing downtime and maintenance costs. 

o Real-time data-driven insights increase productivity, streamline workflows, and optimize manufacturing 

operations. 

These benefits demonstrate that the USG serves as a critical cybersecurity and data transmission solution, enabling the 

manufacturing plant to leverage cloud analytics while maintaining a secure and isolated industrial network. 

 

7.4 Discussion 

This case study illustrates the practical implementation of the USG in a real-world industrial setting, showcasing its role in 

protecting industrial networks while enabling cloud-based analytics. By enforcing unidirectional data transmission, the USG 

provides a robust security barrier, ensuring that cyber threats originating from the cloud or the internet cannot infiltrate the plant’s 

operational technology (OT) network. 

 

The case study highlights how the USG enables seamless integration with cloud platforms without compromising data 

integrity or security. By preserving data accuracy and ensuring real-time monitoring, the USG supports advanced industrial 

applications, such as AI-driven process optimization, predictive maintenance, and automated quality control. However, the 

unidirectional nature of the USG also presents some trade-offs. Since it prevents incoming traffic, remote management and control 

of industrial systems via the cloud is not possible. This limitation means that updates, configuration changes, or manual 

interventions must be performed on-site rather than remotely. To address this, manufacturers may deploy a separate, air-gapped 

communication channel for secure remote access under strict cybersecurity policies. In conclusion, the USG provides an effective 

and scalable cybersecurity solution for industrial environments, particularly in high-risk sectors such as automotive manufacturing, 

power plants, and critical infrastructure. By ensuring secure, reliable, and unidirectional data transmission, the USG allows 

industrial facilities to leverage the power of cloud computing while mitigating cyber risks, ultimately leading to safer and more 

efficient manufacturing operations. 
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8. Conclusion and Future Work 
The Unidirectional Security Gateway (USG) represents a robust and effective solution for ensuring secure and reliable 

data transmission from industrial IoT (IIoT) devices to cloud platforms such as AWS IoT and SiteWise. By utilizing a one-way 

data diode, the USG enforces strict unidirectional data flow, preventing any unauthorized access or cyber threats from propagating 

from the cloud back into the industrial network. This security mechanism is critical in protecting high-value industrial systems 

from cyberattacks, data breaches, and unauthorized modifications, making it an essential component of modern IIoT security 

architectures. 

 

Through rigorous performance and security evaluations, the USG has demonstrated high efficiency in data transmission, 

achieving optimal data throughput, low latency, and minimal resource utilization. Additionally, security assessments confirm that 

the USG maintains 100% data integrity and confidentiality, ensuring that sensitive industrial data remains secure throughout the 

transmission process. These results validate the USG as a highly reliable and scalable solution for industries requiring secure cloud 

connectivity without compromising operational security. 

 

Furthermore, the case study of USG deployment in an automotive manufacturing plant highlights its practical application 

in a real-world industrial environment. The USG successfully enhanced the security posture of the manufacturing plant, ensuring 

that operational data could be securely transmitted to AWS IoT for real-time analytics and decision-making. This implementation 

resulted in improved data accuracy, enhanced process monitoring, and increased production efficiency, showcasing the tangible 

benefits of USG adoption in industrial settings. While the USG provides a strong foundation for secure data transmission, 

continuous advancements and optimizations are necessary to keep pace with evolving industrial requirements and emerging 

cybersecurity threats. 

 

8.1 Future Work 

Despite its proven effectiveness, the USG can be further improved to meet the growing demands of modern IIoT 

ecosystems. Several key areas for future development and research include: 

1. Scalability Enhancements 

o As industrial networks continue to grow, handling larger volumes of data efficiently will become increasingly 

important. 

o Future iterations of the USG should be optimized to support higher data throughput, enabling the transmission of 

large-scale sensor data in real-time. 

o Implementing distributed USG architectures that balance workload across multiple gateways can enhance system 

performance while maintaining security and reliability. 

2. Advanced Security Features 

o While the USG currently ensures 100% data integrity and confidentiality, new security threats continue to 

emerge in the realm of cyber-physical systems. 

o Integrating machine learning-based anomaly detection can help identify suspicious patterns in transmitted data, 

enabling early threat detection and automated response mechanisms. 

o Implementing intrusion prevention mechanisms that analyze data flow patterns in real time can further strengthen 

the system's resilience against cyber threats. 

3. Improved Interoperability 

o Many industries rely on a diverse set of cloud platforms and industrial protocols, necessitating a more adaptable 

and interoperable USG. 

o Future versions should support multi-cloud compatibility, enabling secure data transmission to various cloud 

providers beyond AWS, such as Microsoft Azure, Google Cloud, and private industrial clouds. 

o Expanding support for additional industrial protocols (e.g., PROFINET, EtherNet/IP, and BACnet) will allow the 

USG to be deployed across a wider range of industrial environments, including energy, healthcare, and critical 

infrastructure sectors. 

4. User-Friendly Interface and Management Tools 

o Industrial operators and IT security teams require intuitive tools to configure, monitor, and manage the USG 

effectively. 

o Developing a user-friendly graphical interface for simplified configuration and real-time monitoring will enhance 

adoption and usability. 

o Features such as dashboard analytics, remote logging, and automated alerts can provide actionable insights, 

improving system maintenance and security oversight. 
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By addressing these key areas, the USG can continue to evolve and adapt, ensuring long-term effectiveness in protecting industrial 

networks while facilitating secure cloud-based data analytics. As IIoT ecosystems expand, the role of the USG in safeguarding 

critical infrastructure will become increasingly vital, making continuous research and development in this domain essential for the 

future of industrial cybersecurity. 
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