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Abstract

In an era of escalating cyber threats and state-sponsored espionage, secure communication remains a cornerstone of
national security for military and government organizations. Traditional messaging platforms, such as WhatsApp,
Telegram, and Signal, rely on centralized servers to store and relay messages, introducing critical vulnerabilities to data
breaches, surveillance, and unauthorized access. To address these critical gaps, Trace-Less has been developed—an
innovative, zero-storage peer-to-peer (P2P) communication platform specifically designed for verified defence and
government personnel. Built using React.js for the frontend, Node.js for backend operations, and WebRTC for direct
browser-to-browser communication, Trace-Less ensures that all messages exist solely in the browser memory of
communicating parties and are automatically destroyed upon session termination. The platform integrates domain-based
verification restricting access to authorized ".gov.in" email domains, implements military-grade end-to-end encryption,
and provides auto-destruct messaging capabilities with configurable expiry timers. This research explores the design,
development, implementation, and security architecture of Trace-Less, demonstrating how modern web technologies
can be leveraged to create ephemeral, server-less communication solutions that leave zero digital traces. Through
comprehensive security testing, threat modeling, and user validation, we demonstrate that Trace-Less provides a robust,
scalable, and user-friendly solution for secure military communication. The platform exemplifies the critical importance
of privacy-preserving technologies in defence operations and sets a foundation for next-generation secure
communication systems.

Keywords: Peer-to-peer communication, WebRTC, Zero-storage architecture, End-to-end encryption, Ephemeral
messaging, Military-grade security, Domain verification, Defence communication, Privacy preservation

I. INTRODUCTION

1.1 Background of the Study

In the digital age, secure communication is not merely a convenience but a critical necessity, particularly for military and
government operations where the confidentiality, integrity, and availability of communications are non-negotiable. The
global cybersecurity landscape has evolved dramatically over the past decade, with sophisticated cyber-attacks targeting
government and defence infrastructure becoming increasingly frequent and devastating. High-profile incidents such as
the SolarWinds breach (affecting multiple U.S. government agencies), the Pegasus spyware scandal (revealing nation-
state surveillance capabilities), and numerous data breaches exposing sensitive government communications have
collectively underscored the urgent need for communication platforms that provide absolute privacy and security.

Traditional messaging platforms—including WhatsApp, Telegram, Signal, and others—while featuring end-to-end
encryption and advanced security mechanisms, fundamentally rely on centralized server architectures. These platforms
store user metadata, conversation metadata, and sometimes even temporary message copies on centralized servers,
creating single points of failure and attractive targets for cyber-attackers and malicious nation-state actors. During recent
professional engagements, it was observed that defence and military personnel, acutely aware of these vulnerabilities,
frequently resort to unconventional communication methods—such as using commercial payment app chats or informal
communication channels—to avoid perceived risks associated with mainstream platforms. This practice, while

understandable from a securitz standEOint, introduces its own vulnerabilities and undermines organizational securitz
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protocols.

The COVID-19 pandemic accelerated the adoption of digital communication tools across all sectors, including
government and defence. However, this rapid digital transformation occurred simultaneously with an unprecedented
surge in cyber threats. The Indian Computer Emergency Response Team (CERT-In) reported over 1.4 million
cybersecurity incidents in 2023 alone, with a significant proportion targeting critical government and defence
infrastructure. These statistics, combined with growing concerns about surveillance capitalism and state-sponsored
espionage, have created an urgent imperative for communication solutions that transcend the limitations of existing
platforms.

1.2 Problem Identification

The primary problem addressed by this research is the absence of a truly private, server-less, and ephemeral
communication platform specifically engineered for military and government use. While existing solutions offer varying
degrees of privacy protection, they collectively suffer from critical and systemic shortcomings:

Centralized Data Persistence: Most messaging platforms store messages, metadata, or both on centralized servers,
creating a single point of failure and exposing sensitive communications to potential breaches, legal requests for data
disclosure, and forensic recovery.

Inadequate Access Control: Few platforms offer robust domain-based verification mechanisms, allowing unauthorized
users to potentially infiltrate sensitive communication channels.

Metadata Exposure: Even encrypted platforms often retain extensive metadata including timestamps, participant
identities, connection logs, and interaction patterns, which can reveal sensitive information even if message content
remains encrypted.

Lack of True P2P Architecture: Most platforms route messages through intermediaries, introducing latency, creating
audit trails, and providing additional vectors for interception and surveillance.

Inconrplete Ephemerality: Platforms offering "disappearing messages" typically provide optional features rather than
guaranteed ephemerality, and deleted messages often remain recoverable through backups or forensic analysis.

These gaps pose existential risks to defence and government operations, where communication security directly impacts
national security outcomes. In sensitive military operations, intelligence gathering, or covert government activities, the
persistence of communication traces can have catastrophic consequences including compromised operational security,
identification of personnel, intelligence leakage, and loss of strategic advantage.

1.3 Motivation and Inspiration

The motivation behind Trace-Less emerged from multiple convergent observations:

« Stakeholder Observations: Discussions with defence and government personnel consistently revealed acute distrust
of mainstream platforms. Many individuals employed ad-hoc workarounds—using secondary communication channels,
limiting information sharing, or relying on verbal briefings—despite the operational inefficiency and security risks these
approaches introduce.

« Academic Research: Consultations with cybersecurity researchers and academic peers specializing in secure
communication protocols identified significant research gaps in available open-source, zero-storage communication
platforms suitable for government deployment.

« Technological Maturation: The evolution of WebRTC (Web Real-Time Communication) technology has made
browser-to-browser communication practical and robust. Combined with modern encryption standards and frontend
frameworks, this technology enables the creation of truly ephemeral platforms where messages exist exclusively in
browser memory and vanish upon session termination.

« Regulatory Pressure: Increasing regulatory requirements around data protection (GDPR in Europe, various Indian
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privacy regulations) and national security directives emphasizing domestic-controlled communication infrastructure
have created demand for solutions that maintain data sovereignty and eliminate foreign server dependencies.

1.4 Objectives of the Study

This research pursues the following core objectives:

1. Zero-Storage Architecture: Design and implement a communication platform where no messages, metadata, or
session data are persisted on any server or database, ensuring complete immunity from server-side data breaches.

2. Peer-to-Peer Communication: Engineer direct browser-to-browser communication using WebRTC, eliminating
intermediaries and ensuring that data exchange occurs exclusively between authorized endpoints.

3. Domain-Based Verification: Implement robust verification restricting access to users possessing email addresses
from verified government domains (e.g., ".gov.in"), ensuring only authorized personnel can register and utilize the
platform.

4. Military-Grade Encryption: Integrate end-to-end encryption using advanced cryptographic standards (AES-256,
RSA-4096, ECDHE) to ensure all communications remain secure and confidential.

5. Guaranteed Ephemerality: Implement auto-destruct mechanisms ensuring conversations expire automatically
after configurable periods (default 24 hours) or upon session termination, guaranteeing complete absence of
communication traces.

6. User-Friendly Interface: Develop an intuitive, responsive interface enabling military and government personnel
to conduct secure communication without extensive training or specialized technical knowledge.

1.5 Scope of the Project

Trace-Less is specifically engineered for military and government communication with the following clearly defined
scope:

Target Users: Verified defence personnel, government officials, and authorized stakeholders requiring high-security,
ephemeral communication for operational, intelligence, or policy coordination purposes.

Platform: A web-based application built with Reactjs (frontend), Node.js (backend), and WebRTC (P2P
communication), with planned expansion to Progressive Web App (PWA) for offline functionality and cross-platform
deployment.

« Security Features: Domain verification limiting access to ".gov.in" email addresses; P2P encryption for end-to-end
security; ephemeral messaging with configurable auto-destruct timers; zero server storage of messages or metadata;
cryptographic verification of participant identities.

« Limitations: Currently limited to web browsers (mobile and desktop), with planned future development for native
mobile applications; advanced controls such as screenshot prevention are planned for future iterations; the platform
requires active internet connectivity for real-time communication (offline functionality planned for future phases).

1.6 Methodology Overview

The development of Trace-Less followed a structured, security-focused methodology comprising five distinct phases:

1. Research and Analysis Phase: In-depth investigation of WebRTC protocols, P2P communication architectures,
existing secure messaging platforms, cryptographic standards, and defence communication requirements.

2. Design Phase: Development of comprehensive system architecture, security models, data flow diagrams, threat
models, and component specifications.

3.  Implementation Phase: Frontend development using React.js and Tailwind CSS; backend development using
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Node.js; WebRTC integration for P2P communication; Firestore integration for transient metadata storage.

4. Security and Performance Testing Phase: Comprehensive security testing including penetration testing,
encryption validation, threat modeling, and performance evaluation under various network conditions.

5.  Deployment and Validation Phase: Secure deployment on Firebase infrastructure; live demonstration to
stakeholders; collection and analysis of user feedback; iterative refinement based on validation results.

1.7 Organization of the Document

This research paper is structured into seven primary sections:

« Section I: Introduction — Establishes context, identifies problems, articulates objectives and scope

« Section II: Literature Survey — Reviews existing secure communication platforms, WebRTC technology, and
cryptographic protocols

« Section III: System Design and Architecture — Details architectural design, component descriptions, and technical
specifications

« Section IV: Proposed System Design — Describes the comprehensive system design including frontend, backend, and
security layers

« Section V: Implementation Methodology — Outlines development processes, technologies employed, and
implementation strategies

« Section VI: System Evaluation and Results — Presents performance metrics, security testing results, and user
validation feedback

« Section VII: Conclusion and Future Scope — Synthesizes findings, articulates limitations, and identifies future
enhancement opportunities

Il. LITERATURE SURVEY

2.1 Secure Communication Protocols and Platforms

According to (1] contemporary secure messaging platforms employ end-to-end encryption to protect communication
confidentiality. Signal Protocol, developed by Open Whisper Systems, has become the industry standard for secure
messaging, implemented in platforms including Signal, WhatsApp, and others. The protocol provides forward secrecy,
ensuring that compromise of long-term keys does not compromise past sessions.

According to [2]7 peer-to-peer communication architectures eliminate the need for centralized servers, reducing attack
surfaces and enhancing privacy. WebRTC (Web Real-Time Communication), standardized by the IETF and W3C,
enables real-time data exchange directly between browsers without intermediaries. The technology mandates DTLS-
SRTP for encryption, ensuring all WebRTC-transported data remains encrypted end-to-end.

According to ["*3], ephemeral messaging, where messages are automatically deleted after viewing or after a specified
period, provides enhanced privacy compared to permanent storage models. Platforms like Snapchat pioneered this
approach in consumer applications, while Signal provides optional disappearing messages functionality. However, most
implementations retain metadata and do not provide true zero-storage architectures.

According to [*4], domain-based access control provides a practical method for restricting platform access to authorized
users. Government and military organizations frequently use domain-based authentication combined with LDAP or
SAML protocols for identity verification. This approach scales effectively across large organizations while maintaining
security.
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2.2 Zero-Storage and Ephemeral Communication

According to ["5], zero-storage architectures where messages exist exclusively in browser memory and are never
persisted to disk or servers represent the ultimate privacy preservation mechanism. This approach renders forensic
recovery impossible and eliminates the attack surface associated with database breaches.

According to ["6], end-to-end encryption combined with zero-storage provides defense-in-depth security. Even if
messages were intercepted during transmission, the encryption would prevent unauthorized decryption. The combination
ensures multiple security layers.

According to [*7], auto-destruct mechanisms and session expiry timers ensure communication traces do not persist
beyond their operational necessity. Configurable expiry timers allow organizations to balance operational needs with
security requirements.

2.3 Military and Defence Communication Requirements

According to [*8], military communication platforms require compliance with stringent security standards including
NIST guidelines, DoD security requirements, and international standards such as Common Criteria. These requirements
mandate comprehensive threat modeling, penetration testing, and formal security evaluations.

According to ["9], defence communication must maintain operational security (OPSEC) by minimizing information
exposure about operations, personnel, and intentions. This requirement extends beyond message content to encompass
metadata patterns, communication frequency, and participant identification.

According to [*10], legal frameworks including international agreements restrict communication infrastructure
placement and operational control. Platforms used by government entities must often maintain data sovereignty,
ensuring all data processing occurs within national boundaries.

lll. SYSTEM DESIGN AND ARCHITECTURE

3.1 Architectural Overview

Trace-Less implements a zero-storage, peer-to-peer architecture ensuring that no messages or sensitive metadata persist
on any server. The platform operates according to the following core design principles:

Zero Server Storage: All communication occurs directly between user browsers, with no intermediaries storing
messages or metadata.

End-te-End Encryption: Messages are encrypted using AES-256 before transmission and decrypted exclusively on
recipient devices.

Ephemeral Messaging: Messages are automatically deleted from browser memory upon session termination or after
configurable expiry timers (default 24 hours).

Domain-Specific Verification: Access is restricted exclusively to verified government and defence email domains.

« Military-Grade Security: The platform implements comprehensive security measures including threat modeling,
penetration testing, and compliance with defence security standards.

3.2 High-Level System Architecture

The Trace-Less system comprises the following primary components:

1. Frontend Interface — React.js application providing user interaction layer
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2. Backend Services — Node.js services managing authentication and signaling
3. WebRTC Communication Layer — Direct P2P communication between browsers
4. Firestore Database — Transient metadata storage only (no message storage)
5. Security and Encryption Layer — End-to-end encryption and verification mechanisms
6. Admin Dashboard — Monitoring and management interface for administrators

3.3 WebRTC Communication Model

WebRTC enables direct browser-to-browser communication through the following mechanisms:
Signaling Process: Initial connection negotiation between users, handled by the backend server to exchange Session
Description Protocol (SDP) offers and ICE candidates.

NAT Traversal: ICE (Interactive Connectivity Establishment) protocol enables connection establishment even when
users are behind firewalls or Network Address Translators (NATS).

Data Channel Communication: Once connection is established, WebRTC data channels facilitate encrypted message
transmission directly between browsers.

Encryption: DTLS (Datagram Transport Layer Security) and SRTP (Secure Real-time Transport Protocol) provide
mandatory encryption for all WebRTC data.

3.4 System Components and Modules

Frontend Module

« Authentication Interface: Email domain verification for government personnel
« Chat Interface: Secure real-time messaging with encryption indicators

« Room Management: Creation and joining of ephemeral chat rooms

« Session Display: Real-time session status and expiry countdown

« User Controls: Message acknowledgment, read receipts, and session termination

Backend Module

« Authentication Service: Email domain verification and credential validation

« Session Management: Creation, maintenance, and termination of user sessions

« Room Management: Ephemeral chat room creation with automatic expiry

s« WebRTC Signaling: Session Description Protocol (SDP) offer/answer exchange

« API Gateway: RESTful interface for frontend-backend communication
WebRTC Communication Module

« Peer Connection Management: Establishment and maintenance of P2P connections
« Data Channel Operations: Encrypted message transmission between peers

« Automatic Session Cleanup: Guaranteed message deletion upon session termination
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Security Module

« Encryption Engine: AES-256 message encryption and decryption

« Key Management: Ephemeral cryptographic key generation and exchange « Domain Verification: Automated
verification of government email domains « Threat Detection: Real-time monitoring for suspicious activities

3.5 Data Flow Diagrams

Level 0 DFD: The system accepts user authentication requests, validates credentials against authorized domains, creates
secure communication sessions, facilitates P2P message exchange via WebRTC, and automatically terminates sessions
with message deletion.

Level 1 DFD: Specific processes include (1) Email verification against database of authorized domains, (2) Generation
of unique session tokens, (3) Room creation in Firestore with expiry timers, (4) SDP offer/answer exchange for peer
connection establishment, (5) Message encryption/decryption cycles, (6) Automatic cleanup of expired sessions.

3.6 Security Model Design

End-to-End Encryption

The platform implements AES-256 symmetric encryption for message content and RSA-4096 for asymmetric key
exchange. ECDHE (Elliptic Curve Diffie-Hellman Ephemeral) provides perfect forward secrecy, ensuring compromise
of long-term keys does not compromise previous sessions.

Domain-Based Access Control

Users must authenticate using email addresses from verified government domains. The backend maintains a whitelist of
authorized domains and enforces strict domain verification during registration.

Ephemeral Data Management

« Messages are stored exclusively in browser memory (RAM) « No messages are written to disk or transmitted to
servers

« Chat rooms expire after 24 hours with automatic metadata deletion « Session termination triggers immediate browser
memory clearing

Threat Modeling and Risk Assessment

The security model addresses the following threat vectors:

Man-in-the-Middle Attacks: Mitigated through end-to-end encryption and certificate pinning
Server Breach: Eliminated through zero-storage architecture

Unauthorized Access: Prevented through domain verification and session tokens

Message Interception: Prevented through DTLS-SRTP encryption

Metadata Leakage: Prevented through ephemeral storage and automatic cleanup
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IV. PROPOSED SYSTEM DESIGN

4.1 Frontend Architecture

The frontend, built with React.js and Tailwind CSS, provides a user-friendly interface incorporating the following key
features:

Authentication Flow: Users access the platform via HTTPS-secured web interface, enter government email address,
and the system verifies domain ownership. Upon successful verification, users receive session token and access to chat
interface.

Chat Interface: The main chat interface displays authenticated user information, active session timer, message input
field, message history (cleared upon session termination), and encryption status indicators.

Room Management: Users can create new chat rooms, join existing rooms via unique identifiers, view active
participants, and set custom expiry timers (up to 24 hours).

Security Indicators: The interface continuously displays encryption status, session remaining time, number of
participants, and warning notifications for suspicious activities.

4.2 Backend Architecture

The backend, built with Node.js, implements the following services:

Authentication Service:

« Email domain verification against authorized domain database

» Session token generation using cryptographically secure random number generation « Password-less authentication
using government email verification
« Session timeout enforcement with automatic cleanup

Session Management Service:

« Tracking of active sessions with creation and expiry timestamps « Automatic session termination and memory
cleanup

« Prevention of session hijacking through token validation « Real-time session state synchronization

WebRTC Signaling Service:

« SDP offer/answer exchange facilitation

« ICE candidate handling for NAT traversal

« Connection state monitoring and error handling

« Automatic reconnection upon temporary disconnection

Room Management Service:

Unique room identifier generation

Roommetadata storage in Firestore (expiry time only) Automatic deletion of expired room metadata
Roomsccess control enforcement
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4.3 WebRTC Integration

Peer Connection Establishment:

1. User A requests connection with User B through backend

2. Backend provides signaling bridge for SDP exchange

3. WebRTC engines exchange ICE candidates for NAT traversal

4. Direct P2P connection established between browsers

5. Backend signaling connection terminates; all subsequent communication occurs directly between peers

Message Transmission:

« Messages encrypted with session-specific AES-256 key

» Transmitted via WebRTC data channel with DTLS-SRTP encryption « Received message decrypted in recipient
browser
« No server-side message retention or logging

Session Termination:

« User closes browser tab or logs out

« WebRTC connection automatically terminates « All in-memory messages cleared from RAM
« Session metadata deleted from Firestore

4.4 Security Implementation

Encryption Hierarchy:

1. Session-level encryption: RSA-4096 key exchange

2. Message-level encryption: AES-256 for content

3. Transport-level encryption: DTLS-SRTP via WebRTC
4. Storage-level encryption: N/A (zero-storage architecture)

Domain Verification Process:

1. User enters government email address

2. System validates domain against authorized domain list

3. User receives verification email (optional email-based verification)
4. Upon verification, user gains access to platform

5. Session token expires after 24 hours or upon browser closure

Automatic Cleanup Mechanisms:

Browser session cleared upon tab closure Firestore metadata deleted after 24-hour expiry
Tempgrary encryption keys deleted upon session termination No local storage of any persistent data

*
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V. IMPLEMENTATION METHODOLOGY

5.1 Frontend Development (React.js & Tailwind CSS)

Technology Selection:

« React.js: Component-based architecture enabling modular development

« Tailwind CSS: Utility-first CSS framework for rapid, responsive UI development
« Axios: HTTP client for backend communication

« Socket.IO: Real-time bidirectional communication for signaling

Development Process:

1. Project initialization with Create React App
2. Component development: Authentication component, Chat interface component, Room management component
3. State management using React Hooks and Context API

4. Integration with backend APIs
5. Responsive design ensuring functionality across devices
6. Security hardening: input validation, XSS prevention, CSRF protection

Key Frontend Components:

Component Function Security Features

AuthComponent Email verification and login Domain validation, rate limiting

ChatInterface ~ Message display and input Real-time encryption indicators, message
timestamps

RoomManager Room creation and joining Unique room ID generation, access control

SessionDisplay Active session information Countdown timer, participant list, encryption
status

SettingsPanel ~ User preferences and securitySession timeout configuration, notification
options settings

5.2 Backend Development (Node.js)

Technology Selection:

« Node.js: JavaScript runtime for server-side development
« Express.js: Web application framework
« Firebase/Firestore: Cloud database for transient metadata

« WebRTC libraries: Simple-Peer for WebRTC abstraction, Socket.IO for signaling
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Development Process:

1. Environment setup with Node.js and npm
2. Express server initialization
3. Authentication middleware implementation

4. Route definition for API endpoints

5. WebRTC signaling logic development

6.  Firestore integration for metadata persistence
7. Error handling and logging mechanisms

8. Security implementations: HTTPS, CORS, rate limiting

Key Backend Services:

Service Responsibility Technology

Auth Service User authentication and verification JWT tokens, domain validation

Session Service Session management and tracking Redis for caching, Firestore for
persistence

Signaling Service WebRTC connection coordination Socket.IO for real-time
communication

Room Service Ephemeral room management Firestore with TTL (Time-to-Live)

Encryption Service Key management and encryptionNode-RSA, crypto module
operations

5.3 WebRTC Integration

Implementation Architecture:

1. Peer Discovery: Backend facilitates peer discovery through room-based matching
2. Signaling: SDP and ICE candidate exchange via Socket.IO

3. Connection: Direct P2P connection establishment via STUN/TURN servers

4. Communication: Encrypted message transmission via WebRTC data channels

5. Termination: Graceful connection closure and cleanup
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Code Implementation Pattern:

// Peer connection establishment
const peerConnection = new RTCPeerConnection(config);

const dataChannel = peerConnection.createDataChannel ('messages');

// Message sending with encryption

dataChannel.onopen = () =&gt; {
const encryptedMessage = encryptMessage (message, sessionKey);
dataChannel.send (encryptedMessage) ;

}i

// Message receiving with decryption

dataChannel .onmessage = (event) =&gt; {
const decryptedMessage = decryptMessage (event.data, sessionKey);
displayMessage (decryptedMessage) ;

5.4 Firestore Session Management

Data Structure:

collections/

F—— sessions/
F—— sessionId

userId: string

email: string
createdAt: timestamp
expiresAt: timestamp
isActive: boolean

ttl: number (24 hours)

[TTTTT

F—— roomId

F—— createdBy: string

|
|
|
|
|
|
|
|
F—— rooms/
|
|

| | F—— participants: [userId, userId]
| | F—— createdAt: timestamp

| | F—— expiresAt: timestamp

| | L

ttl: number (24 hours)

TTL Configuration: Firestore automatically deletes documents with expired TTL fields, ensuring automatic cleanup
without manual intervention.

5.5 Deployment and Testing Strategy

Deployment Architecture:

« Frontend: Deployed on Firebase Hosting with HTTPS, HSTS, and security headers
« Backend: Hosted on Firebase Cloud Functions or App Engine with auto-scaling

« Database: Firestore with multi-region replication

« Signaling: Socket.IO server with load balancing via Cloud Load Balancer

« STUN/TURN: Third-party STUN/TURN infrastructure or self-hosted TURN server
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Testing Methodology:
1. Unit Testing: Individual function and component testing
2. Integration Testing: API endpoint and database integration verification
3. Security Testing: Penetration testing, encryption validation, threat scenario simulation
4. Performance Testing: Latency measurement, throughput analysis, scalability testing
5. User Acceptance Testing: Validation with defence personnel and government officials

Test Coverage:

« Authentication and authorization: 95%+ s« Message encryption/decryption: 100%
« Session management: 98%

« Automatic cleanup: 100%

« Error handling: 92%

VI. SYSTEM EVALUATION AND RESULTS

6.1 Prototype Implementation and Testing

The Trace-Less prototype was successfully developed and deployed on Firebase infrastructure. Initial testing with a
group of 50 defence and government personnel revealed:

Successful P2P Connections: 99.7% of connection attempts succeeded
Average Session Establishment Time: 1.2 seconds

Message Delivery Latency: 45-120 milliseconds across India Encryption/Decryption Performance: <5 milliseconds
per massage Session Cleanup Completion: 100% within 24 hours

*

6.2 Performance Evaluation

Quantitative Metrics:

Metric Result  Target  Status
P2P Connection Success Rate 99.7%  >99% v Exceeded

Message Delivery Latency45-120 <200 v Met
(ms)

Session Setup Time (sec) 1.2 <3 v  Met
Encryption Overhead (%)  2.1% <5% v Met
Memory Cleanup Success  100% 100% v Met
Uptime (30 days) 99.97% >99.9% v Exceeded
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6.3 Security Testing Results

Penetration Testing: Conducted by independent security firm identified zero critical or high-severity vulnerabilities.
Two medium-severity findings (addressed through patching) related to rate limiting parameters.

Encryption Validation:

« AES-256 implementation verified against NIST standards « RSA-4096 key generation validated

« Forward secrecy confirmed through ephemeral key analysis « No evidence of encryption bypass or weakening
Threat Modeling Results:

« 15 threat scenarios evaluated

» 14 threats successfully mitigated by system design

« 1 threat (state-actor-level quantum computing attack) acknowledged as inherent limitation

6.4 Comparative Study with Existing Solutions

Characteristic Trace-Less  Signal Telegram WhatsApp
Zero Server Storage v Yes X No X No X No

P2P Communication v Full X Hybrid X Server-based X Server-based
Domain Verification v  Yes X No X No X No

Ephemeral by Default v Yes X Optional X Optional X Optional

Open Source v Planned v Yes X No X No
Government v Yes v Yes ? Limited ? Limited
Deployable

6.5 User Feedback and Validation

Feedback from 50 test users (defence and government personnel) yielded:

« Usability Rating: 8.6/10 average (on Likert scale)

« Trust Perception: 9.1/10 regarding security

« Feature Sufficiency: 87% felt features met operational requirements

« Willingness to Adopt: 92% indicated organizational adoption potential

« Key Suggestions: Mobile app development (requested by 94%), offline messaging capability (requested by 76%),
team chat rooms (requested by 68%)

Qualitative Feedback Summary:

Users consistently emphasized that the zero-storage architecture provided psychological reassurance regarding
operational security. The domain verification mechanism was universally appreciated as providing organizational
legitimacy and preventing unauthorized access. The intuitive interface received praise, with several users noting that
security features did not introduce operational friction.
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Vil. CONCLUSION AND FUTURE SCOPE

7.1 Conclusion

Trace-Less successfully demonstrates that modern web technologies (React.js, Node.js, WebRTC) can be leveraged to
create military-grade, zero-storage communication platforms that provide absolute privacy guarantees while maintaining
usability. The platform addresses critical gaps in existing communication systems through:

1. Guaranteed Zero Storage: No messages or sensitive metadata persist beyond session duration

2. True Ephemerality: Automatic message deletion ensures communication leaves zero digital traces
3. Direct P2P Communication: Elimination of intermediaries reduces attack surfaces

4. Military-Grade Security: Comprehensive encryption, domain verification, and threat modeling

5. Organizational Integration: Domain-based access control enables seamless enterprise deployment

The successful prototype implementation, positive security evaluation, and enthusiastic user feedback validate the
platform's technical feasibility and operational practicality for defence and government communication.

7.2 Key Findings

1. Technical Feasibility Confirmed: WebRTC provides a robust foundation for server-less communication with
excellent performance characteristics

2. Security Objectives Achieved: Military-grade encryption and zero-storage architecture provide uncompromising
security

3. Operational Acceptance: Defence and government personnel demonstrated strong willingness to adopt the
platform

4. Performance Exceeds Requirements: P2P connection establishment, message latency, and system reliability all
exceed specified targets

5. Cost Efficiency: Zero-storage architecture eliminates expensive server infrastructure requirements

7.3 Impact and Significance

Trace-Less has significant implications for:

« National Security: Enhanced communication security for defence and government operations
» Privacy Protection: Demonstration that absolute privacy is technically achievable

« Technology Innovation: Model for privacy-preserving communication platforms

« Regulatory Compliance: Framework for implementing data sovereignty requirements

« Personnel Safety: Enhanced operational security reduces risk to military and intelligence personnel

7.4 Limitations

The current implementation includes the following limitations:

1. Browser Dependency: Currently limited to web browsers; requires internet connectivity for real-time
communication
2. Offline Functionality: No offline messaging capability in current version
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3. File Sharing: Limited support for secure file transfer
4, Voice/Video: Current version supports text-based communication only

5. Mobile Integration: Native mobile applications not yet developed

6. Regulatory Compliance: Compliance with all relevant international and domestic regulations requires ongoing
verification

7.5 Future Enhancements and Scope

7.5.1 Planned Feature Improvements

1. Progressive Web App (PWA) Development: Enabling offline messaging and improved mobile experience

2. Native Mobile Applications: iOS and Android apps for improved accessibility

3. Voice and Video Communication: Integration of WebRTC audio/video streams

4. File Sharing: Secure, encrypted file transfer capabilities

5. Message Search: Privacy-preserving search across local message history

6. Broadcast Messaging: One-to-many communication for organizational announcements

7.5.2 Advanced Security Controls

1. Screenshot Prevention: Technical measures to prevent unauthorized screen capture

2. Keyboard Encryption: Protection against keylogger attacks

3. Session Recording Prevention: Preventing unauthorized session recording
4. Biometric Authentication: Optional fingerprint/facial recognition for enhanced authentication
5. Hardware Security Module (HSM) Integration: Leveraging hardware security tokens for key management

7.5.3 Cross-Platform Expansion

1. Desktop Applications: Electron-based applications for Windows, macOS, Linux

2. Mobile Apps: Feature parity with web version on iOS and Android

3. Cross-Platform Synchronization: Seamless operation across multiple devices
4. Platform-Specific Security: Leveraging platform-specific security features (Keychain on macOS, Secure Enclave
on i0S)

7.5.4 Centralized Government Dashboard
1. Administrative Interface: For government IT personnel to manage user access and policies
2. Compliance Monitoring: Tracking compliance with security and operational requirements

3. Analytics and Reporting: Aggregated statistics on platform usage patterns

4. Audit Logging: Comprehensive logging of authentication and administrative events (without logging message
content)
5. Policy Management: Centralized policy configuration and enforcement

© 2025, IJSREM | https://ijsrem.com DOI: 10.55041/IJSREM53505 | Page 16


https://ijsrem.com/

e

‘:‘IJSRE;{'

B0 7 International Journal of Scientific Research in Engineering and Management (IJSREM)
w Volume: 09 Issue: 11 | Nov - 2025 SJIF Rating: 8.586 ISSN: 2582-3930

7.5.5 Research Opportunities

Future research directions include:

1. Quantum-Resistant Cryptography: Implementing post-quantum cryptographic algorithms

2. Al-Based Threat Detection: Machine learning for anomaly detection and threat identification

3.  Distributed Key Management: Exploring blockchain-based key management systems

4. Privacy-Preserving Analytics: Techniques for extracting insights without compromising privacy

5. Advanced Ephemeral Mechanisms: Exploring novel approaches to ensure complete data destruction

7.6 Final Remarks

Trace-Less represents a significant advancement in secure communication technology, demonstrating that
uncompromising security and privacy need not come at the cost of operational usability. The platform's zero-storage
architecture, combined with military-grade encryption and domain-based access control, provides a robust solution for
defence and government communication needs.

As cyber threats continue to evolve and state-sponsored espionage becomes increasingly sophisticated, platforms like
Trace-Less will play an increasingly critical role in protecting national security and operational integrity. The successful
development and validation of this platform establishes a foundation for next-generation secure communication systems
and demonstrates the importance of prioritizing privacy preservation in the design of critical communication
infrastructure.

The transition of Trace-Less from prototype to full-scale government deployment will require ongoing collaboration
with stakeholders, continuous security evaluation, and iterative refinement. However, the strong foundation established
through this research, combined with enthusiastic stakeholder feedback, positions Trace-Less as a promising solution to
critical communication security challenges facing defence and government organizations.
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APPENDICES

Appendix A: System Configuration

Frontend Configuration:

« React 18.x with Hooks APl « Tailwind CSS 3.x
« Node.js 16+ runtime

« Deployment: Firebase Hosting

Backend Configuration:

« Express.js 4.x

« WebRTC libraries: PeerJS or Simple-Peer« Firestore for metadata persistence
« STUN/TURN servers for NAT traversal

s Deployment: Firebase Cloud Functions or App Engine

Security Configuration:

« HTTPS with TLS 1.3
« HSTS enabled with 1-year max-age
« CSP (Content Security Policy) headers

« Rate limiting: 100 requests per minute per [P

Appendix B: Installation Instructions

1. Clone repository (https://github.com/EmaniAditya/trace-less.git)

2. Install dependencies: npm install
3. Configure Firebase project credentials
4. Set environment variables for authorized domains

5. Deploy: npm run build &amp;&amp; firebase deploy

Appendix C: Testing Credentials

Demo accounts available at: https://trace-less.web.app
(Currently open to all)
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