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Chapter 1
Foundations of IP Networking
The fundamental building blocks that power global network connectivity
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What is an IP Address?

An IP address is the foundational element of modern networking, serving as a:

1 Unique Identifier

Every device on a network requires a distinct address to communicate, 

similar to a postal address for your home

2 Routing Enabler

Allows data packets to find their way across complex network 

infrastructures to reach their intended destination
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IPv4: The Original Internet Protocol

IPv4 has been the backbone of internet 

communication since 1983, but its limitations 

have become increasingly apparent:

32-bit address space providing 

approximately 4.3 billion addresses

Written in dotted decimal notation (e.g., 

192.168.1.1)

Traditionally divided into Class A, B, and C

allocations to balance network and host 

addressing needs
Despite its age, IPv4 still powers the majority of internet traffic today, even as networks transition 

to newer protocols.
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IPv4 Address Classes Explained

Class A

Range: 1.0.0.0 to 126.255.255.255

Format: N.H.H.H where N = Network, H 

= Host

Capacity: ~16 million hosts per network

Default mask: 255.0.0.0 (/8)

Typical use: Largest organizations and 

historical allocations

Class B

Range: 128.0.0.0 to 191.255.255.255

Format: N.N.H.H

Capacity: 65,536 hosts per network

Default mask: 255.255.0.0 (/16)

Typical use: Medium to large 

organizations

Class C

Range: 192.0.0.0 to 223.255.255.255

Format: N.N.N.H

Capacity: 256 hosts per network

Default mask: 255.255.255.0 (/24)

Typical use: Small networks and 

subnets

Note: Class D (224-239) is reserved for multicast, and Class E (240-255) is reserved for experimental use.

Systems & Network Administration: BBC Year 3 Semester 1--

MUBS



IPv4 Subnetting: Breaking Networks into Smaller Pieces
Subnetting is the process of dividing a single IP 

network into smaller logical networks to:
Create smaller broadcast domains that improve 

network efficiency
Enable more efficient use of IP address space by 

allocating only needed addresses

Improve security through segmentation of traffic 

and access control
Provide better network management through logical 

organization

For example, a Class C network with a /24 subnet 

mask (255.255.255.0) can be further divided using a 

/26 mask (255.255.255.192) to create four subnets 

with 62 usable hosts each.

Subnetting is a fundamental skill for network engineers, 

enabling efficient use of limited IPv4 address space.
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The IPv4 Address Exhaustion Crisis

11981

IPv4 deployed with 4.3 billion addresses, seemed inexhaustible

2 1992

IETF recognizes potential address exhaustion, begins work on IPv6

31994

Classless Inter-Domain Routing (CIDR) implemented to slow exhaustion

4 2011

IANA depletes global IPv4 address pool, distributes final /8 blocks to 

regional registries
52015-2019

Regional registries (ARIN, RIPE, APNIC) exhaust their pools

6 Present

NAT (Network Address Translation) widespread as temporary solution, IPv4 

addresses traded as valuable assets
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Enter IPv6: The Next-Generation Protocol

IPv6 represents a quantum leap in addressing 

capacity and network capabilities:
128-bit address space providing 340 undecillion 

addresses (3.4×10^38)
Written in hexadecimal notation with eight groups of four 

hex digits separated by colons (e.g., 

2001:0db8:85a3:0000:0000:8a2e:0370:7334)

Simplified with shorthand notation rules 

(e.g., 2001:0db8::1)
This vast address space provides approximately 

670 quadrillion addresses for every square 

millimeter of Earth's surface, effectively solving 

address exhaustion permanently.
IPv6 was designed to future-proof the Internet for decades to come, supporting the explosive 

growth of IoT devices and global connectivity.
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IPv6 Address Structure & 

FeaturesHierarchical Addressing

IPv6 uses a structured approach with a network prefix (typically 64 bits) and an 

interface identifier (64 bits), enabling efficient routing and aggregation

Auto-Configuration

Stateless Address Autoconfiguration (SLAAC) allows devices to generate their own 

addresses without DHCP servers

Enhanced Multicast

Expanded multicast capabilities replace broadcast traffic, improving network 

efficiency and reducing unnecessary traffic

Simplified Header

Streamlined header design with fewer fields accelerates packet processing and 

routing decisions
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IPv4 vs IPv6: Key Differences

IPv4

• 32-bit addresses (4.3 billion)

• Dotted decimal notation (192.168.1.1)

• Relies heavily on NAT for address conservation

• Complex header with checksum calculations

• Optional IPsec implementation

• Fragmentation handled by routers

• Address configuration via DHCP

• Uses broadcast for network discovery

IPv6

• 128-bit addresses (3.4×10^38)

• Hexadecimal notation (2001:0db8::1)

• End-to-end connectivity without NAT

• Simplified header for faster processing

• Mandatory IPsec support built-in

• Fragmentation handled by end hosts

• Stateless auto-configuration available

• Uses multicast and anycast

IPv6 represents not just an expansion of address space but a fundamental redesign of Internet Protocol to address IPv4's architectural 

limitations.
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Transition Mechanisms: IPv4 to IPv6 Coexistence

Dual Stack

Devices run both IPv4 and IPv6 

simultaneously

Advantages: Simple to implement, gradual 

transition

Challenges: Requires managing two 

protocols, doubles configuration complexity

Tunneling

Encapsulates IPv6 packets within IPv4 

packets to traverse IPv4-only networks

Examples: 6to4, Teredo, 6in4

Challenges: Performance overhead, 

potential security issues

Translation

Converts between IPv4 and IPv6 protocols

Examples: NAT64, DNS64

Challenges: Feature incompatibilities, 

potential translation errors

The transition to IPv6 has been ongoing for over two decades, highlighting the challenges of upgrading the internet's fundamental protocol.
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Chapter 2
Local Network Segmentation 
with VLANs
Virtual Local Area Networks enable efficient network organization, improved 

security, and optimized performance through logical segmentation.
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What is a VLAN (Virtual Local Area Network)?
A VLAN is a logical subdivision of a physical network that:

• Creates multiple broadcast domains within a single 

physical switch

• Enables logical grouping of devices regardless of 

physical location

• Provides network segmentation without requiring 

separate physical switches

• Enhances security through isolation of sensitive 

traffic

• Improves network performance by limiting broadcast 

scope
VLANs essentially transform a single physical switch into 

multiple virtual switches, each serving a distinct purpose 

or department. Without VLANs, organizations would need significantly more physical 

hardware to achieve the same level of network segmentation.
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VLAN Benefits in Enterprise 

NetworksBroadcast Control

By creating smaller broadcast domains, VLANs reduce unnecessary traffic and improve overall 

network performance. Large flat networks can suffer from broadcast storms that VLANs help 

mitigate.

Security Enhancement

Sensitive departments like Finance or HR can be isolated from general network traffic. This 

prevents unauthorized access and contains potential security breaches to a single VLAN.

Simplified Management

VLANs allow administrators to group users by function rather than location, making policy 

application and management more efficient, especially in distributed environments.

Cost Efficiency

Reduces hardware costs by maximizing utilization of existing switches rather than requiring 

physically separate networks for each department or function.
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• Default VLAN → Usually VLAN 1; all ports belong here 

until changed.

• Data VLAN → Carries user-generated traffic (normal 

internet use).

• Voice VLAN → For VoIP phones (separates voice traffic 

from data).

• Management VLAN → Used to manage switches/routers 

securely.

• Native VLAN → Used for untagged traffic on a trunk port.

Types of VLANs



Real-World VLAN Use Case: Corporate Campus 

Network

HR VLAN (VLAN 10)

Contains sensitive employee data and payroll 

systems

Access restricted by ACLs to HR department and 

executives

Traffic encrypted and monitored for compliance

Engineering VLAN (VLAN 
20)High-bandwidth for development servers and testing

Isolated from production to prevent accidental 

interference

Direct access to internet for research needs

Guest Wi-Fi VLAN (VLAN 
30)Completely separated from corporate assets

Limited bandwidth allocation

Internet-only access with captive portal

This segmentation enables security policies tailored to each department's needs while maintaining a unified physical infrastructure.
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Chapter 3
Secure Remote Access with 
VPNs
Virtual Private Networks enable secure communication over untrusted 

networks, bridging the gap between remote users and corporate resources.
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VPN Basics: What is a Virtual Private Network?

A Virtual Private Network (VPN) creates a secure connection over 

an unsecured network like the public internet, enabling:

• Encrypted tunnels that protect sensitive data in transit

• Secure remote access to internal resources from anywhere

• Privacy protection by masking user location and IP address

• Network extension across geographic boundaries

VPNs function by encapsulating standard network packets within 

encrypted VPN packets, creating a secure "tunnel" through which data 

can safely travel across untrusted networks.

VPNs became essential during the COVID-19 pandemic 

when millions of workers suddenly needed secure remote 

access to corporate resources.
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VPN Architecture

Types of VPN

• Remote Access VPN 

• Site-to-Site VPN

• .Mobile VPN 

• Client-to-Site VPN.

Tunnel Configurations

Full Tunnel: All traffic routed 

through VPN (maximum security)

Split Tunnel: Only corporate-

bound traffic uses VPN (better 

performance)

Common Protocols

IPsec: Secure network-layer protocol suite (strong security)

SSL/TLS: Transport-layer security (easier deployment, often browser-

based)

WireGuard: Modern, high-performance option gaining popularity
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Limitations of Traditional VPNs

Performance Challenges

• All traffic flows through centralized concentrators, creating 

bottlenecks
• High latency for users far from VPN endpoints

• Scaling requires additional hardware and licenses

Security Limitations

All-or-nothing access model grants excessive network visibility

• Limited granular control over resource access

• Vulnerable to compromised credentials without additional 

protection

These limitations became particularly apparent during the COVID-19 pandemic when organizations struggled to scale VPN infrastructure 

for entire remote workforces.
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FOOD FOR THOUGHT

Read and make notes about 

Modern VPN/ zero trust VPN.



Chapter 4
Firewalls and Network Security
The essential barriers that filter traffic, enforce policies, and protect networks 

from unauthorized access and malicious activity.
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What is a Firewall?

A firewall is a network security device that monitors and filters incoming and outgoing 

network traffic based on predetermined security rules.

Firewalls control:

North-South Traffic: Communication between internal networks and external sources 

(internet)

East-West Traffic: Communication between different segments within the internal network

Operating at various layers of the OSI model, firewalls serve as the first line of defense in 

network security architecture, controlling access based on source/destination addresses, 

ports, protocols, and increasingly, application behaviors.

Modern firewalls have evolved from simple packet filters to sophisticated 

security platforms with deep inspection capabilities.
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Types of Firewalls

Packet Filtering Firewalls

The most basic type, operating at OSI 

Layer 3-4

Examines packet headers (IP/port) 

against ACLs

Fast but limited inspection depth

Vulnerable to spoofing and unable to 

understand context

Stateful Inspection Firewalls

Tracks the state of active connections

Understands the context of traffic 

flows

Maintains a state table of established 

sessions

More secure than simple packet 

filtering

Next-Generation Firewalls 
(NGFW)

Combines traditional firewall 

capabilities with:

• Deep packet inspection

• Application awareness and control

• Integrated IPS/IDS

• User identity awareness

The evolution of firewalls reflects the increasing sophistication of network threats and the need for deeper inspection capabilities.
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Firewall Placement in Network 
Architecture

Perimeter Firewalls

Located at network edges between 

internal networks and the internet

Protect against external threats and 

unauthorized access attempts

Often deployed in high-availability 

pairs for redundancy

Internal Segmentation Firewalls

Deployed between different internal 

network zones

Limit lateral movement in case of 

breachEnforce access policies between 

departments

Critical for defense-in-depth strategy

Cloud Firewalls

Virtual appliances or cloud-native security services

Protect cloud workloads and virtual networks

Scale dynamically with cloud infrastructure

Examples: AWS Security Groups, Azure NSGs
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Chapter 5
Software-Defined Networking 
(SDN)
Revolutionizing network architecture by separating control from hardware, 

enabling programmable, flexible, and highly scalable networks.
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What is SDN?
Software-Defined Networking (SDN) is a 

revolutionary approach to network architecture 

that:

• Decouples the control plane (decision-making) 

from the data plane (packet forwarding)

• Creates a centralized control layer that 

programs the network via software

• Enables network programmability through 

open APIs
• Transforms hardware-centric networks into 

software-controlled platforms

This separation allows network administrators to 

manage network services through abstraction of 

lower-level functionality, making the network 

directly programmable and more adaptable to 

changing requirements.

SDN represents one of the most significant architectural shifts in networking since the 

introduction of Ethernet and IP routing.
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Benefits of SDN

Dynamic Network Control

Administrators can shape traffic from a centralized controller 

without having to touch individual switches

Network-wide policies can be implemented and changed 

rapidly
Automated provisioning reduces human error and deployment 

time

Enhanced Scalability

Simplifies network growth through programmatic control

Reduces operational overhead when adding new services

Supports elastic scaling for cloud environments

Improved Security

Enables dynamic, network-wide security policies

Facilitates micro-segmentation to contain threats

Provides comprehensive visibility and control

Allows rapid response to security incidents

Vendor Neutrality

Opens the possibility of multi-vendor networks with consistent 

management

Reduces vendor lock-in through standardized interfaces

Lowers hardware costs through commoditization
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SDN Use Cases in Modern Data 
Centers

Multi-Tenant Cloud 

Environments
SDN enables cloud providers to create 

isolated virtual networks for thousands of 

customers on shared physical 

infrastructure. Each tenant receives:

• Independent IP addressing and 

routing

• Custom security policies

• Quality of Service guarantees

• Self-service network provisioning

Micro-Segmentation & 

Security
SDN enables fine-grained security 

policies at the workload level:

• Application-specific traffic filtering

• Zero-trust security implementation

• Automated threat response

• Reduced attack surface and lateral 

movement

Other key use cases include network slicing for 5G, rapid service deployment, and traffic 

engineering for optimized application performance.
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SDN Architecture Components
1 Application Layer

Network applications and services that utilize the SDN controller to achieve 

specific functionality

Examples: Network virtualization, traffic engineering, security monitoring

Communicates via Northbound APIs (REST, JSON, etc.)

2 Control Layer

SDN Controller: The "brain" of the network that maintains a global view of 

network state

Translates business requirements into network configurations

Examples: OpenDaylight, ONOS, VMware NSX, Cisco ACI

3 Infrastructure Layer

Physical and virtual network devices that forward packets

Simplified switches focused on data plane functions

Communicates via Southbound APIs (OpenFlow, NETCONF, etc.)
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Chapter 6
Zero Trust Architecture (ZTA)
Moving beyond perimeter-based security to a model where trust is never 

assumed and must be continuously verified.
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What is Zero Trust?

Zero Trust is a security framework based on the 

principle of "never trust, always verify" that:

• Eliminates the concept of a trusted internal 

network vs. untrusted external network

• Requires strict identity verification for every 

person and device attempting to access 

resources

• Employs least-privilege access controls and 

micro-segmentation

• Inspects and logs all traffic, not just malicious 

activity
Unlike traditional perimeter-based security models that trust anyone 

inside the network, Zero Trust assumes breach and verifies each 

request as if it originates from an untrusted network.
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NIST Zero Trust Architecture 
Framework (SP 800-207)
The National Institute of Standards and Technology (NIST) Special Publication 800-207 

provides a comprehensive framework for Zero Trust Architecture implementation, 

defining:
Core Logical Components

Policy Engine, Policy Administrator, 

and Policy Enforcement Points that 

work together to authorize requests

Deployment Models

Device agent, gateway-based, 

resource portal, and enclave 

approaches to implementing Zero 

Trust controls

Governance Processes

Guidelines for continuous monitoring, risk assessment, and adaptive policy 

enforcement

This framework has become the standard reference for organizations implementing Zero 

Trust, providing a vendor-neutral approach to modern security architecture.
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Core Principles of Zero Trust

Micro-segmentation

Dividing the network into secure zones with separate 

access requirements

Creating granular perimeters around individual 

resources

Limiting the blast radius of potential breaches

Strong Identity Verification

Multi-factor authentication for all users

Risk-based authentication challenges

Context-aware access decisions

Device Security

Continuous assessment of device health and 

compliance

Enforcement of security policies at the endpoint

Real-time monitoring for suspicious behavior

Least Privilege Access

Providing only the access needed for the specific task

Time-limited and just-in-time access provisioning

Regular access reviews and privilege reduction

Continuous Monitoring

Real-time inspection of all network traffic

Behavioral analysis to detect anomalies

Comprehensive logging and analytics
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Zero Trust vs Traditional 
Perimeter Security

Traditional Perimeter

Based on a "castle and moat" model

Focuses on keeping threats outside the 

network

Implicitly trusts internal users and 

devices

Security concentrated at network 

boundaries

VPN access grants broad network 

privileges

Authentication happens once at entry

Vulnerable to lateral movement once 

breached

Zero Trust

Based on "trust nothing, verify 

everything"

Assumes threats exist both inside and 

outside

Requires continuous verification of all 

users/devices

Security applied to individual resources

Access limited to specific applications

needed

Authentication occurs for each access 

request

Limits blast radius of any successful 

breach
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Implementing Zero Trust: Practical Steps
01

Identify and Classify Assets

Create a comprehensive inventory of all data, 

applications, assets, and services

Classify resources based on sensitivity and 

business impact

Map data flows between resources to 

understand access patterns

02

Define the Protection Surface

Determine your most critical data, applications, 

assets, and services (DAAS)

Prioritize protection efforts around these critical 

resources

Document how legitimate users access these 

resources

03

Implement Identity and Access 

Management
Deploy strong authentication (MFA) for all users

Implement role-based access controls (RBAC)

Establish just-in-time and just-enough access 

policies

04

Deploy Micro-segmentation

Segment networks based on application and data sensitivity

Implement software-defined perimeters around critical assets

Use next-generation firewalls for granular access control

05

Establish Continuous Monitoring

Implement endpoint detection and response (EDR) solutions

Deploy network traffic analysis tools

Establish security information and event management (SIEM) capabilities
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Zero Trust in Action: Real-World Example

Google BeyondCorp

Google's BeyondCorp is one of the most well-documented implementations of Zero Trust 

principles:

Initiated in 2011 after Operation Aurora attacks

• Completely eliminated traditional VPN infrastructure

• Moved all access controls from the network perimeter to individual devices and users

Implemented trust tiers for applications based on sensitivity

Created a device inventory service to track and verify all endpoints

Deployed access proxies in front of all applications

The implementation took several years but resulted in significantly improved security 

posture and, surprisingly, better user experience for employees.

Google's approach has become a blueprint for Zero Trust 

implementation, with many organizations following similar 

migration paths.
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Chapter 7
Integrating It All: Modern 
Network Architectures
Bringing together all components into cohesive, secure, and scalable network 

designs for the modern enterprise.

Systems & Network Administration: BBC Year 3 Semester 1--

MUBS



Combining IPv6, VLANs, VPNs, Firewalls, SDN, and Zero 

TrustModern network architecture integrates multiple technologies in complementary layers:

IPv6 Foundation

Provides the vast address space needed for 

IoT, cloud, and mobile devices

Enables true end-to-end connectivity 

without NAT complexity

Streamlines routing and packet processing 

with simpler headers

Segmentation & Control

VLANs provide logical separation at Layer 2 

for local networks

SDN enables programmable, dynamic 

network control across the infrastructure

Together they create flexible network 

topology with centralized policy 

enforcement

Security Architecture

Zero Trust principles govern all access 

decisions

Modern VPN/ZTNA solutions secure remote 

access to specific resources

Next-gen firewalls enforce policy at network 

boundaries and between segments
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Network Design Best Practices

Hierarchical Design

Implement proper hierarchy in both physical 

topology and IP addressing

Design clear core, distribution, and access 

layers with appropriate redundancy

Use systematic IPv6 addressing plan with 

room for growth and clear allocation 

policies

Logical Segmentation

Use VLANs to create logical separation 

based on function, not just location

Implement access control between 

segments based on security requirements

Avoid unnecessarily large broadcast 

domains that can impact performance

Defense in Depth

Deploy security controls at multiple layers 

following Zero Trust principles

Implement least privilege access for all 

network resources

Use micro-segmentation to limit lateral 

movement in case of breach

These practices should be implemented alongside robust monitoring, automation, and documentation to ensure maintainable and secure 

networks.
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Challenges in Modern Network 
Architectures

Technical Complexity

Dual-stack management: Running 

parallel IPv4 and IPv6 networks 

increases operational complexity

Legacy integration: Older systems 

may not support modern protocols 

or security models
Tool fragmentation: Different 

solutions for cloud, on-premises, and 

edge networks create silos

Operational Challenges

Skills gap: Many network teams lack 

expertise in newer technologies like 

SDN and Zero Trust

Change management: Zero Trust 

represents a major shift in security 

philosophy and processes
Visibility limitations: Complex 

multi-vendor environments make 

end-to-end monitoring difficult

Organizations must balance the adoption of new technologies with practical 

constraints of budget, skills, and existing infrastructure.
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Emerging Trends to Watch

IPv6-Only Networks

Major mobile carriers and cloud providers are 

beginning to deploy IPv6-only infrastructures with 

IPv4 as a service
Benefits include simplified operations, reduced 

complexity, and improved performance

Example: T-Mobile has over 90% of traffic on IPv6, 

with NAT64 for legacy access

SD-WAN Expansion

Software-Defined Wide Area Networking extends 

SDN principles to connect branch offices and 

remote locations
Provides intelligent path selection, application-

aware routing, and integrated security

Market growing at 30%+ annually as organizations 

replace MPLS with more flexible solutions

SASE Architecture

Secure Access Service Edge combines network 

security functions with WAN capabilities

Delivered primarily as a cloud-based service with 

integrated Zero Trust controls

Gartner predicts 60% of enterprises will have SASE 

adoption strategies by 2025

These trends reflect the convergence of networking and security into unified, cloud-delivered platforms that prioritize identity and application access over traditional network 

boundaries.
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Network Architecture Evolution
1 1990s

Flat IPv4 networks with basic firewalls

Limited segmentation and perimeter-focused security

2 2000s

VLANs and subnets for basic segmentation

Stateful firewalls and VPNs for remote access

3 2010s

IPv6 adoption begins

SDN emerges in data centers

Next-gen firewalls with application awareness

4 Present

Zero Trust security model

Software-defined everything

Cloud-native networking

Integrated security and networking platforms
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Modern Layered Network 
Architecture
This comprehensive architecture integrates all the technologies we've 

discussed:
Foundation: IPv6 addressing with hierarchical design

Segmentation: VLANs for logical network division

Control: SDN for centralized policy and automation

Security: Next-gen firewalls and micro-segmentation

Access: Zero Trust verification for users and devices

Remote: ZTNA for secure application access

When properly implemented, this layered approach provides security in depth 

while maintaining performance and scalability.
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Key Takeaways

Fundamentals Matter

Understanding the fundamentals of IP addressing, 

subnetting, and network segmentation remains essential 

even as technologies evolve. These core concepts form the 

foundation upon which more advanced architectures are 

built.

IPv6 is the Future

IPv6 adoption is no longer optional for organizations 

planning for long-term growth. Its vast address space, 

simplified headers, and built-in security features make it 

essential for modern networks, especially with IoT 

expansion.Security by Design

Zero Trust principles should be integrated into network 

architecture from the beginning, not added as an 

afterthought. Every aspect of the network should enforce 

the principle of "never trust, always verify."

Embrace Automation

SDN and programmable infrastructure enable the agility and 

consistency required to manage modern networks at scale. 

Manual configuration cannot keep pace with today's 

dynamic business requirements.
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Resources for Further Learning

Technical Documentation

• NIST SP 800-207 Zero Trust 

Architecture
• Jamf Connect ZTNA technical 

guides
• IPv4/IPv6 subnetting tutorials 

(Juniper Networks)

Online Learning

• iximiuz Labs: Computer 

Networking Fundamentals
• Cisco Networking Academy

• Pluralsight: SDN Fundamentals

Communities & 

Organizations

• Internet Engineering Task Force 

(IETF)
• Internet2

• Cloud Security Alliance (CSA)

Certification Paths

• CompTIA Network+

• Cisco CCNA/CCNP

• Juniper JNCIA/JNCIS

• (ISC)² CISSP
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