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Foreword

There are histories that are written from a distance, and there are histories that are carried—quietly, even imperfectly, but indelibly— by the people who lived them.

This book belongs to the latter.

From the outset, what strikes you is not just the scope of the journey—spanning five decades from analog voice to the emerging horizons of 6G—but the clarity of its arc. The story moves from cables and circuit switching through the upheavals of digital cellular, into the contested terrain of standards, and onward to a world now shaped by software, data, and increasingly, artificial intelligence. It is a long journey, but it is the right one to trace.

What makes this memoir distinctive is not merely its technical depth—though that is evident throughout—but its insistence that the real history of telecommunications did not unfold in clean diagrams or finalized standards documents. It unfolded in field trials, in late-night debugging sessions, and in crowded conference rooms where engineers argued—sometimes fiercely—about what the future should look like.

The preface something essential: engineers carry a personal archive. Not just of designs and equations, but of moments—decisions taken with incomplete information, bets placed against prevailing wisdom, and ideas defended long before they were widely accepted. Much of that knowledge never made it into formal records. Without accounts like this, it risks being lost.

The early chapters demonstrate that this is not a superficial retelling. The constraints of copper loops, the ingenuity behind adaptive multicarrier modulation, the architectural leap of separating signaling from bearer traffic. These were not isolated technical choices; they were the intellectual groundwork for what would later become modern wireless systems. The lineage from wireline innovations like DMT to OFDM-based cellular systems is not incidental—it is foundational.

And then, inevitably, the story arrives at one of the defining inflection points in modern telecommunications: the divergence of technological paths in the digital era. The treatment of CDMA as

“the road not taken by all” is both accurate and refreshingly candid. The industry did not move in a single direction. It split. And in that split, one sees not only technical disagreement, but something deeper—skepticism, institutional inertia, and the difficulty of abandoning systems that had already been built at scale.

It is important to understand that the debates of that period were not purely academic. Standards were not just about engineering elegance; they were entangled with business interests, regulatory frameworks, and global coordination. The decisions made in those years shaped decades of infrastructure and billions of devices. Writing about that period honestly—without reducing it to tidy conclusions—is one of the hardest tasks in a memoir like this. This book does not shy away from that complexity.

Another strength of the narrative is its refusal to treat technological progress as linear. The transition from analog to digital did not occur cleanly in stages; it overlapped, often uneasily. Analog systems were still being deployed even as digital alternatives were being debated. Predictions were frequently wrong—sometimes by orders of magnitude. Early forecasts of mobile adoption now read as almost quaint in hindsight. Yet those uncertainties were real at the time, and the memoir preserves that sense of contingency.

Equally important is the recognition that success can create its own resistance. The public switched telephone network was one of the most sophisticated engineering achievements of the twentieth century. But its very success made it difficult for incumbents to embrace a future in which voice would become just another application riding on packet networks. That tension—between continuity and disruption—runs through the entire history of telecommunications, and it is captured here with nuance.

As the narrative approaches the present, the book makes a transition from lived history to emerging architecture. Chapter 14 is, at its core, a technical survey—and a strong one. Its treatment of learning at the physical layer is careful, well-structured, and aligned with the trajectory of the field. The transmitter–receiver chain is no longer a sequence of handcrafted modules, but a differentiable system that can be jointly optimized end-to-end. The chapter is most compelling where it engages with real constraints. The treatment of CSI feedback compression—especially in light of 3GPP Release 18—

reflects an awareness that learning must coexist with bandwidth limits, latency budgets, and standardization pathways. This is where theory begins to meet practice.

At the same time, the discussion of large language models calls for sharper boundaries. The text is appropriately cautious—it acknowledges hallucination, latency, and inference cost and hints at two very different roles. As operator-facing tools, natural language interfaces to telemetry, or systems for interpreting network behavior, LLMs are both plausible and useful. But as real-time participants in the communication loop—as shared predictive engines for channel estimation or substitutes for explicit CSI feedback—they introduce synchronization and latency constraints that are, at present, difficult to reconcile with deployment realities. That distinction is foundational to how these systems can be built.

The treatment of semantic communications points toward a more promising and less constrained frontier. The idea that communication systems should transmit task-relevant representations rather than raw bits reframes the problem as one of joint source–channel coding viewed through representation learning. This is, in essence, a bridge between wireless communications and modern self-supervised learning.

The concluding chapter, by contrast, is a practitioner’s reflection, rooted in decades of experience building and operating networks. It carries a different kind of authority: one shaped not by abstraction, but by constraint, trade-off, and consequence. Within that framing, the ethical discussion is one of the strongest contributions in the book. The observation that quality-of-service algorithms can encode and perpetuate historical inequalities in connectivity is both correct and underappreciated. As networks become more adaptive and more data-driven, these biases risk becoming harder to detect and more deeply embedded. Naming this problem is essential.

This memoir is not a textbook, though it will reward readers who seek technical understanding. Nor is it simply a personal narrative, though it is grounded in lived experience. It is something more valuable: a bridge between the formal history of telecommunications and the realities of how systems are actually built.

On one side lies the rigor of theory, increasingly shaped by learning and optimization. On the other, the accumulated wisdom of

practice. The opportunity—and the challenge—is to bring these perspectives into closer alignment: to ensure that abstraction remains accountable to deployment, and that experience informs the next generation of ideas.

For those who were there, it will resonate.

For those who were not, it offers something rare—a view not just of what happened, but of how it felt when the outcome was still uncertain.

And that, more than anything, is what makes this story worth telling

Dr. Ramesh Rao

Director Qualcomm Institute/Calit2

Qualcomm Endowed Chair

University of California San Diego

9500 Gilman Drive MC0436

La Jolla, CA 92093-0436

Phone: 858.822.1943

Email: rrao@ucsd.edu




Foreword

The evolution of telecommunications over the past five decades represents one of the most transformative journeys in human history. From the early days of analog voice systems to the emergence of intelligent software-driven networks envisioned for 6G and beyond, this field has continuously redefined how societies connect, communicate, and create.

In “Telecom Memoir: From Wireless 1G to 6G and Beyond”, Dr. Rao S. Yenamandra offers a rare and valuable perspective – one that bridges theory and practice, history and innovation, and engineering rigor with human experience. Unlike conventional technical texts, this work is not merely a chronicle of technological milestones; it is a deeply personal account of the people, decisions, challenges, and breakthroughs that shaped modern telecommunications.

What distinguishes is its dual lens. On one hand, it provides a structured understanding of the generational evolution of wireless systems – highlighting key transitions from analog to digital, voice to data, and connectivity to intelligence. On the other, it captures the lived reality of engineering – design rooms, field deployments, system failures, and the perseverance required to transform ideas into global infrastructure.

For students and researchers, this memoir offers context often missing in formal curricula: the why behind technological choices and the real-world constraints that influenced standards and architectures. For practitioners, it serves as both a reflection and a roadmap – illustrating how innovation emerges at the intersection of curiosity, collaboration, and disciplined engineering.

As we stand on the threshold of 6G – where communications, sensing, and intelligence converge – understanding the path that brought us here is more important than ever. This book reminds us that progress is not linear; it is iterative, collaborative, and deeply human.

Rao S. Yenamandra’s narration is both timely and timeless. It preserves institutional memory while inspiring future generations to build the next era of connectivity with vision, responsibility, and creativity.

I commend this work to engineers, academics, students, and all who are interested in the remarkable journey of telecommunications.

Dr. Ananthanarayanan Chockalingam

Professor, Department of Electrical Communication Engineering

Indian Institute of Science

Bangalore 560012

India
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Preface

Telecommunications and Wireless

The Beginning of a Journey

Every engineer who has lived through the telecommunications revolution carries within him a personal archive — not just of technical knowledge, but of recollections, moments, decisions, and encounters that shaped what we now take for granted. This memoir is one such narrative and one such archive. It spans five decades or more of a field that transformed every engineer’s working career more profoundly than any science or technology since the internet.

I did not set out to be a historian but an engineer. But somewhere when the first time I used a mobile phone, I noticed a kind of inquisitiveness from the start to know more about wireless and the physics of propagation. That shaped my higher studies later. One cannot understand why wireless standards were designed the way they were without understanding the countless efforts of standards bodies and their contributions. For example you cannot appreciate CDMA or OFDM without first understanding wireless signals during propagation.

Why This Story Needs to Be Told

The history of telecommunications and wireless is most often told through press releases and product advertisements on new devices and marketing presentations. That story still has its place but the real story lives elsewhere: in standards, equipment field trials, network installations, and with the working teams. This memoir attempts to capture that story — technically honest, personally candid, and historically grounded.

My journey has been shaped as much by the people I worked alongside as by the networks we implemented and the hardware I was part of design. There were many brilliant colleagues who helped me during this journey and made me re-examine the assumptions. There were also the skeptics who turned out to be right. There were the product managers who waded through changing requirements, and those who did not. In sharing these moments, I hope to narrate both the triumphs and the tribulations that defined this era for engineers, historians, and technology enthusiasts alike.

There is a practical urgency to this telling as well. The engineers who built the first cellular networks — who argued over spectral efficiency in the early 1980s, who drove test vehicles through city streets for signal measurements— are retiring or passing on. Their institutional memory, the kind that does not necessarily make it into technical papers, patents, is at risk of disappearing. This book is, among other things, an attempt to preserve some of that memory of my time.

The Arc of 5 Decades

The telecommunications field, especially wireless, has reinvented itself at least four or five times over. Each reinvention carried its own cast of visionaries, skeptics, and unsung heroes. I was fortunate to witness and work with some of them up close and had to selectively mention.

Those decades bends through five distinct eras, each with its own technical character, its own l temperament, and its own cast of defining problems:

The Wireline and Cable Era

In the beginning was wireline — a voltage, a signal transmitted across the analog telephone network, the Public Switched Telephone Network (PSTN). The central office, or exchange (in India) as it was then called, was a remarkable piece of electromechanical elegance for its time, connecting millions of subscribers through an intricate web of copper pairs, open wires to switching matrices.

The Digital Transition which came up when Software Began Overpowering Hardware

The digitization of the telephone network was not a single event but an evolution. Pulse-Code Modulation (PCM) the basis of digital switching, had existed in theory before, but it was the arrival of low cost digital signal processors and integrated circuits in the 1970s and 1980s that made it economically viable for implementation at scale. Error correction, echo cancellation, voice compression — problems that had been partially solved in hardware could now be implemented far more elegantly in software. The balance of complexity and power between hardware and software reflected this period— and more recently (after 2022), with ML/AI using LLMs — has permanently shifted.

The Wireless Revolution: Spectrum as the New Real Estate

Nothing prepared the industry — or the world — for what happened when telecommunications went wireless because of mobility requirements. The spectrum auctions of the 1990s made it plain that radio frequencies were among the most valuable commodities on the planet, worth billions of dollars per megahertz. Cellular standards wars — GSM versus CDMA, then WCDMA versus cdma2000 — were not merely technical debates. They were geopolitical and commercial battles waged in standards bodies by engineers who carried the flags of their employers and their nations, often simultaneously. The mobile phone moved from executive accessory to universal necessity in less than a decade with internet.

The Internet Convergence: Data Overtakes Voice

By the early 2000s, the voice call — that original revenue earner of the entire industry — had become an afterthought. Data for multimedia, for browsing, for streaming, for messaging, overwhelmed the capacity of networks designed around the modest bandwidth of voice. The packet, not the circuit, became the fundamental unit of value. Engineers who had once obsessed over voice quality metrics now spoke in terms of data throughput, latency, and spectral efficiency per cell. The network operators who had built their revenue on per-minute billing shifted their business models to adapt to the multimedia era.

Use of ML/AI or AI Inflection: When AI Begins to Learn and be trained on network data

The fifth reinvention now on is the one I find most intellectually profound — and the most personally humbling, especially after my retirement from active work and concentrate on AI tools. After decades in which telecommunications engineering was fundamentally a discipline of deterministic system design, AI is introducing genuine uncertainty into the architecture of the network itself. All answers become probabilistic rather than deterministic — just as classical physics gave way to quantum mechanics. Neural networks planning capacity and coverage, scheduling radio resources, reinforcement learning agents managing interference in real time — all of this is now possible. AI-native air interfaces in 6G and beyond will never be explicitly programmed but will instead learn their behavior from network data collected and trained for

pattern recognition. The implications reach far beyond efficiency metrics. They touch questions of explainability, reliability, and trust that the field has barely begun to grapple with.

A Note on Method

This is not a textbook on technology but a memoir. I have tried to write with the technical precision that the subject demands and the personal candor that a memoir requires. I have avoided too much technical depth in some cases but still maintained some basic explanations. I have mentioned only a few names of stalwarts in wireless innovations, but there are countless others who influenced and shaped my understanding.

I have also tried to resist the temptation to tell a story in which progress was inevitable, and the right side always won. It was not, and it did not. There were superior technical approaches that may have lost to inferior ones for commercial or political reasons. There were standards that caused years of unnecessary complexity. There were warnings that were dismissed and later proved correct. I have tried to include some of these examples alongside the genuine triumphs, because the full picture will be more useful — and more honest.

An Invitation

This memoir is written for engineers and possibly some academicians in telecommunications, possibly some historians with similar background, and anyone who has ever wondered how the infrastructure of modern telecommunications came to be. I have many. references included for further study if needed.

The signal is always in there, somewhere, attempting to find it — beneath the noise, the interference, the organizational chaos, the decade-long standardization cycles — is what this work has been about. I hope something of that search comes through in the pages that follow.




Chapter 1: The World of Wires and Cables

From Circuit-Switched Telephony to the digital Broadband


Summary

The copper era was where engineering meant craftsmanship. The technicians and engineers who built and maintained the Public Switched Telephone Network (PSTN) in its classical form did not merely install equipment — they ensured the importance of reliability required through maintenance and, the value to extract more from existing infrastructure.

The seeds of the digital revolution were already present in the PSTN’s later years. The Integrated Switched Digital Network (ISDN) 2B+D digital pipe, established the precedent for integrated voice-data services. Asymmetric Digital Subscriber Line (ADSL) deployment of Discrete Multi-Tone (DMT) using Orthogonal Frequency Division Multiplexing (OFDM) on copper loops demonstrated that adaptive multicarrier modulation could unlock bandwidth that fixed-channel systems could not use — later, wireless applications to radio channels of 4G and 5G. X.25, Frame Relay, and Asynchronous Transfer Mode (ATM) traced the evolution from circuit to packet switching, each iteration trading some form of deterministic overhead for greater statistical efficiency. And another technology called Multi-Protocol Label Switching (MPLS) provided a flexible, scalable forwarding fabric that would carry IP traffic into the terabit era.

The transitions described in this chapter were not merely technical — they were organizational and often new. Engineers who had spent careers mastering electromechanical exchanges had to retrain to digital Stored Program Control (SPC) platforms. Teams that understood circuit switching had to grapple with packet-switching and the industry had to confront that voice — the service it had been built and optimized to deliver — was about to become just another application on a data network. The age of copper for voice and low data rates had prepared the telecommunications world for what came next perhaps beyond prediction.



1.1 The Public Switched Telephone Network (PSTN)

Before there was wireless, there were wires and cables for telephony — miles of it, strung between wooden poles or buried beneath city streets, connecting every home and office to a vast, hierarchical network of telephone exchanges. The Public Switched Telephone Network (PSTN) was an engineering feat of its age: a circuitswitched fabric capable of connecting any two telephones anywhere on earth within seconds, reliably and with remarkable voice quality. For young engineers entering the field in the 1970s and 1980s, understanding the PSTN deeply was not merely a professional requirement — it was an initiation into a world of extraordinary complexity and elegance. This was amply demonstrated in my training during 1967 where every new entrant spends 6 months.

A telephone call on the PSTN was a procedure as follows: as a subscriber lifted the handset, a 48-volt DC loop closure signaled the local exchange, which returned a dial tone — itself a composite 350 Hz to 440 Hz signal confirming the exchange was ready. The dialed digits, transmitted first as pulse bursts and later as Dual-Tone MultiFrequency (DTMF) pairs, were decoded by the exchange to initiate call routing on a dedicated circuit or later typically a 64 Kbps PCM channel [1] on a 2.048 Mbps E1 carrier — was reserved end-to-end for the entire call duration, whether anyone was speaking or not. This was circuit switching: deterministic although wasteful of bandwidth.


1.1.1 Network Architecture and Hierarchy

The PSTN was organized as a hierarchy. At the bottom were the local loops — the twisted copper pairs or open wires that ran from subscriber premises to the local exchange, also called the Central Office (CO) in North America or the Telephone Exchange in India, (England and much of Asia). Above that a few are tandem exchanges, which aggregated traffic between local offices. At the apex were the long-distance gateway exchanges that interconnected national networks. This hierarchical architecture, developed over decades, was designed for reliability: multiple alternate routes ensured that no single failure could isolate a region.

The local loop — the ubiquitous pair of copper wires — was the most constrained element. Limited by the physics of the medium, it could carry voice signals reliably up to approximately 5 km without

a repeater, exploiting the 300 Hz to 3400 Hz bandwidth of a typical telephone channel. The wireline or cable loop is characterized by its resistance, capacitance, and inductance per unit length, using transmission line theory to predict signal loss and echo. Loaded coils, were often inserted at intervals to reduce attenuation for voice frequencies — a technique that would later prove to be a significant obstacle and removed when the industry attempted to push data over the same wires.

Voice Bandwidth 300 Hz – 3,400 Hz (nominal) Sampling Rate 8,000 samples/second (Nyquist criterion) Bit Depth 8 bits per sample (PCM, G.711 codec) Channel Bit Rate 64 Kbps per voice channel E1 Frame Capacity 30 voice channels + 2 signaling/framing (32 × 64 Kbps = 2.048 Mbps) T1 Frame Capacity 24 voice channels (24 × 64 Kbps = 1.544 Mbps) Maximum Local Loop Length

~5 km (unloaded), extending to 8 km with loading coils

Table 1.1 — Key Parameters of PSTN Circuit-Switched Telephony



1.1.2 The Experience of Building and Maintaining the PSTN

The PSTN’s reliability was legendary, a testament to the craftsmanship of the engineers, cable jointers, and exchange technicians who built and maintained it. Every dial tone was an easy access; every busy signal a story of network congestion which was the main bottleneck in switches at that time. I recall the cable faults which were so common during monsoon season in India gave the fault restoration teams enormous work pressure in addition to urgency of a major exchange failure as well. The methodical trace through cable pairs and line cards of the exchanges gave relief when service was restored.

Among the most formative experiences was witnessing a citywide outages caused by heavy monsoon and lightning strikes. The surge had coupled through unprotected cable pairs to take out a significant portion of a local exchange’s line interface cards. The restoration team worked through the night — isolating faults, substituting line cards from a spares pool, testing continuity on thousands of pairs. By morning, the exchange needed to be back in service. The PSTN was not merely infrastructure; it was a living entity that demanded constant care.




1.2 ISDN and the Industry’s Response to the Digital Era

By the late 1970s, a recognition was spreading through the global telecommunications community: the future of the network would be data, not voice. The copper plant was already in place, and already reaching into every home and office. The strategic question was how to evolve that infrastructure to carry digital services. The industry’s first formal answer was the Integrated Services Digital Network — ISDN — standardized by the CCITT (now ITU-T) in the early 1980s [6].

ISDN was an ambitious concept at that time: a single, all-digital network that would simultaneously carry voice, data, facsimile, along with signaling. Its architecture defined two standard interfaces. The Basic Rate Interface (BRI) provided 2 64 Kbps bearer channels (2B) and one 16 Kbps signaling and data channel (1D), totaling 144 Kbps on a single copper pair within the local loop. The Primary Rate Interface (PRI) extended this to 23B + 1D at 1.544 Mbps (North American T1 standard) or 30B + 2D at 2.048 Mbps (Indian/European). SS7 carried out-of-band signaling, enabling faster call setup and more sophisticated services.


1.2.1 ISDN’s Promise and Its Shortcomings

In theory, ISDN offered everything the industry needed for the near term: voice and data integration, ISDN-to-ISDN end-to-end digital connectivity, and a clear standards-based upgrade path. In practice, deployment was slow by high equipment costs, the need for new Customer Premises Equipment (CPE) and Network Termination devices (NT1s in North America, NT2s in Europe), complex provisioning, and limited application software that could make use of the digital channel also with backend end support. The telecom operators that invested heavily in ISDN infrastructure found that subscriber uptake was slower than anticipated. Business users adopted it for videoconferencing and LAN interconnection where it offered genuine advantages, but the residential market was largely absent. The basic 128 Kbps aggregate throughput of BRI was modest, and the premium pricing relative to analog modem access made it difficult to justify for home users whose primary need was occasional internet dial-up. Dial up data connection was the order at that time. ISDN would, however, prove its value in specific niches

— particularly as a reliable, low-latency WAN backup circuit — until superseded by broadband technologies.

Parameter BRI (Basic Rate Interface)

PRI (Primary Rate Interface) Bearer Channels 2B (2 × 64 Kbps) 23B (T1) / 30B (E1) Signaling Channel 1D (16 Kbps) 1D / 2D (64 Kbps) Total Bit Rate 144 Kbps 1.544 Mbps / 2.048 Mbps Physical Medium Single twisted pair T1 / E1 line Primary Use Case Residential, small office Enterprise, PBX trunking Signaling Protocol SS7 / Q.921 / Q.931 SS7 / Q.921 / Q.931

Table 1.2 — ISDN Interface Comparison: BRI vs. PRI



1.2.2 The ADSL Revolution and the First Use of OFDM

While ISDN struggled to gain traction, a more compelling solution emerged from Bell core (now Telcordia) in the early 1990s [2,3]: the Asymmetric Digital Subscriber Line (ADSL). Where ISDN had tried to define a new digital interface for local loop, ADSL took a more realistic approach — it would use the unused bandwidth of the copper pair above the voice band while simultaneously preserving the existing analog telephone service on the same line. This coexistence was achieved with a passive splitter or a microfilter that separated the voice (0–4 kHz) and data (26 kHz–1.1 MHz) bands.

The physical layer technology that made ADSL possible was Discrete Multi-Tone (DMT) modulation, a multicarrier technique that divided the available bandwidth into 256 subcarriers, each 4.3125 kHz wide. This was, in theory, the first commercial deployment of Orthogonal Frequency-Division Multiplexing (OFDM) on a wireline access medium — a fact that carries historical significance far beyond the copper loop. The same fundamental technique, with adaptations for the radio channel, would become the primary modulation scheme for 4G LTE and, subsequently, 5G NR as we shall see later.

DMT-ADSL’s new technique was its adaptive modulation: each subcarrier independently applied BPSK, QPSK, 16-QAM, or up to 32768-QAM (QAM-32768) depending on the measured signal-tonoise ratio on that specific frequency bin. A training sequence exchanged at line initialization allowed the modem to characterize the channel across all 256 subcarriers and assign the maximum

feasible modulation order to each. Subcarriers in frequency ranges affected by bridged taps, interference, or ingress noise could be assigned lower-order modulation or completely disabled, while favorable subcarriers could carry maximum bit density. The result was a system that gracefully adapted to the highly variable channel conditions of the real-world copper pair.

Maximum Downstream Rate

Up to 8 Mbps (ADSL), 24 Mbps (ADSL2+)

Maximum Upstream Rate

Up to 1 Mbps (ADSL), 3.3 Mbps (ADSL2+)

Subcarrier Spacing 4.3125 kHz Number of Downstream Subcarriers

256 (ADSL), 512 (ADSL2+)

Modulation per Subcarrier

BPSK to QAM-32768 (adaptive)

Maximum Loop Length

~5.5 km at lower data rates

Voice/Data Coexistence

POTS band preserved below 4 kHz via splitter/filter Standard Body ITU-T G.992.1 (ADSL), G.992.5 (ADSL2+)

Table 1.3 — Key Parameters of ADSL / ADSL2+ Technology




1.3 X.25 Packet Switching — From Circuits to Packets

The evolution from circuit switching to packet switching represented one of the most profound architectural shifts in telecommunications history of that era. The fundamental insight was simple: rather than reserving a dedicated end-to-end circuit for the entire duration of a data session, break the data into discrete packets, each carrying its own addressing information, and route them independently across a mesh network. At the destination, reassemble the packets into the original data stream. This approach offered two decisive advantages: resilience against node or link failures (packets could take alternate routes), and statistical multiplexing efficiency (multiple packet flows could share the same physical link).

CCITT standardized the X.25 packet-switching protocol [5] in 1976, and it became the dominant public data network (PDN) technology through the 1980s. X.25 defined a three-layer architecture: the physical layer (X.21), the data link layer (LAPB — Link Access Procedure Balanced), and the packet layer. It introduced the concept

of virtual circuits — both Permanent Virtual Circuits (PVCs), which were pre-provisioned like leased lines, and Switched Virtual Circuits (SVCs), which were established on demand, analogous to circuitswitched calls. Initial implementations operated at 64 Kbps, though later versions scaled higher.


1.3.1 Frame Relay — Streamlining Packet Switching

Originated as an extension of ISDN, it became popular as a LAN technology in the late 1980s and early 1990s, the need for efficient LAN-to-LAN interconnection over wide-area networks drove the development of Frame Relay. Frame Relay inherited the virtual circuit model from X.25 without the per-hop error checking and flow control that made X.25 reliable but slow. Under the assumption that the underlying physical network had become far more reliable (fiber was displacing copper in the backbone), Frame Relay delegated error recovery to higher-layer protocols such as TCP, making the network itself faster and lower-latency.

The name ‘Frame Relay’ derived from the variable-length frames (as opposed to fixed-size cells) that it carried. Data Link Connection Identifiers (DLCIs) within the frame header identified the virtual circuit. Frame Relay operated at the Data Link layer, and its simplicity enabled high-throughput LAN interconnection at T1/E1 and fractional rates, making it the WAN technology of choice for enterprise networks through the 1990s.



1.3.2 TCP/IP – And Data Transmission

TCP/IP (Transmission Control Protocol/Internet Protocol) defined by Internet IETF in STD 7-RFC9293 is the foundational communication suite for the higher layers of data transmission, with open layers which eventually led to all of the modern Internet data traffic.

Origins in ARPANET (late 1960)

Its origin traces to ARPANET, a U.S. Department of Defense research project that connected universities and research institutions. Early networking used a protocol called NCP (Network Control Program), which worked but had significant limitations — it wasn’t designed for a world with many interconnected, heterogeneous networks.

Origins of TCP/IP (1970)

The key idea breakthrough came from Vint Cerf and Bob Kahn. In 1974, they published a landmark paper, “A Protocol for Packet Network Intercommunication,” which laid out the core concepts. Their insight was internetworking — a design that didn’t assume a single underlying network, but instead connected many different networks together. Originally conceived as a single protocol (TCP), it was later split into two distinct layers: TCP handled reliable data delivery and reassembly, while IP handled addressing and routing. This separation into layers was a crucial architectural decision. DARPA officially adopted TCP/IP as the standard for ARPANET on January 1, 1983 —Every machine on ARPANET had to switch over simultaneously. This is often considered the birth of the modern internet and seen growth through the 1980s.

Berkeley Software Distribution (BSD) Unix (developed at UC Berkeley) bundled TCP/IP into its operating system, which was enormously influential in spreading adoption. Universities and research institutions began interconnecting rapidly. The Domain Name System (DNS) was introduced in 1983–84 to make addressing-readable.

With the advent of the World Wide Web (1991) and the opening of the internet to commercial traffic, TCP/IP became the universal language of global networking. IPv4 — the fourth version of IP — became the backbone of all internet communication.

IPv6 and Today

IPv4’s address space (about 4.3 billion addresses) started in 1984 was recognized as insufficient by the 1990s. IPv6 was developed in the mid-1990s and offers a vastly larger address space over 300 decillion). Its adoption has been slow but is accelerating as IPv4 addresses are exhausted. The promising reason for adaptation of TCP/IP is its layered, open architecture — it is independent of the physical medium that carries the data, or what application uses it, or hardware. That neutrality is precisely what allowed the universal foundation today.



1.3.3 ATM — Broadband ISDN and the Case for Fixed Cells

Asynchronous Transfer Mode (ATM) represented the most ambitious attempt to create a universal switching fabric capable of

carrying voice, video, and data with guaranteed Quality of Service. Unlike Frame Relay’s variable-length frames, ATM used fixed-length 53-byte cells — 48 bytes of payload and 5 bytes of header — routed via Virtual Path Identifiers (VPIs) and Virtual Channel Identifiers (VCIs). The fixed cell size enabled hardware-accelerated switching at very high speeds (gigabit and beyond), predictable delay, and deterministic bandwidth allocation.

ATM defined multiple Adaptation Layers (AALs) to accommodate different traffic types. AAL1 was designed for constant bitrate (CBR) traffic like voice; AAL2 for variable bit-rate real-time traffic; and AAL5, which became the most widely deployed, for data services. The overhead penalty of ATM was significant: the 5-byte header on a 53-byte cell represented approximately 9.4% overhead, and AAL5’s padding to round up to cell boundaries added further inefficiency — effective throughput for IP traffic over ATM was sometimes as low as 80% of the raw line rate.

Open System Interconnection (OSI) is a 7 layer model and Protocol Data Unit (PDU) defined at each layer

Feature X.25 Frame Relay ATM OSI Layer Layer 3 (Network)

Layer 2 (Data Link) PDU Type Packets (variable) Frames (variable) Cells (fixed, 53 bytes) Error Correction

Layer 2 (Data Link)

Per hop (LAPB) End-to-end only End-to-end only

Speed Range

Up to 64 Kbps T1/E1, fractional T1/E1 to OC-12 (622 Mbps) QoS Support

Full (CBR, VBR, ABR, UBR) Virtual Circuits

None Limited (CIR/EIR)

PVC and SVC PVC (mainly) PVC and SVC (VPI/VCI) Key Advantage

Reliability Simplicity/speed Multi-service, high speed

Table 1.4 — Packet-Switching Technology Comparison: X.25,

Frame Relay, and ATM



1.3.4 MPLS — Convergence and the Best of Both Worlds

The proliferation of IP traffic and the limitations of both Frame Relay and ATM created demand for a technology that could provide traffic engineering, fast switching, and multi-service support without

the overhead penalties of ATM. Multi-Protocol Label Switching (MPLS) was developed in the late 1990s to address this need. MPLS inserts a 4-byte (32-bit) label between the Layer 2 header and the IP packet. Core routers make forwarding decisions based solely on this label — a much faster lookup than an IP routing table search.

MPLS Traffic Engineering (MPLS-TE) enabled explicit path control, allowing operators to route traffic along predetermined paths through the network and reserve bandwidth for specific traffic classes — capabilities that were previously only available with ATM. MPLS also supported Virtual Private Networks (VPNs), enabling carriers to offer enterprise connectivity services over a shared infrastructure. The combination of simplicity, scalability, and flexibility made MPLS the dominant WAN technology of the 2000s and it remains a fundamental element of carrier backbone networks today.

Label Size 32 bits (4 bytes) Label Stack Hierarchical (multiple labels for nested tunnels) Forwarding Label-based, hardware-accelerated, O(1) lookup Traffic Engineering

Explicit path specification (RSVP-TE)

VPN Support Layer 2 VPN (VPLS), Layer 3 VPN (BGP/MPLS) QoS EXP/TC bits for Differentiated Services marking Overhead 4 bytes per label (vs. 5 bytes ATM header per 53-byte cell)

Table 1.5 — MPLS Key Characteristics




1.4 Early Switching Architecture and Signaling

At the heart of the PSTN lay the telephone exchange which we shall see now in some detail -called the Central Office; in US, Telephone Exchange in the United Kingdom and India, was the most complex and costly equipment of the network, and its evolution from electromechanical relay technology to stored-program-controlled digital switching tells the story of the 20th century’s digital evolution later.


1.4.1 Strowger and the Electromechanical Era

The Strowger Exchange, invented in 1889 by Almon Strowger (allegedly motivated by a desire to bypass a telephone operator who was routing his customers to a rival undertaker), introduced the stepby-step switching principle. Each digit dialed caused a corresponding

mechanical element — a wiper arm — to step in a precise sequence across a bank of contacts, progressively connecting the call toward its destination. The mechanical Strowger exchanges was the bulwark of early 20th century telephone communications. These systems were robust but required enormous maintenance effort on mechanical adjustments required on the switches.

Crossbar switches replaced the step-by-step approach from the 1930s onward, using a grid of horizontal and vertical conductors with electromechanical contacts at each intersection. A crossbar switch was a significant improvement at that time in reliability and call handling capacity, and crossbar exchanges served as the backbone of the PSTN well into the 1970s in many countries including in India. In India a variant of cross bar switch was adopted called the Penta Conta with 50 vertical outputs per vertical bar (an ITT version) – later locally manufactured by Indian Telephone Industries (ITI) in India.



1.4.2 The Digital Exchange Revolution

The transition to Stored Program Control (SPC) digital exchanges in the 1970s and 1980s which already took place in US and Europe was the most transformative event in the PSTN’s history. Digital exchanges such as the Western Electric 4ESS (1976), the Northern Telecom DMS series, the Ericsson AXE, and the Alcatel E10 replaced mechanical switching systems with Time Division Multiplexing (TDM) switching fabrics controlled by software running on dedicated processors. Voice signals were digitized at the line interface as 64 Kbps PCM streams and switched in time domain through digital switch matrices.

In India too in 1984 the Department of Telecommunications (DoT) funded an organization called Center for Development of Telecommunications (CDoT) which was established under the leadership of Mr Sam Pitroda who lead the first digital revolution in India towards indigenous telecom equipment design and manufacture. Sam later became the secretary of DoT. In a span of 10 years CDoT not only developed first RAX (128/256/512) lines capacity and MAX with a capacity (10,000/40000 lines) but installed close to 30,000 in rural India and 4 urban centers. That was said to be a remarkable beginning of indigenous design and manufacture capability in stored program control (SPC) digital exchanges.

The shift to software control fundamentally changed the economics of feature development. New telephone services — call forwarding, call waiting, three-way calling, voicemail integration — could be introduced through software upgrades rather than hardware modifications. The exchange became, in effect, a large, dedicated computer /processor with a switching fabric as its central processing unit. Reliability requirements drove redundant architectures: duplicate processors, duplicate switching fabrics, and automatic failover — measured uptime targets were five-nines (99.999%), corresponding to fewer than five minutes of downtime per year, reported at that time.

Western Electric 4ESS (1976)

First large-scale digital toll switch; handled longdistance trunk traffic in the AT&T network

CDoT RAX 128/256/512P MAX 10,00040,000L

First Large Scale. SPC exchange deployment in India

Ericsson AXE-10

Globally dominant SPC exchange; modular, scalable, used in over 100 countries Alcatel E10 (System 12)

Distributed fully digital switch; used extensively in Europe and Asia Siemens EWSD

High-capacity digital exchange with integrated ISDN BRI/PRI support

Table 1.6 — Major Digital Exchange Platforms of the PSTN Era



1.4.3 Signaling System 7 (SS7)

If the digital exchange was the heart of the evolved PSTN, Signaling System 7 (SS7) [4] was its nervous system. Standardized by the CCITT in 1980 and progressively enhanced through the decade, SS7 separated the signaling information — the messages that set up, supervise, and tear down calls — from the voice circuits themselves. This ‘out-of-band’ signaling model was a major advance over earlier in-band schemes, which were unreliable and vulnerable to fraud.

SS7 operated over dedicated 64 Kbps signaling links in a mesh of Signal Transfer Points (STPs), with Signal Control Points (SCPs) providing all features with database intelligence for services:800number routing, calling card validation, and local number portability. The protocol stack included the Message Transfer Part (MTP) at layers 1–3, the ISDN User Part (ISUP) for circuit control, and the

Transaction Capabilities Application Part (TCAP) for database query-response services. The intelligence embedded in the SS7 infrastructure — particularly the SCP databases — was the precursor to the service delivery platforms that would later characterize 3G and 4G wireless networks.

The hierarchy of the SS7 network mirrored the hierarchy of the voice network: local Signal Transfer Points aggregated signaling from clusters of exchanges and interconnected with regional STPs in a partially meshed topology. This architecture provided the redundancy and sub-second rerouting that SS7’s reliability requirements demanded. Engineers who mastered SS7 in the 1980s and 1990s found themselves in high demand, as the protocol was not only complex but critical — a signaling failure could take down service for millions of subscribers.



1.4.4 E1/T1 (PCM) Transmission Systems and the PDH Hierarchy

Early digital systems struggled persistently with reliability and interoperability. The introduction of TDM digitized voice signals to a standardized 64 kbps Pulse Code Modulation (PCM) stream, defined in ITU-T Recommendation G.711[4] revolutionizing telephony by treating voice as data. But this revolution created new engineering requirements in network synchronization and error correction that the analog world had simply never encountered.

In PCM digitized voice circuits are carried over a hierarchy of multiplexed digital transmission systems known as the Plesiochronous Digital Hierarchy (PDH). The fundamental building block was the E1 (in Europe, Asia, and most of the world) at 2.048 Mbps, carrying 30 voice channels plus framing and signaling slots, or the T1 (in North America and Japan) at 1.544 Mbps, carrying 24 voice channels. Higher orders of multiplexing combined multiple E1s: E2 at 8.448 Mbps (4 × E1), E3 at 34.368 Mbps (16 × E1), and E4 at 139.264 Mbps (64 × E1). The North American T-carrier hierarchy followed a parallel path: T2 (4 × T1), T3 (28 × T1 at 44.736 Mbps), and T4.PDH had an inherent limitation: the slight frequency differences between different network clocks — ‘plesiochronous’ means ‘almost synchronous’ — meant that multiplexing higherorder streams required stuffing bits to accommodate the clock differences, and extracting a single E1 from an E4 required fully

demultiplexing the entire E4 — an expensive process. This limitation drove the development of the Synchronous Digital Hierarchy (SDH) in Europe (and SONET in North America) in the late 1980s, which used a synchronous network clock to eliminate the stuffing overhead and permit direct




1.5 Digital Transition




1.5.1 Software as Infrastructure





1.6. Challenges and Breakthroughs



1.6.1 Synchronization: The Heartbeat of Digital Networks





1.6.2 Error Correction and Signaling Evolution
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