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Foreword

Ethernet was invented as a local area network (LAN) and named in a memo I wrote at
the Xerox Palo Alto Research Center (Parc) on May 22, 1973. Dave Boggs and I never
imagined that the Ethernets we started building in 1973 would proliferate and evolve
as they have over these past 30 some years and certainly not as an access technology.

I now often quote IDC, which has published the amazing fact that over a quarter of
a billion new Ethernet switch ports were shipped worldwide in 2006.

And I explain to puzzled family members that Ethernet is the plumbing that under-
lies the Internet (TCP/IP), which is the plumbing that underlies the World Wide Web
(WWW), which in turn is the plumbing that underlies Google.

And now “Carrier Ethernet”is finally bridging what George Gilder calls the Telechasm,
the last-mile carrier access gap between high-speed Ethernet LANs and high-speed
wide area networks (WANSs), which are also increasingly based on Ethernet technology.
The Internet will soon be carrying packets from end to end in native Ethernet mode.

The most important reason why Ethernets have been winning for three decades is
the six-part Ethernet business model. Carriers had better beware of at least two of
these parts.

The six parts of the Ethernet business model are (1) de jure standards, (2) owned
implementations, (3) fierce competition, (4) market demand for multi-vendor interoper-
ability, (5) evolving standards based on market engagement, and (6) both backward and
forward compatibility for leveraging the growing installed base.

Carriers had better note parts #3 and #6 especially. Ethernets have been winning
because they are driven by fierce competition (#3), which is something new to most
carriers. And Ethernets have been winning because they are based on rapidly evolving
standards, which can be a problem when carriers are making massive infrastructure
investments, which is why backward and forward compatibility (#6) is so important.

I highly recommend Abdul Kasim’s helpful book on delivering Carrier Ethernet ser-
vices. Even if I do say so myself, Carrier Ethernet is the next big thing.

—Bob Metcalfe, Inventor of Ethernet
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Introduction

How This Book Came About...

Even as the value of Ethernet beyond the LAN was being widely recognized, the major
challenge was the lack of clarity as to what this “Carrier Ethernet” entailed, and more
generally, a lack of understanding of the delivery solutions over the diverse network
infrastructures used by Service Providers. This was to a large extent understandable
given a) the infancy of the field, b) the numerous network solutions that could be used,
and c) the fact that these solutions are generally very different from each other in
terms of the technology, focus, relevance, and extent of optimization needed to deliver
Ethernet services.

This book attempts to mitigate that hurdle—and in its own small way, accelerate the
deployment of Carrier Ethernet services—by providing a comprehensive, practical, and
insightful description of Carrier Ethernet and the different network solutions that can,
and are, being employed currently. Furthermore, using a common template across the
various commercial solutions focusing on the vital strategic and field issues, the book
attempts to provide a meaningful relative assessment of the different solutions. In so
doing, the book strives to provide both Service Providers and end users alike with a
solid and holistic understanding to aid in making an informed choice in the delivery
and usage of Carrier Ethernet services, respectively.

The absence of a reasonably comparable book on this subject of delivering Carrier
Ethernet added to the urgency of this endeavor; although there is a lot of material on
this topic available on the World Wide Web, it is largely fragmented, often with contra-
dictory versions, and would take a substantial effort to distill the necessary informa-
tion. The value of this book, therefore, became compelling; it is the first and, currently,
the only book that addresses this very timely topic and one where the stakes are high,
in the billions of dollars.

Given the substantial number of very different technologies/solutions that had to be
covered in the context of delivering Carrier Ethernet, it was felt that the most effective
and authoritative approach would be to leverage world-class experts who not only un-
derstood the technology in depth but also offered the wisdom acquired from substantial
real-life field experience. It was enormous good fortune that exactly such a panel of
leaders could be assembled and contribute to this book.
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xxiv  Introduction

Distinctive Features of the Book

Some of the distinctive features of the book are as follows.

m Comprehensive/Breadth This book deals with almost all the key Carrier Ethernet
solutions delivered across both wired and wireless infrastructures, including ones only
recently introduced such as WiMax. It also offers a holistic perspective on delivering
Carrier Ethernet and encompasses both technology details and practical insights.

m Easily readable This book presents a gamut of highly technical material span-
ning numerous very distinct technologies in a straight-forward manner. However,
this simplicity does not preclude dealing with important questions in reasonable
depth and capturing the essence of a solution.

m Practical focus This book is not a regurgitation of material available elsewhere.
Rather, it is a compilation of insights derived from substantial field experience de-
ploying the different Carrier Ethernet solutions. It has a singular focus on a set of
key technology and business considerations that inevitably come up in any decision
making in the deployment and use of Carrier Ethernet services.

m World-class authorship Each of the chapters on the solutions is authored by a
world-renowned expert with considerable field experience deploying the respective
solution(s).

m Unique This is the first book published on Carrier Ethernet and how it is being
offered today; there is no similar book currently available on this rapidly growing
segment of the industry.

The Specifics: What the Book Provides
This book attempts to provide:

® An understanding of the transformation of Ethernet from primarily a connectivity
protocol in the LAN to a carrier-class technology in the metro, access, and wide area
networks.

m Insights into what is triggering this transformation, specifically the underpinning
business drivers that have instilled urgency to Ethernet’s new emerging role.

m A quick overview of what is meant by Carrier Ethernet and the efforts of standards
bodies and the industry to enable Carrier Ethernet deployment.

m A comprehensive look at the various solutions, both wire-line and wireless, employed
in Service Provider networks to deliver Carrier Ethernet and how each of these are
evolving to deliver carrier-class Ethernet.

m Insights into considerations of real-life implementations of these different transport
mechanisms.

m How these solutions stack up to each other relatively across a set of multiple
considerations.
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m A brief discussion into the plausible future of Carrier Ethernet services and how they
may be delivered.

Intended Audience

This book is intended for a fairly broad audience engaged in a range of technology and busi-
ness roles. It assumes a fairly rudimentary knowledge of telecommunications networks
and services but attempts to simplify and elaborate wherever possible.

Scope and Limitations

While the book attempts to cover a rather broad and diverse topic with reasonable
depth, it is consciously restricted in scope to avoid becoming unwieldy, difficult to follow
and consequently, less effective. The specific constraints are noted below.

m Enterprises only This book focuses on the delivery of Carrier Ethernet primarily
to enterprise end users. It does not consider the delivery of such services to residen-
tial end users, who are also increasingly employing Carrier Ethernet for triple-play
(voice, video, data/Internet). The challenges of delivering Carrier Ethernet to busi-
ness customers are more significant than those associated with offering it to residen-
tial customers. And while there is definitely some overlap across the business and
residential segments, there are also significant differences, for instance, in the type
of services, whether SLAs are required, pricing, etc.

® North American focus Although, wherever possible, we attempt to maintain
a global perspective in the discussions, the default is largely based on the North
American experience.

m Technology/Solution depth The focus of this book is not a detailed technical
treatise of the technologies or solutions by themselves; there is considerable litera-
ture available that should be consulted for this purpose (and each of the chapters in
the book identifies a list of useful references about the respective technology solu-
tions). It is more concerned with answering, in some depth and based on practical
experience, the vital questions when considering Carrier Ethernet solutions.

m Time-sensitive The content and solution developments are current as of this pub-
lishing; given the dynamic nature of this field, it is anticipated that some content,
notably on developments in standards, may need to be updated with time.

® Impact of style Although some uniformity is enforced through a common tem-
plate across the discussion of the various solutions to enable a relative comparison,
it must be noted that, to some extent, it is very much a “comparing apples to oranges”
exercise and as such, there are inherent differences between the solution chapters.
Furthermore, despite best efforts to provide consistency, individual authors’ styles
will invariably introduce some differences; however, substantial care has been taken
to minimize this and ensure that each chapter indeed serves as a solid source of
practical and insightful information on a specific solution.
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How the Book Is Organized

The sections and chapters of the book are organized in a logical fashion to bring some
clarity and depth into what is a fairly complex and often confusing topic. There are
three distinct parts to the book:

m Part I: Background Provides the background and rationale for Carrier Ethernet;
also illustrates the market opportunity for Carrier Ethernet.

m Part II: Solutions Covers the specific solutions employed for providing Carrier
Ethernet using a standardized template.

m Part IIl: A Look into the Future Summarizes the available solutions relative to
each other and attempts to briefly explore the evolution of Carrier Ethernet delivery
solutions.

The first part of the book provides some useful background and detail about Carrier
Ethernet. In Chapter 1, Ethernet, its origins, and eventually its dominance in the LAN
and how it evolved into Carrier Ethernet, is described. Chapter 2 introduces Carrier
Ethernet and its enablers formally, and Chapter 3 provides market data from both the
standpoint of Ethernet services and the underlying vendor solutions to demonstrate the
significance of Carrier Ethernet.

The second part of the book covers the various commercial solutions that are pres-
ently employed to deliver carrier-class Ethernet. It discusses all the major solutions
available for Service Providers and highlights the technology underpinning the solu-
tion, the benefits of the solution, and how it is evolving. A balanced treatment in the
technical and business realities of each of the solutions is offered. Each of the solutions
is covered in its own chapter that is authored by an industry renowned expert and can
be read independently of any other chapter without impacting its understanding.

The final part of the book summarizes and puts into context the landscape of the
many, very different solutions discussed in the previous section. This is meant to pro-
vide the reader with a good understanding of the different solutions and their fit in
relation to each other.

Finally, we share our opinion on how the world of Carrier Ethernet will evolve in
the next few years. In so doing, the book attempts to provide practical and reasonably
detailed insights into the landscape of available solutions in a burgeoning field and
how they may evolve.

Any feedback is welcome and can be sent to kasim@alum.mit.edu.
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Chapter

Ethernet: From LAN to the WAN

by Abdul Kasim

This first section provides only a cursory and informal introduction to Ethernet for
the sake of completeness to the rest of the book. Ethernet has been around for several
decades now and, as is to be expected, there is a good deal of literature available. Some
of this literature [1-6] is noted in the reference section at the end of this chapter and
should be consulted for more comprehensive information on Ethernet.

What Is Ethernet?

Ethernet, commonly, refers to the dominant! networking technology being used in
Local Area Networks (LANs) for the connection, communication, and inter-working
of personal computers, printers, servers, and other devices. A LAN typically operates
within a geographically confined area (such as an office building or a small cluster of
buildings within a range of few kilometers and is usually owned and managed by a single
enterprise entity).

Ethernet specifically encompasses the following:

m The physical interface that interconnects a device over a coax/fiber (or some other)
media (“the Ether”).

m The frames being used as containers for transmitting and receiving the data between
the physical interfaces on devices in the LAN.

m The underlying protocol employed to communicate between these devices. This in-
cludes building the frames and transmitting as well as receiving them, processing
these frames for errors; it is also addresses all the associated signaling for enabling
communication.

1 Globally, well over 90 percent of LANs are based on Ethernet.
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NOTE The associated control/signaling and management functions also normally
employ Ethernet frames.

Ethernet typically manifests both in hardware and software to collectively provide
the physical connectivity and processing capabilities just noted (more specific details
are in the next section).

More formally, Ethernet is defined by the IEEE 802.3% standard and enables
half-duplex (transmitting in one direction at a time over a shared physical medium)
as well as full-duplex (simultaneously transmitting in both directions) data commu-
nication, and provides the underlying capabilities across three architectural layers:
Physical, Media Access Control (MAC) and the Logical Link Control (LLC) these are
discussed in some detail next. These capabilities correspond to those provided by the
first two layers in the OSI Reference Model®: Physical and Data-Link Layers, or Layer
1 and 2, respectively. This is shown in Figure 1.1 and it should be clear that the MAC
and LLC sub layers in the IEEE model are intended to have the same function as the
Data-Link Layer alone, in the OSI model.

Physical layer The Physical layer, at the bottom of the OSI/IEEE stack, is concerned
with the actual physical transmission of raw bits* over the (physical®) media.

This layer specifies the physical interface on a device connected to a LAN and also
the associated cabling. Typically, the physical connectivity manifests in a transceiver,
the Network Interface Card (NIC), that physically plugs into a device’s (could be a
computer or for that matter any device requiring Ethernet connectivity) motherboard.
A NIC is identified by a three-part nomenclature based on the attributes of the physical
connection: transmission rate, transmission method, and media type or signaling. For
example, 10Base-T indicates a 10 Mbps baseband® over two twisted-pair cables, while
a 1000Base-LX refers to 1000 Mbps, based band, long wavelength over fiber.

Each of the NICs has a unique static address (assigned by the manufacturer from a
block of addresses purchased from the IEEE); this address is referred to as its MAC or
Ethernet address, and it is based on a flat-addressing space’ and uses 6 bytes written
in a hexadecimal format.

Data-Link layer (DLL) layer The Data-Link layer provides the functionality to
transfer data bits between entities in a network (basically between the numerous com-
puters that are inter-connected) and detects and corrects, if necessary, any errors that
occur at the Physical layer. In effect, its role is to ensure transmission free of errors.

2 The TEEE 802.3 defines Ethernet in the LAN (and since 2005, also in the MAN)
The Open Systems Initiative (OSI) defined by the International Standards Organization as the standard
7498-1, in 1984. This is the primary architectural model employed in networking.
Binary digits (i.e., Os and 1s using which data is communicated)

5 It could be over a non-‘physical’, i.e., a wireless medium as well (such as is the case with Wireless Fidelity
or WiF1i).
Ethernet implementations typically use baseband transmission not broadband transmissions.
As opposed to a hierarchical addressing space (e.g., used in regular mailing addresses, where there are
many subgroups (addresses) based on an element, say, City Name; and from the networking realm, IP
address assignment is another example of hierarchical addressing.



Ethernet: From LAN to the WAN 5

/
/
/ Logical-Link
/ Control
/
/
/
/
Application /
Sessi / Media Access Control
ession / (MAC)
/
Presentation )/
/
Transport /
/ .
Network )/ Physical
Media Support
Data-Link (PHY)
Physical | _____
Seven-Layer OS| Model IEEE 802.3

Figure 1.1 [Ethernet as defined by IEEE-layered model (vis-a-vis the OSI model)

In the IEEE 802.3 standard, the Data-Link Layer (DLL) of the OSI model is essen-
tially split into two sublayers: Media Access Control (MAC) and the Logical-link control
(which resides on top of the MAC sublayer).

Media Access Control (MAC) sublayer This sublayer defines medium-independent
capabilities that are built upon the Physical layer and encompasses two main functions:

m Data encapsulation Includes assembling and right-sizing®, if necessary, the
Ethernet frame prior to transmitting and also detecting any errors at receipt of an
Ethernet frame.

m Media Access Management This includes any collision avoidance and handling
when a shared medium is used (i.e., multiple entities are using the same physi-
cal medium to communicate; see section on CDMA later in the chapter for more
detail).

An optional MAC Control sublayer, architecturally positioned between the Logical
Link Control (LLC) or the MAC sublayer, may also be present (and is transparent
to both the MAC and the LLC).

m MAC Control Sublayer Initiates the transmission of the frames and the recovery
from any transmission errors employing an algorithm such as CSMA/CD over a
shared medium (see the next section for more detail)

Logical Link Control (LLC) sublayer This sublayer corresponds to the upper part of
the OSI Data-Link layer and provides the interface between the Ethernet MAC and the
upper layers of the device/application. The LLC sublayer is primarily concerned with
multiplexing and demultiplexing of frames transported over the MAC sublayer and
also provides flow control, acknowledgement, and recovery, if necessary.

8 If the frame is too large, for instance; see next section on framing for more detail
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The Basic Ethernet Frame

The IEEE 802.3° has defined a basic Ethernet frame format, as shown in Figure 1.2.
The fields that comprise the basic Ethernet frame (which is also referred to as the
Protocol Data Unit or PDU) are also shown and briefly described in the figure.

The maximum size of the Ethernet frame, referred to as the Maximum Transmission
Unit (MTU), in the standard case is 1526 Bytes (1 Byte = 8 bits), including the maximum
data payload of 1500 Bytes. If the data payload is larger than this, it is broken down
into smaller sizes and encapsulated within Ethernet frames. The maximum and mini-
mum frame size limits listed in the IEEE 802.3 do not include the preamble and start
of frame bytes. This makes the maximum untagged frame 1518 bytes and the minimum
untagged frame 64 bytes. Protocol analyzers and frame statistics probes normally re-
port frames in this manner.

Additional options to the Ethernet frame have been incorporated to accommodate
new capabilities and technologies such as VLANSs (see next section), MPLS, and so on.
To also accommodate a more efficient transmission of latency sensitive application data
(such as video), larger MTU sizes called Jumbo frames—typically greater than 9000
Bytes—are being supported in commercial solutions.

VLAN Tagging Option A Virtual LAN (VLAN) tag was introduced between the SA and
the Length/Type fields of an Ethernet frame. This VLAN is defined in IEEE 802.1Q and
provides these key capabilities:

m Allows data traffic to be prioritized.

m Allows data traffic to be categorized for more efficient handling; for instance, traffic
can be separated or categorized and each of these categories treated differently.
Traffic in an enterprise, for example, may be split by which department it belongs
to, so that traffic belonging to the accounting department, the marketing depart-
ment, and so on, may be separated using a corresponding VLAN identifier and
treated accordingly. As will be evident shortly, this creates a lot of efficiency in the
operation of LANs and also introduces additional flexibility as far as handling data
within an enterprise is concerned.

m Simplifies the management of the LAN because, in effect, a large LAN is broken
down to smaller, usually more easily managed LANs (i.e., the logical LANs).

The IEEE 802.3ac standard allows for the Ethernet frame extension required to
accommodate a 4-Byte VLAN tag. The 4-Byte VLAN header comprises a 2-Byte VLAN
type (i.e., the inserted frame should be interpreted as a VLAN frame) and a 2-Byte
control field that, in turn, is made up of a 3-bit Priority field (called P bits), and a 12-bit

9 [EEE 802.3 frame defined in 1997. There is a slight variation between frames from the traditional and
DIX standards.
A PDU specifies a unit used to communicate between the same layers on different devices. It is
comprised of a header and a payload.
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7 1 6 6 2 46-1500 4
Preamble | SOF | DA SA "%’gg‘/ Data FCS
Field Bytes Description
Preamble 7 Indicates a frame is coming
Start-of-Frame Delimiter 1 Tells where the frame begins
Destination Address (DA) 6 Identifies the devices (stations) to receive the frame
Source Address (SA) 6 Identifies the sending device (station)
Length/Type 2 Identifies number of data bytes or Frame ID (type of frame)
Data 46-1500 Actual data being carried
Frame Check Sequence 4 ansists a cyclic redundancy check value that is used to
(FCS) validate that the frames were not damaged
<1526

Figure 1.2 Ethernet frame as defined by IEEE 802.3 standard

VLAN ID (VID). There are 4096 (2'?) unique VIDs.!! While this appears to be a fairly
large number and is sufficient in most LAN environments, it could present a bottleneck
(to scale) in larger and more complex enterprise environments and also when Ethernet
extends beyond the LAN, into Service Provider networks.'? The P bits are used to pri-

oritize the handling of incoming Ethernet frames.

Elements of a LAN

Ethernet-based LANs make up the heart of enterprise® networks. A sample LAN is
depicted in Figure 1.3. LANs are often shown using a bus topology but star topologies

are frequently used in modern day LANs.

® Data Terminating Equipment (DTE) These devices are either the source or

destinations for the data and include PCs, servers, printers, and so on.

m Data Communication Equipment (DCE) These are the intermediate devices
that receive and forward Ethernet frames and include devices such as Ethernet

Bytes

7

switches and routers as well as the NIC (integrated into the PCs and other devices).

1 Actually 4094 VIDs are usable; a VID of 0 identifies a priority frame and a VID of 4095 is reserved.
12 5 technique called Q-in-Q, defined in IEEE 802. 1Q, allows the stacking of two VLAN tags (an enterprise
VLAN tag and a Service Provider—added VLAN tag) to overcome this scaling limitation, so multiple

VLAN tags belonging to a specific customer can be mapped to one Service Provider tag.

13

that have computer (or information technology) infrastructures.

Enterprise is used broadly to refer to the host of entities—whether businesses, academia, or nonprofits—
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Figure 1.3 A typical enterprise Local Area Network (LAN)

m Connectivity mechanism Different media are employed for connectivity (the
“Ether,” in the Ethernet). This medium physically connects the DCEs and the
DTESs; Unshielded Twisted Pair (UTP) or (multimode) fiber optic cables are com-
monly used in enterprise LANs.

As depicted in the Figure 1.3, the devices in the LAN are usually connected in a star
topology with a switch or router acting as a hub and the DTEs connected using a physical
media (CAT 5, as shown in Figure 1.3, is commonly used).

How It All Works: A Simple Overview of LAN Operation Briefly, if a device (say a PC)
wants to communicate with another device (let’s say a printer) on a LAN requesting a
service (printing, in this case), then the sending device’s print application request will be
essentially converted into an appropriate Ethernet frame. The Ethernet frame will have
the PC’s MAC address as the source address (SA) and the printer’s MAC address as the
destination address (DA). Other parameters in the frame will be filled in appropriately.

The frame is then transmitted using the CSMA/CD protocol (described in section
on CSMA/CD) if the device MAC is operating in a half-duplex mode (i.e., it can either
send or receive but not send and receive simultaneously). This protocol was developed
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to more efficiently send and receive messages between multiple sets of devices (with-
out having a large number of collisions). Alternatively, if the device is employing a
full-duplex mode (i.e., it can transmit and receive simultaneously—the most common
scenario in today’s networks), there is no such protocol employed and transmission is
fairly straightforward (just successive frames are sent after an Inter Frame Gap (IFG)
to ensure no collisions).

The receiving device (the printer, in this case) will observe the incoming frame, identify
the destination address on the frame as being the same as its own MAC address, and
make sure the frame has not been corrupted. If everything is fine, the receiving device
accepts the frame and sends it to the upper layer. This process is the same independent
of whether the device’s MAC is half-duplex or full-duplex.

If a frame has to be broadcast to all devices on the network, then an address of all
1s is inserted in the DA. The transmission is the same, however, and every receiving
device will receive a frame as if it is the destination device.

An Ethernet LAN typically operates in its own domain or segment. Every DTE in a
segment shares the same physical medium and receives all transmitted frames (but,
as mentioned, will accept only those destined for it). When the number of devices on
a LAN becomes large (there is no fixed definition of precisely what large means), it is
more efficient to divide the LAN into multiple segments. This segmentation can be done
using a device called an Ethernet Bridge.

Ethernet Bridges and Switches An Ethernet Bridge is a LAN interconnection device
that operates at the Data-Link layer (Layer 2 of the OSI model). It may be used to join
two (or more) LAN segments to construct a larger LAN. It also regulates the traffic
between these segments by filtering traffic based on (source and destination) MAC
addresses in the traversing Ethernet frames; the bridge basically “learns” which MAC
addresses can be reached through each of its ports and constructs a table that maps a
list of (MAC) addresses to a port. It then parses incoming frames and forwards them
based on the content of this table. Broadcast frames (with all 1s in their DA field) will
be forwarded to all ports except the port they arrived on. A Bridge may also enforce a
security policy separating different workgroups located on each of the LANs. Bridges
were first specified in IEEE 802.1D.1*

A Switch is essentially a bridge where the bridging—examining the packet and
forwarding it—is done using hardware (so forwarding frames is done very quickly).
A Switch also has multiple physical ports and can be used to interconnect multiple
LANs. Another way to look at it is that a Switch has a node/device on its own segment.
Broadcast and multicast (forwarding an incoming frame to a set of select destinations)
are also supported.

14 A note on IEEE nomenclature: In the IEEE, if a standard is a standalone document that will not be
incorporated into another document, then the letter(s) following the period is an uppercase letter. The
documents using lowercase letters are changes that will be incorporated into the main document.

For example, 802.3ah includes changes to many of the sections of the 802.3 document; it also adds an
additional section. At some point in the future, 802.3 will be republished with the 802.3ah reference and
changes incorporated. At that point, 802.3ah will no longer be available.
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Connecting Bridges and Switches Bridges and switches can be connected to string
together multiple LANS, in effect building a bigger LAN, thus leveraging and sharing
the resources on all the subtending LANs. This approach is commonly employed in
campus networks and even in smaller metro networks.

Switches must be connected in a tree topology and not connected in such a way as to
form a ring. In other words, there must be only one path between any two devices (con-
nected to any of the switches). If more than one path exists between any two devices, a
loop is formed; this is unacceptable because frames can endlessly circulate over that loop,
resulting in network overload. Bridges and Switches employ Bridge Protocol Data Units
(BPDUs) to exchange information with each other regarding their individual status.

Because interconnecting multiple LANs usually means, in effect, interconnecting
hundreds of devices, identifying such loops between every combination of devices is
not done manually. The IEEE 802.1D defined an algorithm called the Spanning Tree
Protocol (STP) that will, using the appropriate BPDUs, automatically detect such loops
and disable the physical ports that enable the duplicate paths.

The STP is essentially the “Control Plane” of an Ethernet switch solution and
is also used to recover from failures. On detecting a failure on a path between two
devices, the STP figures out (or converges to) an alternative path and enables it for
communication. The time taken to accomplish this is, however, unacceptable—especially
with a large number of devices interconnected; a more efficient variant, Rapid STP
(RSTP), is used to address this problem. As will be discussed in Chapter 2, when
Ethernet moves beyond the LAN, there are an exponentially higher number of customer
endpoints and services; even this approach is frequently insufficient and newer techniques
need to be developed.

Ethernet—The Beginning

As soon as the power of interconnecting several computers and other ancillary devices
became evident, numerous efforts were undertaken to enable this capability within an
enterprise. One such effort was led by Dr. Robert Metcalfe, whose work at Xerox’s Palo
Alto Research Center (PARC) over several years culminated in Ethernet. “Ether”!®
in the word Ethernet referred to the single low-loss coaxial cable used in the original
version of Ethernet. Figure 1.4 shows Dr. Metcalfe’s hand-drawn schematic illustrating
Ethernet.'6

At that time (1973), Xerox was looking for a way to efficiently interconnect over
100 Alto computers and also drive their new high-speed laser printers, which were
all physically connected over a shared 1-km coaxial cable (or “bus”). Dr. Metcalfe’s
first Ethernet design allowed this configuration to operate at a speed of 2.94 Mbps,!”
using a new algorithm known as Carrier Sensing Multiple Access/ Collision Detection

15 Bther is actually derived from the lumeniferous ether that, at one time, supposedly surrounded the
Earth and served as the medium for electromagnetic radiation. It also signifies that Ethernet can be
used to connect any computer, not just the Alto brand computers used.

6 This figure was drawn by Dr. Metcalfe at the National Computer Conference in 1976.
This speed was apparently chosen because it was derived from the system clock of the Alto computers
that were being interconnected.
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(CSMA/CD).'® This protocol not only enabled the relatively high speed of communication
but also dramatically improved the transmission efficiency over the shared media in
the LAN by up to 80 percent when compared to the existing methods!® and hence, was
deemed a great success.

The CSMA/CD Ethernet

At the time, the big challenge was to minimize the number of collisions that occurred
when several computers interconnected over a shared coaxial cable tried to communicate
with each other. The CSMA/CD algorithm mitigated this problem significantly.

Briefly, using the CSMA/CD approach, when a computer on a LAN wants to transmit,
it listens to the cable (i.e., “senses” the cable); if the cable is busy, the computer waits
until it goes idle; otherwise, it transmits immediately. If other computers on the
cable simultaneously begin transmission as well (since they all sensed the cable was
idle), collisions will occur. When a computer detects a collision, it stops transmission
immediately for a random amount of time, after which it starts the process of listening
to the cable again. The amount of time that a computer waits before listening again is
determined by a “binary exponential backoff” algorithm, which dynamically adjusts the
random interval before which a computer can attempt to retransmit. When two colliding
computers back off using this algorithm, the chance of their respective transmissions
colliding yet again when they both attempt to retransmit is negligible.2? If a collision
reoccurs, however, then a new backoff time is computed before a retransmission attempt
is scheduled, so the possibility of colliding on this second retransmission is reduced
exponentially again. Thus, either the transmission is successful or a new backoff interval
is computed before a retransmit attempt. With each collision and back off, the chance
of a subsequent collision is reduced. In this fashion, the CSMA/CD reduces collisions
and improves transmission efficiency quite dramatically—an 80 percent improvement
when compared to the prevailing solutions.

18 When we refer to Ethernet, we usually mean the CSMA/CD Ethernet.

19 At the time, existing protocols such as the ALOHA system developed at the University of Hawaii, had
distinctly limited efficiency, mainly due to a higher collision rate.
In essence, each computer waits for a different amount of time prior before attempting to retransmit.
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In 1976, Dr. Metcalfe, along with David Boggs, published this research in a landmark
paper entitled, “Ethernet: Distributed Packet Switching for Local Computer Networks”
in the Communications of the Association for Computing Machinery (ACM) [8]. And on
December 13, 1977, U.S. Patent number 4,063,220, “Multipoint Data Communications
System with Collision Detection,” was issued to Xerox Corporation, Dr. Metcalfe’s em-
ployer, formalizing the advent of Ethernet.

The benefits of CSMA/CD Ethernet soon became obvious, and in 1979, Digital
Equipment Corporation (DEC) and Intel partnered with Xerox to commercialize the
technology—with DEC building the hardware (the Network Interface Cards) and Intel
providing the semiconductor chips. They were, however, persuaded by Dr. Metcalfe
and his associates, to make the technology publicly available and, therefore, avoid an
Ethernet monopoly. To their credit, the three companies agreed to this enlightened?!
proposal and published the DIX standard,?? the first Ethernet specifications for 10 Mbps
transmission based on the CSMA/CD protocol; a second version of this specification was
published in 1982. In the meantime, Dr. Metcalfe and others were also working with the
nonprofit Institute of Electrical and Electronic Engineers (IEEE) to develop an open
industry standard.

In 1983, the IEEE released the first truly open industry standard for Ethernet,
“IEEE 802.3 Carrier Sense Multiple Access with Collision Detection (CSMA/CD) Access
Method and Physical Layer Specifications.” Developed by the 802.3 working group of
the 802 committee, the standard was pretty much the same as the DIX standard?? ex-
cept for a few changes. Subsequently, the International Standards Organization (ISO)
also approved the Ethernet standard as the 8802.3, catapulting it into use worldwide.

NOTE Any reference to Ethernet today usually means the IEEE 802.3 standards-based
Ethernet [1]. The CSMA/CD is hardly used anymore, except in half-duplex, shared me-
dia environments; instead sophisticated switches and other equipment are used in a
full-duplex fashion in star-topologies where the issue of collisions is moot.2*

The Development of Ethernet

Several advances were made to the initial IEEE 802.3 standard. Over the past twenty-
odd years Ethernet has, in fact, seen considerable innovation and subsequent standard-
ization. The Ethernet standard has thus far focused on improvements across several
dimensions:

m Distance Extended the physical distance more than 100 and up to approximately
2000 miles

21 Enlightened because the companies forewent the short-term revenue prospects in favor of something
that would ultimately be good for the entire industry.

22 DIX stood for Digital Equipment Corportion, Intel, and Xerox.

23 Hardware based on either standard can, in fact, interoperate.
In typical enterprise LAN Ethernets these days, each workstation is connected over a dedicated point-to-
point link to a switch in a hub/star topology and communicates (usually in a full-duplex manner) over this
link. Hence, the issue of colliding with frames from another workstation on theLAN simply does not arise.
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Speed/Bandwidth Increased line speed to 10 Gb/s and higher (a thousand-fold
increase from the initial 10M bandwidth)

Media Enabled transmission over a host of wired and wireless media

Processing Added new capabilities to identify, separate, prioritize, and secure
data

Scale Continually made it more robust and operationally efficient to deploy and
manage large Ethernets

These and other key developments in the Ethernet standard are listed in Table 1.1
and illustrate the continuous improvements that Ethernet continues to undergo. Two
IEEE?S working groups, 802.3 and 802.1, were particularly active in extending Ethernet
to operate beyond the LAN. A detailed discussion of these standards is beyond the scope
of this book, but they are actively referenced wherever necessary.

NOTE All standards are available from the IEEE website at www.ieee.org/getieee802

Other LAN Technologies: Token Bus, Token Ring, and FDDI

In addition to Ethernet, other LAN technologies were also developed during the 1980s.
Three of them—Token Bus, Token Ring, and Fiber Distributed Data Interface (FDDI)—
were notably prominent. They have even been standardized as IEEE 802.4 for Token
Bus and IEEE 802.5 for Token Ring, whereas FDDI was standardized by the American
National Standards Institute (ANSI), as the X3T9.5.

The discussion of these technologies in any detail is outside the scope of this book,
but briefly, all these technologies employ a special control frame called a token. Only the
workstation on the LAN that possess the token (and there is only one token per LAN)
can transmit. Because there is only a single token and hence only one token holder,
collisions are not possible.

Each of these LAN technologies was developed for different reasons and has its ben-
efits and shortcomings. Token Bus was primarily driven by General Motors and others
that were interested in factory automation and wanted a reliable, efficient, predictable,
and high-throughput system at heavy loads that aligned well with their assembly lines.
However, Token Bus was not particularly well suited for fiber transmission and expe-
rienced latency even at small loads.

Token Ring, mainly adopted by IBM, also had similarly attractive features. In addi-
tion, it could also be deployed in a ring topology and supported arbitrarily long frames
efficiently (unlike the Token Bus), but like the Token Bus, Token Ring suffered from
latency (as do all token passing schemes).

As more powerful workstations began to proliferate on LANSs, these technologies
became inadequate from the standpoint of scale, reliability, and bandwidth; FDDI

25 Other standards bodies such as the IETF have also been active but most of the work on LAN Ethernet
was done in the IEEE whose focus has been on the PHY and Data Link-layer
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TABLE 1.1 Development of Ethernet: A Look at the (IEEE) Standardization Efforts
Year Standard Brief Description
1973 Ethernet Invented 2.94 Mb over coax
1982 DIX Standard 10M over thin coax
1983 IEEE 802.3 10Baseb (10 M over thick coax)
1985 802.3a 10Base2 (10M over thin coax)
1985 802.3b 10Base36 (10M over CATV cable)
1985 802.3¢c 10 M Repeater Specifications
1987 802.3d Fiber Optic inter-repeater link
1990 802.31 10BaseT (10M over twisted pair)
1993 802.3;j 10Base F (10M over fiber)
1995 802.3u 100BaseT (100M with auto-negotiation)
1997 802.3x Full-Duplex and Flow control
1998 802.3y 100Base over low quality twisted pair
1998 802.3z 1000BaseX (1000 M/1 G over fiber)
802.1D MAC Bridges
802.1Q Virtual LANs
1999 802.3ab 1000Base-T Ethernet over twisted pair
802.3ac Increased frame size to allow VLAN and priority
2000 802.3ad Link Aggregation
2003 802.3ae 10GBASE (10000M or 10G over fiber)
2003 802.3af Power over Ethernet
2004 802.3ah Ethernet in First Mile (EFM) over Copper, Fiber and Passive
2006 802.3an 10GBase-T (1250M) Ethernet over UTP
2006 802.3aq 10GBase-LRM (10 G Ethernet over Multi-mode fiber)
In Progress 802.3ap 1G and 10G Backplane Ethernet (over a PCB)
In Progress 802.1ad Provider Bridges
In Progress 802.1ag Connectivity Fault Management (CFM); note ITU Y.1731 uses this as
a basis and also added Performance Management (ratified in 2007)
In Progress 802.1ah Provider Backbone Bridges (PBB)
In Progress 802.1Qay Provider Backbone Bridges — Traffic Engineering (PBB-TE). Also
referred to as Provider Backbone Trunking (PBT)
In Progress 802.1aj 2 port Relay and Demarcation

Source: IEEE, Wikepedia

was developed in the mid-1980s as a response to these shortcomings. FDDI was also
token-based (in fact, it uses Token Ring as its basis) and supported 100-Mbps band-
width using fiber optic cable deployed in a dual ring configuration. Traffic on each
of the rings, referred to as the primary and secondary, flowed in opposite directions.
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The primary ring was used for data transmission during normal operation, while the
secondary ring remained idle; if the primary ring failed, the secondary ring took over. The
primary purpose of the dual rings was to provide superior reliability and robustness.

FDDI was used mainly because it supported higher bandwidth at greater distances
than usually possible over copper.2® It also supported hundreds of users, and its dual
ring architecture afforded reliability and fault-tolerance at distances greater than
100 miles. These capabilities made FDDI an attractive technology to build backbones
for networks that extended beyond traditional enterprise LANs.

Table 1.2 offers a brief comparison of these standardized LAN technologies as of the
mid-1980s and early 1990s, when they had been standardized with similar feature sets.
As should be evident, there was no one overwhelmingly superior technology. The nu-
merous studies conducted [7, 9, 10] on these LAN technologies were not conclusive on
the superiority of one over the other per se, at least from a technology and performance
standpoint; rather it appeared that any one of these could be made to look particularly
appealing when modeled with the right combination of parameters. For instance, the
token-based technologies performed better at higher loads than did Ethernet.

Despite not having any overwhelming technological superiority, or any significant
time to market advantage (all the IEEE standards were developed around the same
time and General Motors/IBM, having considerable market clout, actively backed the
token technologies), Ethernet has gone on to become, by far, the most successful and
widely deployed LAN technology in the world today. While Token Bus and Token Ring
have become nearly obsolete, Ethernet has had more than 2 billion ports deployed (es-
timates from Dell’Oro and other analysts), making it the standard interface for most
network-capable devices in the LAN today.

Domination in the Enterprise LAN

Ethernet has established itself as the overwhelmingly dominant technology in the LAN
market. As shown in Figure 1.5, Ethernet LAN ports, even in the year 2000, made up
well over 90 percent of total LAN ports and were growing almost linearly, while the
port growth for Token Ring, minuscule as it was, was further declining. Token Bus
registered even less than Token Ring and did not even merit further consideration.
While the dominance of Ethernet has led market analysts to forgo such comparative
studies in the recent past, it is reasonable to assume that the small base of Token Ring
users will largely (or will in a short timeframe) inevitably migrate to Ethernet—they
will simply have no other reasonable choice.2” FDDI’s small base is in much the same
position as Token Ring’s, although its use in some very niche applications may prolong
the inevitable. Ethernet has indeed come to dominate the LAN.

Figure 1.6 tracks Ethernet from its inception to its dominance. Roughly, it underwent
three stages?®—what can be termed as “Beginnings,” “Growth and Challenges,” and

26 A FDDI version using copper as the media was also introduced; this is referred to as CDDI.

27 Because FDDI cannot simply compete against the Ethernet’s price and performance, which will only
further improve with time. Once the current token-based infrastructure is depreciated or new application
support becomes necessary, it is reasonable to assume that these networks will transition to Ethernet.

8 Based on the observations by Dr. Bob Metcalfe, founder of Ethernet
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TABLE 1.2 Comparison of Key LAN Technologies During the Late 1980s and Early 1990s)

Factors of Ethernet Token Bus Token Ring FDDI
Comparison (IEEE 802.3) (IEEE 802.4) (IEEE 802.5) (ANSI X3T9.5)
Service Connectionless Connectionless Connectionless Connectionless
Connectivity

Bandwidth 10M 10M 4M/16M 100M
Engineering Simple Complex Easy Complex
Reliability High High High Very high
Performance

Low Load Good Poor Poor Good

Heavy Load Poor Excellent Excellent Excellent
Priorities No Yes Yes Yes
Supported

Deterministic  No More than 802.3 Yes Yes

Suitability for ~Average Poor Good Excellent

fiber based

implementation

ultimately, “Domination.” During the first stage, which lasted from the mid-1970s to the
mid-1980s, Ethernet was a new entrant in a small market (comprising mostly research
and development initiatives), where it competed against the likes of the Aloha protocol.
During the second stage, lasting approximately from the mid-1980s to the mid-1990s,
Ethernet faced some stiff competition in a fairly impressive growth market, stimulated
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Figure 1.5 The domination of Ethernet in the LAN versus Token Ring (source: Dell’Oro Group, 2005)
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Figure 1.6 Tracking the dominance of Ethernet in the LAN

mostly by the growing popularity of the personal computer. Technologies such as Token
ring and FDDI especially were taking a big share of the market. However, the fortunes
of Token ring and others waned with the declining fortunes of its sponsors (IBM), while
Ethernet with its unique business model and open standards continued to appeal. And
so when the third stage came about, sometime after the mid-1990s when the proliferation
of PCs continued unabated (thanks to Moore’s law) and networking applications such as
e-mail emerged along with the introduction and growth of the Internet, Ethernet had
already begun to establish its dominance. And by 2000, as Figure 1.4 shows, it was the
solution employed by nearly the entire addressable market.

This overwhelming adoption of Ethernet in the enterprise LAN was largely due to
the reasonable superiority of a combination of factors—notably simplicity and continual
improvements in price and features, rather than a substantial competitive advantage in
any one facet. It is instructive to understand how Ethernet ascended to this dominant
position in the LAN. Dr. Metcalfe identified [11] the main enablers for Ethernet’s domi-
nance in the LAN and these are briefly discussed next.

Continual Market-driven Innovation As noted in the previous section, Ethernet did
not initially have any overwhelming technical advantages over the other LAN technologies
but that status quo changed quickly as higher speeds (from 2.94M in 1973 to 10G
currently), new media (copper, coax, fiber, and even wireless), and increased functional-
ity (such as switching, priority, and so on) were incorporated into Ethernet. With every
new generation, the speed increased tenfold (10M to 100M to 1000M to 10000M), a
phenomenon that was not (and has not been) replicated with any other LAN technology.
In contrast, the other LAN technologies were decidedly slow and did not maintain the
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same level of improvement as Ethernet. Ethernet’s capabilities thus became much
more formidable than the other LAN technologies in a relatively short time, and to its
credit, Ethernet has continued to maintain this pace of innovation.

Standardization As shown previously in Table 1.1, innovations in Ethernet technol-
ogy were quickly standardized. Manufacturers could incorporate these new features
and bring them to market relatively quickly (see “Intense Competition”). The end users
obviously wanted to leverage the benefits of these new features as well and being able
to do so with the assurance of interoperability between devices from different vendors
(as a consequence of standardization employed by these vendors) meant accelerating
the acceptance of Ethernet in the marketplace.

Commercialization Although there were standards for the different LAN technolo-
gies, only the IEEE 802.3 was widely adopted because it was promoted as an open stan-
dard that anyone could use to implement Ethernet NIC hardware by paying a small
licensing fee.?? This unique model was also aligned with the manufacturers’ approach
to the various devices (PCs, printers, etc.) present in the LAN; they did not integrate
Ethernet itself into their devices but rather relied on NIC manufacturers (of Ethernet,
Token Ring, etc.)—ostensibly, at least in the earlier days, because they wanted to have
the option of employing the best possible solution in terms of cost and features. While
this was meaningful initially, Ethernet with its growing customer base and product
innovation soon became the obvious choice and was embraced by the manufacturers of
LAN devices. In contrast, the other LAN technologies, with smaller, niche constituencies
and not having the economies of scale, were not anywhere as successful as Ethernet.

Intense Competition Because a large number of entities were developing Ethernet
solutions, it led to fierce competition, a reduction in prices, and expectedly, by the law
of economics, more customer demand. The intense competition meant that vendors
sought to benefit from any differentiation that they could manage; as a result, the new
capabilities being standardized were being brought to market as quickly as possible.
This combination of advanced features and a competitive price accelerated Ethernet’s
adoption in the LAN marketplace.

Interoperability Since there were many different (albeit standards-based) imple-
mentations of Ethernet from a multitude of vendors, interoperability became a key
demand of enterprises. As a result, interoperability also became a prerequisite for
Ethernet vendors. This ultimately enabled customers to deploy networking equipment
(servers and other devices) from different vendors seamlessly and easily—hence lower-
ing operating costs and consequently leading to even greater demand for Ethernet.

Backward/Forward Compatibility This became a very important attribute of
Ethernet, enabling customers to use new features without having to uproot their

29 IEEE was given the Ethernet patents by Xerox and now officially licenses it to any manufacturer.
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base infrastructure. The fundamental Ethernet frame largely remained the same?’

independent of, say Ethernet’s speed.?! This fact made it enormously easy to work with
a mish-mash of Ethernet devices and applications and led to Ethernet being perceived
as a future-proof investment that would not be obsolete in a short period.

The continual innovation and commercialization of Ethernet led to dramatic
improvements in its performance that, along with the economies of scale, meant cost
was correspondingly reduced while new demand was stimulated. Figure 1.7 generally
reflects®? the bandwidth/speed changes in Ethernet interfaces over time, with the
corresponding price per bit. The bandwidth of Ethernet cards increased tenfold
periodically for about 1/3rd increase in cost (or less with time). This led to a dramatic
decrease (about 70 percent) in the cost per bit from a customer standpoint. In addition,
other functionality (priority, traffic management, and so on) was continuously added
as well, making the per-bit cost even more appealing. In comparison, the token-based
competition, despite some initial appeal, was woefully left behind in a short while, as
shown Figure 1.7.

As price and performance improved, Ethernet became even more popular in the
enterprise, leading to further competition and improvements and thereby stimulating
more demand. This increased-demand-leading-to-improved price/performance cycle—
coupled with its inherent plug-and-play simplicity—was mutually reinforcing and
clearly explains the near exponential demand growth in Ethernet LAN ports vis-a-vis
Token Ring, for example. With such growth, the pool of IT professionals with expertise
in Ethernet also grew; and this also contributed to furthering Ethernet’s acceptance.

Thus, the decision to license Ethernet to anyone, continually improve its capabilities,
standardize these capabilities, and enforce interoperability, definitely underpinned the
success of Ethernet in the LAN. A pervasive theme was the amazing responsiveness of
Ethernet to market requirements, essentially leading to an Ethernet that is vastly dif-
ferent (improved) than the original 802.3 standard, so much so that it is sometimes as-
serted that the transformed version is simply being called Ethernet, even though it bears
little resemblance to the original!

The benefits of Ethernet should be obvious to anyone who manages a LAN today,
whether in Beijing, Bangalore, or Boston, and even more vividly to anyone who is man-
aging LANSs in Beijing, Bangalore, and Boston simultaneously. The universal appeal of
plug-and-play Ethernet in the LAN is unquestionable.

After Ethernet’s astounding success in the LAN, it moved beyond the geographically
limited, customer owned and operated LAN. Ethernet, in fact (refer to 802.1 standards in
Table 1.1), had long been developing the capabilities to enable delivery at distances and

30 There were actually enhancements made to the frame to provide more sophisticated features such as
VLAN that allowed customers to separate, prioritize, and manage LAN traffic in a more optimal fashion.
However, the Ethernet frame largely remained the same.

The auto-negotiation capability of Ethernet interfaces, for example, allowed devices from different
manufacturers to communicate with each other and set the appropriate speed without manual intervention.
Note that actual pricing is a function of several variables including time, and it is infeasible to capture
this without introducing complexity; a relative approximation meaningfully illustrates the price per bit
changes that occurred.
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Figure 1.7 Ethernet’s path to dominance

speeds more compatible with those required in inter-LAN networking (connecting LANs
across a distance of tens of miles) and was well suited as a platform for the emerging data
services. Service Providers were, to a limited extent, already offering Ethernet-based
Point to Point (Ethernet extension) and Multipoint (transparent LAN) services.

The Failed Challenge of ATM and IP in the LAN

As a side note, it is important to mention two other technologies that also emerged
as candidate LAN technologies. Unlike the ones discussed previously, however,
these originated as technologies to be used in Service Provider networks but were
later positioned as LAN technologies as well to compete with Ethernet. They were
not successful.

Asynchronous Transfer Mode (ATM), a cell-based connection-oriented technology
that successfully focused on enabling a converged infrastructure beyond the LAN
(see “Ethernet: Evolution Beyond the LAN”) and was positioned as a competitor
to Ethernet in the LAN in the 1990s. It presented a very attractive option since it
possessed several advantages over the traditional LAN Ethernet. It provided much
more sophisticated traffic management and could support both packet-oriented
and circuit-switched services (hence touted as the convergent platform); at that
time, its speeds were also higher (OC-3 or 155M) than Fast Ethernet (100M). Given
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its success beyond the LAN (in metro networks), ATM in the LAN would have
also meant a seamless connection to ATM networks beyond the LAN. And LAN
Emulation (LANE), a mechanism to simulate the characteristics of a LAN (con-
nectionless, multicast, etc.) over a switched ATM backbone was also developed.

However, it was significantly complex to engineer ATM LANS. This coupled with
the fact that Ethernet continued to evolve mitigated—and even surpassed—the
functional advantages of ATM in a short time, and that too at a much more attrac-
tive price, ultimately resulting in Ethernet prevailing easily.

A similar argument held sway against the use of Layer 3/IP3* routers in LANs. IP
routers became commonplace beyond the LAN, mainly due to their scalability and
resiliency benefits. In fact, most networking applications including the Internet
were (and continue to be) built using IP routers. However, these advantages were
not as significant in geographically smaller LANs. They were complex to set up,
required the enterprise to relinquish some control,?® and the Ethernet ports em-
ployed in routers were significantly more expensive (up to 10 times) than the cor-
responding ones in Layer 2 devices. Thus IP’s appeal was significantly diminished
against Ethernet.

Basically, these technologies (ATM/IP) had to be unnaturally forced-fit to LAN
environments and consequently were less than optimal®® in terms of the ever im-
portant criteria of price and simplicity.

Interestingly Ethernet’s origins in the LAN actually better positioned it in
(Service Provider) networks beyond the LAN vis-a-vis ATM/IP. This will be evident
from the next section, “Ethernet: Evolution Beyond the LAN.”

Ethernet: Evolution Beyond the LAN

The need to network?’ between distant locations in the same metropolitan area or to
even more far-flung areas was a natural evolution. The benefits were significant for
enterprises (actually for anyone who wanted to network) and included the following [7]:

m Unprecedented means of remote communication Now a user at a work-
station in one office could communicate with a colleague or customer or supplier
half way around the globe. With the advent of globalization, and communication
applications such as e-mail, the importance of such communications became even
more pronounced and productivity in the enterprise increased significantly.

33 Dye to the huge economies of scale it enjoyed
IP refers to the Internet protocol in the network layer (which is Layer 3 in the OSI model).
Because the enterprise is required to share its IP addressing with the Service, some control is given up
in terms of how they manage their LANs.
The underlying price-points and operational aspects of these technologies were simply untenable to
those expected in the very cost sensitive and operationally simple LAN.
For exchanging data; note that networking for voice preceded long before, and a well-developed
infrastructure to support local and long distance (including international) calling has existed for years.
Billions of dollars have been invested in this voice-optimized circuit-switching infrastructure.
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m Resource and information sharin