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I am told by one of my friends that a fictional creature in a novel was dis­
cussing the speed of the flight of birds and proclaimed that: perfect speed 
is being there. 

While I do not know about the other thoughts of this creature, I 
have thought about this one idea many times. Aside from its physical 
and philosophical implications, it is appropriate to bring to mind that 
many of the emerging technologies (such as ATM) are attempting to close 
the gap ( the latency) between being in one place, and then another. In 
this book, the issue is not the flight of birds but the movement of mes­
sages of information through a communications network. 

Of course, with our current knowledge, we cannot achieve the bird's 
goal, due to the delay inherent in the physical aspects of travel. So, until 
we know about (and conquer) other dimensions (if we ever will), we are 
restricted to interpreting "being there" as the bird's physical flight from 
one point to another and its quest to make that flight of a shorter dura­
tion. 

This goal has been an important aspect of communications networks 
since their inception, and the speed and efficiency of modern networks 
has surely had a profound effect on our personal and professional lives. 

So, this book is dedicated to all of those in our industry who are 
striving to send the message faster. 

At the same time, it is instructive to remember that a faster mes­
sage does not necessarily make it any better. 
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Preface 

.......•................................................................................ 

Some time ago, one of my clients, who is a systems engineer for a large 
telecommunications firm, told me that one of her major problems is stay­
ing abreast of the technologies that are embedded into her company's 
products. I hear this statement often. Like many others in our industry, 
this person does not have the time to read the technical specifications 
published by the standards organizations and the user forums. She must 
spend her professional time performing the day-to-day tasks of the job, 
essentially taking care of her clients and her accounts. 

The common lament is that many professionals are barely ahead of 
their customers in their knowledge and ability to field their questions 
about not just the company products, but how they fit into an overall 
telecommunications architecture. Increasingly, this systems engineer 
has been forced to know about many diverse protocols, standards, and ar­
chitectures. Her clients query her on topics such as the relationship of 
ATM and Frame Relay, why Novell uses IPX and not IP, why NetBIOS is 
not routable, etc. 

It is to this person that this series is devoted (indeed, most of my 
books are so focused). It is my hope that I have provided a series that will 
meet this engineer's needs in the field. 

This book is the second book of Prentice Hall's Advanced Communi­
cations Technologies, which serves as a complement to the flagship book, 
Emerging Communications Technologies. 

xvii 
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xviii PREFACE 

I have included a chapter on existing technologies, titled "Emerged 
Technologies". This chapter is a summary of a chapter of the same title 
from the flagship book for this series. I have added a section in this chap­
ter on why functions and services of several of these technologies (for 
data networks) have been reduced or eliminated in an ATM network. I 
suggest the reader review this chapter for two reasons: (a) to make cer­
tain the ISDN, X.25, SS7, and Tl/El systems are understood, and (b) to 
understand why ATM operations do not include many functions that are 
an integral part of current data networks. 

The ATM story is far from complete. As of this writing, ATM sys­
tems are now being deployed, but some of the ATM standards are still 
being written. One cannot wait to write a book on emerging technologies 
until they have "emerged," else there would be no book to write. So, this 
book represents the state of ATM as of the date of submittal of my work 
to my publisher. 

I am happy to say that the first edition of this book has been re­
ceived very well in the industry. This second edition reflects the changes 
that have taken place since the publication of the first edition. All chap­
ters have been updated, with emphasis on these new or revised topics: 

• Voice over ATM with AAL2 
• The Available Bit Rate (ABR) and Unspecified Bit Rate (UBR) pro-

cedures 
• Updated MIBs and network management 
• Intemetworking and tunneling with IP 
• Inverse multiplexing 
• Protection switching 
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1 
Introduction 

......................................................................................• 

This chapter discusses the current telecommunications technologies in 
place today. It explains why the telecommunications industry is imple­
menting new communications technologies to overcome the deficiencies 
of current systems. An analysis is made of the communications require­
ments of upcoming user applications. 

As a prelude to subsequent chapters, a general overview is provided 
of the asynchronous transfer mode (ATM) and the synchronous optical 
network (SONET)/synchronous digital hierarchy (SDH) that are being 
developed to meet the needs of these applications. 

THE PRESENT TELECOMMUNICATIONS INFRASTRUCTURE 

Scores of books have been written about the impact of the computer 
on our society, and the flagship book for this series (Emerging Communi­
cations Technologies) examines this subject. Studies are cited as well 
about the role of telecommunications (and the recent growth of cordless 
telephony, optical fiber, cable television, and video-on-demand technolo­
gies) that are having a profound effect on our professional and personal 
lives. This book shall not reiterate the thoughts cited in these books, but 
shall concentrate on the technical underpinnings that must be in place 
for these technologies to flourish. 

1 
Ex. 1009, Page 19



2 INTRODUCTION 

Present Technologies for Voice, Video, and Data Networks 

The present communications infrastructure supporting voice, video, 
and data networks is founded on technology that is over 25 years old. In 
spite of their age, these networks have served the industry well, even in 
recent times, for they have provided a cohesive foundation on which to 
build the modem telecommunications infrastructure. Yet when we con­
sider that the modem commercial computer is only about 35 years of age 
and the personal computer came into being in the early 1980s, a 25-year­
old technology seems like a technical dinosaur. 

In 1962 the U.S. Bell System (as it was known in the pre-divestiture 
days) installed the first commercial digital voice system in Chicago, Illi­
nois. The system was known as Tl, and carried 24 voice channels over 
copper wire between Bell's telephone offices. The European carriers fol­
lowed shortly with a similar system, called El. As technology improved, 
Tl was deployed in higher capacity systems. Shortly thereafter, T3 be­
came a common carrier system for users who needed greater capacity 
than the Tl offerings. The T3 system can transport 28 Tl signals, which 
means one T3 link can support 672 voice calls. And the European carri­
ers followed with the E3 technology. 

Tl and T3 have become the foundations for the majority of voice net­
works systems provided by the North American telephone companies.1 

While these systems were designed originally for voice systems, they now 
can be configured to support data and video applications as well. 

In the early 1970s, another technology was deployed to support data 
networks. This technology is called packet switching. Unlike the Tl/El 
and T3/E3 networks, packet switching was designed for data applica­
tions, and packet switching networks have become the foundation for the 
majority of data networks. 

At about the same time that packet switching networks were being 
deployed, the International Telecommunications Union-Telecommunica­
tion Standardization Sector (ITU-T, formerly the CCITT) published the 
X.25 specification. As the reader may know, X.25 defines the procedures 
for user computers to communicate with network machines (packet 
switches) and to transport data to another user computer. X.25 has become 
a widely used industry standard and has facilitated the building of stan­
dardized communications interfaces among different vendors' machines. 

1Tl and T3 are often used synonymously with DSl, and D83. Tl and T3 describe 
the physical aspects, such as voltages and media specifications, and DSl and D83 de­
scribe the framing and formatting conventions. This book will use them interchangeably, 
in deference to common industry practice. 
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THE PRESENT TELECOMMUNICATIONS INFRASTRUCTURE 3 

These communications technologies were designed to support fairly 
modest requirements for voice and data transmissions, at least when 
compared to modern applications needs. For example, the Tl systems 
support a transfer rate of 1.544 Mbit/s, and the T3 system operates at ap­
proximately 45 Mbit/s. These bit transfer rates may seem high to the 
reader, but remember that a 45 Mbit/s transport system like T3 only sup­
ports 672 voice calls-a lot of T3s have to be in operation to support the 
public telephone network. 

Likewise, X.25 was designed for data systems that operate at only a 
few bit/s or a few hundred bit/s-typically 600 to 9600 bit/s. Although 
X.25 can be placed on very high-speed media and can operate quite effi­
ciently at high speeds, a substantial amount of subscriber equipment and 
software has been designed for modest transfer rates-typically no 
greater than 19.2 kbit/s. 

Once again, sending data at a rate of 19.2 kbit/s may seem fast. 
After all, this translates to a transfer rate of 2400 characters per second 
(19,200/8 bits per character), and no one can type in an email message 
that fast. However, for other applications, this speed is not sufficient. 
File transfers, database updates, and color graphics (to mention a few) 
need much greater transfer rates. 

Typical Voice Networks. Table 1-1 provides some examples of typ­
ical voice carrier systems. The El system (also called CEPTl) is Europe's 
principal technology for carrier transport systems. Japan's basic technol­
ogy is also based on Tl, but Japan's higher capacity systems are not in 
alignment with either European or North American systems. 

Nonetheless, because telephone networks have historically been 
highly regulated within a country and controlled by one enterprise (in 
the United States, AT&T before divestiture, and in other countries, the 
Postal Telephone and Telegraph Ministries [PTTs]), a national telephone 
network architecture uses common standards, conventions, and proto­
cols. Thus, interworking different vendors' equipment is relatively simple 

Table 1-1 Typical Voice Carrier Systems 

Digital Bit Voice Standard or 
Type Rate Circuits Age Proprietary 

DSl 1.544 Mbit/s 24 32 years Standard* 

El 2.048 Mbit/s 30 32 years Standard* 

DS3 44. 736 Mbit/s 672 31 years Standard* 

*Within national boundaries 
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4 INTRODUCTION 

(telephones, fax devices, and answering machines are common exam­
ples). This situation is not true with the architecture for data networks, 
as we shall see in the next section. 

Typical Data Networks. In contrast to the voice world, data net­
works and protocols have evolved into an almost bewildering array of dis­
parate and incompatible systems. Table 1-2 provides examples of the 
more widely known and used standards and vendor products. 

Interconnecting some of these systems is almost impossible. When it 
is possible, the resulting systems are very complex and very expensive, 
due to the need to provide protocol converters between the systems. Yet 
these systems form the foundation for our current data networks. 

As Table 1-2 shows, some systems are standardized while others 
are proprietary. Also, they may operate as local area networks (LANs), 
wide area networks (WANs), or both. Most of them were conceived over 
ten years ago, although all have been enhanced since their inception. 

Why are so many incompatible systems in existence to do one thing: 
transport data between computers? The answer is simple. The data com­
munications and computer industry, unlike the telephone industry, has 
had very little regulation imposed upon it. Additionally, this industry is 
quite young, and many systems and products were developed before 
standards were written by organizations such as the ITU-T, the ISO, and 
the Internet task forces. 

Table 1-2 Typical Data Networks and Protocols 

Vendor or Standard or WAN or 
Standard Sponsor Age1 Proprietary LAN2 

X.25 ITU-T & ISO 25 years Standard* WAN 
OSI ITU-T & ISO 15 years Standard* Both 
TCP/IP Internet 13 years Standard** Both 

SNA IBM 22 years Proprietary Both 
DECnet Digital 22 years Proprietary Both 
AppleTalk Apple 12 years Propriety LAN 
Ethernet Xerox, Digital, Intel 17 years Standard*** LAN 
Netware Novell 12 years Proprietary LAN 

1 Approximate ages; all have evolved and have been enhanced 
2W AN is wide area network and LAN is local area network 
*Recognized by international standards groups 
** A de facto standard by virtue of its wide use 
***Revised slightly to become the IEEE 802.3 standard 
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PRESENT AND FUTURE REQUIREMENTS 5 

The current status of the evolution of the data communications in­
dustry is both good news and bad news. The good news is that the lack of 
a dominant player (such as "Ma Bell" in the telephone industry) has lead 
to much competition and the availability of some extraordinary systems 
and products at reasonable prices. The bad news is that some customers 
are saddled with single-vendor systems, because a vendor-specific system 
cannot operate easily with any other vendor's system. 2 

The industry is realizing that competition can continue but under an 
umbrella of standards. Frankly, many of the systems and products listed 
in Table 1-2 do just about the same things, but they do them differently. 

PRESENT AND FUTURE REQUIREMENTS 

In the past few years, the processing power of an ordinary personal 
computer (PC) has increased so rapidly that the terms high-speed work­
stations and mainframe computers are losing their meanings. Small ma­
chines are becoming as powerful the once "large machines." 

The reader need only take a brief glance at the daily newspaper to 
grasp the rapid increases in the power and functionality of the computer. 
The increased capacity of these machines means they can send and re­
ceive large amounts of information in a very short time. The end result 
is the need to upgrade communications systems to support the PC's re­
quirements. Future PCs will necessitate the development of even higher­
speed and more powerful communications systems. 

The communications infrastructure to support the connection of 
these computers and new applications must also be upgraded. While in­
dividual homes and workstations can continue to use conventional, exist­
ing media (the coaxial TV cable and twisted pair on the local loop), the 
service providers' facilities, media, and networks need more bandwidth. 

Downsizing and Outsourcing: Reliance on Telecommunications 

In the last few years, several industrialized countries have wit­
nessed a trend known as downsizing. Downsizing entails businesses 
(mostly large businesses) shedding employees, capital resources, and, in 
many instances, buildings. With this downsizing comes a new trend­
outsourcing. Many of these firms are hiring outside contractors to pro-

2The situation is changing with the acceptance of the Internet and OSI-based proto­
cols on a worldwide basis. 
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vide services-such as training, food operations, mailroom operations, 
and software programming-that were once provided by employees. 
While these companies must continue their ongoing operations, they are 
doing it increasingly with distributed computers and communications fa­
cilities linking their computers together. 

It has long been a cliche that telecommunications is playing one of 
the most critical roles in our information society and, indeed, in our per­
sonal culture. This role will become even more important as more hu­
mans learn to interact with the computer and exploit its productivity po­
tential. The trend, of course, will lead toward (this writer hopes) more 
open societies as the telecommunications infrastructure embeds itself 
into most people's lives. So, without going into a monologue on the bene­
fits of the telecommunications infrastructure, the next section describes 
some of the problems faced in current communications architecture. 

Present Systems: Too Much or Too Little 

Voice. For today's voice transport systems, the present structure 
provides adequate capacity for many applications, but as stated earlier 
and explained in the flagship book for this series, the capacity is insuffi­
cient for others. In addition, these transport systems suffer from the 
asynchronous nature of their design. In this context, asynchronous 
means that the components of the network are not synchronized with a 
common clock. Consequently, it is not unusual for errors to occur be­
tween transmitting and receiving machines because the machines are 
using different timing schemes. An analogy would be a person talking too 
fast to a listener, who misses part of the speech. 

Perhaps more serious, it is recognized increasingly that these sys­
tems have very limited operations, administration, and maintenance 
(OAM) capabilities, known by many people as network management ca­
pabilities. The supposition (30 years ago) of these simple designs made 
good sense, because the operations needed to support substantial OAM 
required more overhead than the limited-capacity network could bear. 
However, with the increased use of high-speed optical fiber and fast 
processors, building powerful OAM modules within new systems be­
comes feasible. 

Wide Area Data Networks. For data communications networks, 
ironically, it is accepted that the current systems (especially WANs) may 
be doing too much, in that they are performing a number of redundant 
functions of marginal benefit. We shall have more to say about this idea 
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in subsequent chapters, but for the present, it can be stated that redun­
dant functions are performed on the majority of user traffic. In X.25, for 
example, sequencing and flow control, as well as positive acknowledg­
ments (ACKs) and negative acknowledgments (NAKs), are performed at 
least twice. 

With the advent of relatively error-free, high-capacity networks, and 
with the concomitant implementation of very powerful end-user worksta­
tions, the new networks take the view that many of these operations are 
no longer needed in the network. Indeed, many of the functions 
are simply removed from the network and placed in the customer 
premises equipment (CPE), such as user workstations and personal com­
puters. 

We return to these important points several times in this book. The 
reader may refer to Chapter 6 (Errors and Error Rates) and Chapter 7 
(Pre-ATM Approach to Traffic Integrity Management, and ATM Ap­
proach to Traffic Integrity Management) for immediate follow-up on 
these ideas. 

Local Area Data Networks. It is recognized that the processing 
power of personal computers and workstations is doubling about every 
two years. Ten MHz processors were considered state of the art in 1990; 
25 MHz processors were in use in 1992, and 350 MHz processors in 1998. 
The trend will continue and with it an associated need for more band­
width to support the communications between these machines. A guide­
line, long accepted in the industry, is that a well-tuned computer system 
has one bit of I/0 (input/output) for every instruction cycle. Workstations 
have processors that operate with a cycle time of about 1 nanosecond and 
a performance of 1 billion instructions per second. These workstations 
create enormous bandwidth demands on communications networks. 

LANs have not kept pace with the progress of the CPUs, and with 
the exception of the fiber distributed data interface (FDDI), the technol­
ogy has remained in the 4 to 16 Mbit/s range. As a consequence, the last 
few years have seen a decrease in the number of computers attached to a 
LAN segment [HERM93]. This trend cannot continue; it is too expensive 
and complex. Therefore, a new family of LANs is evolving to meet the in­
creased needs of the user stations. The metropolitan area network 
(MAN) and fast Ethernet are among these solutions. So is ATM, the sub­
ject of this book. 

Bottleneck at the Local Loop. One of the biggest problems facing 
the industry is the limited bandwidth of the local loop ( the link between 
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the customer premisis equipment (CPE) and the voice, video, or data ser­
vice providers. While this subject is beyond the scope of this book (but is 
covered in Residential Broadband Networks: xDSL, HFC, & Fixed Wire­
less Access, a companion book in this series), some new local loop tech­
nologies are deploying ATM to help solve the problem. 

Costs of Leased Lines 

In the past few years, LANs and WANs have been interconnected 
with bridges, routers, gateways, and packet-switched networks. These 
intemetworking units connect to the LAN s and WAN s through dedicated 
communications channels (leased lines). As a general practice, leased 
lines have been "nailed up" end-to-end through the network to the user's 
CPE. The user is provided with the leased line on a dedicated basis and 
the full transmission capacity is available 24 hours a day (with some ex­
ceptions). Therefore, the user pays for the circuit regardless of its utiliza­
tion. Moreover, if a connection is needed to yet another location (say an­
other city in the country), another leased line must be rented from the 
public telecommunications operators (PTOs), such as AT&T, Sprint, and 
MCI-once again on a end-to-end, continuous basis. 

Even though leased lines are becoming less expensive, the use of 
these lines to connect intemetworking units with LAN s and WAN s is still 
a very expensive process. Moreover, reliability problems occur because in­
dividual point-to-point leased lines have limited backup capability. 

A better approach is to develop a LAN/WAN-carrier network that 
provides efficient switching technologies for backup purposes as well as 
high-speed circuits-a network that will allow users to share the expen­
sive leased lines. This concept is called a virtual network or a virtual pri­
vate network (VPN). 

VIRTUAL COMPANIES AND VIRTUAL NETWORKS 

During the past decade, smaller companies increasingly have been 
competing successfully against their larger rivals. Indeed, some large 
companies are so unwieldy and so fraught with bureaucracy and over­
head that they cannot compete in many arenas with their smaller coun­
terparts. Of course, the value of economy of scale still pertains; for exam­
ple, my small company is not going to spend the enormous funds needed 
to develop an ATM switch. 

However, the term virtual company is a useful description of a grow­
ing industry of small groups or individuals working out of rented busi-
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ness centers or even at home (SOHO: small office/home office). This type 
of operation gives the illusion of the traditional private enterprise, but it 
usually has few or no employees, and may not even have a receptionist! 
Well, the answering service/ answering machine is a virtual receptionist. 

A treatise on the reasons for this phenomenon is beyond the scope of 
this book. Nonetheless, it must be emphasized that the downsizing of 
companies and the distribution of workloads to remote offices (and 
homes) cannot occur without the accompanying supporting communica­
tions infrastructure. Indeed, the very premise of deconstruction, down­
sizing, and outsourcing is based on the idea that the smaller companies 
and their consultants (who act as virtual employees) will have access to 
each other through high-speed, reliable communications facilities. In­
creasingly, the facilities are being implemented with a virtual private 
network (VPN) (an old concept that has been renamed and taken off the 
shelf for use in today's networks). 

The VPN is so named because an individual user or enterprise 
shares communications channels and facilities with other users. 
Switches are placed on these channels to allow an end user to have ac­
cess to multiple end sites. Ideally, users do not perceive that they are 
sharing a network with each other, thus the term virtual private net­
work-you think you have it, but you don't. 

Figures 1-1 and 1-2 illustrate the concepts of VPNs and their ad­
vantage over dedicated systems. In Figure 1-l(a), four customer sites 
from company A are connected to each other through dedicated channels 
(leased lines). While effective, this approach is very expensive, and it is 
unlikely that these lines are used on a continuous basis. Company Bin 
Figure 1-l(b) has a separate arrangement connecting its four offices with 
dedicated lines in the same cities as company A. 

In contrast, through the use ofa VPN (Figure 1-2), the two companies 
can share the communications facilities. The VPN provider provides a net­
work for multiple users. This approach allows the traffic to be routed to 
various endpoints and does not require the end-user devices to "nail up" 
private leased lines. In some implementations, companies migrating to a 
VPN have reduced their costs by 30 percent vis-a-vis leased lines. 

The difference between fully meshed leased lines and VPN s is even 
more dramatic when another location is added to a private network. If 
the user (say company A) wishes full connectivity to all sites, this ap­
proach requires the leasing of long-distance lines to all cities. Of course, 
with a fully meshed VPN, the same number of private lines are required 
between the switches, but the switches are relaying traffic from multiple 
users. So, if company A adds an office (say) in Dallas, then it would only 
require the leasing of one dedicated local loop to the most convenient 
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VPN switch. The number of dedicated lines would remain the same as 
long as additional switches are not added to the network. 

VPN is a relatively new term in the computer/communications in­
dustry. Yet, this new term describes an old concept; the ideas behind the 
VPN are not new at all. Public X.25 networks have offered VPN services 
for years, and switched Tl services also offer VPN-like features. How­
ever, we shall see that ATM offers more powerful VPN s than these older 
technologies. 

The first part of this chapter has described some of the problems 
and challenges that exist in our present climate. The remainder of the 
chapter describes some solutions, notably ATM and SONET.3 

3This book describes SONET. While SDH is quite similar to SONET, the two tech­
nologies use different terms and definitions. 
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Much of the emerging technology to support modern applications is 
based on the idea of relaying traffic as quickly as possible. This idea is 
often called fast packet relay or fast packet switching. These names are 
considered generic terms in this book and are used in a variety of ways in 
the industry. Therefore, we will use the term fast relay systems. Cur­
rently, fast relay comes in two forms: Frame Relay and cell relay. 4 Figure 
1-3 shows the relationships of these two forms of fast relay systems. 

Frame Relay uses variable-sized protocol data units (PDUs), which 
are called frames. The technology is based on the link access procedure 
for the D channel (LAPD) that has long been used in integrated services 
digital network (ISDN) systems. Most frame-based implementations are 
using LAPD as the basic frame format for the relaying of the traffic 
across permanent virtual circuits (PVCs). A modified version of ISDN's 
Q.931 has been introduced into the industry for control signaling and for 
setting up connections between the user and the network. Q.931 can 

41 could be called to task for this depiction because I have excluded Fast Ethernet, 
Gigabit Ethernet, and the emerging residential broadband (RBB) technologies. This de­
piction is a focus on wide area networks. 
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802.6 Based 
(ForSMDS) 

form the basis for public switched offerings (switched virtual calls 
[SVCs] ). The reader can refer to Chapter 4 for a tutorial on LAPD and 
Q.931. 

In contrast to Frame Relay, cell relay uses a fixed length PDU, 
which is called a cell. The cell usually consists of a 48-octet payload with 
a 5-octet header, although some implementations use different cell sizes. 
This cell (with slight variations) is being used on both the asynchronous 
transfer mode (ATM) and the IEEE 802.6 standard, more commonly 
known as the Metropolitan Area Network (MAN) specification. In turn, 
the 802.6 standard is being used as a basis for the Switched Multi­
megabit Data Service (SMDS). 

The industry is still divided on the advantages and disadvantages of 
the use of cell relay versus Frame Relay. While there are arguments for 
both, the trend is toward the use of the cell relay technology. The reasons 
are many, but before they are explained, a brief summary of cell relay 
technology is in order. 

At the CPE, such as a router or a PBX, a customer's traffic, which 
could be variable in length, is segmented into a smaller fixed length units 
called cells. As stated earlier, in most cell relay systems, the cells are 
only 53 octets in length with 5 octets devoted to a header and the remain-
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ing 48 octets consisting of user information (the payload). The term cell is 
used to distinguish this PDU from variable length PDUs (frames and 
packets). 

The term "asynchronous" in asynchronous transfer mode means the 
cells can be used without precise timing requirements and not necessar­
ily on a synchronous, periodic basis. The cells may indeed be transported 
in a synchronous network (such as SONET), but they can be filled based 
on the needs of the application, which may be in a synchronous or asyn­
chronous fashion. The ATM machines create a continuous stream of cells, 
and if no traffic is sent, the cells are empty and are called idle cells. 

Cell relay is an integrated approach to networking in that it supports 
the transmission and reception of voice, video, data, and other applica­
tions. This capability is of particular interest to large companies that have 
developed multiple networks to handle different transmission schemes. As 
examples, common carriers, telephone companies and Postal Telephone 
and Telegraph Ministries (PTTs) must support many types of applications 
and historically have implemented a variety of networks to support them. 

Why do many people prefer the cell technique over the frame tech­
nique? First, the use of fixed length cells provides for more predictable 
performance in the network than with variable length frames. Transmis­
sion delay is more predictable, as is queuing delay inside the switches. In 
addition, fixed-length buffers (with cell relay technology) are easier to 
manage than variable-length buffers. In essence, a fixed-length cell relay 
system is more deterministic than the use of a technology with variable 
length data units. Cell relay is also easier to implement in hardware 
than with variable length technology. 

Some people have expressed concern about the high overhead of cell 
relay-because of the ratio of 5 octets of header to every 48 octets of user 
payload. But many people in the industry believe that the constant con­
cern with efficient utilization of raw bandwidth is not a sound approach for 
the future. With the capacity of optical fiber and high-speed processors 
that are entering the marketplace, the approach of cell relay is to concen­
trate on superior quality-of-service features to the user. The philosophy is 
straightforward: Let the fast optical channels and the fast computers han­
dle the transmission and processing of the overhead traffic. 

Figure 1-3 shows several other aspects of the frame and cell relay 
technologies. Initial implementations of Frame Relay and cell relay have 
focused on PVCs (logical connections to the network that are available at 
any time). Recent enhancements have added SVCs (logical connections 
that are made available on demand, and not available at any time-simi­
lar to a dial-up telephone call). 
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Table 1-3 Problems that Existing Technologies Cannot Solve [ATM93b] 

Problem 1st Place 2nd Place 3rd Place 

1. LAN performance above 100 
Mbit/s 5 4 2 

2. Scalable WAN bandwidth 5 4 1 

3. Integration of voice, video, and 
data 4 3 1 

4. Network management and 
logistics 2 2 4 

5. Uniform architecture in LANs, 
MANs, WANs 2 2 1 

6. Bandwidth on demand (pay for 
use) 1 3 4 

7. Network complexity 1 1 0 

8. Support for multicast operations 0 1 1 

9. Integration of multiple data 
applications 0 0 3 

10. Support for synchronous 
applications 0 0 2 

APPLICATIONS USE OF ATM 

In 1993, the ATM Forum conducted a study of 200 companies to de­
termine their plans for the future in relation to the use of ATM and other 
technologies [ATM93b]. The study entailed the companies' filling in ques­
tionnaires, and then consultant John McQuillan followed up with inter­
views. The study made no claim about its statistical validity, but pur­
ported to show accurate indications for the "near" future. The initial 
usage for ATM focused on data applications, but it was believed that 
voice and video would become more important in the future. Most re­
spondents viewed that ATM would provide support for voice, video, and 
data by 1996. 5 

The survey asked the respondents to identify current problems that 
existing technologies cannot solve. The responses shown in Table 1-3 are 
similar to those concerns that this writer heard in 1993 (and continues to 

5A few products in 1996 incorporated an integrated ATM switch to support voice, 
video, and data-but not many. The marketplace did not corroborate this part of the 
summary. 
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hear in this second edition) from clients as well. Certainly, the top seven 
answers in this survey are what I find, so I have left this survey in this 
new edition because it is still pertinent. 

FAST RELAY NETWORKS AND SONET 

At the beginning of this chapter, it was stated that for the first time 
in the history of the computer/communications industry, networks 
throughout the world are embracing a worldwide set of computer/com­
munications standards. One of these standards deals with multiplexing 
and signaling hierarchies for digital carrier transport networks. Because 
of its importance, we shall introduce the subject here, and examine it 
more closely in later chapters. 

During the past 35 years, three different digital multiplexing and 
signaling hierarchies have evolved throughout the world. These hierar­
chies were developed in the regions of Europe, Japan, and North Amer­
ica. Fortunately, all are based on the same pulse code modulation (PCM) 
signaling rate of 8000 samples a second, yielding 125 microsecond sam­
pling slots (1 second/8000 samples= .000125). Therefore, the basic archi­
tectures interwork reasonably well. 

But the regions vary in how the systems are implemented, which re­
sults in extensive and expensive conversion operations if traffic is ex­
changed between them (Figure 1-4). Moreover, the analog-to-digital con­
version schemes also differ between North America and Europe, which 
further complicates interworking the disparate systems. 

Japan and North America base their multiplexing hierarchies on 
the DSl rate of 1.544 Mbit/s. Europe uses the El 2.048 Mbit/s multiplex­
ing scheme. Thereafter, the three approaches multiplex these payloads 
into larger multiplexed packages at higher bit rates and use different 
values for the multiplexing integer n. 

As depicted in Figure 1-4, the synchronous digital hierarchy (SDH) 
and the synchronous optical network (SONET, North American term) 
support the schemes that have been in existence for many years, but 
specify a different multiplexing hierarchy. 

The basic SDWSONET rate is 155.52 Mbit/s. SDWSONET then 
uses an x 155.52 multiplexing scheme, with x as the multiplexing factor 
(e.g., 155.52 * x, where x is 3, 6, etc.). Rates smaller than 155.52 Mbit/s 
are available at 51.840 Mbit/s for SONET but not for SDH. We shall have 
more to say about Figure 1-4 in later chapters, and the other terms in 
this figure will be explained at that time. 
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At long last, worldwide agreement has been reached (with minor 
exceptions) on a common digital multiplexing transport scheme. This 
agreement can only foster new technologies and decrease the costs of im­
plementing them. 

BROADBAND ISDN 

The ITU-T describes the Broadband Integrated Services Digital Net­
work (B-ISDN) as a network built on the concepts of the ISDN model, 
and a network that is implemented with the ATM and SONET technolo­
gies. These two technologies are complementary to each other, as shown 
in Figure 1-5. In its simplest form, the SONET technology acts as the 
physical carrier transport system for the user payload. The user payload 
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is carried in ATM cells. In other words, the SONET network acts as a 
service provider to the ATM traffic. 

Figure 1-5 also shows that the ATM components can act as the 
user-to-network interface (UNI) with the user's CPE. This approach al­
lows the user to negotiate a wide variety of services at the ATM node. In 
addition, a SONET system can be terminated at ATM switches. These 
switches relay the traffic onto outgoing SONET ports or onto local UNis. 

ATM and SONET form the "technical alliance" for B-ISDN. SONET 
provides extensive operations, administration, and maintenance ( OAM) 
functions and the basic carrier transport services (including backup facil­
ities), and ATM provides services and interfaces to the user machine, as 
well as switching operations between SONET communications links. 

As explained in subsequent chapters, one component of ATM also al­
lows the ATM node to process and support multiapplication systems such 
as voice, video, data, music, and fax. These application-specific opera­
tions remain transparent to SO NET. 

Table 1-4 summarizes several aspects of ATM and SONET. As ex­
plained earlier, both are international standards sponsored by the ITU-T 
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Table 1-4 Broadband ISDN (B-ISDN) 

Vendor or Standard or WAN or 
Standard Sponsor Age Proprietary LAN 

ATM ITU-T 2-7 years Standard Both 

SONET ITU-T 5-9 years Standard Both1 

1Although most SONETs are deployed in WANs 

and several other national standards bodies. 6 Although the age columns 
in Table 1-4 suggest they are rather mature technologies, these numbers 
reflect the period in which research has been conducted and implementa­
tions have been occurring. Indeed, SONET and ATM are still evolving as 
of this writing, and research on the use of these technologies continues. 

Also, SONET and ATM can operate on WANs or LANs, although 
most implementations of SONET have been in large public wide area 
carrier transport systems. 

The reader might wish to compare Table 1-4 with Tables 1-1 and 
1-2, which summarize the emerged technologies. The first thing to note 
is that ATM and SONET are considered to be single solutions to trans­
port and switching systems in contrast to the multiplicity of standards 
and proprietary implementations that the industry has fostered in the 
past. This writer is not suggesting that ATM and SONET are replace­
ments for all the technologies in Tables 1-1 and 1-2. Such is not the case 
at all. Rather, the design goal of the B-ISDN technologies is to provide 
for backbone transport systems for voice, data, and video applications. 
Notwithstanding this goal, ATM and SONET, if implemented properly, 
could result in the paring down or even elimination of some of the tech­
nologies listed in Tables 1-1 and 1-2. The rationale for this statement 
shall be supported in other chapters of this book. 

PRINCIPAL SPECIFICATIONS FOR ATM 

Figure 1-6 should prove helpful to you as you read the remainder of 
this book. We will examine each of the depicted operations/functions in 
this figure, because they provide the basis for the specifications and stan-

6SONET is not a formal ITU-T Standard. The ITU-T Standard is SDH, which was 
derived from SONET. 
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Figure 1-6 Principal standards and specifications for ATM. 
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dards from which ATM products are developed and implemented. Spe­
cific parts of the book will also give you an update on the status of each of 
these areas. 

As a general statement, the network-node interfaces (network-to­
network) (NNI) were completed only last year by the ATM Forum and 
the ITU-T. The ITU-T operations, administration, and maintenance 
(OAM) standards are nearing completion. All others have been completed 
and are at various stages of implementation. 

THE ANCHORAGE ACCORD 

One of the ongoing complaints about some of the formal standards 
organizations is the time it takes for them to complete a technical specifi­
cation. In addition, these specifications (standards) often are incomplete, 
and issues are left for "further study." 

This complaint certainly cannot be levied against the ATM 
Forum. It has published about 70 specifications. Indeed, there have been 
complaints that network managers and ATM vendors cannot form a co­
hesive ATM "outlook," due to the profusion of information emanating 
from the ATM task forces. I prefer to have this overabundance of infor­
mation, rather than a sparcity, none at all. 

The ATM Forum reached an agreement (the Anchorage Accord) 
that is designed to address these problems. It contains a set of specifica­
tions that are stable and provides guidance on the applicability of the 
specifications to six specific network environments. These environments 
are shown Table 1-5 along with the applicable specifications to support 
each network environment. 

In a nutshell, notable progress has been made by the ATM Forum 
in getting ATM started, and other issues are being addressed, such as 
voice over ATM. 

It is the goal of the ATM Forum to complete the outstanding 
major specifications as soon as possible in order to facilitate the creation, 
implementation, and use of standardized ATM products. 

SUMMARY 

It is recognized that upcoming user applications are demanding greater 
throughput and lower delay from communications systems. ATM and 
SONET are designed to provide the capacity to support these applications. 
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Table 1-5 The Anchorage Accord 

Legacy Multimedia Extended Legacy Multimedia 
ATM Specification Campus LAN Desktop Campus WAN WAN 

ATMUNiv3.1 X X X X X X 

BICiv2.0 X X 

DXlvl.0 X 

ILMiv4.0 X X X X X X 

LANE over ATM 1.0 
Includes LANE 
Client Management X X 

Network Management: 
Customer Network 
Management for ATM 
Public Network Service X 

Network Management: 
M4 Interface 
Requirements & 
Logical MIB X 

Network Management: 
CMIP for the M4 
Interface X 

Network Management: 
M4 Public Network 
View Requirements 
& Logical MIB X 

Network Management: 
M4 Logical MIB 
Addendum X 

Network Management: 
CES IW Requirements 
Logical CMIP MIB X 

Network Management: 
M4 Network View 
CMIPMIB 1.0 X 

Network Management: 
AAL Management 
for the M4 X 

PNNlvl.O X X X 

Frame UNI X X 

Circuit Emulation X X 

Native ATM Services: 
Semantic Description X 

Audio Visual Multimedia X 

ATM Name System 1.0 X X X X 

UNI Signaling 4.0 X X X X X X 

From: Business Communications Review (BCR), June 1997, George Dobrowski and Marlis Humphrey. 
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22 INTRODUCTION 

Optical fiber systems are providing the foundation for the media 
support of these technologies and high-speed processors are providing 
the speed to process the traffic. 

The movement toward worldwide standards for carrier transport 
technology, multiplexing techniques, and switching methodologies are at 
last providing the groundwork for a comprehensive and homogeneous ap­
proach to computer/communications networks. 
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ATM Svvitching Operations 

This chapter examines ATM switching operations. It also explains 
how the VPI and VCI are used by a switch to make routing decisions. 
Since switching is not part of the ATM standards and vendors use a wide 
variety of techniques to build their switches, this chapter focuses on the 
prevalent methods in use today. In most implementations, this part of 
the ATM node is proprietary; vendors put a large amount of research and 
development into the switching fabric. In most instances, the author was 
able to obtain the general architectural descriptions from several ven­
dors. Therefore, this chapter reflects examples of ATM switches as well 
as a description of current research on cell switching. 

Several approaches to cell switching are examined in this chapter. The 
topic of ATM switching is worthy of an entire book, so the goal of the chap­
ter is more modest and is designed to give the reader a general overview of 
cell switching architecture and the major components of an ATM switch. Be 
aware that there is no "best way" to build an ATM switch, and the ATM 
standards wisely do not address this aspect of the technology. 

ATM SWITCHING 

One of the most important aspects of ATM is the switch and how 
fast it relays cells (without cell loss). ATM must accept asynchronous and 
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synchronous traffic, as well as connection-oriented and connectionless 
traffic. Queuing delay and switching delay must be minimized if the 
ATM network is to perform satisfactorily in its support of user applica­
tions. 

One goal of the ATM network is to adapt gracefully to changing net­
work traffic profiles with the ability to adjust to increased or decreased 
input traffic (within limits, however). Since an ATM network must re­
ceive traffic that is somewhat unpredictable, the network must be able to 
adjust to changing network conditions. All these problems and their solu­
tions are not defined in the ATM standards. Vendors are free to imple­
ment the techniques they deem appropriate for their product. 

Routing with the Cell Header 

As described in earlier chapters, the virtual channels are aggregated 
through multiplexers and switched (routed) through the network. Two 
types of switches are used in an ATM network for the multiplexing/de­
multiplexing and routing of traffic (see Figure 8-la). Conceptually, a vir­
tual path switch is only required to examine the VPI part of the header 
for multiplexing/demultiplexing and routing. Virtual channel switches, 
on the other hand, must examine the whole routing field; that is to say, 
the VCI and the VPI. 

The intent of this approach is to speed up switching and routing at 
intermediate points. Instead of requiring the switch (in some instances) 
to examine the entire virtual channel field, the VCI value can be trans­
ported transparently through a virtual path connection. 

In Figure 8-lb, two virtual path connections exist from user A to ATM 
B and from ATM B to user B. A node can use the VCI identifier on any vir­
tual path connection (with the use of the VCI). Also, as suggested in Figure 
8-lb, virtual path connections exist between the user and the network and 
within the network itself. This approach could be applied to the North 
American carrier system in which the VCI 14 could exist in one operator 
and VCI 23 could exist in another operator. This approach is a "clean" in­
terface and also lends itself to relatively small lookup tables. 

The VP and VC switches actually treat virtual path and virtual 
channel connections the same in the sense that they can be set up on a 
demand basis or they can be set up on a permanent basis. The network 
also can use QOS features, such as traffic usage, to associate with either 
a virtual channel or a virtual path. 

Figure 8-2 provides an example of how VPis and VCis are trans­
lated and mapped at the switch. Figure 8-2a is an example of VPI 
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VP 
Switch 

ATM 
A 

1-----

VP 
Switch 

ATM 
8 ---------

VPl=4 

VP 
Switch 

ATM 
c 1------

VPl=9 VPI =5 VPI =7 --------~ --------
VCI = 14 

(a) VP switch 

@~~ 

VP vc VP 
Switch Switch Switch 

User ATM ATM ATM 
A A B C 

VPI = 5 VPI = 7 VPI = 4 VPI = 9 
--------• --------- --------- ---------

(b) VC switch 

Figure 8-1 ATM switches: virtual path and virtual channel 
switches. 

User 
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User 
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switching. The VCis are passed unaltered through the switch, and VCis 
14 and 15 remain bundled in a VPI. The incoming VPI 7 is translated to 
outgoing VPI 4, but the VCI values are not altered. 

In contrast, Figure 8-2b shows both VPis and VCis being translated 
and mapped to different values. VCI 14 (in the incoming VPI 7 bundle) is 
translated and mapped to outgoing VPI 7 with the VCI value changed to 
23. The incoming VCI 15 (also bundled into VPI 7) is translated and 
mapped into VCI 88 and bundled into outgoing VPI 10. 
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VCI 14 ----

VCI 14 

VCI 15 
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VPl7 
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(a) VPI translation 
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VPl7 

VPl7 

-------· VPI 10 

(b) VPINCI translation 

Figure 8-2 VPINCI switching. 

VCI 14 

SPACE AND TIME SWITCHING 

Switching has been defined for many years to encompass two 
realms: space switching and time switching (see Figure 8-3). In either 
case, the objective of the operation is to transport traffic from an input 
interface (port) to an output interface (port). The ATM switch functions 
like classical switching systems in that traffic is physically moved from 
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In Out 

m > ' r m a 1W -----

III> 

r [II b ~ --~ . Space -~~ - ----~ - -~~ 

DJ -~ . Switch -~~ r;--~ . 
-~~ C -~ - ---
~ -

[I] r --d ~ ---

(a) Space switch 

(b) Time switch 

Figure 8-3 Space and time switching. 

input ports to output ports. This concept is called space switching in the 
sense that different input and output lines are utilized. 

The other realm is called time switching (shown in Figure 8-3b), 
and it has long been used in time slot interchange (TSI) switches. With 
time switching, the information and time slots are switched to different 
slots from the input interfaces to the output interfaces. The difference 
with ATM is that the time slots do not exist for identification purposes 
such as in a straight TDM switch. The slot is identified by an ATM label 
(VCINPI). Because ATM switches do not use TSI operations, it is possi­
ble that the staging switches could contend with each other for the same 
time slot. Therefore, ATM uses queuing to ameliorate this problem. 

DIGITAL CROSS CONNECTS 

ATM uses several of the concepts found today in digital cross con­
nect equipment. The switch uses line and trunk identifiers to map incom­
ing connections to outgoing connections. Figure 8-4 shows a line side and 
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Line Side 
Digital 
Cross 

Connect 

DSO #1 ,..•+---+---+~~~ 
I?~~ t2_ - •+----t----+~~----~~ 

DS0#1 ·----OS0#2 

OS0#6 ·----OS0#7 ·----
OS0#3 ·----OS0#4 

Port In D$1 DSO Port out 

Line 1 1 1 Trunk 2 

Line 1 1 2 Trunk 1 

Line 1 2 1 Trunk 1 

Line 1 2 2 Trunk 2 

Llne2 1 6 Trunk 2 

Llne2 1 7 Trunk 2 

Line 2 2 3 Trunk 1 

Llne2 2 4 Trunk 1 

ATM SWITCHING OPERATIONS 

Trunk Side 

Trunkl===-::c 
1 

OS3 

Trunk 
2 

OS3 

DS1 DSO 

1 5 

2 2 

2 1 

1 4 

2 1 

2 2 

1 8 

1 7 

OS0#7 

DS0#8 

OS0#4 

OS0#5 ----· 
OS0#2 

Figure 8-4 A digital cross connect. 

a trunk side of a cross connect switch. Each 64 kbit/s DSO channel is as­
sociated with a DSl number and a physical port (line) number. A map­
ping table correlates this channel with an outgoing channel. An end-to­
end digital circuit is made up of a set of DSl and DSO at each physical 
interface between two end users. 
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POINT-TO-MULTIPOINT OPERATION 187 

Figure 8-4 shows the mapping table at the bottom of the figure. The 
top part of the figure shows two examples of how the cross connect table 
is used. The two sets of arrows should aid you in these two examples. In 
the first example, DSO #1 of D81 #1 on line 1 is mapped to trunk 2, D81 
#1 and DSO #5. In the second example, DSO #2 of D81 #1 on line 1 is 
mapped to trunk 1, DSl #2 and DSO #2. As we shall see in the next sec­
tion, ATM uses the line and trunk switching concept for its VCI and VPI 
mapping and switching operations. 

THE SWITCHING FABRIC 

Before delving into the details of ATM switching, several definitions 
are needed. First, a switching fabric describes the components of the 
switch, which include its hardware and software architecture. Second, a 
network element is a part of the overall switching fabric, such as a soft­
ware or hardware component. 

Figure 8-5 shows a general depiction of ATM switch operation. 
Later discussions examine specific implementations. The ATM machine 
receives a cell on an incoming port and reads the VCI/VPI value. This 
value has been reserved to identify a specific end user for a virtual cir­
cuit. It also identifies the outgoing port for the next node that is to re­
ceive the traffic. The ATM switch then examines a routing table for the 
match of the incoming VPI number and corresponding incoming port to 
that of an outgoing VPI number and corresponding outgoing port. Some 
implementations do not make use of a routing table, but rely on the 
switching fabric to be self-routing; these switches are explained later. 

The header in the outgoing cell is changed with the new VPI value 
placed in a field of the cell header. The new VPI value is used by the next 
ATM switch to perform subsequent routing operations. 

POINT-TO-MULTIPOINT OPERATION 

Figure 8-6 shows a point-to-multipoint operation, also called a mul­
ticast or broadcast. For this example, the switch translates both the VPI 
and VCI, and the input/output interfaces are not shown. The concept is 
quite simple. The cross-connect table contains multiple entries. In this 
example, an incoming cell is sent to two output ports. The table con­
tains the mapping values to change the VPI and VCI values in the cell 
headers. 
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ATM Switch 

I field l VPl=6 

I field l VPl=8 

VPI In Port In VPI Out Port Out 

6 b 8 z 

etc etc etc etc 

VPI Virtual path Identifier 
Note: VPI and VCI may be examined at the VCINPI switch 

Figure 8-5 ATM routing operations. 

Although not shown in the figure, the cross-connect table could 
have bidirectional significance. That is, either of the cells labeled VPI = 8, 
VCI = 5 and VPI = 2 and VCI = 9 could be mapped to a cell labeled VPI = 
6 and VCI = 4. 

MULTIPLEXING, LABEL SWITCHING, AND LABEL MAPPING 

An ATM switch also performs multiplexing functions. The informa­
tion from the input ports are multiplexed onto the output ports. The op­
erations also include switching-the traffic from the input ports is 
switched to different output ports. While the cells are switched through 
the switching fabric from input to output ports, their VPI/VCI values, 
which are called labels, are also translated from one incoming value to 
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Figure 8-6 Point-to-multipoint operation. 
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another outgoing value. The headers uniquely identify the users' traffic, 
although the virtual circuit identifiers can be reused even if they are on 
different physical ports. 

Figure 8-7 shows that an ATM switch is performing space switching 
by moving traffic from input ports a, b, c, d to output ports w, x, y, z. The 
switch is also performing header translation, which is sometimes called 
header mapping. This figure also shows the use of buffers (in this exam­
ple, these are called output buffers because they exist at the output 
ports). These buffers are used to assure (most of the time) that cells do 
not arrive at the same output port at the same time. 

The figure also depicts how the VPis in the cell headers are used to 
determine the output port for the incoming cell. For example, a cell with 
VPI 1 arrives at port a. Routing operations reveal that the cell is to be re­
layed to output x to and its VPI changed to 5. As another example, a cell 
with VPI 3 arrives at port c. It is relayed to output port z and its label is 
mapped to VPI 8. 

Ex. 1009, Page 49



190 

I info I 2 I I 1nfo I 21 
• 

Incoming 
headers 

t 
Port In 

a 
a 
b 
b 
C 

C 

d 
d 

Switching 

fabric 

Header Port out 

1 X 

4 w 
2 y 
2 y 

3 z 
2 X 

4 w 
3 z 

ATM SWITCHING OPERATIONS 

Outgoing 
headers 

I 
Header 

5 
6 
6 
6 
8 
4 
7 
7 

Figure 8-7 Routing and header translation. 

Figure 8-7 summarizes the major functions of the ATM switch. It 
performs space switching, routing, multiplexing, and queuing. It also 
provides header mapping (header translation) by mapping the VPI val­
ues (and usually the VCI values as well). 

Figure 8-8 shows how the VPI/VCis are used at the ATM switches 
(nodes) to set up a connection and to create the routing table entries. In 
this example, three connections are created by three originating end 
users, by sending Q.2931 messages to the network. These messages con­
tain a wide variety of information and are examined in Chapter 10, Call 
and Connection Control. 

Among the fields in the Q.2931 connection request message is a des­
tination address. This address is used by the ATM node to determine the 
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Figure 8-8 Setting up the path through the ATM switches. 
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route that is to be established for the connection. Each node accepts the 
Q.2931 message, examines the destination address, and then consults a 
routing table to determine the next node that should receive the mes­
sage. 

A routing table is stored at each node and reflects the state of the 
network, the available bandwidth at each node, and other such informa­
tion. It is updated periodically as conditions in the network change. Con­
sequently, when the Q.2931 message is received by an ATM node, it 
knows the ''best route" for this connection-at least to the next neighbor 
node. 

These operations are dependent on how a vendor chooses to perform 
route discovery and maintain routing tables. The network may search for 
available bandwidth, and then set up the VPI/VCis, or it may set them 
up on a link-by-link basis. 

As each node sets up the calls, it reserves a VPI/VCI for each 
connection. Given an input VPI/VCI value, it selects an unused VPI/VCI 
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value for the output port. The next node receives this value, selects the 
route, and chooses the VPINCI values for its output port, and so on, to 
the final terminating UNis. It is the job of the network to select values 
that are not being used on the same physical interface. This approach al­
lows the VPINCI values to be reused. 

After the connection is established, only the VPI/VCI values are 
needed, not the destination address. Figure 8-8 also shows that the origi­
nating users do not give the network a VPI/VCI at the originating UNI. 
The network assigns these values to the user, usually after the connec­
tion is completed and verified through the network to the terminating 
endpoint. This practice varies, but the ATM Forum UNI specification re­
quires that the network take responsibility for assigning VPI/VCis. The 
originating end user can be informed of the values it is to use when the 
network returns a connection confirm message to the user. 

PROTECTION SWITCHING 

For large ATM networks that must support many users, the issue of 
network robustness is paramount, and the network provider must devise 
ways to ensure that the customer's traffic is delivered safely. One method 
for providing this service is called protection switching, which uses alter­
nate links between ATM nodes to transmit the ATM cells, in case the pri­
mary link fails. This concept is depicted in Figure 8-9. 

Two links (such as a T3 or SONET link) connect two ATM nodes, node 
A and node B. One link is the working route (the working link), and the 
other link is the backup route (the protection link).1 Let us assume traffic 
is coming into node A through port a. The cells are switched to port w or x, 
depending on the conditions of the links attached to node B from node A. 
In this example, a selector at node B, denoted in the figure by the , , 
determines which link is to be used for the relaying of traffic from port a 
onto ports y or z ( the traffic on port b is not germane to our discussion at 
this time). 

Two types of protection switching can be implemented in the ATM 
node: (a) 1 + 1 protection switching, and (b) 1:n protection switching. With 
1+1 protection switching, both links (routes) are used simultaneously to 
send the same ATM cells; that is, two copies of each cell is sent to node B. 

1The terms working copy and protection copy are also used to identify these con­
cepts. These terms are found in SONET and SDH literature. 

Ex. 1009, Page 52



PROTECTION SWITCHING 

ATM 
Node A 

:. a 

1111111111111• b X 

Protection route 

A selector for accepting the incoming traffic 

ATM 
Node B 

d z 1111111111111• 

Figure 8-9 Protection switching. 
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This node uses the selector mechanism to decide which cell copy is to be 
relayed to ports y or z. 

The concepts of 1+1 protection switching are shown in Figure 8-10. 
The incoming cell on port a has a VPINCI value of 1. The cross-connect 
table at node A is set up to direct this cell to both ports wand x, with the 
VPINCI of 1 mapped to VPINCI 7 across port w and VPINCI 8 across 
port x. 

In the event of failure of the working link (the link attached to node 
A's port w and node B's port c), there is another copy of the cell available 
on the protection link (the link attached to node A's port x and node B's 
port d). The cross-connect table at node A is configured as shown in Fig­
ure 8-10 to achieve the duplicate transfer of the cell to node B, and the 

ATM 

~ a Node :1----...;;;a..---

a 1 

ATM 
Node B 

~ 
d z 1111111111111• 

Figure 8-10 1+1 protection switching. 
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selector at node B selects the cell with VPINCI = 8 for further relay. Ob­
viously, the cell with VPINCI = 7 did not arrive at node B, and the cross­
connect entry of port out = w, header mapping = 7 is superfluous (de­
picted in the figure by shading). 

In contrast to 1+1 protection switching, l:n protection switching 
uses a backup (protection) link for 1 to n working links. A common prac­
tice is to use the protection link to send traffic, so there are no duplicate 
cells on this link. In the event of failure of the working route, traffic is 
diverted to the protection link, and any traffic that was occupying the 
back.up link must be either discarded, or held in a buffer until the work­
ing link can be restored. If restoration occurs quickly, the buffered traffic 
can continue its journey through the network. Otherwise, the traffic will 
be discarded. Consequently, the traffic on the protection link should be of 
a lower priority, and not subject to tight timing requirements. 

In Figure 8-11, the protection link is transporting asynchronous 
traffic, such as available bit rate (ABR) or unspecified bit rate (UBR) 
cells. As long as the working route is operating satisfactorily, the protec­
tion link can carry the ABR/UBR traffic. 

Also, this example shows the 1:n ratio of 1: 1, but installations are 
free to set the number of working links that are supported by the protec­
tion link. 

The cross-connect table at node A is configured in a typical manner, 
as shown at the bottom part of the figure. 

DJ 
)J 

ABR/UBR [!] )I 

ABR Available bit rate 
UBR Unspecified bit rate 

ATM 
Node A 

5 
a w 

b 

Port In Header Port out Header 

a 1 w 5 
b 2 X 6 

ATM 
Node B 

[El 
C y 

0 
d z 

Figure 8-11 1 :n protection switching: Working link opera­
tional. 
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Figure 8-12 1:n protection switching: Working link is down. 
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The 1:n protection scheme for recovery operations is shown in Fig­
ure 8-12. The working link between nodes A and Bis down (the link be­
tween node A's port w and node B's port c). The cross-connect table is 
used to divert the cells to the protection link. The ABR/UBR traffic on 
the protection link must be held until bandwidth is available for it to be 
transmitted, or it must be discarded. 

The tradeoffs between 1+1 and l:n protection switching are 
straightforward. 1+1 provides instantaneous recovery, without loss of 
traffic, yet requires an expensive redundant link for each working link. 
On the other hand, 1:n necessitates reconfiguration operations, with the 
resulting delay and probable loss of traffic, yet the sharing of the backup 
link translates into a less expensive network topology. The choice of 
these techniques is a matter for the network operator to decide. 

LABEL SWITCHING VERSUS IP ADDRESS ROUTING 

With the advent of Internet subnet operations, the routing opera­
tions to support diverse topology and addressing needs are greatly en­
hanced. As an added bonus, the 32-bit IP address space is utilized more 
effectively. 
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However, these features translate into a more complex set of opera­
tions at the router. Moreover, as the Internet and internets continue to 
grow, the router may be required to maintain large routing tables. In a 
conventional routing operation, the processing load to handle many IP 
addresses in combination with subnet operations can lead to serious uti­
lization problems for the router. 

We just learned that label switching uses the VPI/VCI identifier to 
route the traffic. The VPI/VCI can be used in place of the IP address for 
routing by encapsulating the IP datagram inside the ATM cell (in the 48-
octet payload). The label is examined on a complete value, and not on a 
bit-by-bit closest match, as done in conventional IP routing. Many of 
these operations can be performed in hardware, which further speeds-up 
the process. A companion book in this series, Advanced Internet Features, 
examines this issue in more detail. 

SWITCHING TECHNOLOGIES 

This section provides an overview of several prominent switching 
technologies. Vendors often design their switches with a combination of 
the variety of technologies described here. 

Shared Memory Switch 

The shared memory switch, as its name implies, provides a common 
memory for the storage of the cells and the switching fabric (see Figure 
8-13). As we learned earlier in this chapter, these cells are organized 
into separate queues and are routed based on the VPI/VCI values in the 

Switch 

1 
~Mux 

2 > 
n ~ 

Mux 
~ 1 

> 2 

~n 

Control 

Figure 8-13 Shared memory switch. 
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header. This illustration shows the use of a multiplexer and demulti­
plexer at the input ports and output ports, respectively. The cells arriv­
ing at the receiving multiplexer are placed onto a single line to the 
switch, and the switching functions move the traffic from the input 
queues to the output queues and to the output port(s). 

Shared Bus Switch 

Figure 8-14 shows a functional view of a shared bus switch architec­
ture. It also shows the switch supporting both frame relay PDUs and 
ATM PDUs. In most implementations such as shown here, the switch is 
implemented with two busses for fully redundant operations. The busses 
actually operate in the cell mode, and traffic is diced into 48-octet pieces 
with a 5-byte header attached (some implementations are using different 
size cells). The destination card reassembles the traffic. 

Cell traffic is carried through the bus as cells, therefore, both cells or 
frames can be sent across the bus. As just stated, frames are converted to 
ATM cells and vice versa, which allows frame and cell relay services to 
interwork. 

Crossbar Switch 

Crossbar switching is arranged in one or a combination of three ar­
chitectures: (1) concentration (more input lines than output lines), (2) ex­
pansion (more output lines than input lines), and (3) connection (an 

Frame 

... ... 
Cell ~ ... ... 

Frame 

Cell ~ ... ... 
Bus 

Figure 8-14 Example of a shared bus switch. 
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Figure 8-15 Crossbar switching. 

equal number of input and output lines). In its simplest form, a circuit 
switch is a N ¥ M array of lines that connect to each other at crosspoints 
(see Figure 8-15). In a large switching office, the N lines are input from 
the subscriber (terminals, computers, etc.) and the M lines are output to 
other switching offices. The switching fabric of a crossbar switch consists 
of N2 crosspoints. Therefore, the size of the switch is limited. 

Crossbar Switch with Arbiter (Knockout Switch). A variation of the 
crossbar switch is shown in Figure 8-16 [DUB094]. It is known by several 
names in the industry-perhaps the best known name is the knockout 
switch. The switch operates as a conventional crossbar switch in that the 
horizontal input is connected to a vertical output. Notice that each input 
line is connected to each output line. In addition, each output port has an 
arbiter. This component receives cells from the vertical output lines, and 
places them into a first-in, first-out (FIFO) queue. The queue allows the ar­
biter to decide which cells gain access to the output port. 

Multistage Switching 

Crossbar switching is usually performed in more than one array or 
stage in order to reduce the number of crosspoints. If N lines are to be con­
nected, then N2 crosspoints are required. Multistage switches are econom­
ical for networks when N > 163 [AMOS79]. Multistage networks are de­
signed with fewer crosspoints, yielding a more economical arrangement. 
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Figure 8-16 Crossbar switching with output arbiter (knock­
out switch). 
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The input and output lines are divided into subgroups of N inputs 
and N outputs. The input first stage consists of n 3 k matrices. The k out­
put is connected to one of the k center matrices. The third stage consists 
of k 3 n matrices connected from the center stage to the n outlets. The 
center stage matrices are all N/n by N/n arrays that permit connections 
from any first stage to any third stage. 

The total number of crosspoints for this three-stage switch is 
[BELL82]: 

Nx = 2Nk + k (N/n)2 

where: Nx = total number of crosspoints; N = number of input and output 
lines; n = size of each input/output group; k = number of center stage arrays. 

Banyan and Delta Switching Networks 

A technique that has been employed in the past in high-speed 
switches is the Banyan network [GOKE73]. As illustrated in Figure 
8-17, this switch is characterized by only one path existing between an 
input to the final output port. With this approach, routing operations are 
quite simple and straightforward, but cells may be blocked (collide) if 
more than one arrives at a switching element at the same time. 
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Figure 8-17 The Banyan-Delta switching fabric. 

Output 

Banyan networks are classified further into subgroups. An (L)-level 
Banyan network is one in which only the adjacent elements are con­
nected, so each path passes through the same number of L states. A spe­
cial Banyan implementation is a delta network. It is characterized by 
having an equal number of inputs lines to outputs lines, with each out­
put identified with a unique value (for example, a destination address). 
Each digit in an address identifies a next stage of a switching element in 
the switching fabric. 

A number of switching technologies have been proposed for ATM. 
Some of these proposals and implementations are based on the concept of 
single-state networks where a single stage of switching element is con­
nected to the inputs and outputs of the switch. Multistage networks (in 
which several stages of switching elements are connected by various 
links to form the switching fabric) have also seen use. As of this writing, 
it is certain that ATM switching will be a melding of several switching 
techniques, and these techniques will form a switching element that is 
reproduced and interconnected to form the switching fabric 

Figure 8-18 shows a multistage delta network, called a 3-stage folded 
network. With this approach, traffic that arrives through the input lines 
(inlets) are examined by (in this example) three decision stages (switching 
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Figure 8-18 A 3-stage folded delta network. 

elements). The traffic is passed to subsequent stages on output lines (out­
lets) based on an analysis of the address (which could be a tag used at the 
switch). Each stage is responsible for examining one bit in the address, 
typically from the most significant bit (MSB) to the least significant bit 
(LSB). In this example, a 3-bit address is used for simplicity. 

The resulting address resolution is made one stage at a time in each 
bit of the address. As Figure 8-18 shows, the resultant output is based 
on the 3-bit address analysis of the three stages. 

Figure 8-19 provides an example of an address resolution performed 
by the Banyan multistage switch. The bold line indicates the decision 
processes performed at the various stages. The destination address (010) 
is examined by each of the three stages on a bit-by-bit basis from the 
MSB to the LSB. The traffic, with its associated header, and address of 
010 is routed to the output line identified as 010. 

Collisions may occur in a delta network if cells arrive at a switching 
element at the same time. These cells may collide at an intermediate ele­
ment, even though they are destined for the same output line, or they may 
collide at the final element. The probability of collisions occurring can be 
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Figure 8-19 Example of address resolution. 

reduced by placing buffers in each switching element and allowing the 
buffers to queue arriving cells, which is an approach that is implemented 
in a number of high-speed switches. Alternately, the switch can operate at 
a higher speed than the inlets, thus giving an arrival time at the switching 
elements with no collision probability. Other mechanisms may be em­
ployed, and systems today can operate at a cell loss rate of 10-10• 

Figure 8-20 shows three alternatives for the use of buffers and 
queues within the switching fabric. The first approach places the buffers 
on the inlet side. Each inlet has a dedicated buffer, which is serviced on a 
first-in, first-out (FIFO) operation. Logic in the buffer determines when 
the buffer is to be served and when the cell is to be out-queued to the bus. 
This approach encounters collisions if two cells at the head of the queue 
in different buffers are destined for the same switching element. Also, if 
a queued cell is awaiting the availability of a line to a switching element, 
subsequent cells in the queue are also blocked even though an inlet may 
be available. 

Output buffers are yet another alternative. This approach requires 
that a single cell can be served only by an outlet, which also could create 
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Figure 8-20 Switch buffers and queues. 
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output collisions and contention. Collisions can occur only if the switch­
ing fabric operates at the same speed as the incoming lines to the switch­
ing elements. In other words, several cells are contending for the same 
outlet. As discussed earlier, using different speeds within the switching 
fabric vis-a-vis the communications lines can reduce this problem. So, if 
collision is not to occur, cell transfer must be performed at n times the 
speed of the inlets, where n = the number of possible lines. 

The last illustration shows central queuing, which entails nondedi­
cated buffers between the inlets and the outlets; that is to say, a central 
memory element is used by all inlets to the outlets. This process does not 
work on the FIFO discipline, because the inlet traffic is placed into a sin­
gle queue. To service the queues efficiently and fairly, there must be 
some mechanism to access the entries in the queues and to index the 
traffic in either sequential or random access operation. 

Network switches can be developed that use parallel switching tech­
niques. Figure 8-21 shows a parallel Banyan switch, also called vertical 
stacking. While switching techniques vary with parallel switching, as a 
general rule, the ATM cells that belong to the same connection are passed 
on the same plane of the multidimensioned switch. How this is determined 
varies among switch designers. During call establishment, decisions are 
made as to which plane will be used for the connection. The switch con­
tains logic that examines each incoming call, places it on the appropriate 
plane, and then switches it to the appropriate output line. This approach 
has proved to be highly efficient, and it provides very high throughput. 

VSLI AND ASIC-BASED SWITCHES 

In the 1980s, the rise of high-speed and low-cost very large scale in­
tegrated (VSLI) circuits, application-specific integrated circuits (ASICs), 
and random access memory (RAM) chips paved the way for the use of 
ATM. With ATM, and its use of fixed cells, it was now possible to build 
very high-speed switches, non-blocking in design (by using RAMs). Much 
of this recent work has now focused on shared memory switch fabrics. 
The concept is illustrated in this Figure 8-22.2 

The idea is for the switch to support different link speeds and inter­
face types-in this example, OC-3, OC-12, and OC-48 rates. Of course, it 

2This idea is found in many ATM switches, and we are highlighting work performed 
at Lucent (See Bell Labs Technical Journal, 2(2), Spring, 1997, "Advances in Shared­
Memory Designs for Gigabit ATM Switching," by Kai Y. Eng, and Mark A Pashan. 
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Figure 8-21 A parallel Banyan switch. 

is impractical to build one switch for each link type, so the approach is to 
multiplex the incoming signals to the rate of the highest rate input, a 
concept called hierarchical multiplexing. 

The output demultiplexer may be buffered to handle cells that leave 
the switch fabric that are destined for the same output link. However, 
much work has been accomplished in defining buffering operations in the 
switch fabric that minimize or eliminate the need for output multiplexer 
buffers. Additionally, while output buffering for each output link is the 
best approach from the standpoint of performance, it is costly. In con­
trast, a shared-memory technique reduces costs, and with the use of 
VLSI chips and RAM, can provide the desired performance. 

The ATM switch processes the cells first through a bit-slicing con­
verter, a wide data bus, and a large RAM. During a specific period, the 
incoming cells are written to RAM and the outgoing cells are read from 
RAM. The bit-slicing converter accepts cells for the WRITE operation for 
the input lines and converts the serial stream to a parallel stream (the 
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Figure 8-22 ATM hierarchical multiplexing switch. 
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bit-slicing operation), then multiplexes each cell (one after the other) 
onto the data bus in such a way that N arriving cells are written into dif­
ferent RAM locations. For the outgoing operations, as many as N cells 
are read from the RAM through the data bus, and converted back to a se­
rial stream before being sent to the output links. 

The fabric interface at the mux is also responsible for a table look-up 
for cell routing. The VPI or VCI in the cell header is used to determine 
the output link on the switch, and this information is placed in the cell 
show so it can be self-routing. With the Lucent approach, the VPINCI 
are replaced in the cell header as part of the conventional mapping/ 
translation operation. 

SUMMARY 

The VPI and VCI are used by an ATM switch to make routing deci­
sions. Switching is not part of the ATM standards, so vendors use a wide 
variety of techniques to build their switches. Several approaches to cell 
switching are now implemented, but research continues in this area. 
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