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The increasing sophistication of the global telecommunications business 
is creating new, more demanding requirements for switching systems. To 
meet these requirements, AT&T must introduce the most up-to-date tech- 
nologies for advanced capabilities, such as high-bandwidth services, 
Personal Communication Services (Pcs) , and increased network intelli- 
gence in a timely, cost-effective manner. Switching systems that are adapt- 
able, evolvable, and able to gracefully incorporate these new capabilities 
and technologies are in the best position to meet market needs. Such 
switching systems have architectures that are both euoluable-able to 
incorporate new technology and new development processes within their 
overall structure-and maintainable-able to accommodate new features 
continually without rapid increases in the cost of development or equip- 
ment. This paper examines the choices for a switching system architec- 
ture by defining the functional components of a switch and examining the 
choices for implementing them. 

Introduction 

tomers have a broad spectrum of needs, 
ranging from basic access and connectivity to 
sophisticated value-added services. Building 
networks that economically respond to this 
diversity of demands is a key challenge for 
service providers. The switch represents an 
enormous capital investment for these ser- 
vice providers, and while new capabilities- 
media for transport and signaling, network- 
wide services, etc.wil1 continue to arise, 
there is an economic incentive to incorporate 
them into existing products. Switching sys- 
tems that are both evolvable-able to incorpo- 
rate new technology and new development 
processes into their overall structure-and 
maintainable-adaptable to the continuous 
addition of new functionality without a rapid 
rise in the development or equipment cost- 
are in the best position to meet these needs. 

In more developed regions, digital 
switching systems will need to evolve rapidly. 
For example, in the United States and simi- 
larly developed regions, five key initiatives 

Today’s telecommunications cus- are rapidly changing the public switched net- 
work the Integrated Services Digital 
Network O N ) ,  intelligent networks, wireless 
access, fiber-based access and transport, and 
asynchronous transfer mode (ATM) switching. 

platform on which many new valueadded 
voice and data services are being built. It 
offers effective new message-based capabili- 
ties, while reusing the existing access facilities. 

Intelligent network service initiatives 
build on the existing network database archi- 
tectures used for 800 (Freephone) service, 
which enables service providers to control 
switching network elements. These architec- 
tures provide for more rapid introduction of 
network features and the ubiquitous opera- 
tion of those features across many vendors’ 
switches. Intelligent network service is also 
emerging as a key building block in the devel- 
opment of Personal Communications 
Services1 In all cases, to support intelligent 
network needs, switching systems require 
special control and interface functionality. 

ISDN is being deployed as an access 
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Panel 1. Abbreviations, Acronyms, and Terms 
APS -Attached Processor System 
ATM - asynchronous transfer mode 
BSS - Broadband Switching System 
ccs - common channel signaling 
CFI - control fabric interface 
FC - fully centralized 
FD - fully decentralized 
FS - fully specialized 
FU - fully unitled 
GCNS - gigabit cell network switch 
GSM - Groupe Speciale Mobile 
ISDN - Integrated Services Digital Network 
MC - mostly centralized 
MD - mostly decentralized 
MS - mostly specialized ‘ 

MU - mostly unified 
PCS - Personal Communications Services 
SDH - synchronous digital hierarchy 
SONET- synchronous optical network 
STM - synchronous transfer mode 

Wireless access, widely used to provide “anytime, 
anywhere communication,” is also being used to offer 
economical basic service in developing regions. With the 
introduction of wireless access and tighter coupling with 
wireless overlay networks, public switched networks will 
move toward universal personal communications, which 
provides generalized PCS services across both land-line 
and wireless access. 

Fiber-based access and transport has the potential 
to increase bandwidth and flexibility to customers, while 
decreasing cost. Fiber has become the primary inter- 
switch transport medium in developed regions; new ini- 
tiatives, such as AT&T Network System’s hybrid fiber- 
coaxial access architecture, will make fiber-based access 
an important part of the public switched network. In 
addition, fiber is a critical element in paving the way for 
broadband services, which will also depend on new high- 
speed switching fabrics (e.g., ATM). 

of packet switch fabric to handle voice, data, and video 
applications simultaneously. It also avoids some prob- 
lems that synchronous transfer mode ( S M )  approaches 
encounter as the number of channels increases2 In 
developed regions, new information networking needs, 

ATM technology enables a single, universal type 

such as increased data networking, high-resolution 
graphics, visual telecommunications, and multimedia, 
are promoting the initial deployment of ATM technology 
in overlay networks.3 

Incorporating these key initiatives in central 
office digital switch designs is a significant challenge, 
because they affect almost every aspect of switching sys- 
tem architecture. Perhaps the greatest challenge is to 
introduce change, while preserving the large investment 
in existing systems. Evolvability, a function of the form of 
system architecture, is the subject of this paper. Previous 
papers have described tradeoffs in the distribution of 
control in digital switching systems,4 and in the architec- 
tures of the fabric (switching matrices) and system inter- 
faces (signaling, access, and transport). This paper 
expands on that work. 

Definitions 
A telecommunication network can be viewed as 

a collection of interconnected terminal equipment that 
provides end users with different forms of telecommuni- 
cation services, ranging from voice and/or data to image 
and video. A network comprises one or more network 
nodes connected by some transmission media. Each 
node, such as a wire center, contains one or more net- 
work elements, such as switching, operations, or trans- 
mission systems. 

This paper presents an abstract model of the 
architecture of a network element, in terms of control, 
fabric, and interface domains. Each domain is defined by 
itsfhnction, not its implementation. A fabric, for instance, 
performs the function of a fabric, regardless of the com- 
ponents used to implement it. 

The control domain includes the functions that 
interpret the switch user’s requirements and issue com- 
mands to the fabric and interface domains to carry them 
out. Control functions include coordination, allocation of 
resources, sequencing, maintenance of state, fault recov- 
ery, status reporting, traffic measurement, billing, and 
similar administrative activities. 

Thefabric domain includes the functions that 
provide the communication paths that users request. It 
also controls transport-the encoding, bandwidth, and 
similar characteristics of the information passing 
through the switch-and topologythe grouping of ports 
and users into sets that share and exchange information. 
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Figure 1. A spatial representation of a CFI continuum. In 
each domain, diversity increases in proportion to the dis- 
tance from the origin. 

Fabrics may be analog or digital, electronic or optical, 
narrow- or broadband; topology may be circuit- or pack- 
et-switched, synchronous or asynchronous, single- or 
multistage, blocking or non-blocking, etc. 

The interface domain is the bridge between the 
outside of the switch and the inside. Outside the switch, 
not under its control, are a variety of written and de fact0 
standards; inside is a simpler, generally more proprietary 
protocol set. The interface domain provides translation 
between these environments, including voltage and 
impedance matching, analog-to-digital conversion, line 
and interoffice signaling, craft and operations system 
interfaces, and similar functions. 

Switching systems, the primary focus of this 
paper, incorporate all three domains. Intelligent network 
database systems and operations systems typically con- 
tain limited fabrics, or none at all. Transport elements, 
such as cross-connect systems, often have a control 
domain with limited functionality. 

System Architecture Forms 
All switching systems contain control, fabric, 

and interface components. Various architectural forms 
exist for implementing each component and for estab- 
lishing its association with the others. This section intro- 
duces an abstract classification scheme that character- 
izes various architectures. 

The CFI Continuum. Reference 4 classifies distribu- 
tion of control along a continuum of diversity, ranging 
from fully centralized through hybrid to fully distributed. 
Reference 5 extends this approach, establishing a sepa- 

rate, similar continuum for the fabric and interface 
domains. In each case, fully centralized implies a single 
entity that contains all the functionalities required, fully 
distributed implies a distinct entity for each function, and 
hybrid implies a combination of these. In the fabric 
domain, fully centralized equates to a universal fabric, 
one that can carry all types of traffic; fully distributed 
represents a specialized fabric for each traffic type. In 
the interface domain, fully centralized defines a unified 
interface terminating all types of outside connections, 
while fully distributed represents a distinct interface for 
each type. 

represented as a three-dimensional space. In this space, 
each domain (control, fabric, interface) is represented on 
a separate axis. As Figure 1 shows, divers@ within each 
domain increases with distance from the origin. 

face (CFI) continuum as a three-dimensional space, while 
intuitive, is limited by its inability to differentiate 
between physical and functional diversity. A more sophis- 
ticated model is necessary. 

Physical diversity describes the physical distribu- 
tion of components. The essential functions of a particu- 
lar domain may reside in a single physical node, or they 
may be replicated in many nodes. As the number of 
nodes and the distance between them increase, the 
architecture becomes more decentralized. According to 
this definition, a system can be a geographically distrib- 
uted network, but can still be centralized, if it needs all 
(or even most) of its network’s nodes to perform its 
essential functions. 

a function among system components. In a functionally 
unified architecture, a single implementation (a single 
node, or repetitions of a node, if the architecture is physi- 
cally decentralized) performs all functions in a domain. 
In a functionally diverse architecture, each function has a 
separate implementation. 

As Figure 2 shows, these two forms of diversity 
may be used to define a plane, with one axis describing 
physical diversity and the other functional diversity. The 
physical diversity axis can be described in terms of two 
endpoints and two hybrid regions: - Fully centralized (FC) . At this end of the axis, a single 

At this level, the classification scheme can be 

The representation of the control fabric inter- 

Functional diversity describes the partitioning of 

physical entity (possibly containing multiple functional 
components) performs all functions. 

AT&TTECHNICAL JOURNAL NOVEMBEWDECEMBER 1994 21 



- Mostly centralized (MC). In this region, multiple physi- 
cal entities, located close together, are connected by 
some mechanism. The degree of coupling between 
entities determines a particular system’s position in 
this region-a very tightly coupled system (e. g., a 
shared-memory multiprocessor) is more centralized 
than a loosely coupled system. - Mostly decentralized (MD). In this region, the multiple 
physical entities of the MC region can be separated by 
signifcant distances (e. g., miles). Again, a range 
exists in this division; systems with larger numbers of 
entities separated by larger distances are considered 
more decentralized. - Fully decentralized (FD). At this end of the axis, the 
entire functional domain is implemented in each net- 
work termination or in the terminal equipment. 

The functional diversity axis is similar: - Fully unified (FU). At this end of the axis, a single, 
general-purpose entity (possibly with multiple, 
physically distributed copies) performs all of the 
domain’s functions. - Mostly unified (MU). This region contains several gen- 
eral-purpose entities, each assigned a subset of the 
domain’s function. - Mostly specialized (Ms). In this region, at least some 
functions are performed by specialized devices, 
though some may still be performed by general-pur- 
pose entities, such as those in the MU region. This is a 
range-the more functions assigned to specialized 
devices, the more specialized the system is said to be. - Fully specialized (16). At this end of the axis, each of 
the domain’s functions is implemented by a separate, 
special-purpose entity. 

In each domain, the two dimensions of physical 
and functional diversity produce sixteen distinct forms, 
ranging from FC/FU, in which a single, centralized unit 
performs all of a domain’s functions, to FD/FS, in which 
there is a functionally partitioned cluster of specialized 
units at each termination. The following sections des- 
cribe how the dimensions of diversity and the domains 
interact to generate distinct forms. 

Control Domain Forms. The Control architectures 
currently in use in switching systems are illustrated in 
Figure 3a. The central processor architecture uses a sin- 
gle processor to perform all switch control functions, and 
is designated as FC/FU. Tightly coupled multiprocessors- 
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Figure 2. Physical and functional diversity represented as a 
plane. 

Decentralized 

those that share memory or incorporate a number of 
processors on a bus-include symmetric (MC/FU) and 
functional (MC/MU) forms. Tightly coupled systems- 
which include special-purpose control elements, such as 
signal processors-are described as MC/MS. Depending 
on the degree of functional distribution in the remote 
nodes, systems containing remote-control elements that 
can perform a minimal set of functions needed to switch 
calls are physically MD, typically MD/FU, or MD/MU. 

in modern switches. The FD form, which has a complete 
control system at each termination, does not exist in cur- 
rent switching systems, although stepby-step, wireless, 
and cellular systems contain some aspects of an FD sys- 
tem. The FS form, in which each function has its own con- 
trol element, is seldom found in electronic switches, but 
the registers, senders, and markers of crossbar switches 
exemplify this architecture. 

Fabric Architecture ~onns. The fabric domain does 
not currently vary in form as much as the control domain, 
as shown in Figure 3b. The most common configuration, 
an expandable fabric that carries only circuit-switched 
voice, fits in the MC/FU region. In the case of a spatially 
separate or subtending fabric (i.e., well separated from the 
host, or central-officeresident main fabric, which we refer 
to as remote), they can be viewed as MD/FU in form. 

Extremely diverse control configurations are rare 
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Figure 3. Examples of (a) control, (b) fabric, and (c) inter- 
face forms. 

New network initiatives-such as packet 
switching, data, and broadband-have added diversity 
to fabric architecture. Systems that carry these new 
kinds of traffic on fabrics separate from narrowband 
voice may be characterized as MUMS, or MD/MS, 
depending on how remote they are from the host, or 
central-office-resident fabric. The development of uni- 
versal fabrics based on ATM technology may lead a 
movement back toward the MU side of the functional 
diversity spectrum. However, adding new ATM fabrics 
to existing switching systems to complement their nar- 
rowband fabrics will, initially, increase the degree of 
their fabric specialization. Only in overlay, or pure ATM, 
networks will fabrics become more unified. 

interface Architecture Forms. Figure 3c shows sev- 
eral examples of interface architecture forms. Switching 
systems interface to such a wide variety of signaling and 
transmission standards that neither FU nor FS forms are 
cost-effective. Hybrid, or mixed, forms permit tradeoffs: 
MU systems may have less overhead in the presence of 
different types of traffic, while MS systems can be more 
cost-effective when traffic is more homogeneous. 

FC and FD interface configurations also appear 
unlikely. MC forms are common in more traditional wire- 
center applications, while MD forms, including Sub- 
scriber Loop Carrier systems integrated with the switch, 
are becoming more common. 

separate, expandable interfaces for trunks, analog 
lines, and ISDN is classified as MUMS. Another system, 
with remotes and the ability to connect both ISDN and 
analog lines to the same interface unit, might be classi- 
fied as MD/MU. 

For example, a central-office system that has 

CFI Continuum in Switching 
The history of switching systems illustrates 

how the CFI continuum evolves over time. Technology 
advances expand its size and diversity, allowing new 
forms and more options in system design, while new 
user needs are the catalyst for expanding the domains of 
the continuum. 

Historical Perspectives. h the early years of auto- 
matic switching, options were limited by the technolo- 
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gies available, and by the definition of telephony in terms 
of narrowband voice services. Because only one type of 
traffic existed, no distinction was made between special- 
ized and universal fabrics or interfaces. 

The differentiation between trunks and lines 
expanded the interface domain, and the development 
of common-control systems expanded the control 
domain. The use of general-purpose computers, partic- 
ularly microprocessors, has further expanded the 
control domain, and common channel signaling (CCS) 
and ISDN have expanded the interface domain. The 
move toward remotes has also expanded the physical 
dimension of all domains. Most recently, the emer- 
gence of new kinds of traffic, such as packet data 
and broadband, have again expanded interface and 
fabric domains. 

tion describes three systems of historical importance 
on the CFI continuum: the No. 4A crossbar, the 1/1A 
ESS'" switch, and the No. 101 ESS switch. Subsequent 
sections detail the evolution of two additional switches, 
the 5ESS8 switch and the Globeview'"-2000 Broad- 
band Switching System (BSS). 

refined system of electromechanical common control, a 
centralized complex that included special units for each 
switching function (registers, senders, markers, a 
router, and so on), giving its control domain an FC/FS 
form. Both the fabric and interfaces were MC/MS, 
expandable but not remotable, and optimized for trunk- 
switching applications. 

commercial stored program control switch,7 had a sin- 
gle-processor FC/FU configuration, which evolved to 
FC/MS by adding a signal processor and Attached 
Processor System (APS). Its fabric form-MC/MU, and 
expandable but not remotable-enables it to carry all 
types of traffic. The system's interfaces are more 
diverse; its distinct line and trunk units, tone and pulse 
signaling, and CCS interface through the APS, give it an 
MC/MS interface form. 

The No. 101 ESS (also described in Reference 
7) introduced the concept of remoting to electronic 
switching. This switch used an FC/FU control form sim- 
ilar to the No. 1 ESS, but its remotable modules, 
including fabric and interfaces, gave both the fabric 
and interface domains an MD/MU form. 

Examples of Switching Architecture Forms. This SeC- 

The No. 4A crossbar switch6 used a highly 

As its control system, the No. 1 ESS, the first 

Administrative 
ule 

I 
Communication 

module 

I Switch module Switch module 

Figure 4. Overview of the 5ESS switch architecture. 

THE 5ESS SWITCH 
Since its introduction, the 5ESS switch has 

changed in response to new market needs and advances 
in technology. The changes in the architecture of the 
5ESS switch can be viewed as movements between points 
withiin the hybrid regions of the CFI continuum. Each 
movement has been associated with new releases of the 
5ESS switch. Rather than review each version, this sec- 
tion analyzes three key points in the system's evolution: 
the original multimodule architecture, the ISDN architec- 
ture, and the 5ESS2000 switch architecture.87 9 

shows the general architecture of the 5ESS switch.9 Built 
from a single administrative module and a variable num- 
ber of switching modules, interconnected by a communi- 
cations module, the switch can carry both transport and 
interprocessor messaging. The administrative module 
provides control and some interface functions. The com- 
munications module contains fabric and, in some cases, 
control. The switching modules contain control, fabric, 
and interface functions. 

The control functions of the early 5ESS switch 
were functionally divided between the single administra- 
tive module and multiple, similarly equipped switch mod- 
ules, creating an MC/MU control form. Each switching 
module included a single time-division fabric carrying all 
traffic. Interconnected through the MC/MU communica- 
tions module, the switching modules also provided 
expandable, separate interfaces for lines and trunks, 
an M U M S  form. 

The Original 5ESS Switch Architecture. Figure 4 
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Figure 5. Evolution of the 5ESS switch CFI continuum in the 
context of (a) control, (b) fabric, and (c) interface forms. 

The 5ESS Switch ISDN Architecture. The evolution 
to ISDN involved a number of enhancements, which 
gracefully evolved to significantly larger capacities and 
improved reliability. Significant enhancements included - Introduction of remote switching modules, including 

remote clusters with stand-alone capabilities; - Movement of linerouting functions from the administra- 
tive module into a set of designated switching modules; - Introduction of intelligent peripherals, such as the 
Integrated Services Lime Unit and Protocol Handler; 

= Introduction of a packet switching unit provisioned in 
switching modules that terminate ISDN lines; - Introduction of Signaling System 7 (SS7) interfaces 
through the packet switching unit in international ver- 
sions of the switch, including an optional capability to 
support an integrated signal transfer point; and 

International Wireless Standard, Groupe Speciale 
Mobile. The GSM software interfaces with remote cell 
sites over standard links. 

The introduction of stand-alone remote modules 
moved the physical aspects of all three domains into the 
MD region. Migration of function from the administrative 
module to switching modules, and the introduction of 
intelligent peripherals, moved the 5ESS switch control 
form into the MD/MU region. Adding a distinct fabric for 
packet switching moved the fabric form to MD/MS, and 
introducing separate units for ISDN and analog lines 

- Implementation of software that supports the 

moved the interface form closer to the specialized end of 
the MD/MS region. 

duced in 1993, the 5ESS2000 switch architecture couples 
switching and transmission functions to costeffectively 
support synchronous optical network/synchronous digital 
hierarchy (SONET/SDH) interfaces, reduce the cost of wire 
center operations, and provide a platform for future tech- 
nologies and services. Sigmticant evolutionary changes in 
the 5ESS2000 switch include: - A new, expandable, advanced technology switching 

The 5ESS-2000 Switch Architecture. Initially intro- 

module, featuring a more powerful processor, 
expandable fabric and interface units, and SONET/SDH 
interfaces; - Development of switch software to facilitate intelligent 
network control; and - An expandable, optional digital networking unit, which 
provides an integrated SONET and, later, SDH interface. 

The introduction of a larger switching module 
reduced the number of modules in a switch of a given 
size, leading in all domains to a slight movement away 
from the more decentralized end of the MD region. 
Otherwise, the control domain remains unaffected at 
MD/MU. The fabric domain moves farther into the spe- 
cialized part of the MD/MS region. This is a result of 
the multiple fabric types being supported; adding new 
interfaces also moves the interface form closer to the 
specialized part of the MD/MS region. ATM and 
SONET/SDH have the potential to be universal fabrics 
and interfaces. If the market moves to these standards, 
the 5ESS-2000 fabric and interface subsystems could 
be coniigured in the MD/MU region for some applications. 
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Measures of Successful Evolution. Figure 5 Sum- 
marizes how the 5ESS switch has evolved in the CFI 
continuum. In its evolution, the 5ESS switch has main- 
tained a distinctly hybrid form, both in its physical and 
functional aspects. By introducing new components 
that complement existing ones, this form has served 
market needs well. 

switch has undergone significant architectural change. 
From its initial configuration, it adopted a more physi- 
cally diverse architecture, one that emphasizes multi- 
ple modules and remotes. As new fabric and interface 
directions (e.g., ISDN and CCS) became important, the 
switch became more functionally diverse, providing 
new functions while protecting the existing base of 
installed switches. In this process, four of the five key 
network initiatives described earlier-ISDN, intelligent 
network, wireless access, and SONET/SDH interfaces- 
have been incorporated into the 5ESS switch architec- 
ture. By the year 2000,5ESS switch-based ATM switch- 
ing entities will likely be offering broadband services. 

overlay ATM network. ATM permanent virtual circuits are 
part of AT&T’s Globeview-2000 GCNS Broadband 
System. Architecturally, the system contains an ATM fab- 
ric and a service management module, which provides 
operations, administration, maintenance and provision- 
ing. The speed of the ATM fabric can be set at either 2.4 
gigabits per second (Gbit/s) or 20 Gbit/s, and has a 
duplex fault-tolerant architecture. It terminates and sup- 
ports ATM, frame relay, Switched Megabit Digital 
Service, and STM clear channel. 

ured for switched broadband services by adding a 
switched services module, which provides both 
switched services and signaling. The switched virtual 
circuit system inherits all the functionality of the per- 
manent virtual circuit system, and adds switched 
broadband services. The switched services module 
supports real-time, on-demand broadband call setup 
and dynamic allocation of bandwidth. This arrange- 
ment is called the Globeview-2000 BSS. Its control is 
divided between the switched services module and the 
service management module, giving an MC/MU form. 
In the initial application, a single, non-expandable ATM 

During its first decade of service, the 5ESS 

Initially, broadband services will be part of an 

The Globeview-2000 GCNS can also be config- 

fabric provides an FC/FU form, and a single interface 
provides an FC/FU form. 

uitous feature execution, and other factors will likely 
strengthen the connection between ATM technology 
and the existing narrowband infrastructure. The most 
obvious architecture for achieving this is a loosely cou- 
pled implementation, in which specialized fabrics and 
distinct interfaces are maintained, but control becomes 
more centralized-promoting shared operations and 
maintenance. A second, more sophisticated architec- 
ture merges the ATM and narrowband fabrics into a 
more unified system, even as it maintains them as spe- 
cialized fabrics. Here, control of both specialized fab- 
rics becomes common for at least operations and main- 
tenance functions. In some cases, certain customer fea- 
ture software may also share common control. In this 
arrangement, interfaces still remain largely distinct, for 
both narrowband and broadband capabilities. As the 
deployment of broadband services increases, so will 
the desirability of the more sophisticated architectures 
for integrating ATM with narrowband switching sys- 
tems. Today’s digital switches will thus evolve through 
a series of architectural changes as the broadband mar- 
ket develops. 

In the context of Figure 5, such speculation 
about the ultimate integration of ATM with the 5ESS 
switch may drive evolution in a number of possible direc- 
tions. The precise placement of such points in these 
domains will be the subject of a future paper. 

Ultimately, a need for unified operations, ubiq- 

Summary 

This paper presents a model for classifying the 
architecture of switching systems. In the context of this 
model, it describes the evolution of some historical 
switches in general, and of the 5ESS switch in more 
detail. Today, a variety of architectural forms exist 
among the many switching systems available in the mar- 
ketplace. In general, hybrid switching system arrange- 
ments in the control, fabric, and interface domains, with 
balanced levels of functional and physical diversity, seem 
to be the most practical, flexible, and evolvable forms. 
Among these forms are many well suited to deal with 
today’s trends toward the use of new technology, imple- 
menting increasingly more complex, advanced features. 
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