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Introduction to Carrier Network
Architectures

In the first chapter, we give an overview about existing and possible future
Carrier Network Architectures. We will explain the traditional architectural ele-
ments and describe the basic concepts and requirements of these architectures in
order to put each of the different elements and its functionality into context. We
do not go deep into the details of all used technologies, but rather point out the
most important basics to provide the reader with just the necessary level of
knowledge to understand the more detailed discussions of next-generation opti-
cal networks throughout the rest of the book.

IP as Unifying Protocol Infrastructure

The explosive growth of Internet/intranet traffic is making its mark on the exist-
ing transport infrastructure. An unprecedented shift has occurred in traffic con-
tent, pattern, and behavior. It has transformed the design of multiservice
networks and created a commercial demand for Internet Protocol (IP) networks
that operate in excess of 1 Gigabit per second. A change in usage patterns from
connection-oriented, fixed configured services to dynamic, connectionless TP
services is currently underway. According to several studies, telephone company
revenue will grow significantly, with data services—particularly IP—accounting

for most of this increase. For public carriers, IP is critical for future revenue
growth.

. Page 18 of 68
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The Tradlitional Carrier Network Architecture 3

IP ﬁ | Data/internet Services

N Statistical Multiplexing
ATH . Multiservice Integration
SONET/SDH . ' :Lz::clh::f;lplexlng
Optical/WDM e | Capactty

Figure 1-1 The traditional network architecture consists of multiple layers

As a consequence, a traditional service provider network architecture is built
of multiple layers. The optical/Wavelength Division Multiplexing (WDM)
layer forms the physical transport medium providing sheer bandwidth; in the
past, this layer did not have too much routing intelligence. To allocate band-
width in a proper way, the Synchronous Optical Network (SONET)/Synchro-
nous Digital Hierarchy (SDH) layer is used in many traditional networks. It
offers mechanisms for efficient bandwidth utilization plus intelligent protection
mechanisms but does not allow intelligent routing. The ATM layer above gives
additional possibilities for statistical multiplexing while allowing multiservice
integration at the same time. This basically enhances efficient utilization of the
layers below (the SONET/SDH and the opticalWDM layer). ATM also
defines routing mechanisms intended to optimize traffic delivery throughout the
network in terms of the different ATM service offerings.

If service providers do not offer any IP services, the three-layer infrastructure
described so far is more than sufficient. Because IP-based applications enforced
IP service offerings, several mechanisms evolved integrating IP with the infra-
structure described so far, ranging from pure overlay methods to very advanced
integration models such as Multiprotocol Label Switching (MPLS).

This layered network architecture grew and changed as the services provided
and sold by the providers changed and networking technology evolved. To
understand this dramatic change in the architecture of today’s networks fully,
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Synchronous Transmission Standards

SONET and SDH overcome the drawbacks of PDH networks and enable ser-
vice providers also to provision high-bit-rate connections above 155 Mbps.
These connections are typically required for today’s increasing data transport
needs. SONET and SDH allowed service providers to build a Time Division
Multiplexing (TDM) network on top of their physical fiber plant. Although
SONET is the North American synchronous TDM standard, SDH is the
TDM standard commonly used in Europe and Japan. Because SDH can be seen
as a global standard (and SONET being a subset of SDH), interoperability at
certain levels is ensured, as will be outlined in more detail later. In addition to
the summary in this chapter, the Nortel whitepaper “SONET 101” [NORT-1],
the Bellcore standard GR-253 [BELL-1], and the International Telecommuni-
cation Union (ITU) T recommendation G.707 [ITU-3] can be consulted for all
the details on SONET/SDH.

Both SONET and SDH define a digital multiplexing hierarchy and should
ensure compatibility of equipment and implement synchronous networking.
The basic functionality is that client signals of different service types, such as
EO, E1, DSO, T1, ATM, and others, are mapped into appropriate payloads that
are then multiplexed into synchronous optical signals.

Both SONET and SDH accommodate nonsynchronous TDM hierarchies.
SONET includes the North American hierarchy, which is based on the DS1
signal, combining 24 DS0s (56-Kbps channels) into one 1.54-Mb stream. SDH
integrates the European hierarchy, which is based on the E1 signal, combining
32 EOs (64-Kbps channels) into one E1 at a speed of 2.048 Mbps, as can be
seen from Table 1-1.
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Table1-1  The North American and European TDM Hierarchies

NORTH AMERICAN RATE m

SIGNAL SPEED CHANNELS SIGN f'___ m-\\
DSO0 64 Kbps 1 DS-0 EO __W ;ﬁ\w
DS1 1.54 Mbps 24 DS-0s E1 m ?ﬁ;\
DS2 6.3 Mbps 96 DS-0s E2 wﬂ;\
DS3 448 Mbps | 28DS-1s | E3 W«ﬁ
Not defined E4 WE

SONET, which was developed first, specifies a basic transmission
51.84 Mbps, called the synchronous transport signal 1 (STS-1). The equ

e of

optical signal is called OC-1 (optical carrier 1). To ensure that both SONFT
and SDH match into a common multiplexing hierarchy, SDH defines its b
level, the synchronous transport module 1 (STM-1), at 155.52 Mbps, which
three times the SONET base level. The optical line rates of both hierarchies

shown in Table 1-2.

Table1-2 Interface Rates of the SONET/SDH Multiplexing Hierarchy

SONET BIT RATE SDH -

STS-1/0C-1 51.84 Mbps =

STS-3/0OC-3 155.52 Mbps STM-l___________

STS-12/0C-12 622.08 Mbps STM-4

STS-24/ 0OC-24 1244.16 Mbps = ==

STS-48 / OC-48 2488.32 Mbps STM-16

STS-192/0OC-192 | 9953.28 Mbps %

i



The Traditional Carrier Network Architecture 7

Building a Complex SONET/SDH Carrier Network
A typical SONET/SDH network basically consists of four different network
elements:

1. Add/Drop Multiplexer (ADM)
2. Terminal Multiplexer (TM)

3. Digital Cross-Connect (DXC)
4. Regenerator

All of these elements are interconnected using the service providers fiber
plant and form a typical SONET/SDH network, as shown in Figure 1-2.

ADMs used for ring networks and TMs used in linear topologies may be
interconnected directly with dark fiber. If the distance between two multiplexers
exceeds approximately 40 km, a regenerator must be placed in between the mul-
tiplexers. The regenerator ensures proper transmission through regenerating the
optical signal, which has been degraded during optical transmission across the

fiber.

ATM Switch

ﬁ ATM Switch

ADM IP Router

il 65

Trunk Interfaces

Figure1-2 A typical SONET/SDH network consists of multiple muitiplexers forming rings
or linear links, which are interconnected with digital cross-connects
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Multiplexers are equipped with two types of intcrfacﬂ
interfaces. Trunk interfaces are used to interconnecy mulgioy K ang
faces can range from OC-3/STM-1 to OC-IQMSTMHE[EIEH[S'Trumh“"
current SONET/SDH recommendations, T"'?’Hfary Bt EPEciﬁ::.ip“*r
attach client equipment, such as IP routers, ATM suﬁ:’fmﬂ are umr'
switches, to the multiplexers. The range of availapy, tribu:hﬂs.' or g
multiplexer typically starts at the hierarchy leve] of the muj; ﬂlry mt“rfaqﬁ'
face and goes down to DS-0 or E1 interfaces. Plexers , ir.ll;'

To be able to switch a connection from a ring network — .
onto a point-to-point segment, DXCs are used. For example it:,t ;fﬂnq b,
DXC is placed between ring A, ring B, and the linear Eﬂgmc:-.t o iure |
plexer from each segment is attached to the DXC, using myle: Pm-m;'
interfaces. Depending on what level of the TDM hierarchy cnnneégs tribs,
be cross-connected, a certain type of DXC and the appropriate trihur:;h?k'
to be used. If connections at DS1/E1 level are to be Cross-connecteg 'E?
tributaries must be used to attach the multiplexers to the DXC, anéggﬁ
capable of switching at DS1/E1 level must be selected, ;

A network reference model is specified by the SONET/SDH standurl
define a proper structure for all of the mechanisms in this complex netwo .
nario. Three layers are defined (Figure 1-3). Each network element maybe
of only one or more of these layers, according to its tasks and its requiremens

The lowest layer, called section layer (within SONET) or regenerator s
layer (within SDH), incorporates optical transmission and signal regenen
All network elements are part of this layer. Moreover, regenerators are ool
of this layer, because they simply regenerate the optical signals along very
distance interconnections.

Sl t]’u

y dg
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Regenerator Section
Layer (SDH)

Path Layer (SONET)
Path Layer (SDH) "I
Line Layer (SONET) .
Multiplex Section Layer (SDH) L8
> ¥
Section Layer (SONET) | Section Layer (SONET) [ Client
Regenerator Section ) e

Layer (SDH)

=
T

Regenerator

Figure1-3  SONET/SDH network reference model introduces three functional layers

The second layer is called the line layer (SONET) or multiplex section layer
(SDH). At this layer, several low-speed signals are multiplexed to and demulti-
plexed out of the high-bit-rate signal of the trunk interfaces. Multiplexers and
DXCs are part of this layer.

The third layer is responsible for end-to-end connection delivery and is called
the path layer (SONET and SDH). The client equipment terminating the end-
points of connections is part of this layer.

Certain control information is required at each layer for signaling, perfor-
mance monitoring, or protection switching. This control information is carried
in the overbead of each layer. Thus, a multiplexer is adding some path overhead
(POH) to the signal coming from the tributary interface. It multiplexes multiple
signals together and adds the section overhead (SONET) or multiplex section

overhead (SDH). Finally, before sending it out to the next network element, it

adds the line overhead (LOH) within SONET or the regenerator section over-
head (RSOH) within SDH.

Multiplexing and Framing Standards

A wide variety of signals can be transported across a SONET/SDH infrastruc-
ture. A signal inserted or extracted through a tributary interface is mapped into
an appropriate container. This container is called virtual tributary (VT) within
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The Traditional Carrier Network Architecture 11

bined together and mapped into a VC-3 at the E3 level. As opposed to
SONET, SDH also allows a high-bit-rate signal at 34 Mpbs to be mapped into
a VC-3.The first specified optical interface within SDH is the STM-1 interface
running at 155 Mbps (equivalent to the OC-3 interface of SONET). A VC-3
itself can be mapped in two different ways into an STM-1 interface. It can be
mapped into a TUG-3, and three TUG-3s can be combined into a VC-4, which
is then mapped into an STM-1 interface. The second possibility is to map three
VC-3s directly into an STM-1 interface.

The basic building block of SONET is the STS-1, and the basic building
block of SDH is the STM-1 frame. A high-level logical picture of the frame
structure of both the STS-1 and STM-1 is shown in Figure 1-5. Keep in mind
that the STS-1 frame is used for a 51.84-Mbps interface, and the STM-1 frame
1s used for a 155-Mpbs interface. Thus, the STM-1 frame has three times the
columns of the STS-1 frame. From a functional point of view, the structures of
the two frames are most likely the same.

The first columns of the frame are used for carrying the overhead of the first
two SONET/SDH layers, the section overhead (SOH) and LOH, as defined in
SONET, or the RSOH and the multiplex section overhead (MSOH), as
defined in SDH. The remaining columns are used for the payload carrying the
multiplexed containers. As already mentioned, the overhead of the third layer
(the POH) is carried within each container.

The payload pointers, which are part of the LOH (SONET) or MSOH
(SDH), are the key function in both synchronous hierarchies. The V'Ts and VCs
possibly may not be synchronous with the STS/STM-Frame. Ideally, SONET/
SDH networks are synchronous, but in practice, there are always small clocking
differences, and these have to be accommodated. As a consequence, the VTs and
VCs are mapped into the STS/STM-frame at slightly varying boundaries. The
payload pointers then are used to maintain a fixed relationship between the
STS/STM-frame boundaries and the position of the containers mapped into
the payload.

| Page 30 of 68
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The Traditional Carrier Network Architecture 13

Providing Carrier Class Network Availability

Network availability, in particular, becomes a key design criteria in the case of
providing telephony services, because these services usually require a nearly
100% uptime. The network must be designed to handle fiber cuts, as well as
equipment failures. SONET/SDH has been specifically designed to fulfill that
requirement.

In 2 SONET/SDH network, there is always some capacity reserved for pro-
tection purposes. Figure 1-6 illustrates that, in a typical ring architecture, there
is always a working fiber (ring) and a protection fiber (ring). Usually in
SONET/SDH, the protection path is not used under normal transport condi-
tions; only in the case of a failure is the capacity of the protection path used to
reroute and restore traffic affected by the failure. This rerouting is done solely
based on the SONET/SDH network availability information and does not take
into account any higher layer forwarding and reachability requests, i.e., ATM or
IP reachability and availability information.

In the SONET/SDH frame overhead performance monitoring and protec-
tion information is exchanged. This information is used to implement a signal-
ing protocol for protection switching, which is then used by the SONET/SDH
network elements to communicate with each other and to perform required pro-
tection switching.

A

A\

,/\\.“~ |

protection ™~ --J-I.f
ring 1N

Figure1-6  SONET/SDH provides comprehensive protection options
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ing units of ATM are small, fixed-length data packets, so-called cells, with a
fixed size of 53 bytes—thus the term cell switching. Because the cells have a
small and fixed size, ATM switches can forward cells from one interface to
another very quickly. In fact, it was one of the key design goals at the time to get
a forwarding plane capable of switching information quickly (at interface speeds
up to several Gbps) between different interfaces of ATM switches. Interestingly
enough, in today’s most advanced packet switches (routers that forward vari-
able-length packets), the internal structure is also very often based on fixed-
length cells, although these cells are, in most cases, of different size than 53-byte
ATM cells.

ATM allows carriers to transport traffic via end-to-end connections across
ATM networks with a predictable and very small delay. This is the key enabler
for delivering voice and data services with a certain QoS in terms of available
bandwidth, delay, and jitter.

ATM switches are typically interconnected with optical interfaces to the
SONET/SDH hierarchy. The physical specifications have been taken from the
SONET/SDH recommendations to ensure interoperability and the capability
to directly connect ATM switches to SONET/SDH network elements.

ATM Reference Model

The ATM architecture uses a logical model to describe the functionality it sup-
ports. ATM functionality corresponds to the physical layer and part of the data
link layer of the Open Systems Interconnection (OSI) reference model.

The ATM reference model is composed of three planes that span all layers.
The control plane is responsible for generating and managing signaling requests.
The user plane is responsible for managing the transfer of data. Finally, there is
the management plane, which consists of two components:

1. Layer management: This component manages layer-specific functions,
such as detection of failures and protocol problem:s.

2. Plane management: This component manages and coordinates functions
related to the complete system.

The ATM reference model is composed of the following ATM layers:
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world. The payload is used as one big container. That means that the four VC-
4s are glued together; the big container is called a VC-4c.

To be able to distinguish between a SONET/SDH interface in standard
TDM mode or in concatenated mode, a “c” is appended to indicate concatena-
tion. For example, an OC-3c is a 155-Mbps SONET interface that can be used
with ATM switches. An OC-3 SONET interface cannot be used with ATM
switches but is used instead for standard SONET applications. By using the
entire interface bandwidth as one big transport unit, the ATM cells can be
dynamically mapped into it. This method is also referred to as statistical multi-
plexing and is much more efficient for transporting dynamic and elastic data
traffic than is fixed TDM.

On top of the SONET/SDH network, a meshed ATM network can now be
set up (Figure 1-8). The ATM switches are interconnected by concatenated
SONET/SDH interfaces, for example, STS-12¢/STM-4c or others.

Logical ATM Topology
ATM Switch

_____ 4..- - Physical Connectivity
qqqqqqqqqqq to the SONET/SDH

Network

= II'

Figure1-8  The ATM network is built on top of the SONET/SDH network to introduce
statistical multiplexing

Transport Multiple Services across a Single Network
The ATM adaption layer (AAL) is responsible for transforming the client sig-
nal into ATM cells. To be able to transport different types of traffic, such as
voice, mission-critical data, and Internet traffic, different types of AAL have
been defined.

The AAL translates between larger service data units (SDUs; for example,
video streams and data packets) of upper-layer processes and ATM cells. Specif-
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Synchronous samples (for example, 1 byte of data at a sampling rate of 125
pseconds) are inserted in the Payload field. Sequence Number (SN) and
Sequence Number Protection (SNP) fields are added to provide information
that the receiving AAL1 uses to verify that it has received cells in the correct
order. The remainder of the Payload field is filled with enough single bytes to

equal 48 bytes.
S R Service Type
| RREREEEE :[H!nharl_.mrnm ““““““ YT
— 'I‘Fff“'V'f ......... B .
I Samples : | |
IERR
] - --
c | Number (SN)
= Synchronous
-4 soibyts Sequence Number Sampling
3 B I Protection (SNP)
o
g ATM
-~ | Cell - Header
| W Cell Payload |
H | CellPayload R ATM Layer

Il Lenath (53 byte
i_'f_al ength (53 by EI’__
Figure1-9  AAL1 maps synchronous samples into the 53-byte big ATM cells

AAL2
AAL2 is optimized for the transport of variable-bitrate, time-dependent traffic

over ATM. As with AAL1, the SAR provides for a sequence number, but in
addition, a given cell will contain a designator as to whether it is the beginning,
middle, or end of a higher layer information frame.

Appended to the SAR SDU is a length indication (LI) and a cyclic redun-
dancy check (CRC). The resultant SAR-protocol data unit (PDU) is delivered
to the ATM layer, where it forms the payload (ATM-SDU) of the ATM cell
(ATM-PDU). An AAL2 cell can also be partially filled; in this case, unused
bytes are padded.

The most important use for AAL2 is transfer of video, although AALS got a
lot more momentum for this application. With some vendors implementing
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variable bit rate (VBR) over AAL1 for variable-rate voice, AAL> may p,
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Figure 1-10 The AAL 3/4 incorporates two sublayers, the CS and the SAR

AALS
AALS is the primary AAL for data and supports both connection-oriented an_d
connectionless data. It is used to transfer most non-SMDS data, such as Classi-
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Figure 1-11 The AALS also incorporates two sublayers, the CS and the SAR

ATM Services

ATM is a connection-oriented networking technology. As we will see through-
out the following description, connection-oriented networking differs signifi-

cantly from connectionless networking. One can best explain the differences by
thinking of normal life examples.

Connectionless networking means that one sends data into a network, and
the network knows itself by analyzing certain parts of the data (in IP networks
for example, the destination IP network address) where to fﬂwd s ;lm
This process is also generally known as routing. Today’s Interr}et is, ]:0 ﬂﬁﬁ
extent, built on that approach. For connectionless networking, © E;Eeﬂ can
should be also aware that each data unit (in IP, generally Caﬂftd ngafconnc«:'
take a different path through the network, whereas, as we will ¢ee 5
tion-oriented networking, all data always travels the same path.  from e

Connection-oriented networking is very much the same as we kﬁ:er, s
good old telephone service. If you want to place a call to a remn;ﬁnc the &¢
up the phone (initiate connection setup), then dial the number ( ally, et the
nation of the remote user where the call should be set up); 2%
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telephone network establish the connection. After this successful setup, both
parties can talk (exchange data in connection-oriented networking—often
referred to as the data transfer phase), and after finishing the conversation, both
parties hang up (they tear down the connection). So we have three phases: con-
nection setup, data transfer, and connection teardown.

End-to-end connectivity is achieved by provisioning virtual connections
through the ATM network. Each ATM switch in the meshed network along
the path of a virtual connection is configured to switch the virtual connection
from the incoming interface to the right outgoing interface.

There are three types of ATM services:

1. Permanent virtual connection (PVC)
2. Switched virtual connection (SVC)

3. Connectionless service (which is similar to SMDS)

PERMANENT VIRTUAL CONNECTION
A PVC allows direct connectivity between sites. In this way, a PVC is similar to
a leased line.

Advantages of PVCs are the guaranteed availability of a connection and the
fact that no call setup procedures are required between switches. Disadvantages
of PVCs include static connectivity and the manual administration required to
set up.

SWITCHED VIRTUAL CONNECTION
An SVC is created and released dynamically and remains in use only as long as

data is being transferred. In this sense, it is similar to a telephone call. Dynamic
call control requires a signaling protocol between the ATM endpoint and the

ATM switch.
Advantages of SVC include connection flexibility and call setup that can be
automatically handled by a networking device. Disadvantages include the extra

time and overhead required to set up the connection.

ATM Virtual Connections
ATM networks are fundamentally connection-oriented. This means that a vir-
tual channel (VC) needs to be set up across the ATM network prior to any data
transfer. (A virtual channel is roughly equivalent to a virtual circuit.)

ATM connections are of two types:
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1. Virtual paths, identified by virtual path identifiers (Vp
2. Virtual channels, identified by the combination ¢ Is)
channel identifier (VCI) *VPlag, .
Vi

A virtual path is a bundle of virtual channels, a] of which iy
parently across the ATM network on the basis of the com e s""'it'ihedt_,a
and VPIs, however, have only local significance across 4 pa:-ﬂn VP| g
remapped, as appropriate, at each switch. tcul l

A transmission path is a bundle of VPs. Figure 1

ar ik
12 sh e
: . — 1< showsg
enate to create VPs, which, in turn, concatenate to how VCs Congy

Path,

VC1.n
ver,.,

YC1..n
VCi.n

Figure 112 A typical ATM transmission path includes numerous virtual paths whi
themselves includes multiple virtual circuits « Which

ATM Switching Operation

The basic operation of an ATM switch is straightforward. A cell is received
across a link on a known VCI or VPI value. The connection value is then looked
up in a local translation table to determine the outgoing port (or ports) of the
connection and the new VPI/VCI value of the connection on that link. Then
the cell is transmitted on that outgoing link with the appropriate connection
identifiers. Because all VCIs and VPIs have only local significance across a pir
ticular link, these values get remapped, as necessary, at each switch.

ATM Addressing -
The ITU-T standardized upon the use of telcphone-number-hkc -
addresses for public ATM (B-ISDN) networks. s I

The ATM Forum extended ATM addressing to include private "0,
decided on the “subnetwork” or “overlay” model of addressing, l:s o ATM
ATM layer is responsible for mapping network layer address

R
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2. DCC format: In this case, the IDI is a data country code o
identify particular countries, as specified in 1SQO 3166, § ooy
are administered by the ISO National Member 1':'.ﬂd}r i ea:]:h ad >y

3. ICD format: In this case, the IDI is an internationa] o Cﬁuntr}:
(ICD). These are allocated by the ISO 6523 registration a.j dts’,ignatur
British Standards Institute). ICD codes identify partic, thor;

13.1' i [thl'.‘
. . ng s
organizations. Emaflﬁn;l
The ATM Forum recommends that organizations or private networl
providers use either the DCC or ICD formats to form their own ny Sl:nm
Mber
P]ﬂn. nng
Figure 1-13 shows the three formats of ATM addresses for use in Private
net-
works. ¢
DCC ATM Format
AFl | pce HO-DSP ESI - l
- IDP
— o1 —

ICD ATM Format

AFl ICD HO-DSP ESI SEL

! IDP
L o1 —

NSAP Format E.164

AFl E.164 HO-DSP ESI J—Eﬂj

——— IDP ]
IDI |

d NSAP
Figure 113 There are three address formats used in ATM networks: DCC, ICD. 3"
addresses

ATM anlit}r of Service

o
ATM supports QoS guarantees comprising the following component
contract, traffic shaping, and traffic policing.

rlﬂi.:
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When an ATM end-system connects to an ATM network, it is making a
“contract” with the network based on QoS parameters. This traffic contract
specifies an envelope that describes the intended data flow. This envelope speci-
fies values for peak bandwidth, average sustained bandwidth, burst size, and
more.

ATM devices are responsible for adhering to the contract by means of traffic
shaping. Traffic shaping is the use of queues to constrain data bursts, limit peak
data rate, and smooth jitter so that traffic will fit within the promised envelope.

ATM switches can use traffic policing to enforce the contract. The switch can
measure the actual traffic flow and compare it with the agreed-upon traffic enve-
lope. If the switch finds that traffic is outside of the agreed-upon parameters, it
can set the cell loss priority (CLP) bit of the offending cells. Setting the CLP
bit makes the cell “discard eligible,” which means that any switch handling the
cell is allowed to drop the cell during periods of congestion.

ATM Signaling and Connection Establishment Overview
ATM signaling is a set of protocols used for call/connection establishment and
clearing over ATM interfaces. The interfaces of interest to the ATM Forum are
illustrated in Figure 1-14.

*ﬁ_ Public Network
</ e e
-'-"' -;"._.m- "_."
/ ; : : x : _ .} Public Network

--------- PRSI / =r
Public UNI l Private ATM BiCI ‘..‘ ’_,"'

Network =

Private UNI

UNI ... User-to-Network Interface

N o NNI ... Network-to-Network Interface
4 Private NNI B-ICI ... B-ISDN Intercarrier Interface

Figure 1-14  There are several types of interfaces specified by the ATM Forum

The public UNI is the user-to-network interface between an ATM user and a
public ATM network. The private UNI is the user-to-network interface
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rivate ATM network. B-ISDN intercappie. .
network interface between two public ::1
or switching systems. Private-*to—ncrfmrk node interface '(NP'JI} is the ne‘_ht::ﬂ‘s
to-network interface between two private l'.IEtWDIkS or switching systems, rk-
When an ATM device wants to estabhsl} a C.Onnﬂctiu“ with anothe, i
device, it sends a signaling request packet to its du:ectl}r connected ATM e i’l
This request contains the ATM address of tht;: desired ATM endpoint, a e
ired for the connection. as

any QoS parameters requl '
ATM signaling protocols vary by the type of ATM link. UNT -"lgnaiing "

used between an ATM end-system and ATM switch across ATM UNL np;
signaling is used across NNI links.

between an ATM user and a p

n
face (B-ICI) is the network-to- ter.

SIGNALING STANDARDS _
The ATM Forum UNI 3.1 and UNI 4.0 specifications are the current standards

for ATM UNI signaling. The UNI 3.1 specification is based on the Q.2931
public network signaling protocol developed by the ITU-T. UNI signaling
requests are carried in a well-known default connection: VPI = 0, VPI = 5. For
further reading, see the ATM Forum specification “ATM User to Network
Interface Specification V3.1” [AF-2] or the ATM Forum Specification “UNI
Signaling 4.0” [AF-3].
ATM CONNECTION ESTABLISHMENT PROCEDURE

ATM signaling uses the “one-pass” method of connection setup used in all mod-
ermn telecommunication networks (such as the telephone network). The ATM
connection setup procedure works as follows. The source end-system sends a con-
nection signaling request. The connection request is propagated through the net-
work and reaches the final destination. The destination either accepts or rejects the
connection request and, in case of accept, the connections get set up through the
network. Figure 1-15 highlights the “one-pass” method of ATM connection
establishment.
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A
Connectlon
: to “D"
w \ Connectlon
" B
. =

tu .D. c
ARcopt x - Connection
A e :x: \1: "D
Accept NG

Figure 1-15 During the connection establishment, a request from the source end-
system is propagated through the ATM network and either accepted or rejected by the
destination end-system

CONNECTION REQUEST ROUTING AND NEGOTIATION
Routing of the connection request is governed by an ATM routing protocol.

ATM routing protocols route connections based on destination and source
addresses, and the traffic and QoS parameters requested by the source end-sys-
tem. These routing protocols are usually either proprietary ones or the ATM
Forum standard Private NNI routing protocol (PNNI).

The goal of the ATM Forum was to define NNI protocols for use within pri-
vate ATM networks or, more specifically, within networks that use NSAP for-
mat addresses. Meanwhile, public networks that use E.164 numbers for
addressing are interconnected using a different NNI protocol stack, based on the
ITU-T B-ISDN user part (B-ISUP) ISUP signaling protocol. Negotiating a
connection request that is rejected by the destination is limited because call
routing is based on parameters of initial connection, and changing parameters
might, in turn, affect the connection routing

Providing Internet Services at the IP Layer

Introducing the IP Layer on Top of the ATM Layer
For IP service delivery, the network layer and higher layers are required. Thus,
IP routers are usually connected to ATM switches, which are interconnected
across the ATM network by provisioning ATM virtual connections, as shown in
Figure 1-16. These connections can be either static (where they are called per-



-

manent virtual connections, or PVCs) or dynamic (wher
switched virtual connections, or SVCs).

30 Chapter1» INTRODUCTION TO CARRIER NETWORK ARCHITECTURES

e they are cal

Logical IP Topology

Physical Connactiulty
to the SONET/SDH
Network

= III
Logical ATM Topology

Figure1-16 P routers are connected to ATM switches, and virtual circuits are used to
deploy the desired IP network topology

There are several methods used for running IP traffic over ATM networks.
The first solutions used CLIP, defined by RFC 1577 [IETF-30].

In this case, the routers use an address resolution server—called the ARP
server—to find out the ATM addresses to connect to in order to reach an IP
destination network. This approach is commonly known as the overlay model
because the routers connected via an ATM cloud have no glue and, furtherm ﬂ;;
cannot influence how the ATM network will set up a connection to reach i .
destination. There are severa] issues in terms of scalability and optimized mui
ing throughout the ATM network, because CLIP works only in an IP subFE '
and the ATM routing protocols have no information about the real HEEdEPﬂwas

& traffic delivery in terms of IP QoS, multicast, and others. Althgugh l:f]‘.,lmr:“:ﬂi
£ enhanced by additional Protocols, such as Next Hop Resolution Pr
5 (NHRP) to overcome the limitation of suboptimal routing between s?bnc:;u i
.' s QoS mapping and IP-optimized connection
73 throughout the ATM network could not be solved. e the
Thus, the industry came Up with other solutions by trying to CﬂmblT st
knowledge of 1P destination reachability with the ATM backbon¢>

el
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approaches are F“mm“’"l}' known as peer-to-peer solutions, because they can be
viewed as running IP and ATM routing protocols on the same layer, making
them real peers and making the ATM switches IP aware, thus enabling them to
set up IP-optimized routes during connection establishment. There were several
approaches, mostly driven by single vendors, such as IP switching, or TAG
switching. Finally, MPLS became the standard way to go. It is currently already
very stable because it is defined by the Internet Engineering Task Force (IETF)

in several Internet standards (RFC) and will be discussed in the following para-
graphs of this section.

Using Multiprotocol Label Switching for Delivering IP Services

SCALABILITY ISSUES OF STANDARD IP ROUTING PROTOCOLS
Normal IP routing is based on the exchange of network reachability information
via a routing protocol, such as Open Shortest Path First (OSPF) or others. The
routers are examining the IP destination address contained in the IP header of
each incoming packet and are using the network reachability information to
determine how to forward the packet. This process, also called routing lookup, is
independently performed at each router-hop along the path of a packet.

As described before, the IP network is typically deployed on top of an ATM
infrastructure. This layer-2 network is completely independent from the IP net-
work. This fact leads to two major scalability issues.

First, to provide optimal routing in the IP network, any-to-any connectivity
between all routers is desired. This leads to the demand for n*(n-1)/2 virtual
connections provisioned in the ATM network. Hence, whenever a router is to
be added, a virtual connection has to be provisioned to each other router.

Second, network failures or topology changes provoke massive routing proto-
col traffic. Each router has to send routing updates across each virtual connec-
tion it is connected to in order to inform its neighbor about the new IP network
reachability situation.

From the routing design point of view, another issue can be seen. As an exam-
ple, consider a typical Internet service provider (ISP) network in which there are
multiple routers at the edge of the network having peering relationships with
other ISP routers to exchange routing information and to achieve global IP con-
nectivity. To be able to find the best path to any destination outside the ISP’
network, the routers in the core of the ISP network must also know all the net-
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work reachability information that the routers at the edge learn frop, the
they are peering with. Hence, all core routers in the 'ISP network myg, ma? e,
the entire Internet routing table, which requires a high amount of Miciiiy nitaj
leads to high CPU utilization. The solution to that issue is a forwg, dingr]: ang
nique where global network reachability is handled at the edge ang Packe:;h*
warding “rules” are propagated to the core network. or-

THE CONCEPT OF USING LABELS AS FORWARDING INFORMATION
MPLS intends to address the outlined issues. MPLS has been standardizeg
within IETF over the past few years. MPLS introduces a fundamenty New
approach for deploying IP networks. It separates the control mechanism from
the forwarding mechanism and introduces the “label” used for packet forwgq.
ing.

gl\dPLS can be deployed in router-only networks to address the routing proto-
col design issues or can also be deployed in ATM environments for integrating
both the layer-2 and layer-3 infrastructure into an IP + ATM network. An
MPLS network consists of label switch routers (LSRs) in the core of the net-
work and edge label switch routers (Edge-LSRs) surrounding the LSRs, s
shown in Figure 1-17.

Swap Label
llal to *‘-

Uniabeled Swap Label |._...coce
Packet

t3_. 3

Add Label e T
l|1b| o

- - the
Figure 1-17  Edge-LSRs are imposing labels at the ingress side that are then used Wme

LSRs in the core to forward the traffic along the desi are removed again &
egress side by an Edge-LSR 9 sired path and

o -LSRs
W:t.hm the MPLS network, traffic is forwarded using labels. The Edg’-;; and
at the ingress side of the MPLS cloud are responsible for assigning the i
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work reachability information that the routers at the edge learn
they are peering with. Hence, all core routers in the ISP networ
the entire Internet routing table, which requires a high damount of m

leads to high CPU utilization. The solution to that issue is a !"«::vl"-'-rar'q&:l['n
nique where global network reachability is handled at the edge and i
warding “rules” are propagated to the core network.

from the

Toy
k musg e

Ory anq

Ng tech.
Packet for.

THE CONCEPT OF USING LABELS AS FORWARDING INFORMATION
MPLS intends to address the outlined issues. MPLS has been st
within IETF over the past few years. MPLS introduces a funda
approach for deploying IP networks. It separates the control mec
the forwarding mechanism and introduces the “label” used for pa
ing.

MPLS can be deployed in router-only networks to address the routing proto-
col design issues or can also be deployed in ATM environments for integraﬁng
both the layer-2 and layer-3 infrastructure into an IP + ATM network. An
MPLS network consists of label switch routers (LSRs) in the core of the net-

work and edge label switch routers (Edge-LSRs) surrounding the LSRs, s
shown in Figure 1-17.
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Figure 1-17  Edge-LSRs are imposing labels at the ingress side that are then used %
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LSRs in the core to forward the traffic along the desired path and are removed 292112
egress side by an Edge-LSR

Edge-LSK

¢ label and

Within the MPLS network, traffic is forwarded using labels. '.Thﬁ
at the ingress side of the MPLS cloud are responsible for assigning th
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forwarding the packets on to the next-hop LSR along the path that the traffic fol-
lows through the MPLS cloud. All LSRs along the path use the label as an index
into a table that holds the next hop information and a new label. The old label is
exchanged with the new label from the table and the packet is forwarded to the
next hop. Using this method implies that the label value has only local signifi-
cance between two LSRs. At the egress side of the network, the label is removed,
and traffic is forwarded, using normal IP-routing protocol mechanisms.

MPLS introduces the term forwarding equivalent class (FEC). An FEC is a
group of packets that share the same attributes while they travel through the
MPLS domain. These attributes can be the same destination IP network, the
same quality of service class, the same Virtual Private Network (VPN), etc. An
FEC can also be a combination of some of these attributes. A label is assigned
to each FEC (Figure 1-18), so all packets belonging to the same FEC will get
the same label assigned from the LSR.

0 1 2 3
01234567890123456789012345678901

Type EXP |S L

Figure 1-18 Each FEC gets its own locally unigue label assigned, which is construed of
four fields

The MPLS architecture allows that multiple labels forming a label stack are
assigned to a packet. This might be for traffic engineering purposes, where one
label is used to represent a tunnel and the other label to represent the FEC.
Another possibility might be that one label is used to denote a certain VPN
identifier, and another label is the FEC used for forwarding traffic across the
provider network. To be able to distinguish whether label stacking is used, the
bottom of stack (S) bit is part of each label. It is set to one for the last entry in the
label stack (i.e., for the bottom of the stack) and zero for all other label stack

entries,

Each IP packet has a time to live (TTL) field to prevent packets from looping
endlessly in a network. The TTL field maintains a counter that gradually decre-
ments down to zero, at which point the packet is discarded. A TTL 8-bit field is

also included in the MPLS label, mainly as a troubleshooting mechanism.
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Distribution Protocol (LDP) is used to exchange the information on which pre-
fix is associated with which label. To exchange the information on which VPN is
associated with which label, the most common protocol is Multiprotocol BGP
(MP-BGP). However, there is a variety of different protocols that enable the
exchange of label-mapping information between LSRs.

Considering LDP as the protocol to be used, the label information is
exchanged as follows. LDP uses downstream label allocation. This means that an
LSR is told by its downstream neighbor which label to use when forwarding a
packet belonging to a certain FEC out of the desired interface (Figure 1-20).
Basically, there might be two situations. If the downstream LSR explicitly asks
for a label binding for a certain FEC, and the downstream LSR answers with a |
label-binding message, this is called downstream on demand. If the upstream
LSR did not ask for a specific label binding, and the downstream LSR sends out
a label-binding message, this is called unsolicited downstream or simply down-
stream label distribution. Binding for the incoming label values is performed

locally.

Upstream LSR
= Packets with

Label n
Label Mapping
wﬂge for Label n

Downstream LSR

Packets with
Label n

1. Label Request
Message for Label n

2. Label Mapping
Message for Label n

Downstream LSR

Figure1-20  The LDP uses downstream label allocation, which might be requested by the
upstream LSR (left half) or forced by the downstream LSR (right haif)

The Jorwarding plane contains one information structure, which is a cache
called label-forwarding information base (LFIB). The LFIB cache handles the
actual packet-forwarding process. It contains information such as incoming
label valye, outgoing label value, prefix/FEC, outgoing interface (and encapsula-

tion type of this interface), and the next hop address.

e o ¢°



Page 59 of 68

ss, this cache contains all re

ding proce ,
et-for gf cell through the LSR. Tiired Infy,

MPLS-'BJKSED 1 e the main application
of MP ¢ later drafts, We S€€ that the au thnr::rMPLS .
such as VvPNs and traffic E"ginﬁerin:fn g
epts can De used as real diffc.rentiators bﬂcnwecn legacy- rit:%
these coﬂchﬁp rworks. Service pmmde:rs are trying to create and se|| net.
that they can use to differentiate the valye.
a step up In the value chain. The ﬂppﬁmseh:!s
providers 0 offer VPN services based on IP, such a;g“gp
this technology very attractive for the market, It 4 /
“hype” for MPLS that we could see in the market ;::

the last two years: In our view, there s no slowdown of this situation visible o,

the horizon. _
The most-deployed MPLS application 1S the MPLS VPN. A typical MPLS
VPN network is shown in Figure 1-21. The customer aCCess routers, also called
customer edge (CE) routers, are connected to Edge-LSRs, acting as provider

ing two labels to each packet. One

edge (PE) routers. The PE routers ar¢ assign
label is rcprcscnting the VPN identifier, and the top label is used to forward the

packet through the network (Figure 1-21). The LSRs in the core of the network
are called provider (P) routers and are performing standard label switching using

the top label. The PE router at the egress side of the network is removing both
labels and is using the second label to determine tO which CE (VPN) the pack-

ets are to be forwarded.

from the com
for these service
MPLS VPNs, does make
explains 2 fittle bit of the
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Figure 1-21  MPLS VPNs—The PE routers use the label stack to determine to which VPN |
the routing information and traffic belongs

The second application makes use of the fact that the control plane is com-
pletely separated from the forwarding plane. Standard routing protocols com-
pute the optimum path from a source to a certain destination, considering a
routing metric such as hop-count, cost, or link bandwidth. As a result, one sin-
gle least-cost path is chosen. Although there might be an alternate path, only
the one determined by the routing protocol is used to carry traffic. This leads to
an inefficient utilization of network resources.

MPLS Traffic Engineering (MPLS-TE) introduces the term traffic trunk, in
which a group of traffic flows with the same requirements, such as resilience or
traffic priority. MPLS-TE provides traffic-driven IGP route calculation func-
tionality on a per-traffic-trunk basis. Other than with standard routing proto-
cols, which are only topology driven, utilization of network resources and
resilience attributes are analyzed and taken into account during path computa-
tion, As shown in Figure 1-22, multiple paths are possible from a source to 2
destinatiﬂn, and the best according to the current network situation is taken to
Ensure optimum network utilization.
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""" &  Tratfic Trunk from A to B
----- >  TratficTrunk from Ato C

Figure1-22  MPLS Traffic Engineering provides the ability to define and optimize the
path to be taken by the traffic across the network

Next-Generation Carrier Networks

The explosive growth of Internet/intranet traffic is making its mark on the exist-
ing transport infrastructure. An unprecedented shift has occurred in traffic con-
tent, pattern, and behavior. It has transformed the design of multiservice
networks and has created a commercial demand for IP networks that operate in
excess of 1 Gigabit per second. A change in usage patterns from fixed, config-
ured, connection-oriented services to dynamic, connectionless IP services is cur-
rently evolving. According to several studies, telecommunication revenue will
grow significantly in the near future, with data services, particularly IP, account-
ing for most of this increase. For public carriers, therefore, IP is critical for
future revenue growth. Figure 1-23 shows how fast IP data traffic has been

growing during the last few years and is expected to grow similarly in the next
years.
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Figure 1-23 Data traffic has already overtaken voice traffic

As IP traffic volumes have exploded in recent years, bandwidth requirements
for IP data have already reached limits that require the entire network architec-
ture to be restructured in order to cope with the exponential growth.

IP backbone interconnections have already reached interface rates of OC-
192/STM-64—thus, the highest level of SONET/SDH. Furthermore, the
massive transport inefficiency of ATM, with its overhead up to 30%, overrides
the advantages of the multiservice integration and QoS functionality.

As a consequence, the following trends and changes are forming the next-

generation carrier networks.

Eliminating Intermediate Layers in the Backbone

With IP as the dominant traffic in the network, the layered network architecture
IS no longer appropriate. The goal is to minimize the transmission overhead to
Maximize useful transport bandwidth. Certainly, complexity in provisioning,
Operations, network planning, and engineering must also be reduced to mini-
mize the service provider’s operational expenses (OPEX) and maximize the |

profit,
As can be seen from Figure 1-24, the SONET/SDH and ATM layers are

going to be eliminated, transforming the backbone network into a two-layer

Network at the final stage. Fault detection and resolution, and network restora-
tion become critical i issues. By reducing the intermediate SONET/SDH layer,
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Transforming toward a two-layer network architecture

IP over ATM over SONET/SDH over WDM (1)

Traditional service providers offering TDM, ATM, and IP services use it |
works consisting of all four layers: IP, ATM, SONET/SDH, and uputﬁf
WDM. The transmission efficiency is very low because of the high MTM ”;:ﬂ
head, including AALS and ATM cell overhead. High resilience 354 ‘-
cuts is provided through the SONET/SDH infrastructure but with 2 !:Eing
equipment cost and high operational costs, due to complex Pfﬂw:L-lt}, of
network management. WDM might be used to increase the cap

physical fiber plant by transmitting multiple wavelengths over

a singlﬂ fiber

.
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IP over ATM over WDM (2)
A similar approach is to eliminate the SONET/SDH Ia

ATM layer. Service providers with a high amount of layer 2 services, such as
leased lines and voice services, commonly use this approach and bui]d,a three-
layer network, using the IP, ATM, and optical/\WWDM layer. The drawback of
this architecture is, again, the inefficient transport of IP traffic because ATM is

still there. On the other hand, all the other advantages of ATM, such as the
strong QoS capabilities, remain.

yer but to maintain the

IP over SONET/SDH over WDM (3)

Alternative datacentric service providers today commonly implement a three-
laver network architecture using the IP, SDH, and optical/WDM layer. Packet
over SONET/SDH (POS) technology is used for transporting IP data directly
over SONET/SDH infrastructure to eliminate the inefficient ATM transmis-
sion layer. SONET/SDH infrastructure might already be installed because it is
in widespread use (especially in Europe) and can be used to provide protection
functionality. It can also be used to transport legacy voice traffic.

IP over WDM (4)
The fourth approach is to eliminate both the SONET/SDH and ATM layer,
thus building only a two-layer network using the IP and optical/ WDM layers.
This approach is commonly known as an gptical network and is mostly taken by
service providers delivering data services and voiceover data service (VoIP).

The transport efficiency is optimized because the ATM layer .is rcmmr.ﬁd. The
initial equipment is reduced because no SONET/SDH equipment is used.
WDM technology may be used to increase the capacity of the fiber plant.

Handling Fiber Capacity Exhaust

To meet the exponential growth in bandwidth demand of today’s prf}vidcr net-
works, Waveltngth Division Multiplexing (WDM) tcchnn}agy is used to I
increase fiber capacity. Multiple wavelengths are sent over a'smgle fiber. ]:“:ach

Wavelength channel is capable of carrying any type of client signal. These client !
signals can be either ATM or SONET/SDH traffic but will mostly be IP traffic. n
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ing, reconfiguration for optimizing network resources, and protection and resto-
ration at the wavelength level.

Wavelength routers are huge cross-connects, switching wavelengths through
a meshed optical network (see Figure 1-25). Through the wavelength-routing
capability implemented in the wavelength routers, end-to-end wavelength paths
can be dynamically provisioned and restored. By managing the network at wave-
length granularity, intelligent optical network elements scale to meet upcoming
demands. Furthermore, carriers are able to assign different QoS levels or service
types to wavelength paths.

Active Optical Path

Failure

ATM Switch

)

Dynamically Established

Wavelength Protection Path

/f- \\ .-?-'-
Router T~
g 3
LA

Figure 1-25  wavelength provisioning using wavelength routers

Wavelength routers have a lot of additional benefits, such as rapidly increas-
ing connectivity between service nodes, allocating bandwidth as dictated by ser-
vice demands, and restoring connectivity between service nodes in event of
failure, In addition, they allow providers to allocate restoration bandwidth
according to business drivers, to simplify service network architectures, to offer

= Page 66 of 68




Chapter 1 » INTRODUCTION TO CARRIER NETWORK ARcy UTECTyR
S

next-generation bandwidth services with varying Qog ”
ties, and to scale and introduce new technologies casily in Wav.g;ehgth

A very important fact that must be mentioned is thattﬁhfheir “Ptiqg:f""lln-
capacity will lead to higher costs if bandwidth i Bt m: e uf%'
possible to manage the massive amount of new capacity ]:_ag'_"’able, I rn:ht*
technology and to provision appropriate customer S€rvices U];:dg.;d by the
two approaches for managing a network. Centralizeq .. asically, M
rapid provisioning; a single action propagates react i

the
Manage Te
- m
10ns th cn
to activate a pa:tlcular SEIVICce or initiate reroutin

e
roughoys the Mlry,
£ acros %

: rmi ; ; : S an alternay:
With distributed management, intelligence is put i CrNatiy,

nto every p fOute
and the network has “self-healing” capabilities. Therefore n?m:::irk lemey,
2 Clemeny

react to failures without operator intervention and Provide real-tip,
: : = € SUryn-i:
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summary

In this chapter, we presented an overview of how traditional carrier netyyg,
have been designed until today. These designs have resulted in a complex e
work architecture, consisting of multiple network layers, where WDM provids
optical transmission capacity, SONET/SDH delivers resilience against fibe
cuts, ATM enhances the bandwidth utilization through statistical multipleing
and provides certain QoS functionality, and IP (on top of that architectr
delivers the interface to the service providers’ data service offerings.

In contrast to these past implementations, next-generation carrier nmmh
will be optimized for delivery of IP services while providing up toa terabit
capacity in the most scalable and flexible way. They will also provide m’!ﬂ
less, end-to-end provisioning. The key to this transition is to trm_'tﬁfﬂi‘l‘}" S
multilayer network into a two-layer network, meaning transporting . =
on top of the optical layer. Having discussed these trends, we can “dﬂl::m.’
to the current and most popular standardization activities in this In€E
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