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Unit 3
Digital Carriers

Unit Objectives
After completion of this unit you will be able to identify and describe the following concepts:
1. T-carriers .
a. Hierarchy
b. Framing and overhead
c. Associated Equipment
2. SONET
Hierarchy
Architecture
Associated Equipment
Framing and overhead
Payload mapping
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Overview

This section provides an overview of two modern digital Time Division Multiplexing (TDM)
techniques: T-carriers and SONET (Synchronous Optical Networks). The T-carrier system is a
first generation TDM technology originally developed by AT&T for carrying digital voice.
SONET is a second generation TDM technology developed in cooperation with other countries,
making it a global standard.

3-1  T-Carriers

Because the T-1 (1.544 Mbps) is the basic level of the T-carrier hierarchy it will be the main
focus of this section. The T-1 system was developed in the early 1960s for the purpose of
increasing the carrying capacity of existing trunk facilities while maintaining good voice quality.
A T-1 carrier consisted of 24 digital voice channels, each channel operating at 64 Kbps, carried
over two cable pairs. The T-1 was first offered as a tariffed service to customers in the early
1980s. Since that time T-1s have carried not just voice, but a variety of traffic from a customer
premise to the central office (CO) of the service provider. Once at the CO, the T-1 is typically
multiplexed with other T-1s on to a carrier system heading in the direction of the destination.
Figure 3.1 illustrates a typical T-1 application at a customer premise.
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Figure 3.1 Typical T-1 Application
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As you can see in Figure 3.1, many types of equipment and services can be multiplexed over the
T-1 link to the CO.

The original multiplex equipment for a T-1 was called a channel bank. The channel bank
aggregated 24 digital voice sub-channels, each at 64 Kbps, referred to as DS-0s (Digital Signal
Level 0) into a DS-1. The term T-1 was originally defined by AT&T as the carrier that
transported the DS-1 signal from a channel bank. Nowadays these two terms, T-1 and DS-1, are
used interchangeably.

3-1.2 T-Carrier Hierarchy

Before going further it would be a good idea to show the T-carrier hierarchy. Remember: A T-
carrier transports a Digital Signal of a specific level. Refer to the following table showing T-
carrier hierarchy.

Carrier System  Digital Srignal Level #0fDS-0s #ofT-1s Bit Rate (Mbps)

T-1 DS-1 24 1 1.544
T-1C DS-1C 48 2 3.152
T-2 DS-2 96 4 6.312
T-3 DS-3 672 28 44.736
T-4 DS-4 4032 168 274.176

One important aspect of the T-carrier hierarchy is that it is often referred to as an asynchronous
Digital Hierarchy. This is because higher levels in the hierarchy are not integer multiples of a
lower level in the hierarchy. Example: A T-1 divided into a T-2 would equal exactly two if the
hierarchy were synchronous (same timing), but if you divide 3.152 Mbps by 1.544 Mbps the
result will be 2.041450777. This is because the T-carrier system was designed to accommodate
the slight differences in timing among many T-carriers not using the same timing reference. So,
in order to accommodate different timing references, extra overhead was added at each level
above T-1. The process is called bit stuffing (discussed in unit 2).

The DS-1 multiplexes by interleaving bytes (8 bits). The multiplexing levels above T-1 use bir
interleaving. The combination of bit interleaving and bit stuffing means that DS-0 signals
cannot be directly extracted from multiplex levels above DS-1. So, in order to cross-connect
DS-0s, they must first be de-multiplexed down to a DS-1 level.

3-1.3 T-1 Framing

Due to the plesiochronous (nearly same timing) nature of T-carriers, the framing at each level is
different. We will focus on T-1 framing, since it is the fundamental T-carrier level. There are
basically two types of framing used in modern T-1s: Superframe and Extended Superframe.
A T-1 frame consists of 193 bits.

Let’s take a look at how we get 193 bits per frame. First, each of the 24 voice circuits is
digitized using a process called Pulse Code Modulation (PCM). PCM samples voice at a rate of
8000 times per second. The amplitude each PCM sample is determined to be one of 256
possible levels. In order to quantify in digital terms 256 possible levels you require eight bits.
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So each digital voice circuit requires 8000 samples per second times 8 bits per sample or
64,000 bits per second per voice channel. Since there are 24 voice channels in a T-1, the bit rate
should be 24 times 64 Kbps or 1.536 Mbps.

Since a T-1 is 1.544 Mbps, the difference between the total of twenty-four (24) 64 Kbps circuits
and the actual T-1 rate must be added overhead. If you subtract 1.536 Mbps (24 - 64 Kbps)
from 1.544 Mbps (T-1 rate) you will have a difference of 8000 bps. This 8000 bits per second
is indeed the T-1 overhead.

Let’s look at this in another way. A frame consists of twenty-four (24) 8 bit PCM samples. So,
24 times 8 makes a frame 192 bits long. The frame rate must equal the sample rate because a
new frame must be generated for each sample. With a frame rate of 8000 frames per second,
the bit rate without overhead will be 8000 times 24 voice channels times 8 samples per
channel or 1.536 Mbps. Adding one bit to each frame would increase the bits per frame to
193 and the total bit rate to 1.544 Mbps.

3-1.4 The T-1 Superframe Format
The first framing type we will consider is Superframe format—also referred to as a D4
Superframe. Refer to Figure 3.2 below.
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Figure3.2  T-1 Superframe Format

First, notice the D4 frame. One framing bit (overhead) and 24 channels consisting of 8 bits each.
The original D1 framing had no Superframe. Only 7 bits were used for voice samples and the
other bit in each time slot (least significant bit) was used for signaling purposes (example: on-
hook, off-hook). The only function of the framing bit was to allow for frame alignment—
knowing when the frame started. This was accomplished by alternating the framing bit between
1 and 0 on alternate frames. Later on it was decided that in order to improve voice quality, all 8
bits should be used. Since the rate was already set at 1.544 Mbps, they came up with the
Superframe concept.

A superframe sequence consists of twelve frames. Frames six and twelve of the superframe

sequence use 7 bits for encoding voice and one bit for signaling purposes. All other frames in
the sequence use 8 bits for encoding voice. This technique is referred to as robbed bit signaling.
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This technique requires a frame sequence pattern in order to determine when the sixth and
twelfth frames occur.

You can see in Figure 3.2 that the framing bit, instead of alternating between 1 and 0, has two
functions in Superframe format. The frame alignment pattern is now performed on odd
numbered frames. Notice the bit pattern of alternating 1s and Os is still present, but odd frames.
The framing bits for the even numbered are used for frame sequence alignment. The pattern
generated over a twelve-frame sequence will be 100011011100.

3-1.5 The T-1 Extended Superframe Format (ESF)

The Superframe format is still in use today. It is typically associated with AMI line coding (refer
to unit 2). This is because the Superframe was developed when T-1s were transporting digital
voice and low speed data (56 Kbps). AMI allowed for in-service testing of T-1s by counting
bipolar violations in order to approximate the bit error rate of the link without taking the circuit
down for testing.

More efficient use of a T-1 for data transport required the use of clear channel techniques, such
as B8ZS line code (refer to unit 2). The problem with B8ZS is that it generates a pattern of
bipolar violations in place of a string of binary 0s. So, if you use B8ZS with Superframe
formatting you can’t count bipolar violations in order to approximate the bit error rate of the
link since bipolar violations are inherent to B8ZS line code. Extended Superframe allows for
in-service testing when using B8ZS. Refer to Figure 3.3 below.

Extended SuperFrame (ESF)
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Function | Framing Bit Position (Frame #)
Frame Sync.| 4,8,12,16,20,24

CRC-6 2,6,10,14,18,22 .
Data Link | 1,3,5,7,9,11,13,15,17,19,21,23 |

Figure 3.3  T-1 Extended Superframe Format

The Extended Superframe format has a sequence of 24 frames. The 8000 bits per second of
framing bit information is shared among three different functions (refer to Figure 3.3 for
framing bits used):

v Frame synchronization—knowing where the frame and ESF sequence start

v" Cyclic Redundancy Check—in-service error detection function

v" Data link channel—overhead for maintenance messages

The frame synchronization pattern allows for finding and maintaining both the frame and
extended superframe sequence. The CRC information allows for in-service testing when using
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B8ZS. Notice that the Data link channel uses half of the total 24 framing bits. This provides a
maintenance channel running at a bit rate of 4 Kbps.

3-1.6 T-Carrier Access Equipment
There are several types of equipment associated with T-carriers. We will break them into two
categories for explanatory purposes: Access equipment and Transport equipment. Figure 3.4
illustrates some of the types of Access equipment.

A) Access Mux (B
& L Channel Bank

Inverse Mux

(@_< ) . CSU

Figure3.4  Several Types of T-carrier Access Equipment

The Access Mux (Figure 3.4—A) is the type of equipment that would be used in the system
illustrated in Figure 3.1. It combines several inputs from different types of equipment (router,
PBX, etc.) into one T-1 for transport to the CO. It can provide full T-1 access or partial T-1
access.

A partial T-1 is referred to a Fractional T-1 service, a service offering in many areas of the
country. It is important to note that T-1 multiplexing equipment is used to provide Fractional
T-1 services. The Fractional T-1 service is provided by blocking some of the 24 time slots in
order to provide service at the data rate required by a customer. An example of this would be a
customer requiring a 384 Kbps data rate and not wanting to pay for a full T-1. The Access Mux
(and other types of Fractional T-1 capable equipment not considered here) would block all but 6
of the 24 time slots. Since each time slot is 64 Kbps then only 6 of the time slots are required
for 384 Kbps. The line rate to the CO will still be 1.544 Mbps even with fractional T-1

service.

The Channel Bank (Figure 3.4—B) was originally used for converting 24 voice circuits into 24
digital voice channels and then aggregating them into a T-1. Modern Channel Banks can
perform many of the functions of an Access Mux. It is often hard to tell the difference.

The Inverse Mux (I-Mux), shown in Figure 3.4—C, is used when a T-1 is not enough, but a T-3
(the next tariffed option) is too expensive. The I-Mux appears to be a backward mux with one
input on the customer side and many ports on the network side. The I-Mux takes in customer
traffic at a rate higher than a single T-1 and distributes it across several T-1s that together equal
the data rate of the customer’s input. This equipment can save thousands of dollars per month
for access costs, relative to the cost of a T-3.
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The last type of access equipment to be considered is the CSU (Channel Service Unit) shown in
Figure 3.4—D. The CSU functions as an interface between the customer equipment and the
network. The CSU provides line equalization and level adjustment. It also allows the CO to
initiate loop backs for test purposes.

3-1.7 T-Carrier Transport Equipment

Just as with access equipment, there are many types of equipment associated with transport. We

will take a look at two of them: Multi-level multiplexers and Digital Cross-Connect Systems.
(A)  Multi-level Mux (B)

Digital Cross-Connect System

7 Yolw,

P
} DS-2
: o

Figure3.5  T-Carrier Transport Equipment

The function of a multi-level mux is to aggregate traffic from lower level multiplex equipment.
Figure 3.5—A illustrates an M12 mux. Notice that it takes in 4 DS-1s and outputs a DS-2.
Remember, multiplexers above DS-1 perform bit interleaving. The following table lists common
multi-level multiplexers in T-carrier networks.

Common Multi-Level Multiplex Equipment

Mux Type #of Ports Input Signal Level Output Signal Level

MicC 2 T-1 DS-1C
Mi2 = T-1 DS-2
M13 28 T-1 DS-3
M23 4 T-2 DS-3

The Digital Cross Connect System (Figure 3.5—B) is a combination of a DCS (addressed in unit
2) and back-to-back multiplexers. You will recall that the function of a DCS is to take a time
slot (channel) from one port and place it into a time slot on another port. Since the higher level
multiplexers perform bit interleaving, the only way to access a DS-0 at a level above a DS-1 is to
de-multiplexed to a DS-1 level, cross-connected and then re-multiplexed a back to a higher level.
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Exercise 3-1 T-Carriers

Fill in the blanks.

1. A DS-1 has DS0s, each at a rate of

2. DS0s are sampled at a rate of samples per second.

3. A T-1 frame consists of information bits and of overhead.

4. The Superframe consists of frames, using frames and for robbed bit
signaling.

5 The Extended Superframe allows for detection of errors while in service by using
bits for a check.

6. A DS-3 is made up of DS-1sor DS-2s.

7. A customer needs to transport data at a rate of 5 Mbps. In order to do this the customer
will need to lease a T-3 or use a(n) and lease

8. A customer is using a Fractional T-1 service for transporting data at a rate of 256 Kbps.
The actual line rate to the central office will be Kbps.

9. Due to the slight difference between timing sources, T-carriers are considered to be

10.  The frame rate of a T-1 is equal to the rate of a DSO.
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3-2 SONET (Synchronous Optical Network)

SONET is a second generation Time Division Multiplexing (TDM) system developed in the
1980s to carry information at very high speeds over optical fiber. The focus of SONET
development was to provide the foundation for linking high-speed ATM switches and
multiplexers, providing users with B-ISDN (discussed in unit 6 along with ATM) compliant
services. It is an improvement over the T-carrier system in many ways. The following is a list
of some of the features of SONET:

Increased overhead for network management

Nodes are synchronous with each other

Single-step multiplexing due to byte interleaving at all levels

Designed for transport over optical fiber

Very high data rates—into the Gigabit region

Robust architecture for high availability (low down time due to link failure)
Compatible with international standards—Synchronous Digital Hierarchy (SDH)

NG s W~

3-2.2 SONET Hierarchy

In the SONET hierarchy, a Synchronous Transport Signal (STS) is carried over optical fiber by
an Optical Carrier (OC) of the same level. Unlike T-carriers, which are considered a North
American Standard, SONET is compatible with an international standard. The international
standard is Synchronous Digital Hierarchy (SDH).

The following table shows the SONET and SDH digital hierarchies. Not all of these levels are
actually supported by equipment. The currently supported levels are shown in bold type.

STS Level OC Level Transmission Equivalent# SDH Level
Rate (Mbps) of T-3s

STS-1 0cC-1 51.840 1

STS-3 0C-3 155.520 3 STM-1
STS-9 0C-9 466.560 9

STS-12 0C-12 622.080 12 STM-4
STS-18 OC-18 933.120 18

STS-24 0C-24 1244.160 24

STS-36 0C-36 1866.240 36

STS-48 0C-48 2488.320 48 STM 16
STS-192  OC-192  9953.280 192 STM-64

Notice that the STS and OC levels equal the number of T-3s that the particular level carries.

This is because SONET was designed to transport first generation carriers (T-carriers), so the

basis for the STS-1 was the ability to fit a T-3 into its payload. Before we go further, we need to

define some SONET terms.

v Payload: User data contained within a SONET frame. A payload can be a sub-STS-1 level
(T-1s, T-2s, etc.), STS-1 level (T-3 s) and super rate payloads.

v Super Rate Payload: An unchannelized frame giving a user the raw bit rate of the SONET
payload. A typical application would be ATM transport (discussed in unit 6)

v" Envelope: The portion of the SONET frame used to carry payload and end system overhead.

v Overhead: The portion of a SONET frame used to carry information for Operations,
Administration, Management and Protection (OAM&P).
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v Concatenation: Linking together of multiple STS-1 frames to form an envelope that is
capable of carrying super rate payloads. A concatenated link is an OC-Xe. The X indicates
the OC level that is concatenated. Example: OC-3c.

3-2.3 SONET Architecture and Equipment

SONET, similar to other telecommunications protocols, has a layered architecture. Layering
helps to break up tasks into specific levels. Although SONET is basically at the physical layer
in the OS] reference model (discussed in unit 5), within the physical layer it defines four
separate layers. Refer to Figure 3.6.

1. Path Layer: The end-to-end connection. This is where the customer information
originates and terminates.
2. Line Layer: The maintenance span. This is a segment between two SONET devices,
excluding the lower layer regenerators.
3. Section Layer: The regeneration section of the transmission link.
4. Photonic Layer: The optical properties of the transmission path. This involves the
sending and receiving of binary 1s and Os.
Path > Path
Line (e Line Line » Line
Section Section Section |e Section (< Section » Section
Photonic [+—{ Photonic Photonic | Photonic f« Photonic * Photonic
Figure3.6  SONET Architecture Layers

There are basically three types of equipment used in a SONET system. The equipment is
associated with the upper three layers of the SONET four layer architecture:
1. Path terminating equipment (PTE). An “end point” device responsible for formatting
and mapping of the user payload. An example of PTE is the Terminal Mux shown in
Figure 3.7.
Functions performed by Path Terminating Equipment:
v" Error checking
v" Alarm and performance information
v Structure of payload envelope
v" User communications channel

B Line terminating equipment (LTE). Equipment that provides services to the PTE. Refer
to Figure 3.7. An example of LTE is the ADM (Add/Drop Mux) which replaces the
back-to-back multiplexers used in first generation systems (T-carriers).

Functions performed by Line Terminating Equipment:

Automatic Protection Switching

Error checking

Alarm information

Data communications channel—576 Kbps

Voice (Orderwire) channel

SANANENEN
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3 Section terminating equipment (STE). Regenerating equipment. Refer to Figure 3.7.
The repeater is an example of STE.
Functions performed by Section Terminating Equipment:
Frame alignment
STS-1 Identification
Error checking
Data communications channel—192 Kbps
Voice (Orderwire) channel

SNENE RN

Section Section ~ Section '

Repeater Repeater ADM
__| Apm £TE T
LTE LTE

Line MUX

Path I

Line

ADM
LTE

MUX

Figure 3.7 A Simplified Diagram of a SONET System.
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3-2.4 SONET Framing and Overhead

We have seen that a SONET system has four layers with three basic types of equipment: Path
terminating equipment, Line terminating equipment and Section Terminating Equipment. Each
of these equipment types performs certain functions. We will now take a look at the overhead
associated with these functions and the user payload. We will use an STS-1 frame as our
example.

Refer to Figure 3.8. An STS-1 frame consists of 90 columns and 9 rows of octets (8-bits). The
SONET frame rate is 8000 frames/second. We can determine the actual transfer rate by using
the following calculation.

Transfer rate =9 rows - 90 columns -8 bits - 8000 frames = 51.840 Mbps

Path
Transport  Overhead
Overhead Synchronous Payload Envelope

Section
Overhead

PAYLOAD o

Line
Qverhead

|

N x 90 Octets

Figure3.8 STS-1 Frame

So, the transfer rate of an STS-1 is 51.84 Mbps. The first three columns of the frame contain
transport (Line and Section) overhead. Section overhead uses 3 columns and 3 rows, totaling 9
octets of overhead. Line overhead uses 3 columns and 6 rows, totaling 18 octets of overhead.
The other 87 columns make up the payload. The first column of the payload is for Path
overhead, allowing for 9 octets of Path overhead. We can determine the user payload by
subtracting the total overhead from the 810 octets (90-9) of the frame.

User payload rate = [( 9 rows -90 columns ) — (9 +18 )]~ 8 bits - 8000 frames = 49.536 Mbps

The user payload in an STS-1 Frame is 49.536 Mbps. You will notice that SONET has a great
deal more overhead associated with the transport of user information than the older T-carriers.
This extra overhead makes SONET a more robust technology that is easier to administer and

diagnose.
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3-2.5 SONET Payload Mapping

The next issue to consider is how the user information is mapped into the payload. Remember
that SONET is backward compatible with first generation carrier systems—T-carriers in North
America and E-carriers in many other parts of the world. The STS-1 was designed specifically
to fita DS-3.

When transporting first generation carriers that are less than a T-3, referred to as sub-STS-1
signals, these signals are mapped into “sections” of an STS-1 frame. These sections are each
called a Virtual Tributary (VT). Each virtual tributary section is independent. The VTs are
placed into the payload envelope in columnar format, grouped together into Virtual Tributary
Groups (VTG). There are exactly seven VT Gs in an STS-1.

When an STS-1 is configured to transport VTGs, there is no other type of traffic in the frame. In
other words, an STS-1 frame cannot be partially filled with less than seven VTGs and leave the
rest for other another traffic type (such as ATM).

The number of VTs associated with a VTG is a function of the level of the VT. The following
table provides a breakdown of SONET Virtual Tributaries.

VT Type Tributary Columns/VT #in VIG Max #in STS-1 Max # of DS-0s

VT1.5 DS-1 3 4 28 672
VT2 E-1* 4 3 21 630
VT3 DS-1C 6 2 14 672
VT6 DS-2 12 1 ) 672

*CEPT standard (international standard)

Let’s look at some rules regarding VTs and VTGs:
v" There are exactly seven VTGs per STS-1.

v" Each VTG can have a different type of VT. Example: VTG 1 can be structured according
toa VT1.5, VTG 2 can be structured according to VT 3, and so on.

v Each individual VTG can contain only one VT type. Example: If VTG 1 is structured
according to VT1.5, then no other type of VT can go into that VTG 1.
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Exercise 3-2 SONET

Fill in the blanks.

10.

The one function that is performed by Path, Line and Section equipment is

The frame rate of an STS-1 is frames per second.
An OC-12 is equivalent to and STM- .

Up to DS-1s can fit into an STS-1 in the form of
Automatic Protection Switching is provided by

An OC-192 is exactly time the rate of an OC-1.
A STS-1 frame consists of bits.

Frame alignment is performed by a which is
equipment,

An OC-3c is the form of an OC-3 and provides
unchannelized transport and overhead.

The layer that performs the regeneration of the optical signal is the

terminating Equipment.

terminating

Mbps for

layer.
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Unit 3 Summary

T-carriers are a first generation TDM, asynchronous transport hierarchy.

A DS-1 consists of 24 digital voice channels and is carried by a T-1 carrier.

Voice is digitized using 8-bit samples at a rate of 8000 samples per second.

A T-1 frame consists of 192 information bits and one overhead bit.

The frame rate of a T-1 is 8000 frames per second.

A T-1 uses two types of multi-frame formats: Superframe and Extended Superframe.

An [-Mux uses several T-1s to transport high bit rate data from a customer to the central
office.

Because T-carriers are asynchronous, cross-connecting DS-0s above the T-1 level requires
back-to-back multiplexers.

SONET is a second generation TDM, synchronous transport hierarchy.

SONET has more overhead, for higher reliability and better management, than T-carriers.
The basic level in the SONET hierarchy is the STS-1 at 51.84 Mbps.

All higher level carriers in the SONET hierarchy are multiples of the STS-1 rate.

The SONET architecture consists of four layers: Path, Line, Section and Photonic.

Each layer in the SONET architecture has equipment and overhead associated with it.
The SONET payload was designed to accommodate first generation carriers.

The STS-1 was designed to fit a T-3 into its payload.

Levels lower than T-3 are accommodated in an STS-1 as Virtual Tributaries.

The purpose of this unit is to provide a general understanding of the subject areas
addressed. For more information on the topics covered in this unit, refer to the
Web sites and reference books listed in the Study Guide for the Digital
Communications and Computer Literacy Test.
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Answers to Exercises

Exercise 3-1 T-Carriers

1.

2.

10.

A DS-1 has _24 DSO0s, each at a rate of _64 Kbps .
DS0s are sampled at a rate of _8000 samples per second.
A T-1 frame consists of 192 information bits and one  bit of overhead.

The Superframe consists of 12 _frames, using frames_6 and 12 for robbed bit
signaling.

The Extended Superframe allows for detection of errors while in service by using
framing bits fora_ CRC_ check.

A DS-3i1smadeupof 28 DS-lsor_7 DS-2s.

A customer needs to transport data at a rate of 5 Mbps. In order to do this the customer
will need to lease a T-3 or use a(n) _inverse mux and lease 4 T-1s .

A customer is using a Fractional T-1 service for transporting data at a rate of 256 Kbps.
The actual line rate to the central office will be __ 1544 Kbps.

Due to the slight difference between timing sources, T-carriers are considered to be
asynchronous

The frame rate of a T-1 is equal to the _sampling  rate of a DSO0.
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Answers to Exercises (cont.)

Exercise 3-2 SONET

1. The one function that is performed by Path, Line and Section equipment is _error

checking .
2. The frame rate of an STS-1 is _ 8000 _frames per second.

3. An OC-12 is equivalent to an STM- 4

4. Upto 28 DS-Iscan fit into an STS-1 in the form of VT-1.5s .

3. Automatic Protection Switching is provided by Line terminating Equipment.
6. An OC-192 is exactly 192 time the rate of an OC-1.

7. A STS-1 frame consists of _6480 _ bits.

8. Frame alignment is performed by a_repeater which is section terminating
equipment.

9. An OC-3cis the _ concatenated form of an OC-3 and provides _155.520 Mbps for
unchannelized transport and overhead.

10. The layer that performs the regeneration of the optical signal is the _section layer.
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