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> multiple channels on 1 physical line
5common on long-haul, high capacity, links
shave FDM, TDM, STDM alternatives
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Frequency Division Multiplexing

36 Possible with large bandwidth
38 Multiple signals carried simultaneously

& Each signal modulated onto different
carrier frequency

&6 Carrier frequencies must be sufficiently
separated

#& Bandwidths should not overlap

Dr. Mohammed Arafah William Stallings “Data and Computer Communications”



Frequency Division Multiplexing
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Frequency Division Multiplexing
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Frequency Division Multiplexing
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Frequency Division Multiplexing
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Frequency Division Multiplexing
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Frequency Division Multiplexing:
Voice Signal

#6 Bandwidth of voice signal (300-3400 Hz)
& Generally taken as 4 kHz
#8 Using AM with carrier frequency 64 kHz

#6 Spectrum of modulated signal is 8 kHz
[~160 kHz — 68 kHz

3 To make efficient use of bandwidth
[~ltransmit only lower sideband

Dr. Mohammed Arafah William Stallings “Data and Computer Communications”



Frequency Division Multiplexing:

Voice Signal
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Frequency Division Multiplexing
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FDM Problems

38 Crosstalk

[Alspectra of adjacent component signals overlap
[Xlguard band should be added
[Xle.g. voice 4 kHz instead of 3400 Hz

3 Intermodulation noise

[AInonlinear effects of amplifiers on a signal in one
channel could produce frequency components of
other channels

Dr. Mohammed Arafah William Stallings “Data and Computer Communications” 12



Analog Carrier Systems

# long-distance links use an FDM hierarchy
& AT&T (USA) and ITU-T (International) variants

§6 Group
12 voice channels (4kHz each) = 48kHz
[Alin range 60kHz to 108kHz

36 Supergroup
[AIFDM of 5 group signals supports 60 channels
[Alon carriers between 420kHz and 612 kHz

36 Mastergroup
[AIFDM of 10 supergroups supports 600 channels

#6 so original signal can be modulated many times

Dr. Mohammed Arafah William Stallings “Data and Computer Communications”
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Frequency Division Multiplexing

North America and International carrier standards:

Number of
Voice Bandwidth Spectrum AT&T CCIT
Channels
12 48 KHz 60-108 KHz Group Group
60 240 KHz 312-552 KHz Supergroup Supergroup
300 1.232 MHz 812-2044 KHz Mastergroup
600 2.52 MHz 564-3084 KHz Mastergroup
900 3.872 MHz 8.516-12.388 MHz Supermaster Group
N x 600 Mastergroup Multiplex
3,600 16.984 MHz | 0.564-17.548 MHz Jumpogroup
10,800 57.442 MHz | 3.124-60.566 MHz Jumpogroup Multiplex

Dr. Mohammed Arafah
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Frequency Division Multiplexing
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Frequency Division Multiplexing

Broadcast Television Channel Freguency Allocation
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Wavelength Division Multiplexing

& FDM with multiple beams of light at different frequencies
are transmitted on the same optical fiber
[Alcommercial systems with 160 channels of 10 Gbps

[~lAlcatel has carried 256 channels at 39.8 Gbps each, a total of
10.1 Tbps, over a 100-km

#& architecture similar to other FDM systems

[Almultiplexer consolidates laser sources (1550nm) for transmission
over single fiber

[Aloptical amplifiers amplify all wavelengths
[Aldemultiplexer separates channels at the destination

A A
My Optical Fiber by
$ 2

8 M ( ) ) v N Ay ;: A;: wavelength,

Multiplexer Demultiplexer

Dr. Mohammed Arafah William Stallings “Data and Computer Communications” 17
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Dense Wavelength Division Multiplexing

# Dense wavelength division multiplexing (DWDM) refers originally to
optical signals multiplexed within the 1550 nm band so as to utilize
the capabilities of optical amplifiers which are effective for
wavelengths between approximately 1525-1565 nm (C band), or
1570-1610 nm (L band)

& DWDM combines up to several wavelengths onto a single fiber and
uses an ITU standard that specifies 100GHz or 200GHz spacing
between the wavelengths, arranged in several bands around
1500-1600nm.

&8 use of more channels, more closely spaced, than ordinary FDM,
resulting in the multiplexing equipment being more complex and
expensive

Dr. Mohammed Arafah William Stallings “Data and Computer Communications” 18
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Dense Wavelength Division Multiplexing

3 channel spacing of 200GHz or less could be considered dense

3 typical system would use 40 channels at 100 GHz spacing or 80
channels with 50 GHz spacing

& Some technologies are capable of 25 GHz spacing (sometimes
called ultra dense WDM)

40 channels DWDM

Dr. Mohammed Arafah William Stallings “Data and Computer Communications” 19
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Dense Wavelength Division Multiplexing
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Connecting locations redundantly with a Multiple-10Gbit/s Fiber Optic Ring
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Synchronous Time Division Multiplexing

& multiple digital signals carried on single path
3 portions of each signal interleaved in time
3 byte Interleaving, each time slot contains one character of data

3 time slots pre-assigned to sources

Synchronous TDM is called synchronous not because
synchronous transmission is used, but because the time slots
are pre-assigned to sources and fixed.

3 slot transmitted even if source has no data
& may waste capacity but simple to implement
3 different data rates are possible

g8 fast source can be assigned multiple slots

38 slots dedicated to source called channel

Dr. Mohammed Arafah William Stallings “Data and Computer Communications” 21



Synchronous Time Division Multiplexing

At the transmitter:
& data from each source is buffered
3 buffers scanned sequentially to form a composite digital signal m({)

#& scanning operation is sufficiently rapid so that each buffer is
emptied before more data can arrive

3 The data rate of the composite signal m(¢) must be at least equal
the sum of data rates of input signals m(?)

3 data organized into frames, each frame contains a cycle of time
slots

At the receiver:

&8 the interleaved data are demultiplexed and routed to the
appropriate destination buffer.

Dr. Mohammed Arafah William Stallings “Data and Computer Communications” 22



Synchronous Time Division Multiplexing
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Synchronous Time Division Multiplexing
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Synchronous Time Division Multiplexing
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Synchronous Time Division Multiplexing
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Synchronous Time Division Multiplexing
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Synchronous Time Division Multiplexing
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Synchronous Time Division Multiplexing

my(f) my(t)
Buffer

m,(f) my(1)
i e m.(1) s(z)
Modem /_>
. * TDM stream modulated
TDM stream
m, (1) m, (1)
futler Rate of m,(t) must be = . my(t)

(a) Transmitter

s
B
=
T
L i

—— Frame

L 3

1[2]| ccoe |N| ceo |1 |2 cce|n

Time slot: may be
empty or occupied

{(h) TDM Frames

Dr. Mohammed Arafah William Stallings “Data and Computer Communications” 29



Time Division Multiplexing
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TDM Link Control

3 no headers and trailers

36 data link control protocols (flow control and error
control) not needed

3 flow control

[A1As far as multiplexers and demultiplexers are concerned, flow
control is not needed.

[Aldata rate of multiplexed line is fixed

[Alif one channel is temporarily unable to accept data, the other
channels are expecting to receive data at predetermined time

[Alcorresponding source must be quenched
[Althe channel will carry empty slots
[Alflow control can be provided on per channel basis

& error control
[Alerror control can be provided on per channel basis by using HDLC

Dr. Mohammed Arafah William Stallings “Data and Computer Communications” 31



Data Link Control on TDM

Input, \ ( —— Output,
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Framing

&8 It is important to maintain framing synchronization
because, if the source and destination are out of step,
data on all channels are lost

&8 added digit framing:

[~Alone control bit added to each TDM frame
T1 Link

Alidentifiable bit pattern used on control channel
[Xle.g., alternating 01010101...unlikely on a data channel
E1l Link

Dr. Mohammed Arafah William Stallings “Data and Computer Communications” 33



Synchronizing Multiple Sources
Pulse Stuffing

& Most difficult problem in TDM design

g8 If each source has separate clock
[Alany variation among clocks = loss of sync

& Input data rates not related by simple rational number

&8 Pulse stuffing is a common solution

[Alhave outgoing data rate (excluding framing bits) higher than
sum of incoming rates

[Alstuff extra dummy bits or pulses into each incoming signal until
it matches local clock

[Alstuffed pulses inserted at fixed locations in frame and removed
at demultiplexer

Dr. Mohammed Arafah William Stallings “Data and Computer Communications” 34



Pulse Stuffing - Example

Inputs:

#6 Source 1: Analog, 2
F6 Source 2: Analog, 4
36 Source 3: Analog, 2
F& Sources 4-11: Digita

KHZ
KHZ
KHZ

, 7200 bps

F ok sapiir L]

2 kHz, analog

From soree 4

.2 khys, diglial

From ST £

7.2 khps, digital

F o souire el

7.2 kbps, digital
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Pulse Stuffing - Example

For analog sources:
[~ Sources 1, 3 sampled at 4000 samples/sec
Source 2 at 8000 samples/sec
PAM samples are then quantized using 4 bits/sample > PCM

[~] At scan rate of 4000 times per second , one PAM sample (4 bits) is
taken from sources 1, 3 and two PAM samples (8 bits) are taken
from source 2 per scan

[~ These four samples are interleaved and converted to 4-bit PCM
samples

-(|5-0t|?||30f 16 bits are generated at rate of 4000 times per second >
4 kbps

For digital sources:
Pulse stuffing raise each source to a rate of 8 kbps
[Al aggregate data rate = 64 kbps

& For example, frame can consist of 32 bits

& Each frame containin? 16 PCM bits (64kbps/128kps*32) and 2 bits
(8kbps/128kbps*32) from each of the eight digital sources.

Dr. Mohammed Arafah William Stallings “Data and Computer Communications” 36



Pulse Stuffing - Example

From source 1 4 ksamples/sec 16 ksamples/sec
= kHz, analog TOM PAM signal | 4 bit | ToM POM signal
6 hsmmiples ‘sec AD 64 kbps
8 ksamples/sec
Firoi sonree 2
4 kHz, analog fm 4 kHz
From sonrce 3 4 ksamples/sec
2 kHz, ansilog
800 bps 8 kbps 64 kbps
C 4 k
From source 4 . Pulse § kbps, digital I\ 64 kbps
7.2 kbps, digital stuffing N
I

From source S - Pulse 8 kbys. digital TDM PCM
7.2 ks, digital stuffing I Scan outpur signal

. " I operation [ 128 kbps

. . l

) |
From sonree 11 - Pulse § kbps, digital
7.2 kbps, digital stuffing \
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Pulse Stuffing - Example

4 kgantples | sec

16 ksamples, fec *16 zl:lrJH.I;uﬂTﬂ- 1 4 ksamples/sec 16 ksamples/sec
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Iﬁ..'-:.'n:lr.lr,'.rl'-r'.'.'_-'.ice'n:' ¢ 16 = & bits 8 ksamp]es/sec
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4..'-:.'|=|:|r.lr,'.r|'-r.'.'_-'.i¢e'|:' ¢ 16 = 4 bits 604 kbps - 16 bits
16 ksamples/see From sonrce 3 4 ksamples/sec
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From sonroe 4

B kbps

+ 16 = 2 bits
L% .'.'I'J,!H 64 kbpS

7.2 kbps, digital

From source 5

Fulse 8 kbps, digital > 16 bits
Stl.lfﬁl]g B kbps o

7.2 Klps, digital
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7.2 klips, digital
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|
) | .
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- V/
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Digital Carrier Systems

¢ Synchronous TDM transmission structure
3 TDM performed at multiple levels

#& Hierarchy of TDM structures
[AIUS, Canada, Japan use AT&T system
[A10ther countries use ITU-T system

MNorth American International (TTT-T)
Designation Nu‘:;::::: ! Data Rate Level ﬂ“‘:}::?::e o bl
Channels (Mbps) Channels (hthps)
D5-1 24 1.544 | A0 2.048
D5-1C 45 3:152 2 120 8.448
D52 96 6:312 3 450 34 368
DS-3 hi2 44736 4 1920 139 264
D5-4 4032 274176 b THE( 565 148

Dr. Mohammed Arafah William Stallings “Data and Computer Communications” 39



T1 Carrier

# long-distance links use an TDM hierarchy
g AT&T (USA) and ITU-T (International) variants

3 The basis of the TDM hierarchy used in North America and Japan
is the Digital signal-1 (DS-1), also known as T1

& DS-1 can carry mixed voice and data signals

# DS-1 frame consists of 24 x 8 = 192 data bits, plus one extra bit
for framing, yielding 193 bits every 125 msec

3 aggregate data rate of 8000 x 193 = 1.544 Mbps

3 frame synchronization in DS-1 link uses an extra bit at the start of
1gach frame which alternates between 1 and 0 for consecutive
rames.

3 higher-level multiplexing is achieved by interleaving DS-1 inputs
[AIDS-2 is four DS-1 at 6.312Mbps

Dr. Mohammed Arafah William Stallings “Data and Computer Communications” 40



T1 Carrier

- 125 psec >
—— 518 Jsec — #—Channel 24—
‘— Channel 1 - Channel 2———»

06477 psec —¥ —

1{2|3|4|5]|6|7|8|1[2|3]|4]|5]|6|7[8] - - = [1]2]|3]|4|[5]|6]|7]8]

193 bhits

Motes:

1. The first bit is a framing bit, used for synchronization.
2. Voice channels:

sf-hit PCM used on five of six frames.

+7-bit PCM used on every sixth frame; bit £ of each channel is a signaling hit.
3. Data channels:

*(Channel 24 is used for signaling only in some schemes.
sBits 1-7 used for 56 kbps service
*Bits 2-7 used for 9.6, 4 8, and 2.4 kbps service.

Dr. Mohammed Arafah William Stallings “Data and Computer Communications” 41



T1 Carrier

Framing Bit

Time Slot
8 bit
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T
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1 DS-1 Frame (125 psec) = 24 Time Slot + 1 Framing Bit
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> Aggregate data rate of 1.544 Mbps
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T1 Carrier

193 bit ( 125 microsecond)
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T1 Carrier
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ANSI PDH Transmission Hierarchies
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7, O

ANSI PDH Transmission Hierarchies

T1

2|2

T1

T4
139.264 Mbps

33
T1

44

T1
1.544 Mbps

T3
44.736 Mbps

T2
6.312 Mbps
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E1 Carrier

3 ITU-T recommends for a PCM carrier at 2.048 Mbps
called E1 Carrier.

&8 This carrier has 32 of 8-bit data samples, yielding 256
bits every 125 usec.

&8 This gives the gross data rate of 2.048 Mbps.

& Thirty of the channels are used for information and two
are used for signaling.

&8 Outside North America and Japan, the E1 carrier is
widely used.

Dr. Mohammed Arafah William Stallings “Data and Computer Communications” 47



E1 Carrier

1 E1 Frame = 125 psec = 32 Time Slot = 2.048 Mbps

P —— -

Frame : Signaling
Synchronization Control

Dr. Mohammed Arafah William Stallings “Data and Computer Communications”
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ITU-T PDH Transmission Hierarchies

ITU-T PDH Transmission Hierarchies,

m MUltiplex Bit Rate Voice
T O [
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ITU-T PDH Transmission Hierarchies

2.048 Mbis
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@ 2

ITU-T PDH Transmission Hierarchies

Level 4
Level 3

; 4x 140
4x34 -':'-‘;EI_
: A 555

4% § S ﬁ"*h‘ ' 565.148 Mb/s

140
139.264 Mb/s

34
34.368 Mbis

8.448 Mbis

2.048 Mbis

Dr. Mohammed Arafah William Stallings “Data and Computer Communications”




SONET/SDH

#E SONET (Synchronous Optical Network)

[Aloptical transmission interface
[~lproposed by BellCore, standardize by ANSI

3 SDH (Synchronous Digital Hierarchy)
[~lcompatible version published by ITU-T
[Alfew differences from SONET

Dr. Mohammed Arafah William Stallings “Data and Computer Communications” 52



Synchronous Optical Network (SONET)

#& Synchronous Optical Network (SONET) is a digital transport
system.

& In SONET, the base transfer rate is 51.84 Mbps, a 125 usec
signal, and a frame format of 9 rows by 90 columns (90
columns * 9 rows * 8 bit/byte * 8000 = 51.84 Mbps.

#& The basic rate of SONET, known as Synchronous
Transport Signal 1 (STS-1), is 51.84 Mbps.

& SONET is the standard in North America, which is
permitted to be multiplexed by an integer of three to the
European preference of 155.520 Mbps.
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STS-1 Frame

9 Rows 90 Octets
l 3 Octets 87 Octets
1 P
5 Section A
Overhead T
3 H
4 O
5 \% Payload
E
6 Line R
7 Overhead H
E
8 A
9 D

Dr. Mohammed Arafah

STS-1 Envelope
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STS-1 Frame

Fiber Channel

Flag

Flag

Dr. Mohammed Arafah

Flag —

STS-1 Envelope
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Path

SONET Overheads

Header

A

Line

Header

A

Section

Header
A

Source

Multiplexer

Section
Header

A

Line

Header

A

Section
Header

Multiplexer

Section

Section

Section
Header

» <
»: €

vV Vv

Destination
Multiplexer

Section

v

A

Line

v
A

Line

\ 4

A

v

A

Path

v

A

Dr. Mohammed Arafah
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SONET Overheads

Section
Overhead

Line
Overhead

Dr. Mohammed Arafah

Trace
J1
BIP-8
B3
Signal
Label C2
Path
Status 1
User
F2

Framing | Framing | S15-1D
Al A2 C1
ElP-8 Orderwire User
B1 El F1
DataCom | DataCom | DataCom
D1 D2 D3
Pointer Pointer Pointer

111 2 Action H3
BIP-3 ADS ADS
B2 K1 k2
DataCom | DataCom | DataCom
D4 D5 D6
DataCom | DataCom | DataCom
n7y D& na
DataCom | DataCom | DataCom
D10 D11 D12
Growth Growth |Orderwire
£1 £2 E2

(al Tl'mmpm't Overheaid

Muliilrame
H4
Growth
73
Growth
Z4
Growth
L5

ih) Path Overhead
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SONET Overheads

Section Overhead

=k

Fi:
1 —133:

Frami bytes =] Fo.2E hexjused 1o synchronize the bepinning of the frame.

S5TS-1 IDjidentifies the STS-1 number i I b N for each STS-1 within an STS-A multiplex.

Bit-imterleaved parity byte pru:wid.ing over previous STS-N frame after scrambling;
the ith bt of this octet contains the even parity value calculated from the ih bit position of all
octels in the previous frame.

Section level PCM orderwire: optional 64-k voice channel fo be nused betwesn
seclion terminating eguipment, hubs, and remote termina

64 -kbps channel set asi-l:teltcrs user purpcne.ﬂ

192-kbyps data commumnications channel for alarms, maintenance, control, and administration
between sections.

Line (dwerhead

H1-H3:
B2:
Ki,K2:

DD 12

7% [P
| i

Pointer bytes used in frame alisnment and fregque adjustment of payioad datz.l

Eliil-i::tea'le:aveci for line level error monitoring.

Two bytes allocated for sipnaling between line level antomatic protection switching egquipment;

t:ses a mt-oriented protoos that provides for error protection and management of the SOMNET |
i link.

576-kbps dala communications channel for alarms, mainienance, control, monitoring. and

administration at the line level.

Reserved for future use.
| 54-kbps PCM voice channel for line level orderwire. |

Path (Odverhend

I1:

P S

4 -kbps channel nsed to send repetitivelyla 64-octet fMixed-length siring so a receivinge terminal
||::a1:1 continuously verify the integrity of & pa the contents of the messags are User

programmabie.

Bit-interleavedjparitylal the path level, calculated over all bits of the previous SFE.

S5T'S path si 1 label fo designate equipped versus unequipped STS signals. Uneguipped meamns
1he line connection is complete but there is no path data to send. For equipped signals, the label
can indicate the specific STS payload mapping that mightl be needed in receiving terminals to
interpret the payloads.

Status byte sentl from path terminating equipment back to path originating equipment (o convey
sialus of terminating egquipment and path error performances.

od-kbps channel for path user.

|]'|.-'Iu1'tifr'a.m.e lm:ﬂl:al.irlfur payioads needing frames that are longer than a single STS frame;
muliiframe mdicators are used when packing lower rate channels { virtual tributaries) into
ihe SPE.
Reserved for future ose.

Dr. Mohammed Arafah
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58



SONET - Section Overhead

SOH Section Overhead

A1, A2: indicates the beginning of each STS-1 within a STS-n frame. The pattern is Hex F628.

JO: section trace. It is defined only for STS-1 number 1 of an STS-N signal. Used to transmit a
ane byte fixed length string ar a 16 byte message so that a receiving terminal in a section can
verify its continued connection to the intended transmitter.

£ 0: section growth. It is defined in each STS-1 for future growth except for STS-1 number 1
(which Is defined as J0).

B1 = Section emor monitoring. The BIP-B is calculated over all bits of the previous STS-N frame
after scrambling and is placed in the B1 byte of STS-1 number 1 before scrambling. Defined anly
for STS-1 number 1 of an STS-N signal.

E1: Allocated to be used as |ocal orderwire channels for voice communication between section
terminating equipments, hubs and remote terminal locations.

F1 = Reserved for user purposas (e.g. temporary data/voice channel connections for special
maintenance purposes).

D1 - D3: pata communication channels (DCC). A 192 kbit/s message based channel for
alarms, maintenance, comtrol, manitoring, administration and other communication needs.

Dr. Mohammed Arafah William Stallings “Data and Computer Communications” 59



SONET - Line Overhead

LOH vuine overnead

H1, H2: roirer bytes. Atocated to 2. painter that indicatns the offsat in bylns beswean paintee
and the firs: byte of the 5TS SPE. Itis used to align the STS-1 wansport avermeads In an STS-H
shgnal 3F wol! a5 performm ineguarcy |u sHcakon.

H3: Puintar action byts. i I used Tor frequency juetification. Duepending an the pointer valus, (hs
byt Is used to adjust the 110 input busters, It o'y caries valkd Information i the event of nagatve
|ustification, otheradse £ nat dofined.

B2: Line seror marioring. The BEP-8 |8 used to datemning I & tranamieslor amor hes oecurmed
ower a line. 1t s calculried aver ali bits of the proviows 575-1 frame befare scrambling and Is
placed in the D2 byts of the currert rame betors scrambling.

K1, K2: stocated for APS {Autom atic Protecticn Seiching) signaling Tor the prolection of the
muftiplex seotion,

Selects bridged charnel used

010 = Resarved for fUiure use
011 = Aessrved for fulore use
100 — Resarvad for fuhas uea
101 = Asgacvad for fulurs usa
110 = K&-ROI

Source mode 1D
b3 Detarmires siormatic Paih code: ¢ = shor path;
proiecton switch architecum 1 = lang path
b - ba 000 = Aesarved for fulure uss 000 = il
01 = Reserved for fuhae use 0o = Brdged

010 = Bridged and swilcred
011 = Fessrved for fubse usse
100 — Fepenyad foe AUl wes
101 = Rassrved for fuiufs wss
110 = ME-RBE

Linear APS messages Ring APS messages
AME T1.105.01 AMEIl T1.105.01
e e
| Kibyte | Canstion Kibywe Comdiion
bl - b bl -b4
" Lockedt af protecion 1111 Leckout of progection (apan)
or sigral fail {protection)

1180 Faned swich 1710 Foroad swhch (span}
1101 Shgrial Tadl Fagh g ety 1901 Farced awich (ring)
1100 Sipral fail low piorty 1100 Sagnul Fail (=pan)

111 Signal degrada high prioety a1 ‘Eagnal kak [ringhk

1010 Shanal dograda how prionity 100 ‘Hgnal degrade ([promeson)
1001 Inused 100 ‘Hignal degrade [span)
10040 Marual switch 1000 Eagnal degrada {ring])
LIl k| Uy ged 011 Mxnual aadech [s0En)
o1 10 Wak-to-meiom o110 Rdanual swibch {ring)
oo nused i ‘Wah=-to-resinrm

000 Exprcigs Ll Expreioar (2pan)

Lilay Lnused aaiA Enaragisar {fng)

onin Rospve request 0a10 Aeservn reques (span)
oo D ool rawor 0o Heaarve request (iag)
0000 o ot Qo0 Mo reguest

b3 - b& Selects channal pmed by bl - b8 [hestnafian node D

AFS meRBages
K2 byt | CondHios | KEbyls | GondMas

Dr. Mohammed Arafah

| 111 = ME-AE

D4 - D12; Dam Corsrutication Charnes (DCG). Theas 3 bytes Tarn & 576 kbi/a mesaags
channel for alrme, manisnance, commal, monitar, administralicn and otksr cammionication needs
betwepen line-termnating entities.

31: ESyncheontation messaging. Bits B - B am used Yo caTy e syncironbation stafus mes-
sage= which provide an indication of the quaity imvel of the synchrorization sourne of e SOMET
algnal. BEe 1 -4 are esstyad for nre Lss

SONET Synchronization Stalus Messages

E _.E !I:IE'I"l'[-m-:_hl |lﬂ'l|'lul- :_rtl!-_
Lin 8] Ej'lmmﬂﬂ-ﬂ'mh' unhm

0oa Stratum 1 traceabis

i1 Eitratum 2 traooabic

1010 Blratim 3 trecoabic

L8 [1]8] 220 pprn ok racaabla

1110 Aeserved far netwark symohrondzation

1111 Dot uss for syncmniavtion

MO: oniy safinad for STS-1 aignal. Bits 5 - 8 am used 33 8 lina AE] uncson. They comeay the
court of eors detactod by B2, Bits 1 - 4 an reservod for fuhan s,

M 12 hie byie is located i the tird STS-1 in order of appearance i the bybs mefsved ETS-N
frame and & used as & ine KE uncticn. It conveys the count of ormors detected by B2,

Z12 in SOMET signaly and sl reisg sbove STS-1 and bekow STS-183, this byle s delined in such
ST5-1 number 1 Tar liEurs growt.

£2! in SOMET signals and ol raies abovs STS-1 and below STS-182, this byla ts defined in sach
ST5-1 sucapt the thind STS-1 for futum growth.

E2: Amcated for an mprass ordarwim betwoon line entitins. B bs defined anly for STS-1 rumbar
1 of an STS-N signal and Itz usd I8 optanal,

William Stallings “Data and Computer Communications” 60



SONET - Path Overhead
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Synchronous Digital Hierarchy (SDH)

& In SDH, the base transfer rate is 155.52 Mbps, a 125 usec
signal, and a frame format of 9 rows by 270 columns (270
columns * 9 rows * 8 bit/byte * 8000 = 155520000 bps.

& The basic rate of SDH, known as Synchronous
Transport Module 1 (STM-1), is 155.52 Mbps.

8 SDH is a European Standard and was developed by ITU-T.

Dr. Mohammed Arafah William Stallings “Data and Computer Communications” 62



Synchronous Digital Hierarchy (SDH)

9 Rows 270 Octets

l 9 Octets 261 Octets
1

2

3

4

5 Overhead Payload
6

7

8

9

SDH Envelope
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SONET/SDH Multiplexing

Order of
transmission

1a1 (a2 Lo |49
2 Ipplmdioly
3 a1 | a2 [0 |1

BT |ET | F1 |B3 —
p1 |D2 | D3 |2 .
H1 [H2 |H3 |c1 T
B2 | K1 |K2 [F2
D4 | D5 | D6 |4
D7 | D8 | D9 |z3 L
p10 [p11 o2 | 74 —
[s1 [moqe2 | —

Interleaving of three SONET STS-1 frames into an STS-3 frame

Dr. Mohammed Arafah William Stallings “Data and Computer Communications” 64



SONET/SDH Multiplexing

"IIIHI

Dr. Mohammed Arafah

Three mdividual STS-1 payloads camied m oan STS-3 signal

NS

1l

Hd

I3

14

N1

William Stallings “Data and Computer Communications”
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SONET/SDH Multiplexing

o

A SONET STS-3 frame showing how the STS-1s are interleaved

Dr. Mohammed Arafah

William Stallings “Data and Computer Communications”

Al | A1 | A1 | A2 | A2 |A2 |J0 | Z0 | Z0
B1 X | El X | F1 X
D1 X | D2 X | D3 X
H1 | H1 J H1 | HZ2 | H2 |H2 JH3 | H3 | H3
B2 | B2 | B2 | K1 X K| X | X
D4 X | X DS X | X |D6e ] X | X
D7 X | D8 XD | X | X
D10 X | D11 X ID12} X | X
S1 |21 | 11 IMUH 2 |m2 |E2 | X | X
First STS-1 Second STS-1 Third STS-1

66



@

Payload Pointer

Dr. Mohammed Arafah

H1

H24

H1

H2

William Stallings “Data and Computer Communications”
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Payload Pointer

Al | A2 | Jo

B1 |E1 |F1

D1 | D2 | D3

H1 | Hz | o [ )

B2 | K1 | K2 B3

D4 | D5 | D6 Cc2

D7 | D8 | D9 G1

P10 [D11 D12 F2 Payload Overhead
S1 Mo | E2 Ha ;
A1 |Az | Jo I3

B1 |E1 | F1 14

D1 |Dz | D3 N1 Y,

H1 |Hz | H3

Dr. Mohammed Arafah

Payload overhead (POH) is the first colummn of the
synchromons payload envelope (SPE)

William Stallings “Data and Computer Communications”
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STS-1 SPE for all VT1.5 (T1 Container)

87 bytes

A

\4

STS-1 Frame 9 bytes
L 5 29 30 31 e 58 5 60 e
e
1 R R
B3 R R
C2 R R
Gl | vr|vr| VT vi| R |vr|vr|vr vil R | vr|vr|vr VT
F2 | 15| 15| 15 15| R |15]15]| 15 15| R | 15|15 15 1.5
Ha | #1|#2 | #3 #28[ R | #1 | #2 | #3 #28[ o | #1 | #2 | #2 428
73 R R
74 R R
75 R R
STS-1 Path
Overhead Fixed Stuff byte

Dr. Mohammed Arafah

William Stallings “Data and Computer Communications”
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STS-1 SPE for all VT2 (E1 Container)

87 bytes

= — A
STS-1 Frame 9 bytes
1 .................. g 2 3 w s s O e
N R R
B3 R R
C2 R R
G1 R R
| V12 VT2 | VT2 VI2[ | VT2 VT2 | VT2 VI2 | VT2 VT2 | VT2 VT2
#1 | " |#21| #1] 0 | #7 #8 | " |#21| #1 | " |#14 #15| " |#21| #1 | v |#21
H4 R R
73 R R
74 R R
75 R R
STS-1 Path /
Overhead Fixed Stuff byte

Dr. Mohammed Arafah William Stallings “Data and Computer Communications” 70




SONET/SDH

¥ STS-1

3$ STS-N

&$ STM-1

&$ STM-N

Dr. Mohammed Arafah

- 28 T1 Links
= 21 E1 Links

- N*28 T1 Links
- N*21 E1 Links

-> 3 STS-1
- 3*%28 T1 Links
- 3*%21 E1 Links

-> N*3 STS-1
-> N*3*%28 T1 Links
- N*3*21 E1 Links

William Stallings “Data and Computer Communications”
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SONET/SDH

e Synchronous Optical Network (ANSI)
e Synchronous Digital Hierarchy (ITU-T)

> have hierarchy of signal rates

[~AISynchronous Transport Signal level 1 (5TS-1) or
Optical Carrier level 1 (OC-1) is 51.84Mbps

[~lcarries one DS-3 or multiple (DS1 DS1C DS2) plus
ITU-T rates (eg. 2.048Mbps)

AImultiple STS-1 combine into STS-N signal
ANIITU-T lowest rate is 155.52Mbps (STM-1)

Qo Qo Qo

Dr. Mohammed Arafah William Stallings “Data and Computer Communications” 72



SONET/SDH

SONET SDH Transmission DS-3 DS-1 DS-0
Electrical | Optical | ©OPtical rate (Mbps) | Equiv. # | Equiv. # | Equiv. #
STS-1 0C-1 51.840 1 28 672
STS-3 0GC-3 STM-1 155.520 3 84 2016
STS-9 0C-9 STM-3 466.560 9 252 6048
STS-12 0C-12 STM-4 622.080 12 336 8064
STS-18 OC-18 STM-6 933.120 18 504 12096
STS-24 0C-24 STM-8 1244.160 24 672 16128
STS-36 0C-36 STM-12 1866.240 36 1008 24192
STS-48 0C-48 STM-16 2488.320 48 1344 32256
STS-192 0C-192 STM-64 9953.280 192 5376 129024

Dr. Mohammed Arafah

William Stallings “Data and Computer Communications”
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Statistical TDM

&8 in Synchronous TDM many slots are wasted

&6 Statistical TDM allocates time slots dynamically based on
demand

& multiplexer scans input lines and collects data until frame
full

3 There are nI/0O lines and & time slots available on the
TDM frame, where k< n

& line data rate lower than aggregate input line rates
& may have problems during peak periods
[AImust buffer inputs

Dr. Mohammed Arafah William Stallings “Data and Computer Communications” 74



Statistical TDM

# Output data rate is less than the sum input rates

#& Can take more sources than synchronous TDM at same
output rate or less output rate for same sources as
synchronous TDM

6 Statistical Multiplexer does not send empty slots if
there are data to send

3 More overhead than TDM

[Alslot positions must be identified > address information must
be included with data

Dr. Mohammed Arafah William Stallings “Data and Computer Communications” 75



Statistical TDM

I I
Users ' ! o
1 1 1 | 1
[aas B
A 1 1 1 | 1
1 1 1 | 1
1 1 1 | 1
1

Synchronons time
thvision multiplexing

Stalistical time
division mnltiplexing

Dr. Mohammed Arafah
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11,

A

I,

It

('
2

Unused capacily

pe— 115 evele —

= Secomil evele -

William Stallings “Data and Computer Communications”
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Frame Structure

£ Control information is needed

Two possible formats:

3 One data source per frame
[Alneed to identify address of source
[Alwork well under light load
[Alinefficient under heavy load

36 Multiple sources per frame
[Alneed to identify length of data of each source

Dr. Mohammed Arafah William Stallings “Data and Computer Communications” 77



Statistical TDM Frame Format

Flag Address | Control Statistical TDM subframe FCS Flag

(a) Overall frame

Address Data

{h) subframe with one source per frame

Address] Length Address] Length

(¢} Subframe with multiple sources per frame

Dr. Mohammed Arafah William Stallings “Data and Computer Communications” 78



7, O

Statistical TDM - Performance

& Parameters for statistical TDM:
[A17 = number of Input sources
[~ R = data rate of each source, bps
u = effective capacity of multiplexed line, bps
[Alo. = mean fraction of time each source is transmitting, O<a<1

K :%= ratio of multiplexed line capacity to total maximum input
# If k=0.25 >four times as many devices using the same link capacity

¢ Kcan be bounded: a<K<1
If K=1 - Synchronous TDM
if K< a, then a single input will exceed the multiplexer capacity

Dr. Mohammed Arafah William Stallings “Data and Computer Communications” 79



Statistical TDM - Performance

M/M/1 Queue

(FIFO)
Quecue

Arrivals — . A - @’

Waiting Service
C area node

Server

* Notation A/B/
* Arrivals process t I

« Service Distribution

* Number of Servers

* M = Markov process. Transition probabilities
depend only on current state. Memoryless.
* Poisson/Exponential is special case of Markov.

Dr. Mohammed Arafah William Stallings “Data and Computer Communications” 80
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Statistical TDM - Performance

# Viewing the multiplexer as a single-server queue, and assuming
Poisson arrivals and constant service time

¢ Parameters:
[AIX = arrival rate (mean number of arrivals per second)

1 = mean service rate 1

. . . ==
7. = service time for each arrival | © « G
A p = utilization, fraction of time server is busy |~ 4

A1V, = mean number of waiting items in the system

[A1 N = mean number of items in the system (waiting + being served)
> |[N=N_+p

7. = residence time, mean time an item spends in the system
(waiting + being served)
[Alc, = standard deviation of 7.

Dr. Mohammed Arafah William Stallings “Data and Computer Communications” 81



Statistical TDM - Performance

¥ Formulas:

1. =service time for each arrival

p = Utilization, fraction of time server is busy

N,,= mean number of waiting items in the system

N=mean number of items in the system

A= Mean number of arrivals per second

aIR

1
y7;

p:

A=
7T, =
A
y7,

= AT,

y7,

ﬂ/_

a]R_ o

w

2

__ P
20—-p)

" 20-p)

2

P,

Little's Law tells us that the average number of customers in the system A, is the effective arrival rate A, times the average
r simply:

time that a customer spends in the system 7, o

N=mean number of items in the system

N

N=AT —>T =—

7,= Mean time an item spends in the system
N N T. 2 T. p°+2p—2p° T. 2p—p>. T.(2-—
T =2 _ L~ + o)y =2 (L £ ,o)zs(ppzs( £)
A p/T, p 2(1—p) £ 2(—p) 20—-p) 20—-p)
1 3p2 5p3 p4
- iati o, =—-" — + —
o,= standard deviation of 7, T = p) \/ r > 6 12
82
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Statistical TDM - Performance

50
LT
up
g -
= g
= ~ 240
S=Z > u =100 Kbps
g T“; a0 |-
I =J- 1 =50 Kbps
ks ' u =25 Kbps
St i |-
s
m a S0 l
\ 4
0 — A I e "
T} ali [ R1] .30 180 L5 L] [ 1] 0AaL [LiED Ll 1] ouan 0. 030 {140 .30 [ ] 1] T 6] LR
Line utilization Line utilization
Mean buffer size versus utilization Mean delay versus utilization
2
w r
2(1— p) 2(1—p)
1
T, =—
y7;
83
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Statistical TDM - Performance

Dr. Mohammed Arafah

1w b

wt B

= L

lu—{r _

1 |

Probability of overflow

1w -

107 |

10 20 30 40 50

Buffer size

Probability of overflow as a function of buffer size
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Cable Modems

3 dedicate two cable TV channels to data transfer

3 each channel shared by number of subscribers, using
statistical TDM

3 Downstream
[Alcable scheduler delivers data in small packets
[Alactive subscribers share downstream capacity
[Algrant requests to allocate upstream time slots to subscribers
3¢ Upstream
[~Aluser requests timeslots on shared upstream channel
[AIHeadend scheduler notifies subscriber of slots to use

Dr. Mohammed Arafah William Stallings “Data and Computer Communications” 85



Cable Modem Scheme

©)

Crrant: C:rant:
Station A Data: Station B

Diata:

mnf‘:ﬂd for Station X mn_ﬁ‘:_“d for Station Y
1 minislot 2 minislots

'l:lr dala mk_;——\ ﬂf 'd.EI.E. (—\N___‘k___’——\

Downstream \
Data:

from Station X from Station B
Data: from Reguest from

Siafion A Station C (—-\_}\__,‘-\

Headend
Scheduler

Y

<

Upstream

@

Dr. Mohammed Arafah William Stallings “Data and Computer Communications”
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@ Station C

can send
1 minislot
of data

NN

Data: from
Station C
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Asymmetrical Digital Subscriber
Line (ADSL)

Home

Phone Cen‘rr'al OfficJERE

_____________________

@2y " / Router

DSLAM

Telephone

= . "NWNetwork
\e DSL Modem

Router
Home PC €

<

Mobile
hosts
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Asymmetrical Digital Subscriber
Line (ADSL)

SRR Central Office
i Public Switched
-l | | FSTN Switeh Telephone Network
N |
\ (|
!_l 1 . ;:;. i | POTS Spit Off
\ elephone | ey
s = | s
e F Jrit— e i Internet
—_— o ] masass !““"E—
- HUJ'.‘.' NEl CPE DELAM il
Y it : Intarnat
- n; DSL Router Modem ! Sarvice Provider
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Asymmetrical Digital Subscriber
Line (ADSL)

38 subscriber line: link between subscriber and network
36 carry voice grade signal: 0 — 4 kHz

&8 uses currently installed twisted pair cable
[~lsupport 1 MHz or more
[AlProvide high speed data over phone line

& Asymmetric DSL (ADSL)
more downstream rate than upstream
most home user traffic is downstream
F& uses Frequency division multiplexing
reserve lowest 25kHz for voice (POTS)
[AImore than 4 kHz to prevent interference

3 has a range of up to 5.5km
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Asymmetrical Digital Subscriber
Line (ADSL)

0 4kHz 25.875 kHz 138 kHz 1104 kHz

PSTM Upstream Downstream

Frequency plan for ADSL. Red area is the frequency range used by
normal voice telephony (PSTN), the green (upstream) and blue
(downstream) areas are used for ADSL
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Discrete Multitone (DMT)

& DMT separates the ADSL signal into 256 subchannels (bins)
¢ Transmission band divided to 4.3125 kHz subchannels
¢ Each subchannel can carry a data rate up to 60 kbps

& DMT has 224 downstream frequency bins and up to 26
upstream bins.

& The frequency layout can be summarized as:
30Hz-4 kHz, voice.
4-25 kHz, unused guard band.
25-138 kHz, 26 upstream bins (7-32).
138-1104 kHz, 224 downstream bins (33-256).

3 Typically, a few bins around 32-33 are not used in order to
prevent interference between upstream and downstream bins either
side of 138 kHz.

http://en.wikipedia.org/wiki/ITU_G.992.1
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Discrete Multitone (DMT)

& DMT modem sends out test signals on each subchannel
to determine signal-to-noise ratio

& DMT modem then assigns more bits to channels with better
signal transmission qualities and less bits to channels with
poorer signal transmission qualities

& typical situation in which there is increasing attenuation and
hence decreasing signal-to-noise ratio at higher frequencies

- As the higher-frequency subchannels carry less of the load
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Discrete Multitone (DMT)

Bits per hertz Line Gain Bits per hertz

— —

Frequency Frequency Frequency
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Discrete Multitone (DMT)

3 Bit stream to be transmitted is divided into a number of
parallel bit streams (substreams)

¢6 Each substream is carried in separate frequency
band using FDM

&8 Sum of the data rates of the substreams is equal to the
total data rate

¢& Each substream is then converted to an analog
sighal using QAM

& This scheme works easily because of QAM’s ability to assign
different numbers of bits per transmitted signal

& Each QAM signal occupies a distinct frequency band,
so these signals can be combined by simple addition
to produce the composite signal for transmission
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ADSL Standards

Version
ADSL
ADSL
ADSL
ADSL
ADSL
ADSLZ
ADSL2
ADSLZ
ADSLZ

Standard name

Common name

AMNSI T1.413-1998 Issue 2| ADSL

ITU G992 1
ITL G.992.1 Annex A
ITL 59921 Annex B
ITU G.992 2
ITU G.992.3
ITU G.992.3 Annex J
ITL G992 3 Annex L
ITU G.992 4

ADSL2+[TU G.992 5
ADSL2+|TU G.992 5 Annex M

Dr. Mohammed Arafah

ADSL (G.DMT)
ADSL over POTS
ADSL over ISDN
ADSL Lite {G Lite)

ADSLZ
ADSLZ
RE-ADSLZ

splitterless ADSLZ

ADSLZ+
ADSLZ+M

Downstream rate Upstream rate | Approved in

9.0 Mbit/s
12.0 Mbit/s
12.0 Mhbit/s
12.0 Mbit/s
1.5 Mbit/s
12.0 Mhbit/s
12.0 Mhbit/s
5.0 Mbit/s
1.5 Mbit/s
240 Mhbit/s
24 0 Mhbit/s

1.0 Mhbit/s
1.3 Mhit/s
1.3 Mhit/s
1.8 Mhbit/s
0.5 Mbit/s
1.3 Mhit/s
3.5 Mbit/s
0.8 Mbit/s
0.5 Mbit/s
1.3 Mhit/s
3.3 Mbit/s

William Stallings “Data and Computer Communications”

1998
1999-07
2001
2005
1999-07
2002-07

2002-07
2003-05
2008

96



@ O

Saudi Arabia

38 STC offers ADSL2+ service at maximum of 20 Mbit/s
downstream data rate. The service is called Xband Jood
and as of 2010 costs SAR 296 per month.

& The maximum attainable data rate however depends on
the location and is usually less than stated maximum of
20 Mbit/s at most locations.

http://en.wikipedia.org/wiki/ITU_G.992.5
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ADSL2+

& ADSL2+ extends the capability of basic ADSL by
doubling the number of downstream bits. The data
rates can be as high as 24 Mbps downstream and

up to 1.4 Mbps upstream depending on the distance
from the DSLAM to the customer's premises.

&8 ADSL2+ is capable of doubling the frequency band
of typical ADSL connections from 1.1 MHz to
2.2 MHz. This doubles the downstream data rates of
the previous ADSL?2 standard (which was up to

12 Mbit/s), but like the previous standards will degrade
from its peak bit rate after a certain distance.

Dr. Mohammed Arafah William Stallings “Data and Computer Communications” 98



ADSL2

' POTS/ISDN ' Up/Down ' Down-992.3 ' Down-992.5

ADSL Annex A

ADSL2 Annex A

ADSL2 Annex M Doubled Upstream

ADSL2+ Annex A

ADSL2+ Annex M Doubled Upstream

25 kHz 138 kHz 276 kiHz i1 MHz 22 MHz

http://www.billion.com/edu/AnnexM_Whitepaper.pdf
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xDSL

# High data rate DSL (HDSL) ibi Signal tovel
[Altwo-binary, one-quaternary (2B1Q) 10 «ssomv

coding on dual twisted pairs 11| +150 my
Rup to 2Mbps over 3.7km e
—4au my

&8 Single line DSL

[~12B1Q coding on single twisted pair (residential) with
echo cancelling

[~lup to 2Mbps over 3.7km

¢ Very high data rate DSL
AIDMT/QAM for very high data rates
[~lover separate bands for separate services
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xDSL

ADSL TS1. VIXSLL
Dala rale 1.5 109 Mbps downstream L5344 or 2048 1544 or 2048 15 10 32 Mbps
16 e (AT e e e M dowisiream
1.510 2.3
Ml
prslTean
Mode Asyinmelric Svimmelric Swmmeltic Asynmmeiic
Copper pairs | 2 |
Range (24-gange UTT 37055 km 37 km 1.4 km
Signualing Al (L TE] Amalog
Line code CADDMT ZB1O DMT
Freguency [to 3 MHz 1% kHz = 10 MHz
Bilsfevele Vanes 4 Waries

ADSL = Asymmetric DSL
HDSL = High data rate DSL
SDSL = Single line DSL

VDSL = Very high data rate DSL

Dr. Mohammed Arafah
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Summary

¢ looked at multiplexing multiple channels on a
single link

> FDM

s TDM

s Statistical TDM

e ADSL and xDSL

Qo Qo Qo Qo
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