Agenda

\\
* Voice &%@
— An overview of the voice network. @@
\\

— Decibels

— Voice equipment. %@
— Placing a call. @\

— 2-wire and 4-wire.%@

— Impairment X@
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Agenda (continued)

e Data
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Introduction

* This presentation is divided into two parts Vc@m Data.

 Originally, the network was essentially and when
data usage began to grow, the first 0 communicate
data were directed at using th @ circuit switched
network.

e Eventually, the network b&ue majority data, to the point
that voice is now cgr the data network.

e [’ll start with ho e Is carried in the traditional circuit
switched n , and then show the transition to a data
centrlc k. I will not cover how the old analog

tele work operated because that’s now obsolete.
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Short History of the US Network

_

e The precursor company to AT&T, America
Company, was formed in 1875 by Alexande|
Gardiner Hubbard and Thomas San aﬁ-g»

AN
* |n 1882, they bought controllin est in Western Electric,
which became the manufacturing arm of AT&T.

e Gradually, this compaﬂ@ght up most of the independent
telephone companie d, in 1885, changed its name to

American Telg%? and Telegraph Company.

* AT&T avoi eing treated as a monopoly by promising
“univ ice”.

St
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Short History of the US Network

'
e The first digital line (a T1 line) was installed in
e The Carterfone decision in 1968 allowed e %lent not

manufactured by Western Electric to b nected to the
system. @
e |nternet invented in 1969, aIt%@CP was not
11D

Interexchange C) in 1972, although it didn’t offer
switched s%s ntil 1975, and the market didn’t fully

open %%&% 4. Sprint was another IXC.
o
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Short History of the US Network

* First cellular phone call in 1973. @@

 First digital switch, the 4ESS, deploye%@@

 First fiber optic link installed in 1977

* Introduction of the IBM PC in 1%@ d to significant dial up
modem traffic on the voice

* Breakup of the Bell vt

i in

“'\
1984 (more on this later).

f':

e Explosi
abou

St
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Short History of the US Network

e Telecommunications Act of 1996. Allowed RB@O enter
long distance.

e Explosive growth of the Internet sta%@%out 1996.

* Apple iPhone introduced in 20%@

2
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Miles of Telephone Wire in US

Thousands of Miles of Wine

Miles of Telephone Wire in the US
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Cell Phone Subscribers in the US

Annual Cell Phone Subscribers in the United
States
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Cell Phone Subscribers and US Populationf 4§

AN

U.S. Cell Phone Subscriber Growth 1990-2015
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Internet Traffic

Petabytes
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Overview of Telecommunications Industry

* Major players by category @@
— Traditional telephone companies %@g)
— Cable companies @@

— Wireless companies @
e Major players, in order by sm% Fortune 500 ranking

indicated. %@@

— ATT (11)

— Verizon ( @

— Comcast@

- Spn%{ | (90)
V (105)

@ e Warner Cable (142)

1112/2014 P. Michael Henderson, mike@michael-henderson.us copyright 2014 12



Breakup of the Bell System, 1984

* The Justice Department brought an antitrust suit
AT&T in 1974.

e Terms of the breakup were agreed to in 1@@@ the
breakup occurred in 1984.

* The breakup created seven Re @II Operating
Companies (RBOCs) g&

— Ameritech — Now part of

— Bell Atlantic - N @r Verizon

— Bell South - @t of ATT
Q@Opart of Verizon

sis — Now part of ATT

western Bell — Bought AT&T, changed SBC name to ATT
West — Now part of Centurylink
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RBOCs 1984

PACIFIC L TELESIS
e o Pschur g
Hevmda Bl
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RBOCs Today
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Basic Communications Concepts

e Telecommunications is defined as “comm%@ons of
information at a distance”. @

For our purposes, “Communicatio formation in
electrical form carried by wire; , telephone, telegraph or
broadcast”. X

Information may be ccﬂg@}ncated over a single
transmission mediu ink), or over a network, which

consists of mg{9 inks and intermediate nodes.

%@@
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Basic Communications Concepts

e For purposes of this presentation, we’ t@he
communications as the transfer of i
and/or binary form between tw :

11/12/2014

01013;3/“@@ 101011

tion in analog

N\
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Basic Communications Concepts

e There are three basic types of communicati @
— Simplex: One way communications, su @ radio station.

— Half Duplex: Data is sent in both dir , but only in one
direction at a time. A CB radioy xample, where the speakers
use a protocol to indicate t Qt%h other person is to speak. “Hello

Alice, over”. Hello B re your today? Over”. (This also

introduces the s &mes In encryption and communications,
Alice and Bob; .

— Full Duple@gﬁa a is sent in both directions simultaneously. A

stan@ phone is full duplex.
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Basic Communications Concepts

0
n th

e Asynchronous Transmission — Signals are only pj@
an idle

line when data is to be sent. Otherwise, the li

state.
— The start of transmission is signaled (@ idle line) by sending a

start” bit, a logic 0.
— The data is then sent, foIIowe%%top bit, a logic 1. The primary
purpose of the stop bit is tey o the line to the idle state.

— Provides character @
— The receive c@e running so the amount of data between the

K top bit is limited, usuaIIy a byte.
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Basic Communications Concepts

e Synchronous transmission — There is contmuou&@> ing 0
the line, even if no data is being transmitted.

— Allows the receiver to synchronize its rec %% with the transmit
clock.

— Requires frequent transitions on@ for the receive clock to
maintain synchronization. W uss some techniques to
maintain frequent transiti en we talk about line codes. There
are other methods %sorambling or encoding techniques, such
as 8B/10B or 6 as used in 10Gbit Ethernet.

— Higher Iev&t@gcols that use a synchronous line are required to
send |%% acters when no data is being sent. For example,
the framing character 0x7E (0111 1110) repeatedly
ere’s no data to be transmitted.
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Some Basic Telephone Terms

‘
* A Local Exchange Carrier (LEC) is the tele @company
providing service to the subscriber. @

* An Interexchange Carrier (IXC) i mpany who
transports the call between&%

e A Point of Presence (POP)ii place where the LEC and

the IXC interconnect. J\(\'
e An Incumbent L@hange Carrier (ILEC) is one of the

baby Bells e company in existance at the time of the

breakuei& :
o
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Some Basic Telephone Terms

* A Competitive Local Exchange Carrier (CLEC) ompany
who provides telephone service but is not % C. An

example is a cable system provider. @
* Local Access and Transport Area @% is usually defined
as the serving area of an IL

52
* The physical facility wher @& C houses the switch is

called a “Central Offic Many COs are quite large

because they w it to house mechanical telephone
switches. Thg‘g9 onic switches are significantly smaller.

@i@@
3
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Using decibels

As used in communications, the decibel (dB) is u @s relati
measure between two signal levels to indicate gain or loss

is a power ratio expressed as a log value. 4, @;
The dB is defined as dB = 10 lo @'@ is input, P, is output)

If P, =2*P,, how many&l

dB = 10 log102 @

dB =10*0.301
dB =3.010

i
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Decibels of Voltage and Current

.

Power can be expressed as I*R or as —

2
Current: dB=10 log 910; [2 RZ-ZO loy@%o loglOR—z

Since R1=R2, dB = 20 logm @@

£2 X E2% E1?
Voltage: dB =10 log R2 ,@!- og—-10log—=

R2 R1
10 log 522 10 @ (10 log E12 — 10 log R1) =
10 log —= E@z g, SinceR1=R2, andlog1=0

@3%
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dBm and dBW

 There are two reference decibels, decibel re % dtoa
milliwatt, dBm, and decibel referenced o dBW.

e The equations are similar, but the u dlfferent

 dBm =10 loglo— and®@

e dBW =10 log10

dBm

* To convert fron@ o power, P,y = 10 10
dBW
e To conve@ dBW to power, Py, = 10 10

g@%f“
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Some dB Relationships

e ImW=0dBm
e 1W=0dBW

+ 30dBm=1W=0dBW Add 30 dB t@%o get dBm
e -30dBW=1mW=0dBm Sub@ dB from dBm to get dBW
r

e +3 dB = a doubling of the p actor of 2

e -3 dB = a halving of th — factor of 1/2

e +6 dB indicates w g of the power, and then a doubling
again. So 4 time power.

* 1dBisaf Q@%ﬁf about 1.25

e 2dB %{@‘é%r of about 1.6

St
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Converting dB to power in your head

AN
/ﬁ@

e Given a dB value other than a known v %o ee previous
slide), choose the nearest power of if given 44 dB

gain, choose 50 dB. %
* Then take the difference be he chosen dB and the

actual dB. Here, it's
e We know that 5 > or 100,000, and -6 dB is a factor

of 4. So ouro@@o power P, = 100,000F, or 25,000*P,

%{x@
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Now, try these

e 30dBm=

e 26dB =

e 45dBm="?dBW

e 1.6W=72dBW =7 dBm

1112/2014 P. Michael Henderson, mike@michael-henderson.us copyright 2014 28



Now, try these

"
« 30 dBm = 1,000 mW (or 1W) @@ﬁ
26 dB =10% * 4 = 400 @
45 dBm = (45-30) dBW = 15 cgimé@
1.6W = 2 dBW = 32 dBm
%

&
&
@@@x
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Rule of 3, Rule of 10
0

* Here’s a good table showing how a 3dB change is rela
the change in power. @

* And also how a 10dB change is relateg%%@%ge in

power.
Rule of 3 Rule of 10
Watts | dBm Watts | dBm
0.015625| 12| | 0.000001) -30
0.03125 15| | 0.00001 20
0.0625 18 0.0001 -10
0.125 21 0.001) ]|
0.25 24 0.01] 10
T Y | B T
1 30| 1] 30
% 2| 33 10| 40|
N 6; > 4 36 100| 50|
XQ g| 39 1000| 50|
% 16 43 10000 70|
Q 32 as| | 100000 80
@ 64| as| | 1000000| 90
@ 128| 51| | 10000000 100
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dB Loss Table

Table 1- Decibel to Power Caonversion

dB Power Out as a % of Power In % of Power Lost Remarks

1 79% 21%

2 63% 37%

3 0% o0% 1/2 the power

4 40% 60%

5 32% 68%

B 25% 5% 1/4 the power

7 20% 80% 1/5 the power

0 16% 4% 1/6 the power

9 12% 88% 1/8 the power
10 10% 90% 1/10 the power
11 8% 92% 1/12 the power
12 6.3% 93.7% 1/16 the power
13 2% 95% 1/20 the power
14 4% 95% 1/25 the power
15 3.2% 96.8% 1/30 the power
16 2.5% 97 5% 1/40 the power
17 2% 98% 1/50 the power
18 1.6% 96.4% 1/60 the power
19 1.3% 98 7% 1/80 the power
20 1% 99% 1/100 the power
25 0.3% 99 7% 1/300 the power
30 0.1% 99.9% 1/1000 the power
40 0.01% 99 99% 1/10,000 the power
50 0.001% 99 .999% 1/100,000 the power
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Voice Telephony

N

* The telegraph was the first electrical te&@a@%unications

system. ?
e Voice was second but we’ll st iscussion with it.

e The human ear can hear a @ range of frequencies, but
speech can be underst%@h a narrow range. The telephone
system carries voi @ e range of 300 Hz to 3400 Hz.
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The Telephone

\}
Q@?

e The telephone instrument consists of t&ﬁﬂowmg
components:

— Microphone %@Q

— Speaker (earphone) %
— Dialing apparatus (ro %% in the past, touch pad today)

— Alerting dewc@@
— Switch to@ it to the line.
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The Telephone Instrument

Speaker

Microphone

Dialing

©€ ST T
BA . BH EEH =
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The Telephone Handset

The microphone was originally made from car@ranules
that varied in resistance with pressure.

The loop current flowed through the hone and varied
based on the resistance of the

The earpiece consisted of a % agm controlled by a
s
3 flow of current through the

o, il
o

m to flex in time with the current

loop caused the di

changes. @

The alertin ice was usually two bells, with a clapper
betwee . The electromagnet ringer is connected to the
line t@ a capacitor and is disconnected when the

@h@@ s lifted.
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The Subscriber Loop

* The telephone is connected to the network thr a
subscriber loop — a twisted pair of wires, 24 or 26
gauge. @@

* Question: Why is the wire twist d@@

* Question: Why is it called a< %’.

@S

* The local loop connects torthe
the switch in the centre

* The telephonec y puts a voltage on the loop but no
current flowsatntil the subscriber takes the phone “off hook”
b canidlate i
which ;ls\.fg‘s es the circuit.

elephone instrument and to
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Call Signaling on the Local Loop

\
* For an outgoing call: Q%

— Subscriber lifts instrument which connects the op.

— Current flows through the loop, which t detects.

— The switch puts a line card on the Iin@ places dial tone on
the line.

— The subscriber dials the ca@n mber, which the switch
receives.

— The switch pla%@, and gives feedback tones: ringing,

busy, etc.
— When th person answers, the circuit is completed.
Whep completed and one party “hangs up”, loop current

@f@which signals the switch that the call is complete.
@ uit is then taken down.
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Call Signaling on the Local Loop

* For anincoming call:

— The switch receives the called number and cros@ences the'
number to the specific local loop.

— Ringing voltage is applied to the line. oflsl
volts, 20 Hz. In the US, it is applie ‘. about 2 seconds, followed
by about 4 seconds of silence. %

— Ringing cadence is modifi fferent parties on a “party line”.

— Note: Caller ID is se een the first and second ring, via Bell

202 FSK mode Iog

— When the s r I|fts the receiver, loop current flows and the
switcg?@ e called party is ready to receive the call. The

CIrcu pleted.

— % nswer after some number of rings, the switch may forward
call to voice mail.
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Dialing

* Rotary dialing caused the line to be discon (broken)
which was detected as interruptions i rrent flow by
the switch.

* A1 digit broke the line one tim%@two times, etc.

* Pulses were sent 10 time econd.
* Required a “rest” t|m een digits to signal breaks in

digits sent.

e Apersonc numbers from a “locked” phone (locked
dial) by g the hook”.

@ﬁ
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DTMF Dialing

Dual-Tone Muilti- FrnEn:ql.he:nr:yr
(DTMF) Frequency Standards

Frequencies shown are in Hertz

* When a button is pressed, two
tones are sent to the switch.

2z
 The last column is not normall% GHIJHLMHD

used. The US Armed Forc

4 I 3 I 6
that column on their ( nct) PRS Ml TUV BWXY

Autovon network \gp A KN K

@9 1209 1336 1477 1533\

NOTE: The last column {(A-B-C-D)

r%&\ is not normally found on telephones
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Call Sequence

Subscriber A Subscriber B
@ Exchange @
Off hook
Dial tone
-
Send Subscriber-B’s number
B
Ringing tone Ringing signal
B
B-Answer
<
"""""""""""""""" Conversaton
On hook
nhoo > Release of On hook

speech circuit
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A Long Distance Call

Circuit-switched Telephone service
Revenue Model: Long Distance Calls

— Call Roufe

lllllllll Pa}rmenfS

CALLING
PARTY/
CUSTOMER

Customer Fays
IXC For Call
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Signaling System 7

e Signaling System 7 (SS7) is a signaling pr <%@C@Msed to set
up and tear down calls.

e Defined by the ITU and used by te@@@g companies
worldwide.

e |tis communicated in a c%@l separate from the telephone
call.

e Called “Commo@%el Signaling” (CCS).

e Older tech nt the signaling information in the voice
channe @ﬁ s called “Channel Associated Signaling”
(CA @ U definition was Signaling System 5 (SS5).
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The Local Loop 'p,.

* Any bi-directional communication channel reo&a
transmit path and a receive path.

» Often this is a four wire path, with tw sendmg data
one way and the other two se M the other way.

e But the local loop is only tw and information is sent
both ways. How is that I|shed’?
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The 2 Wire — 4 Wire Hybrid

* The hybrid has the characteristic that a
signal applied at X will appear at W and @ %

but not at Z.

A signal applied at W will appea%@@d %

Z but not at X.

e So a hybrid introduces@ a 3 dB loss. W2 :
° X .

But allows use OW instead of 4 wires.
. Requires im ;:\’ matching between the

(@B
»
o
e
w»
[
Q
<
»
(@)
3
D
2
o
-
Q.
—iy—
N
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The 2 Wire — 4 Wire Hybrid

e The hybrid converts between the four wire system in'the
telephone and the two wires of the local lo @

* A hybrid is used at the switch in the office to convert
to four wire. The call is carried on wire system.

e If the hybrid does not provi impedance match it
may cause echo - signal r ons off the hybrid.

@
Tran Ox@@

V\
& —
{\@Q Echo ] Echpp Local Loop

—>> =
@@® Receive  pypridin CO
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Transmission of Information

N

* The most common impairments on a trans(@@n system

are: @@
— Attenuation @

— Interference %@

XWire bundle.

e Coupling between pair | @
* Near end cross talk@}) — From Tx to Rx at the point of

observation
e Farend % (FEXT) — From Tx to Rx at a distant location.

— Noise - al noise. Noise is measured in dBrn, (dB above
ise, which is 1 picowatt).
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Impairments (continued)

e Echo

microphone trg%h
* Echoisd by inserting loss in the transmission line

or by <§§ ho cancellers.
ot
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Noise on a Telephone Call

e The telephone channel is not perfect but usua@ a
response curve, meaning that the signal &@nplitude

: : QAN
distortion. :

* The selective attenuation of %é  Volca Bandviat

certain frequencies affects t

perceived quality of the calli®>
* The lowest sound th son ]

can hear is abo m. If H _

noise risesg@e at, the caller ./ _ | -
will noticﬂ%

e Sinc work went digital, noise is generally not a

Voice Energy

1112/2014 P. Michael Henderson, mike@michael-henderson.us copyright 2014 49



Hierarchy of Telephone Switching

Class 1 was for international
calls.

Class 2 was for calls betwee
regions (LECs).

Class 3 handled major
metropolitan centers.

Class 4 interconnected
class 5 switches ina town.

Class 5 was a serving s

Pretty much only C a
Class 5 switches

@@@@

11/12/2014 P. Michael Henc
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=
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Telephone Numbering

* At the highest level is the country code. Th%@@d Canada
is 1.
* Nextis the area code. Area codes er large areas or

parts of a metropolitan area - @ s on how many
phones are in the area. Wh a codes were first

assigned, rotary phon in use so “short dialing”
codes were given @ metropolitan areas, such as 212

to NYC, and 21
* Nextis the %dlglt exchange code.
. Fmal!% ur digit phone identifier.
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Routing Based on the Telephone Number |

e For international calls, the caller first dials the m@@fonal
prefix, which is 011 in the US.

e Then dial the country code. For Franc <%ountry code is
33. For England, the country code i

+ If calling within the United S Wwd dial 1 to indicate
long distance”, next dial th a code, then the exchange,
then the phone identifi

* The switches ro <>tl@&:alls based on the numbers. For a
call within th %e area code opens a channel to a switch
in that a%%% area. When the exchange number is dialed,
the cir xtended to the Class 5 switch serving that
ex@é. Then the phone identifier is used to select the

oop to ring the phone.
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Phone Number Summary

e For US dialing:

— 1 for long distance @@

— Three digit area code, such as 212

— Three digit exchange code uﬁ&%
— Four digit phone identifier %bas 1234

* For international caII @

— 011 for mterna@
— Country 110 4 digits
— City @

identifier
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How Many Phones can be Supported?

* There are 800 possible area code numbers but some are

reserved for special uses. Let’s assume 700 p e area
codes. (Can'’t start with 0 or 1, so 8*10*10 (%@ 88, 900 not
real numbers)

* The exchange number can not hav 1 as the first digit, nor
x11, nor 555 (Hollywood #)*, wh aves 791 exchange #s. So

the maximum number of pgénumbers in an area code is

7,910,000. But some n s are used for special purposes so
the actual numbers . Let’s assume about 7,500,000.
(Actually, 555 i ning to be used for some real #s.)

e Using thgs@umptions, the number of phone numbers
' US and Canada is around 5,250,000,000, or

and quarter trillion phone numbers.
, ohly the numbers from 555-0100 to 555-0199 are now fictitious.
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Area Codes

e x11is not used because if can cause misdialing if q}) D\
prefix is not used (for example, 911, 411, etc.) @

* Numbers with the second and third digit tlg@e are not
used. So 233 would not be used. %

e Numbers with 9 in the center, suc@, are not used
because they are used for s r@ des or reserved
Same for 37x, and 96x - noég because they are used for

e The toll free nu @a} 800, 822, 833, 844, 855, 866, 877,

880, 881, 882, 4, 885, 886, 887, 888, 889. Not all of
these are 1568 today. Note that many of these violate the

0 899 are reserved so far.
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Some Dialing Codes

e 211 - Local community information or social sen@@
e 311 - City government or non-emergency p&@@natters.

e 411 - Local

telephone directory servic @

e 511 - Traffic, road, and tourist i o@on.
* 611 - Telephone line repair s or mobile telephone

company customer servi

* 711 -Relay service f @s
\

disabilities.

omers with hearing or speech

e 811- "Dig s@p pe/cable location in the United States.
Cy

e 911-E
poli

@@

11/12/2014

dispatch for fire department, ambulance,
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The Telephone Network

* Designed to carry two way voice - digi %)e these days.
* Full duplex circuit switched, low d cuits.

» Switching via computer con o@ ectronic switches.
* The backbone is fully cong with redundant links.

* The telephone numb ates the routing, except for
800/888/700/900@"3.

&
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Components of a Network Call

* End systems, such as a telephone, mo&@ﬁg%r)fax

 Signaling

e Switching %@Q
* Transmission @@\
o
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End Systems

%@Q%
* Telephone already described, modems@e addressed

later. @@

* Uses Pulse or Tone dialing.

* Today, the dialed numbers
before the call is set

up in stages, as @

ollected at the central office
e old days, the circuit was set
criber dialed the number.
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Signaling

e The network uses Signaling System 7 todg@ch uses a

separate channel to communicate wit her switches
required to set up the call.

o™

e Called Common Channel Si %, as opposed to Channel
Associated Signaling whi the call circuit to
communicate the call information.

e Circuits are te v 'set up for the call and torn down
when the cgll completed.

@{@
o
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Signaling Controller

* A switch requires both a switch matrix and %@&

controller.
* The switch controller directs the sw@d does not

participate in the actual transfgr@ data.
* Functions X

— Collects the dialed n @and routes the call.

— Provides com% IS|gnaIs Dial tone, ringing, busy tone
— Provides i tage to signal incoming call to subscriber.
— Billing f

@ routlng of 800/888/700/900 type calls.
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Switch Controller

e Switch controllers are special purpose @ﬁ%ers, linked by
their own internal communications @r :

— Called Common Channel Si r@ S).
 Earlier switching control wébr ugh in band signaling.
— Could be “hacked” to ree calls.

~ Inflexible. Q&@@\
@i@%
@@
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Switching

* Any subscriber can call any other subscriber. @%
e Switches establish temporary circuits thro@@%nks

between switches. @
&

e Switches have two components: @

— Switch controller
Q

— Switch matrix

e A switch transfer c@m an input to an output.

— Modern switch handle many simultaneous calls, perhaps
200,000.

— Usu S a combination of space and time-division

o8
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Transmission

* Trunks between offices carry the telephone calls. %
* Many circuits share the same trunk through m@xmg
 Originally, frequency multiplexing was d %

— Each call of 4 KHz was multiplied by frequency which
shifted the channel upward in f t@

— Multiple calls were stacked ﬁ%@ ency into a “group”.

— Then groups were st%%{@%o “Supergroups”

— Supergroups co e stacked into larger aggregations
called Master- or Jumbo-groups.

. Managmg uency multiplexing was difficult and led to
S|gn|f|c sstalk between channels, including the ability
other party’s conversation.

o
te in today’s network (thank goodness!)
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Digital Multiplexing

'
O
* Must convert voice to digital (will be d later). Eight

bits per sample, 8,000 samples per , giving 64 Kbps
per voice channel. @

* Requires addi } ts for framing. T1 framing will be

described@
163
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Digital Hierarchy in the US

t
N

* Called the Plesiochronous Digital Hierarchg@) because
the clocks are close in frequency but

* Four levels of signals, each car re channels.
* We'll examine each of these detall later.

Signal Name Number of voice channels

DSO 1 64Kbps
DS1 24 1.544 Mbps
DS2 96 6.312 Mbps
DS3 672 44.736 Mbps

e
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Transmission Mediums

* Twisted pair
e Coax cable

 Terrestrial microwave ®@

o Satellite microwave @
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Optical Fiber

* A strand of very pure glass. @@
©

— Has two components, a core and claddi
— The core has a higher refractive indag&e cladding.
— Guides light by total internal r .

* Extremely high capacity - @&upport multiple channels
(lambdas) each runni rhaps 10 Gbps.

&

e Low attenuatiorﬁ@plification in the optical domain.

e Extremely | bit error rate).
 |Immun romagnetic interference.

.@Vﬁ@%g@cu to tap.
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Satellites

e Geosynchronous satellites. @
— Long distance transmission at very high data %@
— Orbit about 36,000 Km. @%

not work well for voice. Certai rotocols do not work well
with that much delay. @\

— Excellent for broadca@ delay not a problem and very wide
coverage. Ox@

e Low earth orbi ?%) satellites

— Requir le satellites — e.g., Iridium
% ust be tracked to communicate with them

— Sat
@@@1 ff a complicating factor.
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Cellular

\)
@y

* Cell systems use many different chan equency slots).
* Frequencies are reused across the a@’@émng area, but

adjacent cells do not use the equency slots.
* Frequency slots are aIIocat hen a call is placed or
received.

* As users move %@e serving area, they are handed off
to another cel ssigned a different frequency slot.

@%{x@
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Telephone Network Challenges

e World is moving from voice to data. Much @a
transmitted today than voice. @

e Characteristics of data is significa@erent from voice.
— Bursty %

— Requires a high BER.
— Exponential growth h W|dth needs.

e Future network q@e tegrated voice and data (VOIP).

11/12/2014

— ChaIIengQ@ age the transition.
- Mus@ to support legacy systems, e.g., T1 links.

¢cO
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a
Ques tio%@QB
O
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Handling Speech

e Speech is an analog function, made u
frequencies of sound.

* There are three important as@%an analog signal:

— Frequency @
— Amplitude . %@
— Phase \Q
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Handling Speech

‘
* The fundamental frequency for men is be @5HZ and
180Hz, and between 165Hz and 255Hz omen. However,

speech contains many harmoni @en if the fundamental
frequency is missing (as it is.i elephone system)

enough harmonics are th give the impression of the
fundamental. Q@

<> u
While speech ¢ requencies to 10KHz (and perhaps

beyond) we baﬁé s filter speech between 300Hz and
3400Hz fo lephone system and maintain good

o
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Speech Digitization

e Why digitize speech for the telephone netwo e
network started as analog — why chan%@ﬁ

— Provides MUCH better voice quality.
* Noise does not accumulate a@l travels through the
system.
* Eliminates cross talk bvoice calls.
— Easier to hani@qnals with today’s electronics.
— The system ¢ e many more calls in digital form than in
analog f Q&
— Easi itch.

— eech can be easily processed, including coding it in lower
rates and encrypting it.
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Converting Speech to Digital

Pulse t

using a technique known as Pulse Cod

Did you ever wonder why it’s called

Let’s examine how the digitizat%‘
litud

First, let's produce a Pulse @g
from an input speech si

Input signal @ PAM samples

e Modulation signal

L Output signal
h I/\\/ >
& ,’ > —>
Amplitude

. Low-pass
modulation filter

@@
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Converting Speech to Digital

* You can see from the diagram that we’re mod ga
train (8,000 pulses per second for the tele system)

with the speech. %
* This produces a pulse train wit des that reflect the

incoming signal.
* |f we low pass filter the p@l@ ain, we will recover the

original signal. . %@
e But, there are itations...

Input sign@@o PAM samples

N @ L T/C)_utstmgnal
@' h ! ~ "
> > —————»
@ modulation

filter
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Nyquist-ShannonSampling Theorem

e Harry Nyquist (1889-1976) worked for Bell Lab@m 1924
(long before we could digitize signals) sh the
maximum rate that telegraph signals c ent was

twice the bandwidth of the channe @

e Claude Shannon (1916-20 rked for Bell Labs and
laid the mathematical fou @n for information theory.
Using Nyquist’s earheﬁ%@ Shannon showed that the
minimum sampli @ or a signal was twice the bandwidth
of the signal. {%> 2 *x BW

 Thisis ge called the “Nyquist Criterion” today.

e So by%& g speech 8,000 times per second, we can
tr a signal with a maximum bandwidth of 4KHz.

1112/2014 P. Michael Henderson, mike@michael-henderson.us copyright 2014 78



Aliasing

If a signal is not sampled to the Nyquist Crlterlon@f}?ng
will occur.

The higher frequency signal will be rec@cted as a lower
frequency signal.

Here, a 5.5KHz signal is sam samples per second.
When recovered, the S|gn %ears as a 2.5KHz signal.

: PAM samples
(CO——>~{ Sampler > > 2.5 kHz

55 kHz 4kHz

source 8 kHz Low-pass
filter

5.5 kHz 2 5 kHz PANM samples

@@@\U\/ /\/ %ﬂ
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Aliasing

N
e This means that the input signal must be bandpass filtered

before it is sampled - to remove any frequen%> at are not
in the band of interest. <

e For speech, the filter is down 3 dB a z and is required
to have at least 14 dB of attenu%@ KHz.
AN

Wider Audio Range - Same Bandwidth (64 kbps)

G.711 G.722

BkHz samples 16kHz samples

150 Hz 300 Hz 3.4 kHz
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PCM

let’s assume we have the

modulated pulse train and we %@m
divide the Y axis into some 0101

number of equal divisi ﬁa ot
. . 0010
assign binary nu begj%each 0001
point on the Y axi 0000

1001

X
o

<
e
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PCM

* Then, we can take each pulse and @
compare its amplitude to the Y axis %
marks, and assign to each puls @%
the number that is closest to the 0101

amplitude. @

e This is Pulse Code @uon. We oo
took PAM and re@n ed the oot
amplitude o ulse by a 1010
binary n

e

1112/2014 P. Michael Henderson, mike@michael-henderson.us copyright 2014 82



PCM

* We can convert a PAM speech encoder t% @%)speech

encoder by including a codec at both . These are

shown as an A/D on the transmiée@d as a D/A on the

receive end.

(9 \

PAiVi samples
Digitally
encoded
- D/A |

o) A/D

Anal
> L)
input

Ol

1112/2014 P. Michael Henderson, mike@michael-henderson.us copyright 2014 83

Analog
}I wﬂ
L\ output

samples
Analog
Sample to to
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Quantization Noise (or error)

@@%
¢!

up exactly with the points ontheY "
axis. -

* The quantizer will assign the b|n %@@

code that is closest to the am

* The difference between the
amplitude and the code s

* Note that few of the amplitudes line 7%

0011 —

(:

C Ed IS o010 —

called “quantizati or” or .
“guantizatio 6@ :

e |t's called@ecause the effect is %%
exactl e as if noise affected

th in the analog domain.
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PCM

* |n the previous diagram, | showed the quantizati@w ints a \
being linear on the Y axis.

* In PCM they are not linear — they a&@gether close to

the X axis and wider apart in the hi vels of amplitude.

Why do that? %

* One reason is to partially e ze the Signal to Quantization

Noise (SQR). @
— Quantization r@ half an interval.
— For small signals, this leads to a high SQR. It's much lower for
high a signals.
— Wit ﬁ}é al intervals, the SQR can be made approximately
@@%\} over the amplitude range.
G
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PCM

¢
e There are two “standards” for digitizin%@e in the

telephone network @
— M-law encoding which is used r&ﬁ America.
— A-law encoding which is usedtin most of the rest of the world
— Encoding is defined | Recommendation G.711

. >
* Whenacallis Wween a p-law area and an A-law area,
A-law is used 5@ call.
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p-law PCM \

* Each voice sample is 8 bits. For the p-law quantiz
bits are allocated as follows: (A-law is similar) @g@

* The first bit indicates the polarity: 1 for po%@e nd 0 for
negative. @@

* The next 3 bits indicate the seg mber, 8 segments
above the x-axis and 8 segmen ow. The two segments
just above and below the @ are co-linear so there are 15
total segments

e The last four bi ¥ e the quantized level within a
segment. Qg\\Q

e Since Qgj&nds are of smaller amplitude, most of the
sam@d have segment numbers with lots of zeroes. To
ones-density, the codewords are inverted before
transmission (A-law inverts every other bit).
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VOIP

‘
» Speech is usually encoded with a “speech <%@Q@Rhen it

will be communicated via VOIP. g @

* A speech coder can generally enco ech at a much
lower bit rate than 64Kbps.

e All “vocoders” introduce @because they have to buffer
a certain amount of vosi@ ormation before processing it.
>

waveform er), G.728 (16Kbps vocoder), and G.729
(8Kbp§§3b er)
ot
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Transporting Speech in the Network

i

* Inthe US network, speech samples ar@@ﬁ%tted ina DS1
signal.

A DS1 carries 24 voice channe@e voice samples are

byte mulitplexed. @\
o

N
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DS1

e The DS1/T1 technology was developed at Bell nd
introduced in 1962 to carry voice channels %

* The 1.544Mbps signal can be reference@elther aDS1ora
T1. What'’s the difference?

* Normally, when working W|t %ﬁgltal signal prior to
putting it on the transmls e, it’s referred to as Digital
Signal 1 or DS1.

* Totransmita DW code must be used (Alternate Mark
Inversion or. nce the signal is in the AMI domain, it is
referred b%%

. But a 1.544Mbps line is usually referred to as a T1
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DS1

» The basic structure of the DS1 signal is shown@%

picture. %

8 bits from each of 24 voice channel t into the bit
stream. All 8 bits from each cha together. The
channels are octet muItipIexe% it multiplexed.

-0
, Firsttwo bits Last four bits
8 bits for channel 1 of chanal of channel 24
A
d 7 \(_i_\,, -7 A
112 |34 |5 |8 |ITIB 11| 2 || s 4 |5|6 |7 | 8
- -
A A
~

192 bits, representing 24

channels of 8 bits each
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DS1

N
e But we can'’t just send that stream of bits. We h %ave
some way to find the start of the block so th an

recover the octets of the voice channel§ @

e This is done by the addition of a Fra it at the front of
the frame. So a DS1 frame is 1

* We’ll talk more about framj}r&ﬂater.

_ First two bits Last four bits
8 bits for channel 1 R S—— of channel 24
AL A
—~ ‘\(_‘I\_) ~ i )
F|l 112 |3 |4 |56 |7 ]|8]| 1] 2] cmenne. 4 |51|6 |7 8
. ’ . -
V—

193 bits, representing 24
channels of 8 bits each,

plus a framing bit.
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Line codes

* Now that we understand how voice is digitiz that it’s
put in a frame for transmission, let’s di c@ ow it’s
transmitted. %

* |Information is communicated <@etallic media through
differential signaling. That isya ing voltage is placed
across the two condu to

* One requirement i y signal be DC balanced, that the
positive and n%n pulses are balanced.

e Let’s look %@g e line codes.
@

<
e
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NRZ (Non-Return to Zero)

after indicating an information bit. It only retu the opposi
information bit. Usually a voltage is a 1 § voltage is a 0.

* Non-return to zero means that the signal does notigtu to z€

* NRZ can be unipolar, which means it ents bits with a
voltage and zero voltage. 5

* Polar means that it represen%t by opposite voltages

Data

Unipolar (unbalanced) signaling

o
@@@ Polar (balanced) signaling
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Comment on Polar Encoding

» Polar encodes one bit as a “positive” voltage @and the
other as a “negative” voltage level.

* But positive and negative are relativ@%creates ambiguity

for the receiver.
e It's possible for the recelver %elve all zeroes as ones,
and all ones as zeroes.

e So polar is rarely Q‘@ne bit is generally sent as a
change of sta e@ the other bit is sent as no change of
state. Usu change of state is a 1 and no change of

state is |

@@
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NRZ

* NRZis not DC balanced and is subject to D@r if long

strings of 1s or 0s are sent. ﬁ
* In the figure, a long string of 1s are sent.
* This can also lead to receive % oblems.

Q@ O@
1 e
Time
s o P

@@@% W
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Non-Return to Zero Space

* The signal transitions whenever there’s a 0. @@

* You can see in the diagram that a volt @@aﬂge occurs
whenever there’s a 0 bit. %

 Whenever there’s a 1 bit, the VQ@ tays the same as it was
for the previous bit. @\

QAa ©
|1 D|1|1 [l EI[I|1|1 Dll Dl
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Non-Return to Zero Inverted

'
e Non-Return to Zero Inverted (NRZI) is the o@ Non-
Return to Zero Space. e
* You can see in the diagram that a v%@ hange occurs

whenever there’s a 1 bit. %
* Whenever there’s a 0 bit, th tage stays the same as it

was for the previous biﬁ@@
E\\Y

N2 i B
@Qﬁ% 101100 10
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Return to Zero (RZ)

D\
* Return to Zero may be polar, as shown in the d ; with'a,
pulse in one direction indicating one bit an @% inthe
other direction indicating the other bit.

e Or, it could be bipolar, with one bit i
voltage and the other bit indic 0 voltage.
is DC balanced but long

e Polaris not DC balanced.
strings of zeroes coul oss of timing.

JIIITTIT R e o e
T .“U“U“n.“n“n b b
Q@ﬁa} RZ Bipolar RZ, also known as AMI

dbya+or—
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Return to Zero

@‘@@?

* Note that each pulse must be less thar%@ﬁu bit time in
order to give the voltage time to ret zero.

\ai

1T 01 1 0001 00

@@@&r RZ Bipolar RZ, also known as AMI
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Manchester Coding

* Manchester coding is a type of phase encoding.
e Each bit has at least one transition, and itis D nced.

* A Manchester code insures frequent line @@e transitions
and thus provides good clocking.

e But it takes a lot of bandwidth. g@f@

Clock__‘_‘—‘l“,—l_ﬂﬂ_H_LL
Data | —L

1 01 0 01 1 1 0 0 1
Manchester _| O 11T g
Manchester _ A =
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Pulse Amplitude Modulation (PAM)

e Pulse Amplitude Modulation (PAM) is used for m%t n
just encoding voice.

* |t's used as a line code in a number of %é@@f?ons

— 56Kbps modems.
— 1000BASE-T Ethernet (5 level ‘%@its per level)
— 10GBASE-T Ethernet (16 Ia@? — 4 bits per level)

* Bandwidth is equal to ﬁ@ symbol rate - it takes a
minimum of two equal 1 Hz.

Oa

@@@% = “ i
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Pulse Transmission

* By “pulse transmission” | mean all the pre@ y described
line codes.

* Note that by Nyquist, we canno @It pulses faster than
twice the bandwidth of the tr S|on medium.

as | g the bandwidth.

[eAadsS

* But we can’t just keep in 4@

e Some channels, s microwave channel, may be
limited by licen

e Other chan ay be limited by the characteristics of the
channel;; as twisted pair.

@Q@ﬁ
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What we want in a line code

e As small a bandwidth as possible.
* DC balance. @@
e Power efficient. @

* Error detection and correcti

* Adequate timing content sofwe can recover and maintain a
receive clock.

o\
* Prevent long str{Ws or 0s. This can be accomplished
at a higher &eé%ﬁ 's low priority for the line code.

@@@%@
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Bipolar RZ

\)

@@%

— It has no DC component. @@ﬁ%
W\

* Bipolar has much to recommend it:

— |t has reasonable bandwidth.

— It has a form of error detectionw consecutive pulses have
the same polarity, there w % ror on the line. However, this
function was used fo% purpose in AMI.

* But some problems, als
— It requires @%rjl er (3 dB) than unipolar.
— |t rquir here not be a long sequence of 0s or timing can

be logth Avlong string of 1s provides good timing content since
@/ill be a transition each bit.
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Solution: Binary N Zero Substitution

R
e Binary N Zero Substitution (BNZS) will prevent Ion@%gs 0
or 1s. (N is a number, such as 3). @

e B3ZS is used on T3 lines and I'll describ @ irst.

e Each string of three 0s is coded acc o the table below,
depending on the number of “no@alternations prior to the
three 0s. Note that the substitution introduces a violation.

 Remember that the cou fisfrom a violation so this substitution
takes into accoun(t\ @%@

violation.

Number of bipolar pulses
since the last violation

Polarity of 0dd Even

%ﬂ preced?ng pulse |
Minus 00— 00V +0+ NOV N = Normal alternation

@ V = Vijolation

@ Plus 00+ 00V -0- NOV
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More on B3ZS

e Let’s look a bit closer at the substitution table.

e The “odd” or “even” is from the last violation. @e last
violation left a disparity, either + or -. &

e Assume three pulses before the 000 ar@%@ last one was a
minus. If an odd number, and %@ne was minus, the

last violation left a + disparity.
R .
L6)p

disparity (+V, -, +, — =0 @'
be left with a ne disparity and the next pulse will be +.

e The - mo Number of bipolar pulses
since the last violation

be a VIO
Polarity of 0dd Even
preceding pulse
N = - rnatlon Minus 00- 00V +0+ NOV
= " Plus 00+ 0OV -0- Nov
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More on B3ZS

* Now, let’s look at the situation were there were an‘ev
number of pulses since the last violation and%@ st one
was a minus.

e Assume four pulses before the 000. ven number, and
the last one was minus, the Ias@l n left a — disparity.
ion |

* The four pulses since the vi eft a - disparity (-V, +, -,
+, — = — disparity). Aft ng +0+ we will be left with a

positive disparity. ond + will be a violation.
QA
Number of bipolar pulses
since the last violation
Pola_rity I Odd Even
q preceding pulse
N Minus 00- 00V +0+ NOV N =Normal alternation
V = Violation
Plus 00+ 00V -0- NOV
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More on B3ZS

* Working out the situation when the last pulse w sitiv
will be left to the student.

* Hint: It's the same as explained earlier \@ e polarity
reversed. @

e Since positive and negative is ous to the receiver,

voltage assignments could @\el er way.

Number of bipolar pulses
since the last violation

Polarity of

) Odd Even
preceding pulse
Minus 00— 00V +0+ NOV N = Normal alternation
V = Violati
Plus 00+ 00V _0- NOV tolation

e
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Decoding B3ZS

N

* The receiver should never receive thre&éu%ntial zeroes.
If it does, a bit error has occurred. @

e Otherwise, when a bipolar viola@ccurs, the receiver can
use the table to determine the bit string is a 000. Any

one of those four strin% esolve to 000.

&
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B8ZS

v, i v

e B8ZS is used on North American T1 lines. It's actual
than B3ZS, and I'll describe it now.

» The substitution is done for a sequence of i%@eroes and is
based on the preceding pulse as shown@@ table below.

* Both substitutions have zero dis @@ the only thing that
makes a difference is that the Q&% se after the 0 has to be a

violation.

* Note that each substit ,r\ﬁ\ have two violations, the one after
the three Os and e the string.

Polarity of preceding  Substitution N =Normal alternation
V = Violation

<>< pulse
@%ﬁ Minus 000 - +0+— 00OVNOVN
@@ Plus 000 +-0—+ 00OVNOVN
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4B3T Line Code (4 Binary, 3 Ternary)

* Note that we have three voltage levels on the line Q@, nd-

* For asequence of three signals, we have 27 g@lations —
3*3*3 = 217.

* Four bits can have only 16 combln ti *2*2*2 16
e Therefore, we can map four b|t ree voltage levels -
4 binary bits into 3 signals.

* This provides a more e@@transpon of information than
bipolar, for examp e one hit is represented by one

voltage level.

 Thisalsoi @es the concept of “symbol” which we’ll see
more o e study modems. A combination of three
vol els is a symbol that represents 4 binary bits.
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4B3T Line Code

* Let’s begin by looking at the assignment of symbals.t
bits for European ISDN BRI (US uses 2B1Q).

<¥ Binary Ternary (1) Ternary (2) »

* The specific symbol chosen for a partim@
set of four binary bits depends on the@

0000 el

0001 --0 ++0
0010 0-+ -0+

disparity % T ) O
* [f the disparity is *, choose frem the first 0100
o)

column. If negative, chc rom the — " "
second column. T 1€ \ um disparity is 3. o 00 +00
S 1000 0-0 0+0
e The symbols frq‘t& to 1111 are 001 00. 00+
balanced. (N 00 0+
1011 0-+
e 26 of th ﬁ le 27 symbols are used. 1100 +0-
Wh| is missing? — —

1M1 -+0
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4B3T Line Code

* Why use 4B3T? &%

* Advantages @
@

— Lower bandwidth.
— Strong timing content (lots © %ﬁlons

* Disadvantages

«*
— Loss of error c@@

— Higher ban an 2B1Q used in the US.

Q@@é
@
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Multi-Level Threshold -3 (MLT-3)

.+ Used in Ethernet 100BASE-TX. '
* Three voltage levels, perhaps +1, 0, and -1. @

* Changes state sequentially to indicate @%ﬁd stays in the
same state to indicate a 0 bit. %

e So asequence of 0010111000 wcoded as +1,+1, 0, 0,
-1,0, +1, +1, +1, +1.

* Gives four bits per Hz W|dth is one quarter of bit rate.

 100BASE-TX tranm 25Mbps so bandwidth is max of
31.25MHz.

q 1
0@ +V !

PO

-V =

T, 1,1 .1 1

| | i
| | i
| | |
| | i
| | |
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* An interesting line code, with perhaps more ap bility to
optical fiber than metallic cable. %

* Requires three symbols, such as three?@ge levels.

» Each level represents the bit bei as well as the

previous bit sent.
o
o ?%

1 0 1 0 1 1 1 0 0
] 1 0 1 1 0 0 0 1 1 1 0 0
Coding rules:
0+0=0 N ‘ Signal
0+1=1 @ B ' level
S

e
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Duobinary

* The 1 level voltage is ambiguous - it could be a 0 ).
is evaluated based on the previous bit sent. @@

— |f the previous bit sentwas a 0, it representg?@
— |f the previous bit sentwas a 1, it repre

* A0 level always represents two g sequentially.
* A2 level always represents t% sent sequentially.

9. ?%@

Coding rules: 1 T8 e e d °1 °
st e
= level

—— 0

e
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Duobinary

A bit error will cause multiple errors, but the string of Brrc
will be limited in length. W\

— A0 level says that the previous bit and this biﬁ@

— A 2 level says that previous bit and this b@

— So receiving a correct 0 or 2 level @t the bit stream.
Problem: A bit string of 0101 % will produce a single
voltage with no transitions@ll long strings of 1s or 0s.

Countered by pre-codi

1 0 1 1 0 0 0 1 1 1 0 0
1 0 1 1 0 0 0 1 1 1 0 0

Coding rules:
0+0=0 - 2
Signal

0+1=1 {% ] e TR

e
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Transmission Media

O
* Now that we’ve talked about line code%@%%(amine some
of the transmission media.
e Some of the transmission med@n the network are:
— Twisted pair

— Coaxial cable - not r@@@ed a great deal any more.
\7
— Terrestrial mi

_ Optic:l fi%
@@@@
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Twisted Pair

e Twisted pair is used in the local loop, and fo ost
common versions of Ethernet. <
%@at-ﬂ cable, while

* The local loop is considered Catego&
Ethernet requires a better cable, @ ps Cat-5 or Cat-Se.

* Let’s look at the characteri twisted pair.

— Aot of the characterisii cribed are only applicable to
twisted pair use rnet, but an understanding of them will
help you un e any twisted pair application.

— Also, e(@j'v able is limited to 100 meters, while the local loop
ilometers in length.
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Twisted Pair - Attenuation

e Attenuation, called Insertion Loss in standards uments,
is the loss of signal power as the signal trav n the

wires.

* One component of attenuation is du@e resistance of the
wire. But the wire can be mad to reduce that
component. And yet, we s % ignificant attenuation in
twisted pair. There m other component of
attenuation.

* That componei\r%\i:lsl enuatlon is frequency dependent.
That is, the ore attenuation at higher frequencies than
at lowe encies. Why is that?

e
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Twisted Pair - Attenuation

N

* When a signal travels down a wire, it creat@agnetic
field that varies at the frequency in ques “ij

o PN

magnetic field from one WI V

of the other winding and i s a voltage in that winding.

* The same thing ha%@wisted pair. The magnetic field

around each wi% s a voltage in any conductor that it

is (mostly) a&xf 0. That takes energy from the signal. It
attenua@@

@@@@
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Attenuation

* The figure below shows attenuation in Categ

(subscriber loop) twisted pair. @%
30
25
— 26-B00NG (0.4 mm)
= 24-B06G (D5 minm)
% 20 I3 AWG (06 mm)
=] 15-800G (0.9 mm)
5 |
2 15
2
=
£ 10
L
2
0
107 10° 108 107 108 107

Freguency (Hz)
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Twisted Pair - Crosstalk

'

* Crosstalk is coupling of signals from @1@% twisted pair
to another set of twisted pair, usual apacitive or
inductive coupling. 9

* There is two types of cross ear End Cross Talk (NEXT)
and Far End Cross Ta ).

e NEXT is the mow .
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Near End Cross Talk (NEXT)

* NEXT is the signal coupled to the other pairs in dle,
and measured at the same end as the transmi

* Most crosstalk is coupled close to the
because the transmit signal is stron

* |t continues all along the cabl f4s reduced away from the
transmitter because the mg@ reduced.

Transmitting
Signal
—- o T pairt
*.*i

_-'-"'

I —'l—.-

'
]
'
—— — ——

-'bm.

Pair 4
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Far End Cross Talk (FEXT)

* FEXT is the signal coupled to the other pairs in undle,
and measured at the opposite end from the itter.

e FEXT is not as serious as NEXT becau@e EXT is
attenuated across the cable. N @

Tramsmitting N
— Pair 1
I-l'.
e Pair 2
o= FEXT
Pair 3
Pair 4.
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Bandwidth of Twisted Pair

* |n twisted pair, bandwidth is usually spoken @@e
frequency where the signal induced by as strong as
the remaining signal transmitted fro her end of the

cable, for the maximum length %%
 The Attenuation to Cross Tal is the dlfference in dB,

between the attenuation qﬂééji crosstalk.

* See the figure on t @ ide for Cat-5e which is specified
as having 125M andwidth.
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Bandwidth and ACR of Cat-5e

* Note that the attenuation and NEXT cross close to 1
 There is more than NEXT that affects the bandw@

actual bandwidth is less than shown. %
 ACRN is the difference, in dB, betwee ation and NEXT.
Note that it is zero where they cr
= ﬁEHH-CXt S5e (ﬁqmgn\p\
50 ‘_ —  [ngertion Loss
"\ ——- NEXT Loss
o 'E?\\ ————— ACRN
40 _““""\Hh“l.‘-“-
% 30 - B, | i ool
:h“é ol _—"
ACRN= attenuation

-
-
-
-

to crosstalk ratio, °© 50 100 TrSe. 200 250
near end

N
@@Q ol

Frequency [MHz)

-0 i

11/12/2014
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Category 6 cable

e Category 6 cable gives a slight improvement u@@énuation
a

but a significant gain in NEXT. This prow ndwidth of
about 200MHz.
AQ
ACRN-Cat 6 Channel
80 r
oL = [nsertion Loss
! L —=—- NEXT Loss
ol ACEN
Y
50 —"-:"--..___‘
I N
E |l T~ T =
E ol
20

-
!.‘_‘
-
-
-
oy

Frequency (MHz)
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ACR

e Here’s another look at ACR for Cat-5 and Cat-6 ca
includes all the disturbers on the cable.

e PS-ACR = PowerSum Attenuation to Cro
PowerSum takes into account the cro
(all pairs in the bundle).

@

%atlo

om all sources

Frequency Category 5e Channel Category 6 Channel

(MHZz) PS-ACR (dB) PS-ACR (dB)

1.0 54.8 59.9

4.0 46.0 56.5

8.0 39.3 49.9
10.0 36.9 471.7
16.0 31.5 42.6
20.0 28.8 40.0
25.0 25.9 37.2
31.25 22.8 34.3
62.5 12.0 24.1
100.0 3.1 15.8
200.0 — 0.4
250.0 —_ 5.7

S
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Twisted Pair Cable

* Here’s a chart that shows attenuation (msertlon
NEXT loss for Cat-3, 5, 5e, 6 and 7 twisted p

NEXT
dB

Ins Loss
dB/100m

!

112/2014

80

10

0

@@

‘MHHHH‘
'--:___:' el ™~
~J_T -1
\\ = =L
-“‘\h“"‘hh‘:: - Cat T
\\\ / ‘"--..h;‘ 1= [ |
T H“""'--.' b
~ Cat 5e L Catlﬁ y
T~ Cat5 i
| U.”L
Cat 3 =l
— — ___.--"__-/-"‘ﬁ/
._-——_iﬁ:;:::ﬁ
| | | ] T
1MHz 10 MHz 100 MHz
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Twists in Twisted Pair

N
e This brings up the question of how often is %@@ twisted?
* Atable for Cat-5 is shown below. ﬁ
* Note that the number of twist are di @Between pair.
e The Cat-1 wire used in the Iocal%& may have seven to nine
twists per meter. ,K%\
Pair color [cm] per turn Turns per [m]
I Green 1.53 65.2
I Blue 1.54 64.8
Orange 1.78 56.2

@gl Brown 1.94 51.7
@ .
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Making Twisted Pair with Wider Bandwidth |$

oS

* Some of the things that are done to make c%@ with a wider

bandwidth are:
@

— Bigger wire to reduce attenuatio @

— Thicker insulation to keept further apart.

— More twists per mete to e crosstalk.

— Better control o @@e to reduce reflection.
Sometlme pImes to keep wires apart and keep the
cable ro

— Better ectors

e
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Coaxial Cable

\
» Coaxial cable is a type of cable that contains a @

conductor, surrounded by an insulator and ar
metallic shield. @ﬁ
* |n a perfect coax cable, the electric fi ists only in the

space between the center co_n@@ nd the shield.

plastic jacket

dielectric insulator

\
@@Q@ metallic shield

centre core
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Coaxial Cable

e Coax is primarily used to carry RF sig I@%

e Coax is not used very much in the k today but was
used at one time to carry man aneous telephone
calls.

o

e It's still used in CATV systems, although mostly to connect

. NI L :
to the residence %@ istribution within the residence.

* We won't gg{@\& per into coax cable here.

@%@
o
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Terrestrial Microwave

* There is disagreement as to what frequencies s @be
termed “microwaves”. Some sources quote z to
300GHz, while others quote 1 to 30GHz o 0GHz.

* The 300MHz to 300GHz gives wavel@@om one meter to
one millimeter. 5

e The wide bandwidth assigned\to'each channel allows for a
very high information .

e Early in the telep @ ork, microwave was used to
carry many si ous analog voice calls, similar to coax.

e |t was (and ) widely used because it could be deployed
. \ . .
quicker. less cost than laying coax (or fiber, today).

. Tg@ 'S almost all digital microwave.
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Terrestrial Microwave

e Terrestrial microwave is “line of sight” meani the two
stations have to be able to “see” each ot e&%} ey cannot

be below the horizon.
&

— Limits transmission distance E @

* Microwave signals can also b& acted by weather
conditions.

— “Ducting” due to at @%c layers.
— Rain fade. ( I@/
e Compensa y frequency diversity and/or space

diversi!%x

e
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Terrestrial Microwave

* Frequencies are limited by absorption by water i

atmosphere and by oxygen.

e The first attenuation peak occurs at
and the second at 63 GHz due to oxy

¢
e

11/12/2014

2 g

\)
K

to water,

100.000
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0100

ooin

0001

Atmospheric Absomtion

[dE:fkm)

= = = =Atten'wWATER ||

[dE:fkm)

AttenOAYGEM) |

1

10 Frequency (GHz)

100

1000
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Optical Fiber
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History of Optical Fiber

* |n 1965 Charles K. Kao (Nobel prize, 2009) an % Hockham'
showed that attenuation in glass was pri e to impurities
in the material, opening the way to dev ent of practical
fiber.

e |n 1970 Robert Maurer, Donald Keck, and Peter Schultz of
Corning produced a fibe M‘g@ dB/km in the 633nm window,
opening the way for pr fiber.

e By 1976, fiber los een reduced to less than 1 dB/km at

1310 nm, pavi e way for the first commercial installation in
Chicago i operating at all of 45 Mbps).

e
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Basic Principles

Q ;
* Optical fiber is a dielectric waveguide, not a c%g@?b
the

» The fiber is made of silica (glass) doped to %
refractive index.

e |t consists of a center core, surro what’s called the
cladding. The core has a slight er index of refraction
than the cladding. This is n ary to produce the waveguide.

* Lightis guided by “tot nal reflection” at the boundary
between the core cladding.

e The refractiv ex of glass used in fiber optic cable is
between 1 1.48. The difference between the refractive
index g%ﬁ%é dding and the core is small — about 0.4%.
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Basic Principles

* The speed of light in a medium is related to the

of the medium. &
* In the glass used in fiber optic cable, li %ﬁvels about 0.69 ¢
e This is close to the speed of electri copper.

e @
V= %
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Light

* And now, a few words on the concept of “l&@@gefore we

discuss fiber optic cable. @
* Light can be viewed as waves, @otons, whichever

makes more sense to the sita%%

R

* Additionally, light can be afalyzed through “ray theory”, as

traveling in a straightlin@ :

or as being ben@
refractive index.

)

eflecting off certain surfaces,
ters a medium with a different
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Light

N
* Lightis an electromagnetic wave, exactly like ele gnetic
waves at lower frequencies. All of the mathe tools you
used at radio frequencies can be used wié@ . Modulation of

light is mathematically the same as né on of RF signals.
QA

Magnetic
field

<

Direction
of
maotion

{ Electric
field
{ 5 vibration
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Refraction and Reflection

 |f you put a straw into a glass of water and Ioo@@n into
the water, it appears that the straw is bent.w\@s sd
r

refraction at the boundary of the watzg\

ue to
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Refraction

* Here’s another example of refraction.
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Snell’s Law

Snell’s Law tells us how much the light rays wiII@ t
(refracted) as they move from a medium of o%@ active
index to a medium of another refractiv%

Snell's Law n, sin 6, = %@@

3y

n, Ox@ 2
D

Cladding

Core
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Snell’s Law

e Depending on the values of n; and n,, there wi
angle of 8,where sin 8, =1 (90 degrees) T nown as

the critical angle, 8.. Higher angles of @ esult in total

reflection.
nz @@

Critical angle sin @, =

“@@
Cladding

0,

@/
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Total Internal Reflection

* Angles of 84larger than the critical angle (0
produce total reflection.

* This is how optical fiber guides the I@g@%nals down the

fiber. X%@

n, 0&@ Cladding

ng o 04 \ Core
! QX% 91 > ec

nl& 0,=0,
O
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Multimode and Single Mode Fiber

@ MULTIMODE

— =625

@ MULTIMODE
50| €—

{125

| |-
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Modes in Optical Fiber

_ MULTIMODE, STEP-INDEX
* The large core of the multimode

fiber allows the light to follow " Dispersion
multiple paths, of different ﬁ

lengths, causing distortion of the. input 7 Output
pulse. This limits multimode \ rulse Low-Grer Pulse

fiber to relatively short runsg

 Single mode fiber o s the SINGLE MODE, STEP-INDEX
light to follow a si th

through the ¢ ucing the input :ﬂulpu‘t

spreadin% pulse. Pulse Fill

e
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Acceptance Angle

» The acceptance angle affects our ability to Iaunr@ pti
signal into the fiber.

e There is an angle, ., which, after bei @%%ted as it enters
the cable, resolves to the critical an ¢, inside the fiber.

* We can analyze this situation n%@Snell’s Law.

Snell’s Law n = n4 Sin a,
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Numerical Aperture

* Through some algebraic manipulation we ca@@& that
n, sin 0, = \/n% — 1@@%
 And we define Numerical Aper@

N
Jehs
N\
@@@x
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Numerical Aperture

n; —n,

a .
— Sin*0 y=
ny ny
& % n,sinf, = \/ 2 —n3

NA = \/ni — n3
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Numerical Aperture

* Any angle gr a@n the acceptance angle will cause the
light to refréﬁto the cladding and be lost.

* Anya g aller than the acceptance angle will be
pr ed down the fiber.

@@
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Why do we care about NA?

» Because we have to focus the laser light int%@ re of the

fiber. <
* The light from the edges of the lens @ nto the core at an

angle. X%@

Objective

&\gw fev:v mm focal
Q{B length
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Linear Impairments in Fiber - Attenuation

e Attenuation in fiber has a number

— Material absorption.
e |ntrinsic attenuation is ¢ @ by characteristics of the fiber, itself.
* Extrinsic attenuatio sed by impurities in the fiber.

— Scattering los Qx@

— Bending lo %&
@O@&@
@@
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Intrinsic Attenuation

caused by electron transitions in the glass al.
— Remember how ordinary window glass s UV light? This
is the tail of that absorption (cutoff Onm).
* There is a second absorptio &%@alled the “infrared and
far-infrared absorption tail”%used by molecular vibrations

(very high attenuation-be§ond 2000nm).
O

* Together, these g es, along with Rayleigh scattering,
set the floor f uation in fiber.

e The bes&{@day has about 0.2dB/km attenuation in the
1550% . That’s about as good as it’s going to get.
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Extrinsic Attenuation

e The major impurity in optical fiber used to b @— the
hydroxyl ion from the oxyhydrogen fla% to heat the

ingot when pulling the fiber.
e These OH™ ions have an abs <%izak at 1380nm.
 Since this peak is quite nar e bands at 1330nm and
1550nm are unaffecte@ absorption.
>
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Scattering Loss

* The major scattering loss in fiber is Rayleigh @@ring.

e Glass is amorphous (not crystalline), has areas of
inhomogeneity which are much sma h the wavelength

of the signal. e
e When light strikes one of th %%as, it absorbs energy,
vibrates, and then reradia@ e light in a random direction.

e The intensity of R @cattering Is inversely proportional

to the fourth poﬁ% he wavelength (shorter wavelengths
are affecte han longer wavelengths).

* Raylei ering is one of the primary reasons the sky is

et
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Rayleigh Scattering

e Some of the scattered light will be scattered f@ and
conserved.

e Some will be scattered backward an I%@
e Some will be scattered into th g and lost.
0 . IR Cladding

W<,
6 local inhomogeneities
0> o/
' N
</

1112/2014 P. Michael Henderson, mike@michael-henderson.us copyright 2014 161




Rayleigh Scattering

* Another diagram demonstrating Rayleigh scatteri

* This diagram shows the re-radiation occurri andom
directions but shows the inhomogenei& eing much
too large. Q

CLADCHNG

CORE

CLADDIMNG
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Attenuation in Optical Fiber

100 T T T T T T 1
50

10

Experimental Infrared

absorption\y4

Attenuation

(dBkm~-' 7]
(g8 «m_) 05 Rayleigh // _
T r scatterin 7

N g S ~— /4 1

~ \\ Ultraviolet T~ -~ </ 7

o1l \'{ absorption mi)v:rgf:é?iins 7~ ——3

0.05 - b e v / -

- \ -- —

0.01 | " | 1 | 1 L \A.l 1

) 0.8 1.0 1.2 1.4 1.6 1.8

Wavelength (um)

./
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Optical Spectrum — Standard Fiber
Attenuation (dB/km)
3
Rayleigh V
4 - Scattering
3 OH- Absorptign F
;;;3‘7 Infrared Absorption
/ Loss
2 - k/ / /
Y = [,
1 -~ LURN
= ™
’ T T T T T T T T T 1> Yavelngh(m
0.7 0.3 0.9 1.0 1.1 1.2 1.3 1.4 1.5 1.6 1.7
| |o-Ba E-Band | |S-Band C-Band L-Band
1260 1360 -1460 nm 1460 -1530 nm
111212014

| U-Band

1530 -1565nm  1565-1625nm 1625 -1675 nm
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Low Moisture Optical Fiber

Attenuation (dB/km)

5 | |
1
Rayleigh | ‘§-‘
4 Scattering ggg‘*' e 3 d OH- Absorption
3 -
1 - =
= Low Water Peak Fiber
0 | p Wavelength (Jm)

| I
0.7 0.8 0.9 1.0 1.1 1.2 1.3 1.4 1.5 1.6 1.7

| |o-Ba E-Band | |S-Band C-Band L-Band |
1260 @ 1360 1460 nm 1460-1530 nm  1530-1565 nm 1565-1625nm  1625-1675 nm
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Bending Loss

 If afiber is bent sufficiently, the light ray can

boundary with the cladding at less than t@%@tlcal angle be
refracted, and lost.

Curved Section:
This ray Is less than the critical angle,
enters the cladding, and is lost.

Other rays are still greater
than the critical angle and
continue to propagate.

Straight Sectien:
All ravs are bound

>

ﬁ
Direction of
Propagatian

m acrobend |oss
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Bending Loss

* Bending loss increases with wavelength.
e The examples given here are fairly tight b

very high attenuation. @
Optical Fiber Bending Loss Increase 1;; Wavelength
Macro-bending Loss of typlical standard G.B62 SMF
Single 360 degree turn (maximum |oss)
_ 20
s
E 16
£ 10
i
" /
=
n L L e e
2,055 0 ol o o 3 (B P 4 (B P P o o o P
Wavelength (nm}
T/

11/12/2014
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Bending Loss

* Bending loss can also occur on “pinched” f%@ r from
manufacturing imperfections. <
é@
X

CLADDING
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Linear Impairments in Fiber - Dispersion

* Dispersion — spreading of the optical pulse in ti

— Material Dispersion — caused by dlfference@@ refractive index
with frequency.

— Waveguide Dispersion — F|elds o the cladding and travel
faster because of lower refra ex. Source of negative

dispersion.

— Polarization Mode ,.,.-\'\*m — Caused by differences in refractive
index because ‘-\N\of*’ anisotropic (not perfect — e.g., core may
be elliptical). \*

— D|sper<s| easured in ps/(km-nm).
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Model Dispersion

e Characteristic only of multimode fiber. The ligh \
down the fiber in many modes, some direct the fiber,
some reflecting off the boundary betw core and the
cladding.

The “reflecting” path is Ionger s that light takes

longer to travel down the fi he straight path. This
causes the rece|ved s e broadened

Hag'nnl‘:ljgder DJED-EFEII:_III'I

{ ][ | o
§g¢iu’c —Output
@Q - Liow- Elrder Pulse
Mode
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Material Dispersion

* The refractive index of both the core and clad ' re
frequency dependent

e Rememberthat v =— wherevls@%eed of light in the

medium, n is the refractlve |nd c is the speed of light
in a vacuum.
e Shorter wavelengths gher refractive index and thus

travel slower.
* Longer wavele@see a lower refractive index and travel

faster. _ @Q@
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Index of Refraction for Optical Fiber

e The chart shows the relationship of refractive index a

wavelength. Shorter wavelengths (higher freque@ bluer
light) see a higher refractive index and thus lo

1.458 ¢

11/12/2014

Index of Refraction

1.456

1.454

T

1.452 1

1.450

1.448

1.446

1.444

1.442

-I-“D | 1 1 1 |
06 0.7 OB 09 10 11 1.2 1.3 14 1.5 1.6 1.7

L] +

Fooe

F—t

-

=

Wavelength (pm)
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Material Dispersion

* This figure shows how the pulse is broadened b of |

the differences in speed of different frequen@
omponents

* The input pulse is “white” because all
are together.

* Note that “red” (long wave) %{j@&&er than “blue”

(shorter wave).
@@
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Material Dispersion

* Here’s a chart showing the curve of material diS@%
line). The zero dispersion point for fused silic@

76nm.

* The total dispersion is the red line, bu discuss
wavegduide dispersion before it makg% e.

11/12/2014

Dispersion —

o

1.31 ym Zero-Dispersion in Step-Index SM Fiber

Material Dispersion

\

~

S

Zeroat1.28 uym

\

Total Dispersion

Zero at1.31 uym

++++++++
oooooooooooo
++++++
oooooooooo
o
oooooooooooooooooooooo
++++++++++
oooooooooooo
++++++++++
+4

Waveguide Dispersion

1.2 ym 1.4 ym 1.6 pm
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Wavegquide Dispersion

* In single mode fiber, the wavelength of the Ilght is 2
than the core of the fiber.

* As aresult, the electric and magnetic fleld e Ilght
actually travel in an area that exceeds ¢t % meter of the

\ :
e Because of the dlfference§ fractive index, the part of the

signal in the claddi<r>| first, causing dispersion.
* Longer waveleng@end further into the cladding.

. —— AN

Shorter Longer
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Chromatic Dispersion

e Chromatic dispersion is the sum of the material dispersii

the waveguide dispersion ?
* The waveguide dispersion is negative and so %@ e chromatic
dispersion curve to the right from the mat@

Ispersion curve,

with a zero dispersion point near 1310nm."

11/12/2014

Dispersion —

o

1.31 ym Zero-Dispersion in Step-Index SM Fiber

Material Dispersion

\

H’d—{f

Y

Zero at1.28 um

\

Total Dispersion
Zeroat1.31 uym

+++++++++++
+++++++++
oooooo
ooooooooooooo
++++++++++++++++++++++
ooooooooooooo
+++++++++
++++++++++
‘e

Waveguide Dispersion

1.2 ym 1.4 ym 1.6 pm
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Chromatic Dispersion

e Chromatic Dispersion can be positive, zero, ative.
* If positive, shorter wavelengths travel a@ an longer
wavelengths (higher refractive inde orter

wavelengths). %

* If negative, shorter waveler@&s ravel faster than longer
wavelengths.

e The effect of chr mpersion increases with the square
of the bit rate. oubling of the bit rate causes a four-
fold impac persion.

@@@@
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Dispersion Shifted Fiber (DSF)

* Through doping, the waveguide dispersion can b i
a more negative direction.

e This shifts the chromatic dispersion to a wavelength
as shown in the diagram below. Sta 1557.5nm,
+/- 12.5nm

1.55 ym Zero Dispersion-Shlfted Fiber

Material Dispersion
Total Dispersion

Zero at 1.55 um \

o

Dispersion—
=
3

¢¢¢¢¢
.......
++++++
......
+++++++
++++++
+++++++
++++++
++++++
******

++++++++
e
+++++++++++++++
,,,,,,
+
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Non-Zero Dispersion Shifted Fiber (NZ-DSF

 When DWDM systems (to be explained soon) ca e '
it was found that having the zero dispersion @l 1550nm
did not work well. &é}

e This led to the development of fiber wi ero dispersion
point just off of 1550nm, and Disp Flattened Fiber (DFF).

0 non zero a shifced
G.652 dispersion
~ G.655
: DOF : -
DCh_,[psmm.km] ]O — ?\Z'Dbl“( | ]'
e NZ-DSF(-)
wavelength [ pun]
0 1 |
] |
] 1
- DFF
-10F flattened dispersion
shifted dispesion - DSF
=20~ G.653
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Chromatic Dispersion

_

* Fiber communication rates typically increas@ctor of

four (OC-3 to OC-12 to OC-48, for e

Xa
e The cost and complexity of the elecgéé&s are usually less
than four times the lower rate. . 4,

* However, when increasing N e , the i
chromatic dispersion i ytimes the lower rate.

 At10Gbps and, e @9 y at 40Gbps, dispersion
compensatlor{\é> lutely necessary.

“%S@@

by four, the impact of
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Dispersion Compensating Fiber

25

* NZ-DSF is available
with either a 20
positive or negative
total dispersion
curve.

o
&n
T

Non DSF

/

T H
/ in) le-DSF'>\H_ //
/ \\

\

T
£
* (-D)NZ-DSFcanbe 3 N
used for dispersion ?
compensation. ‘@ 0o L |
8 (+D) NZ-DSF
* Other solutions @g / i S

S -
available for &
DSF
dispersi %@Q
com
1250 1300 1350 1400 1450 1500 1550 1600 1650
Wavelength (nm)
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Fiber Standards

* The ITU has developed several recom ions for fiber.
— (5.652 for standard fiber with a zero jon at 1330nm. Also
called standard single mode fik{%@
— (5.653 for Dispersion ShifteghRiber.
— (5.655 for Non-Zero Di on Shifted Fiber.

— Several other@@mlized applications, including submarine

cables. Q&
@i@%
@@
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Polarization Mode Dispersion

* Polarization mode dispersion only becomes imp % at
higher data rates — 10Gbps and above.

* ltis caused by irregularities in the fibe -@%ample the
core not being perfectly round. @

 Single mode fiber supports tw onal polarizations
which travel at different veI ecause of these
irregularities.

Polarization Mode Dispersion

Q Differential Group Delay
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Wavelength Division Multiplexing

A
* Fiber has tremendous bandwidth. @

* Engineers started to ask themselves, “Wh a fiber to
one channel? Why can’t we put multi @ nnels on a fiber,
using frequency division multiplexi

» The answer, of course, is th n do frequency division
multiplexing on a fiber, an 's what Wavelength Division
Multiplexing is. . Q@

* Terminology - @elength (or signal) is known as a
“lambda” beca@ the Greek letter, 4, used to represent
waveleng

* Note % is a just way to get more capacity out of
IS

@;@@ only a transport mechanism.
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Wavelength Division Multiplexing

 WDM is the use of multiple wavelengths of Igﬁwt )
(lambdas) to communicate multiple chan%% information
across optical fiber.
* There are two major categorie %
— Coarse Wavelength DIVISIO exing (CWDM) with wide
spacing between the la d.,:« ntended for low cost, short
Ve 1R
range applications, ystally'on mulitmode fiber.

— Dense Wavel ision Multiplexing (DWDM) with relatively
narro@@ tween lambdas. Intended for backbone

appli imited to the S, C, and L bands because of the

b@g& imits of certain optical amplifiers.
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ITU Standards for WDM

G

The ITU (G.692.2) defines Coarse WDM as o%@ between
1271nm and 1611nm with 20nm spacin ,@ ing in 18
channels.

Dense WDM is defined (G.694. @@19 centered at 193.10
THz (1552.52nm), with 100 G cing. No defined number
of channels, depends on | bands used.

Note that CWDM i % in nm while the DWDM is spaced
in Hz.

We’re goin ncentrate on DWDM in this discussion.

@Qﬁb{x
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The ITU Grids for WDM

(B} ITU-T (3.694.2- CWDM wavelength grd (20-nfm spacing)

TTTTTTTTTTTTTTTHT

1800 remi

P Wavelangth

(C] ITU-T Goeda.1: DAWOM frequency gnd (example of 100-GHz2 spacing)
1|:|-|:| GHz = apperox. 0.8 nm

15-=||:I 1545 1555 1565 nm

o
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Coarse Wavelength Division Multiplexing |

CWDM was defined to allow low cost WDM, for short
distance transmission, perhaps within a acility or

between buildings on a campus.

Can use LEDs or lower cost FWt lasers for each
lambda because of the widek& spacing (not exact
frequency and may not b ;,-:% e with temperature and age).

Can use lower cost, nents for muxing and demuxing
the lambdas on er.

Will usij@&ed with mulitmode fiber — bigger core - for

ease of g the lambdas onto the fiber.

e
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DWDM

* Multiple signals are input, each on a different w%:i%gh
called a lambda.

e The lambdas are combined on the fibe %’%nsmltted to
the receiver, where they are demux(g& parate the

lambdas. &@
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Dense Wavelength Division Multiplexing

\) _
* Note that the ITU centered their recommen%@;@%r DWDM
in the 1550nm band. e
e This is because DWDM is primarily h single mode

fiber for long distance transmig&

* And the most common opti Xa plifier, the erbium doped
fiber amplifier, operate@ 1550nm band.

e ThelTU recomnw specifies 100GHz spacing between
lambdas but ies may use more or less. Some use as
little as 25 hile others may use 200GHz.

@@Q@
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Lambda Spacing

* A modulated signal requires bandwidth for tra sion.

* For On/Off Keying (OOK), the information si IS
modulated onto the laser frequency. a form of
Amplitude Modulation (AM).

* The NRZ signal carries two &%@I

* This produces two S|deb ach with bandwidth equal to

the information mgg@
* Soa10Ghps sig@ uires at least 10 GHz spacing,
preferably for guard bands.

e A40G | would require at least 40 GHz of bandwidth.

@@
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Impairments in DWDM - Linear

because the laser is modulated. De g on how well the
signal is filtered before belng e fiber, signals may

extend into adjacent lambd WI|| degrade their
signals. Also depend pacmg of the lambdas.

@x@
QS@
@@
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Impairments in DWDM - Non Linear

» Usually important at higher bit rates, 10Ghps @bove.

« Stimulated Brillouin Scattering (SBS) - wi @ single
channel, shorter wavelengths transfer r to longer
wavelengths, causing spreadin pulse.

e Stimulated Raman Scatterin ) — Power is transferred
from a higher frequency r wavelength) lambda to a
lower frequency (lon elength) lambda.

it rate dependent) — Interaction

 Four Wave Mixi@
between@ auses additional frequencies to appear in

the fiber. ed by channel spacing and fiber dispersion.
Red ﬁ pacing lambdas further apart and by irregular
S L%of lambdas.
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Impairments in DWDM - Non Linear

» Self Phase Modulation (SPM) — Occurs even w ere is
only one lambda in a fiber. Causes disperg&@ reading of

the pulse. @

e Cross Phase Modulation (XPM) = Si to Self Phase
Modulation but caused by in&GI between the signals
on different lambdas. Cau@ ispersion spreading of the

pulse. Q&
* As the power in@gﬁ ical fiber increases, the fiber begins
‘ ar device. This limits the number of
dthe’ amount of power for each. This is
for SPM and XPM
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Fiber Optic Components

@‘@@?

* The components which we’ll examine @@ﬁ%
— LEDs (Light Emitting Diodes) @
— LASERS (I'll write this as “Iai here on).

— Photodetectors @
— Semiconductor o%tic ifier
— Erbium doped i plifier

— Raman lon

% and demux
N
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First, Some Physics

Silicon is the primary semiconductor material used in VLSI sys
Silicon has 14 electrons

Energy Bands
(Shells) /\K 7Band

Silicon has 4 sheII /
vale
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Energy Bands

&Iectrons try to
occupy the lowest

A
Disal @ energy band
e possible
%@S * Not every energy
Increasing level is a legal

Electron p \\ state for an
Energy A 1) Allowed electron to

Energy occupy

States * These legal states
tend to arrange
themselves in
bands

@@@%ﬁ
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] gd® s
o

Valence Band

Last filled

&
. xgp energy band at
 E_is the lowest gy state of a free electron. 1=k

* E, is the hi energy state for filled shells.
* Egis %ﬁ} rence in energy between the E band and the

G
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Silicon Crystal Structure

e Silicon, with 4 valence
electrons in the valence
shell, form crystal structures

o ¢ o
o—o_—o°
.

2-dimensional view

3-dimensional view

-/
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Doping

e Silicon can be made into a
semiconductor by doping
it with certain elements.
* Elements from the IlIA
1] Sulfur
column have 3 electrons u@@m &1 785
the valence shell. 7Zn Se
+  Elements from t@ e =
column hav tronsin | g Te
the Val . Cadmium Tellurium
80 200,59 24 (210)
Hg Po
Polonium

@@
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N-type Material

 |f phosphorus is added to dD
the silicon, it will take the

place of a silicon atom in _. —

the crystal, but an electron

will be left over.
* There will be free &. . ._
electrons in n-type
material. @Q I | I I I I
* When the el
mgrates&@hat’s |eft _. . ._
is a pg@ charged I I I I I I
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P- Type Material

* If boron is added to the I I ﬁd@@ I

silicon, it will take the place I

of a silicon atom in the __._ ._ ._

crystal, but an electron will <
be missing — there will be a Q I I I I 7 I I
h+

hole. — — —_—
+ There will be free h @ —.— .— .—
p-type material. $ I I I I I I
 When an ele fills the
is a — . — . — . —
negg@% arged atom.
o 1 T
@ 202
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Junctions

* When silicon is alternately doped, we form a pn junc
between the n-type material and the p-type m

* The extra electrons in the n-type material e to the p-
type material and fill the holes in the v e bands.

* When they do, the n-type atom with a positive charge
and the p-type atoms have a&%ﬁve charge.

Depletlon region

- le fused electrons
I
|

n type i@ @ p type
N RCRCRORIOR ORRORONON N
0000|0100 G
O00|0|0I0O G

N
@@ | {§\|\ pn junction

Barrier potential
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Junctions

» Because of the charges on the atoms, an electric fielc
between the n-type region and the p-type regic@

* The electron migration will continue until i@ectric field
between the charged atoms is sufficie lock any further

migration. Q
* The area of charged atoms i %n as the depletion region
because it is depleted of carriers.

Depletion region
| Diftused electrons
| /

Qj

n type I@ | p type
_|loocoielooeo| |
©00|0|0|®00
OO0V I0IOOO

N
@@ | |t\’\ pn junction

]f

Barrier potential
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Reverse Bias

* |f we apply a voltage across the semiconductor, tgh?b

positive on the n-type side and negative vol’%ﬁthe p-
type side, we will pull the electrons from ype material

and the holes from the p-type material@

* This will widen the depletion regi il the electric field
across the depletion region h& s the voltage applied.
. >

@@@5

11/12/2014

n side

0J0)0,
OO

l
|
I
|
I
|
|
|
]
|

.
Widened depletion region

-+ —
1]
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Forward Bias

 |f we apply a voltage across the semiconductor, wit

the n-type side and positive voltage on the p-ty : \
will flow to the positive ions in the n-type m% , causing them

to become neutral atoms. @
* Electrons will also be pulled from t %’}tive ions in the p-type
material.

e Electrons will continue to f @cross the junction, falling into
the holes in the p-type@ l.

1 side I { p side
000+ |+000
QO@T *1-@@@

R OO0+ |T0O6
O N
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Photon Emission

 When a free electron encounters one of the column |
atoms, it will fall to the valance band to fill t .

* But the electron has too much energy ﬁg@ and and
must give up E 4, the gap energy.

* |t can do this by emitting a ph %%that amount of
energy, hv. (h is Planck’s tant, and v is the frequency).

 This is how an LED emi t.

Ec
e electron
O E, /\/h>

%\ Hole :
@ﬁ@@ —
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Surface Emitting LEDs (SLED)

 The substrate is etched and a fiber is attached @M e
active region. %
aod

N
Fiber \\D
Circular
etched well Bonding material
\// Metalization
\ N \ Substrate\
N\ SN\
1Caorélf‘";nement <: V7 heterojunction
y 4 layers
SiO, isolation Si0, isolation
Metalization \
Heat sink / \
Active region / \Circular metal contact

O
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Edge Emitting LEDs (ELED)

* The light exits the semiconductor on the side
e Edge emitting LEDs can be more powerf @ Ds

»@\

Stripe contact
(defines active area)

0, Active area

Metalization (for
/ electric contact)
7 / Si0, isolation layer

} Double-heterojunction

Light-guiding layers

Substrate

Metalization (for

electric contact) B Y layers

Heat sink

Incoherent optical
output beam

N

4
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Advantages and Disadvantages of LEDs;

'
 LEDs are much less expensive than laser di @

e Can be easily modulated by controllin @%mection current.

e But... they have a broad bandwidt t 35nm in the
800nm band, and between 70n Onm in the 1300nm to
1600nm band.

* Mostly used for short di e applications on mulitmode
>

fiber. x@

e Would be d% couple to single mode fiber.

@{@
o
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Fiber Optic Components

O
* The components which we’ll examine @@%@C})
— LEDs (Light Emitting Diodes) @
— LASERs (I'll write this as * a%%%m here on).
— Photodetectors @\
— Semiconductor o%tic ifier
— Erbium doped i plifier
— Raman

% and demux
N
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Laser Diodes

O

* For long distance transmission, and f I@%ﬁing an optical
signal into a single mode fiber, Iase@es are preferred.

@
@@\%
&

W
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First, Some Physics

* There are three important atomic concepts rel Lasers
— Absorption of a photon. %@g)

— Spontaneous emission of a photon. @@
— Stimulated emission. %@®

Ab y Spo%@s Stimulated
sorption emission

o, T ion
, = RS 8 =
/\/\ ¢ @ /\/\ /\/\ /\/\

A0

e E, ——
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Absorption of a Photon

VR S R
d . :

 Atoms have discrete “orbital shells” which ele@tﬁ can
inhabit.

* There is an energy level associated m@ orbital.

* Foran electron to move to a hig @ al, it must absorb a
photon which contains that % ergy (that quanta of
energy).

N rptlon

&
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Spontaneous Emission

)
* Electrons will generally only stay in a higher ene ell for
a limited amount of time. O

* When they return to the “ground state”.t %’Pnit a photon

that has the energy equal to the diff etween the
higher orbital and the “ground staté’) orbital.

* |n doing so, the photon emi ill be emitted in a random

direction. q %@
us
@x@ sion

-~

I \
7
~F

&
N AVA
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Stimulated Emission

e When an electron is in an excited state, it can be
“stimulated” to emit a photon by interaction wi other
photon of the proper energy. %

* When it does so, the emitted photon i %Iy the same

frequency, phase, and direction oton that that
stimulated the emission.

* Einstein proposed stimul @xmission in a paper in 1917.
\"‘T'q I

R
%{@@EM\ Qﬁ
o® |

E, —&
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Oscillators |

* An oscillator is a system which includes a gain eanda |

method of providing positive frequency selegtive feedback.
* When power it applied, the amplifier wi@n amplifying
noise, which is broad band.

* A selected frequency will be &&%@ through the filter,
amplified and fed back agai@

W
1% . Vo
% Amplifier Output

\S
JAO
@%@@L Filter —
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Oscillators

e The output will become a sinusoidal wave of th@@q ency |
passed by the filter. %

* The amplifier will eventually saturate w&@ il limit the
amplitude of the output signal. @
\Z

N\

Ww®
1% . Vo
% Amplifier Output

\S
JAO
Q@{@L Filter —
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Laser

* A Laser is an optical oscillator consisting of a g@j@ dium
and a frequency selective feedback mechanj

* Photons travel through the gain mediu ounce back
and forth, being amplified each t|m

* The length of the cavity (the dl%& etween the mirrors)
determines the frequency S

e B
i ¢ l/\\ I/\\ I/\\ I[\ \ I/\‘ . /\/\
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A Laser Oscillator

\
e Combining these ideas, we can see how a Laser w I@

* First, energy is put into the gain medium, whi%@ s the
electrons in atoms to a higher orbital st e@% ates a

“population inversion”.
e Then some of the atoms will rele@@oton through

spontaneous emission. X
En n‘,
N S T T T T T T T T T T
| Migror / @ Partial mirror |
| / (xq@ .| ! Light
| | Ez I output
| A\ |
|
LI %\l‘ T 7—\ 7 % | |
| ggﬁ - Vo
\ 4 i
T ]
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A Laser Oscillator

will be reflected back and forth through the ga
causing stimulated emission. %
requency.

* The cavity length will determine the o
* Some of the light leaves the gai ium through the partial

* Those photons that are emitted directly towards tg%

mirror. Energy X
A
A
| Migror Q@ Partial mirror |
I / XY || Light
| | Ez I output
| N\ [
' |
: L4 A ) I
|
|
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Fabry-Perot Laser

* Only certain wavelengths will be amplified in a @@

* Those wavelengths will form standing wav
resonator cavity.

e Multiple wavelengths, of cours standlng waves.
e The wavelength centered o %}%ﬂ curve of the active

medium will grow the fast ile the others will fade out.
Only a single mode w@
\
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Fabry-Perot Laser

o)

Cavity ends are

) \ cleaved on (110)
Diclectric //crystal planes
reflecting A e

layer(s)

Cavity sides arc rough cut

Optical and carrier
confinement layers

Lasing spot

Transverse size,
0.1-0.2 um

Longitudinal size,

250-500 pm
\ Lateral size

5-15 um

pJS—

i 5-10°(0 )
Optical output

to be coupled
into a fib(lsjr —

Far-ficld
pattern

30-50°(6 ,)

RV
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Distributed Feedback Laser (DFB)

CorrugatedA
feedback grating

Active layer

Confinement
layers

Substrate output

&%\?)
s
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Modulation of the Optical Signal

O

 The diode laser can be modulated via the | @ive current.
 This is called direct modulation. @@

* Only practical for lower speed @Gbps or less.

* For higher data rates, “chir % idening of the laser line
width - is a problem, so @ml modulation of a steady
laser output is used., @

* These externagl& Nators can be electro-optical or electro-

absorption.
%@@@
o
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Fiber Optic Components

1 o
Q@y

* The components which we’ll examine @@%
— LEDs (Light Emitting Diodes)
— LASERS (I'll write this as “Iax here on).

— Photodetectors @
— Semiconductor o%tic ifier
— Erbium doped i plifiers

— Raman ication
— DW and demux
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Photodetectors

‘
* The most common photodetector is the PIN dio

* |t consists of a highly doped p-type materi %@ry lightly
doped region, called the intrinsic layer ighly doped
n-type material.

* Areverse bias is applied suffici deplete the intrinsic
layer of any charge carriers%

l

Bias voltage R; § Load
resistor
Photodiode Output
p i 7 ' 1
Hole Electron o
@@ T

1111212014 oo bhoton

227



PIN Diode

* When a photon with energy >the band gap ene %
incident on an electron, it can cause the electr
transition from the valence band to the ¢ |on band.

e This creates a hole and an electron
ends under the influence of th

layer.
Bias voltage R Load
o L
< Electric field resistor
Photodiode Output
p i 7 ' 1
Hole Electron o

@@ zhv

111212014 oo bhoton 228



PIN Diode

* The top layer is p-type and transparent. @

* There is a metal ring around the P-type Iax@rovide
electrical contact. @

* The intrinsic layer is where the ph re captured.
e Two important characteristi s%%ﬁantum efficiency and
response speed. @é\

@@@%% ;-.-:- | Veteu f =~
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Avalanche Photodiodes (APD)

e An avalanche photodiode (APD) can be thought of @@
photodetector with a build in amplification sta®

e Itis similar to the PIN diode but with th@%n of an

additional p-type layer between the n-t yer and the
intrinsic layer. @;@
e The ADP is operated with a hi ﬁ%&/erse bias, as high as 50
volts. @\@
\Z
'/,\phOtO}S\‘ ,|  n-type intrinsic tvpe
\/ materigbumatergil pgoton,  material fna)’igrial
“\:‘ )\,«—o/ (7 layer)

(High voltage, maybe 50 volts
|

@E %{omon Although not show here, holes are also created and flow
in the direction opposite the electrons.
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Avalanche Photodiodes

* A high electric field is developed between the n-type la

and the p-type layer. @
* When an electron is promoted by a phot <Qg%%lectron
er electrons

accelerates in the electric field, knocki
free. This provides curr tmuItigi
Field

Intensity
NS
)
/‘EhOtO?s\‘ %& p-type intrinsic

i -type
\V// aI_ material photono material pP-typ

) |

® clectron Although not show here, holes are also created and flow

© atom in the direction opposite the electrons.
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Avalanche Photodiodes

e Avalanche Photodiodes have certain prob
— The amount of ampllflcatlon IS limited. @%much Is attempted,

it will “run away” because of the
— It's noisy because thermal %@ get amplified, also.

ild so the response time is
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Fiber Optic Components

s
Q@

* The components which we’ll examine @@&
— LEDs (Light Emitting Diodes)
— LASERS (I'll write this as “lase here on).
— Photodetectors X

—~ Semlconductor op <@%phfles
— Erbium dope plifier

— Raman
— DW and demux
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Semiconductor Optical Amplifier (SOA)

e The semiconductor amplifier is basically a semlco
without the reflective ends.

* Light enters the gain medium and causes s@l ated emission.

e The amplified light has the same fre , phase and
direction as the incoming signal.. &'
Typical Fabry-Perot Laser Diode

Reflective

/ Coating \
’y -9 'é IIII ﬁ\'
-] |
- =
= ‘ /

Ciumant Wavalength
R - 890% R - 1-20%

<§ Semiconductor Optical Amplifier
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Semiconductor Optical Amplifier (SOA)

Can be made to operate from about 13 0 1700nm by
changing the composition of the In
Gain of about 20 dB. \Z

Gain bandwidth usually |es@@n 85nm.
Higher noise than %rb ped fiber amplifiers.
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Fiber Optic Components

N
Qj&

* The components which we’ll examine @@%
— LEDs (Light Emitting Diodes)
— LASERS (I'll write this as “Iax here on).

— Photodetectors p @
— Semmonductor opt|c ariplifier

— Raman 5
— DW and demux
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Erbium Doped Fiber Amplifier (EDFA)

e Optical fiber has attenuation, which means @{ﬁ\é signal
has traveled far enough, it will not be I@ recovered.
b

* To achieve long distances, the sign e “restored”.

* One way to “restore” the signal%%? onvert it back to
electronic and then retrans%@t.

* This is called 3R rege

— Re-amplificati@&@
— Re-shapin g\g\\ﬁ

— Re-timi
Also %ﬁ@& O, or Optical, Electronic, Optical.

St
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Erbium Doped Fiber Amplifier (EDFA)

_

e But OEO is expensive.
— Lots of expensive equipment, especiall @%B
— Significant amount of power.

* Better if we could amplify in h%&%al domian.

* And that’s where the Erbped Fiber Amplifier (EDFA)
comes in.

* An EDFA consg&@@ength of fiber doped with the rare
earth Erbium
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Regeneration

e Example of OEO regeneration and optical rege &@
e One OEO unit needed for every lambda, plux@ d demux.

Transponder, 3R electrical

Regenerator
J‘ 3R Eleitrical
>
1
|
|
Optical
Amplifier

1R QOrptical Device

1112/
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EDFA

e Erbium has multiple energy levels, three of whlq@ of
interest to us, labeled E,, E,, and E..

 Since the Erbium ions are part of the
bands are split into multiple energ

as Stark splitting. The net effe

level the Erbium ions appe
band in the region of eaci

E,

E,

11/12/201

%er the energy
a process known
t

at the macroscopic

ave a continuous energy
crete energy band

\%\J
w@

@%@%

980 nm

1480 nm

1530 nm

240
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EDFA

* When pumped by a 980 nm laser, electrons that %&%
at the rest state E, are pumped to state E,. @

* The electron in the E3 state has a short | , about 1 us,
before decaying to the E2 state wher a lifespan of
about 10ms. @

* Given sufficient pumping en%{g population inversion will
result. . ,\@\@

& 980 nm 1480 nm 1530 nm
11/12/201%1 - 241
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EDFA

 When a photon enters the fiber, it will cause sti
emission in the 1530nm band.

e The EDFA functions similar to an SOA
doped fiber is much longer than th

providing for more stimulate sio photons.

e The EDFA generally provid

A ©

AN
6@%

that the
of the SOA,

reater gain than an SOA.

E,

IS

E,

O

11/12/201

%% “ nm nm
@%% 980 nm 14_8/0\ ‘ \ /\

V' Y/ \
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EDFA

0 to

e Erbium based amplifiers, in silica, operate best fr
1560nm in the C band, providing 30dB of gai @

 EDFASs are available which are optimiz er “bands”
than 1530 to 1560, but only in the C ands.

* There are issues, such as gain WI g, which are not
discussed here.

B 2 \
dichroic Er” dichroic
pump pump
coupler caupler
= - — — —

LD LD
980 nm 980 nm
\ SR
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Fiber Optic Components

1 o
Q@y

* The components which we’ll examine %@%
— LEDs (Light Emitting Diodes)
— LASERS (I'll write this as “lase here on).
— Photodetectors @\
— Semiconductor o%tic ifiers
— Erbium doped i plifiers

— Raman fication
— DW and demux
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Raman Amplification

launched into the fiber close (10.tQ<19T

be amplified. %
* |t’s usually launched cou @ the propagation of the
information carrying

e Oftenusedinc on with an EDFA to provide
amplificati g haul links.

e Canbe %% any optical band.

e
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Fiber Optic Components

1 o
Q@y

* The components which we’ll examine %@%
— LEDs (Light Emitting Diodes)
— LASERS (I'll write this as “lase here on).
— Photodetectors \
— Semiconductor o%tic
— Erbium dope '

— Raman
— DW and demux
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DWDM Mux and Demux

* How do we get all those lambdas into a sin&@ﬁ
and then get them out again? @@

e That’s the job of the Mux and D
* There are several technologrgx today. A few are:

— Arrayed Waveguide Gra
— Prism Diffraction M |ng
— Waveguide

— Multi-La
O

@‘@@
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Arrayed Waveguide Grating

\) _
* The incoming light (1) traverses a free space (2) an%@ﬁé a
bundle of optical fibers or channel waveguides @

* The fibers have different length and thus ifferent phase
shift at the exit of the fibers. %

* The light traverses another free s@nd interferes at the
entries of the output waveguig “\ In such a way that each
output channel receives only of a certain wavelength.

11/12/2014
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Prism Diffraction Multiplexing

O

e The light from the fiber is focused to p@@wnd then put
through a prism.

e The prism separates the dlffera@ das and the second
lens focuses the light into % ray of fibers.

;1y§? Vo
0?—1 (\%_%j%

Aq
2

q : ns B Prism & % :
% PL;
@ Fibers at the g

focal points 8
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Waveguide Grating Diffraction

@%

* The light enters through a lens which focu e lightona
diffraction grating.

* The light is reflected and separ e dlffractlon
grating.

e The lens focuses the lightd u narray of fibers.

G
- ‘Ebers —\ Diffracted
Ayl - — wavelen gth

Ao |

ﬂ

Incident beam, &+ A+ .. 4,
\l [ =
a-::.t
ratir

@@@

1112/2014 P. Michael Henderson, mike@michael-henderson.us copyright 2014 250




Multi-Layer Interference Filters

* Dichroic filters can separate certain waveler%@@d reflect

(or transmit) the rest.

* A sequence of dichroic filters can s@e the lambdas in a

DWDM fiber.

e
o°

Multilayer _
= interference I"L“.dh"T“
.= =~ filter ¥

-

F g

Multmwavelength light S|

A~ {
Thir-Film
Cavty

Demultiplexec

wle ngths I
Opticd
o

55
"tf Substo

VV/

n.us copyright 2014

dg0an

11/12/201

\\,

34 Low
Refractive
=— Index Loyer

-— U#th
Refractive
Index Loyer

ht
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Putting it all together L,

* This diagram shows a DWDM system, with multi S,
optical amplifiers, an EDFA, and an opticah@@ p unit.

Winvalength Fiber Optic Network Wtilizing
Muatar ! Dense Wavelength Division Mulliplexing
. : her . P
. ITu DWDM : : ITUDWDM |

Wavelengths - g i Wavelangths
Netwark Monitoring

AddDrop  1:1310mm - 1310 nen
Chanmel . :
Transritier Wichisland Winssling® F Erbium-Doped
:! Ciouphs Gpling: B Ditwipion Msitiphaupe @ ey oo Fﬁv Fiba Arrpléier
WOM) Danss Winvlengh (EDFA)
D Recaiver Dersa Wavwslongth Diwigign Day-Mukipbient
Dirviriirs Wy Biplem i - o (DANTHDA
(3] tsotar (W] ] Finrie Banciass EocOme g FourBog
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Network Communications

N

* Note that we’re still in the voice section of %@@esentation
— we’ll get to data soon. %

* Now, we’re going to examine ho s carried over the
technologies we’ve been dis so far.
ies”

e There are two major “tec
— The Plesiochronous ierarchy (PDH)
— SONET/SDH o\

e Afterwec ethese two subjects, we’ll take a look at
voice Swi g.

e
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PDH
and
SONET/SDH
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Agenda

* Clocks in digital communications %@
* Review of Plesiochronous Digital Hi@%y (PDH)

— DS1/DS2/DS3

— E/E2E3 X%@@
%

— Multiplexing of PDH

Why SONETISDI-<I> %
* Historical ba
e Basic str e of the SONET/SDH frame

. Tranf,gx rhead
o
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Agenda (continued)

Payload pointer processing @@ﬁ%

Payload overhead @
e Mapping of SONET payload 9

_ Virtual tributaries \
— Handling ATM, PO P
 Automatic pro@ itching
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Basic Digital Communications Concepts{$

e For purposes of this presentation, we’ c@h@digital
communications as the transfer of i

form between two points. %@

11/12/2014

tion in binary

10101393/’@@@ 101011
User A
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Clock

* To accurately receive the data, the receive @ nhow when
to look for a bit. This requires the c clocking.

e Example: If the sender is sendlng per second, the
receiver must know to look fo very 1/10 second.

e And the receiver must kn en — within that 1/10 second
— to sample the i mcom% to determine whether it's a 1

oral.
 To accomplis <%«le use clock signals.

* Most of th plexity in network protocols comes from the
need tgé@tcommodate clocks at different rates.

@@%

1N 2/2014 P. Michael Henderson, mike@michael-henderson.us copyright 2014 258



What is a “Clock?”

@%

* |n electronics, a clock is a signal, usua& quare wave,
r

with a frequency equal to the trans ate.
* The incoming data stream is s on either the rising or
falling clock edge to detem@> ether the information is a

1oral0. ) %@
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Clock

O

* How can the receiver generate a clock thatﬁ@@hes” the
transmitter clock? @

* Normally, the receiver generate from the received
data. %

e This mean ne receive clock should wind up with the
same fr as the transmit clock, but with a different
phas e of the propagation delay.

St
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Clock Problems

* Clock instability @

— Wander - the transmit clock’s frequency vari%@e time. The
ITU defines wander as changes that occ than 10 times per
second (<10Hz).

— Jitter — The clock’s frequency }%over time at a rate that
exceeds 10 times per sec%géﬂ Z).
e Causes . Q@
— Noise and inte@n the transmission medium can “trick” the

PLL.
— For mabi ems, Doppller shift and changes in distance.
— Plai t in the transmit clock.

St
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Plesiochronous Digital Hierarchy (PDH)

O\
N

* Plesiochronous means that the devices,i %network have
transmit clocks that are close to ea r in frequency but
are not exactly synchronized. 9

 The services associated wi% are
— DS1and DS3 in the tates

— E1, E2 and EW f the rest of the world
* Question: %ﬁ& bps in the US and 2.048 in Europe?
&
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Why PDH

 The PDH developed to support voice com%%@%ns in the

telephone network.
* Inthe “old days” everything was an@nd central offices

were connected with analog I|

@
Many individual analog lines —
|
a0

Switching office Switching office

X
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Why PDH

@@9
* But soon, there were too many analog line @re had to be
a way to concentrate multiple calls int e

communications line.

e Enter the channel bank. X%@@
. @ Analog lines
" gl\ Channel %Q Channel/
~ =

Btk palrs of copper bank
ires (Tx and Rx) ==.
0
Ny

Switchingw ffic Switching office
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Channel Bank (Analog Switches)

The channel bank took 24 analog lines, conve @be signa
on each line to digital at 64Kbps (each voic le is 8
bits, sampled 8,000 per second). @

Those 24 64Kbps channels were ¢ icated across a
data link to the channel bank o her end of the link,
where each channel was co d back to analog.

This specific link was Q\@@a T1 link, and it operated at

voice cha ere changed back to analog on the other

1.544Mbps (nomi
The 1.544@ al could be fast or slow but since the
at

ter.

end, i@@
e T thing was needed to accommodate clock

rences.
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But Problems Came Up

* Analog switches were replaced by digital swit .
— 64Kbps data had to flow through the switc@@ut to another

digital link. @

— But 64Kbps was only nominal. annels could be slightly
more or less than 64Kbps b@% differences in the
sampling rate.

* As the network grew, motre-and more T1 lines were needed

L N
between switch ‘3}‘;{’ rs.

— The phor@@ ny needed to multiplex many T1 lines into a
singl%@

— B@gg@ s a problem because the clocks in the T1s were

& nt.
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Plesiochronous Digital Hierarchy

O

* PDHis all about how to deal with thes@%\t clocks
when transmitting data.

* Let’s look at how this is done, s@g with the US system.
P

e The basic building block of H is the voice channel.
Voice is sampled 8,000, per second and each sample is

8 bits, making e@@ channel a 64 Kbps bit stream.

&
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DS1

e The DS1/T1 technology was developed at Bell nd
introduced in 1962 to carry voice channels %

* The 1.544Mbps signal can be reference@elther aDS1ora
T1. What'’s the difference?

* Normally, when working W|t %ﬁgltal signal prior to
putting it on the transmls e, it’s referred to as Digital
Signal 1 or DS1.

* Totransmita DW code must be used (Alternate Mark
Inversion or. nce the signal is in the AMI domain, it is
referred b%%

. But a 1.544Mbps line is usually referred to as a T1
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DS1

» The basic structure of the DS1 signal is shown@%

picture. %

8 bits from each of 24 voice channel t into the bit
stream. All 8 bits from each cha together. The
channels are octet muItipIexe% it multiplexed.

-0
, Firsttwo bits Last four bits
8 bits for channel 1 of chanal of channel 24
A
d 7 \(_i_\,, -7 A
112 |34 |5 |8 |ITIB 11| 2 || s 4 |5|6 |7 | 8
- -
A A
~

192 bits, representing 24

channels of 8 bits each
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DS1

e But we can'’t just send that stream of bits. W o have

some way to find the start of the block o@ e can
recover the octets of the voice chann I%

* This is done by the addition of g bit at the front of
the frame.
AN
First two bit Last four bits
8 bits for channel1 o;rSCh noneI; of channel 24
AL
F1234567812J .......... s |5|6 |78
N - L
—

193 bits, representing 24
channels of 8 bits each,
plus a framing bit.
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DS1 Clocks

* 193 bits, 8,000 times per second gives us the

1.544 Mbps. &

* Note that there’s no accommodation i S1 frame for
voice channel clocks that ma r slow (a bit more
than 8,000 samples per sec t less).

* But we know that clocks t@e not synchronized cannot
be perfect. So how ccommodate those voice
channels that st or slow when we build the DS1
frame?

e Elis eas <g@ause the rate is simply 32 times 64KHz, so
the v nels and E1 can operate off the same base

@(@ se 2048MHz clock and divide down by 256 to 8KHz)
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DS1 Framing

e So how can one bit be used for framlng?
e Remember that DS1 were developed tog 0|ce cwcmts

* Prior to digitization, the voice chann andpass filtered
rolling off at 3400Hz, with a re dattenuation of 14dB at
4KHz.

e The framing is an alter %)1 0} sequence. That is, if one
frame has a 1 b|t ir ming position, the next frame will

* Since 4KHz i€ es entlally eliminated as a signal in the
kg 33 most impossible for a voice channel to have a
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Obtaining Frame Sync

* The brute force method is to select a bit positi d look
ahead 193 bits to see if the bit value c

* [f not, select the next bit position an% head 193 bits,
efc.

e Eventually, you'll find an a {1 0}.
* The average time to o e sync is
Frame tirgl&é%%@ + - Bittimes
Whe @ne number of bits in the frame, including
th@i g bit. For DS1, it's about 24 ms.

St
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Why just one bit for framing?

* A reasonable person might ask is, “Wr@@%}ne bit for

framing?”

O

* More bhits would make findin n&sync much faster.
* |'ve read several opinions t this but the most likely

answer is that bandwi
when DS1 was d

d@hs precious back in the days
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Call Progress Indications

the voice channels - it also has to car
indications so that a call can be set u

* This was done with a technique kndWn as “robbed bits”.

— The low order bit of certain @ s were taken for call
progress signaling. @

— These bits are k e “A/B” bits and allow for 4 messages
{0,0}, {0,1}, 1,@& {1,1}.

e call progress bits, the designers had to
oncept of the “Superframe” which will be
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DS1 Superframe

A superframe consists of 12 of the 193 bit

The {1,0} framing was moved to altern@rames so the
average sync time was doubled % 48 ms

— The first bit of the first frame aming character.
— The next framing characte % the third frame.

This allows us to e>t sync but how do we get
Superframe syn
— The othe es have framing bits of {0,0,1,1,1,0}

This allg@ to get both frame sync and Superframe sync.

e
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DS1 Superframe

Frame Bit number Frame
number alignment alignm
bit value '

order data
bits

O O|INIOO (OB |IWIN |-
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DS1 Superframe — A/B bits

* Note that the A/B bits are in the 6" and 12th frar@ he
Superframe. ﬁ%

* The bits in the 6t" frame are the “A” bi the bits in the
12t frame are the “B” bits. Their is defined in ANSI
T1.403.02-1999. X%

* Every voice sample in thoge (locks has the low order bit
loes this have on the voice?

— 50% of the tim ue of the low order bit will be the same
as the sa value.

— Theo o of the time, the output level moves to the next
qu% on level (up or down) but the overall comprehension is
lously affected.
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DS1 Extended Superframe

%@@
e The Superframe concept worked well f y years.

e But when ATT started provisionin% customers, there
was the need for a better W?ée itor the line.

e Enter the Extended Superframe.

— Consists of 24 fra<r>ne % have 24 framing bits

— Six are aIIoca@g@ “‘Frame alignment signal (FAS)’
{0,0,1,0,1,1

— SiX a% ed to a CRC.

— %@% allocate to a data link channel.
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DS1 Extended Superframe

Frame Bit number Frame Data CRC Signali t
number Alignment Channel bits value in |
Signal bits c«%gat
bit value @ i
1 0 - M1 a% e
2 193 -
3 386 - M2 )|
4 579 0 .
5 772 - M3 &
6 965 - N v C2 A
7 1158 - %@
8 1351 0 <\
9 1544 M5
10 1737 @N C3
11 930 [ _Eh e
12 2123 o\ B
13 231;:1<> AL - M7
14 - C4
15 & - M8
16 0
17 ™ 88 - M9
8 \> 3281 - C5 C
N 3474 - M10
N2 3667 1
3860 - M11
(\\\22 4053 i C6
) <23 4246 - M12
V24 4439 1 D
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DS1 Extended Superframe

% '
* Note we now have four signaling bits, {A,B %@@lvmg us
16 signaling states.

* Frame alignment is found from the allgnment signal
and will now take an average

* Extended superframe alig can be checked with the
CRC bits. So first find ent with the FAS, then look to
see that the CRC checks. If so0, you have Extended
Superframe sy

— The CRGH check of the previous block and assumes the
FAS all 1.

St
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DS2

O
* DS2is no longer used in the network. @I@%@ place it’s

used in inside an M13 multiplexer. @

* The problem with muItipIexing@nes is that each line
runs at a slightly different r@% nd clock variations can

occur during use.
* Let’s discuss ho deal with multiplexing data
streams that I&Q ghtly different data rates.

g@@ﬁx
3
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Multiplexing

e Suppose you wanted to multiplex two @a 1Mbps data
streams into a single data stream. @

+ We have to multiplex them i(»%f%a stream that's slightly

sither input is slightly more than
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Multiplexing

e Here I'm ignoring any framing bits need act the data
and only showing how the bits are mu bit
interleaved.

Two channels
of 1 Mbps each

w2 1n|10]s]|s][7]6]5]a Muttiplexed output

Mux 3 (B| 2| A| 1

O
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Multiplexing

Let’s look at what happens if the top stream is a bit le

1Mbps. @ |
In this case, we’ll come to a situation were @%d to
output a bit but none is available from t line.

To deal with that, we insert a “st @in the output stream.
The problem is how to let the‘gtherside know it’s a stuff bit.

Two channels

of 1 Mbps each
14131211109 |8 |7 |6 |5]4 Multiplexed output
Mux 3|C|s|B|2 |A|T1
NMLKJ'HGFED/Stuffbitf

b/
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DS2 Framing and Multiplexing

'
%@“@
* Four DS1 lines are multiplexed into a @%

* A DS2 has a nominal bit rate of 6.3 S

* Four DS1 lines at the nomin 1.544Mbps equal
6.176Mbps so the DS2 line xcess bits to handle clock

variation and framing.

N
* Let’s look at the@ﬁming.

&
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DS2 Framing

e The basic frame sync is found from the F1, F2 bitsswh

are

alternating {0,1}. O
e The M-frame sync is found from the M1, bits which

are {0,1,1}. A
M-Frame
1176 bits
e N

ra N
W 293 bits M2 293 bits M3 293 bits X 293 bits

Stuff Block

48 48 48 48 48 48
M1 C1 F1 C2 C3 F2 .
bits bits bits bits bits bits
& ____/
Q N
First M-Subframe

11/12/2014

294 bits
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DS2 Multiplexing

e The bits from the DS1s are bit interleaved m%@e 48 bit
blocks of the DS2 frame.

e Each 48 bit block carries 12 bits for@DM except the
last 48 bit block. e

o The first bit in the last 48 bl@g in the first subframe is the
stuff bit for the first D

o Stuffing is cont e “C” bits. A 1 indicates the bit is
stuff, while a es the bit is data. Majority voting
apphes

 Thus, DSZ subframe carries either 71 or 72 bits for
th S1, and 72 bits for the other DS1s.
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DS2 Multiplexing

O

e The stuff bit for the second DS1 is the @%}bit in the last
48 bit block of the second subfram

* The second subframe carries Q@ or 72 bits for the
second DS1, and 72 bits fo@kt other DS1s.

e The third and fourth D@e handled the same way, using
m

the third and fou@&@b ames.
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DS2 Multiplexing

e Each DS2 frame, therefore, carries either 287 bits per

DS1. &%

* This means that the tolerance for th%@s from
1.5404Mbps to 1.5458Mbps. %@

Th@&%ﬂame rate is about 5,362+ frames per second.
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Notes on DS2

_

e The frame rate is NOT 8,000 times per @@%} It’s about
5,362+ frames per second.

* The DS2 frame just carries blts%%l e DS1s. It does not
attempt to figure out allgn of the DS1 or where the
voice channels are.

* This means tha a voice channel, you have to
demux back t 1, find sync, and then extract the
channel.

@k@
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DS3 Multiplexing

e DS2’s are no longer used in the network - t @ exists
inside an M13 multiplexer where the DS1 ultiplexed
into a DS2 stream before the DS2 st@ are multiplexed
into the DS3 stream.

 Inside the M13 multiplexer, @ rate is set t0 6.306272
' hich places a tighter

Mbps instead of 6.312

constraint on the s, but is still very easy to meet.

The reason for 2 Mbps will be seen when we look at
muxing the into a DS3.

e Theno S3 data rate is 44.736Mbps.

e
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DS3 multiplexing

ﬁ\

* A DS3 signal carries seven DS2 signal of which
carries four DS1 signals, so the DS}@}!S 28 DS1s.

e This is 672 voice channels (or
e |et’s look at how the DS2s @x into the DS3.

N
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DS3 Frame Structure

M-Frame
4760 bits
A
- T ey
679 679 679 679 679 679 679
AU pis |24 bis [®M bits | bits ™" vits ™=l bits |™**] bits
Stuff Block
84 84 84 84 84 84 84 84
X1
bits | T | bits | ©* | bits | 72 | bits| ©2 [bits| > |bits | © | bits | T | bits
N -
TN
M-Subframe

11/12/2014

680 bits
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DS3 Frame Synchronization

e M-Subframe synchronization is found from t its (F1, F2,
F3, and F4), which have the pattern {1, ,

* Once subframe synchronization is f
synchronization is found by looki the M bits (M1, M2,
and M3) which have the patt 1, 0}.

e The {X1,X2} and {P1,P@m either {0,0} or {1,1} which
means that no co @ of M, X, and P bits can have the
sequence {0,1,0

Frame

 Note: The indicate received defects. The P bits are
parity o block. The data indicated in X1 or P1 is just
dupli in X2 or P2.

@@
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DS3 Stuffing

o Bits of the DS2s are bit interleaved into the 8 @@ocks in
exactly the same fashion as the DS1 ar rleaved into

the DS2 blocks.
* The last block of the seven M- Q@s is used as the stuff

block
— The first bit in the last.b c@%}the first M-Subframe is the stuff

bit for the first DS2
— The second bi Iast block of the second M-Subframe is the

stuff bltf cond DS2.
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DS3 Stuffing (continued)

» Stuffing is controlled by the C bits, with all onc@d@gi ating a
stuff bit and all zeroes indicating a data biE%%

* Majority voting applies. %
e Each M-Subframe carries either bits for each DS2.
e The M-Frame carries 671 or Q% for each DS2.

44.736+67 a06o7) Mogs 17367672 _ 631567 Mh
4760 D b3 o i

St
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E1 Framing

G

The E series framing is a bit easier than th @%ing.
ake

Perhaps the Europeans learned from t s of the
Americans. @

The E1 frame is 256 bits in Ieng@ octets) and carries 30
voice channels. @

The first octet is the f % octet and the 17t octet
(numbered 16 be mbering starts at zero) is the
signaling cha

The frame 'Q&wn on the next slide.

@@@
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E1 Framing

O

N oA
Framing Signaling
channel channel
“HEBE 3 B 3§ re—— i_161718 .......... 27| 28( 29| 30| 31
-

y

256 bits, representing 32
channels of 8 bits each -

two overhead channels and
30 message channels

\ Y0

St
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E1 MultiFrame

N
* Sixteen of the 256 bit frames makes up a MU'“'Q@;%

Framing Signaling
channel channel
Frame0 (FAS| 1 AR T r—— A AR 1 T — 27| 28| 29| 30| 31
Frame 1 0|1 2 13 | & | | % | T W | | e 271 28| 29| 30| 31
Frame2 |[FAS| 1 |2 (3 |4 | |....... AR U E 1 T 27| 28| 29| 30| 31
B i -
k-]
. - r- — -~
Frame13| 0 | 1 k- HE Yl L ARE I 27 | 28| 29| 30| 31
Frame14|FAS| 1 (2 [ 3 | 4 | |.......... | W)W | s 27| 28| 29| 30| 31
QFramus o1 (23 |a/]mu CARTARTY 27| 28| 29| 30| 31
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E1 MultiFrame

e The first octet of each frame is aIIocated to @@ Frame

Alignment Signal (FAS) or for a messa r operations.
 Since the FAS only occurs every ot@me for calculation
of the synchronization time, t ve block is 512 bits.

* Inthe non-FAS frair 06

forced to 1 to 'v.\ ee that the bits in that octet can never
have th%@{o 0,1,1,0,1, 1}.
e Findin S sequence gives us sync on the frames, but
w&@eed to find the beginning of the MultiFrame.
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E1 MultiFrame Sync

* The first bit of each non-FAS frame will carry the
{0,0,1,0,1,1,E,E}. {E,E} will be {0,0} until sync.

Sub- Frame % each
multiframe number % ame
number %\r@
O@ Ci
AN 0
3 0
' A 4 Cs
5 1
Multiframe <\v ! 0
8 C;
oS : :
10 C,
Ox@ | 11 1
% 12 Cs
% 13 E
© T
15 E
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E1 Synchronization Time

* In E1 we have 7 bits of framing so a different c tion
needs to be used to calculate the synchro time.
| @@
Frame time = 5 (2 I 1) %

N = 512 (number of bit ock including the framing)

The average framin Is"1,288 bit times, about 0.63 ms,
much faster than cause of the larger number of framing

bits and the fa the framing bits do not alternate - they
are const ach block. After frame synchronization is found
the sy ust find the multiframe sync but that will be fairly

e the system knows the octet boundaries.
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E1 Signaling Channel

ke
N

* Octet 16 in each frame is allocated to @gﬁ%g channel.
* Normally uses LAP-D but can do a@ ID type signaling

as is done in DS1. %
AN

Framing Signaling
channel channel
AR EE AL EE Y — 161718 | oeeeee 27 28| 29 | 30| 31

v@\é
o
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E2 Framing and Multiplexing

* Four E1 lines are multiplexed into a

e The nominal rate for an E2 line is 8 @

* Four E1 lines at 2.048Mbps te of 8.192Mbps so the
E2 line has excess bits to I‘%le clock variation and

framing.

e Let’s look at the <%1&%@
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E2 Frame

» 848 bits in size, 820 slots for E1 traffic, with fouﬁﬁﬁff slots.

Frame Alignment Signal 200 Message Bits
A N
r~ ™~ - ~ N
1 (11 (10 (1]0 /(0|0 [0]|A|R|13 ..... 210 211| 212
Stuff control :
N 208 Message Bits
4 \ e ~
C |c,[C|c |5 |6 7 (&8[9 [10(11[12/13) ... 210 | 211 212
Stuff control 208 Message Bits
A A
s Rt ~ TN
C,|c,[C|c (5 |6 |7 8|9 10111213 ... 210 | 211| 212
Stuff control Stuff Bits 204 Message Bits
A A A
/ N N o -
C, |C,[C |C|S [S|S[S |3 |10/1)12]13) ... 210 | 211/ 212
A -/
Vel
212 bit subframe
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E2 Framing

N

* The Frame Alignment Signal is the first 10
(1,1,1,1,0,1,0,0, 0, 0} of the frame. _ ¢\

* The overall frame size is 848 bitW
 The frame is divided into four subframes of 212 bits each.

» 820 bit positions are for@@@; nd are divided into 205 bit
positions for each %@

* Four stuff position provided, one for each E1.
* So the E2 <fr@" carry either 205 or 206 bits for each E1.

@@@@
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E2 Framing

 Stuffing is controlled by the C1, C2, C3, and C4 bl% e of
each).

— Ones in the three control positions (for ex w 1, C1 C1)
|

indicate data in the stuff posmon Zer cate it contains a stuff
bit.
— This provides the ability to h a from 2.042264Mbps to

2.05226Mbps (2. 048M%

8.448+2
- 0%%42264 Mbps
%y =2.052226 Mbps
o®

848
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E2 Framing

@‘@?

 Average frame sync time is about 0.1ms @ﬁ%

N2

ime = @mes
Frame time 5 (ZL—1) 2%
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Notes on E2

e The frame rate is NOT 8,000 times per @@%} It's about
9,962+ frames per second.

* The E2 frame just carries bits R&ﬁe E1s. It does not
attempt to figure out align of the E1 or where the voice
channels are.

* This means tha a voice channel, you have to
demux back t , find sync, and then extract the
channel.

@k@
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E3 Framing and Multiplexing

* Four E2 lines are multiplexed into an
 The nominal rate for an E3 line is 3

* Four E2 lines at 8.448 Mbps %
the E3 line has excess bits

framing. @
sming.

e Let’s look at the
&
OX@

ndle clock variation and
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E3 Frame

N
* Follows the basis structure of the E2 frame, but Q@@?

o)
Frame Alignment Signal 372 Message Bits
.. AN
il N (-~ - N
1 111 110 |1 0|0 |0 O |A|R|13| ....... 382 | 383| 384
Stl.fLS.OI‘ltl’d 380 Message Bits
i N =
C,|C,[C,|C, |5 |6 |7 (8|9 [10[11)12]13] ... 382 | 383| 384
Stuff control 380 Message Bits
A A
- N -~ —
C,|C, [C; [C, | 5 6 |7 |8 9 |10 |11 [12|13|] ... 382 | 383| 384
Stuff control Stuff Bits 376 Message Bits
A A A
- N — ™~
Ci |C, [Cy | Cu|Si S [S S |9 |10)11]12|13(] ... 382 | 383| 384
N - A
N
384 bit subframe
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E3 Framing

e The Frame Alignment Signal is the first 10 bi %

{1,1,1,1,0,1,0,0,

O

0, 0} of the frame.

e The overall frame size is 1536 bi @@

e The frame is divided into four subframes of 384 bits each.
e 1508 bit positions are f and are divided into 377 bit

positions for each %@

St

provided, one for each E2.
| carry either 377 or 378 bits for each E2.

* Four stuff position
» Sothe E3g®
e Note hg& r this is to the E2 framing of E1s.
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E3 Framing

 Stuffing is controlled by the C1, C2, C3, and C4 bl% e of
each).

— Ones in the three control positions (for ex w 1, C1 C1)
|

indicate data in the stuff posmon Zer cate it contains a stuff
bit.
— This provides the ability to h a from 8.435375Mbps to

8.45775Mbps (8. 448M%

34.368+3
- 7%\%435375 Mbps

153

@§x‘5 ~o = 845775 Mbps
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E3 Framing

* Average frame sync time is about 0.05ms %@@

@
Frame time =~ 4 @@
rame |me-2(2L_1) | gx%
N = 1536 (number of:bi a frame)
L=10 (numbe@ ing bits)

X
@%@@
@@
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Problems of the PDH

from losses of lines or eqmpment
* Management and monltorlng%je art of the PDH.
@ move a DS1/E1 the entlre

[/ |
— For telephone calls, for example, the data stream must be
demuggx e way down to the DSO/EQ.
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Problems of the PDH

* Too much clock variation in the network. Make ing with
multiple data streams complex. Clocks are Itiples of
each other. @

* PDH is bit oriented so the electro i@ ally has to clock at
the bit rate. The data rates p s%e cross fiber outran the
ahility of silicon to keep up it rate. SONET/SDH is

octet oriented so once et boundary is found, the
the octet rate, 1/8 of the bit rate.

electronics can o
In the early days, ronics that operated at the optical bit
rate had to S.

@@Q@
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SONET/SDH
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What is SONET/SDH

e SONET - Synchronous Optical NETwork (ANS@@
— ANSI started work on SONET in1985.

* SDH - Synchronous Digital Hierarchy @
— The ITU began work in 1986 to % e same goal.

 SONET and SDH define a se sical layer standards for
communications over op %ﬁ

| will attempt to cover.b ET and SDH in this presentation.
However, SONET a use different terminology, which makes
it difficult to ta both at the same time.

| will talk bout SONET because you need to understand
SONE derstand why some things were done in SDH.
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Why SONET/SDH?

Many in analog lines -
/\VQ\ AV ll-

[V i
O

;@ Switching office
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Why SONET/SDH?

In about 1962, the network providers began usi@@gital

communications between switching centerg@@

In the US, this was the D1 channel ban T-carrier

systems. %@@
Analog lines @\ Analog lines
\ Channel @ Channel/
bank @rs of copper bank .f
K} S (Tx and Rx) e
)

Switching o%
o
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Why SONET/SDH?

e
e As communications needs grew, many T- or E-@r lines
were needed bhetween switching centers.

* |nthe late 1970’s optical communicati gan to be used
to interconnect switching ofﬂcW

T1lines

T1lines
Terminating Terminating
multiplexer tlcal fibers multiplexe -
o and RX)
X °
oS

Switching %

St

1112/2014 P. Michael Henderson, mike@michael-henderson.us copyright 2014 324

Switching office



Standardization of SONET/SDH

‘
* Prior to standardization, every manufacturer%@b ical
communications used their own framlr%@
— Did not allow multi-vendor networks

+ The ANSI T1X1.5 committee b @ork in 1985 to define
standards for optical communications which would allow “a
mid-span meet”.

e The ITU began wig@@(i to achieve the same goal.

e Both bodies fi their first set of standards in 1988.
e SONET @n@ can, and do, interoperate.
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Why do we need SONET/SDH

 All data requires framing. @

 Since optical networks are complex, provi % are made for
management information. %

e Many other things are provideW®

— Multiplexing. X
— Error checking. Q@@@

— Handling variati %@ cks.

— Mapping of Qg onous voice and data traffic.
— Signalin@ tomatic switching in case of a fiber or node
failurg\\

@@L&%
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SONET/SDH Terminology

Path

A

[
P

« Line > Line

<—Section—~‘ i-—Section—u——Section—ﬂ |—Section—>
STE STE
PTE —N LTE ><]— PTE

Regenerators Regenerators
ADM ADM ADM ‘
Path Section Line Section Path
Termination Termination Termination Termination Termination

PTE = Path Terminating Equipment
LTE = Line terminating Equipment
STE = Section Terminating Equipment

ADM = Add/Drop Multiplexer
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STS-1 SONET Frame One column of

/ path OH
A1/A2 = 0xf628 < 90 Columns
—P<

A1 | A2 |JO | J1

1
‘ B1 | E1 | F1
9 B3

Order of D1 | D2 |D3 | C2
transmission H1 | H2 | H3

G1
9Rows (B2 [ k1 |k2 |F2

D4 | D5 | D6 |H4
D7 | D8 | D9 |z3
[D10 |D11 [D12 | 74
S1 |[M0/1| E2 | N1

U v I\ __/
3 Columns of Synchronous Payload
transport OH Envelope (SPE) - 87 columns
Section overhead Path overhead
Line overhead Data
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STS-1 Frame Format

N
* 9rows by 90 columns - 810 octets in the frame. @%

* Frame is transmitted from left to right, by rg%@

* Frames are transmitted 8,000 times pe nd, every 125
useconds.

e STS-1 bit rate is therefore 51 %s (810 octets x 8,000
tlmes per second x 8 bits p tet)
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Transmission order for basic SONET frame

Order of
transmission

> 1
V2 A1 | A2 [Jo |1
B1 |E1 |F1 |B3
D1 |D2 |D3 | 2
H1 | H2 |H3 |G
B2 | K1 |K2 |F2
D4 | D5 | D6 |p4
D7 | D8 | D9 |z3
p1o Jo11 p12 | z4
s1 | Mo E2 s
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SONET/SDH data rates

SONET name SDH name Line rate (Mbps) SPE rate (N@g})@\> Overhead rate b

(Mbps)
0C-1 STM-0 51.84 1.728
0C-3 STM-1 155.52 @ 0.336 5.184
0C-12 STM-4 622.08 %@ 601.344 20.736
0C-48 STM-16 2,405.376 82.944
0C-192 STM-64 9,621.504 331.776
0C-768 STM-256.) (9 9,813.12 38,486.016 1,327.104

\Bv

\S

%@ﬁ a constant 3.33%
N
¢cO
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Interleaving of SONET/SDH signals

Order of
transmission

1 1 II_Q 11
2 a1 A2 1Jo |1
3 A | A2 |Jo | g1

B1 |E1 [F1 [B3
D1 |p2 D3 | c2
H1 |H2 | H3 |61
B2 [ K1 [Kk2 [F2
D4 | D5 | D6 |py
D7 | D8 | D9 |z3
p1o Jo11 p12 | z4
s1 | Mo E2 s
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Interleaving of SONET/SDH signals

A

270 Columns
Al | A1 | A1 |A2 | A2 | A2 |JO |Z0 | Z0

B1 | X | X E1 | X | X |F1 | X | X
D1 | X | X D2 | X | X D3| X | X
H1 | H1 | H1 | H2 | H2 | H2 | H3 | H3 | H3
B2 |B2 | B2 | K1 | X | X | K2
D4 | X | X D5 | X | X |D6
D7 | X | X D8 | X | X |D9
D10] X | X | D11|] X | X | D12
S1 |21 |21 [MOAM|Z2 | M2 | E2

X | X X X| X
X X X| X| X

First STS-1 Second STS-1 Third STS-1

This is the format of a SDH STM-1
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Payloads in Interleaved Signals

Laalaol 4o |
Laalpal 4ol
A1]A2]J0
B1] E1]F1
D1]D2]|D3
H1 H3
B2 | K1
D4| D5| D6
D7] D8] D9
D10|D11]D12
S1 ImMorl E2 \‘ ‘ 87 Columns —
1
p —
J1 im
B3 i
| ¢2 __
G1 __
F2 __
m -
Z3 i
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Concatenated Payloads

A

261 Columns

J1

B3
C2
G1
F2

H4
Z3

Z4
N1

N (NI3) - 1 Columns o fixed stuf
Where N is the STS-N
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Concatenated Payloads

Lasl anl 4o |
Laalpal 4ol

A1]A2]J0

B1| E1] F1

D1] D2] D3

H1| H2 | H3

B2| K1)

D41 D5 D6

D71 D8] D9

D10JD11|D12

=1 MO B2 — 261 Columns >
| J1
B3
| C2
 G1
| F2
_H4
WA
74
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Framing and Section Trace

e Two octets used for framing: A1, A2.
e Bit pattern is A1 =1111 0110, A2 = 0010 1000
e Bit pattern is DC balanced.

e Higher levels of STS-N have N A1 octets and N

A2 octets.

e Section Trace (J0) is used to verify continued
connection between section entities. A 16

octet message is sent by sending one octet
each frame.

A1 A2 Jo
B1 E1 F1
D1 D2 D3
H1 H2 H3
B2 K1 K2
D4 D5 D6
D7 D8 D9
D10 D11 D12
S1 MO/1 | E2

11/12/2014
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Monitoring for Bit Errors

A1 A2 Jo e Does a bit interleaved parity (BIP-8) over
m = = certain octets in the (previous) frame.
* Even parity.
D1 Dbz D3 e Parity check applies to previous frame
H1 H2 H3 e Separate check for section and line.
- - e Only one B1 octet, no matter what the STS-N.
 One B2 octet for each STS. So, for an STS-3
D4 D5 D6 there will be 3 B2 octets. For STS-12, there will
be 12 B2 octets.

D7 D8 D9

D10 D11 D12

S1 MO/1 | E2
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Bit Interleaved Parity

* For BIP-8, parity will be checked for ea@x (each 8 bits)
of the block to be checked.

* The number of bits in each bit%@n is totaled, and the
corresponding bit in the pa@o et is set to give even

parity. @Q&®
g@%
X
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Example of BIP-8

“"Monitored portion”

& >
8-bits word B-hits word 8-bits word 8-bits word 8-bits word
-« >4 b« - _a >
Byte 5 Byte 4 Byte 3 Byte 2 Byte 1
|
Bit position 1 . 3 4 b G T a
Word 1 1 0 1 0] 1 0] 1 0
Word 2 0 1 0 1 0 1 0 1
L Word 3 1 0 1 0] 1 0] 1 0
p Word 4 0 1 0 1 0 1 0 1
p| Word 3 1 1 0 0] 1 1 0 0
w1's» count 3 3 2 2 3 3 2 2
] Odd/Even Odd Odd Even Even Odd Odd Even Even
BIP- 8 An odd total in the “1's” count row causes a binary "1" to be
calculation placed in the same position below.
process YV VvV V VY VvV V¥
V BIP-8 code 1 1 0 0 1 1 0 0
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Communication Channels

e E1, E2 (orderwire) was intended to be used by
craftspersons while installing a line.
Craftspeople use cellular phones so this octet
is not used very much.

* F1is available for the network provider to use
as they wish.

11/12/2014

A1 A2 Jo

B1

D1 D2 D3

H1 H2 H3

B2 K1 K2

D4 D5 D6

D7 D8 D9

D10 D11 D12

S1 Mo0/1 E
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Communication Channels

A1

A2

Jo

B1

H1

E1

H2

F1

H3

B2

K1

K2

S1

Mo0/1

E2

11/12/2014

These channels are used for network
management.

Technically, D1, D2, D3 is intended for section
messages but this is not always adhered to.
They create a 192Kbps channel between STEs.

D4 through D12 is used to create a 576Kbps
channel between the LTEs (Line Termination
Equipment).
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Automatic Protection Switching

A1 A2 Jo
B1 E1 F1
D1 D2 D3
H1 H2 H3

N

D4 D5 D6
D7 D8 D9
D10 D11 D12
S1 MO/1 | E2

11/12/2014

These octets (K1, K2) are used to send
messages between two nodes when a failure
is detected between them.

Messages are sent both ways around the ring
(if possible).

Last four bits of K1 specifies the address of
the addressed node.

First four bits of K2 specifies the address of
the sending node.

Means that there can only be 16 nodes on a
ring.
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Sync and Error Indication

» S1is used for synchronization status.

xxxx 0001 indicates Stratum 1 clock.
e MO/M1 is used to send back to the sender, the

error status of the received signal (determined

by the Bx octets). Number of bit errors
detected.

A1 A2 Jo
B1 E1 F1
D1 D2 D3
H1 H2 H3
B2 K1 K2
D4 D5 D6
D7 D8 D9
D10 D11 D12
S1 MO0/1 g E2

11/12/2014
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Payload Pointers

e The H1, H2 octets are joined to form a pointer

which points to the first octet of the SPE.
e The first 4 bits of the 16 bits indicates if the

pointer is changing.
* The next two bits are not used.

e The last 10 bits are the pointer and can have a
value from zero to 782.

 H3is used to carry a payload octet when a
negative pointer adjustment is done.

 These octets are covered in additional detail in

the next slides.

A1 A2 Jo
B1 E1 F1
D1 D2 D3
H1 H2 H3
B2 K1 K2
D4 D5 D6
D7 D8 D9
D10 D11 D12
S1 MO/1 | E2

11/12/2014
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Why do we need Payload Pointers?

Network box which takes traffic
from one side and passes it
along to the other side

1,000,000 bits/sec FIFO 1,000,001 bits/sec

\ 4
A 4

Every eight seconds, the FIFO will run dry. If an extra, “meaningless”
octet can be sent at that time, it will give the FIFO time to fill up again.
Problem: How to tell the receiver that this one octet is meaningless?
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Format of the H1, H2, H3 Octets

H1 H2 H3

AN
r A\ ~ A\ ~/7 N\

1 2 3 45 6 7 8 91011 1213 1415 16

NIN|N|N|=]=|1]|D|1|D]1|D|1I |D]|1]|D

011 0|00 10 BIT POINTER

NNNN = New data flag (NDF)

| = Increment bits Nggégl\?/EUSN-I#sF Pg'?lIJTFI\F/E
OPPORTUNITY

D = Decrement bits
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A Negative Pointer Adjustment

Normal Frame

Normal Frame

“D” bits inverted.

Pointer updated.

11/12/2014

H1

H2-

H1

H2

H1

H2

H3

H1

H2

P. Michael Henderson, mike@m

This line has no mea
it’s just there to help shéy
the movement of the start
the frame (here).

Note t 3 is being used to
a payload octet

The pointer is invalid

here because of the

“D” bit inversion. The
value without inversion

is the same as the previous
frame.

Incoming payload clock is
fast
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Details of H1, H2, H3 octets during justificg

Negative Justification using Inverted “D” Bits

Frame status NewDataFlag | Unused | D I D I D I (D I | D
Normal frame 0 1 1 0 x x 0 o0 0 1 1 1 1 1 1 0
Invert“‘D”Bits 0 1 1 0 x x 0 1 o0 o0 1 o0 1 0 1 1
New ptr value o 1 1 0 x x 0 o0 0 1 1 1 1 1 0 1
New ptr value o 1. 1 0 x x o0 o0 o0 1 1 1 1 1 0 1
Normal frame 0 1 1 0 x x 0 0 0 1 1 1 1 1 0 1

Just FYI, the bits before negative justification are 126 decimal,
and they go to 125 decimal.
Pointer adjustments can be made every fourth frame.
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A Positive Pointer Adjustment

Normal Frame

Normal Frame

“I” bits inverted.

Pointer updated.

11/12/2014

This line has no me

H1

H2-

. it’s just there to help show

the movement of the start
the frame (here).

Positive stuff

H1

H2

The pointer is invalid

H1

H2

H3

/ / here because of the

“I” bit inversion. The
value without inversion
is the same as the previous

frame.

H1

H2

Incoming payload clock is

slow
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Details of H1, H2, H3 octets during justific]

Positive Justification using Inverted “I” Bits

Frame status NewDataFlag Unused | D | D I D/ I D I D
Normal frame 0o 1 1 o x x 0 o0 o 1 1 1 1 1 1 0
Invert“/”Bits 0 1 1 0 x x 1 o0 1 1 0 1 0 1 0 0
New ptr value 0 1 1 0 X x 0 o0 o0 1 1 1 1 1 1 1
Newptrvalue 0 1 1 0 x x 0 0 o0 1 1 1 1 1 1 1
Normal frame 0 1 1 0o x x 0 0 o0 1 1 1 1 1 1 1

Just FY1, the bits before positive justification are 126 decimal,
and they go to 127 decimal.
Pointer adjustments can be made every fourth frame.
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Details of H1, H2, H3 octets when using NDF

One Octet Negative Adjustment using the NDF

Frame status NewDataFlag | Unused | D I D I D I (D I | D
Normal frame o 1 1 0 x x 0 o0 0 1 1 1 1 1 0
NDF indicator 1 0 0 1 x x o0 o0 o0 1 1 1 1 1 0 1
New ptr value o 1 1 0 x x 0 o0 0 1 1 1 1 1 0 1
New ptr value o 1. 1 0 x x o0 o0 o0 1 1 1 1 1 0 1
Normal frame 0 1 1 0 x x 0 0 0 1 1 1 1 1 0 1

The NDF is normally used if a large change has to be made to the pointer.
Just FYI, the bits before negative justification are 126 decimal,

and they go to 125 decimal.

Pointer adjustments can be made every fourth frame.
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Details of H1, H2, H3 octets when using ND]

One Octet Positive Adjustment using the NDF

Frame status NewDataFlag Unused | D | D I D/ I D I D
Normal frame 0 1 1 0 X x 0 o0 o0 1 1 1 1 1 1 0
NDF indicator 1 0 o0 1 x x o0 o0 o0 1 1 1 1 1 1 1
New ptr value o 1 1 0 x x o0 o0 o0 1 1 1 1 1 1 1
Newptrvalue 0 1 1 0 x x 0 0 o0 1 1 1 1 1 1 1
Normal frame 0 1 1 0 X x 0 o0 o0 1 1 1 1 1 1 1

The NDF is normally used if a large change has to be made to the pointer.
Just FY1, the bits before positive justification are 126 decimal,

and they go to 127 decimal.

Pointer adjustments can be made every fourth frame.
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Path Overhead

11/12/2014

B3

C2

G1

F2

H4

Z3

Z4

N1

» Path trace (J1) used to check continued
connection between the path devices (end-to-
end). A 16 or 64 octet message is sent, one
octet per frame.

* 64 octet for SONET and 16 octet for SDH
message.
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Error Checking

» BIP-8 parity check over the payload, only.

m * Even parity.
 Parity is for previous payload, not this one.
C2

G1

F2

H4

Z3

Z4

N1
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Path Signal Label

J1 * Indicates the type of payload carried in the SPE.
 For our discussion, we’ll be interested in a

5 value of 0x02 for floating virtual tributary (VT)

mode, 0x04 for asynchronous mapping of DS-3,
0x13 for mapping of ATM, 0x16 for packet over

& SONET (POS), and 0x1b for generic framing

E2 procedure (GFP).

H4

Z3

Z4

N1
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Path Status and Path User Channel

J e The G1 octet (Path Status) sends information
back to the sender indicating the number of

i parity errors, or if a complete failure is
C2 detected.
e The F2 octet is a user channel for Path

n applications (end-to-end). It is not subject to
ﬂ standardization (anything can be put into it).

H4

Z3

24

N1
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Multi-Frame Indicator

J1 * The last two bits of this octet counts from 00
to 11 continuously to provide a multi-frame
indicator for VT payloads (to be explained

c2 later).

e Some of the other bits are being defined for
use with virtual concatenation but will not be
described here.

B3

G1

F2

Z3

Z4

N1
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TCM and Reserved octets

J1 e The Z3, Z4 octets are reserved for future
standardization and have no meaning today.

e The N1 octet is for tandem connection
C2 monitoring and is fairly complex. No attempt
will be made here to explain it.

B3

G1

F2

H4
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Virtual Tributaries
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Plesiochronous Data Rates of Interest

Type of Digital Bit Rate
Circuit (Mbps)
DS-1 (T1) 1.544

E1 2.048
DS-1C 3.152
DS-2 6.312
DS-3 (T3) 44.736
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STS-1 Payload Mapping

« 87 Columns
«—28Cols — <+«—28Cols— <«—28Cols —

Path
overhead J1
(POH) B3

C2
G1
F2
H4
Z3
Z4

N1
1 30 59

All mappings of payload into an STS-1 payload have these two columns
taken as stuff columns, leaving 84 columns for data.
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Virtual Tributary Groups

The “x” in Vx goes

I\l

\L

\V IV}

[\

\/v

from 1 to 4
Order of \

transmission \

1 Vx

134»2

When interleaving,
the first column

of VTG#1 goes

next to the POH.

Columns 30 & 59
of the SPE are

skipped.

1

|

|

ol

columns. Each set

o144

Group” (VTG)

The 84 usable payload columns are divided into seven groups of twelve
oyl [ el o e il

e o414

363



Virtual Tributaries

e A Virtual Tributary Group is further subdivided |nto Ir
Tributaries (VT).

— Three columns makes a VT-1.5 (1.728 Mpr good fora
DS-1 at 1.544 Mbps).

— Four columns makes a VT-2 (2. 304@9%3 good for an E1
at 2.048 Mbps).

— Six columns makes a VT-3 bps gross, good for a DS-
1C at 3.152 Mbps).
— Twelve columns ma @I’-G (6.912 Mbps gross, good for a
DS-2 at 6.312
e AVT contaln -1.5s, or three VT-2s, or two VT-3s, or
one VT-6

o A VTG @ contain one kind of VT. Different VTGs in an
ontain different VT types, but within a VTG, there
be one kind of VT.
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Virtual Tributaries — The VT-1.5

One VT >
Vx | Vx| Vx |Vx If all the VTs in
i STS-1 are
carrying VT-1.5s,
One VT-1.5 : - > the capacity of
\ the STS-1 SPE is
1 28 DS-1s, or the
We have 8+9+9=26 = same as a DS-3.
octets or 208 bits for (Seven VTs times
each VT-1.5. Repeat four VT-1.5s per
8KHz giving VT)
1.664 Mbps

The four VT-1.5s are interleaved into the VT. Note the colors - there are three
of each color, with each color indicating one VT-1.5 (for four inside the VT.
Each VT is 27 octets, with one octet taken for the Vx octet.
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Superframes

10, 11, 00, etc. This produces a superframe of f

 The frame after the SPE with an H4 value 6) il have the

3 after value 01 will
frames to build the

pointer for each VT so the recei «@{gﬁ to buffer frames.
ke the H1, H2 octets.

e V1 and V2 form a pointer, ex i
 Bits 5 and 6 are used tog @a e the type of VT (unused in H1, H2)

(VT-6=00, VT-3= =10, VT-1.5=11)
e V3is the negative opportunity, exactly like H3.

e Viis resew@@future standardization.

e\
@@f@%% |V | v2|vs| va
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The V1, V2 Pointers

V1
A
—
NIN|N|N|sS|s| I| D
VT6 10 BIT POINTER
0o|l1] 1] 0] o] o

RN

VT3
o110 0] 1 10 BIT POINTER
%\\“@
I 2
VT2 10 BIT POINTER
Ol1]1]0|]1]0
R Y
O\ 4 ©\
. 10 BIT POINTER
VISR 11111 o _
N \‘ %
NEW DATA FLAG — INVERT 4 N BITS | — Increment Bit
NEGATIVE STUFF — INVERT 5 D BITS D — Decrement Bit
@ POSITIVE STUFF — INVERT 5 | BITS N — New Data Flag Bt
S - VT Size Bit
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Pointing to the Start of the VT Payload

Pointer value of zero @
| L
V1 V2 V3 %@
| | @é
ol

X ointer value of 103

o\
vi| N w2 V3
&

hre mns of 9 octets or

s'make a superframe, or 108
f@; 3, V4 octets are removed

from the cou ahave 104 octets remaining.

Since the r'counts from zero, the highest

va ointer is 103.
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The VT-1.5 Payload

26 octets <

N

Frame 1 Frame 2 Frame 3 Frame 4
We started with 27 octets per frame but took one octet for pointers. Now we’re taking

another octet per frame. This leaves 25 octets per frame. 25 octets times 8 bits per
octet, times 8,000 frames per second gives 1.6Mbps.
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 We’re going to look at two ways that DS-1 traffl
carried in a VT payload - byte synchronous @
asynchronous.

» Byte synchronous preserves the lo of the payload
octets in a T1 frame (each spe%

— Used primarily to transport

ized T1s WhICh are carrying
voice calls.

e Asynchronous s@spoﬂs the 1.544 Mbps stream
without concern hich byte is which.
_ de@@m which are carrying data.

e Bits 5 f VS indicate which is being carried (010 =

a@ﬁnous, 100 = byte synchronous).
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Byte Synchronous Mapping — VT-1.5

26 octets <

\

V5 J2 Z6 Z7
PiPyS;:S,S;S,FR PiPyS;:S,S;S,FR PiPyS;:S,S;S,FR PiPyS;:S,S;S,FR
24 DS-0 24 DS-0 24 DS-0 24 DS-0
Channels Channels Channels Channels
Frame 1 Frame 2 Frame 3 Frame 4

R = Fixed stuff bit

F = DS-1 framing bit
Sx = Signaling bits, A, B, C, D bits in a DS-1
Px = Phase bits, indicates which frame set for SF or ESF framing

11/12/2014
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Asynchronous Mapping - VT-1.5

26 octets <

’

V5 J2 Z6 Z7
RRRRRRIR C,C,O00O0IR C,C,0000IR| |C,C,RRRS,;S,R"
24 Octets 24 Octets 24 Octets 24 Octets
(192 bits) (192 bits) (192 bits) 192 bits)
Frame 1 Frame 2 Frame 3 Frame 4

R = Stuff bits — no meaning

O = Future standardization — unused

Cx = Controls use of the S bits.

| = Information bit. Makes the 193 bit of
a DS-1 frame

11/12/2014
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Sx = Stuff bits. May or may not carry
information bits, depending upon
values in Cx
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Virtual Tributaries — The VT-2

. One VTG >

Vx | Vx| Vx

/
One VT-2 — _:'
\

We have 8+9+9+9=35 — Tt
octets or 280 bits for
each VT-2. Repeat
8KHz giving

2.24 Mbps

The three VT-2s are interleaved into the VT. Note the colors - there are four
of each color, with each color indicating one VT-2 (for three inside the VT.
Each VT is 36 octets, with one octet taken for the Vx octet.
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Superframes

e Remember that the last two bits of H4 in the POH ¢ u
10, 11, 00, etc. This produces a superframe of f mes.

* The frame after the SPE with an H4 value o@l have the
first octet in the VT identified as V1. Th ‘ fe after value 01 will
\ o
SONET frames to build

be identified as V2, etc. . It takes fo Ul
the pointer for each VT so the -«} er
e the H1, H2 octets.

e V1 and V2 form a pointer, ex@
e Bits 5and 6 are used t the type of VT (unused in H1, H2)

(VT-6=00, VT-3=01¢, 10, VT-1.5=11)
* V3is the negati opportunity, exactly like H3.

e V4is resew@uture standardization.

%@ \v1\vz\v3 V4
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The V1, V2 Pointers

V1
A
—
NIN|N|N|sS|s| I| D
VT6 10 BIT POINTER
0o|l1] 1] 0] o] o

WY
A
VT3
0 | 1 | 1| O| 0| 1 10 BIT POINTER

NG

0 1 1 0 1 0
N
VT1.5 10 BIT POINTER
oO]J]1] 1] 0] 1] 1
O </
NEW DATA FLAG — INVERT 4 N BITS | — Increment Bit
NEGATIVE STUFF — INVERT 5 D BITS D — Decrement Bit
POSITIVE STUFF — INVERT 5 | BITS N — New Data Flag Bt
S - VT Size Bit
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Pointing to the Start of the VT Payload

Pointer value of zero

o

AN

V1

V2

V4

V3 ég})
R

X ointer value of 139

o\

V1

V2

V3

A VT-2 is made up of fo

c
octets. Four fra@ supreframe, or 144
from the cou & 140 octets remaining.

octets. Once the

Since the
va

11/12/2014

©r
QX@

r'counts from zero, the highest
ointer is 139.

s of 9 octets or 36

. V3, V4 octets are removed
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The VI-2 Payload

35 octets <

N

Frame 1 Frame 2 Frame 3 Frame 4
We started with 36 octets per frame but took one octet for pointers. Now we’re taking

another octet per frame. This leaves 34 octets per frame. 34 octets times 8 bits per
octet, times 8,000 frames per second gives 2.176Mbps.
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Byte Synchronous and Asynchronous VTs |

TV
_ [
\

— Used primarily to transport ch d E1s which are carrying

voice calls. X

e Asynchronous simply rts the 2.048 Mbps stream
without concern f @ byte is which.
— Used to car % ich are carrying data.

* Bits $, 6, 5 indicate which is being carried (010 =
async , 100 = byte synchronous).

St
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Byte Synchronous Mapping - 30 Channd

35 octets <

\

V5

J2

Z6

P.P,RRRRRR

P,P,RRRRRR

P,P,RRRRRR

P,P,RRRRRR

RRRRRRRR

RRRRRRRR

RRRRRRRR

RRRRRRRR

Channels Channels Channels Channels
1-15 1-15 1-15 1-15
CAS CAS CAS CAS

Channels Channels Channels Channels
16 - 30 16 - 30 16 - 30 16 - 30

RRRRRRRR

RRRRRRRR

RRRRRRRR

RRRRRRRR

Frame 1

R = Fixed stuff bit
R = may be used for channel 0, if required
Px = Phase bits, indicates which channel the CAS bits apply to

11/12/2014

Frame 2

Frame 3
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Byte Synchronous Mapping — 31 Channe

V5

J2

Z6

Z7

RRRRRRRR

RRRRRRRR

RRRRRRRR

RRRRRRRR

RRRRRRRRI

RRRRRRRR

RRRRRRRR

RRRRRRRR

35 octets <

Channels Channels Channels Channels
1-15 1-15 1-15 1-15
Channel 16 Channel 16 Channel 16 Channel 16
Channels Channels Channels Channels
16 - 30 16 - 30 16 - 30 16 - 30

RRRRRRRR

RRRRRRRR

RRRRRRRR

RRRRRRRR

Frame 1

R = Fixed stuff bit
R = Indicates may be used for channel 0

11/12/2014

Frame 2

Frame 3
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Asynchronous Mapping - V-2

V5

J2

Z6

Z7

RRRRRRRR

C,C,LOOOORR

C,C,LOOOORR

[C.CLRRRRRS,

35 octets <

32 octets

32 octets

32 octets

SV I I I I I

31 octets

RRRRRRRR

RRRRRRRR

RRRRRRRR

RRRRRRRR

Frame 1

| = Information bit (Data)
R = Fixed stuff bit
O = Overhead - same as R

11/12/2014

Frame 2

Cx = Stuff control

Frame 3

Frame 4

32*3+31=127 octets.

127 octets * 8 bits=1,016 bits
Sx = Stuff opportunity 1016+7=1023 1,023*2,000
times/second = 2.046Mbps

1016+9=1025 -> 2.050Mb

P. Michael Henderson, mike@michael-henderson.us copyright 2014
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Finished with Virtual
Tributaries!!!
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Support for DS-3 signals

‘
* A DS-3 signal at 44.736 Mbps takes the wh@34 SPE.
— No virtual tributaries are used.

e A DS-3 can only be carried with @ronous mapping.
— There is no byte synchrono ing for a DS-3.

\2
o

W
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Support for DS-3 signals

-4 28 Octets - -t 28 Octets - -t 28 QOctets -

R|R|C1 25 | R{C2]| I 25 ¢ RJIC3| I 25 |
R|R|C1 25 | R{C2]| I 25 | RI1C3] I 25 | -
| R{R|C1 25 | R|C2| I 25 1 R|C3]| I 25 |
1]
Q
£
§ RIR|C1}. 25 | E R|C2]| I 25 | - RIC3] I 25 |
U’ e
2l rR|R|c 25 | Bl R|C2| 25 | 21 Rrjc3] 25 |
= X o
a i X
® RIR|C1 25 1 R|C2} I 25 | | R[C3] I 25 |
o
R]IR|CH 25 1 R}C2]| | 25 | RIC3]| I 25 |
R| R|CH 25 | RjcC2| I 25 | RjC3| | 25 |
R]IR|C1 25 1 RJC2]| I 25 | R{C3]| | 25 |
Octets:
-l 8 bits E
| = Piiiiiii
R = rrererrrer Bits:
I D i = information bit
C1 - rrcitiind r = fixed stuff bit
¢ = justification control bit
A c2 = cCrrrrrr s = justification opportunity bit
@ o = overhead bit
C3 = CCrroors
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Support for DS-3 signals

* There are 77 full information payload octets, 0@5
information bits.

e The C1 octet has 5 information bits, m %the total number
of information bits per row 621.

RN
* Nine of these per frame, tim %Q@rames per second

gives 44.712 Mbps. @
— So how do we carry %6 Mbps signal in 44.712 Mbps?
e The answer is i bit in C3. Sometimes it carries an

information bi
— If it carri information bit every frame, the data rate would
b%@ bps.
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SONET Multiplexing Hierarchy

| OC-192 |—{5T5-192

x4
[ OC-48 | STS-48 )\,
[ oC-12 | sTs2f
OC-1 | 45 Mb |
VT6 — 6 Mb |
VT3 — 3Mb |
VT2 - 2Mb |

ﬁ
VT15 —15Mb |7

ol
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SDH Multiplexing Hierarchy

xN
x1 :
STM-N 4— AU-4 J| vc-a |« C-4 fe— lf?lﬁf'

N=1,4,16 x3

44,736
<1 W Mbps

x3 < TU-3 je—] VC-3
¥ 34.368
Mbps

.T

AU-3 L VC-3

Non-hierarchical
rates

) 6,312

| C2 &= s

—» pointer processing

TU-2 L VC-2

2,048
Mbps

3

TU-12 VC-12 C-12 je—

1,544
TUAL A VC-11 [ C- 11 o

Fig. 4 The complete SDH multiplexing scheme
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SONET/SDH Networks
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SONET/SDH Networks

* SONET/SDH was designed to operate as eitl%@ ear
connection, or a ring. @ﬁ

* Each node on a SONET/SDH networ@mwn as an
Add/Drop Multiplexer (ADM). . 3.

e At each ADM, circuits withip.the SONET/SDH frames can be
dropped off (perhaps ed on PDH equipment) and

circuits can be a e SONET/SDH stream, providing
there’s bandwi them.

X
0@@

\\
e
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Linear Network

(

11112/

In a linear network, traffic flows between the ADMs
fibers, one carrying traffic in one direction, and
carrying traffic in the other direction. Side n
the end of the fiber runs are called “termi

“with two held for

A linear network can also have four fi
backup in case of a cut to the iber(s).

The backup fibers should, id@{y, e run on a different route

Pt
m

e ADMs at
ultiplexers.”

than the working flbersw@

Customer Customer
premises premises
equipment Add-drop equipment
Terminal multiplexer Terminal
[: multiplexer multiplexer j

Cptical Optical
[T regenerator regenerator —
D&n 0C-n [><] 0C-n 0C-n [><] 0C.n D3n
.-ﬂ-’”fﬂ_ H’“ﬁ-\

section ‘ section section ‘ section
- - -— -—

lime: lime
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SONET/SDH Rings

* Rings are more common because they provide hette
recovery capability in the case of a fiber or r%D ilure.

* We’'re going to examine how recovery @ h rings in the
next section.

- =N

DS1/DS3 Add drop
l T multiplexer

A

DS1DS3 _ | D B |, Ds1Ds3

Primary
ring

Secondary
ring

c

V]

DS51/DS3
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Automatic Protection
Switching
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SONET/SDH Rings

e There are two kinds of rings in SONETISD%@ng to two
kinds of recovery. @

The first is the Unidirectional P Ring (UPSR).
The second is the Bidirectio Switched Ring (BLSR).
* We’'ll cover these in turn.@@

N
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Unidirectional Path Switched Ring

e Aring could consist of just a single fiber conne@
into a ring. O
e But if a fiber failure occurs, the ring is&@i ervice
ADM @3
A X
@ ADM A sends
@ traffic directly to
o @% ADM B. But ADM
] ADM +H—— Ahasto send
| A[[))'V' ® 8 [ traffic for ADM D

all the way around

° \\Q the ring.
\)
Q{B% ADM

C
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Unidirectional Path Switched Ring

* By adding an additional fiber, we can provide a re

capability. ‘ ‘ @@ g

ADM @&%

A
/ Working fiber
/ Q@@
@@ ADM ——
{@\

@@Qﬁ AI(D:M
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Path Switching

hence the name Unidirectional Path Switch gs (UPSR).
* What does Path Switching mean?
— At the exit node, both fibers are @ and the path traffic
extracted.

— If the signal is lost on theg fiber, a switch is done to use
the protection flber %@

 Toalarge degr SW|tch|ng can be done completely by
the recelver coordlnatlon with the sender.

* But, path% |ng requires two sets of electronics to
extr th information.
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Recovery in UPSR

* As traffic flows through the ADM, each ADM transm
signal to both the working fiber and the protec

* So the exact same traffic is flowing on bot
different directions.

t@@b

Protection
fiber Add/Drop M

Protection
ﬂper

Working
fiber

11/12/2014

@ Traffic, e.g.,
Q Tx | ps1,E1,08-3, | Rx

v STS-1, etc.

P. Michael Henderson, mike@michael-henderson.us copyright 2014
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Recovery in UPSR

* On the receive side, each ADM receives a signal fro
the working fiber and the protection fiber. @@
i

* If the working fiber’s signal is lost of degra takes the
traffic from the protection fiber. smmr@@r is very fast.

Protection Protection
fiber Add/Drop Muiti fiper
O
Working O@ Working
_fiber « ) fiber
. @?% v

@ Traffic, e.g.,
Q Tx | DS-1,E1,D8-3, | Ry

1l STS-1, etc.
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Disadvantage of UPSR

* |na UPSR ring, all traffic flows on both flbers 6\Ebwere
to make an assumption that all of the traffic rmg was
between ADMs A and B, all of that traff@@ ows through
ADMs C and D.

* [f we had a configuration wher@%@z between ADMs A and
B only flowed between thosgftwo nodes, we could use the

bandwidth of the fiber the other nodes for
additional traffic.

* That’s why we& |d|rect|onal Line Switched Rings.
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Line Switching

* Line Switching is done on bi-directional rings, eith Sritwe
fiber or four fiber. Thus the name Bi-direction@e

Switched Ring (BLSR). &
* The total capacity of the fibers must b%@ the carried

traffic. For four fiber systems, tgi@@h s two fibers are
2

dedicated for protection.
* What does Line Switchin

— Two adjacent node r the traffic between them.

— If one detects on a fiber, it signals the other.

— The two Q@@C ordinate switching to the protection fiber(s) or
STS.o.

 The & octets in the transport overhead are used for this
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Bidirectional Line Switched Rings

» A 2-fiber BLSR ring uses the two fibers to send dat

directions around the ring.

* This means that traffic between two adjac
exists on the fibers between them. @@

o

eﬁ@@ies only

Q
O

Traffic between ADM A
and ADM B flows bi-
directionally between
them.

ADM

\\
@@% Ao
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Bidirectional Line Switched Rings

» Each fiber only uses half the STS “frames” av@ilable on the

signal. %

* So one ring will use STS 1-24 for raffic, while

reserving STS 25-48 for protectiomyand the other ring will use
STS 25-48 for working, wh%@g ing STS 1-24 for

protection (this is for a signal).
o«
o>
@k@
@@
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Recovery in 2-fiber BLSR

 |f the fiber breaks between ADM A and B, ADM B w
loss of signal.

» Using the K1/K2 octets (to be explained),
ADM A that the break occurred and th

the unused STS on the other fib r@n in the opposite
direction. ADM

7
x ADM ——

SN

C
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Recovery in 2-fiber BLSR

* When a fiber failure occurs, say between A an e
diagram, A and B will loop the traffic on th% e fiber to
the transmit fiber. @@

| o

Traffic on this fiber (STS 1-24 ADM
will be looped to this fiber, R

X@

&
ﬁ%@ Traffic on this fiber (STS 25-48)

<——will be looped to this fiber, still

@Q ADM on STS 25-48.
¢ 3
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Line Switching in 2-fiber BLSR

STS 1/-\24

ADM A
(detail after
Y ring switch)

 ADM

i TS 2548 |~ #

——
STS 1-24

ADM
D A ADM B
(detail after
ring switch)

ADM

C
|

STS 1-24
ST'S 25-48
o
STS25-48
/

ST81-24
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Discussion of 2-fiber BLSR

 Since traffic between two adjacent nodes only
between those two nodes, that bandwidth c% e used for
traffic between the other nodes. But fo@@» r BLSR this

may require that some traffic be gr hen a line switch

occurs.

* When a line switch occurs s not involved in the switch
continue to function n . Nodes involved in the switch
make the change Y ary to continue taking data from
the proper STS%\\9
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4-fiber BLSR

e Switching is easier in 4-fiber than 2-fiber because the
stays on the same STS - it just switches fibers©<®

| ©
ADM @@
Working fibers
/
B

T

ADM ——
ADM <
—rom | @
& rotection fibe

C

@@Q@x ADM
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Advantages of 4-fiber BLSR

e The capacity of the ring is twice the capacity of
BLSR.

 Traffic between two adjacent nodes, su M A and B,
only travels between those two node <§® oes not travel
through the other nodes. %

e This means bandwidth used n the two adjacent
nodes — A & B for exa plo‘ n now be used for traffic
between the other no

e This can prowgg@% capacity on the ring than 2-fiber
BLSR or UP ut note that some traffic may have to be
droppe % a line switch occurs.

@@
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Line Switching in 4-fiber BLSR

1
‘ ‘ <=' ADM A
ADM 2 4 (detail after
A 3 Y ring switch)
2
Working fibers
—— ADM AEM —
) D
Protection fibers AD_M B
(detall after
ring switch)
ADM
C

[ l 4 3 2 1
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K1/K2 Octets

* When a failure occurs, as shown in the prewou&?
Nodes A and B will signal the failure throu%%@ 1 K2

octets.
* They will place the other node’s add@n K1 and their

address in K2. Each address i he other 4 bits are

used to convey additional i

* Nodes C and D will p @ta through since it is not
addressed to the

* This signalin use nodes A and B to execute a ring
' %& on the previous slide.

switch, a
e The 2 <(}.\QLSR switch occurs exactly the same way.

@@
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K1/K2 Octets

A1 A2 Jo
B1 E1 F1
D1 D2 D3
H1 H2 H3

N

D4 D5 D6
D7 D8 D9
D10 D11 D12
S1 MO/1 | E2

11/12/2014

These octets (K1, K2) are used to send
messages between two nodes when a failure
is detected between them.

Messages are sent both ways around the ring
(if possible).

Last four bits of K1 specifies the address of
the addressed node.

First four bits of K2 specifies the address of
the sending node.

Means that there can only be 16 nodes on a
ring.
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Squelching

* [f a node fails, as opposed to a fiber, n@mm to
“squelch” the links that terminated ode

* Otherwise, traffic for that nod ntinue to enter the ring
and could cause congestlo

e Squelching is mgnaledﬂ@ndmg AIS in the channels that
terminated on th ode

* The sendin will stop sending traffic for the failed
node unyl@s eceive a message that the node is back up.

@@@
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SONET Performance
Monitoring
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SONET Performance Monitoring

e SONET performance monitoring falls into th
categories: @&
— Anomaly @@
— Defect %@
2

— Failure
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Anomaly

e Ananomaly is the lowest level of probg ort and usually

does not cause an interruption of ¢ ications.

* Some anomaly conditions are
— B1 Bit Interleaved Parity

— B2 BIP 0@%

— Path B3 BIP @i\
— Remot@n cation (REI). Indicates to the downstream

noded rror occurred.
@f&
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Bit Interleaved Parity

_

* For Bit Interleaved Parity, the bits tha p the bytes of
the block to be check are added up n-wise. That is,

all of the bits in the first posm

dded, all of the bits in

the second position are ad
* |f the number of 1 bits.i osition are odd, the parity bit

e |[f the number
is 0.

is 1 to make the ¢ § SQ%

in any position are even, the parity bit
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Example of BIP-8 Parity

“Monitored portion”

& >
8-bits word 8-bits word 8-bits word 8-bits word 8-bits word
S o o o o [
Byte 5 Byte 4 Byte 3 Byte 2 Byte 1
|
Bit position 1 2 3 4 5 6 7 8
Word 1 1 0 1 0 1 0 1 0
Word 2 0 1 0 1 0 1 0 1
L Word 3 1 0 1 0 1 0 1 0
L | Word4 0 1 0 1 0 1 0 1
p| Word 5 1 1 0 0 1 1 0 0
«1's» count 3 3 2 2 3 3 2 2
B Odd/Even Odd Odd Ewven Even Odd Odd Ewven Even
BIP-8 An odd total in the “1's” count row causes a binary "1"” to be
calculation placed in the same position below.
proress YV YV V VY V'V
V BIP-8 code 1 1 0 0 1 1 0 0
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Where BIP-8 is Used

h Low Order Path
: L High Order Path
! |
I | ' Line / Mux. 1
! L T
; I : Section / Section/
|
. : : Reg. : Reg. :
€ P »
1 |
1
o Bl
> B2 M1 <
> B3 G1 <
> V5 V5 (bit '3 )‘
| ||&] Parity Bytes
12200 . Remote Error Indication Bytes 418




B1 Parity Check

Al [A2 | JO e Does a bit interleaved parit%@@over the
entire (previous) frame. %
O G >
* Even parity. @

1 b2 D3 * Because it cov many bits, it does not
H1 H2 H3 give a goo te of BER for larger frames
(STS-4 6 or larger).

B2 K1 K2 @
D4 D5 D6 Ox@?@

D7 D8 D9 &

D10 D11 D12

S1 MO/1 | E2

O
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B2 Parity Check

A1 A2 Jo e Does a bit interleaved parit%@@over the

STS-1 of the previous fra&

B1 E1 F1
* Even parity. @
D1 D2 D3 . i

Since it covers s than the B1 octet, it
H1 H2 H3 gives a be ate of the BER.

e OneB t for each STS-N.
K K2 . , there are three B2 octets for an STM-
D4 D5 D6 Ox@ 'ving a BIP-24.
- " - @k The Section Overhead (SONET) or |
& Regenerator Section Overhead (SDH) is not
D10 D11 D12 included in the B2 check

S1 MO/1 | E2

O
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Interleaving of SONET Signals

A

270 Columns
Al | A1 | A1 |A2 | A2 | A2 |JO |Z0 | Z0

B x| x [et | x[x]r[x]|x @j\%d/
D1 | x| x o2 | x| x|p3| x| x @

H1 | H1 | H1 [ H2 [H2 [H2 [H3 [H3 [H3 %@

B2 B2 B2 K1 | X [ X [K2 VN

p4 | x| x|os| x| x |os

p7 | x| x [os | x | x [po

D10] X | X | D11|] X | X | D12
S1 |21 |21 [MOAM|Z2 | M2 | E2

X || X X X| X
X X X| X| X

\
First sg‘i@ Second STS-1 Third STS-1

St
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B3 Parity Check

BIP-8 parity check over the @@ only.
m Even parity. %
* Parity is for previ %%)oad, not this one.
c2  For SDH, t%@ over the VC-4
G1
F2 @@\
Ha Ox€9®
Z3 g}&%
Z4 §

i
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STS-1 SONET Frame  one column of

/ path OH
A1/A2 = 0xf628 < 90 Columns
—N

A1 | A2 |JO | J1

1
|2 B1 |E1 | F1

Order of D1 | D2 | D3 | C2
transmission H1 |H2 | H3 |G1

9Rows B2 [ k1 [Kk2 |F2
D4 | D5 | D6 |H4
p7 | D8 D9 |z3
Ip10 |11 |p12 | 24
s1 [mor|E2 | N1

Fs e
@ mns of Synchronous Payload

%ﬁ ansport OH Envelope (SPE) - 87 columns

<@tl overhead Path overhead

Line overhead Data
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Remote Error Indication

@@enden the

11/12/2014

A1 A2 1 J0 e MO/M1 is used to send bac
B> = = error status of the receiv nal (determined
by the Bx octets). of bit errors
D1 D2 |D3 detected. @
w w e e MO is only SONET.
+ M1 is ysgd by both SONET and SDH to send a
B2 K1 K2 » e number of errors found by the B2
" " = - ¢ottets. For STM-1 in SDH, B2 will be a BIP-24,
% the number of errors could be 0 to 24.
D7 D8 D9 & This value is truncated at 255 for STM levels
greater than STM-4, STS levels greater than
U O STS-12.
S1 E2
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Defect

e When a more serious status condition occurs @@termed a
“defect”.

e Defects are as follows:

— Out Of Frame Alignment OOFQE @@

— Loss of Frame (LOF)

— Loss of Pointer (LOP
— Loss of Superfra @
* These may resu e following status signals:

— Alamg> In Signal (AIS)
— Remete Befect Indication (RDI)

St
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Out of Frame Alignment

 The maximum time to detect O
frames).

 QOOF state clears within 2 xi%roseconds when two
consecutive SONET f are received with valid framing
patterns. @
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Loss of Frame Alignment

LR & v P
A N \ 3 n
VO S R
- \ .

e LOF state occurs when the OOF state eX|s specmed
time in microseconds.

e The LOF state clears when an in-fr ondltlon exists
continuously for a specme icroseconds.

e The time for detection an ance is normally 3
milliseconds.

e Indicated down@y sending AlS.

&
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Loss of Pointer

e | OP state occurs when N consecutive in omters are
received or N consecutive New Data DF) are

received.
* LOP state is cleared when t %ual valid pointers are
received.

 LOP can be identifig@&
— LOP-P (Loss@ 1/H2 pointer to the Payload).
of th

— LOP-VT the V1/V2 pointer to the Virtual Tributaries).

@@%@
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Loss of Superframe

* Remember that the last two bits of H4 in the @@unt 00,
01, 10, 11, 00, etc. This produces a supe of four
frames.

e |[f there’s an error in the count o ast two bits, for
example, if they go 00, 11, 1 , the system will indicate

loss of superframe. @
&
@&\@%
&
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Alarm Indication Signal

rried within the
ith all ones to

* When a signal is lost — perhaps one th
SONET payload - that signal is repl
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Remote Defect Indication (RDI)

J1 e The G1 octet (Path Status) @ formation
back to the sender |nd|c e number of
B3 parity errors, or if a e failure is
C2 detected.
e Cansend %%@hcatlon of Loss of Signal,
E Loss of or AlS received.
F2 . known as Far End Receiver Failure

= o
Z4 §Q§>
i
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Signals in Response to Defects

Lower Order Path
-

Higher Order Path

Multiplex Section (MSOH)
-

Regenerator Section (RSOH)
H

LOPTE HO PTE MSTE RSTE RSTE RSTE

LOS LOS LOS
LOF .\ LOF \ LOF

) (
RDI MsS Ms

(K2) o g AlS AlS |

MSTE LO PTE

LOP Tributary
AlS

i —
TU-AIS
(V1,v2)

RDI

(K2)
RD| (-t
(G1)

RDI
(vs) 9

Y RDI

(V5)

O Alarm Transmission

§ Alarm Detection
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High order path

Multiplex section

Regenerator section
LOS/

MS-AlS

SDH multiplexer SDH regenerator SDH multiplexer
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Clocking in SONET/SDH

DN\

SONET/SDH is a synchronous system, meaning 1@
nodes need to operate off the same clock.

There are no “stuff bits” in SONETISDI@%@ mmodate
lines with slightly different clocks

SONET/SDH nodes, therefore, @ operate off the same
clock, or off of different clocks that are extremely accurate

and synchronized. @
An individual net Q@sually synchronized from a
Primary Referen ck (PRC), a stratum 1 clock.

That clock ' o other nodes by using the data stream.

This in s some jitter in the clock so there’s a limit to
hox@gg

levels clock can be fed.
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Clock Supply Hierarchy

PRC = Primary Reference Clock
SSU = Synchronization Supply Units
SEC = SONET/SDH Equipment Clock
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Synchronization Status Byte

e Bit usage of the $1 @%

slide.

11/12/2014

A1 A2 Jo
B1 E1 F1
D1 D2 D3
H1 H2 H3
B2 K1 K2
D4 D5 D6
D7 D8 D9
D10 D11 D12
E2

P. Michael Henderson, mike@michael-henderson.us copyright 2014
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Synchronization Status Byte

S1 BYTE

Bir7-Bit 4

Reserved

Bir3-Bit0

SONET SYNCHRONIZATION QUALITY LEVEL DESCRIPTION

Synchronized-tracebility unknown

Reserved

Stratum 1 traceable

Reserved

Transit node clock traceable

Reserved

Stratum 2 traceable

Reserved

Stratum 3 traceable

Reserved

SONET minimum traceable

Reserved

Stratum 3E traceable

Reserved

Reserved for network synchronization

Reserved
)V

11/12/2014

Do not use for synchronization
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Clock Synchronization

* Clock should be distributed in a tree f @%
* |tis essential that timing loops no@med.

 The tree must be rooted on P%@

* Note: Anexample 0
and the nodes h@ ecide where to take clock. A

provides cl o B, who provides clock to C, who provides
clock to Is case performance will rapidly deteriorate.

@@@@
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Switching
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Switching

over the network, let’s take a look at h ched.

* Now that we understand how digital voice t IS carried
%@ wit
e The ITU defines switching as:
o

oi an individual connection
d outlet within a set of inlets
is required for the transfer of

“The establishing, on-dem
from a desired inlet to

and outlets for as
information.”

&
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Why Switches?

* But why do we use switches? Switches are e@ive. Why

not just use more circuits? &

e Switches allow reduction in overall ne@ cost by
reducing the number and/or the ransmission links
required to enable a given use lation to communicate.

(Connections implies need for
es, which means better

e Limited number of physi
sharing of transport r
utilization of tra ircuits.

e Switching are central components in
commuwjx s networks.

\\
e
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Circuit Switching

 Historically, the first mechanical telephone s
invented by Almon Brown Strowger in

o Strowger type switches were used i

time — the last step-by-step offi
until 1999. %

e The first electronic sw&g\@ntered the network about

1976.
@“

twork for a long
US was not replaced
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Circuit Switching for Voice Calls

‘
A switch is a device which connects signaj%@@fg}ne port
to another port. @
Here, I'm going to describe switch@oice channels in

the digital telephone system. %
fth

I'll start by describing sev e switching technologies,
then look at how they% lemented in a switch today.
>

Then we’ll look Wes in the network and a bit at how
they’re contro% ith Signaling System 7 (SS7).

@{x@
3
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Strowger Switch

* The first automatic
switching mechanism was
the Strowger switch,
invented about 1888.

|t survived in the US
network until 1999 (La
Crosse, Indiana).

 These switches o %
handle analog Qt{;%i\g
&

nff

-\
&' EF gF cRET o7 &7 'i'f"l-f' Py
| | |
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Strowger Switch

* Rotary dialing interrupted the loop current, produc

pulses on the line. @

e The pulses caused the Strowger switch to o a position
that reflected the digit dialed.

e After that digit was latched in, t glt stepped the next
Strowger switch.

« By the time all the dlglts & dialed, the call was connected
to the calling party

e The switches w you had difficulty talking and
being unde a central office.
e The ra itches were also BIG. Central offices had to

be | r:%p ouse all the equipment. Most have a lot of
ace how.
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Strowger Switch

e Just FYl, here’s a picture of ™
Strowger switches, with
covers on, rack mounted in
a central office.

* These switches were used §
for local calls only.
Operators handled.s |
of long distanc ntil |

the 1940’s.
o
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Crossbar Switch

* The mechanical crossbar switch was first p @@MQH

by Bell Labs, but was developed by Eri & Sweden.
e Ericsson installed the first crossbar s @a‘& in 1926, while
AT&T did not install their first \*»\“;p“ switch until 1935 -

after seeing the improveme%% nade by Ericsson.

o

N
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Crossbar Switch

 The mechanical crossbar switch had contacts at th
intersection of the vertical and horizontal bars switch.

e For an m by n fabric there were m x n cros S.

A )

* For example, for a EB Crosspoin
1,000 by 1!000 [ 000 -o—0—0—0—9 ie o/-—\\f
crosshar switch T S N N (5\/0 \
there would be a 010 &>—>—>———06—0
million o1 leo—o—o—o0—0—o0—0—0 (®)
crosspoints. [100 ]

000
001
010
011
100
11
11

X

Crosspoint
switch is closed

vy
D A

/‘

11 |
100 ——o——o ——0
f—x
4§§>lmooookojﬁo K
% [110 -9 c:Iooo &—0 \
O =il

x 1 Y FanY o Fa nY Fa nY Fa nY o

'
: Closed O? (©)
crasspoint crgzgpoint
@@ switch switch
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Crossbar Switches

R\

* Once semiconductor technology was e, the
crosspoints were semiconductor swi

* Crossbar switches are know as%%be” switches.
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Time Slot Interchanger (TSl

* The time slot interchanger switch works only in the
domain.

* |t's fed by a digital line, let's say a T1 line for xample.

* The 24 bytes of voice are read and store memory, then
read out to an outgoing T1 with the annels in

different time slots. %
* Requires accurately synchr input and output.
e TSI switches are know e” switches.

TIME-SLOT INTERCHANGER

Time-slot 1
INPUT CHANMELS OUTPUT CHANMELS
Time-slot 2
b B 4 3 2 1 Timeslot 3 B 1 3 2 [ 4

Time-slot 4

Timeslot 5 o

Timeslot 6 \

BUFFER SPACE FOR TIME-SLOTS
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Time Slot Interchanger

* Incoming time-slots are written cyclically into switc
memory.

* Output logic cyclically reads control memo@ ch contains
a pointer for each output time-slot.

e Pointer indicates which input tll{n\%@ insert into each

output time-slot.

Incoming frame buffer Outgoing frame buffer
m[ ... I 2 1‘[ Switch Control ni...[J[.-] 2 1‘[
Cyclic read | memory Lo )

1 1 Cyclic write
2 2
A 3 3
E: K - ___ - A
28 read -1 ik |ed -2 o5
= =
= address (k : e e
g g I { } | E ﬁ
o | m n ' B T
: 28

( I Time-slot counter & R/W control
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Limitations on the TSI switch

e The steps in the TSI process are: @
— Speech samples read in and placed in memory. ©)

— Processor reads control memory to det r@% ere the data
for an output time slot is located. %

— That data in switch memory isQ%@m placed in the output

frame. X

* Eventually, as the nu nputs increase, the memory
and processor sp not fast enough to serve the
incoming data. @

e TSI switch , therefore, built as modules and put

togethe% rm larger switches.

e
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Switch Fabric

e Switches are usually built up from smaller, modl@, its '\
for several reasons:

— A switch fabric can be made with less c&@ﬂ@ﬁ% by building a

multi-stage switch fabric.

— Modular switch components a pensive than custom
large switches and can be built i volume.
— Using modular switc ents allows a switch unit to be

configured (size % eeds of the service area.

— Modular switc onents makes servicing easier. One
module replaced without taking the whole switch our of
serv@%% dules can be kept as spares.

e
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Switch Fabric

e Here’s an example of a 16 by 16, three stage switc
up of 4 by 4 modules. Note that any input port
any output port.

— Asingle 16 by 16 switch would contain sspomts
— Each 4 by 4 module contains 16 cr nts.

— There are 12 modules for a 2 crosspoints, a 25%

reduction.
Input Port 1 { jp—p Qutput Port1
dxd Switch
eslement

‘L A‘
. K

111111l 111

put Port 18 Output Port 18
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Switch Fabric

* For a switch serving the local loops, a switch n any \
ports on one side (to serve the loops) and s@c ntly less
on the other side to serve the trunks. @

— The amount of concentration (input output ports)
depends on the amount of ex fic and the blocking
probability.

— Was originally analy@@ueumg theory but is now usually
done via simulatien

— Trafficis m %n Erlangs (60 minutes of calls/hour).
e Tandem of hich serve trunks on both sides of the
switch willthave approximately the same number of ports on
bot of the switch.
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Time-Space-Time Switch

* Building a mulit-stage all-time switch is complex.

e Solution was to build a time-space-time switch. @

* The space switch has semiconductor cros

interconnection pattern is reconfigured

* Very compact design.

TSI stage

RG>\

Space stage

TSI stage

and the

ime slot.

TDM

1k

n slots

n slots

1

TDM

nxk

inputs
PULS, <lots

2

TDM

kKxin
1

ﬁ
---‘\-_-"'\_

nxk

n sloty

—

3

N/n x Nén
Time-shared
space switch

g

kxn
2

N

--‘-‘-‘_-“--.

kxn

3

outputs

1k

(

N/n

N

kxn
N/n

111212014
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Switch Control

e In 1965, AT&T installed the first #1ESS switch, th@@?

computer controlled switch. @

» Selection of the route through the swit ric was
completely under the control of the ter. Route
selection was computationally.i e and improved as

processor speed improved. X

e Over time, the compu ol evolved to distributed
processors under M of a central processor.

* The control proc s quite complex, involving many steps
and prec<:>is Q@g g — too much to address here.

 Abloc m of some of the processes is shown on the
ne@ e.

@@
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Switch Control

J-level
interrupt

Base-level
call proc

11/12/2014

Pulse &
digit scan

Interdigit
scanning

Ring trip
Supl.‘:ﬁ'isiﬂn|

Circuit

|

Line
sSCan

= m ]
Dialing
conn-lines

analysis

POB
execution

T &
status
' POB exec
A res hop

Junctor
scanning

Orig.
reg

Ring
reg
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Signaling System 7

Signaling System 7 is defined in the Q.700 series of) Tl
recommendations and is used on essentially aII@e
networks worldwide. Adopted 1975.

The figure below attempts to show so@t e control
overlay on the network. SS7 has |t’ terminology, some

of which is shown here.

A-Link

SCP = Service Control Point il

STP = Signal Transfer Point ALink

SSP = Service Switching Point .

A-Link = Access link e

B-Link = Bridge Link

C-Link = Cross Link % ALink B
D=Link = Dlagonald '

E-Link = Extend | SSP Em S e Ew SSP )W
F-Link = Fu@ iated Link N— NP 2 |

11/12/2014

"Optional Backup
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Setting up a Call

* Looking at the previous network diagram, let’ what
happens when subscriber A calls subscrib§1 .
ines that the call is

— Switch A analyzes the dialed digits and
intended to switch B. This is possi ause of the hierarchical
nature of telephone numbers.

— Switch A selects an idle tr §between it and Switch B and then
sends a SS7 messa e call information to Switch B
through the SS7 @Jﬁ%

— Switch B ch @ee if the called phone is available (not busy)
and h; S @ to build the circuit backwards towards Switch A,
rin i@ led phone, and puts ringing tone on the backwards

iCBUIL. It also sends a SS7 message back to Switch A.

@@
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Setting up a Call (continued)

— When Switch A receives the acknowledgement ,‘;'i\
v

Switch B, it completes the call towards the callihg-subscriber — it
connects the subscriber to the trunk so |ng tone can be
heard by the calling subscriber.

— When Subscriber B picks up th%@e, Switch B sends a
e

message to Switch A to co completion of the call. The
lines are connected k by this time so conversation can
begin. S @

— When one of t %Bscribers hangs up, that switch sends a
other switch and they both disconnect the lines

k and put the trunk back into idle status, ready for
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Special Calls

e (Certain “special” numbers, such as 800, 888 >or 900
numbers, do not really exist as subscri ﬁ%bers.
 Those numbers must be translated ubscriber

numbers, usually a hunt group. §, @,

* This is done by the calling central office making a request to
the Service Control Point to get the real number
@-umber.

associated with a
e Once the real >g@& obtained, the call is routed as

described

@@@@
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Cellular Networks
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Cellular Communications

e Cellular systems are adjunct to the PS ey cannot
operate without the PSTN to carry t
e They are composed of the foll omponents:

— Cell towers and cell covera@ reas.
— Mobile Telephone S\M@% Office (MTSO) .

— Cellular telep)'@
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[ Channel subzet #1
[ Channel subszet #2
I Channel subset #32
[ Channel subzet ¥4
I Channel subszet #5
[ Channel subszet #&
I Channel subzet #7
i Baze Transceiver
JTH Station (BTS)

<
e
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fad 9
&

(Ce!l Phone Handoff - Search Area Determination lllustration

e

. [Hendoff Zone| — =
_,z"'""'. ."'\-\._“‘ -II f ,-":"'f "‘-._\‘
£ Sy 1 .,
2 s
Search Area | * xl'al I S
Fs S . 1'-._‘
|..- '\-H\::‘:\ -, .\II
I||I “ . : ) |II
| » |
| .
! LIS f
h | b
'. ;
b .l .
“ f X | A Py
. b Y
\‘ -“u fll.-" ." II 'III \\ | . 1....#? -
el | el AN
N e | \ L%
A | | T
BTS1 | Sector Overlap Less Than 30% | | BTS2 |
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7-cell Coverage area ‘tiled’
cluster

with 7-cell clusters

469



e fad

@@@‘
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Equipment Idarsty Hegistar
; I.m

Iredligerit Mebwark L.
I

Short Message
Sardce Ceriler

i

Giaberary bobie
Swilchirg Canker

Yigics Mail Service l-_._._

Easa Etalion Cantrollar

Call Torwar Sia or I.
Sage Trarsoswer Slalion |"~l‘m

T

calling
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e fad

PSTN

G
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10 - 50 waills

PST™
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o dafds
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USWEST AMERITECH NYNEX

S _'l':lr_- Ir'- e T

——— T

FACBEL

BELLSOUTH

SOUTHWESTER®
BELL

</ v
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RBOCs Today

Washinglon

AT&T

Mevada

ldaho

MNew Hampshire

Vermon
Massachusatts Maine
Marth Dakota
Montana
hMinnesol
Wisconsi
South Dakota L New York
Michigan :
Wyoming |
4 Rhode Island
F‘ i II L L= .
MNebraska YT Connecticut
Qwest one |WErIZOM—__ =
Utah llinois Indiana

Colorado Ci

% Delaware
"-"lrgi"llfl_ﬂ_ﬂ_, Maryland

Kansas Missoun
- | Mz Kantuck
California AT&T antucky West Virginia
= I— MNorth Carolina
Arizan: Oklahoma A B
. fnzona New Mexico reansas BEII SOHtﬁm.m
Alab
ississippi M4 Georgia
Alaska fexas
Power Ak
—— ote: Many of these companies _
and pete with other local phone LR
Phone Comp companies Iin the regions they provide
| tnl
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Multimode and single mode fiber

Opaque cover

Opaque cover

Cladding
Cladding

Multimode fiber Single mode fiber

d =50 or 62.5 um d=~8 um
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Magnetic tield I:Ej:-

Electric field (E)

» Propagation
hﬂma-::tmn
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Optical Spectrum

Visible light 850 nm
100 Window

50

\\

[, — Early 1970s Fiber

20

-t
=
|

o
=
!

1310 nm
Window 1550 nm

Window

20 - Modern Fiber

Attenuation (dB/km)

05 |

02 |

| |
200 400 600 800 1000 1200 1400 1600 1800
Wavelength (nm)

0.1
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Material Dispersion

A

‘_.-—-. 20_
E
== Dispersion Zero
'« 10 @1300nm
E
o
= 0 1,1 1,2 16 1,7 » A{m)
|-

10+
.% Waveguide
- 20l Dispersion
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e adasd

Coagling Jun<tion
Lews Lass
Impurities
/’Uf:--‘:‘\\\-h\\\_r
Irjaist A, Diatpul
/ I
Absarption
Injectian Loss
Lot Scattering M':I{rm
Loks Heterageneas Micro
LErucivired Hending
Scattering Loss

Loss

Link lods raachanisms
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Zero Dispersion Point

e G.652 Fiber is said to have a zero dispersion [@@Nn the
1310 nm band. What does this mean? %

e Material Dispersion causes the pulse ad in the

positive direction (positive ps %@5
* Waveguide Dispersion cau Q% Ise to spread in the
negative direction (negat lnm -km).

* The frequency (orxv
is the zero ‘,‘\;..\, :

e Canbemo )y doping of the fiber, producing
Disper% ted Fiber.
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Fig. 2. Available spectrum grid for a WDM PON overlay.
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Fiber attenuation (dB/km)
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Fiber Attenuation (dB/km)
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DWDM

e Multiple signals are input, each on a different w h
called a lambda. %

e The lambdas are combined on the fibe %%nsmltted to
the receiver, where they are demux% parate the
lambdas. RN -

Composite
signal

DWDM .
fiber pair ‘ s
4 From N FromN
transmitters DWDM mux/demux transiitters,
to N receivers to N receivers
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Fig. 2.2 Erbium energy-level scheme.
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EDFA

e Erbium is a three level system, where a 980nm |

pump electrons %@@@
@
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Support for ATM, POS, and GFP

\) _
e Asynchronous Transfer Mode (ATM), Packet o ET
(POS) and Generic Framing Procedure (GF; simply

mapped into the SPE as a serial data s ; octet aligned
with the SONET/SDH octets.

e When traffic is mapped into payload, columns 30
and 59 are not used for pa @g ixed stuff).

 ATM, POS and GFP cﬁi@napped into higher speed
concatenated p

— Mapping is sa\lll one by putting the ATM, POS or GFP octets
into tge enated SPE. SONET/SDH does not examine the

p@%@@s In any way.
of
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Generic Framing Procedure

* A way of framing variable length data without a frarr
character.

— To overcome the problem of “shielding” in P %@
* GFP is being defined in the ANSI T1X1 mittee.

— Can be thought of a variable len @ ype of framing.
téﬁd

— Header has header check o payload length. GFP
frame delineation is simil ding ATM header.

4 oct
Length specified in the t %
octets of the PLI is f@ PLI = Payload length indicator
frame length, inc ader. HEC = Header error control (CRC-16)
Max frame siz \%re, is Variable Iength
(64K-1)oct 35 octets). P ayl oad
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