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Digital modulation

4 baseband passband
0/ 4 )
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B, -~
frequency

Baseband: From zero and up
Passband: Pass only a small window



Baseband transmission

(a) Bit stream

(b) Non-Return to Zero (NR2)

(c) NRZ Invert (NRZI)

(d) Manchester

(Clock that is XORed with bits)

(e) Bipolar encoding
(also Alternate Mark
Inversion, AMI)

signal level = 2"

1

0

0

0

0
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o=

o=
T

n bits/symbol ..

M=2

—

(symbol rate) = (baud rate) = (bit rate) x n



Line codes (Encoding)

(a) Bit stream 11010(0 |0 | 1|01

(b) Non-Return to Zero (NR2)

(c) NRZ Invert (NRZI) I l_-
used in USB I~

double frequency
(Clock that is XORed with bits)

(d) Manchester -L_r_l_—l_
al al

O 5
o
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=¥=

(e) Bipolar encoding —
(also Alternate Mark

S¥=
S¥=

Inversion, AMI)

Clock recovery: Manchester

Balanced signal: Bipolar encoding (AMI)

—




Avoid consecutive Os

:Data (4B) Codeword (5B) Data (4B) Codeword (SB):
0000 11110 . 1000 . 10010
0001 01001 1001 10011
0010 10100 1010 10110
0011 10101 | 1011 | 10111
0100 01010 1100 | 11010
0101 01011 1101 11011
0110 01110 1110 11100
0111 | 01111 | 1111 | 11101

4B/5B mappingT

Scrambler: XOR data with random sequence

8B/10B mapping



Passband transmission
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FSK (Frequency Shift Keying)
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PSK (Phase Shift Keying)
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QAM (Quadrature Amplitude Modulation)
7
0000 0100 | 1100 1000
o O o O
Gray code P When 1101 is sent:
0001 0101 [ 41101 %\ 1001 Point | Decodesas | Biterrors
o) © E o . 0
o« *aA* /C A 1101 0
\\_ ,i"' B 1100 1
0011 0111 | 1111 ~ 1011 C 1001 L
o o o o D 1111 1
E 0101 1
0010 0110 | 1110 1010
o O O O

QPSK (Quadrature phase shift keying)




Multiplexing §>_<§

FDM (Frequency Division Multiplexing):
Speaking at different pitches

TDM (Time Division Multiplexing):
Taking turns speaking

CDM (Code Division Multiplexing):
Speaking in a different language




Multiplexing —
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FDM (Frequency Division Multiplexing)
{telephone, radio, TV}

Channel 1
1
._{ ﬂ |
g Channel 2
8 Channel 2 Channel 1 Channel 3
C 1
S -
@ —
£
( (
Channel 3 Frequency (kHz)
1t ﬂ (c)
(\ | __{} A 1 1
300 3100 60 64 68 72

Frequency (Hz) Frequency (kHz)
(a) (b)



Multiplexing gﬂ

OFDM (Orthogonal Frequency Division Multiplexing)

il

{802.11, cable networks, power line networking}

Power

\ Separation r One OFDM subcarrier(shaded)

B e

Af \

A AANVANA A
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= Frequency



Multiplexing —

TDM (Time Division Multiplexing)

{web proxy servers}

o | Round-robin __ _ .
2 TOM 2/1111(3(12|11]]3]]|2
multiplexer
3 - \Guard time

CDM (Code Division Multiplexing)
CDMA (Code Division Multiple Access)

{mobile Phone} A=(=1=1=1+14+1-14+1+1) : l
B=(=1-1+1=14+1+14+1-1) S B T e B
C=(-1+1-1+1+14+1-1-1) : 1 | | :

| ! A L |
D= (-1 +1-1-1-1-1+1-1) ) I l
(@) (b)
S;=C =(=1+1~- +1 +1 +1-1-1) S¢C=[1+1-1+14+1+1-1-1)8 = 1
S, =B+C =(-2 0 0+2+2 0-2) S,*C = [2+0+0+0+2+2+0+2)/8 = 1
S3 = A+B =(0 0 2 +2 0-2 0+2) S4¢C = [0+0+2+2+0-2+0-2)8 =0
Sy=A+B+C = (=1 41-343 +1-1-1+1) S;.°C=[14143+3+1-14+1-1)8 = 1
Ss=A+B+C+D=(-4 0-2 0+2 0+2-2) Sg*C = [4+0+2+0+2+0-2+2)8 = 1

36 A+B+C+D=(-2-2 0-2 0-2+4 0) S¢*C = [2-2+0-2+0-2-4+0)/8 = -1
(c) (d)



Public switched telephone network

()

Intermediate
Telephone End Toll switching Toll End Telephone

office office office(s) office office
== P i A r——

OO =8B s OO

Local Toll :aenmi?t?w Toll Local
loop connecting intertoll connecting loop
trunk trunk

trunks



Public switched telephone network

IXC #1's IXC #2's
toll office toll office

To local loops

Tandem
— office

End
office

LATA 1 LATA 2 LATA 3

|XC: IntereXchange Carrier
LATA: Local Access and Transport Area



Using telephone networks for internet

Telephone modems

Computer Trunk (digital, fiber) Digital line
Local loop :
(analog)
., 4 W

Modem

=S=ms 2400 bps

w1 4800 — 9600 — 14,400 — 33,600 — 56,000

270

Q;’SK V.32 V.32bis V.34bis V.92




Using telephone networks for internet

DSL (Digital Subscriber Line)

O #&
)t( physical limit
3 kHz | MHz frequency
50 -
40 -
§ 30 |~
=
20 I~
10
0 | | | \ 1

0 1000 2000 3000 4000 5000 6000
Meters



Using telephone networks for internet

ADSL (Asymmetric Digital Subscriber Line)

256 4-kHz Channels

-

P

Power

0 25

-~ -

1100 kHz

Ll

Voice Upstream

DSLAM (Digital Subscriber Line Access Multiplexer)

8 Mbps

Voice
switch

Codec
Splitter

Downstream

Telephone
Ii'ne

E »~ DSLAM

y

To ISP

Tele

NID (Network Interface Device

Shone company end office

Telephone
Splitter
NID
Computer

” /
ADSL Ethernet
modem

\

Customer premises



ADTRAN ONT /

FttH (Fiber to the Home) J%[Ol#R

MSAN . W\ PA(;§Q§(!,¥|;Eonents
Offi ce

IPTV Head E d Splitter

. -@@

= ADTRAN ONT 8 N

"‘.“’"‘"' IPCnre 5ﬁﬁi ADTRA\. @{
-// , .

B=n J
ACT'VE ADTRAN ONT S8 .

es Active Ethernet Components

GPON (Gigabit Passive Optical Network) 2.4 Gbps



Digitizing voice signals

15

PCM (Pulse Code Modulation) 1

w

4 bit

ol el
O NWHAUIDND -0 OO N

Time Division Multiplexing 8 bits every 125 psec = 64 kbps

- 193-bit frame (125 usec) -

Channel

- -

24

Channel
4

Channel _
1

Channel ol
2

Channel ol
3

-
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|
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|
|
|
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|
|
\ Bit 1 is 7 Data \ Bit 8 is for

Illlllll
a framing bits per signaling

code channel T | carrier
per sample



Time division multiplexing

Intermediate
Telephone End Toll switching Toll End Telephone
: : office office office(s) office office : :
O 1/\\\ (1 \) Il/\\ O
ST TN — VN
Local Toll :aenrzxiigt'i"‘ Toll Local
loop connecting . connecting loop
intertoll
trunk trunk
trunks
4 T1 streams in 7 T2 streams in 6 T3 streams in
4 Ql\/ 1 T2 stream out \/ /
51\..“/ thﬂ | 3561 T
. | — -\ — | O] | -
m— leblalilelihol 2 D = [TTTT]
" ~
1.544 Mbps 6.312 Mbps 44,736 Mbps 274176 Mbps
T T2 T3 T4



SONET (Synchronous Optical NETwork)

3 Columns
for overhead

87 Columns -

e

Sonet
> frame

(125 usec)

Sonet
> frame
(125 usec)

cs>3:tr:1°enad t:?eerhead sgg\mead . SPE
SONET SDH Data rate (Mbps)

Electrical | Optical | Optical Gross SPE User

STS-1 OC-1 | 51.84 | 50.112 49.536
STS-3 0OC-3 STM-1 1565.52 150.336 148.608
STS-12 OC-12 | STM-4 622.08 | 601.344 | 594.432
STS-48 0C-48 STM-16 2488.32 2405.376 2377.728
STS-192 0C-192 | STM-64 9953.28 9621.504 9510.912
STS-768 OC-768 | STM-256 | 39813.12 | 38486.016 | 38043.648




Frequency division multiplexing

Fiber 1 Fiber 2 Fiber 3 Fiber 4 Spectrum
spectrum spectrum spectrum spectrum on the
shared fiber
2 2 2 2 | € ”
"I o | G R “InJla
A A A A A
Filter
Aq \
Fiber 1 —— P
Ao \\ /
Fibef 2! ~— )\1'?).2'*).3'*)\4 e DA‘
Aa > Combiner Splitter <
Fiber 3 « = . N DA,
A / Long-haul shared fiber \
Fiber 4 ) I nka

64 channels x 40 Gbps = 2.56 Tbps



Circuit switching

Packet switching

Switching

e —

(a)

\
/

Physical (copper)
O O—— connection set up
L O O—— when call is made
O----0 | yd
—o--# o+
=\ ST
o o O

-0 O
-0 O
O O
iO o o}
e o
O O
| s ——
o o
o O
Computer
CHHD
—{ ] CH
B EHZ}—/
1T oo
\
—{ ] CHC}

(b)

Switching office
Packets queued
for subsequent
H1 [ transmission
e \J /,
—{H] Ot
—{H H] = g
/
O-HHO O— /
Computer



Circuit vs Packet

Call request signal

l

Pkt 1
Propagation | Pkt 2
' delay Pkt 1 /Queuing
! Pkt 3 T / delay
N Pkt 2
Pkt 1
/ y Pkt 3
Time Pkt 2
qE> spent
= hunting
= for an Pkt 3
outgoing Call
trunk
" |=*— accept
é//// signal
Data
AB BC CcD
trunk | trunk | trunk
A B C D A B C D

(a) (b)

Circuit switching Packet switching



Circuit vs Packet

Item Circuit switched | Packet switched
Call setup Required Not needed
Dedicated physical path Yes No
Each packet follows the same route Yes No
Packets arrive in order Yes No
Is a switch crash fatal Yes No
Bandwidth available Fixed Dynamic
Time of possible congestion At setup time On every packet
Potentially wasted bandwidth Yes No
Store-and-forward transmission No Yes
Charging Per minute Per packet




Mobile telephone system (1G)

AMPS (Advanced Mobile Phone System)

(@ cells ) microcells

832 full-duplex channels
Mobile to base station: 824 to 849 MHz

Base station to mobile: 869 to 894 MHz



Mobile telephone system (2G)

GSM (Global System for Mobile communications)

5sc b HLR

Nl
T

SIM (Subscriber Identity Module) Eif%//
BSC (Base Station Controller) Handset -~ lF— B2 WGl tower and

base station
MSC (Mobile Switching Center)

PSTN

SIM card

VLR (Visitor Location Register):
Database of nearby mobiles
HLR (Home Location Register):
Last location of mobile J '

Mobile phone

Internet



GSM Data Packets

TDM frame

, N § Channel
969.8MHz [ | | | L L L Ll Lttt ettt Ly ee
- >Base'
0354 MHz | | p | 1Ll m ittt i mi il my [ 2| temobie
935.2MHzZ | | | | L Lt b et 1)
: |
8'914.8MH2IIIIIIIIIIIlIIIllIIIlIllIIII124
(VI : MOb"e
tobase
8904MHZ [ | | | Lttt ettt ettt
890.2MHz| | | | [ L Ll bl bbbt
_______ Time—;""~~-.____
- i 32,500-8it muttiframe sent in 120 M§E ————————— === .-
C
011|234 567|819 [10(11| T /1314|1516 (17 (18|19 |20|21|22/23|24
L
""""""""""""""""""" Reserved
I |1250-Bit TDM frame sent in 4|e15 msei I~ ] for '"“‘“’
I I 8.25-bit
. I guard time

.~ 148-Blt data frame sent in 547 p.sec

000 | Information || Sync | | Information | 000

Bits 3 57 26 f 57 3
Voice/data bit



Mobile telephone system (3G)

WCDMA (Wideband Code Division Multiple Access)
Direct '//\_\ Frequency

| hopping

(CDMA user with |  Sequence spread
different code) spread spgctrum
& spectrum

%  Ultrawideband
ﬁ\ underlay

\

(CDMA user with
different code)

Frequency

How to generate orthogonal chip sequences?! : Pseudorandom sequence
~, " ~,
//g\ //g\

(a) (b) (©)
Soft handoff



Using cable networks for internet

| fiber e e e
Switch ey . I 1] ww I . . I % Coaxial

_ cable
.

N ~— Fiber node
ol s il TwI

J

Cable TV

Toll High-bandwidth End Local
office fiber trunk office  loop & /_7( -

e

twisted pair

LT e ! e

Telephone
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