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The Physical Layer



The Theoretical Basis for Data Communication

e Fourier Analysis
e Bandwidth-Limited Signals
e Maximum Data Rate of a Channel



Fourier Analysis

* We model the behavior of variation of voltage
or current with mathematical functions

 Fourier series Is used

z2(t) = %c + Y a, sm(2nnfr) + Y b, cos(2nnft)

n=1 n=1

 Function reconstructed with

T T T
> | > 2
a,==|g(t)sin@mnftydt  b,==|a(t)cosQunft)dt  c=-—=]g(r)ds
T{] T':' ‘T{]
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Bandwidth-Limited Signals
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A binary signal and its root-mean-square Fourier amplitudes.
(b) = (c) Successive approximations to the original signal.



Bandwidth-Limited Signals (2)

(d) — (e) Successive approximations to the original signal.



Bandwidth-Limited Signals (3)

Bps T (msec) | First harmonic (Hz) # Harmonics sent
300 26.67 376 80
600 13.33 75 40
1200 6.67 150 20
2400 3.33 300 10
4800 167 600 5
9600 0.83 1200 2
19200 0.42 2400 1
38400 0.21 4800 0




The Maximum Data Rate of a Channel

* Nyquist's theorem
maximum datarate =2 B log, bits/ sec

« Shannon’s formula for capacity of a noisy channel
maximum number of bits/sec =B log, (1+S/N)
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Guided Transmission Data

e Magnetic Media
e Twisted Pair

e Coaxial Cable

e Fiber Optics



Magnetic Media

« Write data onto magnetic media
* Disks
* Tapes

« Data transmission speed

* Never underestimate the bandwidth of a
station wagon full of tapes hurtling down the
highway.
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Twisted Pair

(a) Category 3 UTP.
(b) Category 5 UTP.
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Twisted Pairs

Twisted pair ————

Category 5 UTP cable with four twisted pairs

Computer Networks, Fifth Edition by Andrew Tanenbaum and David Wetherall, © Pearson Education-Prentice Hall, 2011



Copper
core
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Coaxial Cable

A coaxial cable.

Insulating Braided
material outer
conductor

e

FORNERNR)
O
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Power Lines

Electric cable \ — Data signal

A network that uses household electrical wiring.
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Fiber Optics (1)

Air/sil Air
Ir/SHica

N\ >N

Silica

Three examples of a light ray from inside a
silica fiber impinging on the air/silica boundary
at different angles.
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Fiber Optics

A
Air/silica i Total internal
boundary I;/ B2 ’g / reflection.

A A AN NSNS

/ 04 Ol O3 /

Silica Light source

(a) Three examples of a light ray from inside a silica fiber
impinging on the air/silica boundary at different angles.

(b) Light trapped by total internal reflection.
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Transmission of Light through Fiber

Attenuation of light through fiber in the infrared region.
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1.2 1.3 1.4 1.5 1.6 1ad 1.8

Wavelength (microns)

1.1

1.0



Fiber Cables

Sheath ~
(glass)

Cladding Jacket
(glass) (plastic) Core

Jacket

Cladding

(@)

(a) Side view of a single fiber.
(b) End view of a sheath with three fibers.
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Fiber Cables (2)

A comparison of semiconductor diodes and LEDs as
light sources.

ltem LED Semiconductor laser
Data rate Low High
Fiber type Multimode | Multimode or single mode
Distance Short Long
Lifetime Long life Short life
Temperature sensitivity Minor Substantial
Cost Low cost Expensive

February 11 CMSC417 Set 3



Fiber Optic Networks

A fiber optic ring with active repeaters.

To/from computer

/ Copper wire

/// __,. Direction
1 D_ of light
'—i propagation

Computer

+ of Nterface
2\ O
2\

/
/ Fiber Optical Signal Optical
\ receiver regenerator  transmitter
Optical fiber Interface (photodiode)  (electrical) (LED)



Fiber Optic Networks (2)

A passive star connection in a fiber optics network.

Each incoming
fiber illuminates
the whole star

N

Computer
interfaces

_/

-

Each outgoing fiber
sees light from all
the incoming fibers



Wireless Transmission

The Electromagnetic Spectrum
Radio Transmission

Microwave Transmission
Infrared and Millimeter Waves
Lightwave Transmission



The Electromagnetic Spectrum
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The Electromagnetic Spectrum (2)

Direct ,/_/\_\ Frequency

- hopping

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

Ultrawideband
underlay

\

N

(CDMA user with

|
|
|
spectrum :
l
|
|
different code) '

Frequency

Spread spectrum and ultra-wideband
(UWB) communication
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Radio Transmission

P ——
o ——
o

Ground /’,&osphe,r_e _______ e
Wave i ” i = ~_

.._— -__ \

\

(a) In the VLF, LF, and MF bands, radio waves follow the
curvature of the earth.

(b) In the HF band, they bounce off the ionosphere.



The Politics of the Electromagnetic
Spectrum

ISM band ISM band ISM band
fog | 83.5' 100 255 "100"
MHz MHz MHz MHz MHz

-

902 928 24 24835 5.25 5.35 547 5.725 5.825

MHz MHz GHz GHz GHz GHz GHz GHz GHz
U-NIl bands

ISM and U-NII bands used in the
United States by wireless devices

Computer Networks, Fifth Edition by Andrew Tanenbaum and David Wetherall, © Pearson Education-Prentice Hall, 2011



Lightwave Transmission

Convection currents can interfere with laser
communication systems.

A bidirectional svstem W|’rh two lasers is nictured here.
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Communication Satellites

e Geostationary Satellites

e Medium-Earth Orbit Satellites
e Low-Earth Orbit Satellites

e Satellites versus Fiber



Communication Satellites

Altitude (km) Type Latency (ms) Sats needed
0 -
35000 4 ©I¥ & GEO 270 3
30,000
25,000
20,000 —
Upper Van Allen belt
15,000 —
L9
10,000 — @D&.@ MEO 35-85 10
5,000

Lower Van Allen belt

0 - £ 1-7 50
Ty LEO

Communication satellites and some of their properties,
including altitude above the earth, round-trip delay time
and number of satellites needed for global coverage.




Communication Satellites (2)

The principal satellite bands.

Band Downlink | Uplink | Bandwidth Problems

L 1.5GHz | 1.6 GHz 15 MHz | Low bandwidth; crowded
S 19GHz | 2.2 GHz 70 MHz | Low bandwidth; crowded
C 4.0 GHz | 6.0 GHz 500 MHz | Terrestrial interference
Ku 11 GHz 14 GHz 500 MHz | Rain

Ka 20 GHz | 30 GHz | 3500 MHz | Rain, equipment cost




Communication Satellites (3)

Rves




Low-Earth Orbit Satellites
Iridium

(a) The Iridium satellites from six necklaces around the
earth.

(5)1628 moving cells covercthe earth.
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Globalstar

Satellite switches
in space

(a) Relaying in space.
(b) Relaying on the ground.

CMSC417 Set 3

Bent-pipe

et satellite

33



Digital Modulation and Multiplexing

Baseband Transmission
Passband Transmission
Frequency Division Multiplexing
Time Division Multiplexing
Code Division Multiplexing

Computer Networks, Fifth Edition by Andrew Tanenbaum and David Wetherall, © Pearson Education-Prentice Hall, 2011



Baseband Transmission

(a) Bit stream 1 o|jojojoj]1]0]1 1 1 1

(b) Non-Return to Zero (NRZ)

(c) NRZ Invert (NRZI)

—

(d) Manchester ] [__l_J—J L_l_l
(Clock that is XORed with bits) | [7] [T [ [ L L L L LT

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

=

Line codes: (a) Bits, (b) NRZ, (c) NRZI,
(d) Manchester, (e) Bipolar or AMI.
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Clock Recovery

Data (4B) | Codeword (5B) | Data (4B) | Codeword (5B)
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 mapping.
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Passband Transmission (1)

0

0

|||||||||||||||||||||||||||||

—_———————————— —— e e e e e o

(a) A binary signal. (b) Amplitude shift keying.
(c) Frequency shift keying. (d) Phase shift keying.
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Passband Transmission (2)
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(a) () (c)

(a) QPSK. (b) QAM-16. (c) QAM-64.
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Modems (3)
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(b)

(a) V.32 for 9600 bps.
(b) V32 bis for 14,400 bps.



Frequency Division Multiplexing (1)

When 1101 is sent:

Q
[ |
0000 0100 1100 1000
2 O O o]
.8
rf" Y
0001 0101 | J101%% 1001
o o E{ o7 @ o
o ®p0
\A®
- iD
0011 0111 1111 1011
o 9] 9] o
0010 0110 1110 1010
o ] O 0
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Paoint Decodes as Bit errors
A 1101 0
B 1100 1
C 1001 1
D 1111 1
E 0101 1

Gray-coded QAM-16.




Frequency Division Multiplexing (2)

1 ﬂ .I‘l'
i I|

I

5 ' Channel 2
E Channel 2 '. Channel 1 Channel 3
§ -
A/ A pA'RAN
=
-
ﬂ.J i
= T
< |
Channel 3 | Frequency (kHz)
Un ﬂ (c)
Q . l | /
300 3100 60 64 68 72
Frequency (Hz) Frequency (kHz)
(a) (b)

Frequency division multiplexing. (a) The original bandwidths.
(b) The bandwidths raised in frequency.
(c) The multiplexed channel.
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Frequency Division Multiplexing (3)

Power Separation /_, COne OFDM subcarrier{shaded)

N/ A A
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;’f \m / Ja/ \"1
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Frequency

Orthogonal frequency division
multiplexing (OFDM).
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Time Division Multiplexing

1 | — ./\‘

2 | — kﬁ%ﬁ'ﬁi”—kz 1l3|l2]|1]|3]|2|—
3 | — / LGuardtime

Time Division Multiplexing (TDM).
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Code Division Multiplexing (1)

= (=1 =1 = _ I I I I
A=(=1-1-1+1+1-1+1+1) . | T
B=(=1-=1+1-1+1+1+1-1) L I
C= (=141 =141 +1 +1-1=1) | T L

I | | I I
D=(=1+1-1-1-1-1+1-1) | L] |

(@) (b)

(a) Chip sequences for four stations.
(b) Signals the sequences represent

Computer Networks, Fifth Edition by Andrew Tanenbaum and David Wetherall, © Pearson Education-Prentice Hall, 2011



Code Division Multiplexing (2)

S;=C =(=1+1=1+1+141=1-1) S;*C=[1+1=1+1+1+1=1-1]/8 = 1
S, =B+C =(-2 0 0 04242 0-2) S,oC =[2+0+0+0+2+2+0+2]/8 = 1
S, = A+B =(0 0-2+42 0-2 0+2) S.C =[0+0+2+2+0-2+0-2]/8 =0
Sy =A+B+C = (=1+1=3+3+1-1-1+41) S,°C =[1+143+3+1=1+1-1)/8 = 1
55 =A+B+C+D=(-4 0-2 0+2 0+2-2) ScoC = [4+0+2+0+2+0-2+2]/8 = 1
Sg=A+B+C+D = (=2-2 0-2 0-2+4 0) SgC =[2-2+0-2+0-2-4+0]/8 = —

(c) (d)

(a) Six examples of transmissions.
(b) Recovery of station C's

Computer Networks, Fifth Edition by Andrew Tanenbaum and David Wetherall, © Pearson Education-Prentice Hall, 2011



Public Switched Telephone System

e Structure of the Telephone System
e The Politics of Telephones
e The Local Loop: Modems, ADSL and Wireless

e Trunks and Multiplexing
e Switching



Structure of the Telephone System
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(@) (b) (c)

(a) Fully-interconnected network.
(b) Centralized switch.
(c) Two-level hierarchy.



Structure of the Telephone System (2)

A typical circuit route for a medium-distance call.

Intermediate
Telephone End Toll switching Toll End Telephone

F office office office(s) office office F
/\\ //\

O/:'/”\{ = e

Very high

Local Toll ) Toll Local
; bandwidth ;
loop connecting ) connecting loop
intertoll
trunk trunk

trunks



Major Components of the Telephone
System

e Local loops

= Analog twisted pairs going to houses and
businesses

e Trunks

= Digital fiber optics connecting the switching offices

e Switching offices

= Where calls are moved from one trunk to another



The Politics of Telephones

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

End

LATA 1 LATA 2 LATA 3

The relationship of LATAs, LECs, and IXCs. All the circles
are LEC switching offices. Each hexagon belongs to the
IXC whose number is on it.



The Local Loop: Modems, ADSL,
and Wireless

The use of both analog and digital transmissions for a computer
to computer call. Conversion is done by the modems and
codecs.

Computer = —1|ISP 2
LTI
LTI
M
o — R
""""""""""" " Localloop  Medium-bandwidth | Digital line
(analog, trunk Toll ~
/twisted pair) (digital, fiber) offices 1= Up to 10,000
= J local loops
Codec / \
— Toll Toll Modem bank

U | office \ office

r Codec
End office High-bandwidth trunk
(digital, fiber) |:|

I'f

SP 1

-




Mpbs
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Digital Subscriber Lines

1000 2000 3000 4000 5000
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6000



Digital Subscriber Lines (2)

Operation of ADSL using discrete multitone
256 4-kHz Channels

it Lt

W

Power

0 25 1100 kHz
-

‘T’ - - i
Voice Upstream Downstream




Digital Subscriber Lines (3)

Voice
switch /Telephone
Codec
Splitter Telephone Splitter
line
’ NID
= Computer
S DSLAM !
- ”
ADSL Ethernet
modem
Telephone company end office Customer premises
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Wireless Local Loops

N

o~

Telephone ISP

Network

Architecture of an LMDS system.



Fiber To The Home

Bng

T
LT
Rest of ::::::
network |IEENmpg

L
b Optical
End office splitter/combiner

Passive optical network for Fiber To The Home.
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Time Division Multiplexing

193-bit frame (125 usec)

Y

A

Channel Channel
Jooe- | ot oo | e -

3 4

Channel
2

Channel -

1

{FITTTARTRT

[
3
\ Bit 1 is 7 Data \ Bit 8 is for

a framing bits per signaling
code channel
per sample

The T1 carrier (1.544 Mbps).




Time Division Multiplexing (2)

Consecutive samples
always differ by +1

Digitization levels

15

—
o

6y

interval

[ Signal changed too
N rapidly for encoding ,/
A \ / to keep up e
- v,
v
B \ A
\ - P
\ /l
i oj1t}j19 11 1 0 0 0 0 O OO OO 1T 1 1 1 1 1 /
i fime Bit stream
Sampling can




Time Division Multiplexing (3)

Multiplexing T1 streams into higher carriers.

4 T1 streams in 7 T2 streams in 6 T3 streams in
[T T 1T Tal0] r/ 1 T2 stream out / /

~Na N ::
[TTTTT50~~ — =

41 |—_le[5l4[3[2[1]0] |7 | — L1111 ]-—2|61|—_11111]1]]

[T el2l— % z
T T1mE”
1.544 Mbps 6.312 Mbps 44.736 Mbps 274.176 Mbps

T1 T2 T3 T4



Time Division Multiplexing (4)

3 Columns
for overhead
— | 87 Columns -
A ™~
9 Sonet
—
me e > frame
Rows = (125 usec)
_v Z
Sonet
> frame
(125 usec)
Section Line Path
overhead overhead overhead - SPE
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Time Division Multiplexing (5)

SONET SDH Data rate (Mbps)
Electrical | Optical | Optical Gross SPE User
STS-1 OC-1 51.84 50.112 49.536
STS-3 OC-3 STM-1 155.562 150.336 148.608
STS-9 OC-9 STM-3 466.56 451.008 445.824
STS-12 OC-12 STM-4 622.08 601.344 594.432
STS-18 OC-18 STM-6 933.12 902.016 891.648
STS-24 OC-24 STM-8 124416 | 1202.688 | 1188.864
STS-36 OC-36 STM-12 | 1866.24 | 1804.032 | 1783.296
STS-48 OC-48 STM-16 | 2488.32 | 2405.376 | 2377.728
STS-192 OC-192 | STM-64 | 9953.28 | 9621.504 | 9510.912

February 11
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Wavelength Division Multiplexing

Fiber 1 Fiber 2
spectrum spectrum
o o
3 3
N 2\
A A
M
Fiber 1
1 \
Fiber 2 ]
Ag Combiner
:%

Fiber 3

spectrum
@ o
3 3
a ﬂ a

7\,1 +12+}\.3+?\.4

Fiber 4
spectrum

Spectrum
on the
shared fiber

Fiber 3
A /
Fiber 4

Long-haul shared fiber

@
3
A A
Filter \
/ 1 (17\‘2
%' 1 07\‘4
Splitter
§ 1 u}\,1
\ 1 U}\‘S
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Circuit Switching

Physical copper
connection set up
when call is made

0 O

—0 O O Oo—
—O C— A OoO—— /
—O O — G ————

— O—j L—O* \\’/ oO——
O . _ 01— —]0 N OT L=
—_1T—0 \O—i J——O \—O——@

— i XD — —
10 O N
O O N e == "
(2) X
Switching office
Computer Packets queued
for subsequent
i... CH H1 [H ] C— transmission
/
=1 ;
— CH H —1 H (——

(b)

(a) Circuit switching.
(b) Packet switching.
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Message Switching

Call request signal

‘ o
] Propagation Pht
delay | Msg ——1
Pkt2 L |
Y l 1 Pkt1
I T _____ Pkt3 ]
1 Pkt2
/ ' Msg | Queuing | Pkt1
S delay Pkt3 [
Time ——] | Pkt2
@ spent R
£ hunting DA —
k- for an Pkt 3
outgoing
\ trunk Msg
Call
accept
T signal
Data
AB BC CD
trunk | trunk | trunk
A B C D A B C D A B C D

(a) (b) (c)

(a).Circuit switching (b) Message,switching (c) Packet switching .,



Packet Switching

ltem 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
|s a switch crash fatal Yes No
Bandwidth available Fixed Dynamic

When can congestion occur

At setup time

On every packet

Potentially wasted bandwidth Yes No
Store-and-forward transmission No Yes
Transparency Yes No
Charging Per minute Per packet

A comparison of circuit switched and packet-switched networks.

February 11
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The Mobile Telephone System

e First-Generation Mobile Phones:
Analog Voice

e Second-Generation Mobile Phones:
Digital Voice

e Third-Generation Mobile Phones:
Digital Voice and Data



Advanced Mobile Phone System

(@) (b)

(a) Frequencies are not reused in adjacent cells.
(b) To add more users, smaller cells can be used.



Channel Categories

The 832 channels are divided into four categories:
e Control (base to mobile) to manage the system

e Paging (base to mobile) to alert users to calls for
them

e Access (bidirectional) for call setup and channel
assignment

e Data (bidirectional) for voice, fax, or data



D-AMPS
Digital Advanced Mobile Phone System

TDM frame TDM frame
40 msec 40 msec
-~ - -~ -
mobile to base mobile to base
Downstream | 3 |1 [ 2| 3| 1] 2 1930.05 MH‘.Z 61112 |13|4]|5 1930.05 MH_Z

base to mobile base to mobile

et

324 bit slot:

64 bits of control
101 bits of error correction
159 bits of speech data

(a) (b)

(a) A D-AMPS channel with three users.
(b) A D-AMPS chanriel’ with six users.



GSM—The Global System for
Mobile Communications (1)

yBSCl

N

I~ .{/
T M\\Cell tower and
andse

base station

MSC

‘VLR\

GSM mobile network architecture.
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GSM
Global System for Mobile

Communications
TDMirame Ehannel
4 A
959.8MHz | | | | | [ 1Ll L bbbttt e4
‘ >Base
to mobile
9354MHz | | i Ll L Ll L 2
9882MHz| | | [ Lttt 1,
2}
)
g ~
Sot48MHz | | | I L LI LIttty
L . >Mobile
to base
804MHz | | | [ [ [ 1Lttt 2
802MHz | | | | [ [ttt 1,
Time ——»

GSM uses 124 frequency channels, each of
which uses an eight-slot TDM system



GSM (2)

32,500-Bit multiframe sent in 120 msec

C
O(1(2 (34|56 |7|8|92(10(11|T|13|14|15|16 |17 (18 (19 [20|21|22|23|24
L

A

Y

_ _ A
o [ SO Reserved
el . : Ty for future
- = 1250-Bit TDM frame sent in 4.615 msec e use
0] 1 2 3 4 5 6 Fi
- T 8.25-bit
e PR, _>‘ ‘4_ (30 usec)
e \\\ guard time
_-~~148-Bit data frame sent in 547 usec ™~

~
~

000 | Information | | Sync || Information | 000

Bits 3 57 \ 26 / 57 3
Voice/data bit
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CDMA — Code Divis

on Multiple Access

A:00011011 A (=1 -1 =141 +1 =1 +1 +1)
B:00101110 B: (—1 -1 +1 -1 +1+1 +1-1)
Cc:01011100 C:(—1+1-1+1+1+1-1-1)
D:01000010 D:(-1+1-1-1-1-1+1-1)
(@) (b)
Six examples:
--1- C S;=(-1+1-1+1+1+1-1-1)
-11- B+C S;=(-2 0 0 0+2+2 0-2)
10-——-— A+B S3=(0 0242 0-2 0+2)
101— A+B+C Sy=(—1+1-3+3+1 -1 -1 +1)
1111 A+B+C+D Sg=(-4 02 0+2 0+2-2)
1101 A+B+C+D Sg=(—2-2 0-2 0-2+4 0)

()

SieC=(1+1+1+1+1+1+1+1)/8=1

S;eC=(2+0+0+0 +2 +2 +0 +2)/8 = 1

S3¢eC=(0+0+2+2+0 —2+0-2)/8 =0

SyeC=(1+1+3+3+1-1+1-1)/8=1

S;e C=(4+0+2 +0 +2 +0 -2 +2)/8 =1

Sge C=(2-2+0 -2 +0 -2 —4 +0)/8 = —1
(d)

Binary chip sequences for four stations

Bipolar chip sequences

Six examples of transmissions

Recovery of stationC's signal 72

February 11
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Third-Generation Mobile Phones:
Digital Voice and Data

Basic services an IMT-2000 network should provide

e High-quality voice transmission

e Messaging (replace e-mail, fax, SMS, chat, etc.)
e Multimedia (music, videos, films, TV, etc.)

e Internet access (web surfing, w/multimedia.)



Digital Voice and Data (2)

Soft handoff (a) before, (b) during, and (c) after.

Computer Networks, Fifth Edition by Andrew Tanenbaum and David Wetherall, © Pearson Education-Prentice Hall, 2011



Cable Television

e Community Antenna Television
e Internet over Cable

e Spectrum Allocation

e Cable Modems

e ADSL versus Cable



Community Antenna Television

An early cable television system.

Antenna for picking
& up distant signals
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—Drop cable
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Tap Coaxial cable




Internet over Cable

Switch Bl m B e = BE BE m B Coaxial
trunk
\ I I I L cable

“*—Fiber node
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end
Tap
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Cable television



Internet over Cable (2)

Toll High-bandwidth End Local
office fiber trunk office loop

N\

twisted pair > B g ©e

The fixed telephone system.



Spectrum Allocation
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750 MHz

FM TV
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Downstream data

Upstream )
frequencies

Downstream frequencies

Frequency allocation in a typical cable TV
system used for Internet access
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ISP

Fiber

Head-
end

Cable Modems

Coaxial cable Downstream channel without contention:
\ 27 Mbps using QAM-64 and 184-byte payloads
/AN _ J AN
—> | | |
[ |

{—— | mmmisocommmdEssoas
W // / N
Packet Upstream channel with contention:

Typical details of the upstream and

9 Mbps using QPSK and 8-byte minislots

downstream channels in North America.

Modem




