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Terminology (1)

3 Transmitter
3 Receiver

& Transmission Medium
[~AlGuided medium

Xle.qg. twisted pair, optical fiber
[AlUnguided medium

[Xle.qg. air, water, vacuum

Transmitter Receiver

‘ Physical layer | Physical layer I
I Transmission Medium |

Cable or air
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Terminology (2)

Network Topology:

Q

J

e Point-to-point
[~IDirect link: No intermediate
devices other than amplifiers or

repeaters used to increase signal
strength

[AlOnly 2 devices share link

> Multi-point
[AlMore than two devices share the link
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Terminology (3)

Communication Modes:

Q

e Simplex

J

[AlOne direction
[Xle.g. Television

e Half duplex

[AlEither direction, but only one
way at a time

[Xle.g. police radio

s Full duplex
[~1Both directions at the same
time
[Xle.g. telephone
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Electromagnetic Signals

&$ Time-Domain T=0.002 sec
—> a) TIME-DOMAIN
Analog (varies smoothly over time) | . . . N
Digital (constant level over time, g \. f Vo \. B R
followed by a change to another g \] | \ l \t | \ | ]
level) N I ‘ AR IR
2 4 8 8 milliseconds
b) FREQUENCY- DOMAIN
3 Frequency-Domain
Spectrum (range of frequencies) . ——
Bandwidth (width of the spectrum) = . o
1 1
T=0.002 =—=——=500Hz
see |1 =7~ hom
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Analog Signaling

D

Q

s represented by sine waves

4

Amplitude (volts)

Frequency (Hertz) = Cycles per Second

Dr. Mohammed Arafah

>
Time (sec)



Digital Signaling

D

Q

Amplitude (volts)

e represented by square waves or pulses

4>

1 cycle

x

Frequency (Hertz) = Cycles per Second

Dr. Mohammed Arafah

>
Time (sec)



Frequency, Spectrum and
Bandwidth

Q

& Time domain concepts

[~lContinuous signal
[XIVarious in a smooth way over time

[~IDiscrete signal

[XIMaintains a constant level then changes to another constant
level

[~IPeriodic signal
[XIPattern repeated over time

[~lAperiodic signal
[XIPattern not repeated over time
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Continuous & Discrete Signals

Amplitude
(volts)
A
» Time
(a) Continuouns
Amplitude
{volts)y
A
» Time

(b} IMscrete
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Sine Wave

x(t) = Asm( 2nft + @)

where x({) is the signal at time ¢
A is the maximum amplitude of the signal,

f represents the number of cycles per second,
and

¢ defines the phase of the signal.
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Sine Wave - Example 1

V'

r

v_

10 Volt -

)
I
Z Time (sec)
@ >
o
=
-
S
<
1 sec X
A =10 Volt
f=2Hz

¢ = 0 Radian
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Sine Wave - Example 2

V'

T .
15 Volt '
M
I :
2 ' Time (sec)
Q >
g 1 sec
£
=
< 1
1 sec ﬂ
A =15 Volt
f=3Hz
¢ = 0 Radian
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Sine Wave - Example 3

V'

r

1
»!
»

I

15 VoIt
)
[ |
2  Time (sec)
() : >
= ' 1 sec
£
£
< |
1 sec ﬂ

A =15 Volt

f=3 Hz

¢ = /2 Radian
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Sine Wave

Amplitude:

[AIThe amplitude is the instantaneous value of a signal at any time.

Peak Amplitude (A):

[AIMaximum strength of a signal. Its unit is Volt.

Frequency (f)
Rate of change of signal
[~AlHertz (Hz) or cycles per second
[AlPeriod = time for one repetition (T)
AT = 1/f

3 Phase (¢)

Position of the waveform relative to time zero.
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Sine Wave

Phase:

[AIThe phase describes the position of the waveform
relative to time zero. The range of shift is within a
single period of a signal.

[~AIThe phase is a measure in degree or radian (2n =
3609°).

[AIThe figure shows two signals that are out of phase
by =/2 radians.

Al
NS
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Amplitude (volts)
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Phase

Amplitude Amplitude
'l
T|me: 0 Time :
Phase = ( Phase = /2 radian
Amplitude Amplitude
P e
/N / \‘
.' Time .' \ Time_
\
\
Phase = r radian Phase = 3n/2 radian
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Varying Sine Waves

IVANERRVA

15500

TN T

S U U I I

Vo

15500

\/ \/ \/ r
(%3 1.4k
ehA=01Ff=2a=0
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Wavelength

#8 Distance occupied by one cycle

&8 Distance between two points of corresponding phase in
two consecutive cycles

& Wavelength is commonly designated by A
3 The wavelength is related to the period as follows:

A=vT A _.F "’1
where v : signal velocity [\ A /\ X
7 : signal period - \/’ A\
3 Equivalently, v=Af v :_4

where v = c = 3*108 ms1 (speed of light in free space)
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Example

Your voice is a summation of sine waves, each sine wave
having its own frequency, phase, and amplitude. The range of
frequencies is normally between 300 and 3300 Hz. Give a
general equation.

x(t)= A sm(2nft +¢)+ A, sm(2nf.t + ¢, ) +...+ A sm(2nf t+¢,)

with 300 Hz < £ < 3300 Hz. # is called the fundamental
frequency, and £,, £ ... f, are called the Aarmonics.
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Periodic Signal

#6 Periodic signal: a signal that repeats itself at
equal time interval.

$It is made up of a infinite series of
sinusoidal frequency components.

A signal is periodic if and only if:

s(t+T)=s(t) — 00 <t < 400
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Periodic Signals

AT

VRS

period = T'= Lif [

Amplitude (volts)

{a) Sine wave

A

7 -
B
z
=
E 0
i Time
g
-

A -

period = T = 1/f

(h) Square wave
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Periodic Signal

& Mathematically, we can express any periodic

waveform as follows:

e N
v(£) = ap Lu,. Cos iyt -+ Lh,,smuwur

n-| S|

where;

¥(f) is the voltage signal representation as a function ol lune
wy is the fundatental requency component in radins per secomd
T = 2w fwy is the period of the waveform in seconds

The terms ag, a, andd £, are known as the Fourier coellicients and. for i pareticubar
waveform, we can derive them ftom the following set of integrals:

i g
dy = }[J ()t

2T

iy = ;-,[ v{f}cos{imens)de
Ity
207

b -—-,—,/ (1) sin{rwqi)de
4y

We can deduce from the firstintegral that ay is the mean of e signal over the
pertod T"and is known as the DC component.
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Frequency Domain Concepts

& Signal usually made up of many frequencies
& Components are sine waves

#6 Can be shown (Fourier analysis) that any
signal is made up of component sine waves

& Can plot frequency domain functions
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Frequency Components of
Square Waves

¢ The Frequency components of a square wave with
amplitude 4 and -4 can be expressed as follows:

NN i sin( 27f7)

7T koddk=l k

#& This waveform has an infinite number of frequency
components, and hence an infinite bandwidth.

8 The peak amplitude of the k" frequency component is
only 1/k, so most of the energy in this waveform is in
the first few frequency components
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Frequency Components of
Square Waves

# ,
<A 3 -.-- -‘h‘-.
1B l."- 3
S N
r i
— -I- -
0.5 / 1
lll-
0 | 3
% F
L1
L i
g -.'
':| i LY .'.
F.
] Il -
e -- ;--'
M -
3 2 1 0 1 2 3
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Frequency Components of

Square Waves

4
s(t)=Ax—xX
m k odd k=1

sin(2rkft)

k

A=10Volt, f=2 Hz

Fundamental Frequency

15
10

[0 B )

5th Harmonic

-10
-15

2 4 6 .8 1
-10
-15
3rd Harmonic 7th Harmonic
15 15
10 10
5 5
0 R AV AVAVAVAVATAVAVAVAVATATAY:
0 0.2 0 0 0.2 0.4 0.6 0.8 1
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Frequency Components of
Square Waves

4
s(t) =AX—X
m k odd k=1

sin(2rkft)

k

A=10Volt, f=2 Hz

Up to Fundamental Frequency

Up to 5th Harmonic

Up to 9th Harmonic

Up to 3rd Harmonic

Up to 7th Harmonic

Up to 11th Harmonic

-

0 0.2

0.4

M

0.6

\O:MNJ
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Frequency Components of
Square Waves

L0 || " —— ‘-j,,n,'lll r,""“ N -.III
- ,' I| .ll \
o 035 T i i
Fundamental Frequency + Third i [ \ |
harmonic + Fifth Harmonic: 0s ! s | f'r
! |I !
— 1.0 I'.‘_;”'“‘ — 1\_;!' I"\.\/ -\‘\.J’---\x_ )"II
0.0 05T 1.oT L.5T 2.07
(a) (4) [sn2af) + (13 i 273000 + (LS ksimi 20 570)]
1.0 rﬁv ‘-—-“v"(-\'i l:ﬁ\.fﬂu 5 "";“II'I
| , |
Fundamental Frequency + Third o5 l'. r’ '|
harmonic + Fifth Harmonic + Seventh  *° | ] .I |
Harmonic: " '%, .! %I I.i
— 10 ! Vil J’ VAR v
00 05T 1.07 5T 20T
(b (&) [simd 2ft) + (L3 )sin( 2 (300 + (1S )sinl 23 + (17 sini 2a0700]
1.0
05
Square waveform with an infinite 00
number of frequency components Y
—-1.0

0.0 05T 1.07 1. 5T 20T
(o) (4f) 3 4 LK simd 2750, for b odd

Frequency Components of Square Wave (T = 1) 29
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Frequency Components of
Square Waves
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Addition of Frequency Components

L ;
/- \ il
0.5 .J/ b I \k
i \ Fi \
Fundamental Frequency Component: 0.0 - 3 y 7
LY _}."'I b 4
—0.5 A /__.-( \ P i
10 b = e
00T 05T LT L5T 207

(a) sim{ 2T)

1.0
0.5
. . _,.’-F-H"\. __."._h"'\__ ,.-"'-'_L."x\ IR_..—~._\ Il_f—x. ,r'/_ _\‘
Third Harmonic: T e e — ——
"'\-.\U___g '\__1_.____.-"' 'L_\‘_I_.r "-\_\_./; \“-\.-/f ‘._\_-_/.r
—.5
— 1.0
oT 05T Lar L5T 2or
(b} (173} simd 250 3000
- III."K k\‘-_ ‘“-\\nl f.r”“ — ~
05—t \ :
\ / -.
Fundamental Frequency + Third i ] -. |
Harmonic Components: ia \ \
— 1.0 Ix_./f x\\ r, I'x__ /_z o ™ Jr..
T 0ET 10T L5T 20T
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Frequency-Domain

U]
3 For square waves, only odd :: 1
harmonics exist (plus the N
fundamental component of o
course) 06
0.4 ——
0.2
38 Figure (a) is discrete o |,
because the time domain ’ B A Y
function 1s Periodic. “
12X
[IEY \
08X 1"'-,\
$ Figure (b) is continuous TN
because the time domain . \
function is Aperiodic. oox ENT—
-0.2X
-0.4% f

0 X X X X S5
ib)sin =1 -X2=1=X1
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Spectrum & Bandwidth

& Spectrum
[Alrange of frequencies contained in signal

&8 Absolute bandwidth
[Alwidth of spectrum

3£ Effective bandwidth

AOften just banadwidth

[AINarrow band of frequencies containing most of the
energy

3 DC Component
[AlIComponent of zero frequency

Dr. Mohammed Arafah

33



Absolute and Effective Bandwidth

Amplitude
l|||”|”HHH | | HHH“““. Frequen(iy
™ . Infinity
‘ Infinite bandwidth
Amplitude
T
Significant bandwidtrlé
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Bandwidth
Example 1

3 If a periodic signal is decomposed into five sine
waves with frequencies of 100, 300, 500, 700,
and 900 Hz, what is the bandwidth?

36 Let f, be the highest frequency, f, be the lowest
frequency, and B be the bandwidth. Then,

B = f,- £, =900 — 100 = 800 Hz
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Bandwidth
Example 2

3 A signal has a bandwidth of 20 KHz. The highest
frequency is 60 KHz. What is the lowest
frequency?

36 Let f, be the highest frequency, f, be the lowest
frequency, and B be the bandwidth. Then,

B=17,-1
- f,= 60 KHz — 20 KHz = 40 KHz
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Decomposition of a Digital Signal

llw\ /W\ ) ‘ H lom
\/\J\/ \,u\/ Tlme fo 3, &, 7f Frequency

U fo Frequency
I ;
= 3, Fre;quency
= .
i, Frequency
=) 0

7f0 Frequengy
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Signal with DC Component

SN n b1 b3

1.4

1.2

10 - =

LI

0.6 -

0.4 -

02 -

oy 0 I ; 3 Jlf !

(b} Sif)
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Time Domain and Frequency Domain

A

%N\/\/\/\/\,

2
T ]

i

1 Second

1 Second

 DC Component

20

b Hz Freciuency

T

5Hz Freduency

1 Second
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Data Rate and Bandwidth

B Any transmission system has a limited band of
frequencies

F This limits the data rate that can be carried

& For economic and practical reasons, digital
information must be approximated by the
signal of limited bandwidth.
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Data Rate and Bandwidth
Example 1:
$ f= 1 MHz

i~ ., r._ r

1.0 O ™ ra T M 4 7 ~'|
] L ' 3

|

- L

| | ]
\ |

| | 1 i

{ 1
! | {
I| |I I| |
1 . g L i}
7 7 T — —

0.0 05T [.oT I. 5T 207
(a) (47) [an2afi) + (13 sin 273U = (15 2w (5]

& Bandwidth = 7, —fL 5MHz — 1 MHz = 4 MHz

3 Period of the signal = 7= 1/f= 1 psec

& The signal is a bit string of 1s and 0s

3 One bit occurs every T,=0.5 usec - Data Rate of 2 Mbps
(R=1/Ty)

#¢ Thus, a bandwidth of 4 MHz, a data rate of 2 Mbps
IS &¢hieved.



Data Rate and Bandwidth
Example 2:

¥ =2 MHz

10 — —
c [ oy Nl \ I e I, !
| | | \
05— '
II

f
0.0

-0.5

| | ]
| | I| |I
|

! | ' {
i I| || I||
| s . | \ o~
—1.0 N A | e e

v L L L

0.0 05T [.oT 15T 20T

() i) sin2e) + (123 + (1SS
3 Bandwidth = f, - f, = 10MHz — 2 MHz = 8 MHz
&8 Period of the signal = 7= 1/f= 0.5 usec
3 The signal is a bit string of 1s and 0Os
& One bit occurs every 0.25 usec - Data Rate of 4 Mbps

3 Thus, by doubling the bandwidth, we double the
potential data rate
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Data Rate and Bandwidth
Example 3:

an
¥ =2 MHz
AN A Ja
W7\ ]~
os 1/ \ / \
\ ."Ir \
0.0 '| III |
—0.5 \ H". /
1\1 Vs *'f h"k N }}
10 v~ AN
nor 05T 10T L.5T 20T

() id'7) [snl 2oty + (L3 isn 27 3110)

& Bandwidth = f, — f, = 6MHz — 2 MHz = 4 MHz

&6 Period of the signal = 7= 1/7= 0.5 psec

3 The signal is a bit string of 1s and 0Os

& One bit occurs every 0.25 usec - Data Rate of 4 Mbps
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Analog and Digital Data
Transmission

Q

s Data

J

[~lEntities that convey meaning

> Signals

[AlElectric or electromagnetic representations of data

S Transmission

[AlICommunication of data by propagation and
processing of signals
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Data

& Analog
[AlContinuous values within some interval
[~le.g. sound, video

3% Digital
[AlDiscrete values
[~le.g. text, integers
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Signals

> Means by which data are propagated

Qo Qo

s Analog
[~lContinuously variable
[AlVarious media: wire, fiber optic, space
[~ISpeech bandwidth 100Hz to 7kHz
~ITelephone bandwidth 300Hz to 3300Hz
[~lVideo bandwidth 4MHz

e Digital

[~lUse two DC components
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Acoustic Spectrum (Analog)

Power Ratio in Decibels

Upper limit

of FM radio \
1

Upper limit

|
of AM radio 1
\ |
Telephone Channel I :
r
| |
() — T 1 1
MUSIC . = | | A
- , - \: |
|
1 A '
’, 1 I
(g\]
) , 1 |
SPEECH I I Approximate
. | 1 dynamic range
Approximate _I0dR 1 ! of music
dynamic range I )
of viice 1 *
—}) 1
Nolse i
1
]
—l) == 1
1 Y
] ] ] |
| | | |
10 Hr |01 He | kHz 101 kHz 1K) kH#
Fregquency
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O O

Acoustic Spectrum (Analog)

& The power ratio of typical speech has a
dynamic range of about 25 dB (decibels)

& The power produced by the loudest shout may
be as much as 300 times greater than the least
whisper.

3 25 dB = 10 log;(X
2 log,;oX = 2.5
->10 IoglOX = 1025
> X = 1025 = 316

Dr. Mohammed Arafah 48



Data and Signals

¢ Usually use digital signals for digital data
and analog signals for analog data

#6 Can use analog signal to carry digital data
~IModem

#6 Can use digital signal to carry analog data
[~AlCompact Disc audio

Dr. Mohammed Arafah
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Analog Signals Carrying Analog
and Digital Data

Analog Signals: Represent data with continuously
varying electromagnetic wave

—

N\
Analog Data - P» Analog Signa\l\

(voice sound waves) Fm \\
\

Telllephnne PSTN :
I

{ (Analog Network) .

I

U UL _<

I
Digital Data 1_). Analog Signal ,l
(binary voltage pulses g (modulated m/v
Modem . carrier freq/ uency)
N\ e
~ 7

~
e
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Digital Signals Carrying Analog
and Digital Data

Digital Signals: Represent data with sequence ~_ _ _ _ _
of voltage pulses -7 =

AN U Ul N

/ \
\
Analog Signal“ > @ < » Digital Signal Y

\

Codéc o |

i Digital Network !

\ |

g UL LV IH UL ),

/

Digital Data > -« » Digital Signal /
\ 7/
Digital > et
Transceiver ~ -7

~ -
e

Dr. Mohammed Arafah 51



Analog Transmission

& Analog signal transmitted without regard to
content

& May be analog or digital data

36 Attenuated over distance

#6 Use amplifiers to boost signal
¢t Also amplifies noise

Dr. Mohammed Arafah
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Digital Transmission

2 Concerned with content

> Integrity endangered by noise, attenuation etc.

Qo Qo Qo

> Repeaters used
[~IRepeater receives signal
[~lExtracts bit pattern
[~IRetransmits

8 Attenuation is overcome

Qo Qo

e Noise is not amplified

Dr. Mohammed Arafah
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Advantages of Digital

Transmission
# Digital technology Is cheaper
[AlLow cost LSI/VLSI technology
3 Data integrity
[~lLonger distances over lower quality lines
38 Capacity utilization
[~IHigh bandwidth links economical

[AIHigh degree of multiplexing easier with digital
techniques

3 Security & Privacy
[~IEncryption
3 Integration
[~lCan treat analog and digital data similarly

Dr. Mohammed Arafah
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Transmission Impairments

Q

e Signal received may differ from signal

J

transmitted

Analog - degradation of signal quality

Qo Qo

D
J
D
J

Digital - bit errors

J

Caused by

1. Attenuation and attenuation distortion
2. Limited Bandwidth

3. Delay distortion

4. Noise

J
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Transmission Impairments

Transmitted data 6] 1 0 (8] 1 0
+
Transmitted .sigr:c:i > Time
-V

= Attenuation

= |imited bandwidth

Atenuation and
distortion stfects

S0

/=‘ Delay distartion

C
L
¥
f
1

= |ine noise

Received signal = Combined etfect

| O O |

Received dala 8} 1 O 1 1 0

!

Dr. Mohammed Arafah Bit error
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1. Attenuation

s Signal strength falls off with distance

5 Depends on medium (Chapter4)

Qo Qo Qo

> Received signal strength:

[Almust be enough to be detected

[AImust be sufficiently higher than noise to be received
without error

s Attenuation is an increasing function of
frequency (Chapter4)
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1. Attenuation

&t If we denote transmitted signal power level by
P, and the received power by A,, then

Pi Attenuation | Pout Py > Pyt

(Cable)

p in dB

Attenuation = 10 log,

out

Pin Amplification Pout P out > P in

(Repeater)

Amplification = 10 logq, };’.”t dB
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1. Attenuation

Example:

A transmission channel between two DTEs is made up of three
section. The first introduces an attenuation of 16 dB, the second
an amplification of 20 dB, and the third an attenuation of 10 dB.
Assuming a mean transmitted power level of 400 mWw,
determine the mean output power of the channel.

P, =400 mW 16 dB P, 20 dB P, 10 dB P,
Attenuation Amplification Attenuation -

P1= 1010910 (400)
> P, = 26.02 dBm
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1. Attenuation

Solution:
First section:

P
Attenuation = 10 log4 P—l
2

9 16 = 10 lOglOAl‘Pﬂ
2

9 16 = logloiﬂ
2

Pl =400 mW 16 dB P2
log 400 Attenuation
> 1016 =10 7P

P, = 26.02 dBm P, = 10.02 dBm
> 39.81 =22 ! 2

2

QP—LI-OO

27 3981
- P, =10.0475 mW

> P, = 10log,, (10.0475) = 10.02 dBm
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1. Attenuation

Solution:
Second section:

P
Amplification = 10 log, P—3
2

P3

9 20 = 10 l0g10 10.0475

P3
10,047135 P,=10.0475 mW 20 dB Py
> 102 = 1010*91010.0275

> 100 = = P, =10.02dBm P; =30.02dBm
10.0475

> P, =100 x 10.0475
> P; = 1004.75 mW
> P; = 10log,, (1004.75) = 30.02 dBm

-2 2 = logq

Amplification
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1. Attenuation

Solution:
Third section:

P.
Attenuation = 10 log4 P—3
4
9 10 == 10 l0g10 1004.75
1004.75
= 1= logio Py P,=100475mW 10 4B P,
1o 100475 Attenuation
> 10! =107 P
P; =30.02dBm P, =20.02dBm
1004.75 3 4
- 10 = 7,
1004.75
> Py= 10

> P, = 100.475 mW
> P, = 10log,, (100.475) = 20.02 dBm
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1. Attenuation

P, =400 mW 16 dB P, 20 dB P, 10 dB Py
Attenuation Amplification Attenuation

v

P,=26.02dBm P, =10.02dBm P; =30.02 dBm P, =20.02 dBm
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1. Attenuation

P, = 400 mW

20dB
16 dB P, 20 dB P; 10 dB
Attenuation Amplification Attenuation
' 10 dB
16 dB

Overall Attenuation Channel=16-20+10=6 dB

P, =400 mW 6 dB

P, =26.02dBm

Dr. Mohammed Arafah
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1. Attenuation

Overall Attenuation Channel=16-20+10=6 dB

P, =400 mW

»

6 dB
Attenuation

P,
—»

P, =26.02 dBm

Attenuation = 10 log4 P—l
4
9 6 = 10 logloﬂ
Py

9 06 = logloll-PE
4

> 1006 = 10791,

> 3981 = “Pﬁ

4
S p — 400

47 3981
> P, = 100.475 mW

> P, = 10logy, (100.475) = 20.02 dBm

Dr. Mohammed Arafah
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2. Limited Bandwidth

& Channel Bandwidth specifies the sinusoidal
frequency components from 0 up to some frequency
f. that will be transmitted by the channel
undiminished. All frequencies above this cutoff frequency
are strongly attenuated.

3 In general, channel bandwidth refers to the width of the
range of frequencies that channel can transmit, and not the
frequency themselves.

3 If the lowest frequency a channel can transmit is £
and the highest is £,, then the bandwidth is: £ — f,.

3 Because the telephone line can transmit frequencies from
approximately 300 to 3300 Hz, its bandwidth is 3 KHz.
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2. Limited Bandwidth

+V g —
| ) 1
Transmitied signal, v(£) ; = tugE
o T Ry ST B RS !
S

I N I

Frequency J
LOMponRents

v NSNS \./ '

Example / :
recetved
signals \ \/\ /\/ \/\
oy, - Jey, + Sea, \ /_p. 1
V2%V N~/
I :

J
-~ ‘l
Nl N iR .
5 I £ Hadwitih
OWer 1y e
P . X S allermalives
. Al
.\ ‘l
. R X
- s | . 3=

| regieney
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2. Limited Bandwidth

Dr. Mohammed Arafah

Bits: 0 i 0 o o 0 1 o o

Pulses betore transmission:

Bit rate: 2000 bits per second

Pulses after Irnmsmission:

Bandwidth 300 Hz

Baundwidth 200 He

Bandw:adth 1300 Hz

Bandseidid 1700 Hr

Bandwidih 2300 Hz

Bandwidth 4000 Hz

Effect of bandwidth on a digital signal.
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2. Limited Bandwidth

3 The sequence 101010... generates the highest-
frequency components, while a sequence of all 1s
or all Os is equivalent to a zero frequency of the
appropriate amplitude.

& The channel capacity is the data rate, in bit per
second (bps), at which data can be communicated.

# In 1928, Nyquest developed the relationship between

bandwidth (B) and the channel capacity (R) in noise-free
environment. The Nyquest relationship is:

R=2B
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2. Limited Bandwidth

Example:

A binary signal of rate 500 bps is to be transmitted
over a communication channel. Derive the
minimum bandwidth required assuming:

(a) The fundamental frequency only,

(b) The fundamental and third harmonic, and

(c) The fundamental, third, and fifth harmonic of the
worst-case sequence are to be received.
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2. Limited Bandwidth

Solution:

The worst case sequence 101010... at 500 bps has
a fundamental frequency component of 250 Hz.
Hence the third harmonic is 750 Hz and the fifth
harmonic is 1250Hz.

The bandwidth required in each case is as follows:
(a) 0-250 Hz. } |
(b) 0-750 Hz. vid
(c) 0-1250 Hz. L T WL W
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2. Limited Bandwidth

l 243 4 w300 bit

The worst-case I
transmitted signal

1 Second
i
Fundamental}:fr(jquency /\\_f\\_/’ ' \/ 250 Hz
Thir%l;lva)rmonic ”\/\f\f\/\/\/ v UN\U T
Fiftl} 5I;|ga5monic '\f\f\f\f\:’\/\f\/\/\, w AN 1250 Hz
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2. Limited Bandwidth

& We can transmit more than one bit with each change in
the signal amplitude, therefore increasing the data bit
rate.

& With multilevel signaling in noise-free environment, the
Nyquest formulation becomes:

R=2Blog, M

Where Ris the channel capacity in bps.
Bis the bandwidth of the channel in Hz.
M is the number of levels per signaling elements.
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2. Limited Bandwidth

2-Level

4-Level

8-Level

Dr. Mohammed Arafah

1 bit per signal element

2 bits per signal element

3 bits per signal element

0

11
10
01
00

110
101
100
011
010
001
000
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2. Limited Bandwidth

#6 For Limited-bandwidth channel such as PSTN, we can
often use more than two levels. This means that each
sighal element can represent more than a single binary
digit.

3 In general, if the number of signal levels is M, the
number of bits per signal element m, is given by:

m=log, M

& The rate of change of signal is known as the signaling

rate (Baud rate) (R,), and measures in baud.
R =2B
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2. Limited Bandwidth

38 It is related to the data bit rate, R, by the following
expression:

R=Rm

S

3 The signaling element time period, 7, is given by:
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2. Limited Bandwidth

2L evel M=2=>m=1=R=R,
0

1 bit per signal element

11
10
01
00

4-Level M=4=m=2=>R=2%xR

2 bits per signal element

................. 11
I 110
|

101
I 0

8-Level — ot M=8=>m=3=R=3xR

i 010
001
|

000

3 bits per signal element
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2. Limited Bandwidth

Example 1: (Theoretical)

M

Data= 01 11 00 10 11 11 01 00

(11 ¢ 11 11 11
5 1
4 < 10 : 0
01 ; 0l 01 :
.00 00 00 :
E:l baud | 1 baud: 1baud: 1baud: 1baud: 1 baud 1baud 1 baud:i
1 second '
M=4 2 m=2
Baud Rate = R, = 8 baud 2> T, = % sec
R=R,xm =16 bps észl%sec
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2. Limited Bandwidth

Example 2: (Practical)

Amplitude & Phase

Amplitude

A

-7 RN
/’/ \\\
’ 010
7’
’ - ~
’ - ~
’ e s
’ ’ AN
l ’ .
1 ’
1 ]
1 1
\
\
\
\ \
A .
\ N

110

111

Time

U\

1 baud _

< 1 baud

NN
J U\

< 1 baud R

1 baud =‘ 1 baud

1 baud
4 —>

Dr. Mohammed Arafah

1 second
R=m x R;=3 x 8 =24 bps
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2. Limited Bandwidth

Example 2: (Practical)

Amplitude & Phase
Amplitude

A

110

1

Time

vV

_1baud__1baud_

NN
J U\

1 baud
—

1 baud
—

R, = 8 baud

B=%=4Hz

1 second
> T =i=lsec0nd
S R, 8

1

R=m x R;=3 x 8 =24 bps éTb=%=—second

Dr. Mohammed Arafah
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2. Limited Bandwidth

¢ The bandwidth efficiency of transmission
channel is defined as:

R 2B
BandwidthEffeciency=— = M —om

B B

Dr. Mohammed Arafah
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2. Limited Bandwidth

Example 1:

Data is to be transmitted over the PSTN using a
transmission scheme with eight levels per signaling
element. If the bandwidth of the PSTN is 3000 Hz,
determine the Nyquest maximum data transfer rate (R)
and the bandwidth efficiency.

Solution:

R = 2Blog,M
2 R = 2x3000x3 = 18000 bps
Bandwidth Efficiency = 2m
- Bandwidth Efficiency = 2x3 = 6 bps/Hz
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3. Delay Distortion

3 The rate of propagation of a sinusoidal signal
along a transmission line varies with the
frequency of the signal.

& When we transmit a digital signal with various
frequency components, making up the signal,
arrive at the receiver with varying delays,
resulting in delay distortion of the received signal.

32 Note that: A=—
ote that 7

= v o« f
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3. Delay Distortion

Transmitted Signal

R "z
Fundamental Frequency /

i

\_/ /-\ \/  The Slowest
L eV aVAVAVAVAVAVAN
T A VAVAVAVAVAVAVAVAVA

>

NAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVA

10188,]

Seventh Harmonic
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4. Noise

#8 Additional signals inserted between transmitter
and receiver

8 A.Thermal Noise
[AIDue to thermal agitation of electrons
AlUniformly distributed > White noise

[~lAt all temperatures above absolute zero, all
transmission media experience thermal noise, where
absolute zero = 0 kelvin (K) = - 273 C.

[AIThermal noise cannot be eleminated
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4. Noise

3 Thermal Noise

[AIThe amount of thermal noise to be found in a
bandwidth of 1 Hz in any conductor is:

N =kT

where N, is the noise power density for one Hz (watts/Hz),
k is Boltzmann'’s constant (1.3803 x 10-23 joule K1), and
7 is the temperature in Kelvin (K).

EXAMPLE 31 Room temperature is usually specified as T = 17°C, or 290 K.
At this temperature, the thermal noise power density is

—

No = (1.38 x 1077) x 290 = 4 x 107 W/Hz = —204 dBW/Hz
where dBW is the decibel-watt, defined in Appendix 3A.

Dr. Mohammed Arafah
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4. Noise

3 Thermal Noise

[AIThe thermal noise in watts present in a bandwidth of
B Hz can be expressed by:

N=BxN,

[~lor, in decibel-watts,
N=10log,,k+10log,,7+10log,, B

EXAMPLE 32 Given a receiver with an effective noise temperature of 294 K
and a 10-MHz bandwidth, the thermal noise level at the receiver’s output is

N = —228.6 dBW + 10 log(294) + 10 log 107
— _7286 + 247 + 70
— —133.9 dBW
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4. Noise

3£ B. Intermodulation Noise

[AIWhen signals at different frequencies share the same
transmission medium, the resulting may be
Intermodulation Noise.

[AIThe effect of intermoduation noise is to produce signals
at a frequency that is the sum of two original
frequencies or multiples of those frequencies.

[AIFor example, the mixing of signals at frequencies 7 and
£, might produce energy at the frequency £+%.

[AIThis derived signal could interfere with an intended
signal at the frequency 7 +£.
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4. Noise

I=cosx+cosy

Y

i2

Nonlinear System

¢t B. Intermodulation Noise - Example

Output = (cos x + cos y)?

[
»

Output = (cosx + cosy) ?

Output = cosxcosx + 2coSxcosy + cosycosy

cos A.cos B = %COS(A —B)+ % cos(A+ B)

1 1 1 1
Output = —cos 2x + > + cos(x+y)+ cos(x—y) + 5 C0S 2y + =

T U

Difference of Two  Multiple of Original
Original Frequencies Frequency

]

Multiple of Original  Sum of Two Original
Frequencies

Frequency

Dr. Mohammed Arafah

]

2

89



4. Noise

38 C. Crosstalk Noise
[AIA signal from one line is picked up by another

iy

¢ D. Impulse Noise

AlIrregular pulses or spikes

[Ale.g. External electromagnetic interference
[AlIShort duration

[AIHigh amplitude
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4. Noise

& The Signal-to-Noise Ratio (SNR) is expressed in decibels
as:

SNR =101log, 0(%) dB

where Sis the average power in a received signal, and
NV is noise power.

& High SNR means a high power signal relative to the
prevailing noise level, resulting in a good-quality
signal.
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4. Noise

g8 In 1948, Shannon calculated the theoretical
maximum bit rate of a channel of bandwidth £
as

S
C=Blog2(l+ﬁ)

where Cis the maximum channel capacity in bps,
Bis the bandwidth of the channel in Hz,
S'is the average signal power in watts, and
NV is the thermal noise power in watts.

38 Note that:

log ,x =—
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4. Noise

S
SNR, g = 10log N

SNR, ;5 = 10logS — 10logN
SNR;p = Sapw — Napw

Example:
S 1s Given
N can be calculated using N=B kT

Method 1:
Calculate %

Then calculate SNR ;5 = 10109%

Method 2:
Calculate S ;5= 10logS and calculate N ;5,,=10log N
Then calculate SNRdB = SdBW — NdBW
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4. Noise

Example 1:

Assuming that a PSTN has a bandwidth of 3000
Hz and a signal-to-noise ratio of 20 dB, determine
the maximum theoretical data rate that can be

achieved.

Solution:
SNR = IOIOgIO(E) m 20=10log (E) ) S _ 10> =100
N N N

C=B10g2(1+£)
N In 101
=) C=3000log,(1+100) &= C=3000——==19963bps
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2. Limited Bandwidth

Example 2:

EXAMPLE 34 Let us consider an example that relates the Nyquist and Shan-
non formulations. Suppose that the spectrum of a channel i1s between 3 MHz and

4 MHz and SNR 3 = 24 dB. Then

B = 4MHz — 3MHz = 1 MHz
SNRgp = 24 dB = 10 log;3(SNR)
SNR = 251
Using Shannon’s formula,
C = 10° X logy(1 + 251) ~ 10° X 8 = 8 Mbps

This is a theoretical limit and, as we have said, is unlikely to be reached. But
assume we can achieve the limit. Based on Nyquist’s formula, how many signal-

ing levels are required? We have

C =2Blog, M

8 X 10% = 2 x (10°) X loga, M
4 = log, M

M =16

Dr. Mohammed Arafah
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Effect of Noise on a Digital Signal

Data
transmitted: F B A 6B W I L @ W 1 ®e 1 o oH

Signal:

Noise:

Signal plus

noise:

Sampling * ' ' r . | | | ‘ | ‘
lil;wszl ; l l ‘ l ‘ ‘ ‘ l l ‘ ’ ‘ ‘ ’ I
Data received: | 0 | 0 0 | 0 0 0 | 1 0 | 1 1
Original data: 1 0 I 0 0 1 1 0 0 1 1 0 I 0 1
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The Expression E,/ N,

3 The parameter is the ratio of signal energy per bit to
noise power density per Hertz

# Consider a signal, digital or analog, that contains binary
digital data transmitted at a certain bit rate R.

3 Recalling that 1 Watt = 1 J/s, the energy per bit in a
signal is given by £,=57,, where S is the signal power
and is the 7, /s the time required to send one bit.

3 The data rate Ris just R=1/7,. Thus

E, S/R_ S
N, N, kIR
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The Expression E,/ N,

§6 or, in decibel notation,

(%)dB =10log,, S —10log,,R—10log,,k—10log,, T’

0

(%)dB =S, —10log, R+228.6,,, —10log, T
0

Dr. Mohammed Arafah
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The Expression E,/ N,

¥ The ratio £,/N,is important because the bit error rate for digital
data is a (decreasing) function of this ratio.

1.0

10-1 —

T
™ AMLI, pseudoternary,

N
10-2 \\ \\ ASK, FSK
\

\
103 \\ \\

NRZ, biphase \ \
10-4 PSK, QPSK \
10-3 \ \

o \ \

01 2 3 4 5 6 7 8 9 1011 1213 14 15

I (BER)

Probability of bit erro

(Ey/Np) (dB)

& Given a value of needed to achieve a desired error rate, the
parameters in the preceding formula may be selected.

3 Note that as the bit rate R /ncreases, the transmitted signal power,
relative to noise, must increase to maintain the required £,/N, .
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The Expression E,/ N,

& Thus, for constant signal to noise ratio (SNR), an
increase in data rate increases the error rate.

3 The advantage of £, /N, over SNR is that the latter
quantity depends on the bandwidth.

EXAMPLE 3.5 For binary phase-shift keying (defined in Chapter 3), E;/N, = 10-1 —— <
8.4 dB is required for a bit error rate of 107 (one bit error out of every 10,000).1f | q \\\ \.\ ig“é s
the effective noise temperature is 290°K (room temperature) and the datarateis | £ ' \\ B
2400 bps, what received signal level is required? 5 00 Y \\
We have 2 = (t:ipp:;se B \
z 104 : B\
8.4 = §(dBW) — 10 log 2400 + 228.6 dBW — 10 log 290 g \\
= §(dBW) — (10)(3.38) + 228.6 — (10)(2.46) Z o \ m:\
§ = -161.8 dBW 10-6 Y\' \\
\ )
o1 2 3 4 5 6 7 8 9 1011 12 13 14 15
(Ey/Np) (dB)
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The Expression E,/ N,

3 We can relate £,/N,to SNR as follows. We have:

E, S
N, N,R

3 The parameter A, is the noise power density in
Watts/Hertz. Hence, the noise in a signal with
bandwidth Bis N=N,B. Substituting, we have:

E, S B
X

N, N R

s _& K
N N, B
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The Expression E,/ N,

3 Another formulation of interest relates £, /V, to spectral
efficiency.

3 Shannon’s result can be rewritten as:

S \)
C=Blog, (1+— naipigy N |
E, _ B C/B _
VO_(I(z D

3 This is a useful formula that relates the achievable
spectral efficiency ¢/Bto £,/N, .

EXAMPLE 3.6 Suppose we| want to find the minimum E/N; required to
achieve a spectral efficiency of 6 bps/Hz. Then

Ey/Ny = (1/6)(2° — 1) = 10.5 = 10.21 dB.
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Required Reading

&6 Stallings chapter 3
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