Data Communications And Networking
Chapter 3: Introduction To Physical Layer

Objective: <l

e The first section shows how data and signals can be either analog or digital.
Analog refers to an entity that is continuous; digital refers to an entity that is
discrete.
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o The second section shows that only periodic analog signals can be used in data
communication. The section discusses simple and composite signals. The
attributes of analog signals such as period, frequency, and phase are also
explained.
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e The third section shows that only non-periodic digital signals can be used in data
communication. The attributes of a digital signal such as bit rate and bit length
are discussed. We also show how digital data can be sent using analog signals.
Baseband and broadband transmission are also discussed in this section.
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e The fourth section is devoted to transmission impairment. The section shows
how attenuation, distortion, and noise can impair a signal.
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e The fifth section discusses the data rate limit: how many bits per second we can
send with the available channel. The data rates of noiseless and noisy channels
are examined and compared
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e The sixth section discusses the performance of data transmission. Several
channel measurements are examined including bandwidth, throughput, latency,
and jitter. Performance is an issue that is revisited in several future chapters.
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3-1 DATA AND SIGNALS: < ay) g cbd

For transmission, data needs to be changed to signals.
One of the major functions of the physical layer is to move data in the form of
electromagnetic signals across a transmission medium.
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Figure 3.1: Communication at the physical layer 48l dadal & Juaiy)
The figure shows a scenario in which a scientist working in a research company, Sky
Research, needs to order a book related to her research from an online bookseller,

Scientific Books
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3.1.1 Analog and Digital Data 4wl cllull g g Jall)

Data can be analog or digital.
Analog data information that is continuous;
Digital data refers to information that has discrete states.
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Digital clock that reports
the hours and the
minutes will change
suddenly from 8:05 to
8:06.
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Analog clock that has hour, minute, and second hands
gives information in a continuous form; the movements of
the hands are continuous.
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3.1.2 Analog and Digital Signals 4 Bl g 4ud )l i Lay)

An analog signal has infinitely many
levels of intensity over a period of time. As
the wave moves from value A to value B, it
passes through and includes an infinite
number of values along its path.

sle sl e Ol glue Bae 3 gan Sl L Ay el 5 LaY)
I Al A e A se a3l e B 2
iad pedd pan W oore Jadig aDA e e ails (U

ot Jsha el

L ) Al e B LI

A digital signal can have only a limited
number of defined values. Although each
value can be any number, it is often as
simple as 1 and 0.
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The curve representing the
analog signal passes through an
infinite number of paints,
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3.1.3 Periodic and Nonperiodic: 49l »£ 949

Both analog and digital signals can take one of two forms:
periodic or nonperiodic
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Tee
A periodic signal completes a pattern within a measurable [ \/ \/ \/
time frame, called a period, and repeats that pattern over

subsequent identical periods. The completion of one full pattern
is called a cycle.
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A nonperiodic signal changes without exhibiting a pattern or
cycle Time
that repeats over time.
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3-2 PERIODIC ANALOG SIGNALS: 4 Bl i Ly g 94

Periodic analog signals can be classified as:

M - .
Simple Composite
a sine wave, cannot be is composed of
decomposed into multiple sine waves.

simpler signals.
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3.2.1 Sine Wave: 4wl da sal)

The sine wave is the most fundamental form of a periodic analog signal.
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When we visualize it as a simple oscillating curve, its change over the course of a cycle
is smooth and consistent.
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Each cycle consists of a single arc above the time axis followed by a single arc below
it.
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A sine wave can be represented by three parameters: ;& cilaleal) afiay of (Say dua da sa
1. The peak amplitude. s s=dll 42l
2. The frequency. 22 5l
3. The phase. sl
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Figure 3.3 shows a sine wave.




The Peak Amplitude: ¢ sail) daud)

peak
Amplitude ﬂmplltﬂdﬂ

The peak

amplitude of a

signal is the .
absolute value of _l-r
its highest ‘ \/ \/ \/ Time
intensity,

proportional to the
energy it carries.

a. A signal with high peak amplitude

Normally Amplitude

. Peak
measured in volts

amplitude
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b. A signal with low peak amplitude

B ble oy Figure 3.4: Two signals with two differentamplitudes
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The Frequency: 4l

Period: Amount of time, in seconds, a signal needs
to complete 1 cycle.
Period is expressed in: seconds
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12 periods in | s —» Frequency is 12 Hz

Amplitude

Period: I-I:_,s

a. A signal with a frequency of 12 Hz

Frequency: Number of periods in 1 second.
Frequency is expressed in: Hertz (Hz)
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b. A signal with a frequency of 6 Hz

Figure 3.5: Two signals with the same amplitude and phase, but different frequencies




and T =\]1;

~i—

Period is the inverse of frequency, and frequency is the inverse of period, as the
following formulas show:

Period Frequency
Unit Equivalent Unit Equivalent
Seconds (s) I's Hertz (Hz) | Hz
Milliseconds (ms) 1035 Kilohertz (kHz) 10° Hz
Microseconds (Ls) 107 Megahertz (MHz) 10° Hz
Nanoseconds (ns) 107 Gigahertz (GHz) 10° Hz
Picoseconds (ps) 10712 Terahertz (THz) 102 Hz

Table 3.1: Units of period and frequency

Example 3.3: The power we use at home has a frequency of 60 Hz (50 Hz in Europe).
The period of this sine wave can be determined as follows:

7=1 -1 _ 0.0166s = 0.0166 x 10 ms = 16.6 ms

7~ 60

This means that the period of the power for our lights at home is 0.0116 s, or 16.6 ms.
Our eyes are not sensitive enough to distinguish these rapid changes in amplitude.

Example 3.4
Express a period of 100 ms in microseconds.

Solution:

From Table 3.1 we find the equivalents of 1 ms (1 msis 10"~-3 s)and 1 s (1 sis 106 ps).
We make the following substitutions:

100 ms = 100 X 10~ s = 100 x 10~ x 10° ps = 10> x 10~ x 10® ps = 10° ps



Example 3.5
The period of a signal is 100 ms. What is its frequency in kilohertz?.

Solution:

1. we change 100 ms to seconds.

2. we calculate the frequency from the period.

The result we get will be in Hz. So, we change Hz to kHz. (1 Hz = 1072 kHz).

100 ms = 100 x 103 s =10"1s

=1 -Hz = 10 Hz = 10 X 107> kHz = 107> kHz
10

~
I
ol

3.2.2 Phase: 4aal

The term phase, or phase shift, describes the position of the waveform relative to time 0.
Phase is measured in degrees or radians

360° = 20 rad 1°= 20/360° rad 11ad = 360°/(20)

Oscillating Sine Wave

= 1/F t
T= period
-+ f = frequency
A= amplitude
=
time, t
= -
:Q
/
= . yd
L8] 90 180 270 360 degrees
(9] /2 7T 3/ 2 23T

radians



3.2.2 Phase

Corresponds to the transition of 1800 shift 1/2 for a while, time starts with zero capacity
is diminished capacity.
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¢. 180 degrees

A phase shift of 900 corresponds to a shift of 1/4
of a period starts at time 0 with a peak amplitude.
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Example 3.6 V

A sine wave is offset 1/6 cycle with respect to time 0. What is its phase in degrees and
radians?

Solution:

We know that 1 complete cycle is 360°. Therefore, 1/6 cycle is

1 21 _ T :
- X3 = e X — = = = 1.
3 60 60 60 360 rad 3 rad 1.046 rad

3.2.3 Wavelength sl Jshll

Wavelength:
The distance a simple signal can travel in one period.
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Long
VWavelength

Low frequency

Short

wavelength
High
frequency




3.2.4 Time and Freguency Domains 34l ciléuai g cd gl

We have been showing a sine wave by using what is called a time domain plot.
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Time-domain plot shows changes in signal amplitude with respect to time (it is an
amplitude-versus-time plot).
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3.2.4 Time and Freqguency Domains

The time-domain plot shows changes in signal amplitude with respect to time
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a. A sine wave 1n the
time domain



A frequency-domain plot is concerned with only the peak value and the frequency.
Changes of amplitude during one period are not shown.
A complete sine wave is represented by one spike.
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b. The same sine wave in the
frequency domain

Example 3.7

The frequency domain is more compact and useful when we are dealing with more than
one sine wave.

For example, Figure 3.9 shows three sine waves, each with different amplitude and
frequency.

All can be represented by three spikes in the frequency domain.

.‘)ﬁiJiL‘JdM%%y@&wumBWJ sLa\S;iJf\Si AJJﬂ\ d\é.&\
2253 5 Al dalia Lagia JS g il 5o 3 3,9 S e gy ¢ JBall s e
258 Qe 8 @l yila 30 aliag of ¢Sy e JS

Amplitude
* Amplitude
15
10 15
3o 10
“ |
0 8 16 F requ’::ncy
l b. Frequency-domain representation

a. Time-domain representation

Figure3.9



3.2.5 Composite Signals S s &l L

So far, we have focused on simple sine waves, which has many applications in daily life.
We can send a single sine wave to carry electric energy from one place to another.
For example:
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The power company sends a single sine We can use a single sine wave to
wave with a frequency of60 Hz to send an alarm to a security center
distribute electric energy to houses and when a burglar opens a door or
businesses. window in the house (the sine wave
(the sinewaveis carrying Energy) is a signal of danger).
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However, If we had one single sine wave to convey a conversation over the phone, it
would make no sense and carry no information. We would just hear a buzz. we need
to send a composite signal to communicate data.
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composite signal: is made of many simple sine waves, with different frequencies,
amplitudes, and phases.
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Example 3.8

Figure 3.10 shows a periodic composite signal with frequency of.

We can consider it to be three alarm systems, each with a different frequency.

It is very difficult to manually decompose this signal into a series of simple sine waves.
However there are hardware and software tools, that can help us do the job.
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Figure 3.10: Acomposite periodic signal

Figure 3.11 shows the result of decomposing the above signal in both the time and
frequency domains:

» The frequency of the sine wave with frequency f is the same as the frequency of
the composite signal; it is called the fundamental frequency, or first harmonic.

* The sine wave with frequency 3f has a frequency of 3 times the fundamental
frequency; it is called the third harmonic.

* The third sine wave with frequency 9f has a frequency of 9 times the fundamental
frequency; it is called the ninth harmonic.
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Ampliude

Lol

It i # Frequency

b. Frequency -domain decomposition of the composits sipnal

Example 3.9

Figure 3.12 shows a nonperiodic composite signal. It can be the signal created by a microphone or a telephone set when a
word or two is pronounced.
In this case, the composite signal cannot be periodic, because that implies that we are repeating the same word or words
with exactly the same tone.
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In a time-domain, there are an infinite number of simple sine frequencies.
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The frequency decomposition of the signal yields a continuous curve.
There are an infinite number of frequencies between 0.0 and 4000.0 (real values: A normal human being can create a
continuous range of frequencies between 0 and 4 kHz.).
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a. Time domain
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b. Frequency domain

28 Figure 3.12: Time and frequency domain of a non-periodic signal

3.2.6 Bandwidth a3 daill (2 e

Signal Bandwidth: The range of frequencies contained in the signal.
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How to measure the composite signal Bandwidth?

The bandwidth of a composite signal is the difference between the highest and the lowest
frequencies contained in that signal.
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Figure 3.13:

The bandwidth of periodic and nonperiodic composite signals
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For example, if a composite signal contains frequencies between 1000 and 5000, its

bandwidth is 5000 — 1000, or 4000.
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The bandwidth of the periodic signal
contains all integer frequencies between
1000 and 5000 (1000, 1001, 1002, .. .).
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5000 (1000, 1001, 1002,...).

Amplitude Bandwidith = 4000 Hz

1000 5000
a. Bandwidth of a periodic signal

The bandwidth of the nonperiodic signals
has the same range, but the frequencies are
continuous.
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Bandwidth = 4000 Hz

Frequency
5000
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b. Bandwidth of a nonperiodic signal




Example 3.10

If a periodic signal is decomposed into five sine waves with frequencies of 100, 300, 500,
700, and 900 Hz, what is its bandwidth? Draw the spectrum, assuming all components
have a maximum amplitude of 10 V.

Solution:

Let fh be the highest frequency, fl the lowest frequency, and B the bandwidth.

B =f,—fi =90 — 100 = 800 Hz
Then

[ I I I

r

100 300 300 700 900 Frequency

Y
x

Bandwidth = 900 — 100 = 800 Hz

Example 3.11
A periodic signal has a bandwidth of 20 Hz. The highest frequency is 60 Hz. What is the

lowest frequency? Draw the spectrum if the signal contains all frequencies of the same
amplitude.

Solution:

Let fh be the highest frequency, fl the lowest frequency, and B the bandwidth.

B=f, - — 20=60 — = 60 — 20 = 40 Hz
Then B=fu=1i fi —

The spectrum contains all integer frequencies. We show this by a series of spikes:

404142 5859 60

Frequency

(H)

Bandwidth = 60 = 40 = 20 Hz
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Example 3.12

A nonperiodic composite signal has a bandwidth of 200 kHz, with a middle frequency of
140 kHz and peak amplitude of 20 V. The two extreme frequencies have an amplitude of

0. Draw the frequency domain of the signal.

Solution:

The lowest frequency must be at 40 kHz and the highest at 240 kHz. Figure 3.16 shows

the frequency domain and the bandwidth.

Amplitude

T

40 kHz 140 kHz

3-3 DIGITAL SIGNALS: el &l L)

240 kHz

-

Frequency

In addition to being represented by an analog
signal, information can also be represented by a
digital signal.
For example, a 1 can be encoded as a positive
voltage and a 0 as zero voltage.
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a. A digital signal with two levels

A digital signal can have more than two levels.
In this case, we can send more than 1 bit for each
level.
If a signal has L levels, each level needs (log2 L)
bits.
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b. A digital signal with four levels




3.3.1 Bit Rate: <l Jaza

Amplitude . .
Another term: bit rate (instead of frequency) is used to . 8 bits sentin I's,
describe digital signals. ) Bit rate =8 bps ‘
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The bit rate is the number of bits sent in 1s,
expressed in bits per second (bps).
(bPs))eil) (b s Lgie spanill 15 (8 s yall lial] 238 98 ) Jana

Level 2

Level -

Lottt Time

a. A digital signal with two levels
Example 3.18
Assume we need to download text documents at the rate of 100 pages per second. What

is the required bit rate of the channel?

Solution:
A page is an average of 24 lines with 80 characters in each line. If we assume that one
character requires 8 bits, the bit rate is:

100 x 24 x 80 X 8 = 1,536,000 bps = 1.536 Mbps

3.3.2 Bit Length: <uJsh

We discussed the concept of the wavelength for an analog signal: the distance one cycle
occupies on the transmission medium.
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We can define something similar for a digital signal: The bit length: The bit length is the
distance one bit occupies on the transmission medium.
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Bit length = propagation speed X bit duration



3.3.3 Digital As Composite Analog: el S yaS dad )

Based on Fourier analysis, a digital signal is a composite analog signal with an infinite

bandwidth.
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We can come up with this concept when we consider a digital signal:
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> A digital signal, in the time domain, consist of connected vertical and
horizontal line segments.
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» A vertical line in the time domain means a frequency of infinity. (sudden
change in time)
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» A horizontal line in the time domain means a frequency of zero.
(no change in time)
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» Going from a frequency of zero to a frequency of infinity implies all
frequencies in between are part of the domain.
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Fourier analysis can be used to decompose a digital signal.
Agad) )Ll il duyed Juli plaziwl Sey
If the digital signal is periodic:
the decomposed signal has a frequency domain representation with an infinite bandwidth
and discrete frequencies.
14390 dwadyll ShLaYI Culs 13
dbodio Wy ilgiVl ¢33yl GUadl 8o 33yl Jlxe Jied dlxiall )LVl

If the digital signal is nonperiodic:
the decomposed signal also has a frequency domain representation with an infinite
bandwidth, but the frequencies are continuous.
:dzy pb duadpll Sl)Livyl <ils 13]
yaius 0eST Oyl oSUg « wilgiVl 33,01 Gladl go 33yl Jlxo Jiai Loyl dlxiall 3yl
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a. Time and frequency domains of periodic digital signal
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b. Time and frequency domains of nonperiodic digital signal

Figure 3.18: The time and frequency domains of periodic and nonperiodic digital signals

3.3.4 Transmission of Digital Signals: 4 )l <l LAY Jas

We can transmit a digital signal by using one of two different approaches:
ropbline oragi 121 plariul, dged) Byl Jii esdi ol oSy

1- Baseband transmission: means sending a digital signal over a channel without
changing the digital signal to an analog signal. (requires that we have a low-pass
channel: a channel with a bandwidth that starts from zero.) For example, The
entire bandwidth of a cable connecting two computers is one single channel.
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2- Broadband transmission: Broadband transmission or modulation means changing
the digital signal to an analog signal for transmission.(use a bandpass channel:
a channel with a bandwidth that does not start from zero.) This type of channel is
more available than a low-pass channel.
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Figure 3.19: Baseband transmission Jlw)Vl (sl

I I Digital signal
& &

Channel

Figure 3.20: Bandwidth of two low-pass channels : one with a narrow bandwidth and the
other with a wide bandwidth.
$Uodll yoye 2o 3Vlg Gud 337 Gl yoye go JoI: yu el dddinll Guilid 533y Gladll yoye
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Amplitude

U a. Low-pass channel, wide bandwidth fi Frequency
Amplitude

0 I Frequency

b. Low-pass channel, narrow bandwidth
Baseband transmission of a digital signal that preserves the shape of the digital signal . It Is

possible only if we have a low-pass channel with an infinite or very wide bandwidth.
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Figure 3.21: Baseband transmission using a dedicated medium
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Input signal bandwidth Bandwidth supported by medium  Output signal bandwidth

0 . f, A f, f,

Input signal Wide-bandwidth channel Output signal

Although the output signal is not an exact replica of the original signal, the data can still be

deduced from the received signal. Note that the frequencies that has been blocked by the
medium are not critical.
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Figure 3.22: Rough approximation of a digital signal (part 1)
(15520 Aad ) 3 LN cu i

Amplitude

|2

T Bandwidth =

-

Y

-

0 N/4 N/2 Frequency




Figure 3.22: Rough approximation of a digital signal (part 2)
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Figure 3.23: Simulating a digital signal with first three harmonics (part I)
(1 £ 5a0) Aoy AN cilh) g aa dnad ) 3 LEY) BlSlae

Amplitude . 5
Bandwidth

Z

N

T

I I )

0 N/2 3N/2 SN/2  Frequency

Digital: bit rate N

0 1 0




Figure 3.23: Simulating a digital signal with first three harmonic (part Il)
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Analog: f=N/2

Analog: f=N/2, 3N/2, and 5N/2

Table 3.2: Bandwidth requirements

(2 £5a) oY) AN cilh) g aa dnad ) 5 LEY) BlSlae

Analog: = N/2 and 3N/2

AN il o e cildlia 3.2 Jgazll

Bit Rate Harmonic 1 Harmonics 1, 3 Harmonics 1, 3, 5
n=1 Kkbps B =500 Hz B=15kHz B=25kHz
n= 10 kbps B=5kHz B=15KkHz B =25kHz
n = 100 kbps B=50KkHz B =150 kHz B =250KkHz




Figure 3.24: Bandwidth of a band-pass channel
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We cannot send the digital signal directly to the bandpass channel; we need to convert the
digital signal to an analog signal before transmission.
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Amplitude

.
-

£y > Frequency
Bandpass channel

Note that a low-pass channel can be considered a bandpass channel with the lower
frequency starting at zero.
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Figure 3.25: Modulation of a digital signal for transmission on band-pass channel
e by i SLANl (e Eull duas)y 8)LivY g2l

1 1

t

Output digital signal

Digital/analog Analog/digital
converter converter

f

Input digital signal

Input analog signal bandwidth Available bandwidth Output analog signal bandwidth
f) f,
Input analog signal Bandpass channel Input analog signal

a digital signal is converted to a composite analog signal.
At the receiver, the received analog signal is converted to digital, and the result is a
replica of what has been sent.
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3-4 TRANSMISSION IMPAIRMENT Jluw)Ml b

Signals travel through transmission media, which are not perfect.

The imperfection causes signal impairment:

The signal at the beginning of the medium is not the same as the signal at the end of the
medium.

Sgling Cusg) vy Jiil by G136 ge SHLEYI i
)LVl s $35) wusll
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(What is sent is not what is received). Al &5 Lo Gl Al )l o3 L
Three causes of impairment are: SA8le D Gl &G
1. Attenuation. —adds ]
2. Distortion. sl 2

3. Noise clm gl 3



Figure 3.26: Causes of impairment 4$lcV| uluwl
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3.4.1 Attenuation [ udqill ol szl

Attenuation means a loss of energy.
When a signal, simple or composite, travels through a medium, it loses some of its energy
in overcoming the resistance of the medium.
AUl lass sy o gd
il (b lgiBlo o yasy 24T gild dogwg JUS o «iSye ol Ao (ByLindl 6 Lu Loaic
Juugiell doglie e

That is why a wire carrying electric signals gets warm,
The wire becomes hot after a while because some of the electrical energy in the signal is
converted to heat.
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To compensate for this loss, amplifiers are used to amplify the signal.
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Figure 3.27: Attenuation and amplification
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Figure 3.28: Decibels for Example 3.28
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3.4.2 Distortion djguiill

Distortion means that the signal changes its form or shape.
Sl gl Eisa) s )L ol ity @ gl
Distortion can occur in a composite signal made of different frequencies.
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Each signal component has its own propagation speed through a medium and its own
delay in arriving at the final destination.
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Differences in delay may create a difference in phase.
Ao yall b Bys Gl 38 sl b OBV

If the delay is not exactly the same as the period duration.
Byid) 8o gudi wally guy sl oS 13

Figure 3.29: Distortion 4 5l
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3.4.3 Noise clbogall

Noise is another cause of impairment. =l Al s szl

Several types of noise, such as: «Jin guaall (e gl 5l Bae

1. Thermal noise: is the random motion of electrons in a wire, which creates an
extra signal not originally sent by the transmitter.

dwsbo] 8Ll Gl oo cellw (w6 OligySIW duilguinsdl dSyzll (o a2l cbogaall .1
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2. Induced noise: comes from sources such as motors and appliances. These devices
act as a sending antenna, and the transmission medium acts as the receiving
antenna.

&lioy 532V 0da. djiall 532Vl Oyl Jio j3baw oo Wil clbogall e daslil .2
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3. Crosstalk: is the effect of one wire on the other. One wire acts as a sending
antenna and the other as the receiving antenna.

Sy3lg Jluyl ilgd o o1y i dliay. 3V (e aolg el yif ga: Joliall Cyazdl .3
JUEiwl (wilggS

4. Impulse noise: is a spike (a signal with high energy in a very short time) that
comes from power lines, lightning, and so on.
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Figure 3.30: Noise:
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Figure 3.31: Two cases of SNR: a high SNR and a low SNR

Signal [ Noise ﬁgmi.’l\—/nglisc
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b. Low SNR

SNR s the ratio of what is wanted (signal) to what is not wanted (noise).
high SNR means the signal is less corrupted by noise.
Low SNR means the signal is more corrupted by noise

(bogall) o wsllho 1 9 Lo ] (BLb)) o wallio 9 Lo duwill o SNR
bogally wli Jsl 8Layl ol wisy adle)l SNR

clogall o ST Calli 8)Li)l (izy Laaxiall SNR
SNR = average signal power
average noise power

3-5 DATARATE LIMITS Ul Jaes 393a

Data Rate:
How fast we can send data, in bits per second, over a channel?

Obldl Jai Jase
85 e Al b Sl damy DUl Jluy) LiSay dzy yw S
Two theoretical formulas were developed to calculate the data rate:

e One by Nyquist for a noiseless channel
e Another by Shannon for a noisy channel.
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3.5.1 Noiseless Channel: Nyquist Rate  <uSiul aidliall sl

For a noiseless channel, the Nyquist bit rate formula defines the theoretical maximum bit
rate.
o Jasa) Bl oVl sl 3oz CuwsSal Sy do diobodl BLiEl duaily

BitRate = 2 X bandwidth X log,L

Bandwidth is the bandwidth of the channel.
L is the number of signal levels used to represent data.
BitRate is the bit rate in bits per second.
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Example 3.34

Consider a noiseless channel with a bandwidth of 3000 Hz transmitting a signal with two
signal levels. The maximum bit rate can be calculated as

BitRate = 2 X bandwidth X log,L

BitRate = 2 X 3000 X log,2 = 6000 bps

Example 3.35

Consider the same noiseless channel transmitting a signal with four signal levels (for
each level, we send 2 bits). The maximum bit rate can be calculated as

BitRate = 2 X bandwidth X log,L

BitRate = 2 X 3000 X log,4 = 12,000 bps



Example 3.36

We need to send 265 kbps over a noiseless channel with a bandwidth of 20 kHz. How
many signal levels do we need?

Solution
We can use the Nyquist formula as shown:

BitRate = 2 X bandwidth X log,L
265,000 = 2 X 20,000 X log,. —> log,L = 6.625 —> L = 2% = 98.7 levels

Since this result is not a power of 2, we need to either increase the number of levels or
reduce the bit rate.

(The number of bits sent per level needs to be an integer as well as a power of 2)

If we have 128 levels, the bit rate is 280 kbps.

If we have 64 levels, the bit rate is 240 kbps.

3.5.2 Noisy Channel: Shannon Capacity ¢ st 548 ;4xdlall 5Ll

In reality, we cannot have a noiseless channel; the channel is always noisy.
Claude Shannon introduced a formula, called the Shannon capacity, to determine the
theoretical highest data rate for a noisy channel:
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Bandwidth: bandwidth of the channel
SNR: signal-to- noise ratio
Capacity: capacity of the channel in bits per second.

x " . - 3,0l gl yoye: Gladdl yoye
Capacity = bandwidth X logy(I + SNR) S o
auza)l GJ) 8LVl duui :SNR
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There is no indication of the signal level, which means that no matter how many levels
we have, we cannot achieve a data rate higher than the capacity of the channel.
So, the formula defines a characteristic of the channel, not the method of transmission.
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Example 3.37

Consider an extremely noisy channel in which the value of the signal-to-noise ratio is
almost zero. In other words, the noise is so strong that the signal is faint. For this channel
the capacity C is calculated as

Capacity = bandwidth X log,(1 + SNR)
C =Blog, (1 + SNR) =Blog,(1+0)=Blog;)1=BXx0=0

This means that the capacity of this channel is zero regardless of the bandwidth.
In other words, we cannot receive any data through this channel.

Example 3.38

We can calculate the theoretical highest bit rate of a regular telephone line. A telephone
line normally has a bandwidth of 3000 Hz (300 to 3300 Hz) assigned for data
communications. The signal-to-noise ratio is usually 3162. For this channel the capacity
is calculated as

C = Blog, (1 + SNR) = 3000 log,(1 + 3162) = 3000 X 11.62 = 34,860 bps

This means that the highest bit rate for a telephone line is 34.860 kbps.
If we want to send data faster than this, we can either increase the bandwidth of the line
or improve the signal-to-noise ratio.

3.5.3 Using Both Limits 3 gaall 3 afadiu)

In practice, we need to use both methods to find the limits and signal levels.
By LVl Ol giog 3932l e Cazal) Guglwll VS plaziwl Wl dolxy o2 dalasd] dwylasdl (pb

The Shannon capacity gives us the upper limit.
odeVl ol lidass ogilis 8y08

The Nyquist formula tells us how many signal levels we need.
g Sl g Gl 8LVl O gilue dae oS Lz Cuwsol dsy



3.6.1 Bandwidth 32 5l @Uaill (ym 5

One characteristic that measures network performance is bandwidth
530,101 Gl yoye o dSail bl yulai ol Baslg djean diuo

However, the term can be used in two different contexts with two different measuring
values:

e bandwidth in hertz.

e bandwidth in bits per second.
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Example 3.42 - Example 3.43

The bandwidth of a subscriber line is 4 kHz for voice or data. The bandwidth of this line
for data transmission

can be up to 56,000 bps using a sophisticated modem to change the digital signal to
analog.

If the telephone company improves the quality of the line and increases the bandwidth to
8 kHz, we can send 112,000 bps.

3.6.2 Throughput &alay)

Throughput is a measure of how fast we can actually send data through a network.
Bandwidth in bits per second and throughput are different.

A link may have a bandwidth of B bps, but we can only send T bps through this link,
with T always less than B.
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Example: we have a link with a bandwidth of 1 Mbps, but the devices connected to the
end of the link may handle only 200 kbps. This means that we cannot send more than 200
kbps through this link.
dLaiell 83g21 oSy &l w6 Cubliue 1 go 32yl ladl yoye go bl L) :Jliall Juw e
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Imagine a highway designed to transmit 1000 cars per minute from one point to another.
However, if there is congestion on the road, this figure may be reduced to 100 cars per
minute. The bandwidth is 1000 cars per minute; the throughput is 100 cars per minute.
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Example 3.44

A network with bandwidth of 10 Mbps can pass only an average of 12,000 frames per
minute with each frame carrying an average of 10,000 bits. What is the throughput of this
network?

Solution:

We can calculate the throughput as:

Throughput = (12,000 X 10,000) / 60 = 2 Mbps
The throughput is almost one-fifth of the bandwidth in this case.

3.6.3 Latency
The latency or delay defines how long it takes for an entire message to completely arrive
at the destination from the time the first bit is sent out from the source.
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We can say that latency is made of four components:
pabic day )l (e O 5Sis Jgmasll (e O sl ) LiSay
Propagation time: )LVl o
Transmission time:  JuwVl Gisg
Queuing time: YUYl Cisg
Processing delay: ezl yusli

Latency = propagation time + transmission time + queuing time + processing delay



3.6.3 Latency Js=adl ()

Propagation time: measures the time required for a bit to travel from the source to the
destination.
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Propagation time = Distance / (Propagation Speed)

Transmission time: time between the first bit leaving the sender and the last bit arriving at
the receiver. The transmission time of a message depends on the size of the message and
the bandwidth of the channel.
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Transmission time = (Message size) / Bandwidth

Queuing time: the time needed for each intermediate or end device to hold the message
before it can be processed.
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3.6.4 Bandwidth-Delay Product _giiall ;AU - g3 8l guail) (o e

What is very important in data communications is the product of the Bandwidth and
delay.
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The product of bandwidth and delay is the number of bits that can fill the link.
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Let us elaborate on this issue, using two hypothetical cases as examples.
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Figure 3.32: Filling the links with bits for Case 1 14l b iy b g £da
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assuming that we have a link with a bandwidth of 1 bps (unrealistic).

We also assume that the delay of the link is 5 s (also unrealistic).

We want to see what the bandwidth-delay product means in this case?

This product 1 x 5 is the maximum number of bits that can fill the link. There can be no
more than 5 bits at any time on the link.

Figure 3.33: Filling the pipe with bits for Case 2 24lal) 2 cilidl byl 5 )l s e
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Assuming we have a bandwidth of 5 bps, and the delay of the link is5 s
There can be maximum 5 x 5 = 25 bits on the line.

The reason is that, at each second, there are 5 bits on the line

The duration of each bit is: 1/5=0.20s.



Example 3.48:

We can think about the link between two points as a pipe. The cross section of the pipe
represents the bandwidth, and the length of the pipe represents the delay.

We can say the volume of the pipe defines the bandwidth-delay product, as shown in
Figure 3.34.

Length: delay

Cross section: —p() Volume = bandwidth x delay )

bandwidth

Figure 3.34: Conceptofbandwidth-delay product

3.6.5 Jitter _akll

Jitter is another performance issue that is related to delay.
a3l buiye 6y el Aluwe glodill

We can roughly say that jitter is a problem if different packets of data encounter different
delays and the application using the data at the receiver site is time-sensitive (audio and
video data, for example).
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If the delay for the first packet is 20 ms for the second is 45 ms, and for the third is 40
ms, then the real-time application that uses the packets endures jitter.
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Steady Stream of Packets

Time

=

Same Packet Stream After Congestion or Improper Queuing



