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Topics Discussed

Digital Modulation

Bit rate, Baud rate

Basic Digital Modulation Techniques (ASK, FSK, PSK, QAM)
Constellation diagrams

Factors that influence the choice of Digital Modulation
Scheme — Power Efficiency, Bandwidth Efficiency



Modulation

Message Signal
(Data to be transmitted) 1 0 1 0

I
Carrier signal with 1 1 1
frequency f,
i |
I I
I I

Controlling the
Amplitude of the
carrier signal (ASK)

Controlling the
Frequency of the
carrier signal (FSK)

Controlling the
Phase of the
carrier signal (PSK) -

Modulated Signals



Analog and Digital Signals
Avaloyika kot Wnolaka Znpato

Means by which data are propagated over a medium (Ot
TpOTIOL e TOUuC ormoiouc ta dedbopeva Sladidbovral pEOW
KATIOLOU LECOU).

An Analog Signal is a continuously varying electromagnetic

wave (Eva OUVEXOLEVO EVOAAQOOOUEVO NAEKTPOUAYVNTIKO
kOua) that may be propagated over a variety of media:

Wire, fiber optic, coaxial, space (wireless)

voltage pulses (egivat pwa aAAnAouyia
Stakprtwv TaApwv taong) that can be

A digital signal is a sequence of discrete /\ /\ /\

transmitted over a wire medium:

E.g., a constant positive level of voltage
to represent bit 1 and a constant Dt

negative level to represent bit 0.



Modulation for Wireless
Digital Modulation

Digital modulation is the process by which an analog carrier
wave is modulated to include a discrete (digital) signal.
(Wndlakn dtapopdpwon eival n dStadikacio katd tnv omola €vag
netadopeac avaloylkol onuatoc StapopdwveTal ETOL WOTE va
ocuprneptAaBet eva dtakpto (ngrako) cnpa (m.x., 1 or 0))

Digital modulation methods can be considered as Digital-to-

Analog conversion, and the corresponding Demodulation (e.g.,
at the Receiver) as Analog-to-Digital conversion.

T O, | = e | == Ahuﬂ A

VAV




Modulation for Wireless
Digital Modulation

The modulation that will be applied on the (analog) carrier signal to
include the data that will be carried (e.g., 1 or 0, etc.) are chosen
from a finite number of M alternative symbols (or signal units or
signal elements) based on the Digital Modulation Technique and the
Modulation Alphabet that will be used. (H dtapopdwon mou Ba yivel
otov (avaloylko) petadopea ocAUOTOC Yyl va cupmepAaBouv tnv
nAnpodopia mou Ba petadepbel (rm.x., 1 R 0) emtAéyovtal amno Eva
TETIEPOOUEVO aApLOUO amo evaAAaKTkd cUpPoAa (onupata) availoya
ue tnv Texvikn dtapopdpwonc kat to AApabnto Atauoppwaong mou
Ba xpnotlpomnolnBeL.

Symbol Pattern1 =2 0
Symbol Pattern2 2 1

This same Modulation Alphabet have to be used both from the
Transmitter (for modulating the signal) and the Receiver (for
demodulating the signal)



Modulation for Wireless
Digital Modulation

The general form (pattern) of the
modulated signal is (H yevikn popdn evoc
SLoLHOPPWUEVOU ONUATOC):

s(t) = A(t) sin(2rt x (f. +f, (t)) t + O(t)



Modulation for Wireless
Digital Modulation

The three essential parameters that can be modulated (Ot
TPElC PAOLKEC TIAPAMETPOL TTOU UTTOPOULLE VA OLALOPPWOOULE)

s(t)=Asin(2nft+ ¢)

Amplitude value (A) ASK (Amplitude Shift Keying)
Frequency value (f) FSK (Frequency Shift Keying)
Phase value () PSK (Phase Shift Keying)

Digital modulation: Amplitude (A), frequency (f) and Phase (9)
are used to represent a digital state. (Ztnv Wndlakn
Stapopdwaon to MAATOC, N ouXVOeTNTA, Kol N GACH TOU OrHATOC
XpnoLyomotloUvToL ywa vo ovarmapaotrioouv pia Ppnolakn
Kotaotoon N TLn)



Basic Digital Modulation Techniques

Basic Digital Modulation Techniques work by varying the
Amplitude, Frequency or Phase (or a combination of them) of
a sinusoidal carrier wave depending on the information (data)
that will be transmitted and the Modulation Alphabet that will
be used.

ASK: Amplitude Shift Keying s(t)=Asin(2nft + ¢)
FSK: Frequency Shift Keying s(t)=Asin(2rft + )
PSK: Phase Shift Keying s(t)=Asin(2n ft + ¢)

Quadrature Amplitude Modulation (QAM) or Amplitude
Phase Shift Keying (APSK)

s(t)=Asin(2n ft + ¢)



Basic Digital Modulation Techniques

Types of Digital to Analog Modulation

Digital/analog
modulation

ASK FSK PSK




Basic Digital Modulation Techniques
lllustration

A(t).sin[2.r.f_.t]

= FSK__ f+t sin[2.1u.(f+f,, (1)) 4]

\ TT*}-’t sin[2.r.f_.t + O(t)]
ASK/PSK At a0

(APK) A A(t).sin[2.7Lf..t + B(t)]




Bit Rate and Baud Rate

Bit Rate is the number of bits (data) that can be carried per second.
Baud Rate is the number of signal units (or symbols) per second
used for carrying the bits (and achieve the Bit Rate).

Baud Rate can be less than or equal to the bit rate > Note that
each symbol can carry one or more bits!
Baud Rate is important in Bandwidth efficiency.

Baud rate determines the bandwidth required to send the
message signal (KaBopilel to eUpo¢ (wvng ToU armalteltal yo
va oTaAel pRvupa)

Baud Rate = Bit Rate / Number of Bits per Symbol

Thus, the lower the Baud Rate (symbols/second) the less the
bandwidth required

The number of bits that can be carried by one Symbol, depends
on the Modulation Technique used.

The Baud Rate depends on the type of Modulation used.



Bit Rate and Baud Rate
Examples

Example 1: A modulated signal carries 4 bits in each signal unit (i.e.,
symbol). If 1000 signal units (symbols) are sent per second, find the
Baud Rate and the Bit Rate

Baud Rate = 1000 baud/s
Bit Rate = 1000 x 4 = 4000 bps

Example 2: The bit rate of a modulated signal is 3000 bps. If each signal
unit carries 6 bits, what is the baud rate?

Baud Rate = 3000/6 = 500 (baud/s)

Baud rate = NV Bit rate = V
Example 3: A modulated CoJo i o 1 Jofo oo 1 o]t o] 1]0]
signal has a bit rate of 8000
bps and a baud rate of 1000 Mo o7 ] “\"" E ‘Z““a‘fzzﬁ SRS
baud. How many bits are -
Carried by each Signal Q Baudrate=N. Bit rate =3V

‘ 0 0 1 | 0 1 Q0 | 0 0 1 ‘ 0 1 0 ‘ 1 1 1 | 0

element?

Baud rate = V Bit rate = 4NV

Bits/Baud = 8000/1000 = 8

0o 0 10‘1 DOO‘IO 10‘1 1 1 Dl



Amplitude Shift Keying (ASK)

The strength of the carrier signal (Amplitude) is varied to represent
digital data (1 and 0) - Binary ASK.

Frequency and Phase remains the same while the amplitude
changes.

A sin(2rnft+¢) 1 One bit per symbol!
s(t) = A, sin(2r ft + ¢) 0 Baud Rate = Bit Rate
\ Amplitude
Ca rrier Bit rate: 5 Baud rate: 5
Modulated Signal Message signl it bt 1 bit ! bit 1 bit
Two states used x(1)

ASK signel ﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂ >
(1) UUUUUUUUUUUUUUUUUU U Time

1 baud : 1 baud : 1 baud : 1 baud : 1 baud :

ls ‘;!




Amplitude Shift Keying (ASK)

ASK is susceptible to noise and interference (evaAwto oto
OopuPBo) as noise can change the amplitude of a signal. This
can cause errors on the Receiver during demodulation.

Noise refers to unintentional voltages introduced onto a line
by various phenomena such as heat or electromagnetic
induction created by other sources.

On/Off Keying

Asin(2rtft + ¢)

Amplitude
1

4 I
1 signal
element :

Bit rate: 5
9 | 1
1

I
1 signal : 1 signal

element : element |

1s

1
0

0

1
1 signal :

element :

1 signal
element

Baud rate: 5

|

|

Time !
| |

|



Amplitude Shift Keying (ASK)

M

-ary ASK

Binary ASK has only two possible states representing only 0 and 1

M-ary ASK has more than 2 possible states.

For example, if M = 4, the ASK refers to four different Amplitudes in which
the carrier is send.

s(t) = —

As 4 states are possible, two bits can be encoded per symbol.

In general if number of possible states M > 2, each symbol can carry
log2(M) bits. This scheme is therefore more bandwidth efficient.
N

Modulation Alphabet
with 4 possible states

— A, sin(2rft + ¢)
A,sin(2rtft + )

—A,sin(2rift + o)

A;sin(2rtft + ) n

—A;=0: 00
A,=1: 01
A;=2: 10

—A,=3: 11

Example: M = 4 (4 different states)
log,(4) = 2 = 2 bits/symbol
-> Baud Rate= N, Bid Rate= 2N



Frequency Shift Keying (FSK)

The frequency of the carrier signal (f,) is varied to represent digital
data (1 and 0) - Binary FSK (2 frequencies: f, and f,)

Both peak amplitude and phase remain constant.

In this case the carrier switches between 2 values (two states; M = 2):
Asin(2r (f,)t+¢) >0
s(t) = {
Asin(2re(f,)t+¢) =21

Amplitude
A
Bit rate: 5 Baud rate: 5
Message signal 1 bit 1 bit 1 bit 1 bit 1 bit
x(t) 0 : 1 1 0 1
FSK signal

(1) Baud Rate = Bit Rate

1 baud | 1 baud | 1 baud : 1 baud 1 baud

A

ls

Y



Frequency Shift Keying (FSK)

Binary FSK has only two possible states representing only 0 and 1

M-ary FSK has more than 2 possible states.

For example, if M = 4, the FSK refers to four different frequencies in which

the carrier is modulated and send.

As 4 states are possible, two bits can be encoded per symbol.

01 11 00 10 Baud Rate = Bit Rate/2 > Reduces
N A : ;/’\.\ ill.""ll N I.'“'Il §|“| |I'|| ||'|| || ||'|| ||'|| | ; the Re qu ired Bandwidth to half
NAWAN AR A
\ T Modulation
1 \ ‘\/’f i |\ |U Uil | |u| '.'l | || |I.|i Alphabet
—Asin(2r (f;) t + ) - 00
S(t) = Asin(2r (f,) t + @) - 01
~ | Asin@@2r(f,)t+d) D10
—Asin(2r (f)) t + ¢) 2> 11




Frequency Shift Keying (FSK)

FSK is not susceptible to noise interference as it
avoids noise interference by looking at frequencies
(change of a signal) and ignoring amplitudes.

Because the Receiving device is looking for specific
frequency changes over a given number of periods,
it can ignore voltage spikes. (O Receiver kottalel
LLOVO YL OUYKEKPLUEVEC AAAAYEC OTN CUXVOTNTA TOU
HETOPOPED ONUOTOC OE CUYKEKPLUEVEC TIEPLOOOUC
(meplodoc evoc signal unit)) kat ayvoet aAAayec otnv
taon (mAatoc) Tou onuotoc.)



Phase Shift Keying (PSK)

The phase of the carrier signal is varied to represent digital data (binary O or
1), i.e., Binary PSK (BPSK)

Both peak amplitude and frequency remain constant as the phase changes.

Phases are separated by 180 degrees. A ®
If we start with a phase of 0° to represent bit 0, then we &,«";
can change the phase to 180° to send bit 1 (or inversely). & i
The Constellation or phase-state Diagram shows the \,*‘&A - i
relationship by illustrating only the phases. o

Amplitude

A Baud Rate = Bit Rate

Bit rate: 5 Baud rate: 5

A sin(2rt f t + 0°) 0
Messag:)signal 1 bit 1 bit 1 bit 1 bit 1 bit S(t) - {
T Asin(2rtft+180°) 1

PSK signal
s(t)

Bit Phase

Time ‘

Y

[ =]

0 0 .
1 180

1 baud i 1 baud E 1 baud i 1 baud E 1 baud

Bits Constellation diagram

Is

A
Y




Phase Shift Keying (PSK)
Phase Shifts Examples

Phase Shifts Example

PPPPPPPPPPPPPPPPPPPP

270° Reference signal

~Y



Phase Shift Keying (PSK)

PSK is not susceptible to noise degradation that
affects ASK, neither has the limitation of FSK that
needs to repeatedly tune at different frequencies
(i.e., no need for filtering the signal of different
frequencies 2 simpler demodulator needed).

Simple to implement, and is used extensively in

wireless communication. \




Quadrature Phase Shift Keying
(QPSK)

QPSK refers to PSK with 4 states.

The “Q - Quadrature” in QPSK refers to four phases in which a carrier is
modulated and send in QPSK. Also, called 4-PSK.

Because QPSK has 4 possible states, QPSK can encode two bits per symbol.

Because 2 bits are allocated to each symbol, QPSK can achieve twice the
Data Rate of a comparable BPSK scheme for a given bandwidth.

Dibit

Phase

00
01
10
11

90
180
270

Dibit

(2 bits)

Example: Relationship between different phases:

Amplitude Amplitude

01 lf\ /\ Time ]\ AN Time,

’
VARV, B
Phase = 0 degrees Phase = 90 degrees
10® ® (0
Amplitude Amplitude
1 I /\ (\Time, I (N Time,
Constellation diagram l/ U \

Phase = 180 degrees Phase = 270 degrees



Quadrature Phase Shift Keying

(QPSK)

Amplitude

Bit rate: 10 Baud rate: 5
Message signal 2 bits 2 bits 2 bits 2 bits 2 bits
x(t) 01 5 10 10 11 00
QPSK signal
s(t) : :
VRTRVRVE/AVAVRVRVAVAVAVR R'R'R'A RVATATAY
1 baud i 1 baud i 1 baud : 1 baud | 1 baud |
< | | ls “!
Two Modulation Alphabets
—Asin(2nft+ ¢,) —¢,=0°
Asin(2rft+ ¢, =90°
st) = A SMERSEEO) * o eme OR
Asin(2rtft + ¢,) ¢$; =180
—Asin(2nft+¢,) — ¢, =270°

Phase Data
45 00
135 01
225 11
315 10

(01)

Time

(00)

(11)

— ¢, = 45°
b, = 135°
b, = 225°

— ¢, = 315°

00
01
10
11

(10)



Constellation Diagrams
Alaypappoto ActeEpLopoU

It is a convenient way to represent the symbols (define
the amplitude and phase) of the Modulation Alphabet
that will be used for modulating signal carrier and
transmitting the signal. (Elvou €voc eUkoAoc Tpomoc yla va
avaTapooTACOUUE T OUMBoOAa tou AAdoaPrtou
Alopopdwone mou  Ba  xpnowuorownBolv  yla 1N
Slapopdwon Tou petadopEA ONUOATOC VLol TNV ATTOCTOAN
TOU ONpaToc)

Examples:
O p

01/." “.\11

>

0e_ |

a. ASK (OOK)

b. BPSK

c. QPSK




Constellation Diagrams
Circular Constellation Diagrams

Examples:

A

e A
e &

(a) Circular 4-QAM (b) Circular 8-QAM (c) Circular 16-QAM




Constellation Diagrams
Rectangular Constellation Diagrams

Examples:
A ° . ﬁ ° 0g° o&oJrsA 1§°  @°
o ® ¢ ‘® @ @
> —@ o .
o o 0%1 oﬁl_1 13%1 1@’1?
Rectangular ® ¢ o $ @°: @ ‘¢
4-QAM

Rectangular
8-QAM Rectangular

16-QAM:



Higher Order Modulation: 8-PSK

We can extend the Modulation Alphabet, by varying the 010
signal by shifts of 45° (instead of 90° in QPSK). (Mmopoupe o 001
va  enekteivoupe 1o AAPpaBnto Awapopdwong HE TO
HETABAAAOUE TO OO UE HETOTOTILOELC 45° tapd 90° omwg
-co QPSK) 101 ! 111
With 8 (23) different phases, each phase (i.e., signal unit or  Censtliation diagiam
symbol) can represent 3 bits. Baud Rate = Bit Rate/3 - Reduces
the Required Bandwidth to one third

100 @ ® 000

—Asin(2rnft+¢,) 000 — ¢,=0°
. _ Using the
A s!n(ant *d;) 001 b, = 45° Constellation | Tribit | Phase
Asin(2rnft+d¢;) 010 ¢; =90° Diagram we 000 | 0
S(t) = Asin(2nft+d¢,) 011 ¢, = 135° can easily 001 45
Asin2nft+d;) 100 ¢;=180°  Producethe | )\ |
. ~ odulation 100 130
Asin2rft+dg) 101 g = 225° Alphabet 101 225
Asin(2nft+¢,) 110 ¢, = 270° 110 270
_Asin(2rft+¢,) 111 — ¢, = 315° . 315




Higher Order Modulation: M-PSK

Obviously the bandwidth efficiency of a M-ary PSK scheme increases
as M (the number of possible states) increases because more bits
per symbol can be sent

...however the distance between 2 points in the constellation is
reduced and therefore the possibility for decoding the symbol
incorrectly at the receiver increases.

e

BPSK QPSK 8-PSK 16-PSK
As M increases, the bandwidth efficiency increases but the

waveform energy (i.e., the transmission power used to send the
symbol) must be increased to keep the BER at a certain level.




Quadrature Amplitude Modulation
(QAM) — Phase and Amplitude Modulation

PSK is limited by the ability of the equipment to distinguish
between small differences in phases.

Limits the potential data rate. (Meplopilet To mBavo data
rate)

The principle of Quadrature Amplitude Modulation (QAM) or
Amplitude Phase Shift Keying (APSK) is to have X possible
variations in Phase (X miBavec diadopetikec paoelg) and Y
possible variations of Amplitude (Y mBava O&iadopetika
nAaen) .
Up to X e Y possible variations = More different states that
the carrier signal can be modulated, therefore more bits can
be carried per symbol = Therefore greater Data Rates and
Throughput.

QAM (or APSK) is an application of ASK to PSK (Edappoyn
Tou ASK tavw oto PSK)



Quadrature Amplitude Modulation
(QAM) — Phase and Amplitude Modulation

Example: 8-QAM example Iou
Two (2) possible different Amplitudes (A1 =1, A2 =2) Lo10
Four (4) possible different Phases (0°, 90°, 180°, 270°) o, ™ s LN
Total of 8 QAM symbols = 3 bits per symbol t““
R Baud Rate = Bit Rate/3 Tm
A g o s i e Modulation Alphabet
3bits 3bits  3bits  3blts  3bits  3bits  3bits 3 bits A =1, Phase = 0°: 000
ol B Rl il st Bt ol el A =2, Phase = 0°: 001
m 5 ﬁ \ ﬂ f ﬂ ﬂ A =1, Phase =90°: 010
[\ ﬂ 0 h & g {"\ /\ k A =2, Phase = 90°: 011
U U U U@ @ 7 U \ nme A=1,Phase=180° 100
U U U ‘ :U U ) U \ A =2,Phase=180°: 101
: : : ' A =1, Phase=270°: 110

| haud | baud | baud | baud | bad | baud | bauwd | baud

A =2, Phase =270°: 111

= Is >



Quadrature Amplitude Modulation
(QAM) or APSK

We can have numerous possible variations (Atadopec
rnibavec mapaAiayec) of Phase Shifts and Amplitude shifts

However the Number of Phase Shifts should selected to
be GREATER than Number of Amplitude shifts. (Why??)

A 3 amplitudes, 12 phases 4 amplitudes, 8 phases 2 amplitudes, 8 phases
------------ @ - -
’ & @ ® @ |
A @ ® 3 LR " »
b’e’// | ra ‘ :
& [ ° @ ¢ e . & . <
_@6‘%' ; O--@ - - b o 9. °---o
C":}o/.” I O 25 S,
& ! Y . Y o SESa— s 1 e
# ‘ \ ~ - ’ .
,/ Angle: phase ! % @ & ® ® : »
! ® ® @ &
. & (]
16-QAM 16-QAM 16-QAM

16-QAM for example:
There are sixteen QAM symbols = 4 bits per symbol.
A variety of constellations diagrams can be used



Quadrature Amplitude Modulation
(QAM)

More higher order modulation

64-QAM (64-Quadrature Amplitude Modulation)
Each symbol now carries 6 bits (i.e., log,(64))

Going higher:
256-QAM
8bits/symbol (log,(256))
1024-QAM

10bits/symbol (log,(1024))




Why Not Just Keep Going?

With Higher Order Modulation schemes

Minor errors during modulation could create
symbol errors in transmission

Even a little noise in the transmission channel could
create symbol errors

Minor inaccuracies in the Receiver could create
errors

Signal-to-Noise requirements increases with higher
order modulations (thus more power have to be
used during transmission —> more interference
caused in the cells)



Bid and Baud Rate Comparison

Assuming a Binary-FSK signal can
send 1200 bps, it requires 1200
signal units (symbols) to send 1200
bits (each symbol represents one
bit, Baud Rate = 1200 bauds/s)

Assuming an 8-QAM (3 bits per
symbol), using the same baud rate
(1200 bauds/s), 3600 bits/s will be
achieved (3 x Bit Rate).

Modulation

Baud rate = NV Bit rate = V
Lofofafofufofofofifofrfofr]ofr]o]

Baud rate = N Bit rate = 2N

| 0 0 | 1 0 ’ 1 0 0 0 | 1 0 1 0 | 1 1 | 1 0 ‘
!ﬁ Baud rate = NV Bit rate =3V

‘ 0 0 1 | 0 1 a 0 0 1 ‘ 0 1 0 ‘ 1 1 1 | 0
!ﬂ Baud rate = NV Bit rate =4V

‘ 0 0 1 0 ‘ 1 0 0 0 ‘ 1 0 1 0 ‘ 1 1 1 0 ‘

Bits/Baud

Baud rate

ASK, FSK, 2-PSK Bit 1 N N

4-PSK, 4-QAM Dibit 2 N 2N
8 PSK, 8-QAM Tribit 3 N 3N
16-QAM Quadbit 4 N 4N
32-QAM Pentabit S N SN
64-QAM Hexabit 6 N 6N
128-QAM Septabit 7 N N
256-QAM Octabit 8 N SN




Bid and Baud Rate Comparison
Examples

A constellation diagram consists of eight equally spaced points
on a circle. If the bit rate is 4800 bps, what is the baud rate?

The constellation indicates an 8-PSK with the points 45
degrees apart. Since 23 = 8 (N = log, (8) = N = 3) then 3 bits
are transmitted with each signal unit (symbol).

Therefore, the baud rate is 4800 / 3 = 1600 baud/s.

What is the bit rate for a 1000 baud/s 16-QAM signal?

A 16-QAM signal has 4 bits per signal unit (symbol) since
log,16 = 4. Thus, (1000 x 4) = 4000 bps

Compute the baud rate for a 72,000bps 64-QAM signal.
A 64-QAM signal has 6 bits per signal unit (log,64 = 6).
Therefore 72,000 / 6 = 12,000 baud/s



Factors that influence the choice of
Digital Modulation Scheme

Some Performance factors considered (depending on
the environment):

Achieve Low Bit Error Rate (BER) at low SNR or
SINR (Na emttuyxavetl xounAd mooooto oPpAALATOC
dedopEVwy PE YapnAn EVEPYELO O LLATOC)

Efficient use of battery power in Mobile Device (Na
KAVEL artodOoTLKN Xpon TNEG MIATAPLOC OTLC KIVNTEC
OUOKEUVEC)

Resistance to Interference and Noise (Avoyxn oTLC
nopepBoAEc kat to B6pufo)



Factors that influence the choice of
Digital Modulation Scheme

Occupying a minimum amount of Bandwidth to
send the data (Na deopevel 0oo to duvato Lo Alyo
gupoc {wvnc yla va oteihel ta Sedopeva)

Easy and cheap to implement in a Mobile Device (H
TEXVLKN va elval dtnvn Kot eVKOAN va uAormotnBet
OTLC KIVNTEC CUOKEVEC)

No existing modulation scheme simultaneously
satisfies all of these requirements well.

Each one is better in some areas with tradeoffs of
being worse in others.



Factors that influence the choice of
Digital Modulation Scheme

The performance of a modulation scheme is often
measured in terms of its:

Power Efficiency: Refers to the ability to preserve
the fidelity (no errors) of a digital message at low
power levels (i.e., low SNIR) (Mepwypadel tnVv
Ikavotnta  dlatnpnong TNG OKEPOLOTNTA  €VOC
unvopoatoc (no errors) og xapunAa emnimedo Loxvog
TOU onpatoc)

Bandwidth (or Link Spectral) Efficiency: Refers to
ability to “squeeze” as much data into the least
amount of bandwidth available (Mepwypadel tnv
ikavotnta  “ouumieonc” oOoov  TEPLOCOTEPWV
dedopevwy oto ehayxLoto dlabeotpo evpoc lwvnc)



Factors that influence the choice of
Digital Modulation Scheme

Power Efficiency:

In order to increase noise immunity, it is necessary to
increase the signal power. (l'a va avénocouvpue TNV avoaoia
EVOC onuato¢ oto BopuPo mpemeL va auénoouve TNV
evepyela (LoxVy) pe tnv omnola Ba to otelAouE)

The amount by which the signal power should be

increased to maintain a certain BER depends on the
modulation scheme.

Higher Order Modulation = Higher Signal Power.

The Power Efficiency is expressed by the value of SNIR
required at the Receiver to decode the signal correctly
and guarantee a certain BER (The lower the SNIR required
the higher the Power Efficiency).



Factors that influence the choice of
Digital Modulation Scheme

Bandwidth (Link Spectral) Efficiency:

Is typically used to analyse how efficiently the
allocated bandwidth is used by the modulation
technique (Xpnolpomoteitat yia va avaAUCOUE TTOCO
arodoTIKA xpnotlpornoleital to Stabeoipo eVpoc {wvng
aro TNV TEXVIKN Stapopdwaon ).

It is defined as the average number of bits per unit of
time (bits per second) that can be transmitted per unit
of bandwidth (per Hertz).



Factors that influence the choice of
Digital Modulation Scheme

Bandwidth (Link Spectral) Efficiency:

s the net data rate (useful information rate

excluding error-correcting codes) or maximum
throughput*® divided by the available Bandwidth (in

hertz) of a communication channel.

It is measured in bits per second per Herz (bps/Hz)

R ,_
175 :E bPS-""HZ R : data rate B: RF BW

* Throughput or network throughput is the rate of successful message delivery
over a communication channel. A typical method of performing a measurement is
to transfer a 'large’ file from one system to another system and measure the time

required to complete the transfer or copy of the file. The throughput is then
calculated by dividing the file size by the time required to complete the transfer.

Then the throughput can be measured in megabits, kilobits, or bits per second.



Factors that influence the choice of
Digital Modulation Scheme

Bandwidth Efficiency Examples:

Example 1: What is the bandwidth efficiency of the
modulation technique when 2 Kilohertz of
bandwidth is required to transmit 1000 bps?

1000bps/2000Hz = 0.5 bps/Hz

Example 2: What is the bandwidth efficiency of the
modulation technique when 3 Kilohertz of
bandwidth is required to transmit 12000 bps?

12000bps/3000Hz = 4bps/Hz



Factors that influence the choice of
Digital Modulation Scheme

Very often there is a tradeoff:

M-ary schemes increase the Bandwidth Efficiency but
require Higher Transmission Power (than Binary
modulation schemes) to keep the same Bit Error Rate
- Lower Power Efficiency. (Kavouv tnv xpnon tou
gvpou¢ (wvng To amodotTikn aAAa ypelaletol
MEPLOOOTEPN LOYUC KATA TNV  OUTOOTOAN  TWV
dedopevwy yla val €lval To onua 1o duvato Kol va
uropel o Receiver va 10 avayvwplosl Kol vo TO
amokKwoOLKoToloel owota dlatnpwvtac €tol to BER
oTa ETUMESQ IOV TIPETIEL)



Factors that influence the choice of
Digital Modulation Scheme

Very often there is a tradeoff:

Power Efficiency can be increased by adding Error Control
Coding in the packets transmitted but reduces the
Bandwidth Efficiency as Redundancy is transmitted too.
(Mmntopoupe va avénooupe to Power Efficiency pe to va
npooBeooupe error control codes Katd TNV AmMOCTOAN TWV
TIOKETWV AAAQ AUTO pelwvel To Bandwidth Efficiency adou
oteAoupe eruumA€ov (Un xpnolun) mAnpodopia)

Error control (error detection and correction) are techniques that enable reliable
delivery of digital data over unreliable communication channels. Many
communication channels are subject to channel noise, and thus errors may be
introduced during transmission from the source to a receiver. Error detection
techniques allow detecting such errors, while error correction enables
reconstruction of the original data in many cases.



Epwtnoelg;



Additional Slides



Modulation

Modulation is the process of encoding information (the
data that we want to transmit) from a message source in
a manner suitable for transmission through a medium
(i.e., the air) (Eivar n O&ladikacio kwdlkomoinong tTNg
nAnpodgoploc (tou mnyaiov pnvopotoc) mou BEAoUE va
otelloupe, o pwa popdn n omoia eival KAtaAAnAn ya
uetadoon HECOW KATIOLOU pEoOU (TT.X., oTOV agpa))

Modulation is used to modify the parameters of a high
frequency carrier signal (i.e., Amplitude, Frequency,
Phase), so as to include a message signal (which contains
the information) onto the carrier (i.e., the channel).



Why Modulate?

Ease of radiation (EukoAia ekmoumnic) =2 Reduce
antenna size: The size of an antenna is proportional
to the signal wavelength.

By modulating the baseband signal (i.e., the message)
into higher frequency carrier, the wavelength
decreases, and thus the size of the antenna

decreases.
The size of antenna «< A/4 = c/4f. E.g.:
3 kHz = 25 Km antenna
3 GHz = 2.5 cm antenna



Why Modulate?

Allows the message data to be encoded into a form
(i.e., into a Carrier signal with higher frequencies)
suitable for Traveling Long Distances over the air:

E.g., If we wish to throw a piece of paper, it cannot
go too far by itself. But by wrapping it around a

stone (carrier signal), it can be thrown over a longer
distance!

Concept of Modulation

vvvvvvv




Why Modulate?

Bandwidth Efficiency (Amodotikl xprion tou diaB<cipou
gvpov {wvng)
By modulation we can use a narrow bandwidth (xprion
HLKpOU gvpoc Lwvng) to send a large amount of data 2>
Higher order modulation schemes (8-PSK: 3 bits/symbol,
16-QAM: 4 bits/symbol, 64-QAM: 5 bits/symbol) can be
used depending on the environmental conditions.

Effective use (AmoteAeopatikn xpnon) of limited
frequency resources

A carrier alone conveys no information

A carrier signal by itself is like a “train wagon” without
letters = Modulation makes the signal carrier “usefull”.
Includes the information that will be transmitted.



Why Modulate?

Allows simultaneous transmission of several signals
(Multiplexing; MoAumAegéia — MoAAoiL xpnoTeC unopouv va
oteilouv Ta OebopEva toug TNV Ola wpa xwplic va
npokaAovvtol topeUBoAEC)

By modulating different signals into different carriers
(with different frequencies) several users can transmit
their signals at the same time (avoid interference). The
Received parties will just tune (ocuvtovifovtal) to the
correct Frequency Carrier to receive the signal.

Good Security features (AodpaAera dedopevwv)

Greater security (encryption - kpuntoypadnon) on the
data can be applied during modulation.



Multipath Propagation Effect on
Signal Demodulation at the Receiver

In the example illustrated below, we assume that the Receiver receives two
copies of each signal, from two different paths (Direct Path, Reflected) each
path having a different length --> Each signal copy will arrive to the Receiver
in different times (delays) and with different amplitudes.

Signal 1 L Signal 2 | ISignal3

Direct

Reflected

Result

iTiG T
Effect of Multipath Propagation




Multipath Propagation Effect on
Signal Demodulation at the Receiver

The two paths are of lengths we can call Z (direct) and 2’ (indirect). This
allows us to define the time delay (dt) between their relative arrivals to be

dt=(2"-2)/C C is the speed of light
The above shows why it is useful to have a Guard Interval (Tg), in between
the Useful Symbol Periods (T).

For this case, if we arrange for T; > dt then the delayed version of each
symbol will have finished arriving before the next symbol in the sequence
starts to arrive.

This prevents the pattern transmitted for a Sgw1 Sge2 sgels

given symbol from affecting what we see :‘
during the next symbol period. s i
0//‘

ISI makes it harder for the receiver to |~ . /refecin WW\/WNREM
demodulate the symbols correctly. C:) LM

The larger the T;=> The lower the possibility
for ISI=> The less the number of symbols
that can be transmitted per second—> The

Direct

Result

@ T =
Effect of Multipath Propagation

lower the data rates achieved.



Multipath Propagation Effect on
Signal Demodulation at the Receiver

The addition of the delayed contribution via the ‘Reflected’ path has two
consequences:

The symbols have been extended and now have a ‘“tail’ due to the
reflected contribution continuing to arrive for a short period after the
direct symbol has ended.

The Received Result has its effective Amplitude and Phase altered by an
amount that depends on the time difference between the paths.

If higher order modulation i Signal 1~ Signal2  Signal 3
schemes are applied, even a - 1

minor alteration on the Direct path 1 Direct
amplitude or phase of the TX//
signal will cause wrong signal O\ Reflection  Reflected

T Result

Interpretation at the Receiver CD

Propagation Delay: Length of the path that
the signal follows to reach the receiver

(2), divided by the Speed of Light (C) Effect of Multipath Propagation




