Amplitude & Frequency
Modulations (09)
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»olgnals & Systems” ©Zdzistaw Papir

2



Definition of modulation

Modulation involves three signals:

« information carrying signal = modulating signal x(t)
e carrier c(t)

 modulated signal y(t)

* Modulation is mapping of information signal x(t)
Into one of the parameters of the carrier c(t).
* The output signal y(t) is called the modulated signal.

X (1) @(t)
» MODULATOR .

C(t)‘ ;
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Amplitude Modulation (AM-DSB)
(AM-Double SideBand)

carrier:c(t)= A cosat, a, =2,
modulated signal : y ., (t) = kA x(t )cos aw,t t
k - modulator constant

—kAX(t)

x(t) Y (1) = KA X(t)cos ot

*l MODULATOR >

‘c(t) = A, Cosat

The amplitude kAyx(t) of the modulated signal fluctuates according to
variations of the modulating signal. 4
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Phase Modulation (PM)

c(t)= A cosmt, m, =24,

Yem (t) = A COS[a)O'[ + kX('[ )]
k - modulator constant

X(t) You (£) = A, coslgt + kx(t)]

*l MODULATOR

|

c(t)= A, cosmyt

Instantaneous phase deviation kx(t) from the linear trend wgt of the
modulated signal fluctuates according to variations
of the modulating signal. 5

»olgnals & Systems” ©Zdzistaw Papir



Frequency Modulation (FM)
c(t)= A cosat, w, =2, \AN\/\/\/W\ANWV\/\/’
o(t) = a, +kx(t)
Veu ()= A, cos[ j; o(z)d r} = A cos[a)ot +k J: x(7 )d r}

k - modulator constant

X(t) YeulD)= A at+ k[ x(e)ar|

*l MODULATOR

‘ c(t)= A, cosamyt

Instantaneous frequency deviation kx(t) from the carrier frequency
w, of the modulated signal fluctuates according to variations
of the modulating signal. 5

»olgnals & Systems” ©Zdzistaw Papir



Frequency Modulation vs
Phase Modulation

WORKIIN \
PROGRES

x(t) : FM
- jox(f)df — MoD.PM  }——

‘ c(t)= A, cosat
1. Prove that the PM modulator can produce the FM signal
provided the information signal gets preintegrated.

2. lIs it possible to force the FM modulator to produce
the PM signal?

3. What are your conclusions in terms of spectral analysis
of either PM or FM modulations?

7
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Spectra of information
source signals

Raw data — baseband — up to ...?

8
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Purposes of using modulation

1. Access to different parts of electromagnetic spectrum

Wavelength (m)
10° 108 108

10°€ 104 102  10° 10?

1016 1014 1012 101 10°%
y rays X-rays uv IR Microwaves Radio waves

Short wavelength 7 S~ Long wavelength

High frequency e S Low frequency

High energy 7 Visible light Sso Low energy
Microwave - MHz .
400 700
Wavelength (nm)
Satellite - GHz

Fiber — narrow frequency window at THz

»olgnals & Systems” ©Zdzistaw Papir



Purposes Purposes of
using modulation

Wy

2. Improvement noise |mmun|ty of transmission

TRANSMISSION RECEIVER |—>
CHANNEL _4 s

nZal

modulation wideband detection
(white) noise

TRANSMITTER |—
A

- Improvement of the Signal to Noise Ratio (SNR)

SNR (modulation) > SNR (baseband system)

10
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http://en.wikipedia.org/wiki/Image:White-noise.png
http://en.wikipedia.org/wiki/Image:White-noise.png

Purposes of using modulation

Frequency

3. Simultaneous transmission . Wi s W . W
of several signals in a channel
3. Division:Multiplex-

Time

Z Z Z Z
% Z ? 1
Z Z ; z
oo, B s P11 I 0PI P12, ..,,,,,4/”,,,,..”,,um,,..,'p,m,,m,,,,mm,m,»"m,—/&,pm,,»,mm,..»
3 serisresty 3 : 3
Z Z
Z

interleaved signal spectra

Frequency (FDM)

e BN

interleaved data blocks Time (TDM) 1
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——
The lunch for free does not exist

#1 Access to different parts
of the electromagnetic spectrum

#2 Better noise immunity of transmission

#3 Frequency and/or Time Division Multiplex
of transmission channels

#4 SPECTRUM WIDENING
(all modulations increase the bandwitdh)

* B [Hz] or W [rad/s] — bandwidth of the modulated signal
 f [Hz] or w,, [rad/s] — bandwidth of the modulating signal

bandwidth widening
(expansion) coefficient

12
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Definition of Demodulation

Modulation is mapping the information signal
onto the carrier.

X(t)

y(t)
MODULATOR >

c(t) ‘

Demodulation is stripping the information signal
from the modulated carrier (an inverse operation to modulation).

y(t)

>

DEMODULATOR

X(t)

c(t) ]

13
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Definition of Detection

Detection is STRIPPING the information signal
from the modulated carrier in a noisy environment
(detection = demodulation of signal corrupted by ANGN).

y(t) + ANGN
X(t) + noise
%) DETECTION g
ﬁ

c(t) ‘

14
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X(t)

Digital - Analog

* MODULATOR

y(t)

>

Analog waveform
sin or cos waveform (A)

Digital waveform
sequence of pulses (D)

1

C(t) ‘ Digital - Analog

I\I\I\I\I\I\I\’

\I\I\I\I\IV\# ]

>
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Classification of Modulations
carrier m

Classics
AM

QAM

FM SSB

A

0010101...

FL\/z

information
signal

Sampling
theorem

Line codes

NRZ Miller

PRS

PAM PFM

HDB PDM

16
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Amplitude Modulation (AM)

Vau (t) = KA X(t)cos ot + A, oS m,t
| J 1
Y

Modulation (AM-DSB) Unmodulated carrier
(information part of AM) (for envelope detection)

no overmodulation
1+ kx(t) >0 for envelope detection

17
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Amplitude Modulation (AM)
(no overmodulation: 1 + kx(t) 20

Vau ()= A [L+ kx(t)|cos et

Positive peaks of the AM signal do follow the modulating signal. The
envelope is defined as a curve joining positive (negative) peaks. The
»envelope” of AM peaks coincides with the modulating signal.

Note: the envelope can be reproduced in the transmitter even though it
IS not transmitted.
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Amplitude Modulation (AM)
(overmodulation: 1 + kx(t) £ 0)

Yan () = Ay [L+kx(t)]cos oyt

M ((AO\Hkx(t)\
| r
n

A

% \udhjkg]\

Neither positive peaks (upper envelope) or negative peaks (lower
envelope) of the AM signal do follow the modulating signal.

19
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Amplitude Modulation (AM) —
single tone

Single tone modulation: X(t) = acoS@.t
Yam(D)=Ao[1 + kx(t)] cosaxt
Yam(D)=Ay(1 + ka cosm,t) cosapt

ka = m — modulation (depth) index

Yau(t)= A (L+ mcosa, t)cos ayt

Determine the phasor diagram for the single tone

AM signal.
\PROGRES
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Amplitude Modulation (AM) —

single tone
t Yo = AL+ mcosw,_t)cos wt

- Modulation depth index informs how much the carrier
amplitude is changed by the modulating (information) signal.
. In order to avoid an overmodulation effect the modulation

Index has to be keptas m < 1. ’1
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Amplitude Modulation (AM) — spectrum
Y (t) = Ap[L+kx(t)]cos et

> —————
™~
N-
-~
~
~
~
~
\\
N
1

Wy Oy By Byt Dy

Determine and sketch the spectrum of the single tone
»wSignals & Systems” ©Zdzislaw\Papir
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AM Demodulation

Two possible demodulation techniques:

- AM signal - envelope (honcoherent) demodulation (needs

transmission of unmodulated carrier)

- AM-DSB - Coherent (synchronous) demodulation (needs

synchronization of receiver-transmitter or coherent carrier

recovery at a transmitter

23
»olgnals & Systems” ©Zdzistaw Papir




AM Envelope (noncoherent) Demodulation

envelope e(t)= A J1+kx(t)]~ x(t)

Yau AL+ kx(t) cos @t

LU A

Peak Value Detector (°) ldeal Low
—> & Interpeak —> Pass Filter [—>

Approximation
}
|

AM Envelope Detector (no carrier recovery at a receiver is necessary)

What is the scale of an envelope detection?
Let f, =5 kHz and f, = 225 kHz
The envelope is ,peak sampled” with the frequency f, = 225 kHz

which is well over the Nyquist sampling frequency 2f_, =10 kHz . 24
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Envelope Detection — overmodulation

errors 1 +kx(t) < 0

/ — o) = A |1 +kx() |

~
\%

P
s

Overmodulation contributes to detection errors as the peak detector
detects the absolute value of the envelope A, | 1 +kx(t)| rather than

the envelope itself Ay[1 +kx(t)].
N

25
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AM-DSB Coherent (synchronous) Detection

Y am-pss (t) = kA, COS ay,t

COS it
0 2c0s° o =1+ Cc0os2a

Y am-DsB (t) ~x()

LPF  |—

Yam-psB (t)>< COS ﬁ)o'E = kAOX('[)COS2 W t =

V -
coherent detection

% KAX(t)+ % kAX(t)cos 2a,t —~ X(t)

o J

ILPF out

llustrate a coherent detection in the frequency domain AR
(provide suitable graphs with shifted spectra). PROGRESS/




Coherent AM-DSB Detection — phase errors

Find the output signal of a coherent receiver provided that
the carrier is reproduced with a phase error Ag.

2¢0s a cos B = cos(a — B)+cos(a + )

WORKIIN \
PROGRESS/

[x(t)cos axt] x cos(ayt + Ap) ~

~
amplitude modulation

J/

coherent%letection
~ X(t)cos Ap + x(t)cos(2am,t + Ap) >

ILPF out

—~ X(t)cosAgp

- Synchronous operation of both transmitter
and receiver is necessary.

27
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Longwave Transmitter
(Solec Kujawski)

The longwave transmitter Solec Kujawski is a longwave
broadcasting facility of the Polish Radio mainly

for the AM-LW (long wave) radio broadcasting at the 225 kHz carrier
frequency with a bandwidth of 9 kHz.

- Longwave transmitter 1.2 MW max power
- Two masts of 330 m and 289 m height

7 4

1 " Mana

Al q S
{ "\_r\h i 3

1“°J ¥ i ')—'\
' f &

51__‘! U;\ f"{
£ !

%
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AM Emissions

(radio broadcasting mainly)

LONG WAVES:
30 kHz =+ 300 kHz (10 km = 1 km)
AM Emissions:
144 kHz + 288 kHz
Distance covered:
1000 km = 2000 km
Propagation:
ground wave (incl. line of sight)
skywave

lonosphere

\ 7

¥ Ground Wave Sky Wave
* AM Radio Transmitter

Earth

MEDIUM WAVES:
300 kHz + 3 MHz (1 km = 100
m)
AM Emissions:

522 kHz =+ 1611 kHz
Distance covered:
~100 km
Propagation:
ground wave (incl. line of
sight)

29
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Amplitude Modulation -

- bandwidth efficient schemes

AM-DSB
Double SideBand
(no carrier)

K=2

>

AM
AM-DSB+carrier

K=2

>

AM-SSB
Single SideBand

k=1

>

N ISt
yquist

AM-VSB
slope "«

Vestigal SideBand
1<k<2

Dababab)

>
30
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Quadrature Amplitude Modulation - QAM
Yoan (t) = X(t)cos wyt £ y(t)sin ot

X(t)

O

COSay,t T + l Yoau ()

A

\Sina)ot T

y(t) |
X

- Prove that it is possible to simultaneously coherently
detect both signals x(t) and y(t).
. Recommend the block diagram of the receiver.
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AM power efficiency

Determine the power efficiency of the single tone AM signal:

Y (1) = A (1+mcos e, t)cos wgt WoRKINN

PROGRES

Power efficiency is defined as the ratio of ,,information power”
to the entire power of the AM signal.

Hint: convert the AM signal to a sum of unmodulated carrier
(which does not convey information)
and two sidebands (which convey information).

32



Frequency Modulation iFM)

x(t) acosa,, t
0

-a

o0 LA A AL "”/\/\/”"H
N AR AT

Instantaneous frequency deviation kx(t) from the carrier frequency

!

w, of the modulated signal fluctuates according to variations
of the modulating signal. 33



Frequency Deviation and Modulation
Index

Single Tone FM (x(t) = acosw .t )

Phase modulation index

o(t) = w, + kx(t)

o(t)= w, +kacosaw, t
- S—

Ap €= = = = = = = = = — Frequency deviation

FM frequency deviation index Aw shows how much the FM instantaneous
frequency w(t) = w, + Awcosw,t is deviating around the carrier fequency

w,. However, the FM process is a single parameter modulation due to the
relations Ag = Aw/w,,,.




MAALA AR AMA IlMWM LAAAAA A A b
L A

g\" AN A A AAAAAIAARREMIADA N A A AN HI
AT AT

H\ll “‘ ‘““MH\M“‘ ‘“ \
RV AL

FM Waves
X(t)= acosam,t
a /'
; W %
.



Frequency Deviation and
Phase Modulation Index

Single Tone FM (x(t) = acosw,t )

\ .
~ o FM phase modulation

index

oot + Apsin ot

FM phase modulation index Ap shows how much
the FM phase angle w,t + Agsin w,t is deviating around
the linear phase trend wyt.

36
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Spectrum Analysis of Single Tone FM

X(t) =acosw,t

ka .
Ve (1) = A, cos(a,t + —sin @, t)
Nl
Agp

Ve (1) = A, cos(a,t + A@sin @, t)

Yem (1) = A i J,(Ap) COS(C‘)O +Nw, )t

N=-—o0

J,.(A@) — Bessel’s functions of the 1st kind, n-th order

Spectrum of a single tone FM is composed of spectral lines
located at frequencies w, + w,,; amplitudes of spectral lines
depend on Bessel functions.
37
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Spectrum Analysis y N

(PROGRES )

of Single Tone FM

Yem (t) = Ay cos(a,t + Apsinao, t) | |
iApsinet - jort Find the exponential Fourier
= A Re{e "€ } series of a single tone FM

Exponential Fourier Series

J.(A@) — Bessel’s functions of the 1st kind, n-th order

38
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Spectrum Analysis N
of Single Tone FM ) 4

ejA(psin Oyt _ Z \Jn (A¢)ejnwmt

N=-—o00
o +7r/a)m_ _ _
Jn(A(D)Z i jeJA¢SIn a)mte—Jna)mtdt _
—7/ oy,
_ i ej(Agosin r—nr)dz_; a)mt — 7
27T

J.(A@) — Bessel’s functions of the 1st kind, n-th order

39
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Spectrum Analysis
of Single Tone FM

You (1) = A Refe 7" rfe e | %{ejw°t 2. Jnmco)e"”“’”‘t} )

N=—o0

Ay Re{ i Jy (ACD)ej(%””“’mt)} = A, i J. (Ap)cos(w, +new )t

N=-00 N=—o0

40
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Properties of Bessel’s Functions

) J,(Ap)eR,

(-1)'3,(A0)—>[3_,(A0) =]J,(A0)

2(n-1)

2) J_,(ap)

3) J.(Ap)= J11(Ap)-3,,(Ap)
4) J (Ag) are decreasing to zero J (A¢@) — 0 for Agp - o, n — const

5) J,(A¢g) are decreasing to zero J (A¢) — 0 for A¢p=const,n - oo

Properties 4 and 5 are important when looking for a bandwidth
of the single tone FM modulation (Caeson’s rule).

41
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Plots of Bessel’s Functions

1

0.5

Jn(Ag)

-0.5

M M " M M >
0 2 4 6 8 10 12 14 16 18 20
Ap 42
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Values of Bessel’s Functions

n

0

1

2

3

6

10

11

12

1,00

0,77

0,44

0,11

0,02

0,22

0,58

0,35

0,13

0,03

0,01

-0,26

0,34

0,49

0,31

0,13

0,04

0,01

J.(Ag)

-0,40

0,07

0,36

0,43

0,28

0,13

0,05

0,02

-0,18

-0,33

0,05

0,36

0,39

0,26

0,13

10,05

10,02

10,01

0,15

-0,28

0,24

0,11

0,36

0,36

0,25

0,13

10,06

0,02[0,01

0,30

0,00

-0,30

0,17

0,16

0,35

0,34

0,23

0,13

0,06(0,02

10,01

0,17

0,23

-0,11

-0,29

0,11

0,19

0,34

0,32

0,22

0,13(0,06

0,03[0,01

-0,09

10,25

0,14

-0,18

-0,27

-0,06

10,20

10,33

0,31

0,21/0,12

0,06(0,03

= N
ololo(Njo|g|slw[Nv|F|o S

-0,25

0,04

0,25

0,06

-0,22

-0,23

-0,01[0,22

0,32/0,29[0,21/0,12/0,06

Each function J,(Ag) attains its maximum value for some
modulation index Ag@ and then is asymptotically tending to 0O, J,(A@)—O0.

43
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Line spectrum of a single tone FM

A
| AolJn(Ag)| Essential spectra lines AOJn(Ago)(ZEAb
Agp =const
L1 I L,
o8w,  ade, oyo, ote, otde, oo, @
)

- Line spectrum A,|J,(Ag)| is an even function as |J_,(A@)| = |J,(A@)]|

around the carrier frequency wj.

Spectral lines beyond some critical n value are decresing to zero.
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FM frequency
bandwidth

400

P (1) = Ay Z J. (Ag) COS(a)O +Na, )t

N=—o0

Essential lines
A3, (Ap) 2 A,
‘Jn(Ago)( > &
£=0.01.0.05;0.1

A

 [In(Ag)l W, =2N(Ap)w,,

|

|

2N(A¢@) — number of essential lines |
@ given index A@ & threshold € |
I

"
|

0)0-860m a)0'4wm Wy By, Dyt Dy,

o tAon  @t80n o
45
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Spectrum of FM
(Carson’s rule)
where:
IS the number of ,,essential” spectralines, so:
. N
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# essential spectrum lines N(Ag)

The spectrum line is considered to be essential whenever
its amplitude exceeds some predefined level €A, 0,01<¢ <0,1.

26
*N(Ag) . T
22 :
20 u
18
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# essential spectrum lines N(Ag)

The number of essential spectrum lines is derived
from the fractional power of the FM signal.

: i — =
| - .‘-

1 . : .
24 N(Ao) Spe
22 | ".x .

n K l
20 . - .
n - i
18 . : .
S il
16 Ry
m o
14 = ".:,:,,.5
o =m
E & =
10 " "." ........ =
| ‘-' =
° .
= xm
6 Bmn
e+ =  P=99,8%

4+ : : " m P=90%
s A = P=98%
I " v - =

0 2 4 6 8 10 12 14 16 18 20 - iy .
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Spectrum of FM —rule of thumb

For:

so the FM bandwidth equals (a rule of thumb):

49



FM stereo audio broadcasting

/' WORK IN

Q.\ ROGRES )
19kH l 38 kHz . )
oy z O %101 g:; :__:::.:. \ 7
Left LR |
o~ %De— Ve Multiplexed |
N > +
Right g L+R _ b
—— N + / (sum) ~ 8
38 kHz
|
|
T L+R l%illtﬂlfz L-R : L-R
I
Power (Mono) T I
I
0 Hz I5kHz 23 kHz : 53 KHz
Frequency ——
Figure 21.1 FM Stereo Multiplex signal.

Find the bandwidth of the stereo audio FM signal.




FM stereo audio broadcasting

WORK IN
left channel /(7) mono sound PROGRES
=15 kHz I(#) + r(f)
S (0
—| MULTI- _
—1 PLEXER
right channel 7(7) I(?) - (1)
Jn =15 KHz coswyl
f,=38kHz
Peu(D
«—— MOD FM [
carrier c(?)
f.=100 Mhz
Af=75KkHz

The block diagram presents how the modulating signal x(t) for the FM
stereo audio broadcasting is produced.

1. Sketch the signal x(t) for for two arbitrary signals I(t) and r(t).
- 2. Sketch the spectrum x(t) « X(w) for two arbitrary signals I(t) and r(t
3. Find the bandwidth of the FM signal.

4. Propose a block diagram of the FM stereo sound receiver.




Armstrong Modulator

Prove that it is possible to generate the single tone FM modulation
@M (t) = Agcos[wyt + Apsinwy,t] for a small modulation index

Ap =~ 0 using the DSB amplitude modulation. For this purpose use a
complex representation @pp(t) = AgRefexp j(wot + Apsinwy,t)} =
AgRe{exp(jwot)exp(JA@sinwyt)}. 1. Approximate the component
responsible for a modulation effect using the approximation

exp(z) = 1+ zforz = 0,z € C. 2. Determine the approximate signal
@rm (t) and explain its difference to the AM signal. 3. How much is
the maximum modulation index A for the signal ¢y (t) having two
essential spectrum lines? Hint: Bessel functions may be calculated
with the page https://pinecalculator.com/bessel-function-calculator.
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FM demodulation by an envelope
detector

Prove that the tandem connection of a differentiator and an
envelope detector makes possible to properly demodulate the FM

signal.

WORK IN
PROGRES

PM demodulation by a coherent
detector

Let us consider a PM signal with a modulating signal [x(t)] £1. Find
conditions allowing for an approximate coherent detection of the PM

signal.
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