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Objectives of this lecture

Define and mathematically describe angle
modulation

Explain the difference between FM and PM
Describe FM and PM waveforms

Define frequency deviation and modulation
index

Frequency analysis of an FM waveform
Determine the BW requirements

Explain the FM modulator/demodulator
Describe the output noise at FM demodulator
and how to compensate
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Issues that are not covered in this

Outline lecture

Part A: Background
» Introduction to phased lock loop (PLL)

Oscillator

Frequency synthesizer

AM modulator/demodulator
Digital modulation

Part B: Angle modulation

Introduction

Angle modulation mathematical description
Frequency deviation and modulation index
Frequency analysis of FM

FM modulator/demodulator

Noise at FM demodulator and
Preemphasis/Deemphasis
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Introduction to phased lock loop

Part A outline (PLL part)

PLL applications

Definition of PLL

PLL components

PLL loop operation

Output/input relationship of PLL

— Output frequency of VCO

— Output voltage of phase comparator
PLL loop gain
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Introduction to phased lock loop

PLL applications in electronic
communications

Modulation/demodulation
Signal processing

Carrier and clock recovery
Frequency generation
Frequency synthesis

etc.
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Introduction to phased lock loop

Example: Phased lock loop in FM
transmitter

o |pivide by| . Nfo
N FM output
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]

Crystal :
reference Phase |
oscillator | comparator veo j
fo H

i

Phased-locked loop

de +ac
DC correction
voltage
Low-pass
filter de Summer
*
A
| ac
Modulating
signal input

PLL FM transmitter 7160

Introduction to phased lock loop

Definition of PLL

» PLL is a closed loop feedback control system in
which either the frequency or the phase of the
feedback signal is the parameter of interest.

External input
signal (f})
v,
Phase d Low-pass »
> comparator N filter > Amplifier >
I ——
Ve ~
1 Feedback Loop D
) g Vout
— e
VCO output signal
u_p lgA vl Voltage-
Jo=InthS _ controlled B
A =|fo=i| oscillator
(fn)
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Introduction to phased lock loop

PLL components

External input
signal

ignal (/) N
Phase d Low-pass P
> comparator > filter = 2 >

-

Feedback Loop

— e

veo ;ut:puft ilg;;“ o Voltage-
A controlled
Af=|fo=Fi oscillator
(fn)

» Phase comparator is a nonlinear device that performs
the multiplication of two signals (i.e. balanced modulator
or product modulator or product detector).

» Voltage controlled oscillator (VCO) generates signal that

has a frequency varied based on the input voltage.
9/60

Introduction to phased lock loop

Three operating states of PLL

Free running state

— No external input frequency or the feedback loop is
open.

Capture state

— The PLL is in the process of acquiring fre(t}uency lock
with the external input signal by using the feedback
loop.

— The time required to achieve lock is called acquisition
time or pull-in time.

Lock state

— This is the state where the VCO output frequency is
locked onto (equal to) the frequency of the external
input signal.
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Introduction to phased lock loop

External input
signal
Visin(2r fit +6i)
> fi fo, fi + fo, Beat frequency
and fi-fo Low-pass (fi—fo)

Phase comparator o »| |oop filter rm | Amplifier [—

valt (LPF) g |

10 |

VCO output signal

fo=fa + Af
Square wave

2f= 14,

Voltage-controlled
oscilator, f,

Phase-locked loop

(@

fy (H2)
°

(b)
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Introduction to phased lock loop

VCO output frequency (f,)

* VCO is an oscillator (more specifically, a free
running multivibrator) with a stable frequency of
oscillation that depends on an external bias
voltage.

* When there is no external input signal or when
the feedback loop is open, the VCO operates at
a preset frequency called its natural or free
running frequency (f,).
— f,isdetermined by external R and C components.
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Introduction to phased lock loop Introduction to phased lock loop

Voltage controlled oscillator (VCO) Phase comparator

« When a dc or slowly changing « Phase comparator is a nonlinear device with two input
ac voltage is applied to the signals. Its output is the product of the two signals of
VCO input, the output frequencies f; and f, and, therefore, contains the sum and
frequency deviates from f, L difference frequencies.
proportionally.

— This deviation is called ?f

@
=3

=]
8
T

« The phase comparator is a frequency comparator until
the frequency acquisition is achieved (f,=f,).

@
S

* Mathematically, the VCO

output frequency (f) is ) .
f=f 40f « Once the loop is frequency locked, the phase difference
o~ =’ e between the input signals of the phase comparator is

- /=1, Bias (volts) converted to a dc voltage and fed back to the VCO to
— f, = external input frequency hold lock.

o
S
T

VCO output frequency, f, (kHz)

|
|
|
|
|
|
1
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Introduction to phased lock loop

Phase comparator output voltage
(Vy) and phase difference (?,)

+V

|
+V

|

| Vo

| L 135° 180°

i B v At
L 180° 3 [

0 90° Tooov ! (-

E 0 rlad /2 rad | mrad
0 rad /2 rad xrad i
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(a) (b)

(c)
(a) square-wave inputs; (b) sinusoidal inputs; (c) square-wave inputs, phase bias refere%%go

Introduction to phased lock loop

PLL Loop gain

External input signal
[Visin(2rs;t+ 6)]

Phase error Phase 4= 6Ky Low-pass JE Amplifier
6.=6,—-6 comparator > filter i >
> Kg4(V/rad) Ke(VV) 2

Loop gain K, = K4 K K, K
(Hz/rad)
out= aKsKy
VCO output
[V, sin(2rf, t+ 6,)] Voltage-
controlled <
fo=fntAf oscillator (f,)
Af = 0.K4K K, K, %, (HzW)
Af =0.Ky,
of = (v,,,)(K.)
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Introduction to phased lock loop

Example of PLL loop gain

For the PLL shown inthe
previousslide, aVCO
natural frequency f,=200
kHz, an external input
frequency f.=210 kHz, and
the transfer function K;=0.2
V/rad, K=0.2, K;=5, and
Ko=20kHz/V determine
— PLL loop gainin Hz/rad
Change in VCO frequen L
neces%ary to achieveg Iocl(zy(?f) e
— PLL output voltage Vo,
- \ljhase detector output voltage
d
— Static phaseerror ?,

Low-pass
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Example of PLL loop gain (cont)

f, =200 kHz, f, =210kHz, K, =0.2V/rad,
K =1K, =5K, =20 kHz/V

Thus,

K, =02"15" 20k=20 kHz/rad

Df =f, - f, =210- 200 =10 kHz

Om:E:E—o.sv
K, 20

d:—V"“t :E:O.lv
KiK, 15
V—":—'lzo.Srador28.65°

18/60
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Introduction to phased lock loop

External input
signal
Visin(2n fit +0)
R B fi fo, fi+ fo, Beat frequency
and f,~f, Low-pass (fi~fo)
Phase Ioop filter »| Amplifier
valt) (LPF) fa
e

V€O output signal Voltage-controlled

oscilator, f,

fo=fo+ Af
Square wave
Phase-locked loop
o)
?f=f-
of=f

19/60

e

o o

Part B: Angle modulation

Introduction
Angle modulation mathematical description
Frequency deviation and modulation index

Frequency analysis of FM
— Bessel function
— BW calculation

FM modulator/demodulator

Noise at FM demodulator and
Preemphasis/Deemphasis

20/60
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Introduction

* Angle modulation was first introduced in 1931 as
an alternative to AM.

— It could improve the performance of radio
communication because it is less susceptible to noise
than AM

» Angle modulation is used extensively for
— Commercial radio broadcasting
— Television sound transmission
— Two way mobile radio
— Cellular radio
— Microwave and satellite communication systems

21/60

Angle modulation mathematical description

Angle modulation: Basic form

 Let ?,(t) denote the angle of a modulated
sinusoidal carrier
— ?7,(t) is a function of the message signal

» Express the resulting angle modulated

s{t) = A coda, t)

22/60
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Angle modulation mathematical description

Phase modulation (PM)

* PM is that form of angle modulation in
which the angle ?;(t) is varied linearly with
the message signal m(t)

General form of angle modulation Phase modulation

Carrier frequency

=
o} (t)= 2pf t+ kpm(t)

sft) = A, cos{2pf.t +k,mlt))

kp is the phase sensitivity (rad/volt) of the modulator

s{t) = A coslg, (t)
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Angle modulation mathematical description

Frequency modulation (FM)

* FM is that form of angle modulation in which the
instantaneous frequency f;(t) is varied linearly
with the message signal m(t)

General form of angle modulation Frequency modulation
f.()= f.t+ kmi)

S(t) =A COS[Qi (t )] q, (t) = 2pf t +2pk, éfn(t)dt

. . .
s(t) = A, cosSprct + 2pk, (jn(t)dtg
é 0 a

ke is the frequency sensitivity (Hz/volt) of the modulat@f/60
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Angle modulation mathematical description

PM and FM expressions

Type of Modulation Modulating Signal Angle-Modulated Wave, m(r)

(a) Phase V() V. cos[or + Kvy, (1]
(b) Frequency V() V. cos[ogr + K lv, (1) dt)
(c) Phase V,, cos(,, 1) V. cos[a.r + KV, cos(a,, 1]
K\, .
(d) Frequency V), cos(w,, 1 V. cos wa + sinfw,1)
w.’"
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Angle modulation mathematical description

PM and FM waveforms

AT Ep———

ILLLCALLER U UTELLE

|
| 2ero slope (b) modulating signal
-Slope P .
| | Zero crossings Y zero crossings. It is impossible to
No modulati / NAL / \ distinguish an FM waveform
' W 7] | Sl | ., from a PM waveform without
+Slope : )
I \ | | knowing the modulating
| | ‘ 1 | | ‘ | signal
M i
- - N CL
frequency | ﬁels( st Rest |

Rest

Maximum J Maximum |

~deviation +deviation
est e |

With FM, the maximum
frequency deviation occurs
during the maximum positive
and negative peaks of the
modulating signal

| @PM
The frequency deviation is
proportional to the first

derivative of the modulating
signal
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Angle modulation mathematical description

Phase and frequency modulators

and demodulators

1. PM modulator = differentiator followed by an FM
modulator

2. PM demodulator = FM demodulator followed by an
integrator

3.  FM modulator = integrator followed by a PM modulator

4.  FM demodulator = PM demodulator followed by a
differentiator

*  We may thus deduce all the properties of PM signals
from those of FM signals and vice versa. Henceforth,
we concentrate our attention on FM signals.
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Frequency deviation and modulation index

Frequency modulation analysis

m(t) = A, cos(2pf,t)
f(t) = £, +k, A, cos(2f 1)

f.(t)= f, +\Df gos(2pf t)

Modulation index

Frequency deviation

s(t) = A, cod2pf t + b sin(2pf t)]

28/60
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Frequency deviation and modulation index

Physical meaning

» Frequency deviation is the change in frequency
that occurs in the carrier when it is acted on by a
modulating signal frequency.

— Frequency deviation is typically given as a peak
frequency shifts in hertz (?f)

* Modulation index (f3) represents the phase
deviation of the FM signal, that is, the maximum
departure of the angle ?,(t) from the angle ? _t of
the unmodulated carrier. 3 is measured in
radians.

In this lecture slide, 3 and m are used interchangeably. 29/60

Frequency deviation and modulation index

Example of frequency deviation
and modulation index

» Example 7.1: Determine the peak
frequency deviation (?f) and modulation
index (m) for an FM modulator with a
deviation sensitivity K=5kHz/V and a
modulating signal v,(t)=2cos(2p 2000t)

— ?f =2*5=10 kHz
—m=10/2=5

30/60
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Frequency deviation and modulation index

Narrow or wide band FM

* Narrow band FM, for which 3 is small
compared to one radian

* Wide band FM, for which R is large
compared to one radian

Spectrum illustration is provided after explaining the Bessel function.

31/60

Frequency analysis of FM

Frequency analysis of FM waves

» The frequency components of the angle
modulated wave are much more complexly
related to the frequency components of the
amplitude modulated signal.

* In FM, a single frequency modulating signal
produces an infinite number of pairs of side
frequencies, i.e. infinite bandwidth.

— However, most of the side frequencies are negligibly
small in amplitude and can be ignored.

32/60
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Frequency analysis of FM

Frequency analysis: FM Modulation by
a single frequency sinusoid

s(t) = A cos[2pf t + mcosw, t)]

The individual frequency components of this FM signal is not obvious in this

equation. Using the Bessel function identity as shown below can show all side
frequencies of the FM signal.

cofa +mcosb) = §¥ 3. ( )cosQa +nb + P9

n=¥ 2@
4 6 Y
Jn(m)_aemogg (m/2f | (m/2)*  (m/2) 5
&2ggn Wn+1) 2(n+2) 3(n+3)
33/60

Frequency analysis of FM

Frequency analysis: FM Modulation by
a single frequency sinusoid (cont.)

g np g
s)=A A )COS(;Wt+nw 4P 0
n=-¥ 2 g|

s(t):V{.JO( m)cosiw,t)+ COﬁlt+wt+—— 3, co@vt w.t-

cl

{43, (m)cogw,t + 2w, t)- 3, (m) codw,t- 2wt) b

* m: modulation index
* J,(m): carrier component
« J,(m): nth set of side frequencies displaced from the carrier by nf, |

34/60
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Frequency analysis of FM

Bessel function J,(m)

Modulation
Index Carrier Side Frequency Pairs
" K Ul h i Iy ’5 I T T I T I T
0.00 100 — - - - - - - - - - - — - —
025 098 0.12 - - - - - ~
05 094 024 0.03 — - — — - - - - - - - -
10 077 044 0.11 0.02 - - - - - - - - - - -
15 051 0.56 0.23 0.06 0.01 - - — - - - — — — -
20 0.22 058 0.35 0.13 0.03 - - - - - — - — - -
24 0 052 043 0.20 0.06 0.02 - - - - - - - - -
25 =005 050 045 0.2 007 0.02 001 - - - - — — — -
30 =026 034 049 031 0.13 004 001 - — - - - - - -
40 -040  -007 043 028 013 005 002 - - - - - — —
540 0.18 0.33 0.36 039 026 013 005 002 — e — e — —
545 0 0.26 040 032 019 009 003 0.01 . = == = -
6.0 0.15 0.11 0.36 0.36 025 013 006 002 — - - - -
70 0.30 =0.17 0.16 035 034 023 013 006 002 — — — —
80 0.17 =029 =010 0.19 03 032 02 013 006 003 — - -
8.65 0 024 023 003 02 034 028 018 010 005 002 - —
9.0 -0.09 =08 =027 006 020 033 031 021 012 006 003 00
100 =025 006 =022 =023 -001 022 032 029 021 012 006 003 00

Jofm)

Frequency analysis of FM
n( )
T T T T T T T T T
Jolm) i
Jy(m) .
Jylm)
Ja(m) T
Jy(m)
L Jglm) N
1 1 1 1 | ] 1 ]
2 3 4 5 6 7 9 10 1 12 36/60

Modulation Index, m

18



Frequency analysis of FM

Example of FM frequency analysis

» Example 7-2: For an FM modulator with a
modulation index m=1, a modulating signal
v, (t)=Vsin(2p 1000t) and an unmodulated
carrier v,(t)=10sin(2p 500*103t). Draw the

frequency spectrum.

7.7V

1.1V
02V

I l

02V

497 498 499 500 501 502 503
Ja Js Jg F. Jq Jo Ja
Jo

f (kHz]

Frequency analysis of FM

FM bandwidth calculation

» Actual BW=2(n+f ), where n=number of

significant sidebands from the Bessel function
table

* BW approximation
— For m<1, BW=2f
— For m>10, BW=2?f
— Or using Carson’s rule: BW=2(?f+f)

38/60
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Frequency analysis of FM

Example of BW calculation

« 2f=10kHz, f, =10 kHz, V=10V and f =500 kHz

77V
4.4V 44V
1.1V 1.1V
02V 0.2V
470 480 490 500 5i0 520 530 f (kHz)
< Carson's rule B = 40 kHz —>
[ Bessel table B = 60 kHz - —>

A system that was designed using a Carson'’s rule would have a poorer
performance than a system designed using the Bessel table.

For m>5, Carson’s rule is a close approximation to the actual BW reqlgigr/gg

Frequency analysis of FM

Example of average power

Determine the average
power of the

unmodulated carrier

v, (t)=10sin(2p 500*10%t) I

calculation
7.7V
44V 44V
11V 1.1V
02v I 02v
l f (kHz)
497 498 499 500 501 502 503

(assume RL=50 O) . 5

- P=10%(2*50)=1 W

The total power of the FM

wave is

— P=7.72/(2*50)+2(4.4)2/(2*50
)+ 2(1.1)2/(2*50)+
2(0.2)?/(2*50)=1.0051 W

J2 d Fe i J2 Js
Jo

an FM modulator with a
modulation index m=1, a
modulating signal

v,(1)=V sin(2p 1000t) and an
unmodulated carrier

Vv, (t)=10sin(2p 500*103t).

40/60
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Frequency analysis of FM

Commercial broadcast band FM

* The FCC has assigned the commercial
FM broadcast service a 20 MHz band of
frequencies that extends from 88 MHz to
108 MHz.

— The 20 MHz band is divided into 100
channels of 200 kHz BW.

— The maximum allowable frequency deviation
is 75 kHz with the maximum modulating
frequency of 15 kHz.

41/60

Frequency analysis of FM

Commercial broadcast band FM (cony

* The modulation index is 75 kHz/15 kHz=5.

— Referring to the Bessel table, eight pairs of significant
side frequencies are produced.

— The actual BW = 2*8*15 kHz=240 kHz (exceed the
FCC allocated BW by 40 kHz)

« Cause adjacent channel interference

— The seventh and eighth sets of side frequencies have
little power in them, and it is also highly unlikely that
maximum frequency deviation is ever obtained at the
maximum modulating signal frequency.

42/60
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FM modulator/demodulator

FM modulator

* Direct FM modulator

— The oscillator frequency is changed directly
by the modulating signal

e Indirect FM modulator

— The oscillator frequency is not directly
changed. The phase of the output waveform
is deviated directly proportional to the
modulating signal.

43/60

FM modulator/demodulator

Simple direct FM modulator

* LandC, are the frequency
determining components for a
standard LC oscillator.

Freaueney * The distance between the
components plates of C,, is varied
o \ [ according to the acoustic
St NNV | e e [0 ] Pt energy. Thus, the value of C |
S Cn .

T is varied. Consequently, the
| X resonant frequency is also

e varied. The output signal is

therefore the FM signal.

impractical

44/60
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FM modulator/demodulator

Varactor diode direct FM modulator

LT |
gL

¢ ARC G J
Modulating iy -
signal input — o \‘0'

C.  Crystal C,
—o

&

FM output

¢ R1 and R2 develop a dc
voltage that reverse
biases diode VD1 and
determines the rest
frequency of the
oscillator.

¢ The external modulating
signal voltage adds to
and subtracts from the
DC bias, which changes
the capacitance of the
diode and thus the
frequency of oscillation.
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FM modulator/demodulator

Varactor diode direct FM modulator

» Because a crystal is used, the peak
frequency deviation is limited to small
values. So they are used primarily for low
modulation index applications.

46/60
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FM modulator/demodulator

PLL FM direct transmitter
f, lm Nf,
|

For high modulation

index wideband FM
FM output
jmmm e e e e
! |
1
Crystal | :
|
reference | Phase veo I
oscillator | comparator :
b i Y I
H Phased-locked loop !
. [dc+ac
DC correction
voltage
Low-pass
filter e Summer
*

e

47/60

v modulator/demodulator

Power

amplifier

Armstrong indirect FM transmitter

multiplier

Mixer and
down-
converter

Bandpass X72 fa
filter multiplier

Crystal
oscillator 18/60

ut
0-15 kHz
m ¢ ) 13.15 mHz
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V=10V
(a)
V, (max) V“s', Vg 4
Ve (maxi
(c) (d)

FIGURE 7-28  Phasor addition ofV,, V
addition. Part (d) shows the peak phase shift.

FM modulator/demodulator

Vg = 0.0048 V

m 3 V,
~

c

Vss = 0.0048 V

ust

V., =2(0.0048) = (0.0096) V

Vi, =0V
(b)
Vist
A
Vo=0| vV, (v,=0
A
vus'
(e) )

nd V,,: (a) carrier phasor; (b) sideband phasors; (c) - (f) progressive phasor
ft 49/60

FM demodulator

» Slope detector
 PLL FM demodulator

FM modulator/demodulator

50/60
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FM modulator/demodulator

Slope detector

AM message

FMin

Tuned circuit ~ Peak detector

(a)

is proportional to the input
frequency of FM signal

Seldom used but its circuit operation is basic to all tuned circuit frequency discriminators
51/60

FIGURE 5-26 Peak detector: (a) schematic diagram; (b) AM input waveform ; (c) diode current waveform; (d) output voltage

waveform

IFin

Audio out

- AM input
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FM modulator/demodulator

PLL FM demodulator

» The natural frequency of the VCO is set at the IF
center frequency of the FM signal

e The PLL input is a deviated FM signal

¢ The correction voltage at the output of the phase
comparator that is fed back to the VCO is
proportional to the frequency deviation and is,
thus, the demodulated information signal.

53/60

FM modulator/demodulator

} 54/60
-2212 PLL

R
FIGURE 8-7 (a) Block diagram for a PLL FM demodulator; (b) PLL FM demodulator using thi




Noise at FM demodulator

Output noise at FM demodulator

* The noise (both interference and thermal noise)
voltage at the output of an FM demodulator
increases linearly with frequency.

PM rectangular

This is commonly called FM noise triangle

55/60

Noise at FM demodulator

Preemphasis/Deemphasis

» To compensate for the FM noise triangle, the

high frequency modulating signals are boosted
in amplitude in the transmitter prior to performing
modulation.

— This process is called preemphasis

To compensate for this boost, the high
frequency signals are attenuated in the receiver
after demodulation.

— This process is named deemphasis

56/60
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L =750 mH
L/IR=75us

R=10kQ

Output

Preemphasis

HPF el

Noise at FM demodulator

R=75kQ
Output
RC=75
C=1nF * f = 1 = 1
I ® 2pRC 2pL/R
Deemphasis
The frequency where
preemphasis begins
LPF
_____ - +17dB

Preemphasis

1
2nRC

fc=

(b)

=212 kHz

Net effect (0 dB)

Deemphasis

Attenuation curve of FM broadcast
57/60

Noise at FM demodulator

4
2 VCO direct VCO output frequency deviations (Af)
1 frequency Af=4x1kHz=4kHz
> modulator s Af=2x1kHz=2kHz
1 2 3 kHz ki =1kHz/v T Af=1x1kHz=1kHz
Input signal
spectrum

™ PLL demodulator
ky=1V/kHz

Demodulator output voltages (Vo)
Vou =4 KkHz x 1 V/kHz = 4V
Vou = 2 kHz X 1 V/kHz =2V
Vou=1kHzx 1V/kHz =1V

4

1

1 2 3 kHz
PLL output
signal spectrum

05
0.25

0.1

12 3 kHz
PLL output

noise spectrum

Signal-to-noise ratios 40 8 2
Signal frequencies 1 2 3 kHz

(a)
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FIGURE 7-15  Figure for Example 7-8: (a) S/N without preemphasis and deemphasis; (Continued)
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4 4 4
4

T2 3Kk veodie

2 frequency

1 Preemphasis modulator

. etwork Ky =1 KHzh

12 3 khz

Input signal
spectrum

VCO output frequency deviations (1)
A= 4x1KHz = 4 kHz
Af=4x1 kHz = 4 kHz
Af=4x1 kHz =4 kHz

" PLL demodulator Deemphasis
kg=1VikHz network
Demodulator output voltages (Vo)
Vou= 4 kHz X 1 VikHz =4V

Vour =4 kHz x 1 VikHz = 4V
Vour = 4 kHz x 1 VikHz = 4V

4 4 a 4
2
1
12 3 ke 12 8 Kz
PLL output Deemphasis output
signal spectrum signal spectrum
05

028 0.125 0.125

01 01
T2 38 khz 12 38 ke
PLL output Deemphasis output
noise spectrum ctrum

Signaltonoise ratios 40 16 8 40
ignal requencies 1 2 3 khz 12 8 kHz

FIGURE 7-15  (Continued) (b) S/N with preemphasis and deemphasis o

Noise at FM demodulator
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Summary

Angle modulation is mathematically described
The difference between FM and PM is shown

The frequency deviation and the modulation
index are defined

The BW requirements of an FM waveform is
determined

FM modulators/demodulators are illustrated
The output noise at FM demodulator and how to
compensate are described

60/60
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