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Recall...What iIs modulation?

Message m(t) Sinusoidal

Highest freq W

carrier c(t)= A_cos [2rnf_t]

A

transmitter

Direct transmission
Unsuitable/
inefficient

Transmission channel

Modulated signal
s(t)=A(t)cos ¢(t)

A

receiver

o s(t) obtained by varying characteristic of c(t) according

to m(t)

Amplitude A(t)<-> Amplitude Modulation

Angle ¢(t) <-> Angle Modulation
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Recall... Amplitude Modulation

o s(t) = Afc’f[/1+kam (t\)\]/jc:os 2nf.t

o Envelope of s(t) has same shape as
m(t) provided:
[kam(D) <1
f.>>W

o Easy and cheap to generate s(t)
and reverse
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Recall... Amplitude Modulation

o Drawbacks of AM

wasteful of power
o transmission of carrier

wasteful of bandwidth
o transmission bandwidth, B; = 2W

o Improved resource utilization (power or
bandwidth) traded-off with increased system

complexity

o Angle modulation offers practical means of
trading-off between power and bandwidth

%Ctvr
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Angle modulation

1 dé.(r)
S(7)= A COS 9 4 ,\) i )= i
o S()=A4, [ i )] f:(@®) Y

Phase Modulation (PM)
0.(t)=2rft+k, m(t)
=  s(@@)=A.cos[2nf 1+ k, m(t)]

Frequency Modulation (FM)
fi@®)= f. +km(t)

= s(t)= A, cos[2mf.t + 27k, j m(t)dt]
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PI\/I vs FM

Frequency modulator

> Phase > FM wave
Integrator modulator |
- Ts(t) A, cos[27t ft+27tkf_[m(t)dt]
Modulating
wave, m(t) A.cos(2rf t)
: . Frequency 5
> : > PM wave
Differentiator modulator i
s(z);z A, cos[2rft + k,m(t)]

Phase modulator
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Freguency modulation

, % Non-linear function of m(t)
o FMsignal: s(t)= A, cos[2xf t + 27:{9 f m(t)dt]/}

o Consider single tone signal: rﬁft)zAécosanmt

f@O=f.+ kfm(t)
= f. + kA, cos[2nf,1]
= f. +i:Af:&0s[2nfmt] Freguency deviation

0,(t) =27 | f(1)dt

=2 ft+ %sin[anmt]

m

=2nft %’ﬁ\sin[anmt] Modulation index

s(t)y= A, cos[2nf.t + Bsin(2r f, 1)] 7&
ctvr
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Narrowband FM (B<<1)

s(t) = A, cos(2nf t) cos[ B sin(27f ,t)] - A, sin(2xf t) sin[Bsin(2xf, t)]

~1 ~psin(2rf t)
If B <<1,s(t) = AC cos(2nf t) — BA, sin(27rf t)sin(2xf, t)

—————————————————————————————————————————————————————————————————————————————————————

~Accos(27rf t)+ ,BAC{cos[Zyr(f + f )t] cos[2rm(f,— f )t]}

side-frequenc Upper
side-frequency
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Comparison with AM

AM Signal

Upper
side—frequenc% N

: > » Resultant
carrier Lower \
side-frequency®”’

Narrow band FM Signal

Upper
side-frequency
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Wideband FM

s(t)=A, cos[2r f.t + Bsin(2nf, 1)]
l f.>> 1,

=Re[A exp(j2rf.t+ jBsin(2xf, 1))]
=Re[5(t)exp(j2nf.1)] (*)

5(t)= A, expljBsin(2xf, )]

oo -0.4

= A, ZJ\Jn('B)/?Xp(]znnfmt) nth order Bessel function of first kind

n=

Subst. into (*), and applying FT:

______________________________________________

Carrier Side freq f xf Side freq f 2f 7%2 C t V r
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Observations

o Amplitude of carrier
varies with J,(j3)

With AM, amplitude of
carrier = A

o
———— -
I

0.:4~.
FACIN
I 1

1
C OJIZ o
1

o

o Special case: << 1 ol
Only ‘JO(B)1 ‘Jl(B) Aad 04

f. = f, significant
(narrowband FM)

nth order Bessel function of first kind

______________________________

Carrier Side freq f xf |
component




Example - fixed f_, variable A_

m(t)= A, cos[2nf,t], Af = kA, p= %

m

Carrier Side freq f x2f |
component

Sy —1.0

—1.0

L
]
.
.

g=1.0 A;]I‘; 8=20 ‘TI ‘ ‘]1“ feasd .LTTIIA1) I LITTT \

A
‘ba s ® A fc
—’|2Af|*‘ f e—2 Af — 4 i —” fm
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Example - fixed A, variable f_

m(t)= A, cos[2nf,t], Af = kA, p= %

m

A A
S(f):AcJO(ﬁ)B(f_f;)_l_zc‘]il(ﬁ)é(f_f; ifm)+jfi2(ﬁ)5(f—fc 12fm)‘|‘---

ey (ﬁ? 1 b LTIJ]IT

k 2af o
(a) (b)

Lf aTB | ==
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Example - fixed A, variable f_

m(t)= A, cos[2nf,t], Af = kA, p= %

m

S() = AJ(P)o(f - f)+ J+1(,3)5(f JeF I+ CJ+2(,3)5(f JeF2 0+

£ L
B=10 L 1 4 poeo MT”L[‘TAHTM
PR Y e—— ! L zj;cf Y f

(a)

As B T, number of spectral lines within f, — Af <|f|< f. +Af T
As [ — oo, the bandwidth of s(¢) approaches the limiting value of 2Af!!

[Note: For B <« 1,bandwidth of s(t) =2f (Asin AM)] %C t \YAl &
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Transmission bandwidth

S(f)——~ 2 LBIS(f = f.=nf,)+8(f + [, +nf,)]

n——oo

= transmlssmn bandwidth = oo!!!

But, effectively, finite number of side frequencies are significant

—1.0 —1.0

Large B: | | Small B:

Falls rapidly towards O . | | Significant sidebands

for |f-f |>2Af |
g=5.0 lLTTIIij ILITTTA\ : g=10 AT‘I IWIthln |fC_ ml

L—;sz_ —” fm f —;leF— d

Z2Af(1+ 1)
AZctvr
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Transmission bandwidth

AC
2

= transmission bandwidth = oo!!!

S JBISf — f.—nf, )+ 8(F + f. +nf,)

N=—o0

S(f) =

But, effectively, finite number of side frequencies are significant

= retain up to n,,, side frequencies s.t. J, () 2&J,(P)

= BT - 2nmaxfm

B, ., =1 % bandwidth with € =0.01

%Ctvr‘
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1 percent bandwidth of FM wave

Table 3.1 Number of Significant Side Frequencies
p_— of a Wide-band FM Signal for Varying Modulation Index
A , L, S
| 24/ | f Modulatil;)n Index Number of Signif;cant Side Frequencies
Thnax
1.0
0.1 2
0.3 4 _
0.5 4
| T 1.0 6
ﬂ T L I I J , 2.0 8
b aap— k 5.0 16
N 10.0 28
v o 20.0 50
30.0 70

MTIU U]Tml

' f. f

L—— —208f —»l

(]

Aspltin. =B . 1 2ctvr
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1 percent bandwidth of FM wave

107 10° 10 ! 10°

Small values of 3 more extravagant in B, than larger 3!

,Carson SBT SlgT,l% %
ctvr
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FM Stereo

o Transmit two separate signals via same
carrier

2 different sections of orchestra, e.g., vocalist
and accompanist, to give spatial dimension to
Its perception

O Requirements

Must operate within allocated FM broadcast
channels

Must be compatible with monophonic radio

receivers
73?’ ctvr
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FM Stereo Mux

m+m, : Monophonic reception

X m(t)

2f =38kHz

Frequency
doubler

(a) cos (2mf,t) fo=19kHz
m(t) = [m,(t)+m ()] +[m,(t)—m (t)]cos(2r[2f.]t) +K cos(2n f.1)

Rctvr
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FM Stereo Demux

m,(t)+m, () Baseband my(t) + m,(t) +
| LPF =2

[m,(t)—m (¢)]cos(2m[2f ]¢)

m(t) BPF >
O—p L » centered at | Baseband > (s )— 2m. (1)
2f, = 38 kHz PE oy ) = m () '

Frequency
doubler | 2f =38kHz

Narrow-band |
L filter tuned to

f. = 19 kHz

Kcos(2mf.t)

m(t) =[m,(t)+m ()] +[m,(t)— ngf()t)] cos(2r[2f.]t) +K cos(2m f 1)

%Ctvr‘
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Phase Locked Loop (PLL)

s(t) = A_sin[27 £t +¢,(1)]

V(1)
}/\ >
& -

r(t)=A,cos[2mft+¢,(1)]

\ 4

0,(t) =27k, [ v(t)dt

o PLL for freq. demod
If s(t) 1Is FM wave, obtain m(t) from v(t)
Require ¢,~0,+90° <==> Phase lock!

ctvr
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Phase Locked Loo

e(t)=A{ .
s(t) = A_sin[27 £t +¢,(1)] LE: Ksin(g,(1) = ¢, (1)]

r(t)=A,cos[2mft+¢,(1)]

0,(t) =27k, [ v(t)dt

p (PLL)

v(t)= T e(T)h(t —1)dt

N,

N\

di d
K =k kAA

m v C 14

7

o Dynamic behavior of PLL
do,(t) _ do,(t)
4

— 27K, | sin[@,(v)]h(t — 7).,

ctvr
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Non-linear PLL model

Sinusoidal non-linearity makes » < e 7
27K, 28y

h(t) v(2)

Lo |

o Dynamic behavior of PLL

do,(t) _ do,(1)
dt dt

K =k kAA
AZctvr
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Non-linear PLL model

Assume ¢ (1) <<1=sing (1) =, (1) 21K,

27rkv

h(t)

v(t)

[y |

o Linearized behavior of PLL

g, (1)

dt
K, =k

do,(t)
dt

kAA

m v C 14

- 27K, T @, (T)h(t — T)dT,

FT can be applied!

ctvr
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Linear PLL model

h(t)
L i _________________________________________________________________________
o P.0)= 1+L(f)q)l(f)’
L(f)=K, H) [Open-loop transfer function] (f 1 k,)L(f)
i V(f)= D, (f)
1+ L(f)

K
O v(H= k—"H(f)CDe(f)

= L) %C tvr
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Phase-locked Linear PLL

- 27K, 2k,
h(t) v(z)
rt
fo dt e
_ U Tk)L(S) 1
V= 1+ L(f) D) CDe(f)—HL(f)ch(f)
IL()|>1
V(f)ziq) f) ® (f)— 0 < Phase lock!!!
k,

B 1 d¢1(t)
O a 7%&0 tvr
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Phase locked linear PLL as
frequency demodulator

If s(¢) is FM signal, 2t‘ku

| k
‘ L v(t) =L m(r)
= ¢,(t) = 2mk, [ m(t)dt k,
0 &, (e}t () | olt)

o If [L(D)|=>1
Linearized PLL model

Phase lock satisfied [¢,=0] Determines
v(t) = L dp@) complexity of PLL
ok, dt

o Bandwidth of s(t) >> bandwidth of H(f) [m(t)]

%Ctvr‘

Centre for Telecommunications Value-Chain Research



Design of H(f)

o First order I =
H(f):l 25} st
|IL(F)| =K /f |

o Drawback
K, controls both

loop bandwidth and " qmp>1 L

hOId_In frequency -?00 -80 ;B__AO -20F (IJ (f)ZO :1;)—_;0_ 80 100
requency

range, f, > f, (K =1)

> f, (K,=3)

%Ctvr‘
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Second-order PLL

a
o H(H)=1+=
It
( . / n)Z » 1.6:
o <I>e(f>=[ WD e p), [
L+ 2¢Cif 1 £+ 1 1) [
f, =+/aK,6 Natural frequency 2
K 5 T
G = 2 Damping factor I ll
4Cl 061
O Form(t)= A, cos2nf t, L |
. S, T W | R I I I Ll AN N B Y
6,(t) = Bsin(2r f, 1) T

n

= ¢,(t)=0¢,,cos2rf t+ V)

%Ctvr‘

Centre for Telecommunications Value-Chain Research



Second-order PLL

o With appropriate ot
choice of ((,f)), we A
can maintain ¢, small T
Linear PLL model sle F
'o.aE
o Rule of thumb: TR ' 3
LOOpShOUId remain ig[fil :| |1[1||1 Lo T I
locked if ¢ o(f,=f)<900 0 T e

%Ctvr
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Non-linear effects in FM systems

v.(1) v (1) =ay,(t)+a,v] (t)+a,v (1)
v, (1) = A, cos[27 .+ p(0)], v ()= A,

o(t) = 2mk, [ m(r)dt WS

+ A, cos[67 .t + 3¢(1)]

o Assume v;(t) is FM signal
Af = frequency deviation

W = highest freq. comp. of m(t)

ctvr
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Non-linear effects in FM systems

o(t) = 2nkf£m(t)dt TR SaR T30 0)
+ A, cos[67 f.t + 3¢(1)]

o Carson’s Rule
B ~2Af

MAAAA
AZCtvr
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Non-linear effects in FM systems

o To separate out desired FM signal
fAAT+W < 2f_-W-2Af
=>f,_ > 3Af + 2W
Apply bandpass filter [f-Af-W, f_+Af+W]

3
o Y 't)=(a, + Za\gAC2 W (1)

Unlike AM, FM not affected by distortion due to
channel with amp. non-linearities

%Ctvr
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Summary

o Unlike AM, FM is non-linear modulation
process
Spectral analysis is more difficult
Developed insight by studying single-tone FM

o Carson’s rule for transmission bandwidth
B = 2Af(1+1/B)

o Phase-Locked Loop for frequency

demodulation
73? ctvr
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