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« Time- and frequency-domain description of angle modulated signals
< Phase Modulated (PM) signals

< Frequency Modulated (FM) signals
<+ Bandwidth of FM signals

- Effects of nonlinearities on modulated signals

<+ Amplitude Modulated (AM) signals
<+ Frequency Modulated (FM) signals

* Generation of FM signals
< Indirect Method

 FM Stereo Broadcasting
< Stereo signal multiplexing

< Stereo signal demodulation
<+ Tips, tricks, standards ...

RYERSON UNIVERSITY ELE 635 — Winter 2015 2



RYERSON UNIVERSITY

Time- and frequency-domain description
of

angle modulated signals

ELE 635 — Winter 2015




Effects of Generation and Demodulation FM Stereo

Nonlinearities of FM Signals Broadcasting

Modulation

m(t) = modulating signal
c(t) = carrier signal
©(t) = modulated signal

m(t) Modulator % ¢(t)
modulating/message signal modulated signal
baseband bandpass

c(t)
carrier signal
narrowband
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Effects of
Nonlinearities

Generation and Demodulation

of FM Signals

Modulation

(possibly) time-varying
amplitude

« generalized phase 6(¢)

¢(1) represents a rotating phasor of:
« time-varying amplitude a(¢)

 instantaneous frequency f;():

(possibly) time-varying
phase

fi(t) = o= —0(t)

RYERSON UNIVERSITY

ELE 635 — Winter 2015

Broadcasting




Effects of Generation and Demodulation FM Stereo

Nonlinearities of FM Signals Broadcasting

Unmodulated Carrier

An unmodulated carrier is of the form:

a(t) = Ag,
8(t) = 27 f.t + 6

such that:
o(t) = Ae cos (27cht + 90)
with:
1 d
fi(t) = ﬂae(t) = fe

* An unmodulated carrier has constant amplitude and constant f; (7).

* () carries no information—all components are independent of m(?).
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Effects of Generation and Demodulation

FM Stereo

Nonlinearities of FM Signals

Broadcasting

Amplitude Modulation

Amplitude Modulation:
alt) = glm(t)]

such that:

pam(t) = glm(t)] cos(2m fot + o)

Information contained in m(¢) is embedded in the time-varying amplitude.
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Effects of Generation and Demodulation FM Stereo

Nonlinearities of FM Signals Broadcasting

Angle Modulation

Angle Modulation: either the phase or the frequency of the carrier wave is
varied by m(r) while the amplitude of the carrier wave is constant.

o(t) = A.cosO(t)

where:

A, = constant

Information contained in m(¢) is embedded in the time-varying phase.
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Effects of Generation and Demodulation FM Stereo

Nonlinearities of FM Signals Broadcasting

Angle Modulation

Phase Modulation (PM):

a(t) = A
(1) = 2mfet + Kym(t) + 00 O
Filt) = ot 52 S

such that:

ppm(t) = A cos(2m fot + Kpym(t) + 6p)

Information contained in m(¢) is embedded in the generalized phase:

0 (7) is proportional to m(r)
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Effects of Generation and Demodulation FM Stereo

Nonlinearities of FM Signals Broadcasting

Angle Modulation

Frequency Modulation (FM):

t
o(t) = 2nfut + K / m(A)dX + 6
0

filt) = fo+ §m<t>>
such that: Q

t
OFM (t) = A, COS(27TfCt + Kf / m()\)d)\ + 90)
0

Information contained in m(¢) is embedded in the instantaneous frequency:

f; () is proportional to m(z)
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Effects of Generation and Demodulation FM Stereo

Nonlinearities of FM Signals Broadcasting

Angle Modulation

t t
o) ~ [ mNaA| we ) — [, o)
0

or we can consider PM as a special case of FM where:

d d r n
fill) ~ ggml®) | ) — | i e
S

Need only one PM or FM &==» FM is the most common angle modulation;
Study FM
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Effects of Generation and Demodulation FM Stereo

Nonlinearities of FM Signals Broadcasting

Angle Modulation: An example

Consider the modulating waveform m(7)

i 2
: lope = +——— — +100
. SOPE = 2002

A AN AN

Determine the corresponding PM and FM waveforms for:

K,=K,=2n 6,=0 f. = 1000 Hz

P o
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Effects of Generation and Demodulation FM Stereo

Nonlinearities of FM Signals Broadcasting

Angle Modulation: An example

epm(t) = Accos(2m fot + Kpm(t) + 6p)
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Effects of Generation and Demodulation FM Stereo

Nonlinearities of FM Signals Broadcasting

Angle Modulation: An example

epm(t) = Accos(2m fot + Kpm(t) + 6p)
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Effects of Generation and Demodulation FM Stereo

Nonlinearities of FM Signals Broadcasting

Angle Modulation: An example

epm(t) = Accos(2m fot + Kpm(t) + 6p)
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Effects of Generation and Demodulation FM Stereo

Nonlinearities of FM Signals Broadcasting

Angle Modulation: An example

t
orm(t) = A cos(2m fot + Ky / m(A)d\ + o)
0
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Effects of

Nonlinearities

Generation and Demodulation FM Stereo

of FM Signals Broadcasting

Angle Modulation: An example

RYERSON UNIVERSITY

t
orm(t) = A cos(2m fot + Ky / m(A)d\ + o)
0
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Effects of Generation and Demodulation FM Stereo

Nonlinearities of FM Signals Broadcasting

Angle Modulation: An example

7
wpMm(t) = A, cos(27rfct + K,m(t) + 00) wrMm(t) = Ac cos (27cht + Ky / m(\)d\ + 00)
0

dm .
fi(?) ! d@t):{ fe+ Zm(t), if PM

- 2mdt fotm(t), ifFM

m(t) | /\ -

—m(t) >

Srm— LT 1

wpm(t) t
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Effects of Generation and Demodulation FM Stereo

Nonlinearities of FM Signals Broadcasting

FM: Bandwidth estimation

Consider the modulating waveform m(7)

m(t)
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Effects of Generation and Demodulation FM Stereo

Nonlinearities of FM Signals Broadcasting

FM: Bandwidth estimation

Consider the modulating waveform m(7)

m(t)

Objective: Determine @, ( /), spectrum of the FM signal ¢, ,(?) generated
by an arbitrary modulating signal m(?).

No easy task! ... as FM is a non-linear operation w===) approximation
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Effects of Generation and Demodulation

FM Stereo

Nonlinearities of FM Signals

Broadcasting

FM: Bandwidth estimation

Let’s start with the simple case of a single-tone modulation:

m(t) = A, coswpt

such that:

t
prMm(t) = A.cos (wct + Ky / m()\)d)\)
0

with the instantaneous frequency of the FM signal given as:

ilt) = fo+ S L mi)

KA

2T

= f.+ COS Wyt

= fo+ Af coswy,t

RYERSON UNIVERSITY ELE 635 — Winter 2015
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Effects of Generation and Demodulation FM Stereo

Nonlinearities of FM Signals Broadcasting

FM: Bandwidth estimation

Observe that:

2T

represents the maximum frequency deviation of the instantaneous frequency
/; (¢) from the unmodulated carrier frequency f,

Af ~ A, = mtax[m(t”

The maximum frequency deviation Af is independent of f, but rather is a function
of the maximum signal amplitude.
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Effects of Generation and Demodulation FM Stereo

Nonlinearities of FM Signals Broadcasting

FM: Bandwidth estimation

Let us now rewrite the FM signal ¢,,(¢) by computing the time-varying phase:

0(t) = 27 /t £i(A)dA

t KA,
:27T/ [fc+ ; coswmA |dA
0

7

KA sinwp]|"
:zw[ch+ fom PO
2T Wm o |
KyAp |
= 27 f.t + 27j;fm sin wy, t

A
= 2w f.t + f—f sin wy,t
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Effects of Generation and Demodulation FM Stereo

Nonlinearities of FM Signals Broadcasting

FM: Bandwidth estimation

Using the simplified notation:

_ A _Aw  KpdAn /2

p

we express the FM signal as:

wrM(t) = A cosO(t)

= A, cos (27cht + % sin wmt)

— A, cos (27cht + Bsin wmt>

— A, cosw,t cos ([3 sin wmt) — A, sinw,t sin ([3 sin wmt)
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Effects of Generation and Demodulation FM Stereo

Nonlinearities of FM Signals Broadcasting

FM: Bandwidth estimation

wrn(t) = Ae cosw,t cos (B sin wmt) — A, sinw,t sin (5 sin wmt)

Case 1

Narrowband FM with £ small (typically f < 0.3)

Cos(ﬁ sinwmt) ~ 1 and Sin(ﬁ Sinwmt) ~~ (3 sin w,,t

Therefore;

erM(t) &= A. coswet — A, B sinw,t sinw,,t

RYERSON UNIVERSITY ELE 635 — Winter 2015
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Effects of Generation and Demodulation FM Stereo

Nonlinearities of FM Signals Broadcasting

FM: Bandwidth estimation

How does the narrowband FM (NBFM) case with m(¢) = 4, cos w,t compare with
the single-tone AM signal?

pan(t) = | Ac + Ap coswmt | coswet

— A, [1 - A coswmt] CcoS Wt

— A, [1 +,ucoswmt] coS Wt

= A.cosw.t + A. 1 coswy,t cosw,t
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Effects of Generation and Demodulation FM Stereo

Nonlinearities of FM Signals Broadcasting

FM: Bandwidth estimation

How does the narrowband FM (NBFM) case with m(¢) = 4, cos w,t compare with
the single-tone AM signal?

pan(t) = | Ac + Ap coswmt | coswet

— A, [1 - A coswmt] CcoS Wt

— A, [1 +,ucoswmt] coS Wt

= A.cosw.t + A. 1 coswy,t cosw,t

waM(t) = Accoswet + A b cOs Wit cos wt

ONBFM(t) = Accoswet — A, B sinwy,t sin w,t
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Effects of Generation and Demodulation FM Stereo

Nonlinearities of FM Signals Broadcasting

FM: Bandwidth estimation

waM(t) = Accoswet + A 1 coS wt cos wet

¢

ONBFM (t) = Accoswet — A B sin wy,t sin w.t

Observations

» Single-tone AM and NBFM are similar, yet they are distinct modulation schemes.

* In view of the similarity between the AM modulation index uand f=(Af / f,,)

we will refer to f as the modulation index for the FM signals (applicable only
for single-tone modulation).
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Effects of Generation and Demodulation FM Stereo

Nonlinearities of FM Signals Broadcasting

FM: Bandwidth estimation

©NBFM(t) = Accoswet — A, B sinwy,tsinw,t

Generating NBFM signals

—’®—'>CP—> ©oNBFM (1)

A.sinw,t

A, cosw,t

Q
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Effects of Generation and Demodulation FM Stereo

Nonlinearities of FM Signals Broadcasting

FM: Bandwidth estimation

Spectrum of a single-tone modulated NBFM signal

©NBFM (t) = Accoswet — A [ sinwy,t sinw,t

=|A. cosw.t — % [Cos(wc — W )t — cos(we + wm)t}
PnprM(f)
Ao/2 | Ag/2
= L S R A - f
R
_(fc+f7:n> _!(fc _fm) fc_fr:n ]:tc‘|‘fm
Br = Qj"m
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Effects of Generation and Demodulation FM Stereo

Nonlinearities of FM Signals Broadcasting

FM: Bandwidth estimation

Spectrum of a single-tone modulated NBFM signal

©NBFM (t) = Accoswet — A [ sinwy,t sinw,t

=|A. cosw.t — % [Cos(wc — W )t — cos(we + wm)t}
PnprM(f)
Ao/2 i Ag/2
Ac6/4 _Acﬁ/4 _Acﬁ/4 Acﬁ/4
R 1
i _fc i 0 i fc i
(ot fm) (e fm) e
<> AM
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Effects of Generation and Demodulation FM Stereo

Nonlinearities of FM Signals Broadcasting

FM: Bandwidth estimation

So far all what we have achieved was to determine the spectrum of a single-tone
modulated NBFM signal ... As we stated at the onset computing the spectrum
for the more general cases is no easy task !
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Effects of Generation and Demodulation FM Stereo

Nonlinearities of FM Signals Broadcasting

FM: Bandwidth estimation

So far all what we have achieved was to determine the spectrum of a single-tone
modulated NBFM signal ... As we stated at the onset computing the spectrum
for the more general cases is no easy task !

Let us consider a more general case with an arbitrary m(¥) with:

at) = /0 ") A

and express the FM signal in a form using the simplified notation:

t
QOFM(t) = AC COS(WCt -+ Kf / m()\)d)\)
0

= A, cos(wct + Kra(t))

RYERSON UNIVERSITY ELE 635 — Winter 2015 55



Effects of Generation and Demodulation FM Stereo
Broadcasting

Nonlinearities of FM Signals

FM: Bandwidth estimation

We can also express ¢p(?) as:

t
prm(t) = Accos(wet + Kf/ m(A)d\ )
0
= A.cos(wet + Kya(t))

- Re{ Acej[wct+f<fa<t>]}

. a*(t)
- Re{AC [1+jKa(t) = Kj—= +-

K2
= A, {cos wet — Kra(t) sinwet — 2—']0(12

RYERSON UNIVERSITY ELE 635 — Winter 2015
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Effects of Generation and Demodulation FM Stereo

Nonlinearities of FM Signals Broadcasting

FM: Bandwidth estimation

Assume that 7:(7) is bandlimited to 5, Hz. Then:

K2 K3
sin w.t — 2—'fa2(t) COS Wet — 3—'fa3(t) sin w,t + - - }

N—

wrM(t) = Ae [COS wet — K pa(t

v
a(t) is bandlimited to B, Hz
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Effects of Generation and Demodulation FM Stereo

Nonlinearities of FM Signals Broadcasting

FM: Bandwidth estimation

Assume that 7:(7) is bandlimited to 5, Hz. Then:

K? K?
faQ(t) cos wet — 3—'fa3(t) sinw,t + - - }

N

=

&

o

~
|

wrM(t) = Ae [COS wet — K pa(t

v
a(t) is bandlimited to B, Hz

%
a*(t) is bandlimited to 2B, Hz
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Effects of
Nonlinearities

Generation and Demodulation

FM Stereo
of FM Signals Broadcasting

FM: Bandwidth estimation

Assume that 7:(7) is bandlimited to 5, Hz. Then:

KI5 K3
wrM(t) = Ac[coswct—Kf (t)|sin wet — i1 (t)|cos wet — Ele (1) Smwct—k---}

Vv
a(t) is bandlimited to B, Hz

v
a*(t) is bandlimited to 2B, Hz |
a°(t) is bandlimited to 38, Hz

v
a"(t) is bandlimited to n5,, Hz
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Effects of

Generation and Demodulation

FM Stereo
Nonlinearities of FM Signals

Broadcasting

FM: Bandwidth estimation

Assume that 7:(7) is bandlimited to 5, Hz. Then:

: KI5 K3
wrM(t) = Ac[coswct—Kf (t)|sin wet — i1 (t)|cos wet — Ele (1) Smwct—k---}

Vv
a(t) is bandlimited to B, Hz

v
a*(t) is bandlimited to 2B, Hz |
a°(t) is bandlimited to 38, Hz

v
a"(t) is bandlimited to n5,, Hz

The FM signal ¢p,,(?) is not bandlimited ! ...
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Effects of Generation and Demodulation

Nonlinearities of FM Signals

Broadcasting

FM: Bandwidth estimation

B = ?ﬂ{ = 12{71:2: is small )

Ky

RYERSON UNIVERSITY ELE 635 — Winter 2015

What about the NBFM case? NBFM (with single-tone modulation)

IS small
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Effects of Generation and Demodulation FM Stereo

Nonlinearities of FM Signals Broadcasting

FM: Bandwidth estimation

What about the NBFM case? NBFM (with single-tone modulation)

Af  KrA,, .
B = — is small :> Ky | issmall
fm 27 fin,
such that
K? K?
wrM(t) = A [cos wet — Kra(t) sinw.t — 2—'fa2 (t) cos wet — 3—{&3(15) sinw,t + - - ]
~|A;coswet — AcKra(t) sinw,t

2 3

RYERSON UNIVERSITY ) Erli_E 635 - Wintér§01 ) e




Effects of Generation and Demodulation

FM Stereo

Nonlinearities of FM Signals

Broadcasting

FM: Bandwidth estimation

Given that

orm(t) = Accoswet — AcK pa(t) sinw,t

Brtransmission bandwidth of the NBFM signal ¢, (?)

B = 2 Bandwidth of [ a(¢) ]
= 2 Bandwidth of [ m(7) ]
2B

m

which is what we determined earlier.

RYERSON UNIVERSITY ELE 635 — Winter 2015
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Effects of Generation and Demodulation FM Stereo

Nonlinearities of FM Signals Broadcasting

FM: Bandwidth estimation

Given that

orm(t) = Accoswet — AcK pa(t) sinw,t

Brtransmission bandwidth of the NBFM signal ¢, (?)

B = 2 Bandwidth of [ a(?) ]
= 2 Bandwidth of [ m(?) ]
2B,

which is what we determined earlier.

As we will show shortly the result that for NBFM signals B = 2B, will be
valid for all NBFM signals generated by bandlimited modulating signals.
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Effects of Generation and Demodulation FM Stereo

Nonlinearities of FM Signals Broadcasting

FM: Bandwidth estimation

Consider the modulating waveform m(7)

. 1
m(1) —>1  =—Nyquist interval = oY

N -
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Effects of Generation and Demodulation FM Stereo

Nonlinearities of FM Signals Broadcasting

FM: Bandwidth estimation

Consider the modulating waveform m(7)

. 1
m(1) —  =—Nyquist interval = B =7

N\ . 1
X(f)
2(t) = H(é) — X(f) = rsinc(r f7)
N\ | /\\ . f
T
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Effects of Generation and Demodulation FM Stereo

Nonlinearities of FM Signals Broadcasting

FM: Bandwidth estimation

Consider the modulating waveform m(7)

wrm(t) AVAV ________________________ .t

K
Frequency : f; = f. + 2—7:m(tk) = fr

Dpv(f) /\ Signal : cos(2m frt) IL(2By, (t — t1))
i /\V : \/\\ > f
o
fi

RYERSON UNIVERSITY Ji§ ELE 635 — Winter 2015 45



Effects of Generation and Demodulation FM Stereo

Nonlinearities of FM Signals Broadcasting
FM: Bandwidth estimation
Consider the modulating waveform m(7)
m(t)
Mty q) - =
| Q > 1
Uit
wrm(t) NIV AW A -t
P (f) /\
| AT S
Je |
fk+1 ~Tmax
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Effects of Generation and Demodulation

FM Stereo

Nonlinearities of FM Signals

Broadcasting

FM: Bandwidth estimation

Consider the modulating waveform m(7)
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Effects of Generation and Demodulation

FM Stereo

Nonlinearities of FM Signals

Broadcasting

FM: Bandwidth estimation

Consider the modulating waveform m(7)

erm(t) /\ n _______ .t

Ppni(f) /\
| N\ N\ f
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Effects of Generation and Demodulation FM Stereo

Nonlinearities of FM Signals Broadcasting
FM: Bandwidth estimation
Consider the modulating waveform m(7)
m(t)
O p—— w
lera
epm(t) L \/\V _______ =t
P (f)
/I\V A"AIUVA/A\AVE > f
Je
Jira
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Effects of Generation and Demodulation FM Stereo

Nonlinearities of FM Signals Broadcasting

FM: Bandwidth estimation

Consider the modulating waveform m(7)

m(?)
m(tk—i-S) ——————————————————————————— > 1
lkts
erm(t) /\\/ S\
Ppni(f)
N i VZX/AVIVAV/AN VAN VAR = f
fkl—i—5 ~ fc

RYERSON UNIVERSITY ELE 635 — Winter 2015




Effects of Generation and Demodulation FM Stereo

Nonlinearities of FM Signals Broadcasting

FM: Bandwidth estimation

Consider the modulating waveform m(7)

m(t)
N tk;+6 . 1
(7 N
erm(t) /\/ .t
Ppni(f)
I/\V ; V/\\I _________________ - f
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Effects of Generation and Demodulation

FM Stereo

Nonlinearities of FM Signals

Broadcasting

FM: Bandwidth estimation

Consider the modulating waveform m(7)

m(t)

t
k+7
Q } > I

RYERSON UNIVERSITY ELE 635 — Winter 2015
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Effects of Generation and Demodulation

FM Stereo

Nonlinearities of FM Signals

Broadcasting

FM: Bandwidth estimation

Consider the modulating waveform m(7)

m(t)

RYERSON UNIVERSITY ELE 635 — Winter 2015
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Effects of Generation and Demodulation FM Stereo

Nonlinearities of FM Signals Broadcasting

FM: Bandwidth estimation

Consider the modulating waveform m(7)

m(t)
rnl’”U.Y
S~ 1L
wpm(t)  LHUUUUUALIA VL JA /A ) .t
Ppm(f)
| ; ______|_ _________ A _i_ |
2B, — o Je —=l [+ 2B,
ff’l’llli’l f}nlax
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Effects of Generation and Demodulation FM Stereo

Nonlinearities of FM Signals Broadcasting

FM: Bandwidth estimation

Consider the modulating waveform m(7)

m(1)
rnl’”U.Y ________
S~ s’
wpm(t)  LHUUUUUALIA VL JA /A ) .t
Opni(f)
b e
2B, —! <— Je —= < 2B,
i fmln fma_xl i

BFM ~ [fmaac - fmln] + 2(2Bm)
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Effects of Generation and Demodulation FM Stereo

Nonlinearities of FM Signals Broadcasting

FM: Bandwidth estimation

m(f)

i —io—
EAfmin BFM fmax:
K | K K K
fmin = fo+ S minm(t)] = fe = 5 m, fmaz = fo+ GEmaxm(t)] = fe+ 5 m,

BFM ~ :fmaa: — fmzn] + 2(2Bm)

Ky

— Q(Af + 2Bm)
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Effects of Generation and Demodulation FM Stereo

Nonlinearities of FM Signals Broadcasting

FM: Bandwidth estimation

BFM ~ [fmax — fmzn] + 2(2Bm)

Ky

— 2(Af + 2Bm)

« This approximation to Bg,,is not a very good one:
m=== in the narrowband FM case Af = 0 so that Bygp\y = 28,
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Effects of Generation and Demodulation FM Stereo

Nonlinearities of FM Signals Broadcasting

FM: Bandwidth estimation

BFM ~ [fmax - fmzn] + 2(2Bm)

Ky

- Q(Af + 2Bm)

« This approximation to Bg,,is not a very good one:
m=== in the narrowband FM case Af = 0 so that Bygp\y = 28,

» A better approximation is given by Carson’s Rule:

RYERSON UNIVERSITY ) Erli_E 635 - Wintér§01 ) e




Effects of Generation and Demodulation FM Stereo

Nonlinearities of FM Signals Broadcasting

FM: Bandwidth estimation — Carson’s Rule

Define:
. _ _Af  Af
Modulation Index: B = B, .
Af
Deviation Index: D= B,
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Effects of Generation and Demodulation FM Stereo

Nonlinearities of FM Signals Broadcasting

FM: Bandwidth estimation — Carson’s Rule

Define: o~
. _ _Af [Af
Modulation Index: B = B, 7.
Af N/
Deviation Index: D= B,

For
single-tone
modulation only !!!
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Effects of

Nonlinearities

Generation and Demodulation
of FM Signals

FM: Bandwidth estimation — Carson’s Rule

Single Tone Modulation:

_af

B—fm

RYERSON UNIVERSITY

Broadcasting

Brm = 2B, (1 + B)

Wideband Signal Modulation:

ELE 635 — Winter 2015




Effects of Generation and Demodulation FM Stereo

Nonlinearities of FM Signals Broadcasting

FM: Bandwidth estimation

Determining a closed-form expression for the spectrum of signal ¢g,,(¢) for
arbitrary modulation/deviation index values is not possible. Therefore we will
investigate the single-tone modulation case:

m(t) = Ay, coswpt

such that:

!
wrm(t) = Accos (wct + Ky /O m(A)dA)
= A, cos (27rfct + [sin wmt)
_ RG{AC ej[wct—l—ﬁ sin wyy, t] }

_ Re{ACestmwmtejwct}
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Effects of Generation and Demodulation FM Stereo

Nonlinearities of FM Signals Broadcasting

FM: Bandwidth estimation

QOFM(‘[;) — Re{Ac 6‘75 sin wy, t ejwct}

The complex exponential function 77 S «m?

expanded in the Fourier series:

00
ejﬂsmwmt _ E : Cnejnwmt

n=—oo

is periodic, and therefore it can be
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Effects of Generation and Demodulation FM Stereo

Nonlinearities of FM Signals Broadcasting

FM: Bandwidth estimation

QOFM(‘[;) — Re{Ac 6‘75 sin wy, t ejwct}

The complex exponential function 77 S «m?

expanded in the Fourier series:

00
ejﬂsmwmt _ E : Cnejnwmt

is periodic, and therefore it can be

n—=——oo
with
T/ Wm,
Cn — w_m ej,@sinwmt e—jnwmtdt
27 _ﬂ./wm
1 T _
= — el (Bsinz—nz) g0 with = wyt
2w ) _

— Jn(ﬁ)
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Effects of Generation and Demodulation FM Stereo

Nonlinearities of FM Signals Broadcasting

FM: Bandwidth estimation

QOFM(‘[;) — Re{Ac 6‘75 sin wy, t ejwct}

The complex exponential function 77 S «m?

expanded in the Fourier series:

00
ejﬂsmwmt _ E : Cnejnwmt

is periodic, and therefore it can be

n—=——oo
with
T/ Wm,
Cn — w_m ej,@sinwmt e—jnwmtdt
27 _ﬂ./wm
1 T _
= — el (Bsinz—nz) g0 with = wyt
2w ) _

@ What is this J () ?

RYERSON UNIVERSITY ELE 635 — Winter 2015 65



Effects of

Nonlinearities

Generation and Demodulation
of FM Signals

FM Stereo

Broadcasting

FM: Bandwidth estimation

G

/

N

J : Bessel function of 1st kind.

N

n : order f : argument

-

RYERSON UNIVERSITY

V

Bessel function of 15t kind “J”, order n and argument
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Effects of Generation and Demodulation FM Stereo

Nonlinearities of FM Signals Broadcasting

FM: Bandwidth estimation

G

N T

J : Bessel function of 1st kind. n : order p = argument

N —
V

Bessel function of 15t kind (J ), order n and argument

Shortly, we will return to discuss the properties of Bessel functions and methods of

evaluating them. But for the time being assume that J (/) are readily available so
that we can proceed with evaluating the spectrum of the FM signal.
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Effects of Generation and Demodulation FM Stereo

Nonlinearities of FM Signals Broadcasting

FM: Bandwidth estimation

QOFM(‘L') — Re{AC GJB sin wy, t ijct}

Re{d. | 37 Ju(g)eert el }
~Re{4, X pper o)

= A, Z Jn(B) cos(we + nwy, )t

The last expression is in a form suitable for computing the spectrum of the FM
signal.
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Effects of Generation and Demodulation FM Stereo

Nonlinearities of FM Signals Broadcasting

FM: Bandwidth estimation

prm(t) = A Z Jn(B) cos(we + nwp, )t

such that:

Srm(f) = F

= F

= A,

poru(t)]

:AC Z Jn(B) cos(we + nwm)t]

n

Z Jn(B) F |cos(we + nwm, )t

RYERSON UNIVERSITY
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Effects of
Nonlinearities

Generation and Demodulation
of FM Signals

Broadcasting

FM: Bandwidth estimation

RYERSON UNIVERSITY

ELE 635 — Winter 2015

Ppni (f ZJ —(fe+nfm)) +0(f+ (fe+nfm))]
such that:
Prm(f) -,
x5 e
J_2(B) J2(B)
} JaB) | ) ‘
fc _2fm i fe : fC+2fm
fomfo fot
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Effects of

Nonlinearities

Generation and Demodulation FM Stereo

of FM Signals Broadcasting

FM: Bandwidth estimation

= (e A i) 4= O 4 (e 4 )]

such that;
Peni(f) )
c J
x5 Y
J_2(pB) J2(B)
} JaB) | ) ‘
ol y

0 Je = 2fm | fe i fc + 2fm

fomtm St fm

* There are an infinite number of sidebands w===) not bandlimited.
* fandinturn J (f) values determine the shape of @y, ( /).
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Effects of Generation and Demodulation FM Stereo

Nonlinearities of FM Signals Broadcasting

Properties of Bessel functions

* J (p) is real-valued.
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Effects of Generation and Demodulation FM Stereo

Nonlinearities of FM Signals Broadcasting

Properties of Bessel functions

- Alternating even/odd symmetry: | J,(8) = (—1)"J_,.(8)
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Effects of Generation and Demodulation FM Stereo

Nonlinearities of FM Signals Broadcasting

Properties of Bessel functions

« NBFM case: fsmall (< 0.3) such that

N[

JoB) =1 || J(B) = —J_a(B) == || Ju(8) =0, for n] > 2

RYERSON UNIVERSITY ELE 635 — Winter 2015




Effects of Generation and Demodulation FM Stereo

Nonlinearities of FM Signals Broadcasting

Properties of Bessel functions

Normalization:

RYERSON UNIVERSITY

> B =1

n=—aoo
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Effects of Generation and Demodulation FM Stereo

Nonlinearities of FM Signals Broadcasting

Properties of Bessel functions

 Well-tabulated.

Bessel functions as a function of modulation index § and Bessel function order n.
1 r-rr—n1 1 r—n —n 1 11— 1 1 ‘11— 1 17" 1T 1T 1T T 1T T T T T T T T T T T T T T T T TT

0751 N\ e E R SRS CEEERE SR ERE R RN

0.25

Amplitude

~0.25}
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Effects of Generation and Demodulation FM Stereo

Nonlinearities of FM Signals Broadcasting

Properties of Bessel functions

- Bessel functions are generated by differential equations.

L S [ s e e e s s e e e s e s e s s B s B

0.75

051 z 5B 3,8

0 » B
_025- \\M

3 S O Y Y
0 05 1 16 2 25 3 35 4 45 5 55 6 65 7 75 8 85 9 95 10

Amplitude
o
o
&

Bessel functions are frequently encountered in a number of engineering
problems. They are the solutions to the differential equation (e.g. wave
equation, heat transfer equation):

2 d*y dy

2,2 2\
T @—l—x@—l—()\x —v7)=0

Remember that “sin” and “cos” are also solutions to the differential equation:

d*y 2
dzz YD
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Effects of Generation and Demodulation FM Stereo

Nonlinearities of FM Signals Broadcasting

FM Bandwidth estimation: Single tone modulation

NBFM (ﬁ< 03) JO(B) ~ ] l¢---- 1

T

[
n
—
=
~

0.25

-0.25
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Effects of Generation and Demodulation FM Stereo

Nonlinearities of FM Signals Broadcasting

FM Bandwidth estimation: Single tone modulation

NBFM ( 5 < 0.3)

075 1+ i\ R

0.5

7 — =

N | ™
o
N
T

-0.25

W e N o
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Effects of

Generation and Demodulation FM Stereo

Nonlinearities

of FM Signals Broadcasting

FM Bandwidth estimation

: Single tone modulation

NBFM ( 5 < 0.3)

0.75

0.5

0.25

Jn(B) = 0, for |n| > 2

-0.25

T

RYERSON UNIVERSITY
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Effects of Generation and Demodulation FM Stereo

Nonlinearities of FM Signals Broadcasting

FM Bandwidth estimation: Single tone modulation

NBFM ( 5 < 0.3)

With Jo(ﬁ) ~ 1, Jl(ﬁ) =—J_ 1= 5/2, Jn(ﬂ) ~ 0, for |TL| > 2, the
expression for the FM signal:
prm(t) = Ac Y JIn(B) cos(we + nwn, )t

becomes:
erm(t) = Accoswet + Ac J1(8) cos(we + wm )t + Ac J_1(5) cos(we — wp )t

Acp

= A, coswt + % cos(we + Wm )t — - cos(we — Wi )t
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Effects of Generation and Demodulation FM Stereo

Nonlinearities of FM Signals Broadcasting

FM Bandwidth estimation: Single tone modulation

NBFM ( 5 < 0.3)

With Jo(ﬁ) ~ 1, Jl(ﬁ) =—J_ 1= 5/2, Jn(ﬂ) ~ 0, for |TL| > 2, the
expression for the FM signal:
prm(t) = Ac Y JIn(B) cos(we + nwn, )t

becomes:

erm(t) = Accoswet + Ac J1(8) cos(we + wm )t + Ac J_1(5) cos(we — wp )t

A
= A, coswt + % cos(we + Wm )t — % cos(we — Wi )t
N\ o \_ ~ S ~ ~ g

carrier sideband at /17 sideband at f.-f,,
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Effects of Generation and Demodulation FM Stereo

Nonlinearities of FM Signals Broadcasting

FM Bandwidth estimation: Single tone modulation

NBFM (5 < 0.3)

With Jo(ﬁ) ~ 1, Jl(ﬁ) =—J_ 1= ﬁ/Q, Jn(ﬂ) ~ 0, for |TL| > 2, the
expression for the FM signal:
prm(t) = Ac Y JIn(B) cos(we + nwn, )t

becomes:

erm(t) = Accoswet + Ac J1(8) cos(we + wm )t + Ac J_1(5) cos(we — wp )t

A
= A, coswt + % cos(we + Wm )t — % cos(we — Wi )t
N\ o \_ ~ S ~ ~ g

carrier sideband at /.17, sideband at f -f,

Transmission bandwidth: B =~ 2f,,

RYERSON UNIVERSITY ELE 635 — Winter 2015
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Effects of Generation and Demodulation FM Stereo

Nonlinearities of FM Signals Broadcasting

FM Bandwidth estimation: Single tone modulation

WBFM

« Infinite number of sidebands at fo = nfm
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Effects of Generation and Demodulation FM Stereo

Nonlinearities of FM Signals Broadcasting

FM Bandwidth estimation: Single tone modulation

WBFM

fI> fe

« Magnitudes of sidebands decreases with increasing 7, i.e.,

Bessel functions as a function of modulation index  and Bessel function order n.
1 I T T T T T T T T T T T T T T T T T T T T T T T T T T T T T

Jo(B)

T J,) ﬂ |

0.5

Amplitude

0.25F

-0.25-

B Y3 S Y Y N
0 05 1 15 2 25 383 35 4 45 5 55 6 65 7 75 8 85 9 95 10
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Effects of Generation and Demodulation FM Stereo

Nonlinearities of FM Signals Broadcasting

FM Bandwidth estimation: Single tone modulation

WBFM

« The power in @g\,(?) is contained within a finite bandwidth.
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Effects of Generation and Demodulation FM Stereo

Nonlinearities of FM Signals Broadcasting

FM Bandwidth estimation: Single tone modulation

WBFM

« Carrier amplitude 4_J,(f) is a function of the modulation index f.
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Effects of Generation and Demodulation FM Stereo

Nonlinearities of FM Signals Broadcasting

FM Bandwidth estimation: Single tone modulation

WBFM

« Total signal power

A2 A2
Prn(t) = 5 > Ja(8) = =
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Effects of Generation and Demodulation FM Stereo

Nonlinearities of FM Signals Broadcasting

FM Bandwidth estimation: Single tone modulation

WBFM

« Total signal power
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Effects of Generation and Demodulation FM Stereo

Nonlinearities of FM Signals Broadcasting

FM Bandwidth estimation: Single tone modulation

WBFM

« Total signal power

We could have easily obtained this result from:

t
wrm(t) = Aecos (wct + Ky / m()\)d)\)
0
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Effects of Generation and Demodulation FM Stereo

Nonlinearities of FM Signals Broadcasting

FM Bandwidth estimation: Single tone modulation

WBFM

« Total signal power

A Ac
i (t) =52 ) JA(B) = =F
— constant

— L carrier + Psideband

Distribution of the constant total signal power among the carrier and the

sidebands will change as a function of the modulation index f.
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Effects of Generation and Demodulation FM Stereo

Nonlinearities of FM Signals Broadcasting

FM Bandwidth estimation: Single tone modulation

WBFM Changing the modulation index f = Af/f,




Effects of Generation and Demodulation

Nonlinearities of FM Signals

FM Bandwidth estimation: Single tone modulation

WBFM

Changing the modulation index 5 = Af/f

* BT with fr, |

« more spectral lines added.

Broadcasting




Effects of Generation and Demodulation FM Stereo

Nonlinearities of FM Signals Broadcasting

FM Bandwidth estimation: Single tone modulation

WBFM Changing the modulation index f = Af/f,

Af= constant

* BT with fry |

more spectral lines added.




Effects of Generation and Demodulation FM Stereo

Nonlinearities of FM Signals Broadcasting

FM Bandwidth estimation: Single tone modulation

WBFM Changing the modulation index f = Af/f,

Af= constant

* BT with fry | « ST with AfT

* more spectral lines added. « more spectral lines at constant spacing.

1,,= constant




Effects of Generation and Demodulation FM Stereo

Nonlinearities of FM Signals Broadcasting

FM Bandwidth estimation: Single tone modulation

WBFM Changing the modulation index f = Af/f,

* BT with fry | « ST with AfT

more spectral lines added. « more spectral lines at constant spacing.




Effects of Generation and Demodulation FM Stereo

Nonlinearities of FM Signals Broadcasting

FM Bandwidth estimation: Single tone modulation

WBFM How many sideband are significant to determine B, ?
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Effects of Generation and Demodulation FM Stereo

Nonlinearities of FM Signals Broadcasting

FM Bandwidth estimation: Single tone modulation

WBFM How many sideband are significant to determine B, ?

A common rule:

A sideband is significant if its magnitude exceeds

x-% of the unmodulated carrier.
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Effects of Generation and Demodulation FM Stereo

Nonlinearities of FM Signals Broadcasting

FM Bandwidth estimation: Single tone modulation

WBFM How many sideband are significant to determine B, ?

A common rule:

A sideband is significant if its magnitude exceeds

x-% of the unmodulated carrier.

« Unmodulated carrier ......... : 4,.J,(0)
« Sideband terms ................ : A.J.(P)
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Effects of Generation and Demodulation FM Stereo

Nonlinearities of FM Signals Broadcasting

FM Bandwidth estimation: Single tone modulation

WBFM How many sideband are significant to determine B, ?

A common rule:

A sideband is significant if its magnitude exceeds

x-% of the unmodulated carrier.

« Unmodulated carrier ......... : 4,.J,(0)
« Sideband terms ................ : A.J.(P)

For the 1-% case determine the sideband index » such that

Acdn(B8)| > | Acdo(0) | 1072
| Ju(B) | > | Jo(0)] 1077

| J.(B) ] > 1072 since Jo(0) =1
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Effects of Generation and Demodulation FM Stereo

Nonlinearities of FM Signals Broadcasting

FM Bandwidth estimation: Single tone modulation

WBFM How many sideband are significant to determine B, ?

If n, . is the largest value of the sideband index satisfying the requirement:

| Jn(B)] > 107"

then we approximate the transmission bandwidth as

RYERSON UNIVERSITY ELE 635 — Winter 2015 101



Effects of Generation and Demodulation FM Stereo

Nonlinearities of FM Signals Broadcasting

FM Bandwidth estimation: Single tone modulation

WBFM

How many sideband are significant to determine B, ?

RYERSON UNIVERSITY

If n, . is the largest value of the sideband index satisfying the requirement:

| Jn(B)] > 107"

then we approximate the transmission bandwidth as

We use table of Bessel functions to determine the number of sidebands.
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Effects of Generation and Demodulation

Nonlinearities of FM Signals

FM Bandwidth estimation: Single tone modulation

Table of Bessel Functions as a function of modulation index B and Bessel function order n.

1B LB 1L(B) 5B 1B I5(B) Js(B) 1B Is(B) Jo(B)

0.0 1.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.2 0.99 0.10 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.4 0.96 0.20 0.02 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.6 0.91 0.29 0.04 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.8 0.85 0.37 0.08 0.01 0.00 0.00 0.00 0.00 0.00 0.00
1.0 0.77 0.44 0.11 0.02 0.00 0.00 0.00 0.00 0.00 0.00
1.2 0.67 0.50 0.16 0.03 0.01 0.00 0.00 0.00 0.00 0.00
1.4 0.57 0.54 0.21 0.05 0.01 0.00 0.00 0.00 0.00 0.00
1.6 0.46 0.57 0.26 0.07 0.01 0.00 0.00 0.00 0.00 0.00
1.8 0.34 0.58 0.31 0.10 0.02 0.00 0.00 0.00 0.00 0.00
2.0 0.22 0.58 0.35 0.13 0.03 0.01 0.00 0.00 0.00 0.00
22 0.11 0.56 0.40 0.16 0.05 0.01 0.00 0.00 0.00 0.00
2.4 0.00 0.52 0.43 0.20 0.06 0.02 0.00 0.00 0.00 0.00
26 010 = 047 046 | 024 008 | 002 001 | 0.0 0.00 ~ 0.00
2.8 -0.19 0.41 0.48 0.27 0.11 0.03 0.01 0.00 0.00 0.00
B 3.0 -0.26 0.34 0.49 0.31 0.13 0.04 0.01 0.00 0.00 0.00
3.2 -0.32 0.26 0.48 0.34 0.16 0.06 0.02 0.00 0.00 0.00
3.4 -0.36 0.18 0.47 0.37 0.19 0.07 0.02 0.01 0.00 0.00
36 -0.39 0.10 0.44 0.40 0.22 0.09 0.03 0.01 0.00 0.00
3.8 -0.40 0.01 0.41 0.42 0.25 0.11 0.04 0.01 0.00 0.00
4.0 -0.40 -0.07 0.36 0.43 0.28 0.13 0.05 0.02 0.00 0.00
4.2 -0.38 -0.14 0.31 0.43 0.31 0.16 0.06 0.02 0.01 0.00
4.4 -0.34 -0.20 0.25 0.43 0.34 0.18 0.08 0.03 0.01 0.00
46 -0.30 -0.26 0.18 0.42 0.36 0.21 0.09 0.03 0.01 0.00
4.8 -0.24 -0.30 0.12 0.40 0.38 0.23 0.11 0.04 0.01 0.00
5.0 -0.18 -0.33 0.05 0.36 0.39 0.26 0.13 0.05 0.02 0.01
5.2 011 | -034 002 | 033 040 | 0.29 015 i 007 0.02 - 0.01
5.4 -0.04 -0.35 -0.09 0.28 0.40 0.31 0.18 0.08 0.03 0.01
5.6 0.00 -0.33 -0.15 0.23 0.39 0.33 0.20 0.09 0.04 0.01
5.8 0.09 -0.31 -0.20 0.17 0.38 0.35 0.22 0.11 0.05 0.02
6.0 0.15 -0.28 -0.24 0.11 0.36 0.36 0.25 0.13 0.06 0.02
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Effects of Generation and Demodulation

Nonlinearities of FM Signals

FM Stereo
Broadcasting

FM Bandwidth estimation: Single tone modulation

10-% rule

Table of Bessel Functions as a function of modulation index B and Bessel function order n.

Jo(B) ()] L) I(B) LB Js(B) Js(B) 1B Js(B) Jo(B)
0.0 1.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.2 0.99 0.10 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.4 0.96 0.20 0.02 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.6 0.91 0.29 0.04 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.8 0.85 0.37 0.08 0.01 0.00 0.00 0.00 0.00 0.00 0.00
1.0 0.77 0.44 0.11 0.02 0.00 0.00 0.00 0.00 0.00 0.00
1.2 0.67 0.50 0.16 0.03 0.01 0.00 0.00 0.00 0.00 0.00
1.4 0.57 0.54 0.21 0.05 0.01 0.00 0.00 0.00 0.00 0.00
16 0.46 0.57 0.26 0.07 0.01 0.00 0.00 0.00 0.00 0.00
1.8 0.34 0.58 0.31 0.10 0.02 0.00 0.00 0.00 0.00 0.00
2.0 0.22 0.58 0.35 0.13 0.03 0.01 0.00 0.00 0.00 0.00
2.2 0.11 0.56 0.40 0.16 0.05 0.01 0.00 0.00 0.00 0.00
2.4 0.00 0.52 0.43 0.20 0.06 0.02 0.00 0.00 0.00 0.00
2.6 -0.10 0.47 0.46 0.24 0.08 0.02 0.01 0.00 0.00 0.00
2.8 -0.19 0.41 0.48 0.27 0.11 0.03 0.01 0.00 0.00 0.00
B 3.0 -0.26 0.34 0.49 0.31 0.13 0.04 0.01 0.00 0.00 0.00
3.2 -0.32 0.26 0.48 034 0.16 0.06 0.02 0.00 0.00 0.00
34 | 036 018 | 047 | 037 | 019 | 007 | 002 | 001 | 000 : 000
3.6 -0.39 0.10 0.44 0.40 0.22 0.09 0.03 0.01 0.00 0.00
3.8 -0.40 0.01 0.41 0.42 0.25 0.11 0.04 0.01 0.00 0.00
4.0 -0.40 -0.07 0.36 0.43 0.28 0.13 0.05 0.02 0.00 0.00
4.2 -0.38 -0.14 0.31 0.43 0.31 0.16 0.06 0.02 0.01 0.00
4.4 -0.34 -0.20 0.25 0.43 034 0.18 0.08 0.03 0.01 0.00
46 -0.30 -0.26 0.18 0.42 0.36 0.21 0.09 0.03 0.01 0.00
4.8 -0.24 -0.30 0.12 0.40 0.38 0.23 0.11 0.04 0.01 0.00 |
5.0 -0.18 -0.33 0.05 0.36 0.39 0.26 0.13 0.05 0.02 0.01
5.2 -0.11 -0.34 -0.02 0.33 0.40 0.29 0.15 0.07 0.02 0.01
5.4 -0.04 -0.35 -0.09 0.28 0.40 0.31 0.18 0.08 0.03 0.01
5.6 0.00 -0.33 -0.15 0.23 0.39 0.33 0.20 0.09 0.04 0.01
5.8 0.09 -0.31 -0.20 0.17 0.38 0.35 0.22 0.11 0.05 0.02
60 | o015 | -028 -0.24 0.11 0.36 0.36 0.25 0.13 0.06 0.02
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Effects of Generation and Demodulation FM Stereo

Nonlinearities of FM Signals Broadcasting

FM Bandwidth estimation: Single tone modulation

The transmission bandwidth B calculated using the x-% rule can also be presented in the
form of a universal curve by normalizing the results obtained from the Bessel function

tables shown in the previous slides with respect to the frequency deviation Af and then
plotting it versus p.

40 —

20

~
|
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Effects of Generation and Demodulation FM Stereo

Nonlinearities of FM Signals Broadcasting
NBFM Bandwidth estimation: Summary
Single T i
Moot m(t) = Ay, cos 27 fint Sl m(t) bandlimited B,
ﬁ:Af:KfAm/QTr D:Af:Kfmp/QW
Jm Jm B, B
with 8 < 0.3 with D < 0.3 and m, = max |m(t)|
oNBrM(t) & A. coswt — A, B sinw,,t sinw,t onBrM(t) = Accoswet — A [Kf /m()\)d)\} sin w,t
Pnprm(f) dnprM(f)
) Ac/2 A
A
—Acf/4 ‘ } AcB/4 //W/\\
""" e -/ ; -/
0 fc_fn:z ’ f:c"‘fm 0 E<l—cl>:
(R Br =28,
BT = 2fm
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Effects of Generation and Demodulation FM Stereo

Nonlinearities of FM Signals Broadcasting
NBFM Bandwidth estimation: Summary
Mosulation m(t) = Ap, cos 27 fmt Sl m(#) bandlimited B,,
ﬁ:Af:KfAm/QTr D:Af:Kfmp/QW
Jm Jm B, B,
with 6 < 0.3 with D < 0.3 and m, = max Im(t)]
oNBrM(t) & A. coswt — A, B sinw,,t sinw,t onBrM(t) = Accoswet — A [Kf /m()\)d)\} sin w,t
Pnprm(f) dxprM(f)
) Ac/2 )
A
—Acf/4 ‘ } AcB/4 //W/\\
""" e -1 = -/
0 fc_fn:z ’ f:c"‘fm 0 E<l—cl>:
(R Br =28,
BT = 2fm
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Effects of

Generation and Demodulation FM Stereo

Nonlinearities

of FM Signals Broadcasting

WBFM Bandwidth estimation: Summary

Single Tone .
Modulation m(t) = Am cos 27 fnt

Arglig?ry m(t) bandlimited B,

erM(t) = Ag Z Jn(B) cos(we + nwpy, )t erm(t) = Ac cos <wct + Ky /Ot m()\)d)\>

Prm(f)

Prm(f)
A
é Jo(B)
e
J_Q(,B) JZ(ﬂ)
} I | ) [ ﬂ
aEEn P HE N—
0 ! ! !
! ! Br
fc_fm fc+fm

Estimate B, using:

1-% or 10-% rule as applicable (or the
corresponding the universal curve), or
Carson’s Rule.

Estimate B, using:

e Carson’s rule, or
* the universal curve.

RYERSON UNIVERSITY
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Effects of Generation and Demodulation FM Stereo

Nonlinearities of FM Signals Broadcasting

FM Bandwidth estimation: Further comments

Comments on the Universal Curve:

» For arbitrary signals we can continue using the universal curve by replacing:
o Modulation index S with the deviation index 2.
o Modulating frequency 7, with signal bandwidth 5, .
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Effects of Generation and Demodulation FM Stereo

Nonlinearities of FM Signals Broadcasting

FM Bandwidth estimation: Further comments

Comments on the Universal Curve:

« From the universal curve we observe that By /Af ~2as 81 (orD 1)

40—

ey |

p [ very large

Therefore, for large 8 (or D) we have: Br ~2Af
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FM Bandwidth estimation: Further comments

Comments on the Universal Curve:

« From the universal curve we observe that B /A f =~ 20 for = 0.1

40 —

BT L
" = 20 e
Af :
101~
5 oF
EGE
A
L
i

2 ______________________________________

| | | Lol |

B=0.1"1 | p
Therefore, for large f = 0.1 (or 0 = 0.1) we have:
Br —20 | m) BT:ZOfo’ — 20 x Bf ‘ — 20 x (0.1)f,, = 2f
Aflg—o1 8=0.1 "™ lg=0.1 ol "

BT ~ 2fm
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FM Bandwidth estimation: Further comments

Comments on Carson’s Rule:

Transmission bandwidth
NBFM WBFM

Br ~ 2B, | —— | D~ 2Af

increasing f

For intermediate values of f§ (or 2 ): use Carson’s Rule

Brym = 2B, (1+ 8) = 2(Bn, + Af)
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FM Bandwidth estimation: Further comments

Comments on Carson’s Rule:

NBFM

Transmission bandwidth
WBFM

> | 51 ~ 2Af

increasing f

* B, estimated using Carson’s Rule approaches correct limits as f — 0 and f1.
* By (Carson) < B, (1%-rule) with maximum error for f = 1.

« Carson’s Rule displays the effects of the two mechanism in the generation of FM signals.

"ELE 635 — Winter 2015
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Nonlinearities of FM Signals Broadcasting

FM Bandwidth estimation: An example

North America commercial FM broadcasting:

« Maximum allowed frequency deviation Af = 75 kHz.
« Bandwidth of modulating signal B,, = 15 kHz.

Bandwidth estimate from Carson’s Rule

Br ~ 2(By + Af) = 2(15 + 75) = 180 kHz
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FM Bandwidth estimation: An example

North America commercial FM broadcasting:

« Maximum allowed frequency deviation Af = 75 kHz.
« Bandwidth of modulating signal B,, = 15 kHz.

Bandwidth estimate from Carson’s Rule

Br ~ 2(By + Af) = 2(15 + 75) = 180 kHz

Bandwidth estimate from 1-% Rule using the Universal Curve

Calculate the deviation ratio:
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Nonlinearities of FM Signals Broadcasting

FM Bandwidth estimation: An example

Bandwidth estimate from 1-% Rule using the Universal Curve

40—
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Effects of Generation and Demodulation

FM Stereo

Nonlinearities of FM Signals

Broadcasting

FM Bandwidth estimation: An example

Bandwidth estimate from 1-% Rule using the Universal Curve

RYERSON UNIVERSITY

40—
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FM Bandwidth estimation: An example

Bandwidth estimate from 1-% Rule using the Universal Curve

Br ~3.2Af =3.2x75=240 kHz é
A
1
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Nonlinearities of FM Signals Broadcasting
- - - 0
FM Bandwidth estimation: An example
Bandwidth estimate from 1-% Rule using the Universal Curve
Observe that the result from the universal curve could have also been obtained from the
table of B | functi b laci ith 22 and ith B
able of Bessel functions by replacing S wi and f,, with B, ..
memmm—emma=- * JXp)
Table of Bessel Functions as a function of modulation index B and Bessel function order n. I e
18 0] 5L(8) LB LB 1B 1B 5L®) 5® 5(8) I
0.0 1.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 CIOO 0.00 l
0.2 0.99 0.10 0.00 0.00 0.00 0.00 0.00 0.00 (IOO 0.00 l
0.4 0.96 0.20 0.02 0.00 0.00 0.00 0.00 0.00 qOO 0.00 v
0.6 0.91 0.29 0.04 0.00 0.00 0.00 0.00 0.00 qOO 0.00
0.8 0.85 0.37 0.08 0.01 0.00 0.00 0.00 0.00 qOO 0.00 .
1.0 0.77 0.44 0.11 0.02 0.00 0.00 0.00 0.00 0.00 0.00 n — 8
1.2 0.67 0.50 0.16 0.03 0.01 0.00 0.00 0.00 0:00 0.00 max
1.4 0.57 0.54 0.21 0.05 0.01 0.00 0.00 0.00 0:00 0.00
1.6 0.46 0.57 0.26 0.07 0.01 0.00 0.00 0.00 0.00 0.00
1.8 0.34 0.58 0.31 0.10 0.02 0.00 0.00 0.00 0.00 0.00
2.0 0.22 0.58 0.35 0.13 0.03 0.01 0.00 0.00 0,00 0.00
2.2 0.11 0.56 0.40 0.16 0.05 0.01 0.00 0.00 0.00 0.00
2.4 0.00 0.52 0.43 0.20 0.06 0.02 0.00 0.00 qOO 0.00
2.6 -0.10 0.47 0.46 0.24 0.08 0.02 0.01 0.00 (]00 0.00
2.8 -0.19 0.41 0.48 0.27 0.11 0.03 0.01 0.00 0:00 0.00
p 3.0 -0.26 0.34 0.49 0.31 0.13 0.04 0.01 0.00 0.00 0.00 B = 2 n B
3.2 -0.32 0.26 0.48 0.34 0.16 0.06 0.02 0.00 0,00 0.00 T max-—m
3.4 -0.36 0.18 0.47 0.37 0.19 0.07 0.02 0.01 0,00 0.00
3.6 -0.39 0.10 0.44 0.40 0.22 0.09 0.03 0.01 0.00 0.00
338 -0.40 0.01 041 0.42 0.25 0.11 0.04 0.01 0.00 0.00 = 2 (8) X (15)
4.0 -0.40 -0.07 0.36 0.43 0.28 0.13 0.05 0.02 0.00 0.00
4.2 -0.38 -0.14 0.31 0.43 0.31 0.16 0.06 0.02 001 0.00
4.4 -0.34 -0.20 0.25 0.43 0.34 0.18 0.08 0.03 001 0.00 — 2 40 kH
4.6 -0.30 -0.26 0.18 0.42 0.36 0.21 0.09 0.03 0.01 0.00 — Z
4.8 -0.24 -0.30 0.12 0.40 0.38 0.23 0.11 0.04 1 0.00
D — 5 = el D 50 | il o i s 0 o s 13 1 O o 0 1B e O 0102 001
5.2 -0.11 -0.34 -0.02 0.33 0.40 0.29 0.15 0.07 0.02 0.01
5.4 -0.04 -0.35 -0.09 0.28 0.40 0.31 0.18 0.08 0.03 0.01
5.6 0.00 -0.33 -0.15 0.23 0.39 0.33 0.20 0.09 0.04 0.01
5.8 0.09 -0.31 -0.20 0.17 0.38 0.35 0.22 0.11 0.05 0.02
6.0 0.15 -0.28 -0.24 0.11 0.36 0.36 0.25 0.13 0.06 0.02
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FM Bandwidth estimation: An example

Carson’s Rule 1-% Rule using the Universal Curve

Br = 180 kHz Br = 240 kHz

* In practice for a bandwidth of 200 kHz is allocated to each FM transmitter.

« Carson’s Rule underestimates B, by 10%.

*  1%-rule using the universal curve overestimates B, by 20%.
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