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Introduction

(1 Analog communication system

B The most common carrier 1s the sinusoidal wave.
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Introduction

[1 Modulation

B A process by which some characteristic of a carrier
1s varied 1n accordance with a modulating wave
(baseband signal).

[] Sinusoidal Continuous-Wave (CW) modulation
B Amplitude modulation
B Angle modulation
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Double-Sideband with Carrier (DSB-C) or
simply Amplitude Modulation (AM)

Carrier c(t) = A, cos(27 f.t)
Baseband m(¢)

Modulated Signal s(t) = A.[1 + k,m(t)]| cos(27 f.t),
where k, 1s amplitude sensitivity or modulation index.

B Two required conditions on amplitude sensitivity
0 1+ k, m(f) > 0, which is ensured by |k, m(¢)| = 1.
B The case of |k, m(¢)| > 1 1s called overmodulation.

B The value of |k, m(?)| 1s sometimes represented by “percentage”

(because it 1s limited by 1), and 1s named (|k, m(¢)|x100)%
modulation.

1 f.>> W, where W is the message bandwidth.
B Violation of this condition will cause nonvisualized envelope.
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Overmodulation

(14 1.6m(t)) cos(2m f.t)

1+ k,m(t) <0
| overmodula@ion

© Po-Ning Chen@ece.nctu 4-6



Non-Visualized Envelope
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Visualized Envelope
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Transmission Bandwidth

s(t) = 4 [1 +k m(t)] cos(2f£)

k A
= S(f) = [5(f O+ + ol == M(f = L)+ M(f + /)]
Transmiss10n bandwidth B,=2W.
M S
) o+ | gar -
KagAc M(f T fc) KGQAC M(f o fc)
Upper ( ﬁver Lower w Upper
sideband sideband sideband sideband
W 0 W f —fe—=W —fe+W fo—W fetW  f
—Je Je
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Transmission Bandwidth

[1 Transmission bandwidth of an AM wave

B For positive frequencies, the highest frequency
component of the AM wave equals 7. + W, and the
lowest frequency component equals f, — W.

B The difference between these two frequencies
defines the transmission bandwidth B, for an AM
wave.
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Transmission Bandwidth

B The condition of /. > W ensures that the sidebands
do not overlap.

= A | A\

e M
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Negative Frequency

1 Operational meaning of “negative frequency”

B [f time-domain signal 1s real-valued, the negative
frequency spectrum 1s stmply a (complex-conjugate)
mirror of the positive frequency spectrum.

B We may then define a one-sided spectrum as

Senesiaad (f ) =28(f) for f=0.

B Hence, if only real-valued signal is considered, it 1s
unnecessary to introduce “negative frequency.”
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Negative Frequency

B So the introduction of negative frequency part 1s
due to the need of imaginary signal part.

B Signal phase information 1s embedded in imaginary
signal part of the signal.

mo(t) -
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Negative Frequency

B As aresult, the following spectrums contain the
same frequency components but different phases.

5(f+ 1) o =)
2cos(27f 1) I T I
cos(2mfct) + jsin(2mf t) I I
j 2sin(2mf,t) T I
_fcl Jfe
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Negative Frequency

(1 Summary

B Complex-valued baseband signal consists of
information of amplitude and phase; while real-
valued baseband signal only contains amplitude
information.

B One-sided spectrum only bears amplitude
information, while two-sided spectrum (with
negative frequency part) carries also phase
information.
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Virtues of Amplitude Modulation

AM recerver can be implemented 1n terms of simple
circuit with inexpensive electrical components.

BE.g., envelop detector

v1(t) vo(t) Square
s(t) — Squazr h > Lofvifpass »  rooter — v3(?)
() 1iter ()12

v, (1) =s°(t) = A[1+k m(1)]’ cos’ (2xf't)

ic [1+k m()]’[1+cos(@nf .1)]
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Virtues of Amplitude Modulation

B The bandwidth of m?(¢) is twice of m(?). In other
words, the bandwidth of v, (f) = m(f) » m(f) is

twice of m(f).
v1(f)]

Lowpass filter
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Virtues of Amplitude Modulation

B Soif2f.>4W,

=>v,(1) = 23 [1+ kam(t)]2
= (1) = 4, [1+k m(?)]

J2
block DC A k

if m(¢)1szero mean = —=-m(¢)

J2

By means of a squarer, the receiver can recover the information-
bearing signal without a local carrier (or the knowledge of it).
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Limitations of
Amplitude Modulation (DSB-C)

1 Wasteful of power and bandwidth

s(t) = A [1+k m(t)]cos(2m f.1)
= A, cos2mf.t)+ Ak m(t)cos(2m £.1)

with carrier

Waste of power in the information-less “with-carrier” part.
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Limitations of

Amplitude Modulation (DSB-C)

[1 Wasteful of power and bandwidth

w o w f

K, A,
2
Upper Lower
sideband sideband

Only require half of bandwidth after modulation.

A5 (f +1fo)
M(f + fe)

S(f) 65(f o fc)

KGQAC M(f o fc)

Lower Upper
sideband sideband

_fc o W_fc _fc+W

fc_W fc fc"‘W f
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[Linear Modulation

[1 Definition
B Both s/(¢) and 5,(?) In

s(t) = st)cos(2nf 1) — sy(¢) s(27f 1)

are [inear function of m(%).
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[Linear Modulation

1 For a single real-valued m(¢), three types of
modulations can be 1dentified according to
how s,(2) 1s linearly related to m(?), at the case
that s,(¢) 1s exactly m(¢):

L Some modulation may have s(t) and s (1) that
respectively bear independent information.

1. Double SideBand Suppressed Carrier (DSB-SC)
modulation

2. Single SideBand (SSB) modulation
3. Vestigial SideBand (VSB) modulation
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DSB-SC and SSB

Type of modulation s/(t) so(?)
DSB-SC m(t) 0
SSB m(t) () Upper side band transmission
SSB m(t) —m(?) Lower side band transmission

*m(t) = Hilbert transform of m(¥), which is used to completely “suppress” the other sideband.

A

DSB-SC ‘ \ / ‘
SSB ‘ k usb #
SSB AN A b
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DSB-SC

Different from DSB-C, s(¢) in DSB-SC undergoes a
phase reversal whenever m(t) crosses zero.

s(t) =m(t)cos(27f 1) (1 + 1.6m(t)) cos(2m f.t)

i ]
m(t)=1—1 M |H' | ﬂ‘ '|' || H | 'I phase reversal !
______________________________________________________________________________________________________________________________ ﬂ)‘\ W{l'l’ l’i H "'“'H‘.f“';” .‘ M;e,,;?u,(’:-;’lf.ﬂ\_"&
i u"'.u"' LA
AR
2 J | [I\J | i
! 1+ k.m(t) <0
Require a receiver that can 2 .
recognize the phase reversal ! overmodulaion
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Coherent Detection for DSB-SC

For DSB-SC, we can no longer use the “envelope
detector” (as used for DSB-C), in which no local
carrier 1s required at the recerver.

The coherent

detection or
h s(t) | Product v(?) | Lowpass Vo (1)
SYRcnronous Modulator Filter
demodulation
becomes necessary. A’ cos(2m fot + &)
l_'_l
Phase difference
Local between TX and RX

Oscillator
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Coherent Detection for DSB-SC

v(t) = A cos(2af .t + P)s(1)

= A A cos(27f.t)cos(2xaf .t + ¢)m(t)

, | B
= % A cos(4nf t+@)m(t)+ 5 A A, cos(g)m(t)
LowPass 1 ' V(f)
— 5 A A, cos(@)m(t), LA ALM(0) cos(¢)

provided f. > W. iAcA@M((}’/w ____________
L L
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Coherent Detection for DSB-SC

B  Quadrature null effect of the coherent detector

L1 If ¢ = /2 or —n/2, the output of coherent detector for DSB-
SC 1s nullified.

B [f ¢1snot equal to either n/2 or —n/2, the output of coherent
detector for DSB-SC is simply attenuated by a factor of
cos(9), if @ is a constant, independent of time.

B However, in practice, ¢ often varies with time; therefore, it 1s
necessary to have an additional mechanism to maintain the
local carrier in the receiver in perfect synchronization with
the local carrier in the transmitter.

B Such an additional mechanism adds the system complexity of
the receiver.
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Costas Receiver for DSB-SC

An exemplified In-phase coherent detector Demodulated
design of Cove | 3Acm(t) cos(o)  Sienal
. . _H g )—P >
synchronization f lter
mechanism is the cos(2mfet + 9) |
. Voltage
Costas recelver DSB-SC Signhl . Control fe—|{ . FPhase
? A, cos(2r fut)ml(t) Oscillator discriminator
where two ‘ ‘ ¥
-90 degree
coherent ohes
detectors are _
used. sin(27 fo.t + @)
Lowpass
filter %Acm(t) sin(¢)

Quadrature-phase coherent detector
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Costas Receiver for DSB-SC

Conceptually, the Costas receiver adjusts the phase
¢ so that 1t 1s close to 0.

B When ¢ drifts away from 0, the O-channel output will
have the same polarity as the I-channel output for one
direction of phase drift, and opposite polarity for
another direction of phase drift.

B The phase discriminator then adjusts ¢ through the
voltage controlled oscillator.

_—

=
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Single-Sideband (SSB) Modulation

[1 How to generate SSB signal?
B 1. Product modulator to generate DSB-SC signal

B 2. Band-pass filter to pass only one of the sideband
and suppress the other.

[1 The above technique may not be applicable to a
DSB-SC signal like below. Why?

filte filte
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Single-Sideband (SSB) Modulation

1 For the generation of a SSB modulated signal
to be possible, the message spectrum must have
an energy gap centered at the origin.

M .
Voice | (f)| Voice lb(f)|
Bandwidth Bandwidth

P P
1 1 1 1

3100Hz -300 Hz 300 Hz 3100Hz —f, 3100 . 300 1300 £+ 3100
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Single-Sideband (SSB) Modulation

Example of a signal with —300 Hz ~ 300 Hz energy

gap

B Voice : A band of 300 Hz to 3100 Hz gives good
articulation.

Also required for SSB modulation is a highly
selective filter

—fe—3100  —f.—30 fe+300 fe+ 3100
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Single-Sideband (SSB) Modulation

1 Phase synchronization is also an important
issue for SSB demodulation. This can be
achieved by:

B Either a separate low-power pilot carrier

B Or a highly stable local oscillator (for voice
transmission)

[1 Phase distortion that gives rise to a Donald Duck voice
effect 1s relatively insensitive to human ear.
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Vestigial Sideband (VSB) Modulation

1 Instead of transmitting only one sideband as
SSB, VSB modulation transmits a partially

suppressed sideband and a vestige of the other
sideband.

© Po-Ning Chen@ece.nctu 4-34



v

(5] N ————

© Po-Ning Chen@ece.nctu 4-35



Requirements for VSB Filter

1. The sum of values of the magnitude response |H(f)| at any
two frequencies, equally displaced above and below f. , 1s

unity. Le., [H(f.— )| + [H(f.+ f)| = 1 for —f, < f< /..
2. H({f-f)+H{ftf)=1for-W<f<W.

Y R A b A
D [ A
—Je Je

So the transmission band of VSB filter 1s By,= W + {,.
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Generation of VSB Signal

(1 Analysis of VSB
B Give areal baseband signal m(¢) of bandwidth .
O Then, M(—f)=M (f)and M(f)=0for| /' |>W.
B LetM, , (f)=M(1+H,(f)/jl/2,where

1, fs—f
Hy(-f)=Hy(f) and SHy(f)={ €O, ~f <f<0
/ 0. £=0

The filter is denoted by H, because it is used to generate s,(¢) (See Slide 4-23)
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Generation of VSB Signal

Ly(f)== H(f)lsrea1:>L( f)—]H( == H(f) {—;Hgm} =—L,(f)
=~ Ly(f).

L) = H) [1+LQ<f>]/2=(1+§HQ<f)j/z
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How to Recover from VSB Signal?

MVSB(f)-I-M;SB(_f)

=%(M(f)[1+LQ(f)]+M*(_f)[1+LQ(_f)]*)
_ %(M(f)[1+LQ(f)]+M(f)[1+LQ(_f )
since [1+ L, (- f)]is real, and M"(-f) = M(f)

- (M2 + Lo+ Lo=1))
=M (f), because L,(-f)=-L,(f).
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VSB Upper Sideband Transmission

Relation between VSB and DSB

Svse(f) = Spss(f)H(f)

where H(f) =1+ 3(Lo(f + fe) + Lo(—f + fe))-

(See the derivation in the next two slides.)
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VSB Upper Sideband Transmission

SDSB(f) — %[M(f+fc)+M(f_fc)] — %[M(f+fc)+M*(_f+fc)]

Svse(f) = %[MVSB(f‘i"fc) + Mygp(—f+ fe)]
_ % (M(f+fc) [1+LQ;f+fc)] M (—f 1+ £ [1+LQ(2—f+fc)])
= (e prer-w s < poewyx BRI g < gy
M S UL - W S < g wy xR g g )
Svsa(/f)
mysp(f) T
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M (NEF()+M (N E () =M (f)+ M (OIE)+ FR(f)]
if M, (S)ER(f)=M(f)F.(f)=0.

MU S =W < [ <= LAWY+ MO f + fOUS =W < f < 1,4 7})

X(U"'LQ(f"‘fc)] 1+LQ(_f+fc)]
2 2

l{fS—fc+W}+[ l{foc—W}j

— M+ M f 1)

{p+%g4ﬁn 1g2ﬁ_Wﬂ

[+ L,(f+ ), [+ Ly(=f + /)]
5 Hf<—f.+W}+ >

5 - vy LGS SO

=SDSB(f)><£ l{fEfC—W}]

=wmAfM%QHI¢f+ﬁHHf+ﬁSW?+U+%GJ+ﬁMH1ﬁhﬁSW9

= e ([ ) X %(2 +L,(f +f )+ Ly(=f+ fc)) (See the next slide for detail.)
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[T+ Loy (f + IS + [ < W5

I+ Ly(=f + fIOM=S + [ < W5

I+ Ly (f + fIMS + [ < W5
I+ Ly(=f + fO=S + [ < W5




VSB Upper Sideband Transmission

Note H(f) = 1+ L (Lo(f + fo) + Lo(—f + f2))

= Ly(f)=H(f - f)-H(f+[) for |fl=W
= Hy(f)= jIH(f - £)-H(f+ £)] for | fl=W

/  HU-[)-H( L)
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o SH(f+ )

/- """""""""""" H(f_fc)_H(f_i_fc)




Mathematical Representation of VSB Signal

M,y (f) = MO = jH,(f)]/2
. %M(f) § % IM()H,(f)

— M)+ M ()
where M'(f)=-M(f)H,(f)=—iM(f)Ly([).
Notably, m'(¢) 1s real. This 1s an extension of Hilbert Transform.
M'(=f)=—jM (=L, (=f) =M ()L,(f)
=(=)) M (NL,(f)=[-iM (L, (O] =[M' (]
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Application of VSB Modulation

1 Television Signals

1. The video signal exhibits a /arge bandwidth and
significant low-frequency content.
[1 Hence, no energy gap exists (SSB becomes
impractical).
[l VSB modulation is adopted to save bandwidth.
[1 Notably, since a rigid control of the transmission VSB
filter at the very high-power transmitter 1s expensive, a

“not-quite” VSB modulation 1s used instead (a little
waste of bandwidth to save cost).
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Application of VSB Modulation

The spectrum of a vestigial-sideband (VSB) TV transmission

Vid
o Audio
carrier _
| carrier
: i A :
| 1
: 4.2 MHz | |
| < g |
| 1 |
| : |
| 1 |
| : |
| Vostigial | udio
| . 1 |
| ower Upper sideband i Sidebands
; deband (Luminance info) : )
I : I >
55.25 MHz 59.75 MHz
54 MHz. | 60 MHz
jo—"]
'0.75 MHz
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Application of VSB Modulation

[1 As the transmission signal is not quite VSB modulated,
the receiver needs to “re-shape” the received signal
before feeding it to a VSB demodulator.

Video Audio
carrier carrier
A A

+ T

54 MHz G0N,

)y 6 MLz L

© Po-Ning Chen@ece.nctu 4-49



Application of VSB Modulation

2. In order to save the cost of the receiver (1.e., in
order to use envelope detector at the receiver), an
additional carrier 1s added.

[l Notably, additional carrier does not increase
bandwidth, but just add transmission power.

s(t) = A, cos(2mf,t) +%Acka(m(t) cos(2nf.t) —m'(t) sin(2mf.t))

= Ac[l + %kam(t)] cos(2mf,t) ——; k,A.m'(t) sin(2nf.t)
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Application of VSB Modulation

[ Distortion of envelope detector

s2(t) = A2|1 + %kam(t)]2 cos?(2mf.t) +71L kZAZ (m’(t))zsin2 (2nf,t)

—k A2m' (D)1 + %kam(t)] sin(2nf,t) cos(2mf,t)

Lowpass
42 ([1 4 2eqm(®)]” +2k2(m' (D))

distortion

The distortion can be compensated by reducing the amplitude
sensitivity k, or increasing the width of the vestigial sideband. Both
methods are used in the design of television broadcasting system.
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Extension Usage of DSB-SC

1 Quadrature-Carrier Multiplexing or Quadrature
Amplitude Modulation (QAM)

Message -~ ® Lowpass A ”
signal m, (%) '® 'y filter ema(f)
A cos(2m f.t) ‘
«— Multiplexed —— 2cos(2nf.t)
signal s(?)
A 4 X \ 4
-90 degree < -90 degree
Phase i Phase
shifter shifter

2sin(27 f.t
Acsin(27 f.t) (2 fet)
Message L Lowpass —» Acms(t)
filter

signal m,(?)

Synchronization is critical in QAM, which is often achieved by a separate low-
power pilot tone outside the passband of the modulated signal.
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Translation of Frequency

The basic operation of SSB modulation 1s simply a
special case of frequency translation.

B For this reason, SSB modulation is sometimes referred to as
frequency changing, mixing, or heterodyning.

B The mixer is a device that consists of a product modulator
followed by a band-pass filter, which is exactly what SSB
modulation does.

Modulated wave s,(¢) s'(t) Bandpass ~ Modulated wave s,(?)

»

with carrier frequency f; filter with carrier frequency f,

Ay cos(2m fyt)
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Translation of Frequency

The process 1s named
upconversion, if f; + f,
1s the wanted signal.

The process 1s named T ~Tin

downconversion, 1f

' e i
f1 —f¢ is the wanted
signal.

51(f)

—f1—fe —fi+ fe f = fi f1+ fe
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Angle Modulation

1 Angle modulation

B The angle of the carrier 1s varied 1n accordance with
the baseband signal.

1 Angle modulation provides us with a practical
means of exchanging channel bandwidth for
improved noise performance.

B Angle modulation can provide better discrimination
against noise and interference than the amplitude
modulation, at the expense of increased
transmission bandwidth.
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Angle Modulation

(1 Commonly used angle modulation
B Phase modulation (PM)

s(t)= A, cos[27xf t + k m(t)], where k  is phase sensitivity.
B Frequency modulation (FM)

s(t)=4 cos:27z [(f,+ kfm(f))dT]

= A, cos2nf t + 27k, jotm(r)drl

where k , 1s frequency sensitivity.
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Angle Modulation

(1 Main differences between Amplitude
Modulation and Angle Modulation
1. Zero crossing spacing of angle modulation no

longer has a perfect regularity as amplitude
modulation does.

2. Angle modulated signal has constant envelope; yet,
the envelope of amplitude modulated signal 1s
dependent on the message signal.
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Angle Modulation

[1 Similarity between PM and FM
B PM is simply an FM with j;m(r)dr in place of m(?).

Spy (8) = A cos[27f .t + k m(t)]

Sy (1) = A_cos| 271 1 + 27k, J:m(f)dr}

B Hence, only FM will be introduced.
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Frequency Modulation (FM)

s(?) of FM 1s a nonlinear function of m(%).

s(t) =4 cos_2in'Ot f.(0)d Z':| =A 005[271_[:( f. +k m(zr))d Z':|

— A cos| 27 1 + 27k, -[:m(r)dr}

So, its general analysis is hard.

To simplify the analysis, we may assume a single-tone
transmission, where

m(t)=A cos(2xf t)
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From the formula in the previous slide,
fz(t) = fc +kfm(t)
= f.+k A, cos(27f 1)
= f. +Af -cos(2nf t)

where Af =k A, 1s the frequency deviation.
— 5(f) = 4. cos| 27 jo fl.(r)dr}

=4 cos_27z jot[ f.+Af -cos(2rf, 7)]d r}

= A cos| 2xf t + ?—f sin(det)}

m

where = Af / f, 1s often called the modulation index
of FM signal.
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Modulation index [ 1s the largest deviation from 2 zf_f in an
FM system.

s(f) = A _cos|2af .t + Bsin2Af. 1)]

We then obtain

JemBn=1.—N <fi(O= .+ A -cosrf 1) < f. + A = [+,

Af =Bfm

1. A small [ corresponds to a narrowband FM.

2. A large p corresponds to a wideband FM.
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Narrowband Frequency Modulation

o TE Em Em Em o Em O EE EE EE EE EE EE O EE EE EE EE e ey

’ \\
m(t)= A, cos(2rf, t) B slin(27r fint) . Narrowband
— / dt i =@ =®—I’_' FM wave

) | A |
|
i A sin(27 fe.t) :
: |
I |

: -90 degree |, : Ac cos(2mfct)
" phase shifter :
\ /

L T T T T T T T T YT TN T YT YT YT YN Y YT YT

s(t) = A_cos|2af .t + Bsin2af. 1)]
= A cos(2xf t)cos[ fsin(2xf t)]|— A sin(2xf ¢t)sin[ fsin(2xf ¢)]
~ A cos(2nf t)— A sim(2xf t)fsin(2xaf, t) (Often, £<0.3)
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Narrowband Frequency Modulation

1 Comparison between approximate narrowband
FM and DSB-C modulation

S (8) = A cosrf t)— A sm(2rf t)fsm(2rf )
= A cos(27f, t)+’8—cos(27z( f.+f ) ——= 'B 4 ccos(2z(f,— 1))

S (@) =A[l+k m(t)]cos(2m f 1)
=A[l+k,A cos(2rf t)]cos(2mf.t)

kAA kAA

=A cos(2mf )+ —+—"cosr(f. + f )t)+—=-

m cos2(f. - £.)1)
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Narrowband Frequency Modulation

(1 Represent them in terms of their lowpass

1Isomorphism.
S (0= (4, + j0)+ e eos(2f, 1)+ i, )]
,BA

—~[cos(2af t)— jsin(2xf t)]

Sar () =(A,+jO)+ k"AzCA’" [cos2m f 1)+ jsin(2x f 1)]

ka1426Am [Cos(zﬂjf t) ] Sln(zﬂf t)]

© Po-Ning Chen@ece.nctu
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Narrowband Frequency Modulation

[ Phaser diagram

,B; [cos(2af, t) — jsin(27f, t)]
ﬁA
(008(277” l‘) @%\[cos(def)— jsin(2xf t)]
t]sln(27# 1)) 2
_ A
S e (1)
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Spectrum of Single-Tone FM

s(t) = 4 cos|2af .t + fsin(2af . 1))
= Re{4, exp(j[27/1 + Bsin7f, 1))}

= Re{5(¢)exp(j27f.1)}
= 5(1) = A exp(j[#sin@2f. 1)]) (See Slide 3-53)
SF()= A4, 3T, B N e = e

where J,(-) is the nth order Bessel function of the first kind.
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Spectrum of Single-Tone FM

= S(f)= Ji’i(t)e‘jz’ﬂdt
— Ac i Jn (ﬂ)foooe—jzzr(f—nfm)tdt

= A 3T (B)S(S —nf,)
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Spectrum of Single-Tone FM

Consequently,

SN =580 -1+5 1= 1)

:% S LB ~ f=nf,)+S(—f — f.—nf,)]

=2 Y TP ~ S =nf, )+ 8 + L 4]
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Spectrum of Single-Tone FM

B The time-average PSD of a deterministic signal s(7)
1s given by (See Slide 2-30)
1

PSD(f) = lTiggﬁS(f )8, (f)

where §,.(f)1sthe Fourier transformof s(?)- 1{| KT }
[1 From

5, ()= 4 YT (B)cosa(f +nf)0) 1t |< T}

we obtain:

$.0(f) = AT X (B)sineRT(f = f. =nf, ) +5ine@T(f + /. +nf, )]
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For simplicity, assume that 27 increases along the multiple of

1/f,., 1.e., 2T = p/f,,, where p 1s an integer. Also assume that f,. is
a multiple of f,,, 1.€., f. = gf,,., where ¢ 1s an integer. Then

PSD(f)

1 )
= lim - S(/)S%, (/)

LB~ [ M)+ S + 1+ )]

= lim
< Y (Blsine(p(f ~ 1. ~nf,)/ £,) +sine(p(f + f.+nf.)/ £,)]

n=—0o0
/\ (In this figure, p =5.)
N\ N\

fam-Df \/fc+nfmy F e
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PSD(/) = A;hm{ZJ (Byine(p(f = f. =n.)| 1) LIPS ~ S ~K.)
# 2 (Bwine(p(f [ =) £) ST (BSCS + .+ )
& 2 (Bwine(p(f + S+ L)) 1) TS BS ~ 1~ H.)
& D (Bpine(p(f + f.+nl)] L) TS B + 1.+ kfm>}
_ f{nﬁoﬁ(m&(f L1+ BBV (BB S =)
# 2T BVY o (B + f+nf )+ DT B +, + nfm>}

~ %{iﬁ(ﬂ)[ﬂf—fg —nf,)+o(f + /. +nfm)]}
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Average Power of Single-Tone FM Signal

B Hence, the power of a single-tone FM signal 1s

given by:
[ BB =% S+ 2.0 )]
= YCIATNT)
A
T2

B Question: Can we use 2Af to be the bandwidth of a
single-tone FM signal?
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PSD(f)m Y Ja(B)O(f = fe—nfm) +8(f + fot nfm)

n=—oo

with A, =2

[lustration
j Flem aIld kf’ . :ZAf: b=1
but vary S=Af/f, = A | .
alls f

02 - —_—] S 5 _ 9
Af =Bfm =kfAm HEEN
o ﬂ. . f
« 2Af » 0=23
EEEEEN
fe
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I1lustration

[ Fix 4, and &

- |
but vary 8= Aflf, o

Af = Bfm = kjAn |
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Spectrum of Single-Tone FM

8 ( Jo(B) = 1
&y ' " When f is small, < J1(B) = —f
0.8 - k]n(ﬁ) ~ (0 forn =2
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Spectrum of Single-Tone FM

1 This results in an approximate spectrum for
narrowband single-tone FM signal spectrum as

PSD(f)~—EJ (B[O(f - f.=nf,)+8(f + f. +1f,)]

LB - o+ £+ 00+ f - £,)]

+A—J B[S - f)+6(f+ )]

+A—J B[S ~f.~f)+O(f+f +1)]
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J,(B)=(1)"J_(B)=J,(B)=J(B)

_A
4
LR PO - £ o0+ £)]
+éffwﬂﬁfﬁﬂamhﬁﬁ+ﬁ+ﬁﬂ
_BA
16

+%fﬁ0“¢9+&f+ﬁﬂ

2 A2
+/3A“
16

JEBSS = fo+ [,)+0(f + f.~ )]

[0(f = fo+ ) +0(f + £~ 1))

[6(f — f.= )+ + £+ £,)]
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A,
4
B4 | A
16 16
I
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Transmission Bandwidth of FM Signals

1 Carson’s rule — An empirical bandwidth

B An empirical rule for transmission bandwidth of
FM signals

[1 For large £, the bandwidth is essentially 2Af.
[1 For small £, the bandwidth is effectively 2f,..
[1 So, Carson proposed (in 1922) that:

B, ~2Af+2f = 2Af£1 +%j
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Transmission Bandwidth of FM Signals

1 “Universal-Curve” transmission bandwidth

B The transmission bandwidth of an FM wave is the
minimum separation between two frequencies
beyond which none of the side frequencies 1s
greater than 1% of the carrier amplitude, obtained
when the modulation 1s removed.

SN =22 Y BNS ~ f=nf,)+8(f + 1. +0f,)

2 <
4,cos2f) > 2 [0(f = £)+8(/ + 1)
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Ae| T (B)] > 0.014< ).

= Br = 2nmax fm, Where ng.x = max {n .

B, 2n_ f, 2n

A B p

— For fixed Af,a smaller f causes a larger B,.

201

max

13.3

133

(linear scale)

f

Br

A
o0
)

6 e
\4‘.0
1 — 3.2
g — 28 25 23
] B E—

B (logscale)
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Bandwidth of a General FM Wave

[1 Now suppose m(¢) is no longer a single tone but a
general message signal of bandwidth W.

B Hence, the “worst-case” tone 1s f,, = W.

[1 For non-sinusoidal modulation, the deviation ratio D = Af/ W
is used instead of the modulation index p.

[1 The derivation ratio D plays the same role for non-sinusoidal
modulation as the modulation index [ for the case of
sinusoidal modulation.

B We can then use Carson’s rule or “Universal Curve” to
determine the transmission bandwidth B;.
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Bandwidth of a General FM Wave

1 Final notes

B Carson’s rule usually underestimates the
transmission bandwidth.

B Universal curve 1s too conservative in bandwidth
estimation.

B So, a choice of a transmission bandwidth 1n-
between 1s acceptable for most practical purposes.
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Bandwidth of FM radio in North America

[J FM radio in North America requires the
maximum frequency derivation Af =75 kHz.

B [f some message signal has bandwidth W= 15 kHz,
then the deviation ratio D = Af/ W="75/15=5.

B Then
1 1

B,. = 2Af(l + —) =2 x 75(1 + —) =180 kHz
’ D D

BT Universal Curve = 70 X 3.2 = 240 kHz (See Slide 4-81)
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Bandwidth of FM radio in North America

B [n practice, a bandwidth of 200 kHz 1s allocated to
cach FM transmutter.

B This supports what has been claimed: Carson’s rule
underestimates B, while “Universal Curve”
overestimates B;.
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Demodulation of FM Signals

] Indirect Demodulation — Phase-locked loop

1 Direct Demodulation
B Balanced frequency discriminator

. Slope circuit Sl(t); Envelope |S1(t)|

H(f) detector
Differentiation ~
s(1) — ﬁﬁlters % (1)
,| Slope circuit Envelope |
H(f) s, (t) detector | '5:2 ( t) |
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H,(f)=5

H,(f) =

Jj2ma

Jj2ma

B, B
—_r _ K =L
2 ) S =] 5
B B
—L i < T
> f+ 1. 5
elsewhere
B B
i T i < T
2 | f+ 1] 5
B, B
— _ K =L
2 S =1 >
elsewhere
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Analysis of Direct Demodulation in terms of
Lowpass Equivalences

) B,
ﬁl(f)ZQZHl(f+fc)a |f|§7

|l
N

= 5N =2 A(NS()=

= 5,(t) = a[

0, otherwise

j4m(f+ﬁj, 7 37

2
0, otherwise

-

ds (1)

+ j7B.s (t
o T, ()}

J /
Slope = liwa/

_Br o Br
2 073

BT

jzm(f+—j§<f>, ST

2
0, elsewhere
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s(t)=A4, 005[279”6 t+ 27k , Ltm(f)d T}
= s(t)=A4, exp[ J27k ﬂm(z')d T:|

d5(1)

= 5, (t)=a
(1) w

+ jJrBTﬁ(t)]

-a ( jACanfm(t)exp[ j2mk, [ m(r)dr

Dk - '
= jnB,aA, B—fm(t)+1 exp[ J2mk, f . m(r)dr]
| O i

|

+jJ'L’BT(AC exp[janff;m(r)dT
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= 5,(1) = Re{s, (1) exp( 27/ 1)

2k ‘
= Re{ jﬂBTaA{l + B—fm(t)} exp[ J27k, Jom(r)d r} exp(j27f, t)}

Zkf , ‘
=—nB,aA |1+ e m(t) s1n(27jc t+ 27k , jom(r)d rj

T

2kf 4 T
= Bad,| 1+= L m(1) |cos| 271 1+ 27k, | m(z)dz + >
T

= If <1 and f, >> W, then envelope detector can be used

2k, 0
—m
B

T

to obtain the amplitude of the lowpass equivalent message.

- 2k,
|5,(2) |=7B,aA |1+ B—m(t)

T
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J
Similarly, \
" B

i B Slope = —4dma
~ — jlma| f——|, <L
H(f)=1"" (f 2) 7 2 \

0, otherwise _Br  Br

» B\ B,
=>§2(f)=%f12(f)§(f)=<_]Ma(f o e

0, elsewhere

ds (1)
dt

= 5,(f) = —a[ - jﬂBT’E(t)}

. 2k, . t
= jnB,aA I—B—m(t) exp[]27zkfj0m(f)dr}

T
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= 5,(t) = Re{s, (1) exp(j24/.0)}

2kf t T
= Bad,| 1= =L m(1) |cos| 2.1+ 27k, jo )T+~
T

- 2k,
=| 5, (1) |=7Ba4 | 1———m(?)
BT

= 5,(0) = 5,() | = [5,(2) |= 47k ,adm(t)

Final Note: a 1s a parameter of the two filters, which can be
used to adjust the amplitude of the resultant output.
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FM Stereo Multiplexing

1 How to do Stereo Transmission in FM radio?

B Two requirements:
[1 Backward compatible with monophonic radio receivers

[1 Operate within the allocated FM broadcast channels

B To fulfill these requirements, the baseband message
signal has to be re-made.
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my(?)
m, (1) () > m(f)

)

@
3
Frequency ) B
doubler Jm =19 kHz
cos(27 ft)

m(t) = [m,(£)+m, (6)] +[m,(t)— m, () cos(4af, 1) + K cos(2af, 1)

For monophonic reception For coherent detection
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Demultiplexer in receiver of FM stereo.

Baseband
LP

Baseband m(t) +m(1)
1 LP
BP
m(t) » centered at
38 KHz
Frequency
doubler
Narrowband
» filter centered
at 19 KHz

ml(t) o mr(t)

2 m(2)

2 my(1)
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Impact of Nonlinearity in FM Systems

The channel (including background noise, interference and

circuit imperfection) may introduce nonlinear effects on the
transmission signals.

B For example, nonlinearity due to amplifiers.

v, (1) =

3

5

2
3

>

v, (1) —%Vf(t), v.(H) K1

v.(t)>1

-0.2 -

vi(t)<l -

-0.8

0.8

0.6+
0.4}
0.2}

o0l

04
0.6

215

0.5

0

0.5

1 1.5
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Impact of Nonlinearity in FM Systems

1 Suppose

v (H)=a,v,(t)+ a2vi2 (1) + a3vl.3 (1)
v,(t) = A, cos| 27 fit + (1) ]

(1) = Zﬂkff;m(l’)dl’
Then v (H)=av,(f)+ azvi2 (1)+ 613\/,-3 (1)

J\\

=a,A cos[2mft+q@(t)|+a,A’ cos’[2rf.t+q(t)]
+a,A’ cos’[2m f.t + (1))
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v (1)=a,A cos[2m f.t+q@(t)]+ %azAf (1+cos[4mf.t +2¢(1)])

Fr @A (Beos[2f 1+9(0)] +cosl6 1+ 3(1)])

= %azAf + (alAc + %@Af)cos[Zﬂfct +@(1)]

. )

BT ,Carson =2 Af+2 |4

1

+5a2Af cos[4mft+2¢(1)]+ %43 cos[6f 1 +3¢(t)]

o J/ o J/

BT,Carson :4Af +2W BT,Carson :6 Af +2W
Thus, in order to recover s(¢) from v, (¢) using\bandpass filter
(i.e., to remove 2f, and 3f. terms from v (¢)), it xequires:

2f —(AAf +2W) /2> f +(RAf +2W)/2
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or equivalently, f > 3Af +2W.

The filtered output 1s therefore:

3

0 filtered (t) — (alA +— 4

a3A3)cos[2n fr+@(t)]

Observations

B Unlike AM, FM i1s not affected by distortion produced by
transmission through a channel with amplitude
nonlinearities.

B So, FM allows the usage of highly nonlinear amplifiers
and power transmitters.
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Intermediate Frequency (IF) Session

In a broadcasting system, the receiver not only has
the task of demodulation but also requires to
perform some other system functions, such as:

B Carrier-frequency tuning, to select the desired signals

B Filtering, to separate the desired signal from other
unwanted signals

B Amplifying, to compensate for the loss of signal power
incurred in the course of transmission
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Intermediate Frequency (IF) Session

A superheterodyne receiver or superhet 1s designed to

facilitate the fulfillment of these functions, especially
the first two.

B [t overcomes the difficulty of having to build a tunable highly

selective and variable filter (rather a fixed filter 1s applied on
IF section).

U

\ 4

Mixer > IF

Audio
Detector Amplifier 4.‘
Local
OSC
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Intermediate Frequency (IF) Session

frr = 0.5 MHz

\f/—> RF *  Mixer IF * Detector Audio 4‘

Amplifier

_______________________________________________________________________________
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Image Interference

1 Fix f,~ and f, , at the receiver end. What is the
fzp that will survive at the IF section output?

B Answer: fu = f,o T |

B Example. Suppose the recerver uses 2 MHz local

oscillator, and receives two RF signals respectively
centered at 2.5 MHz and 1.5 MHz.

Jir Jiv
05MHz 0.5 MHz

fRF nterference
1.5 MHz |

Jio
2 MHz

N =
WD =

<&

E@

N
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Image Interference

A cure of 1mage interference 1s to employ a highly
selective stages 1n the RF session 1n order to favor the

desired signal (at /) and discriminate the undesired
signal.
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Advantage of Constant Envelope for FM

1 Observations

B For FM, any variation in amplitude 1s caused by
noise or interference.

B For FM, the information 1s resided on the variations
of the instantaneous frequency.

B So, we can use an amplitude limiter to remove the
amplitude variation, but to retain the frequency
variation after the IF section.
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Advantage of Constant Envelope for FM

(1 Amplitude limiter

B Clipping the modulated wave at the IF section
output almost to the zero axis to result in a near-
rectangular wave.

B Pass the rectangular wave through a bandpass filter
centered at £, to suppress harmonics due to clipping.

B Then, the filter output retains the frequency
variation with constant amplitude.
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Summary

Four types of AM modulations are introduced

B (expensive) DSB-C transmitter + (inexpensive) envelope
detector, which is good for applications like radio
broadcasting.

B (less expensive) DSB-SC transmitter + (more complex)
coherent detector, which is good for applications like limited-
transmitter-power point-to-point communication.

B (less bandwidth) VSB transmitter + coherent detector, which
1s good for applications like television signals and high speed
data.

B (minimum transmission power/bandwidth) SSB transmitter +
coherent detector, which 1is perhaps only good for
applications whose message signals have an energy gap on
zero frequency.
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Summary

[1 FM modulation, a representative of Angle
Modulation

B A nonlinear modulation process

B Carson’s rule and universal curve on transmission
bandwidth
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