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\/Modulation odulation:

— M: Embedding an information-bearing signal into a second signal

— D: Extracting the information-bearing signal
— Methods:

> Amplitude Modulation (AM)

> Frequency Modulation (FM)

y(t)

—
@

= A(t) cos w(t) t—I—G(t))

» Multiplexing & Demultiplexing: 4
— Simultaneous transmission of more than one signal t
with overlapping spectra over the same channel  __ III I .
— Methods: 4

> Time-Division Multiplexing (TDM) III I W
> Frequency-Division Multiplexing (FDM) —
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= Complex Exponential & Sinusoidal \

Amplitude Modulation & Demodulation

Outline

A\V\ * Frequency-Division Multiplexing
= Single-Sideband Sinusoidal Amplitude Modulatio

(= Amplitude Modulation with a Pulse-Train Carrier

» Time-Division Multiplexin

\- Pulse-Amplitude Modulation
= Sinusoidal Frequency Modulation

= Discrete-Time Modulation



Complex Exponential & Sinusoidal Amplitude Modulation & DemgHilfatit

= Sighal Frequency Characteristics:

carrier signal : c(t)

A

modulating signal : z(t) ,

1]

A

]

A

T H {G2

Voice Signals

200 4K 100M  300M

Communication Satellite

modulated signal : y(t) = x(t) c(t)

40G 300G

Microwave Link
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omm-7

= AM with a Complex Exponential Carrier:

$(t))—'—*®——>y(t) we -ocarrier frequency
c(t) = e (wet+6c)

y(t) :E(t) c(t) — x(t) eJwet

QC:O

X(jw)

C(jw) = 27 6(w — we)

) ‘ 1 +OO
Y (jw) = 27r/ X (50) C(j(w-0))d0

T — - 0, (Octoy)  © Y(jw) =X (J(w - 'wc))
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omm-8

Y(w) = o [ X(0) Clitw - )0

= AM with a Complex Exponential Carrier:

0 ﬂ(}) =.y(75)—'@/2/_‘;/,.@(75\,i fT\ N w(®)

Cm(t) — ej(wct-l-@c) Cd(t) — e—j(wct-i-@
(a) (b)

X (j o Oe =0 . |
(Jw) | I Y (jw)
/ -I' \ ML_

—wy Wy £ (@c—wp) @ foctoy) @

: @ % s
Cm(jw) Cljo) o Cy(jw)
2w 2 ‘
) i . —_— ’

Y (ju) T | W (jw)

(©




Complex Exponential & Sinusoidal Amplitude Modulation & Demgqfilfatigh® 2>
= AM with a Complex Exponential Carrier:

-Comm-9

z(t) +(}> ~y(1) m@_.,?_.@

em(t) = e (wettbe)

—tar QC:O

y(t) = a_?‘_(zf) c@_(_i;)

=[x (t) ™

— —

Y(jw) =X (j(w — wc))

— o -

w(t) = y(t) calt)

o———>

=|y(t) e v

= x(t) Eeﬁ

= w(t) = x2(t)

[ —]
E—

W(w) =Y (j(w + wc))

= W(jw) = X (jw)
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= AM with Sinusoidal Carriers:

c(t) = ¥ = cos(wet) + jsin(wet)

= y(t) = x(t) cos(wet) + 7 x(t) sin(wet)

O——

TU
wct 4+ 6.) '{

x(t)

o Iim {y()}
¥@j@t +00)

phase difference of ¢1(-),co(-) 7
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mm-11

= AM with a Sinusoidal Carrier: YGw) = 5= [ X(0) CGw—0)a

(O —yt) —=_5 v —dul] 2

~Weo Weo

\é

Lowpass filter

cos(wet + %) 6. =0 cos(wet —I—\%) |

X(jw)

s c(?w) 6w —

Cljw)

]

— W, We

Y (Gw) = 5 [X (jw — we)) + X (j(w +wo)] 2

e

(—wg—wy) —w. (ot (we—wp) 0 (Wt wy)

(c)

m
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= AM with a Sinusoidal Carrier:

X(jw)

mm-11

Y(uw) = o [ X(0) Ciw—6)d

cos(wet —I—X) | 6. =0 ct —I—\QQ . e S J_ _ %,
Z

-ﬁﬁ_z(‘?}wgﬁ — [ 6(w — we)

Cljw)

£ | K

/
v(uw) =[x (i )+ X (5 'Zﬁ»

///1/11

(_wc_mM) — W (_wc+wM)

(we—wp) 0 (@t o) o

(c)




Complex Exponential & Sinusoidal Amplitude Modulation & Dempgilfatiin° 2°h
= AM with a Sinusoidal Carrier:

H(jw)
(D) O—y(t) ——y y()— O L o)
T |’—cho | Woo ©
colwut +6.) 6c.=0 cos(w t)H+ 6.)
— @) — (b)
y(t) :l:r:(t) cos(wct)x w(t) =iy(t§cos(wct)
= w(t) = z(t)cos?(wet)

= (1) B n ;COS(Qth)]

1 1 7 )
a Ex(t) + —.Clj'(t) COSCéwct

2 NAA A A—

e



Complex Exponential & Sinusoidal Amplitude Modulation & Demgffiltatidh° 2°' 2
c(t) = " = cos(wet) + jsin(wet) cos(wet + 6c)

y(t) = x(t) cos(wet) + j z(t) sin(wet) Fh Re {y(®)

x(t)—%

/i\ ~()—— Im {y()}
M sin(wfct + 8.)
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= Qverlapping of AM with a Sinusoidal Carrier:

(—opy—ws) o W, (0yto) )

Y=o [ X(0) Citw—6)d0
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mm-15

= Not Synchronized in Phase:

A w(t)
em(t) = el et e/ (t) = e—ICwetoo)
el 71 = (wet + 6c)
(a)
iQC # qj;cj (b)
y(t) = 2(t) em(t) w(t)(— y () et
= x(t) ej(wct@ = y(t) Q(wct ¢c

=Y

= ONLY " o(t), =\'w(t)
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Complex Exponential & Sinusoidal Amplitude Modulation & Demggilfatiin
= Not Synchronized in Phase:

H(jw)
x(t) ? > y(t) y(t) —5? it > i gl ey COS (B b )X (1)
cos(w({;a) @ cos(wet € g g
y(t) — :E(t) COS(wct + 90) w(t) —- y({;)cos(«wct 4 ch)

p#

= w(t)

a:(t)J cos(wet + 6.) cos(wet + gbcD

= z(t) [ cos(0: — ¢c) + %cos(cht + Oc + cbc)]

* v
% cos(f. — Q"CZ‘ZE(E) + % (1) cos@)—FQC + ¢c)

—



Complex Exponential & Sinusoidal Amplitude Modulation & Dempiifatiin® %1
= Asynchronous Demodulation:

® We >> Wiy \/\’M&—)

o z(t) >0, Vt

— In audio transmission

over a RF channel 0 (—IL)

> Wy, 15-20 Hz

> w/2r. 500kHz — 2 MHz

y(t) /= x(t) cos(wet 4 0c)

~ x(t)
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= Envelope Detector:
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Complex Exponential & Sinusoidal Amplitude Modulation & Demggfilfati
= Asynchronous Demodulation:

~ AL

> y(1)

x(t) A @

IV
@/\/v

KKV

L =
y(t) Gi== RE wit)

v

T S A —
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mm-20

= Asynchronous Demodulation:

® We >> W)y X(t) (%) ~(+) > y(t)=(A+x(t) coswgt
c |
e z(t) >0, Vit A
If nOt, Qf(t) —> gj(t) +A > 0 cos wgt
- e —

A> K, |[z(t)| < K

—_ = D —— e S

K

e — : modulation index{m) in %

+ i 23 AN
\K*-n’n/ ¥ ) 2 ‘. ) .
i sfiivo

e ) %
SRR

(a)

m = 0.5 m=1.0




Complex Exponential & Sinusoidal Amplitude Modulation & Dempgilfatih° 27"
= Synchronous & Asynchronous Demodulation:

X(j)
AN
— Wy - Wpy w
() cos(wet) /_L\ ]L /J\
=~ C (b) i =
/ mA mA
[z(t) 4+ A] cos(wect) /\ | ‘/\

(c)
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= Complex Exponential & Sinusoidal

Amplitude Modulation & Demodulation
* Frequency-Division Multiplexing
= Single-Sideband Sinusoidal Amplitude Modulation
= Amplitude Modulation with a Pulse-Train Carrier
» Time-Division Multiplexing
= Pulse-Amplitude Modulation
= Sinusoidal Frequency Modulation

= Discrete-Time Modulation
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= FDM Using Sinusoidal AM: _

| Frequency-Division Multiplexing (FDM)




Frequency-Division Multiplexing (FDM)

s iDemuItipIexir@ an@e

modulatioﬁz

Wijew)
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|V/

E 0D | QDA
i
\/

e

I

—Wg Wae

Demultiplexing
Bandpass

filter

Hy (jw)
e

Demodulation

Lowpass
filter

Ho(jw)
2

- Xa(t)

—Wp Wpy w




Allocation of Frequencies in the RF Spectrum

Frequency
ange
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Propagation

S—
\ ethod

Channel
features

e
30-300 Hz
——
0.3-3 kHz
a——

3-30 kHz
o

30-300 kHz

0.3-3 MHz
—

3-30 MHz
=

30-300 MHz

0.3-3 GHz
a—

3-30 GHz
=

30-300 GHz
o=

103107 GHz

l Designation i
ELF

(extremely

low frequency)
VF

(voice frequency)
VLF

(very low fre-

quency)
LF

(low frequency)

MF

(medium frequency)
HF

(high frequency)

VHF
(very high
frequency)
UHF
(ultra high
frequency)
SHF
(super high
frequency)
EHF
(extremely high
frequency)
Infrared, visible light,
ultraviolet

Macrowave, submarine com-
munication

Data terminals, telephony

Navigation, telephone, tele-
graph, frequency and timing
standards

Industrial {power line) com-
munication, acronautical
and maritime long-range
navigation, radio beacons

Mobile, AM broadcasting,
amateur, public safety

Military communication, aero-
nautical mobile, interna-
tional fixed, amateur and
citizen's band, industrial

FM and TV broadcast, land
transportation (taxis, buses,
railroad)

UHF TV, space telemetry,
radar, military

Satellite and space commu-
nication, common carrier
{CC), microwave

Experimental, government,
radio astronomy

Optical communications

Megametric waves

Copper wire

Surface ducting
(ground wave)

Mostly surface ducting

Ducting and ionospheric
reflection (sky wave)
[onospheric reflecting sky
wave, 50-400 km layer

altitudes

Sky wave (ionospheric and
tropospheric scatter)

Transhorizon tropospheric
scatter and line-of-sight
relaying

Line-of-sight ionosphere
penetration

Line of sight

Line of sight

Penetration of conducting
earth and seawater

Low attenuation, little fading,
extremely stable phase and
frequency, large antennas

Slight fading, high atmo-
spheric pulse

Increased fading, but reliable

[ntermittent and frequency-
selective fading, multipath

Fading, scattering, and multi-
path

Tonospheric penetration,
extraterrestrial noise,
high directly

Water vapor and oxygen
absorption
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= Complex Exponential & Sinusoidal

Amplitude Modulation & Demodulation

= Frequency-Division Multiplexing

= Single-Sideband Sinusoidal Amplitude Modulation

= Amplitude Modulation with a Pulse-Train Carrier

» Time-Division Multiplexing

\= Pulse-Amplitude Modulation
= Sinusoidal Frequency Modulation

= Discrete-Time Modulation
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Single-Sideband Sinusoidal Amplitude Modulation
= SSB Modulation:

upper sidebands __%

— ()

lower sidebands % T %

o (d) "’i % :




Single-Sideband Sinusoidal Amplitude Modulation
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m Retain‘UEper]Sidebands Using ldeal Highpass Filter

N 11
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= Retain Lower Sidebands Using Ehase-ShiftJ\Ietwork

Single-Sideband Sinusoidal Amplitude Modulation

5

_ _ _ —7,yw >0
« Retain Lower Sidebands H(jw) = {q

_ _ _ f w >0
 Retain Upper Sidebands H(jw) =
— w<O0




Single-Sideband Sinusoidal Amplitude Modulation

Mo CGw) @ " AG0) BG(w—0))do X
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T
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= Complex Exponential & Sinusoidal

Amplitude Modulation & Demodulation

" Fre _Divisi Multinlexin

= Single-Sideband Sinusoidal Amplitude Modulation

= Amplitude Modulation with a Pulse-Train Carrier

» Time-Division Multiplexing

= Pulse-Amplitude Modulation
= Sinusoidal Frequency Modulation

= Discrete-Time Modulation
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= Modulation of a Pulse-Train Carrier:

c(t)

x(t) —pé— yit) |

A(t) X(jw)

yit)




Feng-Li Lian © 2014
NTUEE-SS8-Comm-33

The Impulse-Train Sampling in Chap 7
= Impulse-Train Sampling: "

MM#M* N\ A N

Wﬂt/ A
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= Time-Division Multiplexing (TDM):

W

[
3
1

€D)

- —

0
~ ﬂ 21/ .
V /3 _/

y(t)
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[a]

- Tim,e,-givisig? Multiplexing (TDM):

peie

@

| o Wﬁﬁg
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= Complex Exponential & Sinusoidal

Amplitude Modulation & Demodulation
* Frequency-Division Multiplexing
= Single-Sideband Sinusoidal Amplitude Modulation

= Amplitude Modulation with a Pulse-Train Carrier

» Time-Division Multiplexing

* Pulse-Amplitude Modulation

= Sinusoidal Frequency Modulation

= Discrete-Time Modulation
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= Pulse-Amplitude Modulated Signals: =

&
£l

0

clt) \-LA

M_—MT . ;

t=0.£37T7,.- -,

t=Ty.Ty £ 3Ty, -,

y(t)
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- Intersymb&\lnterferencg)n PAM Systems:

Pulse used to transmit
sample of channel 2

intersymbol Pulse used to transmit

ﬁe”emme sample of channel 1 \ /

Pulse used to transmit
sample of channel 3

Sampling time
Sampling Sampling Sampling
for channel 2 time for time for time for
channel 1 channel 2 channel 3
Sampling time Sampling time

for channel 1 for channel 3
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= Avoiding Intersymbol Interference in PAM Systems:

Ty sin(xt Ty) '
=08 | SIne

p(iTl) = 0, p(£2T1) = 0, p(£3

T9) =0, Zero-Crossing at KT,
= W

|
(

P(jw)
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= General Form of Band-Limited Pulses Problem 8.42

with Time-Domain Zero-Crossing at kT,, k € Z:

Pi1(jw) : odd symmetry around = /Ty

17
O<w< o
=Y=T
1+ Pl(]w) |w‘ < Til Piju)

P(jw) 3= «

(03
2T

T

= p(t) has zero crossing at +77,+2771, - -- i.e., p(+kTy) = O
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(De)Modulation and (De)Multiplexing

Hyliew) Yalje) ¥aliew)

M el Al i

Gy iy B o, =

w iy wy w

Filien) Yilies) W(jeo) Yilies) T ou

Eo n. B | oA BEo al

Lk, [

Wy Wy

¥ lioa) Yol ¥eljw)

Wy iy T wy W T w, w

h | E— — O e
" S i o oMb ms

*a(t) ()2 —— et = % “a —py a2y
cos Wyt Demultiplexing Demodulation
Bandpass o~ Lowpass
t filter Wy filter
o) ——m GO (T wlt)
Hi (jo) Ha(jo)
w(t) Ya(t) 2
cos Wyt —— 1 > @ > |_—| ey X (1)
l @ —wy [ w —wp Wpg o
xc(t) @ Ye

N , : : ;o ralt)
i 000 s 3 ;
A gk — PN Xa(t)
|a]
8 0 @
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= Complex Exponential & Sinusoidal

Amplitude Modulation & Demodulation
* Frequency-Division Multiplexing
= Single-Sideband Sinusoidal Amplitude Modulation
= Amplitude Modulation with a Pulse-Train Carrier

» Time-Division Multiplexing

@ulse-Amplitude Modulation
~9- Sinusoidal Frequency Modulation l—f/]

= Discrete-Time Modulation
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Amplitude Modulaﬁw Frequency Modulation FM

— |
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Sinusoidal Frequency Modulation
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Frequency Modulation (FM):

* The modulating signals is used
to control the frequency of a sinusoidal carrier

* With sinusoidal E M}the peak amplitude of the envelope of the carrier

directly depends on the amplitude of the modulating signal x(t),
which can have a large dynamic range.

« With FM, the envelope of the carrier is constant
L — I

 An FM transmitter can always operate at peak power and
amplitude variations introduced over a transmission channel
due to additive disturbances or fading
can be eliminated at the receiver

 FM generally requires greater bandwidth than does sinusoidal AM
e —
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= Angle Modulation; _ \L

c(t) = A cos

= A cos(t)

(wet + 0c)
e Phase Modulation:

— Use the modulating signal x(t) to vary the phase 0. { ’X,é't)
)
4
‘zr— 8e(t) = 8o +(kp)u(t)
ao(t)| Jda:(t)
a |- X + kp dt

N~ N\

y(t) = A cos (G(t)) = A cos (wct + 0.(t

« Frequency Modulation:

— Use the modulating signal x(t) to vary the derivative of the angle

y(t) = A cos (0(1)) % = w, @(w ’

M




Sinusoidal Frequency Modulation

= Phase & Frequency Modulation:

phase modulation frequency modulation frequency modulation

W A A 0 A
\v/\/\WNW AATATK TR
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* |nstantaneous Frequency:

0 =A@ == G2

e |f y(t) Is truly sinusoidal:

0(t) = wet + 0o w; = we
 Phase Modulation: _ae(t) dx(t)
dt dt
* Frequency Modulation:
do(t)
w;, = —= = we + kf:c(t)

dt
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= Wideband FM:; c(t) = A cos (wet +0c) = A cos 0(1)
= Narrowband FM: il = A cos @ﬁ
» Frequency Modulation with = déc’i(tt) = we + kpa(t)

* Instantaneous Frequency:

m*,"*: we — kyA < w@-(t)—s u:gi \ TWC
ngcgz,& éwé_ﬁ_A ’F_}\/\I @Léﬂ% )
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NTUEE-SS8-Comm-49
= Wideband FM: x(t) = A cos(wmt)
t) = o(t — th_I_QC t
= Narrowband FM: y(()) 05 (0(8)) = cos( ®)
do(t
— Y = c keax(t
qt we + fﬂ“(f) A é ka
— —
= y(t) = cos (wct + k:f/a:(t)dt)

= COS (wct =T sin(wmt) + %)
Wm

let 6 = 0
— COS (fwct —I—(%,gin(wmt))
Wm
. I\/Iodulatlon Index fo@ Q A !Aw! /\}D/@

« Which m is small == narrowband FM @%
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= Narrowband FM:  cos(4+B) = cos(4) cos(B) —sin(4) sin (5)

Sinusoidal Frequency Modulation

= y(t) = cos(wet + msin(wmt))

or y(t) = cos (wct) \;,(m sin(wmyﬂ — sin (wct) \s@]
~ X

A
» When m is sufficiently small (<< n/2) If0<0<<1
— ) COS (9) ~ 1
:>\ (m L 3] Sin!Q! ~ 6
\Sin (m sin(wmt)l ~ msin(wmt) —

= y(t) ~ cos (wct) - msm(wmt) sin (w t

T e
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= Narrowband FM: |
= y(t) =~ lcos (wet)(— mysin(wmt)) sin wct) J

Y.L (wet) C_) zxilin (o] :

L1 -

We _El We _i l Wm,

o J i

7 S0 =5(h =

2

= . 2

K ST

] e RARY
T Y el .
= Twe 2% g 2

| =5t T




Sinusoidal Frequency Modulation
= Narrowband FM:

() = A cos (wmt) ?Ei Tf%
3 5

Approximate spectrum for narrowband FM

y(t) ~ cos ('wct) — m@sm (wct)
y2(t) = cos (wct) + mcos (wct)

IREAR AR MM
A A WVAVAVAVAVAVAV VWVVAV VMVA i

Narrow band FM AM-Double Sideband/with carrier
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= \Wideband FM: A Aw
* When mis large ’ Wm

(o) ffrancns) |

/

Periodic signals with fundamental frequencg/ u?/

~ 2 d
COS (msin('wmt)) = Jo(m) + Z 2Jn(m) cos(nwmt)

C—

Sinusoidal Frequency Modulation

0S (m sin(wmt

y\(lf_) = cos (wct)

/
oo

Sin(msin(wmt)) =\ 3 2Jx(m)sin(nwmt)
- iOdd - / f / -)-
/\*MT AM M\/PVF/

AN
7(,\)4» -3, 11t BN
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= Magnitude of Spectrum of Wideband FM:

Aw=ksA

A AA'w

f m =
c0s (wet) cos (m sintumt) G5 ] \MH T” Ik
o —’T(?L 7—'(?-{— \4‘6 (,\),V\
!
sin (wct) sin (m sin(wmt)) [ T Pk | T
i s o B A R ETY
WA—E-3- 1 11,3, 6 Wm
--Truf i Z ML\/W\
y(t) = cos (wct + mSin(wmt) htﬂ
— :I;(Uc ;i n Wm

= B/~ 2mwn = 2kf A = 2 Aw
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Sinusoidal Frequency Modulation NTUEE.SS8.Comm.55
= Periodic Square-Wave Modulating Signal: AwZ kA
A Aw

m = w—

w;(t) = we + kpx(t) kp =1 = Aw=A "

e When z(t) > 0, w;(t) = we+ Aw

e When x(t) <0, w;(t) = we— Aw

x(t) y(t)

I

L )
A=
!
>
I
N | =4
—
———
e
<
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T NTUEE-SS8-Comm-56
r(t) r (t — —)
j H ﬁ 1 l_(__—
3_7_?10_?—;3;}\1/ e — T
2

1 L
= Y(jw) = 3 [R(jw +juwe+jAu) + R (jw —jwe — jAw)]

+ % Rr (jw + jwe — jAw) + Ry (jw — jwe + jAw)]

Ex 4.6 R (j'w) = kzioo Qki— 1(—1)@10 _ 277(21;-1— 1))_|_7r6(’w)

Ry (jw) = R (jw)e 7/
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Outline NTUEE-SS8-Comm-57

= Complex Exponential & Sinusoidal

Amplitude Modulation & Demodulation
* Frequency-Division Multiplexing
= Single-Sideband Sinusoidal Amplitude Modulation
= Amplitude Modulation with a Pulse-Train Carrier
» Time-Division Multiplexing
= Pulse-Amplitude Modulation
= Sinusoidal Frequency Modulation

= Discrete-Time Modulation
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= DT Sinusoidal AM: '

Discrete-Time Modulation

\ €0S wgn Lowpass filter

H(el®)

—2m  —2mtw,

—2T  —2mtuw,
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Discrete-Time Modulation
= DT Sinusoidal AM:
COSs .N Lowpass filter

<ol ‘
c[n] = cos| 'w>n) "’f’ Hiel?) >
X[n] y[n] W —_y[n] 2ol 25 I 3 X[N]
T - | ~Weo Woo @

27 w

N
=2+, 2 —,
e
/F ﬁ
] L
—2m —217+w¢—\ 2m-w, 2 217!-(»0 [0
Y(e)
‘2'”' _2’”““% 21' ~w, 2mtw, © —2m 2 o

wM W, + Wy
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Discrete-Time Modulation
= Transmodulation or Transmultiplexing:
e TDM to FDM

%4(n]

TD signal =

! ' : Cemultiplex
j-lli'—.’—l- | Ncharnais | XN
xgln]

—_—

1
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Sampling of Discrete-Time Signals in Chap 7
= Higher Equivalent Sampling Rate: Up-sampling

Conversion of

Xp[n]  —— decimated sequence
to sampled

sequence

Ideal lowpass
—> filter e X [N]
H(eiw)

(@)
Xp(el®)
A

i ¢

mﬂl“”l

lNJ ”]W b0 WL A w
' W

2 \
I
|
-
2
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