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Linear Modulation
e 1(t) is the information low-pass signal or modulating signal
o p(t) = Acos(2m fot + V) is the carrier signal

e the transmitted signal or modulated signal has the form

2(t) = z1(t) cos(2m fot) + 2g(t) sin(27 fot)
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where z7(t) and z(t) depend on x(t) through affine transformations

e The power efficiency 7, is defined as the ratio between the

transmitted power of the information signal component and the whole

transmitted power

e The spectral efficiency 75 is defined as the ratio between the

bandwidth of the information signal (B, ) and the bandwidth of the

transmitted signal (5.)
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Double Side Band (DSB) Modulation

The time-domain transmitted signal is

= A x(t) cos(27 fot)

i i

The frequency-domain transmitted signal is

Z(f) = o (X(f = fo) + X(f + /o))

Z(f)
X(f) P(f)
fo 0 fo g
B0l B, | Jo o foy B8,
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DSB Demodulation (1/2) DSB Demodulation (2/2)

o(t) Assume an ideal LPF with unitary gain and cutoff frequency f; = B,

| LPF [r—
H(f) = rect (2233)

p(t) = Acos(2m fot) Bcos(2m(fo + Ag)t + 1) then

y(t) = —x(t) cos(2rAst + )
v(t) = ABux(t)cos(2m fot) cos(2m(fo + Ag)t + )
= A—Ba’(f) cos(2mA st + ) + A—BL(I‘) cos(2m(2fo + Ag)t + 09) AB
IR e Y(f) = (X - Ap +e X (F+A))

AB / ; i i
V(f) = e (e-“gX(f —Ay) +e*-“9X(f+Af)) Underlying assumption
AB [ . EPF I , > B,
+50 (X = @fo+ Ap) + X (f + (20 + By) fo= B
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DSB Case 1: Perfect Synchronism DSB Case 2: Phase Error

If carrier frequency only is perfectly known at the receiver
If carrier frequency and phase are perfectly known at the receiver

Ar=0 and 9 #0
Ar=0 and 9=0

then
then
AB Y(f)
AB v (/) y(t) = S cos(@)a(t)
y(t) = 7:1:(15) AB
AB Y(f) = —cos(®)X(f) >
Y(f) = —X() -B, 0l B,
2 > f
-B, 0l B, f
e the received signal is a scaled version of the transmitted signal
e the received signal is a scaled version of the transmitted signal o the whole chain is non-distorting
* the whole chain is non-distorting e critical only if the two oscillators are in quadrature (¥ ~ 7/2)
in this case y(t) ~ 0
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DSB Case 3: Frequency Error

If carrier phase only is perfectly known at the receiver

Ap#0 and 9 =0
then
y(t) = ATBI(t)COS(QTI’Aft) Y (f)
AB
Y(f) = (X =2+ X(f+4)) .

4 0l

e the received signal is a distorted version of the transmitted signal

e the whole chain is distorting
e non-linear distortion (residual modulation)
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Complex Envelope of DSB Signals

Analytic signal and complex envelope are

zZ(t) = Ax(t)exp(j2mfot)
Z(t) = Ax(t)

. Q(t)
e The complex envelope is real-valued l

e The complex envelope assumes both
positive and negative values |
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z1(t)
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Correlation and PSD of DSB Signals

If 2(t) is a WSS signal, then z(#) is cyclostationary with period 1/2f;

A? A2
R.(t,7) = 7Rm(7’) cos(2m for) + jRT(T) cos(2m fo(2t — 7))

A2

R.(T) ?RI(T) cos(27 for)

PA7) = S-S~ fo) + Pulf + o)
2
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Power and Spectral Efficiencies for DSB

1\4‘-‘;
o

=
bS]
[T
_
ol

s = 3B,
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Amplitude Modulation (AM)

The time-domain transmitted signal is

z(t) = A (1 + kx(t)) cos(27 fot)

Fr

The frequency-domain transmitted signal is

A : kA
Z(f) =5 O(f = fo) +86(f + fo)) + =~ (X(f = fo) + X(f + fo))
Z(f)
P(f)
i 0 Jo f
-B.0l B, Jo 0 fo s BS=7B,
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AM Coherent Demodulation (2/2)

It is worth noticing that AM use part of the available power to
transmit the unmodulated carrier

That may appear as a waste of resources

Using a coherent receiver DOES make that a waste of resources

The main point of AM (i.e. of wasting transmission power) is the
possibility to use an extremely-simple receiver
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AM Coherent Demodulation (1/2)

z(t) ZF: t) i +z(t) q(t) v(t) ' y(t)
I( b @ J_ ( ) EO(f)i - LI)F I'(‘ll_jlf)\'ill

p(t) = Acos(2m fot) B cos(27 fot)

The same scheme used for DSB would recover the information signal
assuming that the DC component is absent (or irrelevant) and adding a
system for DC removal

AB AB kAB

o) = 0 ka()  and V()= 22600+ SEEX()
kAB , kAB
Yy ="50a(t)  and V()= S X()
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AM Incoherent Demodulation (1/2)

=) By 2(t) r)(t) z(t) Envelope v(t) DC y(t)
Detector removal

p(t) = Acos(2m fot)

v(t) = A|l+ kx(t)]
= A1+ kx(t))

Last equality does not always hold, in the positive case it is apparent that

y(t) = kAa(t)
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AM Incoherent Demodulation (2/2)

The condition
|1+ kx(t)] = (1 4 kx(t))
is equivalent to

1+kz(t) >0 Vi

Elx(t)] <1 Vit
Finally, denoting =, = max; |z(t)| we get
1

LTm,
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Complex Envelope of AM Signals

Analytic signal and complex envelope are

2(t) = A(l+ ka(t)) exp(j2m fot)
) = A(L+ka(t))

e The complex envelope is real-valued

e The complex envelope assumes positive
values only
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Correlation and PSD of AM Signals

If 2(t) is a WSS signal with null expected value, then z(t) is
cyclostationary with period 1/2f

A? A?
R.(t,7) = o cos(27 for) + o cos(2m fo(2t — 7))
k2 A2 k2 A2
+?RT(T) cos(27 for) + R.(T)cos(2m fo(2t — 7))
A2 ,2A2
R.(1) = - cos(27 for) + R,(7) cos(2m foT)
A%
PA7) = SO = fo) +6( + fo)
]{2142
+ 4 (P:r(f - fO) Jer(erfO))
A? E2A2
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Power and Spectral Efficiencies for AM
M = 7k2§42 L
P A2 k2 A2
T T3 P
B 1
1+ =25
Also remember that k2P, < 1 thus np < 1/2
s = 9B,
= 1/2
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Single Side Band (SSB) Modulation (1/2)

The time-domain transmitted signal is

cos(2m fot) F A Z(t) sin(27 fot)

I i

The frequency-domain transmitted signal is

2(f) = 5X(7 — o) (1 £ sign(f — o) + 5 X7 + o) (1 sign(/ + fo)

Z(f)

X(f) P(f)
—fi 0 Jo f
-B, 0l B, f fo 0 fo g B. =B,
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SSB Demodulation (1/2)

x(t) at) | gsp |2t i Co2(t) v(t) (@)
flter || 59 LPF —

p(t) = Acos(2m fot) B cos (2 fot)

v(t) = ABux(t)cos® (2 fot) F ABZ(t) sin(27 fot) cos(27 fot)
AB

= - x(t) + ATBL(t) cos(2m2 fot) F A72BL( t) sin(272 fot)

V() = APX(U)+ AR X 20 + X+ 20)

2
28 (X(f — 2f0)sien( — 240) — X(F + 2fo)sien(f +2)
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SSB Modulation (2/2)

The main idea is to halve the bandwidth of the transmitted signal
e SSB-upper (SSB-U) selects the external frequencies and removes the
internal frequencies
e SSB-lower (SSB-L) selects the internal frequencies and removes the
external frequencies

QU) = 5XU o)+ XU+ )

_ f
H,(f) 2 rect <2j0)
Zu(f) QU ) Hu(f)
Hi(f) = 2 <l—rect (2§>>
0
Zi(f) = QU)H(S)
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SSB Demodulation (2/2)

Assume an ideal LPF with unitary gain and cutoff frequency f; = B

np = wa(5L)

then
AB
y(t) = 75'7@)
AB
Y(f) = TX(f)

Underlying assumption
B,
Jo > 3
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Correlation and PSD of SSB Signals

If () is a WSS signal, then z(¢) is WSS

R.(1) = A?

P. Salvo Rossi (SUN.DIII)

R,(7) cos(2m foT) F A2]5Lm(7') sin(27 foT)

2
SPf — fo) (1= sign(f — fo)

2
+A7Pm(f + o) (1% sign(/ + fo)

A%P,
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Power and Spectral Efficiencies for SSB

P. Salvo Rossi (SUN.DIII)

A%P,
= azp,
= 1

_ B
775 BZL-
=1
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Complex Envelope of SSB Signals

Analytic signal and complex envelope are

(t) = Az(t) £2(t)) exp(j27 fot)
) = A(z(t) £ (b))

. zq(1)
e The complex envelope is complex-valued I/

e Real and imaginary components have the 1 (t)
same absolute value |

Wo
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Quadrature Amplitude Modulation (QAM)

The time-domain transmitted signal is

z2(t) = A x1(t) cos(2mfot) + A x2(t) sin(27 fot)

The frequency-domain transmitted signal is

A A
Z(f) = 5 (Xau(f = f0)+X1(f+fo))+2*(X2 f=fo) = Xa(f + fo))
Q@" M
~B, 0l B, By Jo f
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QAM Demodulation (1/2)

yi(t)
LPF [

ya(t)
LPE: (ee—

vi(t) = ABxz(t)cos®(2mfot) + ABxo(t) sin(2m fot) cos(2m fot)

AB AB AB

= 7./1,1(15) + 711(t> COS(27T2fOt) + 7(1}2 (t) Sil’l(27'l'2f0t)

AB AB

Vif) = —-Xulf) + = (Xalf = 2fo) + Xa(f + 2f0))
AB

T (Xa(f = 2f0) = Xo(f + 2/0))
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Correlation and PSD of QAM Signals
If z(¢) is a WSS signal, then z(¢) is cyclostationary with period 1/2f

R(r) = L (Ray(r) + Ruy(r) () cos(2r for)
2
o (Reay (1) = Ry, (7)) (1) sin 2 for)

Usually R, .,(7) = 0, thus

2
Ro(r) = & (B, (7) + Riy(7) () cos(2for)
A2
A? A?
Pz - ?'PIE1+7—PIE2
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QAM Demodulation (2/2)

Assume an ideal LPF with unitary gain and cutoff frequency f; = B,

H() = et (1)

then
AB
yit) = 7%(75)
AB
yo(t) = 7172(t)
AB
i(f) = TXl(f)
AB
B(f) = %)
Underlying assumption
fO > By
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Complex Envelope of QAM Signals

Analytic signal and complex envelope are

zZ(t) = A(z1(t) — z2(t)) exp(j27 fot)
Z(t) = A(x1(t) — xa(t))

. zq(t)
e The complex envelope is complex-valued

e Real and imaginary components have
arbitrary values
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Power and Spectral Efficiencies for QAM

A? A?
APy, + APy,

Mp = 2 2
Py + 5P,
=1
_ 2B,
Ns = 2B,
=1
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