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Signal and System

« Signal: A signal is defined as the time history
of some quantity, usually a voltage or current.
— Deterministic Signals
— Random Signals

» System: A system is a combination of devices
and networks (subsystems) chosen to perform
a desired function.
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Signal Models

» Deterministic Signalsare modeled as
completely specified functions of time.

* Examples:
— X(t) = Acosa,t,—o0 <t <o Sinusoidal
* A: magnitude
* &, angular frequency

1 |t| <£ unit rectangular pulse function
= A= 2 denoted by[ ()
0 otherwise
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Signal Models...

 Random signalsare signals that take on
random values at any given time instant and
must be modeled probabilistically.

 Example-> Figure in the next slide
a) A sinusoidal signal — deterministic
b) Unit rectangular pulse signal — deterministic
c) A random signal (its one sample function)
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Signal Models...

 Periodic signalsA signal x(t) is periodic if
X(t+T,) = X(t),~0 <t <oo
where the constant,Ts a period. (deterministic)

* Fundamental periodThe smallest period is
referred to as fundamental period.

» Aperiodic signalsAny signal not satisfying
X(t+T,)=x() [t

is called aperiodic.
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Signal Models...

» Rotating phasorA useful tool to deal with
sinusoidal gquantities.
— A rotating phasorX(t) = Ae!®"?  —w <t<w
— Three parameters:
« A: amplitude

0: phase (in radians)
a,. frequency (in radians per sec)

» Phasor:ae?® where!“ s implicit.
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* The rotating phasor is periodic:

X(O) =X({t+To), To=—
@,

X HT,) = Ael [@(t+To)+6]

= Aco{a)0 (t+ 2—IT) + 9} + jAsin{a)0 (t+ 2—IT) + 6}
wo wo

= Alcos@yt +6) + j sin(ayt + 6)|]
= A =%(1)
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Signal Classifications:
Energy and Power

 Power and Energy

o p(t) =x4t): power
It is “normal” power (with1lQ impedancg

» Higher-energy signals are detected more
reliably with fewer errors than lower energy
signals.
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Signal’s Energy and Powdbefinition

Let x(t) be an arbitrary signal
(possibly complex function).
* Itstotal energy is:

A o0
E=lim [ |x(t)dt = [~ |x(t)"dt

| is: P=lim— [" [x(t)fd
ts average power is: P=lim [ Ix@) dt
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Energy signal vs. Power signal

» The functionx(t) is an energy signal iff
O<E<o

(Hence P =0, because of having non-zero and finite energy.)

* The functionx(t) is a power signal iff
O<P<®

(Thus E =00 |, because of having non-zero and finite power.)
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For a periodic signad(t)

_ 1 (te+To 2 c .
P = fjt X, ()| dt T, is the period.

* No need to carry out the limiting operation todfia
for a periodic signal.

 Energy and power classifications are mutually
exclusive.
1. An energy signal must have zero average powe
— not a power signal.
2. A power signal must have infinite energy,
— nhot an energy signal

» There are some signals: neither energy nor power
signals. (The ramp signal is such an example.)
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Example 1

» Refer to a figure about unit step function.

1 t=0
a>0 u)= {
x(t) = Ae” U} 0 t<0
o T 2 0 [® A? A - ad
E_'!'ITOI—T|X(t)| dt_J.O th P\ ¢ 2
— 2é2mm_i2—2m°_i2 o
—2a|, 20 > 22
= X(t) is an energy signal.
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e If a - Ox(t)=Ault) ,= inite energy.

p=lim — [ [x(0"dt=lim = A’dt== A’
Toa 2T 1 T-a 2T %0 2

Uity = An(t)

» Final power.
* Itis a power signal
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Example 2

» Refer to figure shown before.

X, (t) = Acosit +6) a sinusoidal signal
infinite energy

p=—["" A cog(ayt + )t
T, o

1 A
= jo 7[1+ cos2(awit +6)]dt

AZ
2 |
It is a power signal.
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» A frequently used skill:

JOTO cod2(awyt + O)dt=0
”E_ m_m _T,

2w 2 2
TO

* That is, period otod2(«.t+6)] becomed .hal

* Integration of a sinusoid within an integral
number of periods is zero.

Dr. Shi Digital Communications 16




Energy Spectral Density (ESD)

1. Derivation

Total Energy:
| E=[ Jxofer

_ .'_"‘;[ [ x(f)e”df }x* (t)dt

= [ X(f )[ [* x e zmdt}df

- e
=] X(f)X (f)A:'f_m\X(f)\ df =[" &,(f)df
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ESD...

2. Definition
Energy spectral density of a sigxé).

£(HAX(HF
E=[" &(f)df =2[&(f)df
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ESD ...
3._Unit

X( f )=j_°°w x(t ) 12 gt
IX( )" : (volts- seconds)?

On a per ohm basis for total energy & average power

(volts)?

L (volts— semnds)® = [{seonds)?

_ wattslsemond , 1
hertz " hertz
= joules/ hertz

=seond)

It is the Energy Density.
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4. Comment 1. (Parseval’'s Theorem)
(Rayleigh’s Energy Theorem)

E= [ x@dt=["|x(f) df

Comment 2.
£.(f) is energy spectral density.

[ E(f)df =E
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Power Spectral Density (PSD)

1.Considekx(t) as a real-valued power signal,
then its average power is

e LT o
P, ‘l'f‘lEL X2 (t)dt
This is similar to definition given before (slide
10) except that the absolute value sign has
been removed.
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PSD...

2. If x(t) is a periodic signal with perioh, then its
average power is

P, =ijT§ x?(t)dt
T '
P, _ = szT x(t) OX* (t)dt
T
= n;m‘ xn‘z
where X is Fourier series (FS) coefficienk(t}.
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PSD...

* This can be proved by using FS of x(t).
» Loosely speaking,

x(t) = i X, exp( j2Tﬂntj

0

n=-o

x(t)y= Y Xn.Dexp(— 1217_m tJ

0

n'=-co

All cross-productterms = 0, except asn’
due to orthogonality of complex exponential
function, thus leading to¥|x,/’
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PSD...
3. Define PSD of a periodic functioit) as:

PSD(f)= SX,[*3(f -nf,)

* Recall that a periodic function has line s

pect

X(f)= 3 X,8(f - fon)

n=-oo

Dr. Shi Digital Communications
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PSD...

* Then )
P, =[_PSD(f)df

- fm{ SIX,fo( f —nfo)}df

n=-o

= 1% [ ~nt )t

n=—o0

= 2 X[

n=-o

» HencePSD(f) thus defined is, indeed, PSD.
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PSD...

4. For_a non-periodic functioxt),
we first truncate(t) asx(t) in (—
then find its FTX(f).

N | —

N | —
N—

It can be shown that

PSD, :m%\xT(f)\z
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Summary: ESD and PSD

« ESD:  &(f)=|X(f)f
e PSD:
PSD, (f) = i\xn\ O(f —nf)), x(t) periodic

n=—oo

PS@(f):liTo%\xT(f)\z, x(t) non- periodic

X(F)=FT{x(t)}
X, =FS coefficiet of x(t)
X. ()= FT{x (1)}
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Autocorrelation

 Correlation function —
Another approach to signal and systems.

o Autocorrelation —

A measure of similarity (matching) of a sigha
with its delayed version.
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Autocorrelation of
an Energy Signal

o Definition
R (D)= [ x()x(t +7)dt,~o0 <7 <o

A measure of how closely the sigmal)
matches a copy of itself as the copy is shifte
T units in time

« The larger the more correlated.
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Autocorrelation of
an Energy Signal ...

* Properties:

1.R(®) =R(- 1) symmetrical inaboutt =0
2.R(1)< R(0)[t maximum value of R(occurs at
=0

FT
3.R(7) o~ &,(f)=ESD, animportant FT pair

4 R(0)=[ X(Odt=E, (energy

Dr. Shi Digital Communications 30
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Autocorrelation of
a Power Signal

e Definition
T
Ry (7) :y[rlo EI—T X(t)x(t +7)dt,—0 <7 < 0
or = (x(t)x(t + 7))

» For a periodic signal x(t) with period, T

A To
R, (1) :Ti [2 xOX(t+1)dt -0 <7 <oo
0 2
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s PropertiesR (7) of a real-valued pericignal

X(t)):

1. R(t)=R(-1) even symmetry
2. RO R(), O maximum value
FT
3. R(7) -~ PSD (f) an important FT pair

TO
4. R (0) = Ti ,[_ZTO X2 (t)dt average power
0" 2
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Random Signals

* Random experiment: E

« Outcome of r.e..&

 Sample space: S

 Definition of probability

» Axioms of probability

 Random event: A

« Random variable (r.v.): X(A)
a function of A, a real number,
(numerical attribute)
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Random Signals
CDF

. DF Cumulative Distribution Function
F,(X) =P(X <£X)

e Properties:

0<F (x)<1

RO SROG), T X sx

. Fy(-2) =0

- Fy (+e0) =1

. F,(x) continuous from the right

a b~ W NP
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Random Signals
PDF
" PDF f, (x) = 3
dx
P(x, < X<x)=P(X<x,)-P(X<x)
:Fx(xz)_ Fx(x1)
:j f, (X) dx
» Properties
1.f,(x)=0
2 £, ()dx= Fy (o) = Fy (~0) =1

Dr. Shi Digital Communications 35

» For discrete r.v.’s, instead §f(f), we often
useP (X = x)
— probability mass function (PMF)

« Strictly speaking
fu (X) =D P(X =x%)3(x~x) pdf of discrete r.v.

| Oi; % <X
Fy(X) = z P(X =x)u(x-x)  cdf of discrete r.v.

Dr. Shi Digital Communications 36
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Ensemble Average (statistical average)
* Numerical attributes of r.v.

— Mean value, m(expected value)
m, = E(X) :j xf., (X)dx
— n"moment

E(X") = [ X"f, (x)dx

n =1, mean value of X, mean very important
n = 2, mean-square value of X (this and next
n=a3, slides)
n=4,
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Ensemble Average
(statistical average)...

— Central moment

E[(X ~m)]= [ (x=m)" £, (x)dlx

1stcentral moment: 0

2nd central moment: E[(X - my)?|=var(x) = o2
Important formula: g = E[X*]-m% _variance

3'd central moment: skewness of pdf

4™ central moment: kurtosis of pdf

Dr. Shi Digital Communications 38
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Random Process (r.p.)

« X (A, t) A random event
t: time

— a larger set

— a collection of r.v.’s

— or, a collection of random sample function
— often simplified a¥ (t)
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Figure 8.1-1 from <Probability, Random Processed, a
Estimation Theory for Engineers> by Stark & Woo8984

Xt ¢) ¢
X“,&;ﬂ x(t)

A Sample
Function

f

Digital Communications 40
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« For a specified event; AX (A, t) = X (1),
a sample function

» For a specified timg tX (A, t) = X, ar.v.

* For specific A t, X (A, t) = areal value

Dr. Shi Digital Communications 41

Statistical Averageof ar.p.

* Ar.p. should be completely characterized by
pdf of all r.v.’s. This is difficult.

 Hence, numerical characterization used often

» A partial description:
— mean function @storder)
— autocor r elation function @2« order)

E[X (1)1 = [ xfy, (dx=m, (t,)
Ry (t,t,) = E[X () [X(t,)]

Dr. Shi Digital Communications 42
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Stationarity

» S.S.S. (Strict Sense Stationary)

Ar.p. X(t) is SSS if none of its statistics are
affected by a shift in the time origin.

 W.S.S.(Wide Sense Stationary)

Ar.p. X(t) is WSS if its mean and
autocorrelation function do not vary with a
shift in the time origin.
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Stationarity ...

 Fora W.S.S. random process,

E[X(t)] = m, a constant

R (t,t,) =R (t,-t,)  only a function oft, -t,
» Relation between SSS and WSS

—

SSS 4 WS.

not nessarily

Dr. Shi Digital Communications 44

22



Autocorrelation of aWSSr .p.

e Lett=t —t,

R, (T) = E[X ()X (t+7)],—» <7 < o
* R, (1:X) gives us an idea of the frequency
response

 If R, (1) changes slowly aschanges, then X
(t) has more low frequency components;
otherwise, it has more high frequency comp.

» Four similar properties of Rr) to that of
autocorrelation of an energy (power) signal.
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Time Average & Ergodicity

* To computan, andR, (r) needs to havg{x)
for all x, sometimes not possible,
= prefer the time average

« Time average over a single sample function o
the r.p.:

1T
(X (1)) lim — j_T X (t)dt

15 always possible
(X)X (t+71)) g[nwEI_TX(t)X(Hr)dt

Dr. Shi Digital Communications 46
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« An ergodic r.p.: m(t) =(X(t))
R (7) =(X(t) X (t +7))

ergodicity L SS.

not nessarily

e Ar.p.is ergodic in the mean, if
My :<X(t)>
e Ar.p. is ergodic in the autocorrelation function
if
R (1) =(X(®)X(t+7))
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« A reasonable assumptiamthe analysis of
most communication signals (in the absence o
transient effects) is that random waveforms ar
ergodic in the mean and autocorrelation
function

» For ergodic r.p., time averages = statistical
(ensemble) averages

Dr. Shi Digital Communications 48
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»some observations:
* m, = dc levels of the signal
» m,2= normalized power of dc component
 E [X?] = total average normalized power
- JE[X?] = root-mean-square (rms) valueXf

* 0, = average normalized power in ac
component

* If my = 0,0,2 = mean-square value ¥for total
power

* 5, = rms of ac component
e If my =0,0,=rms of the signal
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PSD of a Random Process

o Ar.p. X(t) can generally be considered as a
power signal.

. PSD, (f):

.1 2
PSD:p[rJO?|XT(f)|
X(t) - x(t) as tD(—%,%) o X (F)

o Useful in communication systems:
Indicates the distribution of a signal’s power in
frequency domain.

Dr. Shi Digital Communications 50
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PSD of a Random Process...

* Properties:

1. PSD, (f)=0 nonnegative real-valued
2 PSD,(f)=PSD,(-f) if X(t) is real-valued
FT
3. R, (1) » PSD,(f)
4.

P = [ PSD,(f)df
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Noise in Communication Systems

* Noise: Unwanted electrical signals
always present in electrical system

Man-made Noise: switching transients,
spark-plug ignition

Natural Noise: thermal (always exists)

Gaussian noise (central
limit theoremslide 54)

Dr. Shi Digital Communications 52
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Normalized Gaussian pdf

m:O}
) =
o =1

f(n) = Uj%ex;{—%(g) }
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Gaussian Noise

« Arandomsignat =a+n
a: deterministic component of the signal
n: additive random noise

1 1( z- ajz
exp| ——
o2 2\ o
» Gaussian distribution is extremely important in
practice due to the central limit theorem

 The theorem: The probability distribution of the
sum ofj statistically independent r.v.’s approaches
the Gaussian distribution s> 00 , no matter what
the individual distribution functions may be.

f(2)=

Dr. Shi Digital Communications 54
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White Noise

* Def. PSD, )

¥z

» “White” comes from the fact that white light
contains equal amounts of all frequencies
within the visible band of electromagnetic
radiation
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e Autocorrelation function

R.(r) = FT{PSD, (1)} = FT{N?} =% 500

Rucz :
’ n(t) is totally decorrelated

o from its time-shifted version
2 + |foranyt>0

* Meaning: Any two different samples of a white ris
are uncorrelated no matter how close togethema ti
they are taken.

_ ¢ N _
« Average power P, = Lo Todf -®

Dr. Shi Digital Communications 56
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 In practice, as long as the bandwidth of the

noise is appreciably larger than that of the
system, the noise can be considered to have &

infinite bandwidth.

* Thermal noise:
Additive white Gaussian Noise (AWGN)

Very important in both theory and practice.

Dr. Shi

Digital Communications
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Signal Transmission Through
Linear Systems

LTI

input JLinear | . output

Network

e X(t), h(t), y(t) --- time domain
o X(), H(f), Y(f) --- frequency domain

e h(b):

 H(f): transfer function

Dr. Shi

Digital Communications

unit impulse response of the LTI system

58
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* h(t): unit impulse response
—h@®)=y({t) whenx(t) = 5(t)
—y(® = x(® *h® =[_ x@h(t-7)dr =[_ x(t - 1)h(r)dz

o Causality

— A system is causal if there is no output prior
to the timet = 0, when the input is applied.

— A system is causal if(t) =0, Ot<0
= y(t) = [ x(1)h(t - 7)d7
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H(f): Frequency transfer function.

transfer function.
frequency response

H(f) = FT{h(t)}

Y(f) = FT{y(0}= FT{x(t) * h()}= X(f) - H(P)

Y(f)
H(f) = X(f)

Dr. Shi Digital Communications 60
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Frequency Response

e H(f) : Complex in general

H(f) =|H(f)e!)

« Amplitude frequency response]H (f)
« Phase frequency responsél( f)
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* The transfer function of a LTI system can be
measured by using a sinusoidal testing signal
(that is swept over the frequency of interest)
since the spectrum of sinusoid is a line at the
testing frequency.

 For sinusoidal input,e., x(t) = Acos[2n‘ot + ¢)]

y(t) = AJH (f,)|cos[27f t + g+ 8( )]

magnitude ! H-J

same frequency

new phase

Dr. Shi Digital Communications 62
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Random Process & Linear Systems

« If x(t): arp.
h(t): LTI system
then y(t): output, another r.p.
l.e., every sample function of the input r.p.

—> a corresponding sample function

. PSD(f): PSD of x(t)
PSQ(f): PSD of y(t)

PSQy(f) = PSO(f)-[H(f)|?
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* The relation between the power spectral densi
(PSD) at the inpuRSD(f), and the output,
PSD(f)

PSQ,( )= H(f)F PSQ( 1)

* The power transfer function of the LTI system

_PSD(f)
Gh(f)_PSQ(( f = H(f)f

PSR =lm 2| ¥( 9F

Y()= X (f)H (1)
PSD f), =lim =1 X( O

Dr. Shi Digital Communications 64
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o If x(t) is a Gaussian r.ph(t) is LTI, theny(t) is
also Gaussian
 If the input to a LTI system is periodic with
spectrum given by
X(f)= 3 X,8(f -nlK,)

n=-o0

where {X }is the complex exponential FS
coefficients of the input signal, then the output
signal’s spectrum is

Y(£)= 3 X,H(nf,)d(f ~nCF,)

n=-c

iline spectrum
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RC Low-Pass Filter

R
« Example 3-1 input ‘j l out put
At) i) o T ¢ Alt)
x(t) = Ri(t) + y(t)
ci) = o re Y vy = x)

dt dt
From the FT property of the differentiation,

— RC(j27)Y(f)+Y(f)=X(f)

Dr. Shi Digital Communications 66
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Y(f) _ 1
X(f) 1+(2/RC)f

1

joc . 1 1
1 1+jaRC 1+ j27fRC
jaC

H(f)=

or H(f)=

R+

1on ts0  witht,= RC: time constant

_|—e
h(t) = I according to Table 3.1
0 t<0
1 1

G,(f)=[H(f)] :W’ fo:m
1+| -

fo power transfer function
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Distortionless Transmission

 What is an ideal transmission line?

e |n time domain

— Some time delay is alloweu(f) vs. x(t))
— A scale change in magnitude is allowed

= Yy(t) = K x(t-ty) K: scale change
t,; time delay

Dr. Shi Digital Communications 68
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* In frequency domain

Y(f)=K OX(f)e 1?7
I.e., H(f)=K e~ 127
« [Hf)| =K constant magnitude chanqﬁ f
o O(f)=D0OH(f) = -27ft,
t _—o(f)
0" 2nf
t, needs to be fixed.

— Phase shift must be proportional to frequency in order
for the time delay of all components to be identical, i.e.,

phase delay &0 f

“Equalization”: phase or amplitude correction network
Dr. Shi Digital Communications 69
|deal Filters

* One cannot build the ideal network described above
since it implies an infinite bandwidth capability
(Sklar's , page 33).

» An approximation to the ideal infinite-bandwidth
network is to use a truncating network that paaies
freq. components betwegrahd f{, without distortion,

where fand fare the lower and upper cutoff
frequency, respectively.

* |deal BPF
LPF
HPF

Dr. Shi Digital Communications 70
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|deal Filters
Fig. 1.10 from <Digital Communications> by SklargB9

ILIGH
1 ’>
¢
f fo 0 fo f
Bandwidth
We=1f, — 1o
(a)
| Hif) |
1
0
f
S\ ) o
]
Bandwidth
Wy =f,
(b)
| Hf} |

) Figure 1.10 Ideal filter transfer function. (a) Ideal bandpass filter. (b) Ideal low-
Dr. Shi pass filter. (c) Ideal high-pass filter.

(c)

71

 Take a look at ILPF Why more emphasize LPF?
H(F)=[H(f)|e "

1 for|f[<f,

0 for|f[>f,

em16(1) — gi2rito

IH(f)[=

ol
-8
/
. o |1
0 1 —
A R ~arg, = £
Dr. Shi Digital Communications 72
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h(t) = FT "{H(f)} = j_wwH(f)e-JZ"“df

fo o _. .
:I e J27to @ 27t (i

u

= [ el g

f

f Sin[27f, (t - t,)]
. 2”fu (t _to)
= 2, Sinc[27f, (t - t,)]
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Unit Impulse Response of | L PF

h(t)
A

240 L_

—

VI‘
0

1<
-.fc<
}h <
Y

v

TAfu
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Effect of an ILPF on White Noise

 Example 1.2.
I\IO

PSD(f)=—" PSQ(f)=? R(7)=7

2
e Solution:

PSD,(f)=PSD(f)|H(f)F
_{% for | f |< f.
=17

0 otherwise

Dr. Shi Digital Communications
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R/(7)=FT{PSD(f)}

= 20, E’\I—o sinc| 2f,
2 ——
area_of _PSDQ width_of _PSLy(f),

After LPF, is it white noise or
not?

Not a white noise anymore

Dr. Shi Digital Communications
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21,

] =N

ofy sinc 27, 7]

1stzero crossing

/

k fyff/

A
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Realizable Filters
« RC LPF:

R
ATAAY 0

L

1"‘[“"{ l out p.ct
i —-— C
xct) () J Ait)
. o

©

» RC filter (frequency analysis of sinusoidal

circuits) .
Vou — Fiant _ 1
: 1 '
View R+ Aanc 1+ j2mfRc
Dr. Shi Digital Communications 77

1

H(f)=———
H(T) J1+ (276R0)?

g(f)=-tan™" (274R0
1H

—fe 0 fg = ——

(b) Phase response

Amplitude and phase responses for a low-pass RC filter.
Dr. Shi Digital Communications 78
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e ConsiderR =1, i.e., the normalized case.

2
p=Y__y>

R
Vo N2 _ V' 1P 1
vV, 2 v 2R 2
V—2:0.707ai:£ half — power |
V, P 2

« No. of dB :10|ogl{%J =-10log,,2 =-10[0.3010= -3dB |

1

* Hence, half-power -3dB
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Effect of an RC filter on white noise

 Example 1.3

S R T

_ -1 _ No _m
R(r)=F {Gy(f)}—4—RCexr{ ch

exponential_ function

When input is white noise, output of the RC
filter: Not white noise anymore

Dr. Shi Digital Communications 80
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Several Useful Realizable Filters

 Butterworth filter  (most flat one in passbant

Ripple in passband

* Chebychev filter .~ \ier variation in stopband

« For pass-band and stop-band refer to the figure on slide 82
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Butterworth Low Pass Filter

H,(f)= ,n=1

f, or f called corner frequency

u Cc

n- OO,Hn(f) - ILPF
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Butterworth Amplitude Response

1Poss band

IH | /
Idealresponse __
v,
I

lroung i tion

S'tep bo\n{

(17| S

0.5+

Dr. Shi

fe afe 3fc
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Signals, Circuits & Spectra

Input signalx(t), its spectrumX(f)|

rect(t) |sinc(f) e.g.
Circuit, RC circuit, H(f)|, 6(f)
Output (1), [Y(P)
Case 1. Output bandwidth is constrained by input

Case 2:

Dr. Shi

signal bandwidth,
I.e., H(f) is wideband.

Output bandwidth is constrained by filter

bandwidth,
l.e., H(f) is narrowband.
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Fig. 1.14, from <Digital Communications> by Sklar,1988

Input Signal Filter Transfer
Spectrum Function
1 X1 I Hify|
4] f 0 !
(a)
- 1 X(f)1 IHIN

1 f

(b)
Figure 1.14 Spectral characteristics of the input signal and the circuit contribute
to the spectral charactenistics of the output signal. (a) Case 1: Output bandwidth

is constrained by input signal bandwidth. (b) Case 2: Qutput bandwidth is con-
strained by filter bandwidth,
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Bandwidth of Digital Data

» Baseband vs. Bandpass

— Double sideband (DSB) modulation
x(t) signal  (low-pass or baseband signal)
|X(f)] spectrum, O -f.: baseband bandwidth

— DSB modulated signal
X (t) = x(t)cos@7f t), f. = f |
baseband signal X(t) - U - X.(t) DSB modulated signal
1
cos@7f t) local oscillator (LO) carrier
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Xc(f):%[X(f S £+ X(F + )]

-+ F{cos( 27 t)} :%[J(f - f)+o(f + fc)]

and convolution of a normal factor wittddunction.

-

RECT

L —_—

.fm

]
USB_1 LSB

4

0 fm

M X (0]

'fc‘fm -fc 'fc+fm
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