Sample Problems for Quiz 3 (March 22, 2021)

Correction:

e On Slide 2-29, X (¢) should be complex conjugated, i.e.,

Sx(f) = / h <lim L TE[X(tJrT)X*(t)](it) eI dr

o T—o0 2 _T

: 1 - - * —j2nfr
= 7151010 ﬁE {/_w (/_OOX(t+T)X2T(t)dt> eI dT:|

1 A
= 7151010 ﬁE[X(f)XST(}‘)] where Xor = X (t) - 1{|t| < T'}.

1. Prove each of the seven properties in Table A6.2.

TABLE A6.2 Summary of properties of the Fourier transform

Property Mathematical Description
1. Linearity agi(t) + bga(t) = aG1(f) + bGa(f)
where a and b are constants
2. Time scaling g(at) = ﬁG(%)
where a is a constant
3. Duality If g(t) = G(f),
then G(t) = g(—f)
4. Time shifting g(t —to) = G(f) exp(—j27m fty)
5. Frequency shifting exp(j27 fot)g(t) = G(f — fo)
6. Area under g(t) [ g(t)dt = G(0)
7. Area under G(f)  g¢(0) = [ G(f)df
Solution.
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P2. Letting s = at, we derive

/ T gty = A9l ds, a0
J" gt

=00 (&) e—i2mf21
o g(s)e™*asds, a <0

- / gls)e e —ds

0 lal

- ()

—00



P3.

/ G(t)e *tdt = / G(f)e*™df (Exchange of ¢t and f)
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P4. Letting s =t — 3, we obtain

/ g(t — to)@ijQﬂftdt = / g(S)@ijQﬂ.f(ertO)dS
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P5.
/ " g (1) = / " g)e UL = G(f - )
P6.
/Oo g(t)dt = /Oo g(t)e 7#0tdt = G(0)
P7.

o0 = [ cnerrar = [ aina

. If G(f) is the Fourier transform of ¢(¢), answer whether the following statement is correct
or not, and which property in Table A6.2 your answer is based on.

(a) The Fourier transform of 2 x g(t) is 2 x G(f).
(b) The Fourier transform of G(t) is ¢*(—f).
(¢c) The Fourier transform of g(t — a) is G(f)e 7?7/,
(d) The Fourier transform of g(2t) is QG( ).

)

() G(0) = JZ g(t)dt

Solution.

(a) Based on the linearity property of the Fourier transform, the statement is correct.

(b) Based on the duality property of the Fourier transform, the statement is incorrect
since g(—f) may not equal g*(—f).
(c) Based on the time shifting property of the Fourier transform, the statement is correct.

(d) Based on the time scaling property of the Fourier transform, the statement is incorrect.
The correct answer should be (1/2)G(f/2).
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e) Based on the “Area under t)” property of the Fourier transform, the statement is
g
correct.

3. The time-average autocorrelation function Rx (7) of complex-valued random process X (t)
is given by

Rx(7) := lim i/T EIX(t+7)X"(t)]dt,

T—o0 2T _T

and the time-average power spectra density (PSD) is defined as

Sx(f) = /OO Rx(r)e 97 dr.

[e.e]

(a) Show that

_ 1
S(f) = Jim - BIX (1) X5r()
where
X T
Xor(t) = {O M=y < ),

(b) Find the time-averaged PSD of X(t), given that X (¢) = 1 is a constant (i.e., non-
random) function.
Hint: A quote from Table A6.3: Fourier transform pairs.

Time Function Fourier Transform
. in(77’
rect (%) Tsince(Tf) = T%
Notes: rect(t) = rectangular function of unit amplitude
and unit duration centered on the origin

Lofl<%
Hence, rect(4) = {0’ LtLervji;e
’ .

(¢) In reality, we could not know or measure X(t) for —oo < ¢ < oo. Instead we shall use
the so-called “periodogram” to estimate Sx(f):

- 1

Sx(f) = ﬁE[X2T(f>X;T(f)]7

which can be computed based on a window period of X (t). Find the periodogram
approximation of Sx(f) in (b).

Solution.



Sx(f) = /00 Ry(r)e 7*™dr

oo

_ /_ h ( lim % / ' E[X(t+r)X*(t)]dt) eIy
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/ X(t+71)e ﬂﬂdeT)dt} (Let s=t+7.)

o
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o

/ X(s ]2”fsds> eﬂ”ftdt]
1
= lim —F

j2rft

LJ —-T
= lim %E X(f) (/ZX(t)e_ﬂ”ftdt) ]

1

= Jim —F (X (f)Xor(f)]

(b) There are two ways to derive the PSD. A formal way is perhaps to derive the time-
average autocorrelation function and find its Fourier transform as follows:

Rx(r) = Jm % / ZE[X(HT)X*(t)]dt

T

1
= lim —/ dt (Because X(t) =1.)

T—00 2T T
=1

?

and

Sx(f) = /OO Rx(T)eijQﬂ-deT

— 00

_ / e I2mIT 1 (Because Rx(T):l-)

— 00

= o(=f),

where the last step holds because the Fourier transform of §(¢) is 1 (using the replica-
tion property of the delta function) and therefore by duality property of the Fourier
transform, the Fourier transform of 1 is §(—f). Note that §(—f) = d(f) since J-
function is symmetric.

Alternatively, we use the formula in (a). We know that X (¢) = 1 and Xyr(t) =
rect(45). Hence, their Fourier transforms are respectively X (f) = d(f) and Xor(f) =
2T sinc(2T°f).



Thus,

1

Sx(f) = lim ——F[X(f)X57(f)]

T—o0 27T

_ Th_rgo %E[(S(f)QTsinc(QTf)]

= lim 0(f)sinc
T—o0

= lim 0(f)sinc
T—o0

= lim 5(f)

= 4(f),

2T )

(
(2T - 0)

where we use the property that ¢()d(t) = g(0)d(¢) (i.e., only the value of g(¢) at t =0
matters when it multiplies §(¢)) and sinc(0) = 1.

Note: I favor the alternative way because it is much more “thoughtful.”

(¢) (Let’s use the thoughtful approach.) Since Xor(f) = 27 sinc(27'f), we have

1
—F
2T

4. Suppose f(t) = > (t — nT), which is

n=-—o00 g

[(Xor () X3r(f)]

1 2
= ﬁEHXZT(f” ]

_ %(m Sinc2(2Tf))
= 2T sinc®(2T'f).

periodic with period T'. Plot the Fourier

transform F'(f) of f(t), if G(f) is given as follows.

Hint: See Slide 2-14. The Fourier transform of a periodic function must be in the form of

a pulse train.

(a) G(f)
1

l

_1 1
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(b) G(f)
‘1
3 0 3
Solution.
(a)
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5. (a) Use R% (1) = Rx(—7) to prove that PSD Sx(f) must be real-valued.

(b) Use i) Rx(7) = Rx(—7) and ii) Rx(7) real to prove that PSD Sx(f) is real and

symmetric.

(c¢) The autocorrelation function of a signal with random phase is periodic, and is given by

Rx(7) = ‘%2 cos(27 f.r). What is the problem encountered when using the technique

in Slide 2-43 to prove that Sx(f) > 0.

Hint: The Fourier transform of cos(2m f.7) is 5(6(f — fo) +6(f + fe)).
Solution.

(a) See Slide 2-40.
(b) Use (a) and the derivation in Slide 2-41.

(¢) The PSD Sx(f) = A%((F(f — fe) +0(f + f.)) is discontinuous at f = f. and f = —f..
Hence, by replication property of the d-function, Sx(f.) is actually undertermined.



