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* Representation of Aperiodic Signals:
the Discrete-Time Fourier Transform

= The Fourier Transform for Periodic Signals

= Properties of Discrete-Time Fourier Transform

= The Convolution Property
= The Multiplication Property
= Duality

= Systems Characterized by
Linear Constant-Coefficient Difference Equations
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= DT Fourier Transform of an Aperiodic Signal:
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Representation of Aperiodic Signals: DT Fourier Transform

= DT Fourier Transform of an Aperiodic Signal:

e Define X
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= DT Fourier Transform of an Aperiodic Signal:

e As N — oo, Z[n] — z[n] woN = or

1 N
z[n] = —f X (e?)e"" dw
21 Jor

iInverse Fourier transform egn

synthesis eqgn
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spectrum
- analysis eqgn
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= Perijodicity of DT Fourier Transform:

1 . .
z[n] = —/ X(e?")e!" " dw
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= High-Frequency & Low-Frequency Signals:

low-frequency signal

! X (&)
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e 271 Jor
Zlnl = 1 e’ dw
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high-frequency signal
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= High-Frequency & Low-Frequency Signals:

low-frequency signal
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= Example 5.1 0<a<l -1<a<O
ST
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= Example 5.3: X() = 3 afnle
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= Example 5.3:

. N]. ‘ 199
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Fourier Series Representation of DT Periodic Signals

= Example 3.12:
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= Convergence of DT Fourier Transform:

1 .
xr[n] = —/ X(e/")e!" " dw
21 Jor

X)) = ) znle ™

n=——aco

= The analysis equation will converge:

« Either if x|[n] is absolutely summable, thatis,

+o0
e Or, Iif x[n] has finite energy, that is,
+o0
> |zln]l* < oo
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= Example 5.4: ' z[n] = §[n]
x[n] = 6[n], i.e., unit impulse 0 i

U]

Representation of Aperiodic Signals: DT Fourier Transform

| too | ) .
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Representation of Aperiodic Signals: DT Fourier Transform

= Approximation of an Aperiodic Signal:

Feng-Li
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sin Wn

n




Feng-Li Lian © 2015

OUt“ne NTUEE-SS5-DTFT-17

* Representation of Aperiodic Signals:
the Discrete-Time Fourier Transform

= The Fourier Transform for Periodic Signals s 21

= Properties of Discrete-Time Fourier Transform
= The Convolution Property

= The Multiplication Property

= Duality

= Systems Characterized by
Linear Constant-Coefficient Difference Equations
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= Fourier Transform from Fourier Series: —
Hjus)
- CTFT
z(t) = e ., X(Gw) = 275 (w — wg) QfT
0 wo -
. DTFT X (W
Q}[n] — /W0 « N (e ) |
] ‘ IETL' I 1
X(ev) = -2m6(w—wo+2m) 4276 (w—wg) +276 (w—wo—27) +- - -
S 21
— Z 271'(5(’{1) — WwQ — QWZ) wo = —
[=—00 N
21 Jor 2T 5

v l:_OO

— ej(wo—i—Q?T'r)n — ej’won



Feng-Li Lian © 2015

Fourier Transform for Periodic Signals NTUEE.SSE-DTET-10

= Fourier Transform from Fourier Series: wo:%§
e more generally,
0. (2T
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= Fourier Transform from Fourier Series: wo=2§
r | |
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= Example 5.5:
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m Examp|e 56 z[n] =k:z;v a;, e/R@T/Nn
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* Representation of Aperiodic Signals:
the Discrete-Time Fourier Transform

= The Fourier Transform for Periodic Signals

* Properties of Discrete-Time Fourier Transform |[ss:zs

= The Convolution Property
= The Multiplication Property
= Duality

= Systems Characterized by
Linear Constant-Coefficient Difference Equations
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Section Property
5.3.2 Linearity
5.3.3 Time Shifting
5.3.3 Frequency Shifting
5.3.4 Conjugation
5.3.6 Time Reversal
5.3.7 Time Expansion
54 Convolution
5.5 Multiplication
5.3.5 Differencing in Time
5.3.5 Accumulation
5.3.8 Differentiation in Frequency
5.3.4 Conjugate Symmetry for Real Signals
5.34 Symmetry for Real and Even Signals
5.34 Symmetry for Real and Odd Signals
5.34 Even-Odd Decomposition for Real Signals
5.3.9 Parseval’s Relation for Aperiodic Signals




Outline e Lenc 201
Property CTEFS [ DTES | CTFT DTFT LT zT
Linearity 3.5.1 4.3.1 5.3.2 9.5.1 | 1051
Time Shifting 3.5.2 4.3.2 5.3.3 9.5.2 | 10.5.2
Frequency Shifting (in s, z) 4.3.6 5.3.3 9.5.3 10.5.3
Conjugation 3.5.6 4.3.3 5.34 9.5.5 10.5.6
Time Reversal 3.5.3 4.3.5 5.3.6 10.5.4
Time & Frequency Scaling 3.54 4.3.5 5.3.7 9.5.4 | 10.5.5
(Periodic) Convolution 4.4 54 9.5.6 10.5.7
Multiplication 3.55 | 3.7.2 4.5 5.5
Differentiation/First Difference 3.7.2 | 4.3.4, 5.3.5, 9.5.7, | 10.5.7,
4.3.6 5.3.8 9.5.8 | 10.5.8
Integration/Running Sum (Accumulation) 4.3.4 5.35 9.59 | 10.5.7
Conjugate Symmetry for Real Signals 3.5.6 4.3.3 5.34
Symmetry for Real and Even Signals 3.5.6 4.3.3 5.34
Symmetry for Real and Odd Signals 3.5.6 4.3.3 5.34
Even-Odd Decomposition for Real Signals 4.3.3 5.34
Parseval's Relation for (A)Periodic Signals | 3.5.7 | 3.7.3 4.3.7 5.3.9
Initial- and Final-Value Theorems 9.5.10 | 10.5.9
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x[n]

= Fourier Transform Pair: W&)

e Synthesis equation: o
1

z[n] = =— | X(&Y)e!“"dw
T J27

« Analysis equation:

. 1o ‘ ;
X (V) = Z z[n]e 7*n \ A\ /
n=-—oo | N ~ |

« Notations: = SN e RN
la| < 1
- W n _ _ 1
r[n] = F 1{X(€j )} a"uln] = F 1{1_aejw}
DT FT . " TET 1
x[n] < > X(ejw) a"uln] < oy 7w



Properties of DT Fourier Transform

= Periodicity of DT Fourier Transform:

X(ej(w+2ﬂ)) — X(ejw)

= Linearity:

yln]

= a x[n] + b y[n

f

z[n] +— X (&)

‘F
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—— Y (V)

ss5-6
1 . e
z[n] =— [ X(&¥)e“"dw
2m Jor
X(ejw) — Z x[n]e—_?f,zm
ss4-30

PN X)) +bY ()

= Time & Frequency Shifting:

= z[n —ng] +—— e 70X (V)

= /W0 g[n]

f’

F
>

X (ej('w—‘wo))

ss4-31




Properties of DT Fourier Transform

= Example 5.7:
Hlp(ej_w)

[ 1 [T 1

(a)

Hpp (&) = Hyp(e' )

= hppln] = ™ hyln]

= (=1)"hyln]
hlp[n]
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ss4-19
ssb5-14
j(w—m)
H lp(e )
‘ 1
T T <~‘ 1 T
—-27 -7 \ m 2w ®
—(m—w) (m—wg)

e’™ = cos(mwn) + jsin(mn)

hhp [n]
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= Conjugation & Conjugate Symmetry:  [;o) = & g

nN—=—0o

A .
x[n] +— X (&%) ss4-34
* F * —Jw il , —
L [n] — X (8 ) x[n] =g . X (7)) e’ duy
e z[n] = z*[n] = X (e ) = X*(el?)
ss4-35

IF xz[n] is real = X (e’*) is conjugate symmetric
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Properties of DT Fourier Transform

= Conjugation & Conjugate Symmetry: X9 = 3 alnle™
ol = o= [ X(&)edu

F . . F cr —iw
II?[?’L] > X(ejw) L [?’L] +— X (6 ) ss4-34

o IF z[n] = x*[n] & z[—n] = z[n]
= X(e W) = XH(e") &  X(e ") = X(e/")
= X*(e/?) = X (elV)

e IF z[n] is real & even = X (e/*) are real & even 5s4-36

o IF z[n] isreal & odd = X(e&/*) are purely imaginary & odd
e IF z[n] = z™[n] & x[—n] = —xz[n]
= X(e ") = X* (&) & X(e ") =-X(e")
= X" (") = —X (&)
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= Conjugation & Conjugate Symmetry:

F

z[n] —— X (V) s54-37

Ev{z[n]} N Re{X (')}

Od{z[n]} — 7 Im{X(e’*)}



Feng-Li Lian © 2015

Properties of DT Fourier Transform rengrLiLian © 2015
. . . _ 1 PR
= Differencing & Accumulation: oln) = o [ X(*)e dw
. w = —juwn
z[n, <i> X () X (™) =n=§_joox[n]e )
CL’[’I’L] — Cli[n—l <i> X(ej’w) e—j’wX(ej’w) ss4-40
(1 - e_jw)X(ejw)
& F 1 . 0. =
> wm] «— ] —X (&)X (7)) Y o(w—2mk)
m=—oo — e JY b= — oo
dc or average value
y[n] = m;mx[m] ~ yln] — yln — 1] = 2[n]
n—1
yin=il= 2 alml = (1—e )Y () = X ()



Properties of DT Fourier Transform

= Differentiation in Frequency:

Feng-Li Lian © 2015
NTUEE-SS5-DTFT-33

: 155
:17[7?,] @ X(ejw) %X(ejw) = dinzoox[n]e_jwn
1 F d

—nx[n] +— X (™)
i dw

d .
nx[n] PN j—X (V)
dw

= Time Reversal:

x[n] PN X (/™)

x[—n] AN X (e 7v)

00 _
= ) (=jn)z[n]e™ ™"

n=—-—oo

= {=9) ‘|§ {n:z:[n]} g dun

n=-—oo

—+ oo

X @)= ) =z[nle

n——oo

X (/%)) = Z z[n]e~-wn

n—-—oo
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= Time Expansion: sin (w1 +3)) =
sin(w/2)

x[n] X(el*) X (ej’w )
i AV~ AV v s v

X(2)[Nn] Xiz)(€) = X(e'**) X(ej2w)|
O n k ; ‘ ’_1. t ; 1_‘ } o ;_ ,;t. -

X[n] X2)(e) = X(e*) X( el 3w)|
; - W WA
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= Time Expansion: sin (w1 +3))

sin(w/2)
%[n] K{Ej ) X(ej’w)
‘ | | \ A
D —2ar U —ar V O 27 o
Xzyn] Kz (&™) = X(e!**)
v—I—J—“LI—L—
0 n




Feng-Li Lian © 2015

Properties of DT Fourier Transform NTUBE.SSE-DTAT.56

= Time Expansion:

- x[m/k], if m is a multiple of &

xZr m| —

(k) 0, if m is not a multiple of k
x[n] Ln]
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= Time Expansion: X(e) = 32 afnle

nN—=—=00

. —I_m .
e X(k)(ejw): Z :c(k)[m]e_jwm

m——0o0

oo
= Z :U(k)[nk]e_jw”k

nN——aoo

n——oo

= X (&™)

rln] —— X ()



Properties of DT Fourier Transform

= Example 5.9:

A~

2yn—1]

—o—o ——® ® *— ® o0
0 1 2 38 5 6 7 8 9

4 n
d

—

n
1 Yin

01 2 3 45 6 7 8 9 n
()

sin(w/2)
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||“| F sin(5w/2)
<

—N; 0 Ny

sin(w/2)

z[n] = yo)[n] + 2yo)[n — 1]

| y[n/2], if nis even
bl = { 0, if n is odd
F .. sin(5w)
n] ——— e
y(z)[ ] o
F i — iy SIN(OW)
Qy(2)[n—]_] 3 De IWeJtw_ > 7
sin(w)
' j - in(5w
X (") = (1 4 2¢77%) - ¢ . O
sin(w)
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ss4-50

= Parseval’s relation:

x[n] PN X (/%)

+o0 1 .
> Jelnl? = = [ 1X(e™)Pdw
N=—00 27 Jor

X(el?)

I WV

“N; 0 N n —27\/\/0\/\/2m

(@ (b)
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= Example 5.10:

L X (")
2w +
X ()]
/ | I\ ‘LSIopeofz
L |
T2 (a) 2 . h ’
e x[n] is periodic, real, even,
+ =2
and/or of finite energy? )
— X(")#£0 = x[n] is NOT periodic
— even magnitude, odd phase = x[n] is real
— X(e7™) is NOT real = z[n] is NOT even
— X (%) is finite = z[n] is finite
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* Representation of Aperiodic Signals:
the Discrete-Time Fourier Transform

= The Fourier Transform for Periodic Signals

= Properties of Discrete-Time Fourier Transform

= The Convolution Property 55451

= The Multiplication Property
= Duality

= Systems Characterized by
Linear Constant-Coefficient Difference Equations
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= Convolution Property:

yln] = z[n] % h[n] < Y (&) = X(/*)H(™™)

X(el)
—2m \/—w\/ (:) \/ﬂ\j 21 W
00

= Z x[k]lh[n — k] H

k=—00 1

w[n] m _Tr _uJC(a)
. .
X (e?) Y (e??)

ss4-52

S p[n]
= Multiplication Property:
s[n] r[n]
ﬁ ﬁ

il = slalpln] < Re") = [ sy p(ee)ds
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1 Jjwy jwn
= Example 5.11: oln] = o— [ X(&)e du
“+o0
X(@)= Y alnle ™
h[n] R

ss4-57

hln] = é[n — no]

+o00
= H((V) = Z d[n — npgle 7" = e7I%"0

n——oo

= Y (/) = H(Y) X (V)

= e "0 X () = yln] = z[n — ng]



Convolution Property
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= Example 5.12; =
H(Y)
1 7r : .
— : T h[n] = —/ H(e’)e! " dw
' | | | 2m J—n
-2 —T _wC(O wc T 27 ®
a)
1 we |
= 2—/ e’ dw
h[n] e

0 n —

(b)

- not causal

- oscillatory

N
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ss4-63

= Example 5.13:

h|n]
n ' 1
hin] = a"ul[n], la|] <1 = H{#") = T
n JwY — 1
z[n] = b"ul[n], [b] <1 = X (V) = T

= Y (') = H(Y) X (V)

1 1

1 —qgeiw 1 — pe—iw
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= Example 5.13:

if a7 b Y(ej“f)zl(ﬁ) = - () ; ]

1 —age v

= yn] = ( ¢ b) a"uln] — ( ° )bnu[n]

a — a—>b
. 1 2 1. . d 1
famb vu = (L) = Lyemd (L)
(Jw) 1 — ge—Jw aj dw \1 — ae ¥
1
since  a"ul[n] P .
1 — ae 7w
d 1
and n auln] LN 9 }
dw L1 — ae 7w

- d 1
and  (n+1) " lu[n+1] AN g el [ . ]
dw L1 — ae ¥

= y[n] =+ 1)a"u[n + 1]



Convolution Property (—1)* =™

= Example 5.14:

() —

win] = (—1)"z[n] = ™z

(1"

(-1)°

é W, [n]

Hlp (ejw) W [n]

Hlp (ejm) ————j

wy[n]

7]

= Wi(e") = X (™)

WQ(ejw) i Hlp(ej’w) Wl(ejw) — Hlp(ejw) X(ej(w—w))

wz[n] = (=1)"wz[n] = el

wo[n]

(a)

Feng-Li Lian © 2015
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ws[n]

ss4-74

ssb-27

y[n]

Wa(e’™) = Hpy(e) X ()

= W3(€j'w) — Wz(ej('w—ﬂ')) — Hlp(ej(w—w)) X(ej(w—qu))

= H, () X(e7*)
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= Example 5.14:

Y (") = W3(e™) + Wa(e’™)

= Hy (/%) X (/) + Hyp (/) X (/)

= [Hyp (/) + Hy(e™)] X(e)

H(e™) = Hy(e/@™) + Hy(e) T 1— r'—| ] \
highpass -+ lowpass W o Jﬁ
-2 —Tr _\{T_wc) [w_'rrmcj 2w m
— bandstop '_21,”' '_Iﬁ '\' ' T',;T | r;—l
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= Convolution Property:

W

2\/\/;;\/\/%w

yln] = z[n] * hn] —— Y () = X (/°)H(e™)

~+00 ")
= Y z[k]lh[n — K] 1
k=—00
—2|“ ‘lﬁ 0, W ':r 2|’IT ®
= Multiplication Property: ;

ss4-67

il = slnlpln] " R(e™) = - [ s p(e)as



Multiplication Property
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1 —
z[n] =— [ X(&")e!""dw

r[n] = s[n]p[n] 2m Jor

= R(e")

“+eco

Jwy — : —Juwn
too X(E@)= Y z[n]e

Z r[n]e 7%n —

ss4-68

nN——00

“+o00

> slnlplnle "

n=——oo

= 1 7 76n —Jwn
> S[n]{%[hf’(e Yel? d@}e

n=——oc

1 s

- /2 () [ 2 S[n]e‘j("”‘a)”} d

n=——oco

1 | . 1 | .
_ 70y G ( i (w—0) — = / PTG (39Y 40
27T[Z?_rp(e )5 (eI®@=)qp - | P )s(e)



Multiplication Property

aperiodic convolution

y(0) = /_ T (RO — T)dr

©. @)
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periodic convolution

(0 = /@ IR0 —7)dr

AWVINVAN
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ss4-71

= Example 5.15:

2ln] = o1 [n]an) X3 ()
1
sin(5n) |
.CU]_[?’L] — 2 -“2:17 —ar —; % L 2m ®
™ .
. X2(e’)
. _7'[' 1
ro[n] = sin(%g ) = u
™ -2 -2 T em ©

. 1 + . .
X(e") = - / X1 (e9%) X5 (eI =9) dg
v J—7

{Xl(ejw), for —m<w<mnw

Xq(ev
1(e™) 0, otherwise

. 1 +T . .
X(e") = - / X1() X (/=) do
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= Example 5.15:

. 1 +T . .
X(e") = - / X1() X (/=) do

1 oo _ . .
— / X1(e9) X5 (/@) dp
2T J -

X1(e’™) X (')
1
11 2
-2% —ar —% 12_- U 2m w JV
. H
X2(8]w) 1 1 1 1 1 1 1 1
1 ™ _3n -1 i L o 3m T W
lini] | - [ 4 "2 3 4 2 4
S, - —:% 3‘,—“ 2w w
1 1
I , 4
e e ” § \ /\ /
Fil ced o] s =i 1 " Y ’
I, v -% Tﬂ 2% w 12

0 —T
12 12



TABLE 5.1 PROPERTIES OF THE DISCRETE-TIME FOURIER TRANSFORM
Section  Property Aperiodic Signal Fourier Transform
x[n] X (ef“')} periodic with
y[n] Y(e/?)) period 27
53.2 Linearity ax[n] + by[n] aX(e’) + bY(e’”)
5.3:3 Time Shifting x[n = npl e'f“’i”'JX(ef“’)
5.3.3 Frequency Shifting e’ x[n] X(e/@mw0))
534 Conjugation x'[n] X'(e™?)
5.3.6 Time Reversal x[—n) X(e )
i . _ _ [ x[n/k), if n = multiple of k o
5.3.7 Time Expansion Xpy(n] = [ 0, i 1 7 multiple of & X(e. ) |
5.4 Convolution x[n] = y[n] X(e!)Y (')
5.5 Multiplication x[n]y[n] % J XY (e’ "db
5135 Differencing in Time x[n] = x[n—1] (1 — e ™)X(e/)
. n . l }m
5433 Accumulation ;-,,Z-"x x[k] T=rn X(e’)
+7X(e™) > 8w - 2mk)
k=—t
538 Differentiation in Frequency  nx[n] j dJii(Zf‘")
[ X(e*) = X* (e )
Re{X(e/)} = Re{X(e )}
534 Conjugate Symmetry for x[n] real  ImfX(e'®)) = —Im{X(e ')}
Real Signals IX(e')| = |X(e)|
| £X(e™) = —4LX(e )
534 Symmetry for Real, Even x[n] real an even X(e’?) real and even
Signals
534 Symmetry for Real, Odd x[n] real and odd X(e’*) purely imaginary and
Signals odd
534 Even-odd Decomposition x[n] = &Ax[n]} [x[n] real] Re{X(e/)}
of Real Signals xo[n] = Od{x[n]} [x[n] real] JIm{X(e™)}
513.9 Parseval’s Relation for Aperiodic Signals

n=—%

, 1 -
> |x[nlf = 5;;[ 1X(e™)Pdew

2%

Li Lian © 2015
-SS5-DTFT-54



TABLE 5.2 BASIC DISCRETE-TIME FOURIER TRANSFORM PAIRS
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Signal Fourier Transform Fourier Series Coefficients (if periodic)
Z akeﬂ'(ﬁ!nf&')ll Qa1 Z ﬂks (CO _ ?';F"’S) a
=V} k=—%
(@) wp = 24
N
) — I, k=mm=x=Nm=2N,, ..
el@oi 2 Hw — wy — 271) a. =
;=Z-7. ! ¢ [ 0, otherwise
(b) ;—’_‘% irrational = The signal is aperiodic
@ wy =2
o 1 -
CoS wqn 7 Z 8w — wy — 27D + 8w + wy — 2ml)) a =47 i RS EE S N oo
f=-= 0, otherwise
(b) f'_,—’j} irrational = The signal is aperiodic
@ wy = :%
e %, k=nrrxNrx2N,...
sinwon ; Z{&(w—w0—21ﬁ)—5(w+wo—21r!}} a;, = _’>|j' c = =y, —r = N, —r+ 2N,
e 0, otherwise
(b) 5% irrational 5> The signal is aperiodic
o I, k=0 2N 2N, ...
x[n] =1 21 Slw — 2l) a, =
;Z,. ¢ 0, otherwise

Periodic square wave

I, |n] =N
x[n] =

0, Ny <|n] =NR2

and
x[n+ N] = x[n]

+%
2 z a‘ﬁ(w = 2%!()

k===

Sin[kIN)N) + §)]

= + N b
“ Nsin[27k/2N] ' k+#0 N, 2N, ...
ap = %. k=0 =N *2N, . ..

+x
N Rl — AN

21 sl - 2wk

P l far all &




I, k=0 =N *2N,...

x[n] =1 2 ‘ ow — 2l) a, =
[n) ;Z".,, ¢ 0, otherwise
Periodic square wave |
I, |n| =N . sin[QawkiIN)N| + 3)]
; = = ; ap = : —=— k#0 N *2N, ...
=0 m<p=nn | 2w S ak6( - 2;’_") £ TN SnRARN]
and k= 2N, + 1
ap , k=0, =N, 22N, . ..

x[n + N) = x[n) N

= 2 <= 27k 1

Z.B[n - kN N Z 8(w - T) a N for all k

(= —%

a“uln), la| <1

x["][ I, o = Ny

sin[@(N) + 3)]

0, |n| >N, sin{w/2)

sinWar _ i Sinc (_“jl_) X(w) _ ]p 0 = |CI)I = "V

" 7w t 0’ W < |mi = 47 —
O<W<m X(w) periodic with period 27
8[n] 1 .

I -

wln] T—e o T Z, wo(w = 27k) —
&[n — ng) e oy .

(n+ Da"uln), o <1

L
(1 — qeiw)?

(n+r—1)

Wa"u[n]. la| <1

1
(1 — ge—jwy

)15
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* Representation of Aperiodic Signals:
the Discrete-Time Fourier Transform

= The Fourier Transform for Periodic Signals

= Properties of Discrete-Time Fourier Transform
= The Convolution Property

= The Multiplication Property

= Duality a7

= Systems Characterized by
Linear Constant-Coefficient Difference Equations




Duality
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= DT Fourier Series Pair of Periodic Signals:

IF

e z[n] PN ajy : DT Fouries series pair
r[n] = Z akejkwon = Z akejk(Qﬂ/N)n
k=<N> k=<N>
1 : 1 :
ap = — Z x[n]e—jkwon:_ Z :C[n]e—jk(Qﬂ'/N)n
Nn=<N> N?’L=<N>
. FS
k] = S gnJe—dkC@r/Nn gln] < f[k]
Nn=<N>
LET k=n,n=—k fin] 2 Lo—k
N
1 .
finl= Y Z_V_g[_k]ejk(Qw/N)n = im[—n]
k=<N> N



Duality

= Duality in DT Fourier Series:

€

+im2n/N)n

FS
x[n] +—— ay

x[n—ng]

x[n]

> =] yln —r]

r=<N>

z[n] yln]

FS

FS

FS

FS

ay e—jk(Qﬂ'/N)nO

Afe—m

Nay. by

> ay by

[=<N>
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Duality
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= Duality between DT-FT & CT-FS:

DTFT

x[n] < > X (e??)
1 . ‘
z[n] = — [ X(&%)e""dw
27 Jor
. +Cx) .
X)) = > x[n]e?"
x[n] i
g n
X ()

FS
x(t) +—— ay

]_ .
a. = = [ x(t)e FFwot gt
p == /T (t)

00 _
z(t) = > a,kejkwot

k=—oc

Qag
B




Duality

TABLE 5.3 SUMMARY OF FOURIER SERIES AND TRANSFORM EXPRESSIONS
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C___________________________________________________________________________________________

Continuous time |

Discrete time

Time domain Frequency domain Time domain Frequency domain
| I
x(t) = I a, = x[n] = 1 ay =
XL agediont l 7= [, Aoye™ ik S oy retCTR & Sty lm)e kN
Fourier : I I
Series continuous time i discrete frequency discrete time discrete frequency
periodic in time : aperiodic in frequency periodic in time periedic in frequency
| - ;
x(t)y = | X(jw) = x[n] = X(e/®) =
1 | +% X(j Juwt g | + - . , ~ % y ~ Jen
37 -2 A(j@)edo [ 27 x(r)e~ gy L (. X(elw)eon 2= X[]e
Fourier | 2 lan

Transform cont!|1u9u§ tu.nc continuous frequency discrete time
aperiodic in time -

' aperiodic in frequency aperiodic in time

continuous frequency
periodic in frequency
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* Representation of Aperiodic Signals:
the Discrete-Time Fourier Transform

= The Fourier Transform for Periodic Signals
= Properties of Discrete-Time Fourier Transform
= The Convolution Property

= The Multiplication Property

ss4-75

= Duality

= Systems Characterized by
Linear Constant-Coefficient Difference Equations



| Systems Characterized by Linear Constant-Coefficient Difference EHUAbAE"

ss4-76 it

= A useful class of DT LTI systems:

agy[n] + a1yln —1] + -+ + ay—1y[n — N + 1] + anyy[n — N]

= boz[n] + brz[n — 1] + - + bpy—12[n — M + 1] + bpyyz[n — M]

Z apyln — k] = Z brx[n — k]
k=0 k=0

o — [ —

Y (&™)

V() = X(E@HEY)  HE) = o




Systems Characterized by Linear Constant-Coefficient Difference EHUafibhE >

N
> agyln — K]
k=0
N
D ag yln — kj
k=0
N . .
Z ap e 7FY Y (&%)
k=0

= H(") = e

X (eiw)

f . .
r[n —ng] «—— e 70X (V)

ss4-79

M
= > bgz[n — k]
k=0

M
> by x[n — k]
k=0

A/[ . .
= Zbk LA (G
k=0

bo + bre I 4 -+« 4 bygeiMw
ag+ arje v + .- 4 apeINw




Systems Characterized by Linear Constant-Coefficient Difference EUafibhd:>

= Examples 5.18 & 5.19: x[n]—>-—> yn]
|CL| < 1 ss4-81
vl = ayln—1] = el = H() =
Y () e Y () = h[n] = a"u[n]
] — Syln—1] + yln—2] = 2]
o 2 B 2
= H(") = 1_%6—jw+§e—j2w o (1_%8—3'10)(1_%6—3@)
_ 4 - 2
(1 —5e-7v) (1 — ze )
= hn] = 4(;>nu[n] _ 2(Dnu[n]



Systems Characterized by Linear Constant-Coefficient Difference Euafions

= Exampl 20: h L H(Y) = 2
ample 5.20 [] &) = G a o

x[n] = (%)nu[n] —b-—b yln] = 7277 554-82

= Y (V) = X(Y)H(™Y) = z[n] * h|n]
- 1 2
- [1 —%e‘fw} [(1 —Le-iwy(1 - Le aw)}
. 2
(1= dew)(1 — feiv)2
. 8 4 2 ss5-45

(1—3esv)  (1—Ledw) (11— Lew)2
= yln] = 8 (%)nu[n] 4 &)nu[n] _2(n+ 1) G)nu[n +1]

~(5(3) - +(3) - 2o (2) ot
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* Representation of Aperiodic Signals: the DT FT
= The FT for Periodic Signals
L Propertles of the DT FT

Linearity Time Shifting Frequency Shifting
« Conjugation Time Reversal Time Expansion
» Convolution Multiplication
« Differencing in Time Accumulation Differentiation in Frequency

» Conjugate Symmetry for Real Signals
« Symmetry for Real and Even Signals & for Real and Odd Signals
* Even-Odd Decomposition for Real Signals

Parseval's Relation for Aperiodic Signals

E The Convolution Property
= The Multiplication Property
= Duality

= Systems Characterized by Linear Constant-
Coefficient Difference Equations
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Signals & Systems (Chap 1) LTI & Convolution  (Chap 2)
/[ Bounded/Convergent \\
4 Periodic N Aperiodic
CT CT (Chap 4)
FS  or FT
\ (Chap 3) ) DT (Chap 5)

/

Unbounded/Non-convergent

| CT (Chap 9)
K ydl DT  (Chap 10) j
Time-Frequency (Chap 6) Communication  (Chap 8)

CT-DT (Chap 7) Control (Chap 11)
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Question for Chapter 5

= |n discrete time,

what kind of signals are low frequency or high frequency?
« Chap 1, pages 47-49
 Chap 5, pages 7-9

= Time expansion and double the width in time domain
 Chap 5, pages 33-34
 Chap 3, pages 70-71
« Chap 5, page 11

* Frequency shaping filter on low-freq and high-freq signals
 Chap 3, pages 92-95



