& Y
oo

Figure 2.1 Graphic representation of a discrete-time signal.
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Figure 2.2 (a) Segment of a continuous-time speech S|gnal X,(t). (b) Sequence of samples x[n] = x,(nT ) obtained
from the signal in part (a) with T = 125 ps.
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Figure 2.3 Some basic sequences. The sequences shown play important roles in the analysis and representation of
discrete-time signals and systems.
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Figure 2.4 Example of a sequence to be represented as a sum of scaled, delayed impulses.
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Figure 2.5 |cos wyn for several different values of w,. As w, increases from zero toward 17 (parts a-d), the sequence
oscillates idly. As w, increases from 17 to 217 (parts d-a), the oscillations become slower.
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Figure 2.6 Representation of a discrete-time system, i.e., a transformation that maps an input sequence x[n] into a

unigue output sequence y[n]. _
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Figure 2.8 Representation of the output of an LTI system as the superposition of responses to individual samples of
the input.
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Figure 2.9 Forming the sequence h[n - k]. (a) The sequence h[k] as a function of k. (b) The sequence h[-k] as a
function of k. (c) The sequence h[n - k] = h[ = (k — n)] as a function of k for n = 4.
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Figure 2.10 Sequence involved in computing a discrete convolution. (a)—(c) The sequences x[k] and h[n—- k] as a
function of k for different values of n. (Only nonzero samples are shown.) (d) Corresponding output sequence as a

function of n. )
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Figure 2.11 (a) Parallel combination of LTI systems. (b) An equivalent system.
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Figure 2.12 (a) Cascade combination of two LTI systems. (b) Equivalent cascade. (c) Single equivalent system.
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Figure 2.13 Equivalent systems found by using the commutative property of convolution.
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Figure 2.14 An accumulator in cascade with a backward difference. Since the backward difference is the inverse
system for the accumulator the cascade comblnatlon IS equivalent to the identity system.
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Figure 2.15 Block diagram of a recursive difference equation representing an accumulator.
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Figure 2.16 Block diagram of the recursive form of a moving-average system.
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Figure 2.17 Ideal lowpass filter showing (a) periodicity of the frequency response and (b) one period of the periodic
frequency response.
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Figure 2.18 Ideal frequency-selective filters. (a) Highpass filter. (b) Bandstop filter. (c) Bandpass filter. In each case,
the frequency response is periodic with period 217. Only one period is shown.

v N 0 -
th(ejw) ’lp /IJ X‘C,:J:ﬂ v’
i — .
34(/‘“@# hxjh Pass
| |
—r -, 0 W, ™
(a)

= -
- bS J O plos v
Hy(e®) - -

: N band 57/0/9

-7 —wp W, 0 w, \/{"b T W
N~ [

(b)

// .
pr(ef“’) bP //UU(:‘_"/:A:J \/
- band pass

S

N
- —\QIL )zwa 0 ”\ wy, T ©

(c)

NIV LTel @ Discrete-Time Signal Processing, Third Edition Copyright ©2010, ©1999, ©1989 by Pearson Education, Inc.
el Alan V. Oppenheim ¢ Ronald W. Schafer All rights reserved.



. ) - 2 .

) - — [
. - M
\Vlfﬂ'\; MyaMY+1 7 S 2§ M
. 0.,
o )
o My
MY J n I » Swn
- \ o M= %) ) e
P s —— e @) e )
P M+ MY+ n =- M, Mr"fl N=o
Hw(r+1)
’ \ ) - C >
w
— /eo )z —— ( __ju) )
el V- I Gt
v (/V_‘ﬁ') v ?)) ¢ =)
Q’é:{ ) \ c — - 6 /
-\= & B
M, = o
AT o)) A PY
- My yv\ IH (%) AHE) W
Y
Discrete-Time Signal Processing, Third Edition Copyright ©2010, ©1999, ©1989 by Pearson Education, Inc.
el Alan V. Oppenheim ¢ Ronald W. Schafer All rights reserved.



Figure 2.19 (a) Magnitude and (b) phase of the frequency response of the moving-average system for the case

M; =0and M, = 4.
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Figure 2.20 lllustration of a real part of suddenly applied complex exponential input with (a) FIR and (b) IIR.
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Figure 2.21 Convergence of the Fourier transform. The oscillatory behavior at w = w, is often called the Gibbs
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oW w
X, le =>?[x/e9 ) + X1e?)
Table 2.1 SYMMETRY PROPERTIES OF THE FOURIER TRANSFORM p w]
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TABLE2.1  SYMMETRY PROPERTIES OF THE FOURIER TRANSFORM Xo( “)- = x (¢ X (e

Sequence Fourier Tr_ansform
x[n] X (/)
1. x*[n] X*(e=/®)
2. x*[—n] X*(e!®)
3. Refx[n]} X¢(e/®) (conjugate-symmetric part of X (e/®))
4. jZm{x[n]} X 5(e/®) (conjugate-antisymmetric part of X (e/®))
5. x¢[n] (conjugate-symmetric part of x[n]) Xp(e!?) = Re{X (e/?)}

—_—

6. x,[n] (conjugate-antisymmetric part of x[n]) X I(elw) = jIm| X (e/®))

The following properties apply only when [l is rea!
7. Any real x[n] —> X (/) = X*(¢=/®) (Fourier transform is conjugate symmetric)
8. Any real x[n] Xp(e/®) = Xp(e™7®) (real part is even)
9. Any real x[n] X]('ej‘”) = —Xj(e7?) (imaginary part is odd)
10. Any real x[n] |X (e/?)| = | X (e‘f“’)l (magnitude is even)
S~ b
11. Any real x[n] LX (e??)=—=/LX(e77¥) (phase is odd)
12. x.[n] (even part of x[n]) X p(e/®)
13. x,[n] (odd part of x[n]) X (el
Discrete-Time Signal Processing, Third Edition Copyright ©2010, ©1999, ©1989 by Pearson Education, Inc.
el Alan V. Oppenheim ¢ Ronald W. Schafer All rights reserved.



Figure 2.22 Frequency response for a system with impulse response h[n]

= a"u[n]. (a) Real part. a> 0; a=0.75 (solid

curve) and a = 0.5 (dashed curve). (b) Imaginary part. (c) Magnitude. a > 0; a = 0.75 (solid curve) and a = 0.5 (dashed

curve). (d) Phase.
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Table 2.2 FOURIER TRANSFORM THEOREMS
TABLE 2.2 FOURIER TRANSFORM THEOREMS

Sequence Fourier Transform
x[n] X (e/?)
y[n] Y (e/®)
dai'? 1. ax[n] + by[n] aX (e/?) + bY(e/?)
d‘;f" 2. x[n _'\h_i_] (ng an integer) e—IPNd X (eJ®)
- G, oL l 2 ejwonx["] X((,j(w—wo)) .
Q‘)”" 4. x[—n] X (e77%) x(e =X (e )
X*(e!®) if x[n] real.
\d
\ I 1X ( ,Jj@
()/g[o/)(_)’/' 5. nx[n] j((—e)
/ = -..\d(u
u»v)),/@ 6. x[n]* y[n] ‘.—‘/"‘.p X (e/?)Y (e/®)
— S——
’ - TR N 10y () (@0—6)
—d 7. x[nlyln] LPLTHSe / X (@*)¥ e/ =)do
- - ¢ - T T L (2
E'llsevfalstheorem: EsSD: Wﬂ] é?co'(mj MS)V
S } i 9 X I =
8. x[n]2 = / X (/) Rdw _3:
e \ gj’n = [n]
- /f’\wl 9, Z r[n]\ [n] = —/ X((’jw)Y (e!)Vdw
f&o . / n=—o el
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Table 2.3 FOURIER TRANSFORM PAIRS

TABLE 2.3  FOURIER TRANSFORM PAIRS

Sequence Fourier Transform
1. §[n] 1
2. 8[n —ng] e—J@ng
o0
> 3.1 (=00 < n < 00) Z 2a8(w +2mk)

4. a"uln] (Ja| < 1)
—

—575. ufn]

6. (n+Da"uln] (la| < 1)

rsinwp(n+ 1)
sinw p

Sin wen

mn

7)/$ sp)(’)_" 9. x[n] = { s OS"‘S. M

0, otherwise

,? 10. eJ@on

S, 11. cos(wqon + ¢) ;..)\

uln] (Jr] < 1)

k=—00
1
1 — ae—i@
1 o0
1—cJo ¥+ Z w8(w+ 2mk)
k=—00
1
(1 —ae—i®)2 '(()()é)
1 e
1 —2rcos (upe—jw +r2e—i2w \
: 1, |o| < e,
o]0y —
e )_l0~ we < |o| =7 e D N
&R ’wa \ wo A

S‘lnl(l)(M ' 1)/2] —j'tu.'\'l-"._"
e ’

o0
Z 2n8(w — wg + 2mk)

k=—00 ——

o0
Z [rremé(w —wq+27k)+ fre_jd’B(w + wqg + 27k)]
k=—00
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