E 4B FEBEHRME I

PEARSON

=g L

‘____;aﬂ Hi& SN

- ESYWEl Digital Signal Processing

B PROCESSING
| nd Appicat Principles, Algorithms, and Applications
Fourth Edition

John G. Proakis
Dimitris G. Manolakis

S| TFIA 4 AL

PUBLISHING HOUSE or ELECTRONICS INDUSTRY http://www.phei.com.cn




EsShEFEEEHM RS

éi%tzl ?&\EEE-I

(%IEIH&)
(E &)

Digital Signal Processing

Principles, Algorithms, and Applications
Fourth Edition

John G. Proakis .
Dimitris G. Manolokis

[ %]

T F LY & AR AL
Publishing House of Electronics Industry |
Jt3 - BEIJING



nEE T

A S AT R G MR T B E S A B A FEREFHR, PR 10 PR T 8 M ECEE S A B R, AL
B R 15 5 R RGN 2 A AL AR SR AT L R IB B AR TS . SR 4 EAE T HILECT R T4
FHAG R, B S SRR S R T | A &N BB LA R FEA . ABAR R ERE RGN
SR HES T . AURTRAIR I, T 5 B VR 2 PR S A BB RN 7 1, AR B2 T R BN I 0, 0445
VF 25T MATLAB ({5 50K o TR E 45 55 555 KB A ~J R, DA Bhise & ik — 4 DU P2 MR
AR LT TR L TR A5 S 2B Rl (5 TR S % L AR AR 724 B, tid & T H8Um A
KR TAEE S,
Original edition, entitled Digital Signal Processing: Principles, Algorithms, and Applications, Fourth Edition, 9780131873742
by John G. Proakis and Dimitris G. Manolakis, published by Pearson Education, Inc., publishing as Prentice Hall,
Copyright (© 2007 Pearson Education, Inc.
All rights reserved. No part of this book may be reproduced or transmitted in any form or by any means, electronic or
mechanical , including photocopying, recording or by any information storage retrieval system, without permission from
Pearson Education, Inc.
China edition published by PEARSON EDUCATION ASIA LTD., and PUBLISHING HOUSE OF ELECTRONICS
INDUSTRY , Copyright (© 2013.
This edition is manufactured in the People’s Republic of China, and is authorized for sale only in the People’s Republic
of China exclusively( except Taiwan, Hong Kong SAR and Macau SAR).

AP E A L RRALH Pearson Education ( §54: #(F AR H) B2F 7 Tolk AR AL ARZE S ARE FiLSE
BT, A LUMEA 7 2R i s 224 45 AT AR 4

A 15 e [ Rl X A 7= AN BR 7R A KRR R AT o

A 4504 Pearson Education( 554225 Hi iRE H ) WOLB R4, THRSE A 4HE

WAL B 5 & e S &5 01-2007-2896

EBERS B (CIP) HiE

B S S, JFI . Bk 5N (5 PUAR) = Digital Signal Processing: Principles, Algorithms, and Applications ,
Fourth Edition: $5 3/ (3£) % % 5a#l ( Proakis,J. G.) , (3£) DifiHLnl #7( Manolakis,D. G.) 3.

JE5T: W Tk L, 2013.6

S - 58 5 b RS

ISBN 978-7-121-20437-1

L Of I O%- @G- 1. ORFESABE-HFEAR-HM-HEL V. OTN911.72
o [ A Pl - 0 CIP $0dfi %57 (2013 ) 575 101368 5

FRI G K/ NR
Gikee L SREVIN
Ep Rl s b B EN 5 A PR 28 )
& T b EIREN S PR 2 ]
AR & AT L Tolk S kL
AL AT e X T % 173 5488 hE4w 100036
A, 787 x980 1/16 ENRK. 69.5 . 2024 TF
Ep W 2013 4E 6 A5 1 KENRI
% M. 119.00 55

LT S B, 7 Tl R P F A ettt PR B, 3 1o W S A5 05 4 . 5 BB BB, W S A RATHEBRR, B
Z MR % . (010)88254888,

AR R & R4 % zlts@phei.com.cn, ¥5RURANEHIE K HBF 2 dbqq@phei.com.cn,

IR 452k . (010)88258888,



F

2001 47 A Ta], HF Tl H Rt ) 20 S [) Ak i 45 AL ) LOE I U8y T2 0, g i | ik
SN T 5 2[RI Rt R TRl 0T, RSN, O FEE fF S0l . Rl xs
55 S BEROE {5 AR Ber TAR2ARA 44

BB SRBF RN EEARZ — RS . AR, ERE BT — T4
R, EEAIRERURE — AR TEAE . 20 fH2C 40 4R MIT MRS 250 % H AR — % 28 AT A
A, MR TR FRRM RABRMHESNEN, SR —MRIFRIB T

KEGFI IS B A — HAEFEMR. 2022 804X, TEIRHEEHM IEZR R SHTTF T, L
ETRERRILANEAEFARNER, W5 R T — K REBRGAREA AR A
T8, B8RS T KM XS4, XA SR B TAE LR TG VER. a4k, B
BHHCFVCEARBIRARBL AR EHE , A REM R HCERIRIR | 35, MELUE R HCE R ZOK
RS AE B T2 FIE {5 R A REp | m] AV HBTH S5 K, WA RO R s o0, SR — i
NELB R (AR, PR ANV, B T RS R )& DA & S ST O AT 5 EOR B BERHE41, 5 1EAN
AR —LEMEAME T B TSl (R 20b , UHOR AT et s | 2 — ISR R, RA AR .

—4EZok, BT Tk RIS TIRZ T, MTRGL T —4 “EAM TS5l fE 80 &5
WHA, IR T EA SRS BT RITA KR TAE, e T 230 RFE[FEM MESH BETEN TR,
PR T 100 RFPFERREA AT, HEEH 20 RO ERAMBIHRE 2, WHKEE T 40 ZH, AR
£o, B TREER SN FE SRS, HEESAHE, BE T EERE . RESSMIE
i, BEATVERE S L ARV E BT A B A, WA R A RIS E R 1A,
XHEEAS, ARBFEATIC, AT EHSLEN AR, LA SR B, i
B85 |2 RSO A 1 e A SO RE R — REfE

FEX ., FIAEEWS I TAERS A ESE . B I SSIEE. S meEEN]. %
LR FONEATT PHEME . AR AR SRR SR, STl 17 EEE T
I H R T AR ) R SR8

BEA T 22 T B A R AR OR AT E D W s e TAR S AW BT A ZOR FA
A, Tl EASEFS I ESNER B TAE, —E ZERAKEK LIS, B EAREEARRE, B
BEERAE . RN, WERERMWAT N, RARN, ETEE A% 5B S N R R
HWENTE, Fxd AT B N EECIPRIAR R, A B K5 | g — L8 St ) FIEFE R R i
SRS BEENBRAEMABCE , LHEE R SR RRE MBI B LB, 3
IS IMEXEHA WL FAREOR, AR e ENRE b, ZF—ERfER.

HeJa, WA ESML TSR R OB, 3R I S S e A
KRR LN, L RUIA R B REX X BRI A R Z AL | Rl B A AE RO AL, 2 H R LA

A, DA BRSO
kA

e TRt HReR S8R
“EAN TS EEAM RSN HRE RS AT



H AR % PA

A 212K, BT S L AE A VB 7 TSR A T & s, I ko R
PER R SRz — o (R, SR EHAME B R A R EZAR L, REFER AT L | B
NRFTT AR EAF AL BRI 220, FRAEAE A WTO JF 4K, R (5 B b i i 2 E 4035 4 3
F IR PR

YEIRES B i MR L, FRAT TR 23R 5 BRI R R 71, thE
512 FESMET BT S8 F (5 SR BRI BEEBAERANT TAEWEENLE . 7F 2000 4E 5
2001 4[], FeAtse/a LA 4 A FI S 1EH AR T 40 REFNEM , T T —% “EINTELR
MRS, E A AL LRI T 32 3] T UGE AT, 1980 7L T RO S R
TAEBRBITEHE

FIBERH AR — L AMET BT SIE EEb, o H A R S | — S SUF AR, #A4 Bh
TIEE R R A EPRTE R  BOR A, dols A B 738 [ B A 7 7 S5 5 0 T
SR FNER I [ PR A K o RS FE S BRSBTS T A0 3 e A
PR A T L ) B R LB 85 A5 RS AT 1 S ) 25 R L, TR Tz 5 [ v
S fEH BRI, FFRE TR T ORRHER TAE . kS A RS 5 58 5 00 5k 1 bR 4
AR, FER R ENEM 24— . BN 2R T iR IS SN (F 5 5 R% . B
TARZAEE T ARG MRS S, b RA AR IR, WA R
Hbr, IERIAFIBER . A Llk . ANRZ R A X B 7K, 1 RIRA: AT F e el
AR ARG S EIMRRRT &, FEZfE N — S (B SRR, BRI R BERE B

LAk, AN TS B RS0 15 R T AR 2 T #H M m SFH80E R/ K R
WY, K rirs | M Ol "B E S e TR ERE S TR VB F R RS
WH A%, FAF R B AR ST R AHHE, AN T B R ST Rl —ESMEE R R R
SHEARRINE A,

PR SN B BRI TAE, BATHNE TIEERE Ut JEatlrs R . Btk H
R KBRS LSS RA . KRR PR LR TRHEERCE . TR . ik | R
e TR VU B S K7 5535 4 A B BRI B0 5 20bF B B R S T A 1V B BURAE
[l A LT S8 (R L ST A B R B B, B E R R0, M0 DR AR ARAS ERUE T
UM R Al A AR DT TR S it . FRA TR X HABATT A B TAE S STk 3R 20 gk
it BEAh, X T amiE R R, FATRBN T Llxt oy X ASESOFE A R B R, A8 51E
HIRES . B #biR RS T, BT TIEIT; RN, FRATXT AL, HERR . BN B AT 1
FARIER .

e, BA TR — 2P sR [R5 AL BOT I FVIR R, S5 E S EIMETE B FEFS
FAS, P o S O R IR e KM SS g o i T ERAT BN A T SR R R R
PHFAE— LG R BN AL, FERERSL, B . HH RS 75 T B AR b A VF 276 B G R T, BT
R A= FE 4 AT S i

B, T ik



E &
il EAE

o
=il

M7

<A
BT

MR

Rt

BELE

PRIty
EISIEREE

Uk sy

RBERK

MEE

FN LS

ZIatk
BEK

BURVE
B
Xl %

R R
TE

kb Ik
H{ER B

HMHMERS

W TAERERE 1 . TR S

et A K . #dz . A S

MElfEPEERK, PEEFEES . AIEEK

oh B A2 5 P P S

KA HEE . A0, B TRRR AT 85 SR T
HERBFEERRES TREGVH AR S BN SRR

TH R E RN T A B gl e 1

Jeat Rz . M, B e R AT

VG4 FRHE R EH . A S0
hEAFF SRS | IEEE &+

PR PN C N a1
RKERFRIR K . #4240

HERRFEERES TRELVHAR S EREER
bRt sE KAz . AR

RN SEBEARERRK . (G ERRE R

[ 55 B A 2 52 22 T I A 5t

JERUSS MR Rz . RS0, BTEE TR K
HEWEFEERF SRR GEEEIMRBREEE R ENS
PEE 2w S S

MR A AR K . P2, AT Ih
HEFETEERES TRELCVHAR S HE N SR ARG
PLELERFRIRK . B8, WA

HEWHEFHE AR A S TRE LV HAHE SRR SR FERR
PR A E R S

R E RS . AR, AR R SRR TR K
HEBHRFHEESHAFREFER T RAER
JeathR s R Az . (P MR S A E R (U ) e AT
JFEMR LA T BRI Be i . A TR

T EE SRR KK, 8RR T

5 Bk EE R ZE R 1T

L Tolk s A I

R RFEHIZ . WA S5 f 4 nl e B 2 BT T
HE TR PSRRI S BN A AR R

WA REE Tl K28z . AR, B S5 EBE AR BB K
U ACE RoF#Z . A S0, (5 BRE SHE AR BB K

Rl EAEZ b



Tl

Hij

ARASRNEH TEIL JLAE A A A B RIS A UH 8 715 S OB R A S il R 2w B0, 8 48
RS S . RGBT BRI R AR, DU e e TR, TRl TR RYLR 5
Llb 5 T A AT A A B £E 85 IR GEABCFAS S AL ER 5 1 (1) — 27 1S M A SRR O ok
(] et 0, o] 1 2 — AR I e A AE B 755 R B 7 i — 2 R RE O 2h

AR E AR O R T B (AR i) RS R 55 gt Z4mmis (1
FEPARITAR 0 ) . BARAS 558 4 TRl AR JE I sl FE 0045 5 P (e EEL 2 O (8 B A 4, (R AT 10
PEFHERBIRET O TR Xy NE.

ARV RN BR N Z 8T TR . Bt TR EL ROk ir 218, LA
(EHRGBY A SR IR N A . R TS EN T#. oo, 76 RRFEA IS A 2hdE s T B #%
KL H .

FEAABRIE IR, TN T 5% T B & BRI 85T, HbE SIS SRS T T 3% T % R4
RETESE . G5 REMERERT, RN, 807 F R sa B Hrsng .

B 1 FREAUE S B PR B BIAR1E . R T 1IE525 SR R, R TIR
B, JFHAE S R — BARIE AT THER, 5o i R s iR .

o 2 B EIRARRHRI LR PE A S (FEAAS) Bkt a) RS gs il 5 . S TR,
FHARYE 2 Ge b ip i) 17 FE S0 4y A PR rhisgmi 7 (FIR ) FnJE PR i 2 (TIR) , 43R T 2%
5y I RRFAEMI LR A2 240, 8] T HAWIGR IR 225 IR, AT Ra B85 T B i )
R ) R

FIFAL A M, ARG 2 AR 2 A M, AN T R z AR T k. 1B TR
PEREASS RGE It B b anfalfd A 2 284, JRIESE T RS E EEMEER S - R r A 5, R
PR

FATRRIRA G S oM. R T L R115 5 R0 2 s 18] 4% 5 0 1 B -2 B e B
A,

FESE S Bk, kAR R R BCRAE TSR AR MERE RS (LTI) B kit inl 4%, Hfe T
Xt FAFNE RS SRR, R TS R SRR B A R G, ARG g M ORIk g . M
RUEPE 25 . ABUETE 2 AL e 5, [AIl, %% 7 —LLiE i FIR f IR JEPk 28 m0ikit. seok, &
BT B/ MRGL, TRA AR RIS GL R G IR UL K 25 &R ),

o TR ELER 5 S RFEL I B RAEE 5 B R AE SHINEA . il K 7e Bl L1 i
SSHRFERIE A, BE A5 5 1 RAE A BRI B B A it B . AR TS ol & A i SRR
OB 2% AL B



%7 %t DFT WOt BRI . fi5R 7 F DFT S04 T2 DRI W Rl 5 3, JHi568 1 8 DFT
IE ST W ) i, ARERSETHE T B %48,

8 FIN K DFT IR, AHGR T2, B 4 Fn 2UE o B4 (FFT) 3k, LA
K FFT Bk AL R SC TR rh I R . 3T MR TH . DFT 19 5, /48 T Goertzel B3 F1
LENMEVRII 7 2 X RN 7

9T TR FIFIR RGEREI G, WIE A R JRBAY | A% R sk (4% 7Y
B S EE RIS BL . AT 43 M7 T {E 507 558 FIR il IR A Get B b iy B8Ry

5 10 T2 2845 FIR IR I a3 IR HHREAR o 5 THHBOAR B 436 s st i v 1 4 07 i Fd it 4% b
AR MRS UL I &5 e 4t OB T O D 2R 1 5 i

F 11 BT RAER A N AR 2 RAERE 5 S R . B TR T BB 1
BOA BB E 2 51, 3BT 48 1 3T A HRAE S 07 3, DA S Z ARG IE D 2% 45 40 i 55
B, ARLTHE TR IR SH . EEmIERBERIEN S (QMF) 1M ifiEr QMF 4],

12557 2R L5 M ST F B e R ME E AN IE D 2% . AT IR T K i3 — 1L J5 2 Levinson-Durbin
TN Schur Bk, LLK AR A% 7UF1 ARMA # Rk Sk i 2%

13 AT LMS g H /v (RLS) FLEAR MU IE B & MBI S . E%A FIR
Fidg Y RLS Bk K GBI SR S5 A ¥ (EA BAT 48,

14 FEPERIFIERE T, R TS BB TR GRSE) W5, SR T
T FRHERL AR5, @45 MUSIC F1 ESPRIT,

FREOLF S BB ARG @ EL A, ATLERE M 1 R STNE, R
S 6 Y 10 ERINE

TR A E R B S S AP IRER, AT /ST b AR B 2T B ) R 45, AT AR 3 T
KBy NEE, REUEASE 7 BRI 11 |MEYNE, FREVE 12 BEE 4 BN,

A5 it TR % AL 50038 218, #5r A1 E ZYIEA B . RE 18e] Lt
HAL MATLAB X FERVER I RAE T L B BIBUAA MR, 2FHE o LAE A B Bc £/ F- M Student
Manual for Digital Signal Processing with MATLAB, MATLAB &k {2 AR Zht Ak T H. ., #h
AIREE AT RS MM — Lo & A TR T AR TE 86, ilan, i C. S. Burrus %45 5 1) Computer-
Based Exercises for Signal Processing Using MATLAB (Prentice Hall, 1994),

el 120 TIRZAAEREIE, b bl W A ar JUBER 3 T 2 A ER I, A W.
E. Alexander, G. Arslan, Y. Bresler, J.Deller, F. DePiero, V. Ingle, J. S. Kang, C. Keller, H. Lev-Ari, L.
Merakos, W. Mikhael, P. Monticcillo, C. Nikias, M. Schetzen, E. Serpedin, T. M. Sullivan, H. Trussell, S.
Wilson Fi1 M. Zoltowski, 1[Il R. Price R R I AMFASE WLAR, H9hn 1% T4y 345 FFT B
RN . e, Tl T E BRI 2 A0k © 5ok ) A R IR L , R BIAE A L. Kok, J. Lin, E. Sozer
F1S. Srinidhi, fib{i10h By 1 JLbE B FRFNMEE T .

John G. Proakis
Dimitris G. Manolakis



A4 R AR R IR KBRS A

&S X

Pearson Education Group 3 ZZFALZ e i,

Pearson Education [T /¥ [E B H145 27 & 5 H A 7 Prentice Hall A7 SR FES K B 2S£ R
PEREECR R RSB, FELREER . TRAMEARR . HFIK Prentice Hall H 2 FIXFF HEb %
7 i — BT SR, Pearson Education ¥ [ SR A 15/E 4 #obh B9 O G SR HE R _E B0 R0 . AR —1%
T BOMER AT B3 N T AT TELR B S Bh R

AR B IRACA BOMECF BT, BSOS RS A 2, IR A sE B LA o T Tk ikt

iE |

R /R 3 FH (FH)

wAg, 3 Fat, IR & F Tk iR AR R 6Y 38 SRR/

R

(2 /44) 1AL RHEM,

FEIRALIP A

, FA ANHE A

FER AT R
L 15
3 A
E—mail:
B R donk:

o g

By K 4 BUd 09 2 BB TR

AT K,

% / IR EAE: (%F)

(% /RAhnEF)

F A 2]

AR RCAT HABRC Al T POR, ARSI EAIA IR Prentice Hall BYAXCKING: http:/Awww.prenhall.com.,

HL - Toll R 5 T AL b A7 % 173 {54 (100036 )
http://www.phei.com.cn HLE: 010-8825 4555
http://www.hxedu.com.cn f&H.: 010-8825 4560

http://www.huaxin.edu.cn E-mail: Te_service@phei.com.cn



R &8RSN

HL Tl HH R EE XA A R A AL AR AR AT IRl , & 5
B Ol 5 B ML REAE R BT 0 Bl B, RgiAMEMIIT R, ik (PEA
RALAEREAEAGE ), HAT A ARLAFARN () RFFTUEMATETUE, MAEIRAY, K piikik
B HETE.

AT TTHGRRT , RAPRR AR SRS , AL AR T o R A I i) B3
FIA N o W22 FN LB IRARALE ATy, AR 2EIRA A, FFHRIIERE
AR BA B R o

4R ELTE . (010) 88254396; (010 ) 88258888
£ H. (010) 88254397
E-mail : dbqq@phei.com.cn
WEHE: LT T AR 173 (546
AL Tl AR S IV A =
fE %w: 100036



Contents

1 Introduction 1
&it
1.1 Signals, Systems, and Signal Processing 2
5% . YA Babm
1.1.1 Basic Elements of a Digital Signal Processing System 4
Br 5 S B R R AL B
1.1.2 Advantages of Digital over Analog Signal Processing 5
B (5 SALE SRS S A F AR LR
1.2 Classification of Signals 6
ERCF S
1.2.1 Multichannel and Multidimensional Signals 6
ZHEFETSEHEES
1.2.2  Continuous-Time Versus Discrete-Time Signals 9
HELET AE S AR i ] (5 5
1.2.3 Continuous-Valued Versus Discrete-Valued Signals 10
EHEGE S SHEBERES
1.2.4 Deterministic Versus Random Signals 11
HE TS5 SHLES
1.3 The Concept of Frequency in Continuous-Time and Discrete-Time Signals 12
TSR (8] {55 55 B O 15 5 b A A i
1.3.1 Continuous-Time Sinusoidal Signals 12
LR R IESL TR S
1.3.2 Discrete-Time Sinusoidal Signals 14
B R EEE S
1.3.3 Harmonically Related Complex Exponentials 17
TSI 4R EUE S
1.4 Analog-to-Digital and Digital-to-Analog Conversion 19
BERN B
1.4.1 Sampling of Analog Signals 21
BEAUE SR
1.4.2 The Sampling Theorem 26
KA EE
1.4.3 Quantization of Continuous-Amplitude Signals 31
LR 5 SRR
1.4.4  Quantization of Sinusoidal Signals 34

IEsEfE SR



1.4.5 Coding of Quantized Samples 35
L RAEN %R

1.4.6 Digital-to-Analog Conversion 36
Ko fdt

1.4.7  Analysis of Digital Signals and Systems Versus Discrete-Time Signals 36
and Systems

B 5T 5 ARG I 5 5 5 RGERI 7

1.5 Summary and References 37
IINEEFNZ: % 3K
Problems 37
>
2 Discrete-Time Signals and Systems M
BRMEESS RS
2.1 Discrete-Time Signals 42
B R A S
2.1.1 Some Elementary Discrete-Time Signals 43
B A5 SR AR
2.1.2 Classification of Discrete-Time Signals 45
O ()5 SR 2 2
2.1.3 Simple Manipulations of Discrete-Time Signals 50
R (] (55 A R AL B
2.2 Discrete-Time Systems 53
A G ERS
2.2.1 Input-Output Description of Systems 54
YL - ik
2.2.2 Block Diagram Representation of Discrete-Time Systems 57
R [R) R GRS B FOR
223 Classification of Discrete-Time Systems 59
R R] R G 43 2
2.2.4 Interconnection of Discrete-Time Systems 67
B ] R e ELIE
2.3 Analysis of Discrete-Time Linear Time-Invariant Systems 69
O (A] PRI AN R GRS HT
2.3.1 Techniques for the Analysis of Linear Systems 69
MRS ik
2.3.2 Resolution of a Discrete-Time Signal into Impulses 71

0 8] 155 50 A (i 15 5
2.3.3 Response of LTI Systems to Arbitrary Inputs: The Convolution Sum 73
LTI ZGHERRARINRL . &M

2.3.4 Properties of Convolution and the Interconnection of LTI Systems 80

BRI RUA R LTI RGEH) B



2.3.5 Causal Linear Time-Invariant Systems

BER LTI £4¢
2.3.6 Stability of Linear Time-Invariant Systems

MR AR RGP

83

85

2.3.7 Systems with Finite-Duration and Infinite-Duration Impulse Response 88

A BRACFNFEBRA i 4] 2 A R 46

2.4 Discrete-Time Systems Described by Difference Equations
P 254> 75 B A B O ] AR
2.4.1 Recursive and Nonrecursive Discrete-Time Systems

3 VRN 3 U A B w8 R 46
2.4.2 Linear Time-Invariant Systems Characterized by
Constant-Coefficient Difference Equations

M R EE S T R RA RS AR R G Rr i

2.43 Solution of Linear Constant-Coefficient Difference Equations

SMEE RBES TR

2.4.4 The Impulse Response of a Linear Time-Invariant Recursive System

LRI AN 338 VA FR SR v S

2.5 Implementation of Discrete-Time Systems
R [A] R SR S
2.5.1 Structures for the Realization of Linear Time-Invariant Systems

LM 1R RGeS EE A
2.5.2 Recursive and Nonrecursive Realizations of FIR Systems

FIR Z 45093 I3FndEs V3sc 8

2.6 Correlation of Discrete-Time Signals
O IR (5 S AR G
2.6.1 Crosscorrelation and Autocorrelation Sequences

B AR B AR5

2.6.2 Properties of the Autocorrelation and Crosscorrelation Sequences

A S AR 5C 51 IR

2.6.3 Correlation of Periodic Sequences

JEIS RS O HE R

2.6.4 Input—Output Correlation Sequences
A - S ARSI
2.7 Summary and References
INEEFNZ 5 30k

Problems

218

3 The z-Transform and Its Application to the Analysis of LTI
Systems

EHRRAELEMRAERG S TP A

3.1 The z-Transform

z %5

89

90

93

98

106

109

109

113

116

118

120

125

128

129

147

147



3.1.1

312

The Direct z-Transform
z IEAR H
The Inverse z-Transform

EBULUE

3.2 Properties of the z-Transform
z e I B

3.3 Rational z-Transforms

HH %

331

332

333

Poles and Zeros

e FNE AL

Pole Location and Time-Domain Behavior for Causal Signals
BER A5 S AR e o B FnB 1A 7

The System Function of a Linear Time-Invariant System

MR 1 R G R GE R B

3.4 Inversion of the z-Transform

z WA

34.1

342

344

The Inverse z-Transform by Contour Integration

B R R oy ik 2 R i -

The Inverse z-Transform by Power Series Expansion
FRBRIT K 2 R

The Inverse z-Transform by Partial-Fraction Expansion
ooy BRI oK 2 R 6

Decomposition of Rational z-Transforms

FE 2 A 5y R

3.5 Analysis of Linear Time-Invariant Systems in the z-Domain

2 SRR AR RS HT

3.5.1

3.5.2

3.53

Response of Systems with Rational System Functions

A B A G R ) A G L

Transient and Steady-State Responses
B 20 o R AR L

Causality and Stability

R R R E T

Pole-Zero Cancellations

T AT

Multiple-Order Poles and Stability

Z FER AR E T
Stability of Second-Order Systems

Zhr ARG E T

3.6 The One-sided z-Transform
Bl 2 A5

3.6.1

3.6.2

Definition and Properties
TE SR I
Solution of Difference Equations

Z45 1i BERIR AR

147

156

157

170

170

174

177

180

180

182

192

193

194

195

196

198

200

201

205

206

210



3.6.3 Response of Pole-Zero Systems with Nonzero Initial Conditions 211

HAAEF MRS T 3 R GERI R B

3.7 Summary and References 214
INEERNZ T 3Lk
Problems 214
>1i
4 Frequency Analysis of Signals 224
= SRR ST
4.1 Frequency Analysis of Continuous-Time Signals 225
PELEI [ 155 A48 55
4.1.1 The Fourier Series for Continuous-Time Periodic Signals 226
PELEI (] RO S A A L2 B
4.1.2 Power Density Spectrum of Periodic Signals 230
JEIOIE S o Sh A8 e 1
4.1.3 The Fourier Transform for Continuous-Time Aperiodic Signals 234
TELEIN ] E R S o (e L
4.1.4 Energy Density Spectrum of Aperiodic Signals 238
1R S RIRE & % RE TR
4.2 Frequency Analysis of Discrete-Time Signals 241
O R S AR o A
4.2.1 The Fourier Series for Discrete-Time Periodic Signals 241
V20 I 1) RO 5 ) e EEL -2 B
4.2.2 Power Density Spectrum of Periodic Signals 245
I SRR _
4.2.3 The Fourier Transform of Discrete-Time Aperiodic Signals 248
2 i ] 3 F 3 £ 5 RO e L A
424 Convergence of the Fourier Transform 251
i B 4 AN St
4.2.5 Energy Density Spectrum of Aperiodic Signals 254
IS 2 e R
4.2.6 Relationship of the Fourier Transform to the z-Transform 259
i LA 4 2 A4 56 R
427 The Cepstrum 261
ol
4.2.8 The Fourier Transform of Signals with Poles on the Unit Circle 262
Sz AR E S R LM
429 Frequency-Domain Classification of Signals: The Concept of 265
Bandwidth
FS s 2 AT
4.2.10 The Frequency Ranges of Some Natural Signals 267
HoLt [ AR S SRR E
4.3 Frequency-Domain and Time-Domain Signal Properties 268

SR S 15 S 4



4.4 Properties of the Fourier Transform for Discrete-Time Signals
T TA] 55 (4 L P
4.4.1 Symmetry Properties of the Fourier Transform
1 ERL P2 80 Y X R S
4.42 Fourier Transform Theorems and Properties

(LA e DY 2 G

4.5 Summary and References
INEEFNZ: 7 3Rk
Problems

>

5 Frequency-Domain Analysis of LTI Systems
LTI RGE RIS 5347

5.1 Frequency-Domain Characteristics of Linear Time-Invariant Systems

LT A AR e ST P
5.1.1 Response to Complex Exponential and Sinusoidal Signals: The
Frequency Response Function

o S ABORIIE 5205 SRR R - S50 57 66 44
5.1.2  Steady-State and Transient Response to Sinusoidal Input Signals

IESEEA S S AR A A L
5.1.3 Steady-State Response to Periodic Input Signals

A S IREN
5.1.4 Response to Aperiodic Input Signals

SISV ER= iDL DI

5.2 Frequency Response of LTI Systems
LTI ZGE ISR 3L
5.2.1 Frequency Response of a System with a Rational System Function

FA A P 250 o B0 2R GE A = 0 7

5.2.2 Computation of the Frequency Response Function

S e oL R K TR

5.3 Correlation Functions and Spectra at the Output of LTI Systems
LTI Z &t A AR % e BORn 5 ik
5.3.1 Input-Output Correlation Functions and Spectra

A1 - i LA G BR BN 1

5.3.2 Correlation Functions and Power Spectra for Random Input Signals

BEHLER A 155 A 5% B BRI Sh 3k

5.4 Linear Time-Invariant Systems as Frequency-Selective Filters
VE A SRS BRI I 2% £ M AE R 4%
5.4.1 Ideal Filter Characteristics
HARIE I A R
5.4.2 Lowpass, Highpass, and Bandpass Filters
il .l AT S e 2%

291

292

300

300

301

310

311

312

314

314

317

321

322

323

326

327

329



.14 -

543

54.7

Digital Resonators
g 2%

Notch Filters

D uE P s

Comb Filters

HeAR B I 2%

All-Pass Filters

2R IE N 3

Digital Sinusoidal Oscillators

B B kR 4%

5.5 Inverse Systems and Deconvolution

W R GENEAER

5.5:1

552

5:5.3

554

Invertibility of Linear Time-Invariant Systems

LR AN R G R AT

Minimum-Phase, Maximum-Phase, and Mixed-Phase Systems
B/ NVFRGL, B RARBL B iR A ARAL R GE

System Identification and Deconvolution

RGPS HER

Homomorphic Deconvolution

RAZER

5.6 Summary and References
NEEFNZ T SO

Problems

>

6 sampling and Reconstruction of Signals
EESHRFEEER

6.1 Ideal Sampling and Reconstruction of Continuous-Time Signals

BERLESMAE S RESER

6.2 Discrete-Time Processing of Continuous-Time Signals

TESEI (] 755 ) B HCT T AL 2R
6.3 Analog-to-Digital and Digital-to-Analog Converters
BRI BRI 2%

6.3.1

6.3.2

6.3.3

6.3.4

Analog-to-Digital Converters

L e T

Quantization and Coding

Bt S5m0

Analysis of Quantization Errors

BILRESHT

Digital-to-Analog Converters

Bt as

347

349

350

354

W
N
e}

360

362

363

384

384

395

401

403

406

408



