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Biomedical applications: analysis of biomedical signals, diagnosis, patient monitor-
ing, preventive health care, artificial organs.

Communication: encoding and decoding of digital communication signa]s, detection,
equalization, filtering, direction finding.

Digital control: servomechanism, automatic pilots, chemical plants.

. General signal analysis: spectrum estimation, parameter estimation, signal model-
ing, signal classification, signal compression.

Image processing: filtering, enhancement, coding, compression, pattern recognition.
Instrumentation: signal generation, filtering.

Multimedia: generation, storage, and transmission of sound, still images, motion pic-
tures, digital TV, video conferencing.

Music applications: recording, playback and manipulation (mixing, special effects),
synthesis of digital music.

Radar: radar signal filtering, target detection, position and velocity estimation, track-
ing, radar imaging.
~ Sonar: similar to radar.
Speech applications: noise filtering, coding, compression, recognition, synthesis of
artificial speech.

Telephony: transmission of information in digital form via telephone lines, modem
technology, cellular phones.
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2 BOAZPORAT A COURSE IN DIGITAL SIGNAL PROCESSING  JOHN WILEY & SONS, 1997

(2)

Analog Digital Digital Analog
signal , signal signal signal
LN Sampling : DSP : Reconstruction .

(b)

Analog Digital Digital

signal . signal information

————| Sampling DSP
(c)
Digital Digital Analog
information signal ) signal

DSP Reconstruction [~——

Figure 1.1 Basic DSP schemes: (a) general signal processing system; (b) signal analysis system;
(c) signal synthesis system.
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1. Linearity
2(t)=ax(t) +by(t) & ZF () =aX " (0) +bY F (), a.b,e C.
2. Time shift
y(t)=x(t-7) <:>YF(a))=e_ijF (0), TeR.
3. Frequency shift (modulation)
y(t)=e*x(t) & YF (0) =X (0-2), 1eR.
4. Time and frequency scale

y(t):x(at)aYF(w):éXF(gj, ack, a0,
5. Time-domain convolution

z(t)={x*y}(t) © 2" (0)=X" (0)Y" (@)

6. Time-domain multiplication

2(t)=x(t)y(t) & Z° (a)):i{XF V¥ ()
7. Parseval’s theorem
Jjox(t)y(t)dt:i ” X (0)7F (o) do,

(where the bar denotes complex conjugation) and its special case
) 2 1 00 2
[C @ dt=—=[" |x" (o) do
—00 2 d-—©

8. Conjugation

y(t)=X(t) = Y™ (0)=X" (-0)



Jnwn NoTINg Nnpon . .n - mann 2-pP719 1. ,ININ T

mmRN 91 "N1390 T12'D7 N13In

9.  Symmetry -if X(t) is real valued then

X (-0)=X"(w),

RXF () = {XT (o)},
SXT (o)} =X (o)},
xf -w\ XF (@)

<X (~0)=-<xX" (o).

(where ‘R denotes the real part, 3 donotes the imaginary part, and <C denotes the

angle of the corresponding complex number).

10. Realness

x(t)=X(-t) < X F (o) isreal

. X(t) real & even < XF(a)) 1sreal

11. Duality
g(t) «I— f(o)
f(t) «Z>279(-0)
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—00

=0 -2nox f (t) -» MINA

( j f(t)o(t—7)dt=f(7) AN Y ATIN3)
:ANIANN
{F o} (@)= jé(t)e‘j”tdtzl L@ 939
1T et
5(t)= E_J;oejw dw :2907 NN
"DC” noxpna
x(t)A
x(t)=1,t 5 |
0 t
A
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XF (0)={F 1}(w) 4 2130
= I e lotgt = 2716 (o)
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NYDI29MIP MHYRININADPR NIXPNY (3)

X (0) =275 (0-ay)

X F(w) X f(w)
27 3(- )
0 M o ™o 0 )
o > 0 Wy < 0

NYYTRIDID NP 4)

1 . _.
COS(a)Ot)=§[erOt ‘e ontj|

(1)
N 7Z'|:5((0—0)0)+5(60+a)0):|
X' (o)
(w9 > 0)
T 5 (ot o)) T T T & (®- )
-(A;O 0 0 Z
. 1 joot—jogt
sin ( w,t :—_[e J
5 ()=
L>j7r[5(a)+a)o)—é(a)—a)o)]
X (@)/j
(09> 0)
7 0 (0t o)
T w
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97N — 191 NYPDA NPWY NIONN

x(at) <L LxF[ 2] as0
a \a

791091 ,97N0 DINNA ININND YV NI NI AT DINNA MR NANINY Yan
JINR NP NP TN AT DPPN ININD DR 11X 81D NYI122 1YIN HY TYN 11T

DYP MNINN DTN (TN LINT) 71912 DIND Y3 YV NWRIA "DTINNN” 0N ININNM MRNY ANna
:R1N J9IR2 TN N1 DDVPAR

| elx(f ot
AfE =

T\x(t)\zdt

Twz‘XF(a))‘zda)
2 A -

00
A o0
. 2
J- ‘X (a))‘ do
—0o0
:R11 VAVHN TP IR
) 1
. lim |:\/E X(t)] =0 :1mY,t — 300 KR — VRN N ANV PIT X(t) DR
|t|>o0 Jt
1
AtAa) 2 - ’tN
2
—at2
.X(t) =g DRI MR 2P 20N PNV
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A'[ Aa) 2 5 O
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dt
(PNV-2VIP PNV-IRA PNV NWIT PINN)
DYapm
1 dx(t) d
=— 1 t)))=cC-t
x(t) dt dt (In(x(1))) =¢
c42
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XM ren , y(1)
input output

,X(t) ND20N MR DR (TN 19IR1) NHNNN NVINIRD H nx mry N2 NoNnn N1rnan

129YNN YV RN MMR aNINa y(t) RN MRY ,DIMNND ND2N MMR 2NN

.00 PN L,DMTHN MRD Y3 0N DAIMND 10290 MMIR TR LIPTA N1 NYNan H ox ,oonh
. SISO — Single Input — Single Output ™mM3IYN2 P IR PN
:MIR2N MNINN MY NR NNYPNR RN DR NIRDY NRIPa SISO noyn o
IR (1)

Hx (1) +% ()= H[x (6) ]+ H[x (1))
Mnmn - ()
H [ax(t)]-aH (1]
T0RIW ,NnPpn Wn DR (Time Invariant) jara oyiap H nownn o
H[x(®)]=y(1)

R

Hx(t-t))]=y(t-t)) ,to vap nrrn 929
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(LTD 1112 n»iapy n1Ry naIvn nann

(LTI: Linear Time Invariant)

Don navn - AN DR Don ,nnnm LTI noaynd amn noad mR RN 5(1:) DR

.h(t) -1 MY Ypnw (Impulse Response)

[(zero-state response) NRXYY NDNII P VPN NINAN — NIIWPNN DR POIYAY IR NIARN h(t)

(212190 VIR MYNNRIA

= I h(r)x(t—r)dr

—00
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DT 9 IR PN RN MIN
. 17 -
y(t)={F IYF}(t)zg__[027rHF(a))5(a)—a)0)eJ“’t do
=HF (a)o)ej”Ot
:DIVI TN IMRL NDIYOMP MIORININADHR TPRPNA RIN DY NIIPNN RXIN ;A9

HF (a)o):‘H " (o, )‘ej‘”0 ,Wo=< H (a))‘

a):a)o
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:("9%3) Yapa
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QX9 N3 DPNINN NIMIR .23

X(t)=x(t+T) ,teR %5 orpnnw 1 T >0 o7p ox mimn xn X(t)

1511w Dirichlet 'Ran R ©7pnn MmN MR (period) NAN NP NRT DYPRA YA PN T -0

:(Fourier Series) 1118 70 P %Y MIRNY 1171, M7 1NN 29 IR ,0TP

x(t)={s7x°}(1) i X S[k]el T
k=—
= i a el ézT_”
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YT HY DN’ NV NTPN TVRI
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197
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X(t 0<t<T
X (t): E)) else
192N NRWY N
1 2
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(7 Mnn MRN) X(t) 5y ®RYn YT nnm ,ka)O DMIN2 ,3TN2 X,F (a)) 50 MNNTN MY

1012 0" ®nw) X (t) 5 135 12m
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1.  Linearity

z[n]=ax[n]+by[n] = 2" (9)=aX " (8)+bY ' (6), ab,eC
2.  Periodicity
X' (0)=X"(0+27k), 0cR , keZ
3. Time shift
y[n]=x[n-m] & Y (9)=e"X" (), meZ

4.  Frequency shift (modulation)

y[n]=el"x[n] =Y (0)=X"(6-1), 1eR
5. Time-domain convolution

2[n]={x*y}[n] & 2" (0)=X"(0)Y" (0)
6.  Time-domain multiplication

2[n]=x[n]y[n] & Z (Q)Zi

{x"*v (o)

7. Parseval’s theorem

> xn)y[n) == [ x " (0)7" (6)de.

N=—o0

and its special case

X (9)‘2d9.

> 2 1 ¢x
;@‘X[n” :E a

n

8.  Conjugation

y[n]=x[n] < Y'(6)=X"(-0)



Jnwn NoTINg Nnpon . .n - mann 2-pP719 1. ,ININ T

mmRN 91 "N1390 T12'D7 N13In

9.  Symmetry - if X[n] is real valued then

10. Realness
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SISO m>ayna pm
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input H output
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1o, else
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-3n -2n I—Tf m I 2% it O
-0 T w 1

Figure 3.4 Sampling of a band-limited signal below the Nyquist rate: (a) Fourier transform of
the continuous-time signal; (b) Fourier transform of the sampled signal.

Figure 3.5 Aliasing of a sinusoidal signal. Solid line: signal at 0.6 Hz; dashed line: signal at
0.4 Hz; circles: samples at T = 1 second.
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Figure 8.16 Effect in the frequency domain of oversampling and undersampling:
(a) spectrum of orginal sinusoidal signal; (b), (c) spectrum of sampled signal

with @wg > 2(()0; (d), (e) spectrum of sampled signal with @y < 2600

Oppenheim & Wilsky (Signals & Systems) Jinn 998N
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Figure 3.7 Sampling of a signal of an infinite bandwidth: (a) Fourier transform of the

continuous-time signal; (b) Fourier transform of the sampled signal.
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Figure 3.1 The sampling operation: (a) the continuous-time signal x(t); (b) the point-sampled
sequence x[n]; (c) the impulse-sampled signal x,(t).
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Figure 3.13 Frequency response of a zero-order hold: (a) magnitude; (b) phase.

B. Porat Yw 1790 7inn 998N

JOR 92T ORMTR DINI YN A0N YV ANXIN Napnnn Apnd ZOH pon Y 9T1nn nann
101 9U0INY H2IPN IR MRD NR PIONNY 1T (RN MIRA "MIATTR”) NpYN RHD 121N RVINN

IR 109 rxa nyvemn ,GF () ,at pon S Anxan naunn ZOH -n RS (LPF) mam 1apn

/T -5 2199 150 pyvpn 3TNV Y27 022191 12PN 0N YANWYAY DNMN PVYN PR RN D)

1G"(0)]

~la
~a
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Figure 3.27 Sampling of a band-pass signal below the Nyquist rate in a general case: (a) Fourier

transform of the continuous-time signal; (b) Fourier transform of the sampled signal.

0,0, O, O

—UJQ —UJl —(00
Figure 3.28 Reconstruction of a band-pass signal by an ideal band-pass filter (replicas shown

by dashed lines will be eliminated by the filter).

B. Porat Yw 1150 7inn 995 0rvrn



Jnwn NoTIng Nnpon . .n - mann 4-p13 1.0 ,ININ T

mmRN 9 "N130 T12'D7 N1INn

(DET) mOIpoYT A”Na nnnn - 4
N’29NN NINNDM NIPNND - 4.1

: X f (9) 1779 NN YT HY MRMY M7 X[n] NITOW 1IRI

X"(0)=3 x[n]e7)" , OeR
N=—o0
1 T f +jon
=— | X' (8)e" " do 7
x[n] 2] (6)e , nNe

0<SnNSN =1 :n gnmm e Sy )91 orp oinn Y2 mMRY NRYY NR 92an
S}l bh]
N—I

X' (6)=> x[n]e "

n=0
DN 1IN PR HY 9D NN DIND HYYI MMRY WIRT PXI-RTA 7”NS NPYIR HY NIvphna

JOXNMOPR TIDR RHH TN DINNA Y0IPOIT NIRMYD
J910 TNR YV (MAITO) T2 10T MMR YV DIYPNA D) NINWI IT 1NN DR N2

:(6’) 27NN PR DR DV

e[k]zwk : 0<k<N-1
:TPVIPDITA PNA NINNN DR PTIN
N-1 _j27n
X k]=> x[n]le N7, 0<k<N-1
n=0
jzl
Wy =e N :529pn NYo
, M9
N-1
X9 [k]=DFTy {x[n]} = X x[n]wy*"
n=0



Jnwn NoTIng Nnpon . .n - mann 4-p13 1.0 ,ININ T

mmRN 9 "N130 T12'D7 N1INn

:MIRIN MNONY 15 DY

J&%EN
WR' =e N =1=Wy N

n
.N mmna n -2 pavmn Wy mron

2
Nz‘l w |0, kmodN=0
WN =
= N, kmod N=0
:N5[km0dN]
:ANNN

(k=mN) N v nn95 K qwx> R
kn mNn
N-1 \
D W =N
n=0
P11, N 50 1999 nrr K qwxs A

q=W,

Nt

N-1 N-1 N kN _
n=0 n=0 q-1 WN -1 WN -1

N-I
>W," =N &[k mod N]
n=0



Jnwn NoTIng Nnpon . .n - 1"ann 4 -p9

mmRN 9 "N130 T12'D7 N1INn

x[n]=cos(Gyn+¢y) : 0<n<N-1
0<f,<r
N-I 2
X4[k]=>" cos (Gn+dy)e N _
n=0
_1oim Nz_lej”(‘?O‘zN ), 1o-i NZ_:le‘J”(‘Wﬁk)
n=0 n=0
_Loin 1= 1 it 1-e "
2 1— 1(90_2W7rk) 2 1— —1(490+2W”k)
.00 :%

11 .0 ,IN9N .1

RINT

20790 NIPN"

0N
N-1 jn(@oizﬁfk) N-1 jz—”(mik)n N-1 n(m=k )
e =»eN = > Wy
=N §[(m+k) mod N |
s} b
Newio | k=m
2
X[k]= %e‘”’o , k=N-m k=0,1,.,N-1
0 , else




Jnwn NoTIng Nnpon

mmRN 9 "N130 T12'D7 N1INn

. .n - mann

4 -p1o

[X[k]| (a)
0 15 31 AT s %
| X4k (b)
0 15 31 47 63 &
1 X[k (c)
0 5 31 47 63 &

11 .0 ,IN9N .1
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Example 5.1 Let us continue to explore the details of Cooley-Tukey decomposition for

N =6, P=3 Q=2. For convenience, we express the DFT operations as matrix-vector
multiplications. Using the definition (5.9) of the sequence Xg [r] and the block diagram

shown in Figure 5.2, we see that

Xg[ol| {wS o o w 0 | [ x[o]
X, [1] w, 0 0 w5 0 0 x[1]
X/ [o]] o w o o w o ||x[2]
X, [1] o w' o o0 w' o ||x[3] (5.13)
X! [0] 0o 0 w' o 0o w |]|x][4]
XS]] Lo o w® o 0o w*|[x[5]

(y,[0]] [w o o o o o] [x[o] Gs.2
Y, [1] o 0o w o o0 o0 | |x‘[]
B[2]] o o o o w o] |[x[o]
vl o w o o o o] |x[y] (5.14)
v, [1] o 0 0 W' 0o 0/ |x/o]

v.[2l] o o o o o w?| |x[]]
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Figure 5.2 Cooley-Tukey DFT algorithm, illustrated for P = 3, Q = 2.

Finally,
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Xd[s] 1o 0 0 Wso stl stz yl[o] (5.15)
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Figure 6.20 Frequency measurement of two sinusoids by windowed DFT: (a) rectangular win-
dow:; (b) Bartlett window; (¢) Hann window.
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Figure 6.21 Irequency measurement of two sinusoids by windowed DFT: (a) Hamming window;
(b) Blackman window; (¢) Kaiser window, & = 10.
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Figure 7.6 Using the pole-zero plot to obtain the frequency response.
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Figure 7.4 The sequences associated with a single real pole at z = « in the z-transform: (a)
x>1,ba=1C0<ax<],(d-1<u<0,a=-1,{ a«<-1.
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Figure 7.5 The sequences associated with a pair of complex poles at z = «,z = « in the z-
transform: (a) || > 1, xx < 0.5m, (b) || = 1, xx < 0.5m, () || <1, xex < 0.5, (d) || < 1,
A0 >0.5m, (e) || =1, g > 0.5, () || > 1, x¢ > 0.5,
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Low Pass (LP) Filter - DM Payn pon 1
High Pass (HP) Filter - DM Payn pon .2
Band Pass (BP) Filter - (09IR) VIO Payn pon .3
Band Stop (BS) Filter - (oo Iw)viopoN on 4
H(0) (a) H'(0) (b)
1 | —
|
I
I
I
I
I
1
0, T 0, T
H'(0) (c) H'(6) (d)
1 1 —
I
I
I
I
I
I
. !
9, 0, L 0, 0, T 9

Figure 8.1 Ideal frequency responses of the four basic filter types: (a) low-pass; (b) high-pass;
(c) band-pass; (d) band-stop.
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Figure 8.2 Specification of a low-pass filter.
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Figure 8.3 Specification of a high-pass filter.
OS‘H f (9)‘S55 , 0<0<6, mmnomn (1)
‘H f (6’)‘ mw L6, <0<6, 2pPn DN (2)
1—§_S‘Hf(9)‘ﬁl+5+,6’pﬁeﬁﬂ :Maynn onn- (3)
ALP 1on n&7) o1p md on A ,AIo 5% MITNN NN
BP pon .3
|H'(8)]
1+
1-8
55.].

Figure 8.4 Specification of a band-pass filter.
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0< ‘H f ('9)‘355,2 , 05,<0<r 210 MPa DN (3)

05, <0<y, 0,,<0<6;, :92ynn minn - (4)

DMV NN OPR O, , Og) 22 DY

:DTIN 7247
As; =—20log o, [dB]
A, =—20log o , [dB]

:0TIPNN
Apz8.7-max{5+,5_} [dB]
BS 11on 4
|H(8)]
1+87 S 1483
1-5; 1-5;
|
|
|
|
|
|
|
|
|
|
) FESEEEN . I
i
0,. O, 0., 0,- T o0

Figure 8.6 Specification of a band-stop filter.

B. Porat Yw 1790 73nn 918N

MIND WY TR MM DINN W ROw 2 ,BP ponY "oYwnn” "oy RN ominnn mamn

.n7ayn
(IR DTN ,NNRNNA



Jnwn NoTINY nnMpan .0 .n - n"1onn 8 -pP10 1.0 ,NIN T

mmK 9w "N190 T12'09 N13IN

Aoy ~8.7-max {5 5 | [dB]
Poo ~8.7-max{57 ,5; | [dB]
A, =-20log,, I [dB]

Multiband Filters D04 230 DDA .5

DXI0NN YV 71951 TNR MDY NNIRNN NPRY INY NN TN NANN NYIT) DNNDN DOWVINWIA
DYD2-17 ]I0N DYAPN ,DOYVPA NNIXIN NAVNN NR 299V N7 DN DMIPNI .HWY 1IRINY D»DIDIN
.D”DY02N DDA NYIIR YV 1YY 125 NN NI 1301 .NVNY TR DITIND
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Cot 8% [mmmmm e e S
Cy—0) pmmmmmmm e e TN
o7 : : SN S C,+8%
] 1
L5 N : | SR ettt ittt C;-8;
] ] o
C1_81 """" _ : : : :
I L | L
A P
e O O s O O s %
9s.h.]ep.l.l 8p.h.lep.l.’.l el‘!.h,ﬂgﬁ,h?.BS.|1.201‘!,|.3BP.|1.3BS,|.3 T 0

Figure 8.7 Specification of a multiband filter.
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Figure 8.8 The magnitude and phase responses of H (0) in Example 8.5.
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Figure 8.9 The amplitude and continuous-phase responses of Hf(0) in Example 8.6.
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Figure 9.1 Type-I FIR filter: (a) impulse response; (b) amplitude response.

(a) (b)
hln] A(9)

onf[ -x T \ 21 0

Figure 9.2 Type-II FIR filter: (a) impulse response; (b) amplitude response.
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hin] A(8)

g 1. , oEd [

Figure 9.3 Type-Ill FIR filter: (a) impulse response; (b) amplitude response.

(a) (b)
h[n] A(8)

]T"l-- " i 2.1.c
—-'—.—Iilll s —jj‘[ —lTC 1:5 0

L ]

Figure 9.4 Type-IV FIR filter: (a) impulse response; (b) amplitude response.
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DOn 01’0

K
G(0)=>)_g[k]cos(6k)
k=0
qonnato - N
Type I I i v
Order even odd even odd
J30N70 770
Symmetry of Symmetric Symmetric Anti- Anti-
h[n] h[n] = h[|\| — n] Symmetric Symmetric
h[n]=-h[N —n]
Symmetry of Symmetric Symmetric Anti- Anti-
A(g) Symmetric Symmetric
Period of A(6) 2r 4 2 A
&, 0 0 0.57 0.57
F(6)in(9.23) 1 cos(0.56) sing sin(0.56)
K in (9.23) N/2 (N-1)/2 | (N-2)/2 | (N-1)/2
g[n] in (9.23) See (9.5) See (9.10) See (9.16) See (9.21)
Hf (0) abritrary abritrary 0 0
Hf ( 7[) abritrary 0 0 abritrary
Uses LP, HP, BP, BS, LP, BP Differentiators,
Multiband filters Hilbert transformers

Table 9.1 Properties and parameters of the four FIR filter types
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j 3z}

Figure 9.5 Possible zero locations of a linear-phase FIR filter.
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Impulse-response truncation FIR filter design procedure

1. Write the desired amplitude response A (49) according to the filter class: low pass, high

pass, etc.

2. Choose the filter’s phase characteristic: integer of fractional group delay, initial phase 0
orl2.

3. Choose the filter’s order N. The ideal desired frequency response, including the phase, can
now be written as

f j(#0.57-0.56N
Hq (6)= Ay (0) 072
where =0 for a symmetric filter, and & =1 for an anti-symmetric one.

4.  Compute the impulse response of the ideal filter, using the inverse Fourier transform
formula

hd[n]:ijl Ad(e)ej(yo.sﬂ—o.seN)ejende

5. Truncate the impulse response by taking

n[n]= hs[n], 0<n<N,
- 0, otherwise.

Ao oo mwns mm hy [n] v pows Ay (6) 213 :pwn
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Figure 9.6 Band-pass filter designed by the IRT method, of order N = 40: (a) impulse response;
(b) amplitude response.
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Figure 9.7 Multiband filter designed by the IRT method, of order N = 80: (a) impulse response;
(b) frequency response.

B. Porat Yw 1790 7inn 998N



Jnwn NoTINY nnMpan .0 .n - n"1onn 9-pP10 1.0 ,NIN T

MK 9 "N1390 T12'0Y N13IN

DN

Y IIAIRN MHRITIR MVIR TN

H(w)= jo
YNITON PONN NIAVN ,ORITR N0 DTN DIND 719 HY HRITRN 1N NR 27pY 912 'NI20 30N
NN
0
H'(0)= N

T
11 ©120n DMONI TPHRNAY 720 ,0MTNN VIO Y N9 HY E NN IORITRN NTRAN NAVBM INRN

VR

970N N2NY 192N NMIRDY TR NADIN

050 Nauny

T i 0
h[”]:ﬁft%j(n Vg0
7Z- —_
[ \(-N72)

L, N—even,n;«tE
(n—=N/2)T 2
=<0, N—even,n:ﬂ
2

_ (n-N/2-1/2)
(1) 5 N -odd

\ﬂ(n—NIZ) T




Jnwn NoTINY nnMpan .0 .n - n"1onn 9-pP10 1.0 ,NIN T

MK 9 "N1390 T12'0Y N13IN

(a) (b)
h|n] hln]

n n

ITI|=IITT _
111 [T1

Figure 9.8 Impulse response of a differentiator designed by the IRT method: (a) N = 16; (b)
N = 15.
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Figure 9.9 Amplitude response of a differentiator designed by the IRT method: (a) N = 16; (b)
N =15.

77 ook N Type IV 199



Jnwn NoTINY nnMpan .0 .n - n"1onn 9-pP10 1.0 ,NIN T

MK 9 "N1390 T12'0Y N13IN

(Hilbert) V9290 (9QNN) PON

M TN HYRTR VI2YN NN

-] >0
HF(a)): 0 w=0
] <0
X" (0)=X"(-o) ownn - X(t) min
Rth!
—jXF(a)) >0
YF(a)):HF(a))XF(a)): 0 =0

+jX (0) @<0
pawn Z(t) -w mray 9p . X(t) Y0 woma mra kapy (1) = X(t)+ jy(t) 29100 Mxn
"y
2XF(w) , ©>0
2 (0)=(1+ jH" (@))XF (@) =X (0) , ©=0
0 , <0

vy z(t) -n x(t) mx wmeY N 7151 Dravn DI Y0 VYIRA MDA pwR
12m7Y V10 Y awn Z(t) m Mo v Hyawn X(1) or . v 89y - X(t) = Re[z(t)]

MY 1IN W .NNNTH AP RNNa Z(t) NR DWTY M RT .X(t) 5v VION AN XN

.D713170 N33 DNITN DYanY
20N DTN DINNA 121N — 'NI90 ION Y 17PY 1NN

DT NIpna NYYRITIRN 7NN NN
72N g5 0 (A (0)=-1)
H4 (8)=1 0 , 0=0
ej(ﬂ/2—6’N/2)’ 9<0 (Ad(49)=1)



Jnwn NoTINY nnMpan .0 .n - n"1onn 9-pP10 1.0 ,NIN T

MK 9 "N1390 T12'0Y N13IN

V4
:NYITIN BONN nann VR 11 maron non pavna ora mvs @, = 5 D MRYY N

1-cos[(n-N/2)x |
he[n]= z(n=N/2)
0 , N=N/2

., nN#N/2

.N =15 - N =16 712y 1on mrnnT 0'9on 0'Ran 0vRN

(a) (b)
h|n] hln]

ITTH!

= - ‘l“l% I S

Figure 9.10 Impulse response of a Hilbert transformer designed by the IRT method: (a) N = 16;
(b) N =15.
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Figure 9.11 Amplitude response of a Hilbert transformer designed by the IRT method: (a)
N =16;(b) N =15.
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Figure 9.12 Amplitude response of a low-pass filter designed by the IRT method: (a) N = 10;
(b) N = 40.
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Windowed FIR filter design procedure

Define the ideal frequency response HJ (0) as in the IRT method; see (9.25).

For each pair {Qp ,6’5} (depending on the individual bands), take the
corresponding band-edge frequency of the ideal response as the midpoint, that is,
0.5(9p + 0, )

2. Obtain the ideal impulse response hd [n] as in the IRT method.

3. Compute the coefficients of the filter by

n[n] = w[n]hy[n], 0<n<N;
- 0, otherwise

(ONT-IR IR MNT) VN PIYN N

w[n]=w[N -n]
APN ANARN TN NABM
Hf(e)zi[wf *HJ](9)=% W (2)Hy (6-2)d2

SN MINR NN IMYRIN NNIRD 20T 2P NTTNI PYNN MR PRIV 29I

TYANAD NINYN NNAY MONPNNA MRNNT 7901 191D
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Figure 9.15 The amplitude response of an FIR filter based on the Bartlett window near a
discontinuity point.
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Figure 9.16 The amplitude response of an FIR filter based on the Hann window near a discon-
tinuity point.
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Figure 9.17 The amplitude response of an FIR filter based on the Hamming window near a
discontinuity point.
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Figure 9.18 The amplitude response of an FIR filter based on the Blackman window near a
discontinuity point.
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Figure 9.19 The amplitude response of an FIR filter based on the Kaiser window, with &« = 10,
near a discontinuity point.
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Pass-band | Stop-band
Window Egn. | Main-lobe | Side-lobe §p , O Ripple Attn.
width Level, dB A, [dB] A [dB]
rectangular | (6.2) 4z /L -135 0.09 0.75 21
Bartlett (6.10) | 8x/L -27 0.05 0.45 26
Hann (6.14) | 8x/L -32 0.0063 0.055 44
Hamming (6.16) | 8x/L -43 0.0022 0.019 53
Blackman (6.18) | 127/L -57 0.0002 0.0017 74
Kaiser (6.21) Depend on «

Table 9.2 Windows and their properties
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Least-squares FIR filter design procedure

1. Choose the filter order N and its type; these determine K and F (6’)

2. Choose the weight functionV (). As we have said, a common choice for V (&) is

(8, )_1, @ in the Ith pass band,

V(0)=1 (5, )_1, @in the Ith stop band,

0, @ in any of the transition bands.

3. Compute the coefficients C,, and d,, as given by (A). Since A; (@) and V ()

are typically piecewise constant, often the integrals can be computed in a closed form.

However, it is more common to approximate these integrals by sums. The frequency

range [0.72'] is sampled uniformly, at a number of points | proportional to the filter’s

order (say I =16N points). Then C, | and dm are approximated by

Cok * %gvz (6,)F? (6, )cos(6;m)cos(6,k),

4. Solve the set of equations (B) :

5. Compute the coefficients h[n] of the filter, using one of (9.5), (9.9). (9.15),

(9.20)*, according to the filter type.

h[n] g[n] m1on P2 70pn nx marnna mrnon

nmnaon
DMWY DY/ N 97Y 9901 MDY DIIIYH WITI IRIIN? NPXPIINIDNY WRIN NV RY .1
972 R HPWNN 'S NPV .APTO RY NPLINT NMIVINN NPR 929NN DINNA DAV DYY .2
JpnY
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Figure 9.20 The magnitude response of the filter based on the Hann window in Example 9.10.
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Figure 9.21 The magnitude response of the filter based on the Kaiser window in Example 9.10.
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Figure 9.28 The magnitude response of the filter in Example 9.15.
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Figure 10.1 The square magnitude of the frequency response of a low-pass Butterworth filter,
N = 3.
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Figure 10.2 The poles of a low-pass Butterworth filter: (a) N = 3; (b) N = 4. The N poles of
H(s) are on the left side of the s plane and those of H-(—s) are on the right side.
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Table 10.1 Coefficients of the denominator polynomials of normalized low-pass
Butterworth filters of orders 2 though 6.
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Low-pass Butterworth filter design procedure

1. Compute d and K as a function of O 0 ,04 ,@p and @ using (A) and (B).

2. Compute N, using (E), and round upward to the nearest integer.

3. Choose @, , using (F).

4. Compute the poles S, using (D).

5. Compute the transfer function H L (S) , using (C).
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Figure 10.3 Magnitude response of the Butterworth filter in Example 10.1: (a) full range; (b)
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Figure 10.4 Chebyshev polynomials. Solid line: N = 1, dashed line: N = 2, dot-dashed line:
N = 3, dotted line: N = 4.
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Figure 10.5 The square magnitude of the frequency response of a low-pass Chebyshev filter
of the first kind: (a) N = 2; (b) N = 3.
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Low-pass Chebyshev-I filter design procedure

1. Compute d and K as a function of O 0> O, ,@p and @, using (A) and (B).

2. Compute N, using (K), and round upward to the nearest integer.

3. Compute @, and &, using (J).
4. Compute the poles Sy , using (G).

5. Compute H ), using ().

6. Compute the transfer function H L (S) , using (H).
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Figure 10.7 Magnitude response of the Chebyshev filter in Example 10.2: (a) full range; (b)
pass-band details.
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Low-pass Chebyshev-11 filter design procedure

1. Compute d and k as a function of O o ,04 , @, and @, using (A) and (B).

2. Compute N, using (P), and round upward to the nearest integer.

3. Compute @, and &, using (O).
4. Compute the S, using (G).
5. Compute the polesV, , using (L).

6. Compute the zerosU, , using (M).

7. Compute the transfer function H L (S), using (N)., where (S — Uy )/ Uy is replaced
by -1ifu, =o0.
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Figure 10.9 Magnitude response of the Chebyshev filter in Example 10.3: (a) full range; (b)
pass-band details.
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Figure 10.13 Low-pass to high-pass transformation of an analog filter: (a) frequency response
of the low-pass filter (amplitude axis pointing downward); (b) @ as a function of w; (c) fre-
quency response of the high-pass filter (amplitude axis pointing to left).

B. Porat Y¥ 1190 710 918N

NMVND VIMN IV ITNN N2NN) DMITNN TR 7D DR IPRL 1290 RY XN Nymib N

K(Pda)a)
,LP non a%nn pond w ,cbp,c?)s nxp 1IN Yva HP pon ponb 1w M0 9vY 1010 ey
on 19w nxepn 1, H L (S)
, o,
a)p = ~C D a)s :~_C
), Wq

.0p,05 DOV DX DY

IR

10-22



Jnwn NoTINY NnMnpan .1 .n - 11mann 10 -P713 11 .10 ,ININ .7

MK 9 "N190 T12'09 N13IN

AN anipivianintal

Ht (s) atoaxm H L () 210 )1 MINNA DYV YO W)

119000 MR NR NINYA NIANNN DR NP 7T
SR .§=6+ j@ v

B . @0 NONG,
S=o0+ o= ) ~2_J~2 ~)
o t+tw o +w

DINWI MAXRA NNONY N O 1100 RIN c 170V O

NAVNNY 70) DAVPN 1ADNY AW D'DARN 190HRY RN H L(S) -1 79NN MIXNY TIY 18

PR Chebyshev-1 - Butterworth 1015w 1311791 .(HP j301n 912 931715 — »12p 7Y% narwy o0 -1
x ~L/~

.§=0 -2apnnSx paonSv H (S) YDAR YV YaPNNY N ,DIDAR

:(B. Porat Y® 1190 7inn) NRaAN 1202 DM P00 YTYY ,D190Y

High pass analog filter design procedure

1. Choose @, as an arbitrary positive parameter, for example, @, =1.
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3. Design a low-pass analog filter H L (S) to meet the specifications @, @; ,0 o ,05 .

4. Obtain the analog high-pass filter H- (§ ) , using (1).
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Figure 10.14 Low-pass to band-pass transformation of an analog filter: (a) frequency response
of the low-pass filter (amplitude axis pointing downward); (b) @ as a function of w; (c) fre-

quency response of the band-pass filter (amplitude axis pointing to left).
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Band-pass analog filter design procedure

1. Given the band-pass filter specifications @ ,@;,®p5,d;,,0,,051,0p,, choose
o b ,0, according to (2), and @,, @, according to (3).

2. Let @p = 1, and compute @, according to (4), (5).
3. Design a low-pass analog filter H L (S) to meet the specifications a)p,a)s,5 o ,05 and

find its poles, zeros, and constant gain.

4. Obtain the analog band-pass filter Ht (§ )
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Figure 10.15 Low-pass to band-stop transformation of an analog filter: (a) frequency response
of the low-pass filter (amplitude axis pointing downward); (b) @ as a function of w; (c) fre-
quency response of the band-stop filter (amplitude axis pointing to left).
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Band-Stop analog filter design procedure

~

1. Given the band-stop filter specifications Cbp,la@s,la Cbp,Z , s 5 »5p’5p,1’ 5p,2’ choose

o 0 ,0, according to (6), and @, ,@y, according to (7).
2. Let @, = 1, and compute @ according to (8), (9).

3. Design a low-pass analog filter H L (S) to meet the specifications @, ,®,0 D ,05 and

p 5

find its poles, zeros, and constant gain.

4. Obtain the analog band-pass filter HE (§ )
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Figure 10.18 The bilinear transform from the s plane to the z plane: The imaginary axis maps
to the circle, the left half plane maps to the disk.
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Figure 10.19 The frequency warping of the bilinear transform: (a) frequency response of
the analog filter (amplitude axis pointing downward); (b) @ as a function of w; (¢) frequency

response of the digital filter (amplitude axis pointing to left).
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Digital IIR filter design procedure

1.  Convert each specified band-edge frequency of the digital filter to a corresponding band-

edge frequency of an analog filter, using (c) or (d). Leave the pass-band tolerance Op

and the stop-band tolerance J unchanged.

2. Design an analog filter H L (S) of the desired type, according to the transformed
specifications.

3. Transform H" (S) to a digital filter H ° (Z) :
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Figure 11.3 Realization of the auxiliary signal u[n].
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Figure 11.4 Direct realization of a digital IIR system.

B. Porat Yv 180 71nn 9180

IMIPYN MNINN

wow pr b(z) 2 a(z) -Sv amna vt N =max(p,q) :rnwn Jomdx wson

Damvwn

DNY wnTpnn Yo amna nrr) wnoon 2N 4 ohan 2N +1 Yan pwn winn .2
(0ORN

79010 T HY nwnnd 1 oR ORI NvaY navn IR non (pavn ooNnpy wvinnn .3
.1NVN MINYR HVY 19D

NN
canonic direct ) »mp v v R direct form I owa oy AT WIN NN DY MIH0 MNpHNa

(form

11-4



Jnwn NoTINY NnMnpan .1 .n - 11mann 11 -p713 1.0 ,IN9IN 7

MK 9 "N190 T12'09 N13IN

FIR »10n Y» 999 winmn

DYIR ,a(z) =1 nvnan e Yy 1IR »mon wvinn Yw »v1a 7pnRa MwnY N7 FIR »on wvinm

990N MP¥NN9a JoNY N7 DIVRYD-VIR IR DMVYD DA FIR "on ompnn 2172w InRn
090N

;DAY 1M N ITO YA pon Ny
N/2-1

y[n]=h[N/2]x n-NZ|+ n% h[m] (x[n-m]£x[n—N +m])

ONT-IR T0N 120N NAY IR

(N-1)/2
y[n]= > h[m](x[n-m]+[n-N-+m])
m=0
219N973 RN WVININN NINN
A 7= 0]
Xin +
L~ L/ non M (+) mon e
+1
(R | povaw) nr»vno
D D
onon M (—) poon e
+1 o~ k[l -~ ((H1,1V) 0701n70-01R
® ®
-0 DXNOXN DHYAIN 190N e
WL N
J—=1]+1-5N+1
2
D D
1Y IRWI DXNIDON 190N e
£1 o~ h21 A N -
o, C)
D D
D sin

Figure 11.7 Direct realization of a symmetric or antisymmetric FIR filter.
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