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* QiATpo
* Ala@opoTIoIEi TO PACHA EVOC OHUATOC _
» T.x. apfvel va mepdoouv A otapara | P TR AR R PO PR
KATTOIEC OUXVOTNTEC e T ' ' T o
« 2Xe0100H6G DiATpou T T
« KaBopilovTal Ta XapaKTNPIOTIKA
(specifications) HET). 1l <n/T
« YTmroAoyiletal, KOTA TTPOCEYYION, £EVA Heel i ={ e ) <n/i,
oTaBePO Kal aITiaTtd QPIATPO OIaKPITOU (/%) 0, 12 > n/T.
xpovou (ovoudalovTal Kal yn@ioka
@iATpa — digital filters) w=QT.
* To @iATpo TrpaypaToTToIEiTal (ME UAIKO 1)
AOVIOHIKO) HE®) = Ha(j7).  lol <.

* 2TOV YNPIAKO KOOHO TA PiATpa Sev
gival atToAUTWG avaykaio va givai
aITioTa!

* Na ene&apyaola ava)\oylxwv
WYN@IOTTOINMEVWY ONMATWYV

»  KaBopiopodcg QiATpou Kal OTIC
OUXVOTNTEC OUVEXOUC XPOVOoU
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Example 7.1 Determining Specifications
for a Discrete-Time Filter

Consider a discrete-time filter that is to be used to lowpass filter a continuous-time sig-
nal using the basic configuration of Figure 7.1. Specifically, we want the overall system
of that figure to have the following properties when the sampling rate is 10* samples/s
(T=10"*s):

L. The gain | Heg(j$2)) should be within £0.01 of unity in the frequency band
0 < Q < 27 (2000).

2. The gainshould be nogreater than 0.001 in the frequency band 27 (3000) < £2.

8; = 0.01,
8, = 0.001,
Q, = 27(2000),
s = 2m(3000).

Since the sampling rate is 10* samples/s, the gain of the overall system is iden-
tically zero above © = 2x(5000), due to the ideal discrete-to-continuous (D/C) con-
verter in Figure 7.1.
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* 2XE0100MOG Wnolakwy PiATpwy ATTEIPNG h{n] = Tyhe(nTy)
KpouoTikiig Amrokpiong (IR - Infinite ‘ ’
Impulse Response) amrd AvrioToixa
2uvexoug Xpovou

YTTapXouv TTOAAEC TEXVIKEC YIO OXEDIQO MO
QIATPWYV CUVEXOUG XPOVOU TTOU UTTOPOULE
VQ TIG EKMETAAAEUTOUUE

o 2Xe0I00MOG PiATpwYV IIR pe Bdon TV
QMETABANTOTNTA TNG KPOUOTIKAG
atrékpiong (impulse invariance)

Otav 10 ofua £XEl TTETTEPACHEVO PACHA
(band limited) - kKpouoTIKr) ATTOKPION OTTO
WnNQIoTToinon TNG CUVEXOUC KPOUOTIKNG
aTTOKPIoNG

[péTrel va ammogeUyeTal aAAoiwan Tou

@iATpou atrd avaditrAwaon (aliasing)
2UVNBWG oxedIACoUNE QIATPOU CUVEXOUG
XPOVOU E QUOTNPOTEPEG TTPODIAYPAPES
atro Ot Xpelaleral

Aev utropei va xpnoiuoTtroinBei yia QiATpa
MN-TTETTEPAOMEVOU (non-bandlimited)
PACHATOC

- ad W 2m
H(e*)= Y H. (*’ﬁ + ;?dk)

K==00

Av
H.(j2) =0, 12| = 7/ T,
ToTe
. ,
H(e'") = H, (}—) , [ s
Ty
Hi,)
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* 2XE0I00MOG QiIATPWYV IIR pe Baon Tnv apeTaBAntToTnTa
TNG KPOUOTIKNG AaTTOKpIong (impulse invariance)

* Av 10 QIATPO OUVEXOUG XPOVOU * TOT1E TO PIATPO dIOKPITOU XPOVOU
givai givai
. B N A.t H{Z} _ i @k
c{s)_kE:lS_sk' _k=l lﬁnz—l'

,  [16Aol oTO
 [16Aol o1O

N
Sl
hc(r)={zAk€ ’ IEU‘

k=1
0, t < 0.

N
h[n) = Tuh(nTy) = > Ty Axe™"u[n]
k=1

N
- Z Ty Ax(e™ ™) u[n].

k=1

Optical Diagnostics Laboratory
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Example 7.2 Impuise Invariance with a Butterworth Fiiter \H 4 (jO)
Let us consider the design of a lowpass discrete-time filter by applying impulse invari- 1435
ance to an appropriate Butterworth continuous-time filter.? The specifications for the o
discrete-time filter are
-8 |
0.89125 < [H(e/*)l <1,  0<|w| <0.2n, (7.13a) | |
|H(e/*)| < 0.17783, 037 < |0l <. (7.13b) | |
Passband | Transition | Stopband
{wvn I peTaBaTikh! {wvn
, | , ! .
Mia kai n Td oTo TéAog atraAsigeral propoUpe va emAé§oupe Td =1 SieAeuong i gavn i arrokotMs
w = ﬂ; 82 — i i
I I |
0.89125 < |H.(jQ)| <1, 0<92 <02n, 0 0, Q, T 0
T
|H(j)| < 0.17783, 037 < Q| <.
To @iAtpo Butterworth egivai
|H(jR)F = 1
el) 1+ (/92N To N mpéTel va gival aképaiog

| He(j0.2r)| > 0.89125 N=6 « =07032

Me 1o N=6 Ta XapakTnpioTIKd TG {wvng diéAguong gival akpIwg
Mpétrel va AUoOUpE TIG £§ICWOEIG TO AOVOMEVOMEVA, EVW TA UTTEPBAiIVOUME OTN WV ATTOKOTTAG

N

027\ 1 :
1+ ( 2 ) = (0_39125) N = 5.8858 Twpa pétrel va BpoUle TOUG TTOAOUG TOU @IATpPOU ...

- 03x mr_ 1 2 Q. = 0.70474.
Q. ~ A 017783

6 Optical Diagnostics Laboratory
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Example 7.2 Impuise Invariance with a Butterworth Fiiter \H 4 (jO)
Let us consider the design of a lowpass discrete-time filter by applying impulse invari- 1435
ance to an appropriate Butterworth continuous-time filter.? The specifications for the o
discrete-time filter are 1-5,
|
0.89125 < |[H(e/*)l <1, 0 <|w| <02, (7.13a) | |
|H(e/*)| < 0.17783, 037 < |0l <. (7.13b) | |
Passband | Transition | Stopband
{wvn I peTaBaTikh! {wvn
. | . | i
Twpa Tpétrel va BpoUpe Toug TTOAOUS TOU QIATPOU ... SieAeuong i gavn i arrokotMs
| |
by 1D 1 & | |
| He(J)I" = , | | |
1+ (2/2)%N 0 Q, Q, Z 0
T
) )
H (s)H (=s)=|H (s)| =|H.(5)[ .,
1 N=6 Q =07032.
™
Hc- (S)HC (—s)= N ) ) o e TN s-plane
1+ (.S’ f_]Qc) MNa va gival To oUCTNUA AITIOTO TTAiIPVOUHE \ G |
TOUG TTOAOUG OTO QpIOTEPA HEPOG Y /!
. 2N i \ i
l+(5/_]Qc) ] =0 Tou 1rediou z /»X\’P“{Xx\
l Pole pair 1: —0.182 + j(0.679), ’/ VX
\ !
_] = p/Ck-Dr])2N Pole pair 2: —0.497 £ j(0.497), J \\ ;’Qq@ﬂ \
Pole pair 3: —0.679 + j(0.182). { Y L
j2k~l_r j(l‘Zlc—I”r ;( XI e
y = g 2N _ 2 2N \ y
s, = jQe =Q e \ y
X\ < . //X
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Exampie 7.2 Impuise Invariance with a Butterworth Filter \H 4¢(jO)
Let us consider the design of a lowpass discrete-time filter by applying impulse invari- Les
ance to an appropriate Butterworth continuous-time filter.” The specifications for the o
discrete-time filter are
-8 |
0.89125 < [H(e/*)l <1,  0<|w| <02n, (7.13a) | |
|H(e/*)| < 0.17783, 0.37 < ol < 7. (7.13b) | |
Passband | Transition | Stopband
{wvn I peTafarikn! {wvn
Siéhevong | wvn | OTTOKOTIAG
| |
Twpa Tpétrel va Bpoupe TNV e§icwon Tou @iATpou .... 5 i i
21 I I
|
K | | p-
— 0 0 Q Q s
H.','(S) - N P ’ T
l_[ (s —5)
k=1
|HC(_;Q)|Q=0 =1 1ie. Hr(s)Lzﬂ =1
1 2k-1
K Jist==)
. — 0 — — 2 2N —
H.(s)., == =1 |s]=|Qe =Q,
1_[ (=5¢)
k=1
K .
o1 K, =Q" =(0.7032)° =0.12093

3 Optical Diagnostics Laboratory



2XeOI100MOGC PIATPpWYV

Example 7.2 Impuise Invariance with a Butterworth Fiiter \H 4 (jO)
Let us consider the design of a lowpass discrete-time filter by applying impulse invari- 1435
ance to an appropriate Butterworth continuous-time filter.? The specifications for the o
discrete-time filter are
1-6 |
0.89125 < |H(e*)| <1, 0<|w| <02n, (7.13a) | |
|H(e/*)| < 0.17783, 037 < ol < 7. (7.13b) | |
Passband | Transition | Stopband
{wvn I peTaarikn! {wvn
SiéAevong | Twvn | OTTOKOTIAG
| |
B | |
K 1 1 p-
— 0 0 Q) Q Z
H c (S) - N P ’ T

0.12093
H —
<5 {5‘2 + 0.3640s + U.4945){.!‘2 + 0.9945s + 0.4945}[32 + 1.3585s + 0.4945)
Iy = esxTa
H(z) = 0.2871 — 0.4466z! —2.1428 + 1.1455z°! 1.8557 — 0.6303z7!

+ .
1 —-1.2971z71 + 0.6949z2 + 1 —1.0691z7! +0.3699z-2 1 —-0.9972z-1 4+ 0.2570z~2
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Example 7.2 Impuise Invariance with a Butterworth Fiiter \H 4 (jO)
Let us consider the design of a lowpass discrete-time filter by applying impulse invari- 1435
ance to an appropriate Butterworth continuous-time filter.> The specifications for the o
discrete-time filter are
1- 6] i
0.89125 < |[H(e/*)l <1, 0 <|w| <02, (7.13a) | |
|H(e/*)| < 0.17783, 037 < |0l <. (7.13b) | |
Passband | Transition | Stopband
{wvn I peTafarikn! {wvn
SiéAevong | Twvn | OTTOKOTIAG
20 I I
| |
| |
: we | |
| |
—20~ 0 Q, Q, ;7"
—40
g
—60 —
12
—80
| | | \
100, 027 0.4 0.6m 0.87 =
Radian frequency (w) 2
(a) E
12 4

0 027 047 0.6 087 T

Amplitude

Radian frequency (w)

(<)

Figure 7.5 Frequency response of sixth-order Butterworth filter transformed by

| | impulse invariance. (a) Log magnitude in dB. (b) Magnitude. (c¢) Group delay.
0 0.2 04 0.6m 0.87 T

Radian frequency (w)
(b)
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AtTrogeuyeTal N avaditrAwon (aliasing)

MeTaoxnuaTiopdg Tou dcovacg jQ oTo
Movadiaio KUKAO (unit circle) oTo 1redio z.

Mn ypQUMIKF) CUMTTIECN OUXVOTATWYV
—0=Q<0 ) —rT<w<nw

METAOXNMOTIOPOS
-7 (7579)
T Ty \1+4 271

o= e[ (1557

* Td yia “ioTopikoug” Adyoug
» Agv eTNPEACEI TO ATTOTEAEC O

5

X\

* 2XE0100 NGOG QPIATPWYV IIR PJE OIYPAUMIKO HETAOXNMATIOMO
(bilinear transformation)

2T00epO aITIaTd QIATPO OUVEXOUC
XPOVOU =2 2T1aBepd AITIOTO PIATPO
dlaKkpITOU XpOVOou

. 1+ (Ta/2)s
= 1= (Ta/2)s
s=0+4+ R

140Ty/2+4 jQTy/2
Al eT 2= QT2

« 0<0-2]z| <1, yiadAegTic Q
« 0>0-2|z|>1, yia 6Aeg TIG Q

Optical Diagnostics Laboratory
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* 2XE0100 NGOG QPIATPWYV IIR PJE OIYPAUMIKO HETAOXNMATIOMO
(bilinear transformation)

*  MetaoxnuaTtiopdg Tou Geovag jQ oTo *  MeTaoxnuamauog guxvotnTwy

povadiaio KUKAo (unit circle) z=e.
L= 1+ (Ta/2)s _2 (1—2’1)
1—(T1/2)s AT
§=jQ ;
. 2 (1 — e‘“")
oo L0742 STy \1+ee
1 - f?ﬁfz ’ | ot 2 [2e/%72(j sin w/2)
* =>|z| =1, yila 6Aa Ta s aTov agova jQ S=EoT = Ty | 2e~1@2(cosw/2)
ol = 1+ jQTy/2 _ Y tan(w/2).
1= jQTy/2 Ta

2
Q= T tan(w/2),

w = 2arctan(Q74/2).

«  XPNOIYOTTOIOUME TOUG TTIO TTAVW TUTTOUG YIA VO
Bpoupe TIC ouxvoTNTES DIEAEUONG KAI ATTOKOTINAG

12 Optical Diagnostics Laboratory
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* 2XE0I100MOG QPIATPWYV |IR pE OIYPAPMIKO HETACKNMUATIOMO
(bilinear transformation)

i s-plane m z-plane o o
® = 2 arctan ( d)

Image of 5
s = j) (unit circle) - /

Image of

left half-plane

%I
™

|

3

Figure 7.7 Mapping of the

Figure 7.6 Mapping of the s-plane

onto the z-plane using the bilinear continuous-time frequency axis onto the

transformation. discrete-time frequency axis by bilinear
transformation.

13 Optical Diagnostics Laboratory
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* 2X€0100H0G PiIATPpWV |IR pE dIypaAPUIKO HETAOXNMATIOHNO (bilinear

transformation)

S Q
|
i
|
|
I
!
_ SERs I
£ H(e®) 3 3 I
= £ !
5 3 = !
T
. SIS I {
Il It
2, i \
) < < \
T, \
\
= |
/ Q= tan (2)
. - @=mwe ] I R R d 2
NG — - S
T e o —— l
o) ~_ Ty e J L s C.‘“- ______ | I
T, W | |
‘ T F‘ L
- 22 1an (2) — = | | l
_ 2ma | - Tﬂl 2 {} | | m ()]
Ty | |
. |
|H(e™)| |
| I
| I
e\ |
Figure 7.9 llustration of the effect of the bilinear transformation on a linear phase s\ I
characteristic. (Dashed line is linear phase and solid line is phase resulting from & I
hilinear transformation.) . . |\ I
Figure 7.8  Frequency warping | \ |
° inherent in the bilinear transformation of I\
a continuous-time lowpass filter into a Y
discrete-time lowpass filter. To achieve | \|
the desired discrete-time cutoff | v =
frequencies, the continuous-time cutoff | I\ ,/ N |
frequencies must be prewarped as 0 -
14 indicated. W, ™ w
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Example 7.3 Bilinear Transformation
of a Butterworth Filter

Consider the discrete-time filter specifications of Example 7.2, in which we illustrated
the impulse invariance technique for the design of a discrete-time filter. The specifica-
tions on the discrete-time filter are

0.89125 < |[H(e/*) <1, 0<w<02mn, (7.30a)
|H(e’*)| < 0.17783, 037 <w <. (7.30b)
MeTaOXNHATIOHNOG TWV CUXVOTATWYV
, 2 0.2
0.89125 < |H(jR2)| < 1, 0<Q=<—tan| —
T4 2
2 0.3
|H(jQ)| < 0.17783, Ztan| —= ) <Q <o
T; 2

Mia kai n Td oTo TEAOg atraAgi@eTal pTropoUe va emiAé§oupe Td =1

To @iAtpo Butterworth eivai
1 |Ho(j2tan(0.17))| = 0.89125

; 2 _
HGDF = /a7

|H.(j2 tan(0.15x))| < 0.17783.
Ly (2anO1n\ N _ (1)
Q —\0.89

2tan(0.157)\*" /1 \?
'+ (2252) - (5m)

15

oo

AOvoupe yia N kai Qc

o loe[((at)’-1) / ()" -1)

2log[tan(0.157)/ tan(0.1)]
= 5.305.

To N mpétrel va gival aképaiog

N=6 Q =0766.

Mée 1o N=6 Ta XapakTnpIoTIKG TNG {WVNG ATTOKOTTAG Eival
AaKPIBWG TO AVAUEVOUEVA, EVW T UTTEPRaivoupe oTn {wvn
SiéAeguong

Twpa Tpétrel va Bpoupe Toug TTOAOUG TOU @IATpPOU ...

Optical Diagnostics Laboratory
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Example 7.3 Bilinear Transformation
of a Butterworth Filter

Consider the discrete-time filter specifications of Example 7.2, in which we illustrated
the impulse invariance technique for the design of a discrete-time filter. The specifica-
tions on the discrete-time filter are

0.89125 < |H(e™) <1, 0<w=<02n, (7.30a)
|H(e!*)| < 0.17783, 037 <w <. (7.30b)
T
Twpa mpétrel va BpoUpe Toug TTOAOUG Tou @iATpou ’u\" B 65_"“‘:;’ s-plane
1 "HT
OTIWG Kl TIPONYOUHEVWG \ /
12 oMol o€ ouluyr| {euyn Se=— = %
< -
“ N
X Y / X
4 \'. .'Jl
/ 5 (
. , o , X Vo &

Maipvoupe Toug TTOAOUG OTO APICTEPO MICO TOU TTEdioU | s |

‘ ; I
K .

H.(s)=——" =1 K, =QF =020238 \ J
[T6-s) x X
k=1 s x L -'X—‘ -~

0.20238

H.(s) =

(52 + 0.3996s + 0.5871)(s2 + 1.08365 + 0.5871)(s2 + 1.48025 + 0.5871)

H(,) H (51 1oz 0()007378(|+" ) |
TJ 1427 ] (1-1.2686z"+0.7051z)1-1.0106z" +0.3583z*)(1-0.9044 "' +0.2155z7%)

16 Optical Diagnostics Laboratory
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Example 7.3 Bilinear Transformation
of a Butterworth Filter

Consider the discrete-time filter specifications of Example 7.2, in which we illustrated
the impulse invariance technique for the design of a discrete-time filter. The specifica-
tions on the discrete-time filter are

0.89125 < |[H(e/*)| <1, 0<w=<02n, (7.30a)
|H(e!*)| < 0.17783, 037 <w <. (7.30b)

Samples

| | | |
0 027 0.47 0.6 0.8 T

Radian frequency (w)
(c)

Figure 7.11  Frequency response of sixth-order Butterworth filter transformed by
bilinear transform. (a) Log magnitude in dB. (b) Magnitude. (c) Group delay.

17

0 027 0.4 0.6 0.87
Radian frequency (w)
(a)
1.2
1.0
0.8
[¥]
E
%_ 0.6
< 04
02
l |
0 027 0.4 .67 0.87
Radian frequency (w)
(b)
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« 2XE0100MOG QiATpWYV lMeplopiopévng KpouoTikng ATTokpiong
(Finite Impulse Response — FIR) pe xpiyon rapabupou

° Vé ’ ’ .w
DiATpo pe G;TOKP'OH ouxvotntag Hy(e) 4 PIATPO AANOILIVETAI AGYW CUVENIENC HE

haln] = 5 Hai(e’)e'“"dw. TOV PETAOXNMATIONS TOU TTapdBupou
T | |

» ATTEIPN KPOUCOTIKA ATTOKPION | A
« XpnolpoTtroloUue TTapdBupo WOTE Va TNV / i\ e / i\
TTEPIOPICOUNE XWPIC VA CEPEUYOUUE QTTO i ~J

TO XOPAKTNPIOTIKA TOU QiATPOU

h[n] = haln]wn],

V"(ejm—ﬂ))

|
T P = o

(a)

s
» Terpaywviko (rectangular) TrapdBupo
[ ] 11 0 E n E er alr 2|1.- w
WlH| = )
0, otherwise. 0)
M ~ju(M+1 '
W(e) ZE_I‘“" _ | — e~ jw(M+1) _ M2 sinfw(M +1)/2]
—~ 1 —eJo sin(w/2)
' L[ By W (o) (@-0)
L — ! Jlw= Fi 19 C luti implied b ion of the ideal impul
H(e'*) = 3w f Ha(e!")W(e )db. Fosponss. (5) Tybioa approxmation esuting fram windowing the el mpule
=N

response.
18

Optical Diagnostics Laboratory



2XeOI100MOGC PIATPpWYV

* 2XE0100MOG QiATpwV FIR pe xpion rapadupou
« Koiva mapdBupa

Rectangular

W[H]={1, 0<n< M,

0, otherwise
wn] Rectangular

Bartlett (triangular)

L0 , :
2n/M, D<n< M2, | ' — E:g;gg
w[n] = 2 - Zn/'M, M,!Z <h =< M. 0.8 = : _—;: g:ﬂ‘?ﬁrzan
0, otherwise 06 |
' |
Hanning N |
. |
1] 0.5—-05cos(2an/M), 0<n=< M, |
Wln| = . .
0, otherwise 02 ; i .
Hamming 0 7 7 ,L, . \\‘h‘M”
(7] 0.54 —046cos(2rn/M), 0<n=< M, 2
Win| =
0, otherwise

Optical Diagnostics Laboratory
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* 2XE0100MOG QiATpwV FIR pe xpion rapadupou
* EUpo¢ (Aw) 1 = MetaBartikry {wvn 1
» [1Aeupikoi Aofoi > Kuppdtwon |

« Koiva mapdBupa
TABLE7.1 COMPARISON OF COMMONLY USED WINDOWS

Peak 20l0g,,8
Side-Lobe Awp, (dg;O Aw

Type of Amplitude

Window (Relative)
Rectangular —13 dn/(M+1) =21 1.81m/M
Bartlett =25 Sa/M =25 23Tx/ M | -
Hanning -31 S/ M —44 S0lm/M m
Hamming —41 S/ M —53 6277/ M
Blackman —57 1270/M —74 9197/ M

ARAAAAAR

A W)
M i

8.0 100 120 140 160 180 200 220
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* 2XE0100MOG QiATpwV FIR pe xpion rapadupou
o [pappikn Pdon
* Av TOO0 n atTOKPIon 000 KAl TO TTaPpABUPO Eival CUMPETPIKA 1) avTI-
OUMMETPIKA Ba €XOUUE YPOAUMIKI QAon

win] = wiM—n], 0<n<M,
10, otherwise;
2UMMETPIKO h
hq[M — n] = hg[n],
Hy(e'®) = Ho(e/*)e™/oM2,
H(e!®) = zi x HE(Ejﬂ)e—jﬂHRer(ef{w—'ﬂ]}e—j(w—ﬂ}ﬂfﬂdg'
T

-

W(ij) — Wg(fjm )E—jle."Z .

H(e/®) = A (e/*)e «M/2,

A.(e'”) = %f H, (e YW, (e/“~9)dp.

AVTI-OUMMETPIKO h
ha|[M — n] = —hg[n],
H(e®) = jAo(e')e /M2,

21 Optical Diagnostics Laboratory
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Example 7.7 Linear-Phase Lowpass Fliter
The desired frequency response is defined as

e JoM2 o) < w,

Hig(e!®) = {0' R (7.56)

where the generalized linear phase factor has been incorporated into the definition of
the ideal lowpass filter. The corresponding ideal impulse response is

hlp[n] — -217r~ e'l“”ﬂeiﬂmdw . s‘“}:‘(’;(’i;{ttzl)z)]

for —00 < n < oo. Itis easily shown that by, M — n] = hyy[n], so if we use a symmetric
window in the equation

(1.57)

_ sinfw.(n — M/2)]
h[n] = (n — M)2) w(n], (7.58)

then a lincar-phase system will result.

Optical Diagnostics Laboratory
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Example 7.8 Kaiser Window Design of a Lowpass Filter

With the use of the design formulas for the Kaiser window, it is straightforward to

design an FIR lowpass filter to meet prescribed specifications. The procedure is as
follows:

1. First the specifications must be established. This means selecting the desired w,
and w; and the maximum tolerable approximation error. For window design,
the resulting filter will have the same peak error & in both the passband and the
stopband. For this example, we use the same specifications as in Examples 7.4,
7.5,and 7.6, i.e., wp = 0.41, w5 = 0.6, §; = 0.01, and 8, = 0.001. Since filters
designed by the window method inherently have §; = 8;, we must set § = 0.001.

2. The cutoff frequency of the underlying ideal lowpass filter must be found. Due
to the symmetry of the approximation at the discontinuity of H;(e’“), we would
set

wp + W;

3 = 0.5n.

We =

3. To determine the parameters of the Kaiser window, we first compute
Aw = ws —wp = 0.2n, A= -20log,,é = 60.

We substitute these two quantities into Eqs. (7.62) and (7.63) to obtain the
required values of 8 and M. For this example the formulas predict

B = 5.653, M = 37.
4. The impulse response of the filter is computed using Eqs. (7.58) and (7.59). We
obtain
: e Y { 2)1/2
sinwn—a) hi1-[n-a)oel)") o ,.n
Wnj={ n(n—a) 10(8)
0, otherwise,

where @ = M/2 = 37/2 = 18.5. Since M = 37 is an odd integer, the resulting
linear-phase system would be of type II. (See Section 5.7.3 for the definitions
of the four types of FIR systems with generalized linear phase.) The response

24

0.6

0.4

Amplitude
=
(2]
T

an [L ] fT [ I *T LX) .s

M ll ll W

10 20 30 40
Sample number (#)

(a)

o0

dB

_40

—a0

_B80

-100

027 04w 0.6 0.8 Ed
Radian frequency (w)
b}

1 - A.(e!?),
Exw) = { )

0<w=<wp,

ws <w <.

N

N,

Y

quv

0- Aﬂ(ejw)+
=]
2
2
g
-1
—0.0005
—0.0010
0

Figure 7.26 Response functions for type | FIR highpass filter. {a) Impulse

027 04w 0.6 0.8 w
Radian frequency (w)

response (M = 24). (b) Log magnitude. (c) Approximation error.



AgsiypaToAnwia Kol AVOKATOOKEUN
2NUATWYV

* Koiva trapa@upa/@iAtpa

wn] Rectangular

/

Rectangular L0 Hamming
win] = { L 0=nzM. N o Birckman
0, otherwise / ————— Bartlett
Bartlett (triangular) 0.6
2n/M, O0<n< M2, 04
wlnl=<¢2-2n/M, M/2<n=<M,
0, otherwise 0.2
Hanning
0.5-05cos(2nn/M), 0<n<M, 0 '
win] = {0, otherwise
Hamming

{0.54 —0.46cos(2rn/M), 0<n=<M,
w[n] =

AN x
0, otherwise 50, \ W\

TABLE7.1  COMPARISON OF COMMONLY USED WINDOWS

ta NAAA
o8
Peak 20l0g. -5 -
Side-Lobe Aw, ( dl%o Aw -140.0
Type of Amplitude :1553‘{0} o
Window (Relative) '1.‘,.0:0 Kaiser-Bessel (B+18) A
-180.0 - i
Rectangular —13 dr/(M+1) =21 1.81m/M -190.0 = .
Bartlett —25 8x/M =25 2.3Tm /M 20%0 20 40 60 80 100 120 140 160 180 200 220
Hanning —31 Sa/M —44 501/ M Frequency (FFT bins) —#-
Hamming —41 St/ M —53 6.27x/M
Blackman —57 127/ M —74 9197 /M
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