BaJaa0man —

EE 5345
Biomedical |nstrumentation
Lecture 2: dlides 37-64

B L L

Carlos E. Davila, Electrical Engineering Dept. :
Southern Methodist University 1

slides can be viewed at: d

http:// www.seas.smu.edu/~cd/ee5340.htm I
d

J

J

mEEaaam

EE 7345/5345, SMU Electrical Engineering Department 37




Basics of signal flow graphs:

X[n] > X[n]
a
X[N] > ax[n]
x[n] > > x[n] +y[n]
y[n]
aEawaaaa
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Analog Filter Design

|deal prototype lowpass filter:
HIEGW
1

0 W
0 1

d

d

d

In practice such afilter isimpossible to realize, we 1
seek reasonable approximations of thisfilter. d
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Nth-order Butterworth Prototype Lowpass Filter:

Y 1
HP =
‘ (JW)‘ 1+wWeN
Properties.

‘Hp(jl)‘:%, all N

‘Hp(j\/\/)‘® 0, W® ¥
HP(j0) =1 alN

e d"
dw!"

d

d

d

d

P/- y : " -
‘H (JVV)‘W:O:O maximally flat "
d
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« HP(jW) isamonotonically decreasing function of W

«Steepness of H P( jw) Isproportional to N:

1.0
08 -

‘H P(j\/\/)‘ 0.6 -

04 -
0.2 -

00+ +
00 04 08 13 17 21 25 29

W (rad/s) TILEEEL
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1
Bn(S)

AW = e HP(9-

Bn(S) = Nth-order Butterworth Polynomial

N Bni(s)
1 s+1
2 & ++/25+1
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Butterworth Filter Design

Design specification usually given as:

For a cutoff frequency of W=W,, find the correct
filter order N so that:

H(jW) =M (dB) at W =W,

where
P& WO
H(j\/\/) =H (é‘j —
W2
aaRaaaa
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If the frequency axisis scaled so that W, is mapped to
1 and W, is mapped to\/\}; =W, /W, we can work
with the prototype filter:

e 6

. G 1
M = 20Iog10‘HP(JV\/)‘ = 20Ioglog e
LA
e al g

= - 1()I0910§?[+(\/\IE)ZI\I(E)j 4

d

d

| |og10(10' M/10 _ 1) r
solving for N: N = 1
2|0910(V\€) 4

d
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Butterworth LP Filter Design Procedure:

Find N for aspecified gain M (dB) at W=W_ and
cutoff frequency W . using:

) |og10(10' M/10 _ 1)
i 2|0910(V\€)

.

: : . .

*scale prototype lowpass filter to get desired lowpassfilter o
s @ 1 J

H(S) = HP -~ = - d

W2 g 2SO i

N&W. & o
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ex) Design alowpass Butterworth filter having a cutoff
frequency of W_ =10 rad/swith again <=-20 dB &t

W, =20rad/s.
|og10(10' M/10 _ 1)
using: N =
2|0910(V\E)

| oglo(lo' (-20)/10 _ 1) n
givess N= =331 )
210910 200 4
109 F
|
must round up to N = 4. J
Jd
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H9=HPES 2= 1
W.g _ 2eso

B -
YW, o

B,(S) = 4th order Butterworth polynomial

B,(S) = s*+ 2.6131s3 + 3.41425% + 2.6131s+1
B;(s) =3+ 25° + 2s+1 "
B,(s)=s+1.4141s+1 -
B,(s)=s+1 d
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Analog Highpass Filter Design

HEp(jW) = H Epgié IS a prototype highpass filter
J

|\Wo
therefore:
. & WO p a@\.0
H =H = HP
wp(IW HP‘éJ LP%JWﬂ
.
hence the frequency transformation which converts
a prototype lowpass filter to a highpassfilter having &
cutoff frequency W, is: 4
J
W,
V\}EP == -
Whp d
L L) EERNEERTE
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ex) Design a highpass filter having the following specs:

W, = 3x10% rad/s
gain < -26 dB, for W< 10%rad/s

H(W) (d8)

W
L RN
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Find the corresponding L P prototype specs:

Wip = Ve
Whp Whp
w, =3" 10* 1

W, =10% 3 E
1
0 ¥ -
¥ 0 .
-
o
1
L]
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*Design a prototype lowpass filter H['p(s) meeting
these specs:

HER(IW) (db)

o) — |

V\/;:Srad/s
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«Scale the prototype lowpass filter to get
highpass filter:

P?&Q
LPS < 5

Hip(s) =H

Donel
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IR Digital Filter Design by Impulse Invariance
Basic idea

*0One is given design specs for a continuous-time filter and a
desired sampling rate.

design a continuous-time filter, h(t), meeting these specs.
get h[n] by sampling h(t) as:

hn] = Th(nT)

.

.

T = sampling rate d

ofind z-transform of h[n] to get H(2). j
a1

d

.
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ex) Designalowpassdigital filter having a Butterworth
characteristic corresponding to the following analog
filter:

W, =2000p rad/s, T =104 s
H(jW|£05, W2 4,000p=W, rad/s

find desired filter order:

- M/10
_Ioglo(lo MI10 _ 1) WP =W - 40000 _,

2logyg (V\E)

) |og10(10' (-6)/10 _ 1)

M =20l0g,,(0.5)=-6 N= =0788® 1

210g10(2)
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B s 0 s +1 ST +1

take inverse Laplace Transform:

pRso_ 1 _ 1 1

h(t) — O_-Iz_p - O.2pt/Tu(t)

iL t30

ut) = |
(1) 10, t<0

EE 7345/5345, SMU Electrical Engineering Department
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esample impul se response:

[ n] = Th(nT)

_ - 0.2pn _\|,1' n=0
=0.2pe ufn un|=
p [n] [N] 0 n<o
note that h[n] isindependent of T.
take z-transform of h[n]:
¥ ¥
H(z)= & hin]z "=02p § e %P "
n=0 n=0 J
_ 0.2p _Y(2 4
1- €027 17 X(2) |
J
J
d
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find digital filter difference eguation:
yin] =02px(n] +& **Py[n- 1]

edonel ‘ H ( J VV)‘ since h(t) gets sampled,
must overdesign analog
/‘\ filter to avoid aliasing.
W
0

.
.
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Some Laplace Transform Pairs

1
S+a

1 st
f(at) « aF?é%, a>0

S+a
(s+a)? +b?
b
(s+a)? +b?

e atu(t) «

e & cosht u(t) «

e A sinbt u(t) «
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Some Useful Z-Transform Pairs;

1-

e acosb] 71

e @ cosbn un] « : B
1- [2e Qcosb| 7t +e %2

e'asinb] 71

1- [Ze' acosh| z71+e 2872

e Mgnbnun] «

d
d
d
d
d
d
d
d

aalada4a

EE 7345/5345, SMU Electrical Engineering Department 59




ex) Designalowpassdigital filter having a Butterworth
characteristic corresponding to the following analog
filter:

W, =2000p rad/s, T =104 s
\H(JVV)\EOB W3 4,000p =W, rad/s

find desired filter order:

- M/10
0gyo(10 M- 1) P o Wa 400D _,

= 2,000 -

2|0910(V\€) e P :

N

o 10(10 (- 1046)/10 1) o

M = 20l0g,,(0.3) =-10.46 N = T (2) =167® 2 |
0

~ Jd10 -

1] UL R pEpy
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H9=HPESO- 1
W, 2 &S 0
CQJ

1

.2
o2 1125 41
8WCﬂ W,

oW
& +2Ws+WE
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complete the sguare:

take 1/2 the linear term, square it,
o K then add it and subtract it.

Inverse Laplace Transform:

h(t) =v2Wee & sinbt u(t)

aalada4a
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sample h(t):

h[n] = Th(nT)
= J/2W,Te T sinbnT u[n]

from z-transform table:

smbT]
H(Z)‘
[Ze aTcost 7 lygdal,2 :
I
We - _02p 4
— al = bT_—C —

W, =02p/T NG /2 j
.
HAaRaJJJ00
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difference equation:

y[n] =

e A dn bT] X[n-1] +[2e' ar cost] y[n-1]-€ 2@Ty[n- 2]
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