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Choose components for a gain of 20dB over the audio range.
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Phono pre-amp

f1 = 500Hz, f2=50Hz, f3=2122Hz

gain (dB)  RiAA Equalization

Vin o +
—o Vout 20 ,
—= =die ‘ ; 1k f(Hz)

CP RZ RS 0 l :
= M -
for impedance I I o
matching Il Il fo 1 1 fs
- C, Cs |
‘% 100
C.——= shift by 30-40dB for moving
1 magnet cartridge, 50-60dB
=i short at op. freg. for moving-coil cartridge

HUD = = = 0537750 + 57/ F)
1
I = S (Rl Ra)(Ca + C)
1 1
f2 = 21 R Co ks 2m 1303
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2nd order filters

N(s)

A (5/w0)2 + 2C(5/wp) + 1

®o = undamped natural frecuency
C = damping ratio

C > ] Overdamp: Real, neg. poles. Response shows decaying exponentials
0< g <8 | Underdamped: poles are comples conj. Response 1s a damped sinusoid
C =0 Undamped: Poles on imag. axis. Response shows sustained oscillations.

<0 Unstable: rhp poles. Filters must have { < 0.
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=8 N(je)
AU = T oo + Geofen)/@
1
o
Low-pass 1
Hpp(jw) =

1 — j(w/wo)? + (Jw/wo)/Q

e For w << wy : ’HLP‘ = 1= 0dB.

e For w>>wy: |Hpp| = (w/io)g) = —40dB/dec.

e Forw=wy: |Hrp|=0Q
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Largest () before the unset of peaking: Lz
For () > %

Wpeak e
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2"? order Response

20 =10 0. 20 - o
10 - 10 i=2
=1 | 0=t
) =0 —| @z O[Te=0107
2 B ol
= —10 =05 g T 0=05_
‘= T o = 20 \0-0.2—
O -20 }-0=02 Qo -2
-30 -30
-40 -40 -
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()] ."(l)ﬂ () "(f)()
(a) (b)

Lowpass and highpass
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High-pass

el —(w/wo)?
Hpp(jw) = 1 —j(w/wo)? + (Jw/wo)/Q
Band-pass
R Jjlw/wy)/Q

1 —jlw/wo)? + (jw/wo)/Q
o j(w/wp)/Q — zero at origin.

e For w << wyp : ‘HBp’ o (w/wo)/Q == (wio)dB T QdB-

e For w>>wy: |Hpp| ~ _(w%)dB — Q4B.

o Forw=wq: |[Hrp| =0

BW = wyg—uwj
1 1 1 1
B “’0( 1‘4@?‘2@)_”O(V1_4Q2+2Q)
= T
Q = wo/BW
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R, R,
(a)
FIGURE 3.22

(b)

(a) Passive and (b) active realization of a second-order low-pass filter.

For (a) Q < 0.5
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Textbook

Z1=R; Sallen-Key (KRC) Filter

/> =R>»
Z3 = 1/5C, R, R,
Z4=1/sC» A AAA—

K:AVO L

Vo
Z4 z3(22 + 24) 21(22 + 24)
Vy = Vs + VO
29 + 24 \ 21(22 + 23 + 24) + 23(22 + 24) z3(21 + 22 + 24) + 21(22 + 24)
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Setting v, = Vo /A, and rearranging gives

VO 2324 e £1<4 .
= S @)
Avo  z1(z2 + 23+ 24) + 23(22 + 24) z3(z1 4+ 22 + 24) + 21(22 + 24)

or

— v
21(22 + 23 + 24) + 23(22 + 24) .

(A 2174 ) ¥ 2324
VO Za(21 + 22 + 24) + 21 (22 + 24)

which, after rearranging yields

(%0) 2374 7
Vg 23(21 + 20 + 24) + 2122 + 2124(1 — Ayo) v

where A, =1+ R2/R;.
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Component choices are for the equal component design

To obtain a Sallen-Key filter, let z;1 = 20 = R and 23 = 24 = % Then

1
VO TR
—ty A’UO

vs  H(2R+ )+ R2+ E(1 - Ay)

which can be rearranged to obtain

(Yo AUO

vg  82(RC)2+ (3 — Ay)(RC)s +1

Letting RC's represent a scaled frequency s’ = jw’,

vo Avo

(S 2 ol (3 e Avo)s/ +1

whose denominator is of the form

s?+2(s+1

Q =0 1/(3 = AVO)
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Example: Design an equal-component low-pass filter with
fo=1kHz and () = 5.
Example: Modify the design to get a dc gain of 0dB.
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Unity-gain option

R R
| mR 4 1 -
N - VWA VWA
5.76 kQ e

FIGURE 3.25
Filter of Example 3.10.

VO 2324
A’UO

Vg z3(21 + 22 + 24) + 2122 + 2124(1 — Ayo)
21 = mR 20 =R z3 = 1/nsC z4 =1/sC

For m = 1, n = 4Q? = select n based on available cap values, then m =

k+ k2 — 1 where k = n/2Q? — 1.

Thursday, March 21, 13




FIGURE 3.27
High-pass KRC filter

vy 23(21 + 22 + 24) + 2122 + 2124(1 — Ayo)
21:1/801 22:1/802 ZgZRl 24:R2
HOHP = K Wy — 1/\/R101R202
|
(1= K)\/R2C2/R1C1 + /R1C2/RaCy + /R1C1/R2C5

VO 2324
70 A’UO

Q =
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FIGURE 3.28
H‘.llhi»p;l\\ KRC filter.

Band-Pass KRC: Vo /V; = HoppHpp where Hpp is given in slide 12 and,
for @ > 2/3, Rl =Ry =R3=Rand C; = Cy = C,

K V2 V2
TSR e ST IR

Design equations:

B — /2wy K=4—+v2/Q Rz=(K 1
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FIGURE 4.1

Magnitude limits for (a) the low-pass and (b) the high-pass responses.
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FIGURE 4.2

Magnitude limits for (@) the band-pass and (b) the band-reject responses.
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e Butterworth filter: |H(]W)’ =

\/1—|—€2 (w/we )2

log (104min/10_1)/(104mas/10_1))
= log (ws/we)
— we: cutoff frequency

—n : order of the filter

— €: constant that determines maximum passband variation

e Chebyshev: |H(jw)| = \/1+€2cl2 (w/we)

cosh™1! \/(10Amm/10_1)/(10Amm/10_1)
cosh™! (ws/we)

—n > . order of the filter

— Ch(w/we) @ Chebyshev polynomial of order n
— Ch(w/we < 1) = cos (narccos (w/wc))
— Cp(w/we > 1) = cosh (ncosh™ (w/we))

e Cauer (or elliptic) filters and Bessel (or Thomson) filters
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FIGURE 4.4
(@) Butterworth and (b) 1-dB Chebyshev responses.
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FIGURE 4.5
Comparison of fifth-order

3-dB responses.

Thursday, March 21, 13




~200d < \
: \ \
\
\iohiN
\\ .\_\
\\ B F
23008 p=mmnseoesenssns ittt e i & 6 e o P S ——
10ek2 100mH2z 1.0M2 10M2 1002
Frequency
|‘J,
| SY prrmmrrnsssssrsncsssceaccscc et at AN RS S S .
A
\
1 0Wy /’Y' a g \
/ \
J
f \
" "! l| \', Chabyshev
|
J \ \
| f \
!
| )
J Bessel \\ '
\ -
w3~ ‘*f—f\’ = ]
\/ ‘
w0 SV pecccrccocascosacansssssssancanssnnnssnnennsanssrasasaencasssesna "
Os 109
Time

(h)

FIGURE 4.6
Phase and pulse responses of the fourth-order Bessel and 1-dB Chebyshev

filters.
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TABLE 4.1

Examples of normalized (1 Hz) low-pass filter tables

Butterworth low-pass Rlter

o O S @ S @ S Qi Ses Qs AudB)a2f

2 | 0.7 | 12.30

3 | 1000 I 15,13

4 | 0.54] | 1,306 24,10

) 1 0618 | 1620 | 0,11

6 | 0SsIs | 0.7 | 1.932 16.12

7 | 0555 | 0802 I 2.247 | 4214

8 | 0510 1 0.601 | 0.900 i 2563 48.16

9 I 0532 1 0.653 | 1000 | 2879 I 5419

0 | 0.506 1 0.561 i 0,707 1 1.101 1 1,196 60.21

Bessel low-pass llter

LI (1 [ Ja2 0: Jos Oy Jos Q4 Jos Os

2 1.27 0577

3 1453 0.691 1.327

4 1419 0522 1.591 0806

5 1.561 0.564 1.760 0917 1.507

6 1606 0510 1.691 0611 1.907 1.023

7 1.719 0533 1824 0661 2.081 1.127 1.685

8 1.784 0506 | 838 0.560 1.958 0.711 2.196 1.226

9 1880 0520 1949 0589 2081 0760 2324 .32 1.858

10 1549 05M 1.987 0538 2068 0.620 2211 0510 2485 14158
0.10-dB ripple Chebyshey low-pass filter

®  Jfo [ fo Q1 S @ Seu Qi Sos Qs Au(dB)at2f

2 130 0767 3.3

3 1300 1341 0969 12.24

4 1153 2183 0789 0619 2343

S 1093 3282 0797 0915 0539 3485

6 1063 4633 08M 1332 0513 0599 6.9

7 10485 6233 0868 1847 0575 0846 0377 §1.72

2 1034 S082 08% 2453 0645 1183 0382 0593 o0.16

9 1027 10,178 0913 3145 0705 1585 0449 0822 02% 80.60

10 1022 12522 0928 3921 0754 2044 0524 1127 0308 059 9204
1.00.dB ripple Chebyshey bow-pass filter

L (] Ju @ Juo Q@ JSau Qi Jos Qs  Au(dB)at 2

2 105% 0957 11.36

3 0997 2018 0494 22.46

4 0993 3559 0529 0.785 3387

£ 0994 5550 0655 139 0289 45.31

6 0995 S04 0747 2,198 0353 0.761 $6.74

7 0996 10899 0808 3.156 0480 1,297 0205 68.18

$ 0997 14240 0851 4266 0584 1956 0265 0753 7.62

9 0998 18029 0881 5527 0662 2713 0377 1260 0159 91.06

10 0998 22263 0902 6937 0721 3561 0476 1864 0212 0749 102.50
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Sixth-order 1-dB Chebyshev low-pass filter.
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5 Overall response .
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Frequency

FIGURE 4.8
Overall as well as individual-stage responses of the filter of Fig. 4.7.
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FIGURE 4.10
Third-order 0.1-dB Chebyshev high-pass filter of Example 4.4.
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FIGURE 4.13
Generalized impedance converter (GIC).
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A

(a)

FIGURE 4.15
(a) Inductance simulator and (b) D-element realization.

(b)
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FIGURE 4.16
Alternative D-element realization.
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FIGURE 4.17
(a) Passive band-pass filter prototype and (/) active realization using an inductance simulator.

Thursday, March 21, 13




: B L
~“MN— —e——o0 1=ty O
+ 3 14 +
Vi g Vo =il +> D= Vo
l O . O

(a)
FIGURE 4.18
Low-pass RLC filter prototype and its CRD equivalent.
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