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Higher Order Op Amp Filter

Cascading Identical Filter

To obtain a sharper transition between the pass-band and stop-
band, we can add more identical filter in cascade.

One filter gives us 20dB/dec slope, two identical cascade filters
give us 40 dB/dec slope transition.

n identical cascade low-pas filters give us from the corner
frequency n20dB/dec slope
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Higher Order Op Amp Filter

Cascading Identical Filter
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Higher Order Op Amp Filter

Example | |* Design 4 order low-pass filter with cut-off frequency

is 500Hz and a pass-band gain is 10. Use capacitor
1uF capacitors

e From the cutoff frequency
1F
R1
R 1 a’cnz( @_1)5"0
i 1 >—a—0
’ f Y gy = e 27900 _ 7595 39 rad /s
< 1 ( %_1) 0.435
o =—| [R=—L - L 138450
RC o.C  7222.39(107°)

For gain specification, we need to change R;

Ry =GR, =10(138.45) =1383.5 Q|
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Higher Order Op Amp Filter

Example >> £=10:1:1000;

>> w=2*pi*f;

>> we=7222.39;

>> h=20*10g10 (10) -
80*10gl0 (abs (1+j*w/wc)) ;
>> semilogx (f,h)

>> grid on

>> xlabel (‘F[Hz]")

>> ylabel ('|H(jf) | dB")
>>

12 .
i A = 2010g45(10) + 20logqq [1+ 22

] (o]
o 2 500 .
" A ' ' ‘ Each filter Cutoff frequency ‘

4 o, =7222.39 radls|
4
H(ja)) _ (_10)( : —@Wc j — (_10) _1' ’ Final Cutoff frequency ‘
Jjot o, 1+12 |0 = 27500 rad/s
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Butterworth Filters

Butterworth Filters

’ A unity gain Butterworth Filter Transfer function ‘

1

H(jw)| =
(22

1+
De

‘ N is integer and denotes the order of the filter

The cutoff frequency is . for all values of n

If n is large enough, the denominator is always close to unity
when o < o,

The exponent of o/ o, is always even

We can set o, equal to 1 rad/s in the transfer function, then we

use scaling transform
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Butterworth Filters

Butterworth Filters

- Weknow that | ||H(je)f = H(je)H(-je) | [H(o) | joes = H(S)H(=s)

So we observe that ||s2 = _?

| | 142" 1+(0?)" 1+(=s?)" 1+(-1")s?"
1

1+ (=1M)s?"

Hs)H(-s) =

Given value of a

- Find the roots of the polynomial 1+ (~1")s?" =0

* Assign the left-half plane roots to H(s) and the right-half plane
roots to H(-s)

» Combine terms in the denominator of H(s) to form first and
second order factors.
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Butterworth Filters
Find Butterworth filter transfer function for n=2 and n=3
Forn=2 | 14 (-1?)s* =0| |s%=_1| [s% _1180°
Therefore the four roots |
] 1 j o 1 j
81 =145 =—+—||5, =1£4135" = ——+ —
! 2 2] V2 2
o 1 j o 1 j
$=1/225°" = ————=| |8, =1£315" == - —F—=
1 2 2] V2 2
Roots s2 and s3 in the left-half plane |
H(s) = L 1
T L yes L. d,|  |HE) =
(S+3—L2)(3+$+L2) (82+\/§S+1)
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Butterworth Filters

For3 J[1oC=d (21 [P0

Therefore the four roots |

812140021 32:146002%—%].@ S3 :141200

_l+j£
2 2

2

1 .3

S5 =12180" = 1] | :14240":—1—/'@ S =14300° = —— jX=
° 2 6 2 12

| Roots s;, s, and s in the left-half plane |

Hs) = 1

1

1 3 1 3 Hs)

=(s+1)(32+s+1)

.3
1 —_jNY T
(s+ )(s+2 J > (S+2+j 2)
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Butterworth Filters

Butterworth Polynomials (o, =1rad/s)

n Nth order Butterworth polynomials

(s+1)]

(s2 +2s + 1)
(s+1)(s® +s+1)
(s? +0.765s + 1)(s® +1.848s + 1)
(s +1)(s? +0.618s +1)(s? +1.6185 +1)

Ol wWwiIN|=

(s® +0.5185 + 1)(s% + /25 + 1)(s® + 1.932s + 1)

simultaneously

» Acircuit can be scaled in both magnitude and frequency in

o &

kmkf
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Butterworth Filters

Butterworth Filter Circuit

following figure.

+ Fifth order Butterworth filter block diagram is shown in the

Vi) 1 o 1Y%
s+1 s?+0.618s+1 s%+1.618s5+1

frequency is o, =1rad/s

Each block indicates the transfer function. Buterworth filter cutoff

He have designed first order active filter in the previous classes.
Now, we need to design second order active filter, which is

H(s)=

s% +bs+1

1
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Butterworth Filters

Butterworth Low-Pass Filter Circuit

* Node equations |

Va_vi

+(V, —Vp)sC; +Va—lo) ';VO) =0

2+ RC\V, —(1+RCys) = V|

VpsCsy + Mo -Va) ’;Va) =0

Vi

Vo

" R%C,Cys? +2RCys +1

|-V, +(1+ RC,8)Vp =0

1
2
His)=Yo - RCG
Vi 2 2 1
ST St ——
RC1 R C»]Cz
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Butterworth Filters

Butterworth Filter Circuit

« Set R=1Q, then| 1
V c.C
H(s):vo_ g
I's?y Z sy
Ci GG

« Second order circuit in Butterworth filter

H(s) =

1

s% +bs+1

1
GG,

2
e

value

» Second order Butterworth filter with cutoff frequency of o, =1
rad/s and gain is 1.

» Use frequency scaling to calculate revised capacitor values for
the wanted cutoff frequency

* Use magnitude scaling to provide more realistic component

ECE 307-11 13

Butterworth Filters

Example

Design a fourth order Butterworth low-pass filter
with a cutoff frequency 500Hz and passband gain
of 10.

* From the Butterworth polynomial table |

(s +0.765s + 1)(s? +1.848s + 1)

» Thus we need two cascade of two second order filters and
inverting amplifier circuit for gain 10

» First stage of cascade |

0.765==| |1=
C

2 1

CC,| |C,=038F|
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Butterworth Filters

Example | Second stage of cascade | (32 +1.848s +1)

CaCa Cy=0.924 F

=

Frequency scaling factor f.=500 Hz K =1ds

= 27500 = 3141.6

To have R=1KQ, magnitude scaling factor k., =1000

R=kyR=1Ka| lc'=—C_|  [C1=831nF| |

C3 =344 nF|

Kk C, =121nF| |

Cy4 =294 nF|

For inverting amplifier stage, let R=1K Q

Ry =10R; =10 KQ|
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Butterworth Filters

Butterworth High-Pass Filter

| Second order High-p

ass filter form

R1
C C p PVo 2
S

i H(s)= ——
V? R2 s sz+b13+1

| The transfer function of the circuit | | Setting C=1F |

v 2 2
H(s)=~2= S H(s)= Yo _ S
Vio2, 2 1 Vio2, 2 1
%+ S+ > s“+—s+
RZC R1R2C Rz R—]Rz
b, 2 : 1 | Example : Second order Butterworth filter

R
2 Rife] [(s2 4 25 +1) RZ:%=1.41Q

R=——07070
Ro
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Butterworth Filters

Example

Second order Butterworth High-pass filter with cutoff
frequency 1KHz gain 10. Use 0.1uF capacitor

| From the Butterworth polynomial table

| [(s2 425 +1)

We need a second order filters and an inverting amplifier circuit

for gain 10
b1:i 1:L R2:£:1.41Q R1:i:0.707§2
) RiRy V2 Ry
| Frequency scaling factor f =1000 Hz | ke = 1 “’g/ — 271000 = 6283.2
rad/s

To have C=0.1uF, magnitude scaling factor

C 1

Ky = ——— = - =1591.5
C'k  0.1107%)6283.2

New R Values

Ry = kRy =1591.5 (0.707) = 1125 Q

Ron = kpRp = 15915 (1.41) = 2244 Q|
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Butterworth Filters

Example (Cont) : |

For inverting amplifier stage, let R=1K Q

IRr =10R; =10 KQ|

Finally, we have

Vo _

H(s) Vi

+
R;R,C?

Ry
)

Ri=1125Q| [R;=1KQ|
IRy =2244 Q| |Ry =10 KQ|
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Butterworth Filters

Example (Cont) : |

-5

>>
>>
>>
>>
>>
>>
>>
>>
H=

>>
>>
>>

]
0

10°
FlHz]

>>
>>

“G) o
Rf/R1i) ;

R1=1125;
R2=2244;
C=0.le-6;
Rf=10000;
Ri=1000;
£=100:1:10000;
w=2*pi*f;

(3*w) .22,/ ((3*w) . ~2+2./ (R2
*gkw+l./ (RI¥R2*C 2) ) * (-

A=20*10gl0 (abs (H)) ;
semilogx (f,A);
grid on;
xlabel ('F[Hz

1)
ylabel ('|H(jf) | dB'")

ECE 307-11 19

Butterworth Filters

R1
1125

| Orcad :

/(1.0050K, 708. 510m)
|/ (10050

100Hz 300Hz
o V(VI:+) o V(UI: OUT)

1. 0KHz 3. 0KHz 10KHz

Frequency
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