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Active Filters

AF150 Universal Wideband Active Filter

General Description

The AF150 wide band active filter is a general second
order lumped RC network. Only four external resistors
are required to program the AF150 for specific second
order functions. Low pass, high pass and band pass
functions are available simultaneously at separate out-
puts. Notch and all pass functions can be formed by
summing the outputs with an external amplifier. Higher
order filters are realized by cascading AF150 active
filters with appropriate programming resistors.

Any of the classical filter configurations, such as Butter-
worth, Bessel, Cauer and Chebyshev can be formed.

Features

® Independent Q, frequency, gain adjustments

® Low sensitivity to external component variation

m Separate low pass, high pass, band pass outputs

® [nputs may be differential, inverting or non-inverting
B All pass and notch outputs may be fo_rmed

® QOperates to 100 kHz

® Q range to 500

8 Power supply range 5V to £18V
® High accuracy +1% unadjusted
s Q frequency product 23 109

Connection Diagram
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Ceramic Dual-in-Line Package HY 13A
AF150-1CJ
AF150-2CS

*Note: Internally connected. DO NOT USE.
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AF150

Absolute Maximum Ratings

Supply Voltage
Power Dissipation (Note 1)

+18Vv

900 mW/Package (500 mW/Amp)

Differential Input Voltage +36V
Output Short-Circuit Duration (Note 1) Infinite
Operating Temperature —25°C to +85°C
Storage Temperature —25°C to +100°C
Lead Temperature (Soldering, 10 seconds) 300°C

Electrical Characteristics Specifications apply for Vg = 15V, over —25°C to +85°C unless otherwise specified.

SYMBOL PARAMETER CONDITIONS MIN TYP MAX UNITS
Frequency Range fexQ<2x 105 100k Hz
Q Range fexQ<2x 108 500 Hz/Hz

fo Accuracy
AF150-14 foxQ<5x10%, Ta = 25°C 2.5 %
AF150-2J fox Q< 5x 104, Ta =25°C +1.0 %
Afo/AT fo Temperature Coefficient +50 +150 ppm/°C
Q Accuracy fox Q< 5x 104, Tp = 25°C +7.5 %
AQ/AT Q Temperature Coefficient +300 | +750 ppm/°C
PSRR Power Supply Rejection Ratio 80 100 ' dB
CMRR Common-Mode Rejection 86 100 ‘ ‘ dB
los Input Offset Current Tj=25°C 3 50 pA
B Input Bias Current Tj=25°C 30 200 pA
Vem Input Common-Mode Voltage Range | Vg = %15V +11 +12 , \
Is Power Supply Current Vg=+16V, Tp =25°C 15 30 mA

Note 1: Any of the amplifier’s outputs can be shorted to ground indefinitely; however, more than one should not be simultaneously shorted as the

maximum package power dissipation will be exceeded.

Applications Information
CIRCUIT DESCRIPTION AND OPERATION
A schematic of the AF150 is shown in Figure 1.
Amplifier A1 is a summing amplifier with inputs from
integrator A2 to the non-inverting input and integrator

A3 to the inverting input.

By adding external resistors the circuit can be used to
generate the second order transfer function:

24+ a0s+

ags azsta
T(s) = 3 2 1
S2+b25+b‘|

The denominator coefficients determine the complex
pole pair location and the quality of the poles where

wp = Vb1 = the radian center frequency

o .
Q = b—g = the quality of the complex pole pair
2 .

If the output is taken from the output of A1, numerator
coéfficients aq and a2 equal zero, and the transfer func-
tion becomes:

ag 52 |
T(s) = (high pass)

w
24 — 5+ we2
Q

If the output is taken from the output of A2, numerator
coefficients a1 and a3 equal zero and the transfer func-
tion becomes:

ags

T(s) = (band pass)

w
24 254 wo2
Q
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Applications Information (continued)
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FIGURE 1. AF150 Schematic

If the output is taken from the output of A3, numerator
coefficients a3 and ap equal zero and the transfer func-
tion becomes:

al
T(s}) = ————m————— {low pass)

w
24— 5+ wo2
Q

Using an external op amp and the proper input and
output connections, the circuit can also be used to
generate the transfer functions for a notch and all pass
filter.

In the transfer function for a notch function ap becomes
zero, a{ equals w,2 and a3 equals 1. The transfer func-
tion becomes:

524 wy2
Ts) = —m———— (notch)

w
2+ —2 5+ g2
Q

In the all pass transfer function a3 =1, ap = —w/Q and
a1 = we2. The transfer function becomes:

Wo
2 —— s+wg2

T(s) = —m———— {all pass)

w
2+ —2 5+ w2
Q

The relationships between the generalized coefficients
and the external resistors will be found in the appendix.
It is not, however, necessary to use these theoretical, if
not “messy’’, equations to solve for the proper external
resistor values. In general, it is assumed that the user
has knowledge of the frequency and Q of the specific
filter he is designing. For higher order filters of various
types, the reader is directed to any of the available
texts on filters (see bibliography) for information and
tables concerning the location of the poles and zeros.
Once the specifics of the filter are found from the tables,
it issimply amatter of cascading the sections with proper
attention to some general guidelines which are included
later in the application section.

‘The following discussion gives a step-by-step procedure
for designing filters with several examplesgiven for clarity.

FREQUENCY TUNING

Two equal value frequency setting resistors are required
for frequencies above 1 kHz. For lower frequencies, T

" tuning or the addition of external capacitors is required.
Using external capacitors allows the user to go as low in
frequency as he desires. T tuning and external capaci-
tors can be used together.

Two resistor tuning for 1 kHz to 100 kHz

228.8 x 108
Rf=——————— Q (1)
fO

R¢
3 14

AF150
]IJ. |7

R

FIGURE 2. Resistive Tuning

GRAPH A. Resistive Tuning .

1000 —
g N
= 00 sN
I
4 1T aee |
<
&
4 N
T o £3 A
&
1
100 T 10k 100k

fp ~ FREQUENCY (Hz}
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Applications Information (continued)
T resistive tuning for fo < 1-kHz

RT2 .
Rg= — (2)
Rf—2RT

R¢ from equation 1. ‘

AF150

3 T 13 7
b3 Ry R Ry
Rs Rs

FIGURE 3. T Tuning

A

GRAPH B. T Tuning

100k E%"
T

i i
= T T 1|
El RT = 100k
B 0k = =
s =
% fil T
E / / T
< =
[} RT, k =z===z:
&

FREQUENCY (H2)
If external capacitors are used for fo < 1 kHz, then
equation 3 should be used.
0.05033

Rf= ———————— 3
f fo (C+220x 10~12) @

—I— <
— C e Rf
A g
>
:, af o c
3 1 13 7 ls

AF150

FIGURE 4. Low Frequency RC Tuning

Q DETERMINATION

Setting the Q requires one resistor from either pin 1 or
pin 2 to ground. The value of the Q setting resistor
depends on the input connection and input resistance as
well as the value of the Q. The Q will be inversely pro-
portional to the resistance from pin 1 to ground and
directly proportional to resistance from pin 2 to ground.

NON-INVERTING CONNECTION*

To determine the Q resistor, choose a value of input
resistor, RN, (Figures 5 and 6) and calculate QmN
(graph C). :

If the Q required in the circuit is greater than QMIN,
use the circuit configuration shown in Figure 5§ and
equation 4 to calculate RQ, the Q resistor. If the Q of
the circuit is less than QpN. use the circuit configura-
tion shown in Figure 6 and equation 5.

*The discussion of “non-inverting’ and “inverting’’ has to do
with the phase relationship between the input port and the
low pass output port. Refer to Figure 1 for other output port
phase relationships.

GRAPH C. Opmine
Non-Inverting Input

108 = o
\
104 S=s
2 + t
< N Oyiy
103
. 1
102 - ’
0.1 1.0 10 100
Q
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Applications Information (continued)
For Q> QN in non-inverting mode:

104
RQ = ——————F— Q - (4)
3.480 -1 — ——
RIN
Rin .
+ AF150

FIGURE 5. Q Tuning for @ > Qpm N,
Non-Inverting Input

GRAPH D. Rq for @ > Qpyn,
Non-Inverting Input

10k - -
S SE S Ry = 10k S
\ i\ Y " 1
\ A1
AT T
Ryy = 1%
1k :HIN: 00k¥ 8, el
E 1l
&
\
100 £t
10
0.1 1 10 ©100
Q

For Q < QpN in non-inverting mode:

2x 103

Ra=

AF150

Rg

FIGURE 6. Q Tuning for Q <'QM|N,
Non-Inverting Input
GRAPH E. Rq for Q < OQpq N,
Non-Inverting Input
100k

]
e

10k

i
i

Rg ()

=
HE

100

0.01 0.1 1.0 10

INVERTING CONNECTION*

For any Q in inverting mode:

. 104 o "
e 2x 103 )
3.16Q {11+ —) -1
- RN
Rin 2
O AAA— —
) AF150
L
Ra

FIGURE 7. Q Tuning, Inverting Input

GRAPH F. Q Tuning,
Inverting Input

100k
=
il
10k et
B T Ry = 20k
::a l A% N
YIRS
3
\
100
0.1 1 10 100

*The discussion of “‘non-inverting’’ and “inverting’’ has to do
with the phase relationship between the input port and the
fow pass output port. Refer to Figure 7 for other output port
phase relationships. ’

DESIGN EXAMPLE
Non-Inverting Band Pass Filter

Center frequency 38 kHz = fy, 10 Hz/Hz = Q, 10k =

RIN.
Ry
6020 v
w |14 I3 TA
10k 2
INPUT v
AR150 S
' 1
Rg 12 7 13 =
0 l_ ouTPUT
= v Ry
6020
Using equation 1
228.8 x 108
Rf =———— Q
fo
228.8 x 106
Rf = —————=— = 6020Q
38x 10
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Applications Information (continued)

Using equation 6

104
RQ = Q

2x103
316Q. [1.1+ —) —1
RIN

Rq = 25092

From equation 33, the center frequency gain is found to
be 6.3 V/V (16 dB). If the center frequency gain is to be
adjusted, equation 33 can be solved for RQ in terms of
R)N and this substituted into equation 6 to find the
required R and Rq.

NOTCH FILTERS

Notches can be generated by two simple methods:
using RC input (Figure 8) or low pass/high pass summing
(Figure 9). The RC input method requires adding a
capacitor to pin 14 and a resistor connects to pin 7. The
summing method requires two resistors connected to
the low pass and high pass output.

The difference between the two possible methods of
generating a notch is that the capacitor connection
requires a high quality precision capacitor and the gain
of the circuit is difficult to adjust because the gain and
zero location are both dependent on Cz and Rz. The
amplifier summing method requires 3 precision resistors
and an external operational amplifier. However, the gain
can be adjusted independent of the notch frequency.

For input RC notch tuning:

2
CzRix10'2 /1,
Rzg=—2"—— (2 Q {7)
220 1,

fz = frequency of notch {zero location)

AF150 : 2 _oouteur

lﬂ 7
<

tz SRz

INPUT O L 4

FIGURE 8. Input RC Notch

GRAPH G. Input RC Notch

10 SSE8 ﬁ
A
1| Ay SR E R
AT
tz=¢C
[ ==-==: ey
w
3
N il
0.1 H
Vi
0.01
0.1 1 10 100
foltz

For the low pass/high pass summing technique,

()%
Rh=|— —
fo 10

AF150 -
—0
: Lp

FIGURE 9. Output Notch

GRAPH H. Output Notch

10 =

Ry/RyL
N

0.1 =EE

(8)

0.01

fz/fg
DESIGN EXAMPLE
19 kHz notch using RC input.
Center frequenc;/ 19kHz fq ”

Zero frequency 19kHz fz
20 Q

vt Vo

| A

AF150
146
-1 14 3 7 13
- o—A/wJ q

Ry Ay
Cz=t— 12,04k 12,04k

INPUT
Rz
1204k

QUTPUT
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Applications Information (continued)

Using equation 1:

228.8 x 106
Rf=——— 0
fo
Re= 12,0400
Using equation 4 with Ry = oo:
o 104 o
Q. 104
348Q-1— —
RIN
RQ = 14682

Using equation 7:

2
CzREx 1012\ /¢

e (EH) () e
220 f;

Rz = 12,0400
DESIGN EXAMPLE

19 kHz notch using low pass/high pass summing

Center frequency 19 kHz fg
Zero frequency 19 kHz fz
20 Q

Using equation 1:

228.8 x 106
Rf= _
fO

R¢ = 12,0400
Using equation 4, choose RN = 10 k€2:

104 o
Ra= 104
3480 —-1—- —
RIN

Rq = 1480
Using equation 8:

fz\2 R
Rp - (1) AL
fo 10

Choose R|_= 20k, then R = 2k

v+
Ta 14

R¢
12,040

TRIALS, TRIBULATIONS AND TRICKS

Certainly, there is no substitute for experience when
applying active filters, working with op amps or riding
a bicycle. However, the following section will discuss
some of the finer points in more detail, and hopefully
alleviate some of the fears and problems that might
be encountered.

TUNING TIPS

In applications where 2 to 3% accuracy is not sufficient
to provide the required fitter response, the AF 150 stages
can be tuned by adding trim pots or trim resistors in
series or parallel with one of the frequency determining
resistors and the Q determining resistor.

When tuning a filter section, no matter what output
configuration is to be used in the circuit, measurements
are made between the input and the band pass (pin 13)
output. .

Before any tuning is attempted the low pass (pin 5)
output should be checked to see that the output is not
clipping. At the center frequency of the section the low
pass output is 10 dB higher than the band pass output
and 20 dB higher than the high pass. This should be kept
in mind because if clipping occurs the results obtained
when tuning will be incorrect.

Frequency Tuning

By adjusting the resistance between pins 7 and 13 the
center frequency of a section can be adjusted. If the
input is through pin 1 the phase shift at center fre-
quency will be 180° and if the input is through pin 2
the phase shift at center frequency will be 0°. Adjusting
center frequency by phase is the most accurate but
tuning for maximum gain is also correct.

Q Tuning

The Q is tuned by adjusting the resistance between
pin 1 or pin 2 and ground. Low Q tuning resistors will be
from pin 2 to ground (Q < 0.6). High Q tuning resistors
will be from pin 1 to ground. To tune the Q correctly,
the signal source must have an output impedance very
much lower than the input resistance of the filter since

Ry GAIN
2 10k

INPUT AF150

>
>

<

<

<
@

p—C QUTPUT

nlﬂ |7 l

V-

Rf
12,040

3
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Applications Information (continued)

the input resistance affects the Q. The input must be
driven through the same resistance the circuit will see to
obtain precise adjustment.

The lower 3 dB (45°) frequency, f|_, and the upper 3 dB
(45°) frequency, fH, can be calculated by the following
equations: .

2
. (1 ) 1 (Fo)
= — + — + x
H "\ 2a 20 °
2
1 1
e\ M)t m)

where fg = center frequency

When adjusting the Q, set the signal source to either fH
or fi_ and adjust for 45° phase change or a 3 dB gain
change.

Notch Tuning

If acircuit has a jw axis zero pair the notch can be tuned
by adjusting the ratio of the summing resistors (low
pass/high pass summing) or the input resistance (input
RC).

In either case the signal is connected to the input and
the proper resistor is adjusted.for a null at the output.

Special Cases

When using the input RC notch the unit cannot be tuned
through the normal input so an additional 100k resistor
can be added at pin 1 and the unit can be tuned normally.
Then the 100k input resistor should be grounded and
the notch tuned through the normal RC input.

An alternative way of tuning is to tune using the Q
resistor as the input. This requires the Q resistor be
lifted from ground and connecting the signal source to
the normally grounded end of the Q resistor. This has
the problem that when the Q resistor is grounded after
tuning, its value is decreased by the output impedance of
the source. This technique has the advantage of not
requiring an additional resistor.

TUNING PROCEDURE
Center Frequency Tuning

Set oscillator to center frequency desired for the filter

section, adjust amplitude and check that clipping does
not occur at the low pass output pin 5.

Adjust the resistance between pins 13 and 7 until the
phase shift between input and band pass output is 180°.

Q Tuning

Set oscillator to upper or lower 45° frequency (see
tuning tips) and tune the Q resistor until the phase
shift is 135° (upper 45° frequency) or 225° (lower 45°
frequency).

Zero Tuning

Set the oscillator output to the zero frequency and
tune the zero resistor for a null at the output of the
summing amplifier.

FILTER DESIGN

Since most filter tables are in terms of a normalized
low pass prototype, the filter to be designed is usually
reduced to a low pass prototype. After the low pass
transfer function is found, it is transformed to obtain
the transfer function for the actual filter desired. The
low pass amplitude response which can be defined by
four quantities, defined below:

Low Pass Response

Awin | h

fe fs
LOG FREQUENCY

3._”..
>
S

»

GAIN {d8}

AMAX = the maximum peak-to-peak ripple in the pass

band
AMIN = the minimum attenuation in the stop band
fc = the pass band cutoff frequency
fs = tHe stop band start frequency

By defining these four quantities for the low pass
prototype the normalized pole and zero locations and
the Q (quality) of the poles can be determined from
tables or by computer programs.

To obtain the high pass from the low pass filter tables,
AMAX and Ap|N are the same as for the low pass case,
but fg = 1/fp and fg = 1/fq.
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Applications Information (continued)

High Pass Response

4
-

Amax

Amin

f1 12

To obtain the band pass from the low pass filter tables,
AmAX and ApiN are the same as for the low pass case,
but:

f5 —f1
fs =
fq —f2

where f3 = \/f1 « fg = \/fo+ f4 i.e., geometric sym-
metry

fe=1

f5 — f1 = AMIN bandwidth
f4 — f2 = Ripple bandwidth

Band Pass Response

Amin Pf/\

12 1 18 15

To obtain the notch from the low pass filter tables,
AmaXx and ApmN are the same as for the low pass case
and

f5 —f1
fq4 —f2

where f3 =+/f1 * fg= +/f2 * f4

fo=1, fg =

Notch Response

i
e
Amax

Amin

112 13 14 15

Normalized Low Pass Transformed to Un-Normalize
Low Pass :

The normalized tow pass filter has the pass band edge
normalized to unity. The un-normalized low pass filter
instead has the pass band edge at fc. The normalized and
un-normalized low pass filters are related by the trans-
formation s = sw¢. This transforms the normalized
pass band edge s = j to the un-normalized pass band
edge s = jwe.

Normalized Low Pass Transformed to Un-Normalized
High Pass

The transformation that can be used for low pass to high
pass is S = wg/s. Since S is inversely proportional to s,

the low frequency and high frequency responses are
interchanged. The normatized low pass 1/{S2 + S/Q + 1)
transforms to the un-normalized high pass:

§2

w
24 S5+ o2
Q

Normalized Low Pass Transformed to Un-Normalized
Band Pass

The transformation that can be used for low pass to
band pass is:

s2+ w°2

BW *s

where woz is the center frequency of the desired band
pass filter and BW is the ripple bandwidth.

Normalized Low Pass Transformed to Un-Normalized
Band Stop (Or Notch)

The bandstop filter has a reciprocal response to a band
pass filter. Therefore, a bandstop filter can be obtained
by first transforming the low pass prototype to a high
pass and then performing the band pass transformation.

SELECTION OF TRANSFER FUNCTION

The selection of a function which approximates the
shape of the response desired is a complicated process.
Except in the simplest cases, it requires the use of tables
or computer programs. The form of the transfer function
desired is in terms of the pole and zero locations. The
most common approximations found in tables are
Butterworth, Chebychev, Elliptic and Bessel. The
decision as to which approximation to use is usually a
function of the requirements and system objectives.
Butterworth filters are the simplest but have the dis-
advantage of requiring high order transfer functions to
obtain sharp roll-offs. :

The Chebychev function is a min/max approximation
in the pass band. This approximation has the property
that it is equiripple which means that the error oscillates
between maximums and minimums of equal amplitude
in the pass band. The Chebychev approximation, because
of its equiripple nature, has a much steeper transition
region than the Butterworth approximation.

The elliptic filter, also known as Cauer or Zolotarev
filters, are equiripple in the pass band and stop band and
have a steeper transition region than the Butterworth or
the Chebychev. .

For a specific low pass filter three quantities can be used
to determine .the degree of the transfer function: the
maximum pass band ripple, the minimum stop band
attenuation, and the transition ratio (tr = ws/wc).
Decreasing ApmaX, increasing ApjIN. or decreasing tr
will increase the degree of the transfer function. But for
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Applications Information (continued)

the same requirements the elliptic filter will require
the - lowest order transfer function. Tables and graphs
are available in reference books such as ‘’Reference
Data for Radio Engineers’”, Howard W. Sams & Co., Inc.,
5th Edition, 1970 and Erich Christian and Egon Eisen-
mann, “Filter Design Tables and Graphs”, John Wiley
and Sons, 1966.

For specific transfer functions and their pole locations
such text as Louis Weinberg, ““Network Analysis and
Synthesis”’, McGraw Hill Book Company, 1962 and
Richard W. Daniels, ‘“Approximation Methods for Elec-
tronic  Filter Design’’, McGraw-Hill Book Company,
1974, are available.

DESIGN OF CASCADED MULTISECTION FILTERS

The first step in designing is to define ;he response

_required and define the performance specifications:

" 1. Type of filter:

Low pass, high pass, band pass, notch, all pass
2. Attenuation and frequency response
3. Performance

Center frequency/corner frequency plus tolerance

and stability

Insertion loss/gain plus tolerance and stability

Source impedance

Load impedance

Maximum output noise

Power consumption

Power supply voltage

Dynamic range

Maximum output level

Second step is to find the pole and zero location for
the transfer function which meet the above require-
ments. This can be done by using tables and graphs or
network synthesis. The form of the transfer function
which is easiest to convert to a cascaded filter is a
product of first and second order terms in these forms:

First Order

Second Qrder
K K
(low pass)
s+ wr 2 wg 5
§¢ + — s+ Wg
Q
Ks Ks2
{high pass)
s+ wr 2 2
s¢+ ~— s+ wg
Ks

(band pass)

w
2+ —2 5+ w2
Q

K(52 + Cn)zz)
—_— {notch)

w
52+—Os+w02
Q

Wo
2 _ s+ wal
s s+ w
o o
(all pass)
w,
2+ 24+ wel
Q

Each of the second order functions is realizable by using
an AF150 stage. By cascading these stages the desired
transfer function is realized.

CASCADING SECOND ORDER STAGES

The primary concern in cascading second order stages
is to minimize the difference in amplitude from input to
output over the frequencies of interest. A computer
program is prohably required in very complicated cases
but some general rules that can be used that will usually
give satisfactory results are:

1. The highest Q pole pair should be paired with the
zero pair closest in frequency.

2. If high pass and low pass stages are cascaded, the low
pass sections should be the higher frequency and high
pass sections the lower frequency.

3. In cascaded filters of more than two sections, the
first section should be the section with Q closest
to 0.707 and then additional stages should be added
in order of least difference between first stage Q and
their Q.

DESIGN EXAMPLES OF CASCADE CONNECTIONS

Example 1.

Consider a 4th order Butterworth low pass filter with a
10 kHz cutoff (—3 dB) frequency and input impedance
> 30 k2.

From tables, -the normalized filter parameters are: ‘

F1=1.0
F2=1.0

Q1 =0.541
Q2 = 1.306

Thus, relative to the design required

F1=(1.0){10 kHz) = 10 kHz
F2=(1.0){10 kHz) = 10 kHz

Section 1

F=10kHz, Q= 1.306

228.8 x 108

Rf= ——— Q (Using equation 1)
fo - ‘
Ry = 22,8809

Select input resistor 31.6 k2

104
o
IN
Q =
MIN 3.48
QmN = 0:378
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Applications Information (continued)
Thus, Q> QN

Therefore:
R 1ot Q (Usi ion 4)
= — sing equation
Q 104 geq
3480 -1—- —
RIN
Rq = 309702
First Stage
22.88k
14 3
Riy
31.6k 1
INPUT AF150 tP [=—0 ouT
Ry
3097
7 13
- 22,88
Section 2

fo =10k, Q= 0.541
Since fo is the same as for the first section:
Rf =22.88 kQ2

Select RN = 31.6 kQ

R¢ 10 Q
a 104
3480 -1 - ——

RiN

(Using equation 4)

RQ = 17,6615

Complete Filter, Example 1

INPUT 22.88K
7 13
316k
! AF150 5
SECTION 1 My
3097
3
L a2 |M
22.88k
7 1
1 AF150 S
SECTION 2 [—"0 outpuT
17,66k
3 10

22.88k

Example 2.

Consider the design of alow pass filter with the following
performance:

fo = 10 kHz
fs =11 kHz
AMAX =1dB
AMIN =40 dB

It is found that a 6th order elliptic filter will satisfy the
above requirements. The parameters of the design are:

STAGE fo (kHz) Q fz (kHz)
1 5.16 0.82 29.71
2 8.83 3.72 13.09
3 10.0 20.89 11.15
Stage 1

- a) From equation 1, RF is found to be 44.34k
b) From equation 4, RQ is found to be 11.72k, assuming
RN (arbitrary) is 10 k2.

To create the transmission zero, f, at 29.71 kHz, use
equation 8.

2\2 RL 29.71\2 R
Rh={—) —,orRh={—] —
fo/ 10 516/ 10

Thus,

Rh=3.315 R

If Ry is arbitrarily chosen as 10 k2, Ry = 33.15k.

Thus, the design of the first stagé is:

R Rp
INPUT 4834k . 3305
14 3
RN
10k
1 5
AF150
Ro R
1172k A
| 7 IIJ 10
Rf

44834k
o T0 SECOND
STAGE

where the feedback resistor, R, around the external op
amp may be used to adjust the gain.
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Applications Information (continued)

Stage 2

The second stage design follows exactly the same proce-
dure as the first stage design. The results are:

Stage 3

The third stage design, again, is identical to the first
2 stages and the results are (for Ryy = 10k):

, 228.8 x 106
a) From equation 1, Rf = 25.91k Rf = ———— = 2286k
b) From equation 4, Rq = 913.6%2, again assuming Ry °
is arbitrarily 10k. . 104
Ra= ————————75;=14L4Q
‘ 2 348Q-1-— —
13.09 \ Ry RIN
c) Rh={ —— ) —or Ry =0.22 R :
8.83 / 10 2 2
f2\"RL 11.5\° RL
h=l—}) —=—) — Rh=0.124 R
. . fo/ 10 10 10
Selecting R = 10k, then Rp = 2.2k, the second stage
design is shown below. Let R =20k, Rp = 2.48k
Second Stage
' Ry ¢ A R
25.91k 2.2k {10k)
14 3
i '
INPUT FROM 1 AF150 S
1ST STAGE
N N o
9138
7 13 =
= I_'\Anfm_-l
2691k
Filter for Example 2
R
INPUT 44.34k 3315k (2.6k) 2591k e (“1}2")
14 3 A AAA-
106 14 3
! AF150 S AAA—e—> 10k . 5
10k A AMAN—§- AF150 AN D
1.2 p 10k A
3 o 9135 b
- l—w—l - 7 13 =
48.34x -
2591k
R3
22.88K 2.48k 13220
14 3
10K : 5
AF150 f=AAA~—e
B } p
1414
O

Note 1: Select R1, R2, R3 for desired gain.
Note 2: All amplifiers LF356.

- 0UTPUT

22.88k
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>
m
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o

From equation 13, the DC gain of the first section is Similarly, the DC gain of the second and third sections
are:
1
Ayl = ——————— , )
. RIN RN - Ay2=0.850
104 Ra Ay3=0.151
B 1 B Therefore, the overall DC gain is 0.495 and can be
Avi= 104 104 =3.86 VIV adjusted by selecting R1 with respect to 10k, R2 with
1+ respect to 10k or R3 with respect to 20k.

R U —
104 11.72x 103

For convenience, a standard resistor value table is given below.

Standard Resistance -Values are obtained from the Decade Table by multiplying by multiples of 10. As an example, 1.33 can
represent 1.33%2, 13392, 1.33 k2, 13.3 k2, 133 k2, 1.33 MQ.

Standard 5% and 2% Resistance Values

OHMS OHMS OHMS | OHMS OHMS OHMS OHMS OHMS OHMS OHMS QHMS MEGOHMS
10 27 68 180 470 1,200 3,300 8,200 22,000 [ 56,000 150,000 0.24 0.62
1 30 75 200 510 1,300 3,600 9,100 24,000 | 62,000 160,000" 0.27 0.68
12 33 82 220 560 1,500 3,900 10,000 27,000 | 68,000 180,000 0.30 0.75
13 36 91 240 620 1,600 4,300 11,000 30,000 175,000 200,000 0.33 0.82 ,
15 39 100 270 680 1,800 4,700 12,000 33,000 | 82,000 220,000 0.36 0.9
16 43 110 300 750 2,000 5,100 13,000 36,000 | 91,000 0.39 1.0
18 47 120 330 820 2,200 5,600 15,000 39,000 } 100,000 0.43 N
20 51 130 360 910 2,400 6,200 16,000 43,000 | 110,000 0.47 1.2
22 56 150 390 1,000 2,700 6,800 18,000 47,000 | 120,000 0.51 1.3
24 62 160 430 1,100 3,000 7,500 20,000 51,000 | 130,000 0.56 1.5

Decade Table Determining 1/2% and 1% Standard Resistance Values

1.00 21 1.47 1.78 2.15 2.61 3.16 3.83 4.64 5.62 6.81 8.25
1.02 1.24 1.50 1.82 2.21 2.67 3.24 3.92 4.75 5.76 6.98 8.45
1.05 1.27 1.54 1.87 2.26 274 3.32 4.02 4.87 5.90 7.15 8.66
1.07 1.30 1.58 1.9 2.32 2.80 3.40 4.12 4.99 6.04 7.32 8.87
1.10 1.33 ©1.62 1.96 2.37 2.87 3.48 4.22 5.11 6.19 7.50 9.09
1.13 1.37 1.65 2.00 2.43 2.94 3.57 4.32 5.23 6.34 7.68 9.31
1.15 1.40 169 2.05 2.49 3.01 3.65 4.42 5.36 6.49 7.87 9.53
1.18 1.43 1.74 2.10 2.55 3.09 3.74 453 5.49 6.65 8.06 9.76
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Appendix (See footnote)

The specific transfer functions for some of the most eg 1
useful circuit configurations using the AF150 are iflus- ol 50 = TV (DC Gain) (13)
trated in Figures 10 through 16. Also included are the éIN| ¢ (1 + PN + __'_’1)
gain equations for each transfer function in the fre: 104 Ro
quency band of interest, the Q equation, center frequency
equation and the Q determining resistor equation.
QmIN is a function of RN (see graph C). . eh 1.1
—_ = —— (High Freq. Gain) (14)
ML e (1_“'_me) »
104  Rq

a) Non-inverting input (Figure 10).transfer equations are:

1.1

€h
- RiN R RIN — ~ = - {Center (15)
eh 104 Ra CIN | @@= @g Freq. Gain)
—_—= (high pass) (9)
eIN A
1012 1012
1.1 w1= ——— ) Y —
SO TR R " TRy 220 2" Ry - 220
RIN | RIN
14 — + —
ep 104 Ra - where
—_— = _ (band pass) (10)
éIN A wp = V0.1 wiwy, (see footnote)
ey 1.1 )
= wywy [————
eIN RIN _ RIN - 104 10 A
1+ —104+—R 1+_R + —
Q, . R C W
{low pass) (11) =\ —N_"Q Vv 0.1 (.l) (16)
A 1.1 w1
h
where ' Y
= 7
2 1.1 , Ra 110 104 an
A=st+s | w1+0.1wiw2 (12) —F—\ =
104 | 104 w2 RIN
1+ 24 01 “2
Ra RN e
o .
W om it
% Ap* szu;F R vak
z VWA AAA {F AMA I |__.
O > A
A1 . p p A3
iy O-AAA~—E ) P
AN
o= A
>
:: Rg*
24 JU’h 110% SJ‘L'i
HIGH PASS BAND PASS LOW PASS
*External components
FIGURE 10. Non-l;rvening Input (Q > Qpqin)
FOOTNOTE:
It should be noted that in the text of this paper, w1 and design. However, for completeness, the equations giveri
w2 have been assumed equal, and hence R¢1 = Rf2. No are exact.

generality is lost in this assumption and it facilitates the
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Appendix (Continued) N
b) Non-inverting input (Figure 11) transfer equations are: 2x103 g
e R
, l RQ (22)
e s>
L, X0 IN 01(1+1(')':)
2 | __Ra
1+ PN 2x 103
eh 104 +
= ——  — ~ \(high pass) (18) eh . Ra
eIN A — = — (23)
eIN | 5> - RiN
104
2x 103
11+ 104
: Ra 1+ T
-swy | —mmm— €b ' IN
BRI -~ T T Am (24
— w = W
eb 104 N ° 1+
2 = (band pass)  (19) 104
eIN 4
1012 : 1012
1 R 220 27 Ry, - 220
2% 103 f1 f2
11+ —
Ra
Wi —_— =
1w2 1 RIN wp= v 0.1 wiw2
eg 104 104 .
= ~ (low pass) (20) T+ —
eIN A RIN / w2
Q= —_— 7 0.1 — (25)
2x 10 w1
1.1+
where Ra
7
2% 103 2x10
14+ 2% a (26)
2 RQ 104 w?
A=s¢+s5wq |—————| + 0.1 wiwya (21) T+ — 0.1 —
104 o RIN wp | -1
14— _—
RIN Q
?1 0" 07
20k
AAA—
énu» 2 R"* 220 pF Rﬂ* 220 pF
1 S—AAN AAA/ | VAA- | b
AN p , p
IN O~AAA~ '
C‘ A"Au"" m
19 5
O'th Ot 5
HIGH PASS BAND PASS ~ LOW PASS
*External corﬁponents
FIGURE 11. Non-Inverting Input {Q < Qpyn)
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Appendix (Continued)

c) Inverting input (Figure 12) transfer function equations R 2 x 104
are: =8 = {low pass) (DC gain) (31)
3 eIN | 50 RIN
2 2x 10
e eh 2x 103 ) .
eh RIN (high pass) (27) —_ = — ——— (high pass) (high freq. gain)  (32)
‘W_ A Igh pass . eIN | s> o0 RIN
3 4 ’
% 103 2x 10 10
s w1 e R R
L PN/ thand pass) o8 e - — 3 2 toand pass) (33)
‘:IK ) thand pass €N | w=uwp 1 +ﬂ (center freq. gain)
RIN
2x 103
—Ww1w2 . wo=v 0. 1w wy |
eq RIN: . 0 1wW2
— = —— 7 (lowpass) - (29) 4
eIN 1+10
. R %)
1= 1012 wa- 1012 a-= ?04 01 22 (34)
Rgp - 220 Ry - 220 114 — “n
RIN
where )
104
2x 103 Ra= {35)
1.1+ a 03
=2 Rin 1+ 2x ! -
A=5sc+5 0w i +0.1w1 w2 (30) /0.1 w2 RIN
1+ — w1
Ra
OM 07
A

— 3
S

>

R
-~
S
5
I %

\/

eh
HIGH PASS

*
External components
FIGURE 12

b [oX]
BAND PASS LOW.PASS

. Inverting Input, Any Q
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n
o
d) Differential input (Figure 13) transfer function equa-
tions are:
5 (2 103
s = .
e RINg ‘ wp=+v0.1w1 w2 (40)
LI SV (high pass) " (36)
eIN A
] 104 104
3 — t ——
s 2x 10 0- Rq RIN1 @)
e R 3
b . IN2 {band pass) (37) 1+ 2x10
eI A RIN2
2x 103 104
wiw? RA =
ey RIN?2 Q Q (42)
—_— ey T4 (low pass) (38) _ 2x 103 104
eIN A . w 1+ -1- —
. 01 22 RIN2 RINT
1012 1012 w1
W= ————, Wy —————
Rf1 - 220 Rf2 * 220
where
2x 103
. 1.1+ =
IN2
A=s2+sw +0.1 wiwy (39)
! 104 104 12
1+ — +
Ra RNt
2 Qi e <r1
A
220 pF * 220 pF
I Re | Rz |
. W W i p
Rin2
O—"W\V A
""{ Ring* Al b p p 4
O=AAN b2
1 _mk -
o~ —AAA
>
E
3 13 5
= HIGH P:hss BANI?P:SS mw‘én'ss
*External components
FIGURE 13. Differential Input
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Appendix (continued)

e) Notch filter (Figure 14) transfer function equations

are: " on v 1 Rg .
. _— = — (DC gain) (46)
(s2 + w32) RIN. RIN.|— €IN |s—>0 RIN Rin RL
+ — '+ — |Rp 1+ — T =
en 104 R 10 Ra
— = (45)
e‘N 1.1
$2 45 w1 104 . 104 0 \
+ — + —— | +0.1wiw?
e 1.1 R
Ra RiN - = ] (high freq. gain) (47)
eIN [5-> o0 (1+ RN, _RI_N>Rh
1012 1012 ) 104  RqQ
wl= , W2 = rwp= VvV 0.1Twiw
! R“ + 220 2 Rf2 * 220 0 1w2
e .
. /10 Ry, A =0 (48)
wz=wQ ?l__ eIN w=w;
[
o)
14 ‘Zﬂh 7
% Rip* 220 pf Rip* zin oF
] 1 l | AAA H
b—'W\v—iz A | VWA |
A » P b - p b0 Lo pass
g O—AMA
- .al*
AAN——
10k 1
t
= Ry *
03 ; eguT
HIGH PASS

FIGURE 14. Notch Filter Using an External Amplifier
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Appendix (continued)

i} Input notch filter (Figure 15) transfer function equa- Rfg - 220 x 10-12 .
tions are: w7 =wg ___REEZ___._ wo=V01wiwz (50)

0S4V

Cz '
7 [+ wz?]
eIN 220 x 10— .
o 11R @9 n . JBF2 (51)
fn s2+5 w1 ERARACH + wg? en | w0 Rz
104 + R
e C
1012 1012 _n l = __Z—OT (52)
W E————, Wy —————— e W > 2 -
R - 220 ' 27 Ryp- 220 IN 20x1
3 014 07
AR
A A li“iﬁ Ny liopF
o 1 v 1
. A1 I p b A3 —0
o- b P 4
&"
K e =
ARK

4:R0,

3 ,

3 ! 4

= N eQuT

*External components

FIGURE 15. Input Notch Filter Using 3 Amplifiers

g) All pass (Figure 16) transfer function equations are: ) 104
t = 2
R 0.1 ——
Q= "o w1 (54)
S = 1.1
sz—sw1 i +w02 1012 1012
RIN w1= wy =
. L2 + e Rf1 + 220 Rfp » 220
L. = 1°£ (53)
e .
IN 245w " +wp? wo= vV 0.1Twiwr
2 +-~—IE : 2Q
Ra Time delay at wq is seconds
. = = . @0
O .
3 " ?!3 ?1
M
N - 220 pF - 220 pF
ot ia i 14
100K* }—p p ; p —0
N 0—-1P—W\r-<

1 10k R* 2R*
O—dq
2R*
AN —™
> LF356 g
Rg* 4

*External components
FIGURE 16. All Pass
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Definition of Terms

AMAX
AMIN
fz

fo

Q

fe

fs

Rf

Rz
Ra
fH

fL

Maximum pass band peak-to-peak ripple
Minimum stop band loss

Frequency of jw axis pole pair
Frequency of complex pole pair
Quality of pole

Pass band edge

Stop band edge

Pole fréquency determining resistance
Zero Frequency determining resistance
Pole quality determining resistance

Frequency above center frequency at which
the gain decreases by 3 dB for a band pass
filter

Frequency below center frequency at which
the gain decreases by 3 dB for a band pass
filter
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