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Painless Op-Amp Filter Design
Custom applications can be eas y. Just follow this

step-by-step guide to a perfect triple op-amp filter.

The triple op-arnp audio
filter has become a stan­

dard, not only in amateur
circles but in commercial
design as well . Easy to de­
sign and nearly foolproof in
const ruction, the variou s
configurations of thi s f ilter
have found their way into a
large percentage of existing
ham shacks, either hidden
within a transceiver or sit ­
t ing on the speake r as an
audio adj unct . Numerous
small companies offer post­
receiver audio un its using
f rom one to eight filter units.

Even though popular, op­
amp fil te rs seem to confuse
most ham bu ilders. Despite
the low cost of parts, few
hams build their own. A sim ­
ple but effective single filter
with a bandpass of between
100 and 200 Hertz wou ld
cost about $1000 for parts,
excluding the case and pow­
er supply, which together

m ight double the cost. This
is a small investment in
select ivity, cons idering what
one might learn in the pro­
cess. Stil l, there are few
takers .

Part of the problem stems
from the volume of material
tha t has been written abou t
triple op-amp f ilte rs . There
are at least th ree semi-dis­
tinct conf igurat ions of these
filters. but only two dif­
ferent models. However, be­
cause designers recast sche­
mati c diagrams in different
ways, t he average ham
co mes to believe there may
be dozens of models. Going
even further , diffe rent
designers choose different
ci rcuit va lues without ex­
plaining their choices; the
variations seem to grow
without limit and without
any clear sense. The avail ­
able books on filter design

."

mire the ham builder in the­
oret ical design math while
simu lta neo us ly cla iming
simplici ty. There is some
necessary math to designing
a personally-satisfying triple
op-amp filter , but it is
straightforward hand-ealc u­
later stu ff .

For the CW buff, most of
the exist ing designs have
limitat ions. M any are fixed ­
frequency units allowing no
tuning to please the ear. The
units tha t permit tuning tend
to cover 300 to over 3CXJO
Hz, a fine range for the SSB
fan who can use high- and
low-pass capabilit ies built
into the filter , but ex ­
traneou s for CWo A filter
that covers a span ranging
from 300 to 400 Hz at the
bottom to perhaps 1200 Hz
at the top would reach two
goals. First. the filter would
cover the main receiver
passband for CW, which

runs (depending upon pref ­
erence) from 400 to 800 Hz
wide. Second, the filter
wou ld spread its narrower
tuning range across the filter
frequency dial, perm itting
the operator to find more
easily the desired signa l .
Unfortunately, mos t home­
brew designers have merely
guessed their way into a
tuning range.

There is a very d irect and
easv-to-follow procedure for
design ing trip le op-amp til­
ters in the ham shack. Not
only will the procedure en­
sure a filter that works, but
also it will allow the builder
to ref ine the filter's tuning
range to his desires. The fol­
lowing notes present a pro­
cedure used to design sever­
al dozens of different filters
for experimental , eva lua­
tive, and operational use,
and those who have tried
the procedure claim they
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Fig. 1. The basic bi-cued fi lter.
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Fig. 2. A bas ic state-variable fi tter (- 5VFj.



have fina lly made a filter
that works and that they
like. The procedure even in­
cludes steps that show how
to let a hand calcu lator do
most of the work .
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overcome the gain change
of the B'Q f ilter by making
the Q resistor, R4, variable,
or by follow ing the f ilter
with a l im it ing amplifier
suc h as the one in Fig. 4 This
is the W4MlE variable-com­
pression version o f the
N6WA Audio Elixir. (See 73
for September, 1979, p. 116,
and November, 1982, p 32,)
Unt il OTAs become more
common, there is no way to
solve the mult iple-pot prob­
lem of cascaded SVFs; how­
ever, for most work on CW,
a single-sect ion, moderate-Q
filter requiring just one dual
pot will do wonders, A Q of
20 theoreticall y yields a
half-power bandw idth of
just 30 Hz at bOO-Hz center
frequency. Even allowing
for low-prec ision compo­
nents, we do not need exces­
sively high Q filters to en­
hance CWo In pract ice, de­
sign Q s in the range of 15 to
20 will yield -6 dB (half ­
vo ltage) bandwidths in the
100-to-120-Hz range for a
6OO-Hz center frequency.

Designing Your Filter

In Fig. 1 through Fig. 3.
components having corn­
pa rable duties hav e the
same designation. For al l de­
signs, the frequency-deter­
mi ning components are the
same although differently
placed. R2 and R3 provide
feedback and can be treated
as alike in all three cases. In
the - SVF design. R1 equals
the feedback resistors, whi le
in the +SYF vers ion, it will
be half their va lue. In the
B-Q, the input resistor can
equal the feedback resistors
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bandwidth, w hen measured
in Hertz , wil l increase as the
f ilter frequency increases, In
contrast, the B'Q f ilter has a
constant bandwidth in Hertz.
but consequent ly inc reases
in Q and gain with frequen­
cy . For fixed -frequency
filters, this phenomenon is
meaningless, but for tunable
filters, it is important. The
constant output of the SVF
designs makes fo llow-up
amplif ication simple. How­
ever, every $YF sec tion [i.e.,
three op-amp filter) requires
a dual potent iometer to
change RFl and RF2 to­
gether.

The B..q fi lter is tunable in
the same way but may also
be tuned by changing just
RF1 . Since, like vi rtua ll y all
other filter sect ions. these
fitters will ring if the Q is
very high, we can cascade
two lower Q B..q sect ions
for a sharper bandpass using
only one dual pot. Dual pots
are hard enough to find;
four-section pots in audio
(log) taper are nearly impos­
sible to come by, being
either inaccessible or very
expensive (which amounts
to the same thing for most
of us). A newer variety of op
amp, the operational trans­
c o nd u c t an c e am p l if ie r
(OTA), promises to relieve
us of these problems, but
few practi cal ham designs
using the device have yet to
appear.

Notice that there is no
clear winner in the contes t
between the B'Q and the
SVF filters. Rather, we must
design around their li m ita­
tions. For examp le, we can

to be expla ined very soon)
also co ns ists of two inte­
grators, but this time in posi ­
tions two and three, w ith a
summ ing ampli fi er as the in­
put stage. Feedback from
the integrators combines
wi th the input signal at the
inverting or negative input
of the f irs t op amp. We con­
t rol the gain and Q of the
filter by the ratio of resistors
R4 and R5, and we set the
frequency by the compo­
nents marked to correspond
to those in the BQ f i l ter.
Bandpass ou tpu t comes
from the midd le stage, this
t ime an integrator. Unlike
the B..q f il ter, the - SVF
des ign provides high-pass
and low-pass outputs, but at
d ifferent signal levels than
the bandpass output.

The - SVF filter has a
near twin which we can call
the + SVF. Fig. 3 shows the
conf igurati on. The major
difference between the
SVFs is that this version
feeds the input signal to the
non-inverting o r positive in­
put of the summ ing op amp.
(The reason for the labels
+ SYF and - SYF should
now be clear. I Gain and Q
feedback also return to this
pin, now being controlled by
the rat io of R4 to R1.
Although thi s filter belongs
in the $YF fami ly. some of
i t s c o m p o nent s re quire
sl ight ly differe nt va lues
from its brother, and the
gain vs. Q characterist ics
will differ. Otherwise, it
works perfect ly well.

The e-o and SYF f ilters
have different propert ies
that, for v ari ous needs
around the shack, give one
advantages over the other.
First, both SYF filters will
have a constant Q and gain
t hroug hou t t heir tuning
ranges. Th is means that the

',.

Some O p-Amp Basi cs

There are many triple op­
amp f ilter designs but only
two fairl y distinct types . Un­
fortunatel y, the history of
op-amp filter termino logy
has obscured the subject.
Originally, the mathemat i­
cal methods of designing f il­
ters gave rise to the name
"bi-quad " as a label for all
designs. Newer derivat ions
yielded the name " state­
variable filter." For some,
these names refer only to
the design methods; for oth­
ers, they refer to ci rcui t con­
f igurations. At the risk of
arousing the wrath of some
professional designers, let's
fo llow the latter course.

The bi-quad (or B..q) ap­
pears in Fig. 1. Note tha t the
input op amp is an in­
tegrator, as is the third op
amp. (Theory aside. an in­
tegrator circu it is little more
than an op amp whose feed ­
ba ck i s provid ed by a
capac itor rather than a
resistor.) The middle op amp
is an inverter, and we take
our bandpass output from
this stage. Feedback from
the first and th ird stages is
fed back to the first stage in­
put. By controlling the
amount of feedback from
one of these stages, the first,
we control both the gain and
the Q or selec t ivity of the
filter. The co m po nen ts
marked RF1 , CF1. RF2, and
CF2 control the frequency
of the filter.

Fig. 2 shows the other tri­
ple op-amp f ilter design. The
state-va r iab le filt er (or
-SVF, with the m inus sign

Fig. 3. A basic stete-vetiebte filter (+ 5VF). Fig. 4. A limiter/compressor for post.fifter amp lUying.
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Fig. 5. A comparison of fil ter design relationships.

State-Variable State-Variable
Filter Type Inverting input Non-Inverting Input BI·Quad

Schematic Fig. 2 Fig . 3 Fig . 1

Frequency Fc = 1/2piRfCl Fc =1I2piRfCl Fc::1I2piRfCl
Frequency-neterrnining
resistors RF1 = RF2 RF1 = RF2 RF1 = RF2

Frequency-determining
capacitors CF1:: CF2 CF1 =CF2 CF1 =CF2

Bias resistors R1:: R2::R3 R2= R3=2R1 R1=R2 =R3

O-determining resistors R4:: R5(30 - 1) R4=R1(20- 1) R4 = R1Q

0 Q = (R4 + RS)/3R5 O=(R4+ R1)/2R1 Q = R4/R1

Gain (Ao= Eout/E;n) A".O A" = 20 Ao=Q

Non-invert ing input
bias resistors N/A Fig. 6, Norton amplifier N/A

configuration only
R6=RS=2R1
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ham models of op-amp fi l ­
ters is not poss ible. Very
good performance is possi­
b le and practical. Since we
wi l l aim at good though
imperfect performance, we
can take a few l ibert ies with
abso lute precision at some
points to gain better preci­
sion at points more impor­
tant to ham s.

Second, one of the most
evide nt shortcom ings of
home-brew f ilter designs is
the fact that tuning co nt ro ls
for frequency and Q rare ly
cover the most desi rab le
ranges. The techniques for
designing f i lters are easy,
but al most never described.

Th ird, the current crop of
op am ps available for fil ­
ter work is very forgiving
when we compare the pre­
c ise operating level to over­
all f i lt e r performan ce .
Hence, we can set Our own
priorities when establishing
a design procedure. In fact,
feel free to modify the fol ­
lowing procedure to suit
personal needs and desires,

While the procedure in­
vo lves twelve ind ividua l
steps, they cover only three
areas of co ncern: setting the
frequency Or tuning range of
the f ilter, ensu ring correct
feedback, and setting the se­
lectivity and gain of the f i l­
ter. With a few reserva tions
noted in the procedure steps,
these are almost indepen­
dent design operations. To
make the procedure more
thoroughly cl ear, let's step
through it, working an exam­
p le as we go along.

Twelve-Step Filte r Design

Step 1. Select an op amp.
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t he bias resistors to the non­
invert ing posit ive op-amp in­
puts. O therwise. our work
wi ll be the same as for
regu lar op amps.

M uch of the ava ilable lit­
eratu re o n fi lte rs is still w rit ­
ten in terms of the relat ive ly
high current 741 op amp,
Hence, about the highest
va lue shown far feedback
resistors is 10k. In fact, 10k
shou ld be about the mini ­
mum value for R1, R2. and
R3, Something approaching
100k is more appropriate, al ­
though we wi ll no t freeze
that value at this point. In­
stead. we will start by select­
ing an op amp and the de­
sired frequency range.

Th isd iffers f rom textbook
procedures. but for good
reason s. First, the ham
builder ordinari ly has access
to components with 5% or
10% tolerances rather than
the 1 % and .1% tolerances
commercia l designers pre­
fer. Consequently, absolute
peak performance from

"'

the detector and audio am­
p lifier of a receiver, the dou­
b led gain with a low -level
input can be useful. For
post-receiver use with no r­
mal speaker input to the
fi lter, the lower gain of the
- SYF and B-Q designs may
be more than we need. In all
cases, w e shou ld have a
means of varying the input
level.

Asi de f rom these points,
design of the three-f ilter ver­
sions wi l l be nearl y identi­
cal. The fi rst step is to think
about the ICs we will use.
The lM324 is perhaps stan­
dard for both single- and
dual-vo ltage supply app lica­
tions. Its current requ ire­
ments are rela t ively small
and it is easy to handle. The
Tl084 is an FE T input ver­
sion w ith an identical pin ­
out; its cu rrent requ irements
are even less. The 3900 Nor­
ton amplifier also is popular
in single-vo ltage designs,
but its biasing is d ifferent.
Fig . 6 shows the basic con­
fi gura t io n of the + SVF
design with Norton biasing.
Notice the addi t io nal for­
mula that sets the values of

or vary somewhat from thei r
va lue accordi ng to the
needs of the Q relationship .
O nly in the - SVF design
does Q leave the input resis­
tor unaffected, being deter­
m ined by the rel at io nship
between R4 and R5. In the
other design s, the input re­
sistor will be a compromise
(if needed) between the dic ­
tates of Q and the desired
situation of having t he input
resistor correctly re lated to
the feedback resistors.

Th isdiscussion may make
designing a fi lter appear d if ­
ficult. In fac t, design is quite
easy if done according to a
stra ightforward procedure.
Taken step by step, the pro­
cedure almost ensures satis­
fying success. l et' s sta rt
with some basic relation­
ships, as shown in Fig. 5,

Th is table reveal s where
the differences between de­
signs wi ll Occu r. Calcu lating
R4 will be slightly d ifferent
for each case. Notice that
the + SV F filter has twice
the ga in of the other de­
signs for a given Q. Thi s may
or may not be an advantage.
For a filter inserted between

Fig. 6. A + SVF fifter using the 3900 Norton amplifier.
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Fig. 7. Setting up the 324 for filter design.



In th is case , le t's use the re­
liable lM324.

Step Z. Select a circu it.
We can sta rt with the - SVF
of Fig. 2 and later see what
happens when we conve rt
the design to the other cir­
cuits.

Step 3. Choose a powe r
supply. In this example, we
have chosen a single 'l Zvolt
source. This fo rces us to pro­
vide a voltage d ivider to
feed the positive input li nes
that we wou ld direct ly
ground if we used a dual
supply. Fig. 7 shows the ba­
sic configura tion of our cir­
cui t, with the 324 pins a nd
power connections drawn in.

Step 4. Choose a frequen­
cy range . For CW, le t's try
300 to 1200 Hz.

Step 5. Find the center fre­
quency, Fc' This is our first
ca lcu la tion. l et k be the ra­
tio of the highest (Fhi) a nd
lowest (Flo) frequencies of
our c hose n range . Then:
k = Fhi/F lo = 1200/300 = 4.

The sq ua re root of k is 2
(and let's ca ll th is ks). If we
ha ve not made a mistake,
then Fc = FhJks = Flaks =
1200/2 = 300 x 2 = 600 Hz.

Thi s is the design center
of our filter . Since the fil ter
is tu nable, let 's next turn to
the task of bei ng sure it
tunes exactly the ra nge we
want it to tune.

Step 6. Choose a dual pot
to tune the filter. This is a
practi cal decision. Since we
have already sa id that we
would like to keep the feed­
back resistors well above
10k a nd hopefully nea r
lOOk , a dual500k pot would
be nice. Dua l l OOk audio-ta­
per pots may be more acces­
sible, so let's see wha t hap­
pens if we use th is va lue.

Step 7. Calculate Rhi a nd
RIo- In orde r to limit the tun­
ing range to specific values
(e.g., 300 to 1200 Hal we will
need a fixed resistor and a
pot in series to make up each
of the frequencv-controlling
resistors. Rhj will be the need­
ed resistance when the fre ­
quency is the lowest, and Rio
wi ll be the resista nce at the
highest frequency.

We k now so me thi ng
106 73 Magazine. April,1984

abou t these val ues, even
though we have not yet se­
lected a capacitor. Fi rst, we
know that thei r difference
will be l OOk, the value of the
pot. Hence , Rhi- Rio =look.
We also know tha t Rhi =
4Rl00 since the ratio of low
to high freque ncy is 4:1 .
(Note: If we hold the ca paci­
tance consta nt, as we will
do wit h a fixed-va lue unit,
the frequency a nd resis­
ta nce will va ry inversel y
with eac h othe r, i.e.. FhJF lo
= RhJRlo-)

Knowing the two relation­
ships between the highest
and lowest resistances lets
us substitute and so lve for
RIo. Since the ratio of the re­
sista nces is 4:1 , the n Rhi=
4Rlo. In the difference for­
mul a, we now can say tha t
4Rlo -Rlo=100k , or 3Rlo =
lOOk . Divid ing lOOk by 3, we
get Rio = 33.3 k. Since the
highest res ista nce is l OOk
higher, Rhi= 133.3k As a
check, we can use the other
original formula and let Rhl =
4Rio = 4 x 33.3k = 133.2k.

I have carried out the ca l­
cu lation to more precision
than we can possib ly get
with real components to
show how good the method
is. In fac t, since real pots are
ofte n shy of 10ak by as
mu ch as 10% , it is wise to
have a pot in ha nd befo re
wo rking out a design. The
dec imal places might get
long, but round ing to the
nearest whole number for
resistors and keeping k and
ks to no more than two deci­
ma l places will give perfect­
ly good design accuracy.

We now know the fixed
series resistor fo r RFl a nd
RF2 will be 33k, with the
lOOk pot mak ing up the rest
of the resista nce . If we d is­
cover that our d ual pot does
not track and can determine
by how much it is off , we
might make one of the two
fixed resistors a SDk trimmer
pot. (Ad justme nt of trim­
mers in the frequency-deter­
mining circuits of a filte r is
best done with the circuit
wired but the op amp out of
its soc ket, using a precise
ohmmete r. Accurate adjust-

ment with the circuit in
operat ion requires a scope
with frequency-scanning ca­
pability . Output-level read ­
ings taken on an ac/audio
voltmeter c a n be mi s­
leading.)

Step B. Calculate ca paci­
tors CFl and CF2. At all fre­
qu enc ies, the resistance will
equal the capacitive reac­
ta nce. He nce , the standa rd
formula for ca lcula ting ca­
pacitance from frequ ency
a nd reactance becomes CFl
=CF2 =1 /2p iFRj . In thi s
case, start with either end of
the tuning range. For the ex­
ample, use 300 Hz, where
the resistance is 133k. If
your ca lculator has a l /X
key, you ca n just multiply
al l the denominator num­
be rs together a nd then hit
the inverse key , The answer
is likely to appea r in expo­
nen tia l notation . For exam­
ple, Cj =1 /(2X3.14 X300 X
133,()(X})= 3.99 x 1 0~9.

We need to conve rt this
to either microfarads (10 ·-:1
or picofarads (10- 11) to see
what ca pacitors we shou ld
purchase . 3990-pF or .041JF
ca pac ito rs will do the job.
We can para llel some 5%
polystyrene capacitors to hit
4000 pF fai rly closely. Given
the fact tha t we can rare ly
buy the exac t value tha t the
formu la says we need , we
shou ld design the freque ncy
range of the filter with an ex­
tra 5% on eithe r e nd to
allow for the slight range
s hift o u r approximations
will produce.

We ca n check our work
by calculating the two fre­
quencv-deterrnining ca pac i­
tors from the other end of
the ra nge. This time, Cf = l /
(2 x 3.14 x 1200 x 33,000) =
4.02 X 10-9, or about 4000 pF
agai n. Because we used pi to
only two decimal places and
dropped the last 300 Ohms
off the resistance val ues, the
answers diverge by about
1 % , well within the 5%
component tolerance. Note
that had we used the 500k
pot we co nside red at the be­
gi nning of the example, our
capacitors wou ld be about
one-fift h the presen t val ue ,

Some builders have d ifficul ­
ty obtai ning 5% capac itors
in the higher val ues and ma y
want to use the larger pot in
order to combine it with ca­
pacitors in the 6OO-pF ra nge.

Step 9. Calcu late the resis­
tance a t the center frequen­
cy, Fc. Si nce the resistance
at cente r fr equency will
equa l the reactive capaci­
ta nc e , Rfe =1 /2piF cCf =1 /
(2 x 3.14 x 600 x 4 x 10·' =
&&,348 O hms . This is the re ­
sistance value of the fre ­
quency-determining re sis­
tors at the design center of
the filte r. W e will use this
figure in a very broad way to
determine the rema ining re­
sisto rs in the filter . Most fil­
ter-design ma nuals sca le a
filter from an initia l assump­
tion of equa l val ue resistors
throughout as much of the
design as possible. O n this
assumption, Rl through R3
should equal the ce nte r-fre­
quency resistance, and R5
shou ld approx imate it , if
possible. Simila r assump­
tions apply to the other filter
designs, with adjustments
for va lues that must differ.

In pract ice, u~ ing compo­
nents read il y accessible to
amateu rs, the assum ption is
no t ve ry important as long
as filter resistor va lues fall
within the ra nge tha t per­
mits the op amps to per­
form we ll. Va lues from 10k
to l OOk have been used
with no spec ifica ll y nonce­
a b le change o f perfor ­
mance. As a rule of thumb,
try to le t the feedback resis­
tors fall within a 2 to 1 or 3
to 1 ratio of the center-fre­
quency resistance.

Step 10. Determine the
feed back and input resis­
to rs, Rl t hroug h R3. On the
basis of the previous ca lcu­
lation and d isc ussion, 68k
resistors appear to be the
closest value to the calcu­
lated center-f requency re ­
sistance. In practice, l OOk
resistors do not cha nge the
filter performance. Wha t is
impo rta nt is to use the
sa me value for all three.
Si nce l OOk is a nice round
va lue fo und in most ham
junk boxes, le t' s use it. No-
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Fig. B. A fixed-Q - SVF fifter. Fig. 9. A variab/e-Q - SVF filter.

lice tha t, like ma ny ham
b ui ld ing decis io ns, t he
grounds for ou r choi ce have
little rel ationship to theory.
If our va lue does not work
for some reason, we have
another va lue to try.

Step 11. Select a value fo r
Q and choose the Odeter­
mining resistors. R4 and R5.
Si nce both resistors affec t­
ing Q and gain are indepen­
dent of the inpu t resistor, w e
have more latitude in choos­
ing va lues tha n with the oth­
er two designs. For CW fil­
lers, there is rarely a need
for a Q greater than 25, and
the range of 10 to 20 will
generally produce sufficient
selectivity w ithout ringing.
For grea ter select ivity, we
shou ld use identica l succes­
sive fi lter s which will give us
a stee pe r bandwidth curve
a nd greater ultimate re jec­
tion on unwa nted signa ls. As
a rule of thumb, using 5%
and 10% components. I an­
ticipate that the half-voltage
(-6 dB) bandwid th will ap­
prox imate 3Fc/Q. abou t
50% wider tha n theo ry indi­
cates. For the SVF filters.
bandwidth in Hz will varydi ­
rec tly with freq uency, Thus.
if I c hoose a 100-H z band­
width fo r the 6OO-Hz center
frequency. it will vary from
50 Hz at the 3OO-Hz end of
the range to 200 Hz at the
1200-Hz upper end of the
tu ning range . If this band­
width is acceptable. then
Q = 3Fd BW" = (3 x 6(0)1100
= 18. l e t' s see what hap­
pens if we use thi s figure .

From the formulas gov­
e rning the - SVF filter, R4 =
R5(3Q - 1). For ou r case,
3Q-1 =(3X 18)- 1 =53.
and R4= 53R5. If we let R4
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= 100k, then R5 = 5.3 meg­
ohms; use ei ther 4.7-meg­
ohm or 5.1-megohm sta n­
dard resistor values. In fact.
we ca n cha nge the va lues
proport ionately by factors
of ten without disrupting f il­
ter performance. Values of
10k a nd 51 Ok work well and
ma y be easier to find . A rule
of thum b is to let R4 be the
highest easy-to-fi nd va lue
that permits R5 (or R1 in the
other two designs) to ap­
proach its proper theo reti c
relat ionsh ip to the other re­
sistors. However. other con­
siderations may enter into
the final selection. Fig. 8
shows ou r completed fixed­
Q design.

O ne major considera tion
is whether we wish to be
able to va ry the Q of the fil ­
ter and thereby to broaden
or narrow t he bandwidth
ove r some useful range . For
exa mple, we might wish to
ha ve a Q ra nging from 10 to
20 for this design . At Q = 10,
the resistor ratio (3Q -1)
wi ll be 29. a nd a t Q = 20, the
ratio will be 59. Suppose
that we have a 500k pot we
wish to use to vary the Q .
Since we will not va ry the Q
to nothing, we will need a se­
ries resistor with the pot to
make up R4. We know that
the va lue of R4 at Q = 20
will be the series resistor R,
+ SOOk. the highest va lue of
the po t. At Q = 10. R4 w il l be
just R ~, the va lue of the fixed

Fig. 10. Filter inpu t- and
ou tput-level controls.

se ries resistor. At the higher
Q. R5 =(R, + 500.000)/59 .
while a t the lowe r Q, R5 =
RJ29 . We ca n solve for the
se ries resistor by le tti ng RJ
29 = (Rs+ 500,OOO~59 . Cross
multiplying, we get 30R, =
29 x 500,000, or R, =
1 .450 .000/30 = 483 .333
Ohms. This is the series resis­
tor to go with the 500k pot
for R4. R5 = RJ 29 =483.333/
29 = 16,667 Ohms. (As a
c hec k, R5 = (483,333 +
500.0001/59 = 16,667.) We
ca n choose a 15k o r 18k re­
sistor fo r R5 and a 470k or
51Ok resistor for R" respec­
tively. Exactness will not
matter too much here since
we will tu ne the control for
best recept ion rather than
fo r some speci fic va lue of
Q. Fig. 9 d isplays our com­
pleted va riable-Q design .

Step 12. Cons ide r the
ga in. This step does not re ­
qui re special calcu lations.
but it does bring the matter
of gain to your attention For
the - 5VF design, gain will
equal Q . If you design a
ftxed-Q fil te r, you can ac­
commodate the filte r gai n
with preceding a nd succeed­
ing level controls. as shown
in Fig. 10. Set the input-level
control so that the strongest
signal will not drive the filter

Fig. 11. A simple post-filter
amplifier for speaker or
phones.

to clipping. A scope will
show this as a sha rply flat ­
tened sine wave. Si nce the
vo ltage ga in will be cons id­
erable. the filter may drive
the succeeding stage too
ha rd, causing distortion in
the amplifier feeding the
speake r or phones. We can
kill the unwanted voltage
with another trimmer se t to
ho ld the amplifier relatively
distoruonless at full volume.

If the filter has a va riable­
Q contro l, then its ga in will
a lso vary . To avoid the need
for constant volume-control
adjustments. the compres­
sion amplifier shown in Fig.
4 should follow the filter
and precede the output am ­
plifie r With t he va lues
shown for the compression
circuit, a norma l CW signal
wi ll leave the speake r quiet
between dots and dashes.
The circu it needs no input­
setting pot. and the output­
level co ntro l serves the
sa me function as the filter ­
output control in Fig . 10.

These 12 ste ps complete
the design phase of the
work . The ne xt step is to
breadboa rd a model, veri fy
its ope ration, a nd fi na lly
construct a permanent ver­
sion complete with case and
power source. Robbing pow­
er from the receiver and in­
sta ll ing the filter in either
the receiver ca bine t (espe­
cia lly if inse rted between
the detector and au d io
stages) or the speaker cabi ­
net (along with a n a udio
a mpl if ie r suc h as the lM386
circuit shown in Fig. 11) is
one popu lar way to hand le
fi nal construction. Howeve r,
to avoid ca bine t and circuit
modifications . you may
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wish to make the filte r a self­
contained unit.

Additional Procedures­
+ SVF and B-Q Designs

The f irst eight steps of the
procedures just outlined are
ide ntica l for all th ree filter
designs . Not hi ng changes
until Step 10. selection of
the input resistor, where we
have only a minor modifica­
tion for the + SVF filter, Rl
should be half the value of
either R2 or R3 if we wish to
have the rela tionship of Q
and gai n fo llow the formu­
las given wi th Fig. S. Other
ratios are possible, a lthough
the input resistor should not
be greater than the feed­
back resistors The gain will
change but rema in constant
across the tuning range .

l e t's look more closely at
the final steps of the proce­
dure, customizing them for
each pa rticula r design . First,
the bi-quad fi lte r.

Step 11 : B-Q. Select a val ­
ue for Q. and choose the
Q-determining resistors. In
the B-Q design. the input re­
sistor. R1 . interac ts with R4
to determine Q and gain.
Having selec ted an input re­
siste r, R4 = Q R1. Selecting
Q follows the sa me guide­
lines given fo r the - SVF de­
sign. with the proviso that Q
will vary across the tuning
range, since bandwidth in
Hertz is consta nt. Using our
- 6-d B (ha lf-vo ltage point)
rule of thumb, we ca n
design with the fo rmu la
Q = 3FcIBW, whe re BW is
the desired bandw idth in
Hertz. If we wish a bout 100
Hz, then Q = (3 x 6(0)/100

= 18. RV = 18R1 = 18 X
100k = 1.8 megohms, a
usable va lue. However, with
very litt le change in perfor­
mance, we ca n reduce both
R1 a nd R4 as long as we
keep them in th e proper
ratio , Fig. 12 shows the full
results of our design work.

We can vary the Q and
consequentlv the bandpass
of B-Q filte rs. We need on ly
make R4 variable. Suppose
we wish to vary the Q be­
tween about 10 and 20. If R1
is 1OOk, then R4 needs to be
1 megohm for a Q of 10 and
2 megohms for a Q of 20,
We can use a one-meg fixed
resistor in se ries with a one­
meg pot for R4, a nd the
problem is solved Fig. 13
shows the changes neces­
sary for va riable Q .

Step 12: B-Q. Consider the
ga in. Va riable Q plus the
natu ra l ga in va riability of
the B-Q fil ter mak es a com­
press ion am pl ifie r a lmost
ma nda tory. However, the
1oo-to-1 compression capa­
bility of the audio elixir cir­
cuit will more than cove r
the situation. The natu ral
gain va ria bility of a fixed
B-Q filter with the 3OO-to­
1 200-H z tuning range is
about 4 to 1, while Q va ri­
a bility ex pa nds the total
ra nge to 40 to 1, well within
the amplifier's capabilit ies
and with room to spa re for
audio signal strength vari ­
ations.

The B-Q filter has one
special property not shared
by either SVF design. You
ca n tune the B-Q using only
RF1 , leaving RF 2 fixed fo r Fc­

The va riable resistor , how-

ever, will change frequency
only with the square root of
the re s is t a nc e c h a n ge,
meaning that the pot will
have to have a much wider
range to cover the chosen
frequency range . Since the
freque ncy limits in the ex­
ample are 2Fc and Fd2, the
resistance range must be
Rfd 4 and 4Rfc. In this design,
Rfc = 66,348 Ohms. The 10'tY­
est resistance (fo r the high­
est frequen cy ) will be
66,348/4 = 16,587, while the
highest resistance (fo r the
lowest frequency) will be
66,348 x 4 = 265.392. The
difference is 248,805. A 250k
pot in series with a 15k fixed
resisto r will form a sa tisfac­
tory RF1 . An audio taper or
reverse log pot is mandatory
in this appli cation, sinc e
even with a log pot the fre­
quency will compress at one
e nd of the sca le.

In thi s example, we were
fortunate to wind up with a
required va lue close to an
existi ng potentiometer
value. For designing a single
pot B-Q filter from sc ra tch,
we can begin at Step 6,
choosing a pot to tune the
filter. Let's select a 500k pot
and see what happens.

Srco 7: B-Q single pot.
Ca lculate Rhi and Rio. Since
frequency will va ry as the
squa re roo t of resistan ce
changes, the total resistance
change will be k'. where k is
the frequency ratio. Since
k = 4 (1200/300 Hzl k' =16
Rhi = 16Rlo. We a lso know
that Rhi= Rio + 500k. Now
we can so lve for Rio: 16Rlo =
Rlo + 500,000 , o r Rlo =
500,000/15 = 33.333 O hms

This is the value of the fixed­
series resistor. Rhi = 33.333
+ 500,000 = 533,333 Ohms.
As a c heck , 533,333/16 =
33,333 Ohms.

The resistance at center
frequency (and fixed fre ­
q ue ncy-determining resistor
RF2) will be Rh/4=4Rlo=
533 .333/4 = 33 .333 X 4 =
133,333 Ohms, We ca n use
lOOk and 33k resistors in se­
ries or use the nearest stan­
dard va lue.

Step 8: B-Q single pot.
Calculate capacito rs CF1
and CF2. This calculation
uses the sa me procedu re as
in the - SVF filter. Since re­
ststance and capacitive re­
acta nce a re the same at the
ce nte r frequency (and we
mu st use Fc for this calcula­
tion ), Cj = 1/2piF cRF2 = 11
(2 x 3.14 x 600 x 133,33 3)=
1.99 x10-9

. Th is is about
2000 pF , an obtain able
va lue in polystyrene ca ­
pacitors.

De term ine the remai ning
va lues for the filter in the o r­
dinary way . lOOk feedback
and input resistors appear to
be in order, since they vary
only a little from the va lue
of RF2 . Conside rations of Q
and gai n will be ide ntical to
those for the dual-pot bi­
qu ad design. Fig. 14 shows
our new filter.

The SVF filters always re­
qui re dual pots. Therefore,
the only difference between
the + SVF filter and the
- SVF design co nce rns Q
and gain .

Step 11 : + SVF. Select a
va lue fo r Q, a nd choose the
Q-determin ing resistors . Q
se lection fo r the + SVF is
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Fig. 12. A fixed-Q B-Q filter.
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Fig. 13. A variable.Q B-Q filter.



Fig. 15. A variab le-Q + SVF filter.
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Fig. 14. A single-pot tuneble variable-Q B-Q fil ter.

identi cal to that for the
- SVF desig n. We mu st
make mental note that gain
will double Q if we follow
recommended resistor rela­
t ionships. l et Q = 18. R4 =
Rl (2Q - 1 ). If we use l OOk
resistors for feedback, the
Rt is SDk. Many designs use
200k va lues for R2 and Rl in
which case, Rl = l00k. let's
use this latter value for our
design . For a Q of 18, 2Q -1
= 35. and therefore R4 =
l OOk x 35 = 3 .5 megohms.
3.3 megohms would work
well . For a variable Q of. say.
10 to 20. the maximum resis­
ta nce va lue of R4 would be
39Rl and the min imum val­
ue would be 19R1. R4 will
range from a series resistor
va lue of R, to R, + pot ,
where pot is the poten ti om­
e ter value we select. l e t's

try a 2-megohm pot. Then
R'l = RJ19 at low Q and ( R ~

+ 2.000,OOOY39 at high Q .
So lving fo r R~, we get R~ =
38.000.00 0 /20 = 1 .9 meg'
o hms. R4 thus becomes a
1 .9-megohm fixed re sistor in
series with a 2-megohm pot.
R1 = R4~2Q- 1 )= 3 9 meg­
ohms/39 = 1.9 megohms/19 =
lOOk, a desi rab le va lue.

Step 12: + SVF. Consider
the gain . The gain of this
+ SVF filter, shown in Fig.
15, ranges from 20 to 40, d e­
pending upon the va riable
Q . Aga in, fo llow ing this d e­
sign w ith a com p ression am ­
pl ifier is a mu st for e asy use .

Construction and Results

All of the designs shown
in the examples have been
bre adboarded to co nf irm
tha t they w ill work . In fact,

they a ll work even when
so m e no n-f re que nc v-d e ­
te rm ining components va ry
by 20% from the des ign va l­
ues. Fig. 16 cha rts the test reo
su lts . (Always test a design
o n a breadboa rd before wi r­
ing a f inal version . If no thi ng
e lse , the breadboa rd test
wil l turn up bad co m po­
nents. More important, ad­
justing the design to more
precisely meet your needs is
much sim ple r o n a bread­
boa rd .)

Const ruct io n o f the final
model ca n take a ny f orm.
Pertboard and printed ci r­
cuit board peform equa lly
wel l. layout is not c rit ica l
with the lM324. The Tl084
requ ires some ca re to pre­
vent inadvertent co u p ling, a
more serious concern wit h
the very high impedance in­
puts to each se ct io n, One
easy way to overcome the

problem is to avoid com­
press ing the components in­
to too small a space . Spread­
ing the fixed co mpo ne nts at
the IC corners in a rad ia l pat­
tern tend s to prevent un­
wanted coupling a nd makes
component rep la cement
sim ple r. Beyond this, con­
struction is left to ind ivid ual
inge nu ity.

Part of the const ruction
ease ste ms fro m the low Q
o f these filters , Most practi­
ca l filter articles st ill m an­
age to repea t the virtually
use less fa ct tha t the se de­
signs are good to a Q o f 500
At normal CW audio, the
bandwidth would be jus t
over 1 Hz , and the filter
would ring for a week with
just one receiver e lect ro n
po p, if it was no t a lready os­
ci lla t ing. With norma l co m­
ponents, practical Q s of 5 to
25 e nsure good sta b ili ty and

Figure

•
Filter

- SVF,
fi xed a

Tuning Range

330- 1250 Hz

Bandwidth

25-100 Hz

a
26

Output Volt.ge Ratio

1.08:1 Fhi:FIo

Notes

3900 pF, 5% C· ;
reduce R4 from 51 Ok 10
33Ok· •

9 - SVF,
variable a

330-1250 Hz 40-75 Hz at
(at Fe;)

161030 2.5:1 0 "':010 Reduce tfxed-senes
o resistor from 470k to

330'

2.6:1 total change
due to both F and 0

2:1 Ohl:0lo
2.8:1 total change
due to both F and 0

35 at Fe

35
21

,.
7.3

30 H'

30 Hz at Ohi
50 Hz at 0 10
(al Fe;)

55 Hz at a MI
140 Hz at 0 10
(at Fcl

330-1250 Hz

330-1250 Hz

340- 1260 Hz

350-1330 Hz

+SVF,
variab le a

8-0.
fixed a
8-0.
variable a

B-O,
single pot,
variable a

12

13

15

14

Reduce R4 from 1.8
megohms to <820k
Reduce fi xed series
a resistor from 1
megohm to 470k

2000 pF, 10% C,;
increase fixed tuning
realator from 33k to
>47k to adjust tuning
range

40 Hz at aMi 32 1.6:110Ial change Reduce fixed series
75 Hz at a10 17 due 10 both F and a a resistor from 1.9 meq-
(In passband) at R4 ohms to < 1 megohm

Not es: "All f itt ers except the sing le-pol B·O used 3900-pF, 5% polystyrene capacitors. The single-pot B-Q model used 2000-pF, 10%
polystyrene capacitors. ·· In any of the fillers, raise or lower 0 by raising or lowering R4, the Q.delermining resistor.

Fig. 16. Test resul ts and comme nts on the six sample filters.
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WORK THE V.H.F. BANDS tunes frequency and Q over
just the operator's desired
range. The procedures are
applicab le to todav's run of
multiple ICs such as the
lM324, the Tl084, and the
3900 Norton , As new genera­
tio ns of op amps emerge,
with different biasing, input,
and current requirements,
the rules of thumb will likely
change. However, the basic
principles of determining RC
tun ing ranges will not. G nly
our selec tion of pots and
fixed resistors will vary for
new impedance-matching
conditions. He nce, with ad­
aptation for new devices,
CW operat ors and other
hams who need bandpass
filte rs using the usual lot of
rea sonably priced 5% and
10% co mponents should be
able to satisfy their needs on
their own work benches , A
hand calculator, a sha rp
pencil, and a breadboard
are the basic tool s for good
filte ring, Triple op-a rnp de­
si gns just make the task a bit
more chal lenging.•

easy adjustment for ham au­
dio filters. Using 5% and
10% tolerance components
(or bridge-matched 20%
component s), Q will be
slightly less than theory pre­
dicts but more than ade­
quate. Moreover, a close ex­
amination of the peak of the
response curve will reveal ir­
regularities compared to the
theoretic ideal, but these
will always be too sma ll to
make a difference to CW or
to phone recept ion. In short,
for a ll practi cal purposes,
home brew can be as good
a s c o m me rc ia l whe n it
comes to simple aud io fil­
ters to enhance reception,
To the degree that we can
custo mize the design to our
specific needs, they might
even be better than com­
mercial for some hams.

The purpose of outlining
these procedures is to re­
duce the des ign of custom
ham CW bandpass fil ters to
a series of steps that ensures
not on ly a filter that works,
but, as well, a filter that
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