
1 
C=-· -

2rcfZT 

You can use this equation to find the 
size capacitor you need, or you can use 
the graph shown in Fig. 2. 

There is a "gotcha", though, even in 
this simple design, and we may as well 
deal with it now. Speaker impedance is 
not constant with frequency. Therefore. 
your "8-ohm" speaker may have an im
pedance of 10 or 12 ohms or more at 
the crossover frequency. Thus you must 
determine the speaker's impedance at 
that frequency. 

Fortunately, there's an easy way to 
measure the speaker's impedance. All 
you need is a signal generator, a volt
meter, and an ammeter. If you don't 
have an ammeter you can use a 1k 
resistor and a voltmeter instead. 

The test setup with the ammeter is 
shown in Fig. 3A. After wiring up the cir
cuit you adjust the audio generator to 
produce the desired crossover fre
quency, and read the voltage and cur
rent from the meters. The impedance 
will be the voltage divided by the cur
rent. 

The setup without the ammeter is 
shown in Fig. 3B. You adjust the audio 
generator as before and read the volt-

ages as shown. To determine the im
pedance divide the value of the 
voltage across the speaker (V J by the 
resistor voltage (V,) and multiply by 
1000. 

We are not quite through yet: When 
you go looking for capacitors at your 
local electronic emporium, you'll find 
that you need to know more than just 
the value. There's a voltage rating to be 
reckoned with, too. The rating you 
choose will determine the maximum 
power that your system can handle. The 
voltage can be calculated by I,JSing: 

V=v'2PZ 
where P is the maximum power your 

amplifier can produce. and Z is the 
highest speaker impedance into which 
the amplifier can produce full power 
(usually 8 ohms for home stereos and 4 
ohms for car units). Alternatively, you 
can read the voltage from Fig. 4. I al
ways buy at least 100-Wv'DC capaci
tors, allowing a theoretical maximum of 
a 600-watt amplifier. That provides a 
comfortable safety margin. 

Another choice you'll have is the type 
of capacitor. The cheapest way to go is 
to use a non-polar electrolytic. Stan
dard electrolytics, including Tantalums, 
require a DC polarizing voltage, but a 

non-polar electrolytic has two standard 
units inside, connected "back-to-bock" 
(i.e. the two positive leads connected 
together). 

Many smaller stores have only polar
ized units, especially in values above 
about 2 ILF. but you can make a non
polar capacitor by wiring two polarized 
capacitors back to back as mentioned. 
Each capacitor must have twice the 
capacitance that you want the non
polar unit to have. 

While electrolytic capacitors can be 
used in crossovers, they do have a 
tendency to soak up some of the 
speaker's power at high frequencies. so 
that you don't get maximum perfor
mance from the tweeter. The technical 
name for that fault is "dielectric absorp
tion." 

Polyester film capacitors, or better 
yet polypropylene film units. have al
most no dielectric absorption in the au
dio range. The difference between 
electrolytics and film capacitors is audi
ble, unless you've sacrificed your hear
ing to too much loud stuff. 

They are available in values up to 
about 12 ILF. and they can be wired in 
parallel to obtain larger values. (Ca
pacitor values add when capacitors 
are wired parallel to one another.) In 
fact if the values you need are over 6 
ILF. irs often cheaper to buy smaller ca
pacitors and parallel them than to buy 
a single large unit. 

Adding a Low-Pass Filter. If you 
choose to add a low-pass filter for the 
woofer, it can be just a simple coil (or 
inductor). A coil's reactance is propor
tional to the frequency it handles: 

where L is the inductance in henrys. 
Putting a coil in series with the woofer 
causes the woofer to get progressively 
less power as the frequency is in
creased. The correct coil inductance 
can be found by using: 

Zw 
L=-

2rcf 

where Zw is the woofer impedance 
at the crossover frequency. Alter
natively, you can use the chart in Fig. 5. 
The circuit with the coil added is shown 5:: 

in Fig. 6. 5J 
Coils can be bought at many elec- ~ 

tronics stores and from mail-order <0 
houses. Again, you have some choices ~ 
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of damping factor. check out a copy of 
Howard Tremaine's Audio Cyclopedia, 
published by Howard W. Sams, from 
your local library.) Figure 7 indicates the 
minimum wire gauge that is suitable for 
coils of various inductances. assuming 
a nominal 8-ohm speaker. For a 4-ohm 
speaker, use coils wound with wire three 
siz~s larger. The graph is based on a coil 
resistance that is not over 5% of the 
speaker's DC resistance (e.g. 0.3 ohm 
for an 8-ohm speaker with a 6-ohm DC 
resistance). 

20 50 100 200 500 1K 2K 5K 10K 20K 

Unlike the capacitor (unless you're 
really adventurous), a coil is a compo
nent that you can make from scratch. 
Being able to "roll your own" is only an 
advantage if you can't find the value 
you need; it may not be a good way to 
save money. You see, copper "magnet 
wire" for winding coils costs roughly 
one-fifth as much when bought in 50-lb 
bails as it does when bought a pound 
at a time. So a coil maker can sell you a 
prewound, tested coil at a healthy prof
it while still charging you no more than 
you would have to pay for the wire 
alone. unless you have a friend who's 
into motor rewinding. (Those are the 
guys who buy most of the 50-lb bails.) 
How to wind crossover coils is a subject 
for another article, though. 

FREQUENCY (Hz) 

Fig. 2. Select capacitor values for two-way speaker systems from this easy-to-use graph. 

AC 
MILLIAMMETER 

AC VOLTMETER 
A 

B 

Fig. 3. Measuring speaker impedance is 
easy. You only need a signal generator, a 
voltmeter, and an ammeter (A). If you 
don't have an ammeter, ydu can use a 
resistor and voltmeter instead (B). 

~ to make. thefirstofwhich is whether you 
z want to use an iron- or air-core coil. 
0 
~ Iron-core coils are commonly available 
~ because it takes fewer turns of wire to 
u:j make them. Unfortunately. the magnet
a: ic characteristics of iron are not very 
:5 linear. so those coils introduce some 
::::> 
a.. distortion. However. in a well-designed 
:5: iron-core coil the distortion will usually 
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be under 1% or so. as long as you do not 
exceed the rated power. However, at 
excessive power levels, an iron-core 
coil will make your system sound really 
raunchy. 

Your other choice is to use an air -core 
coil. They do not introduce distortion, 
but unless large enough wire is used to 
wind them, they can degrade your sys
tem's damping factor. (For a discussion 
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VOLTAGE 
160 
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100 
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60 

The frequency response of a simple 
coil-and-capacitor crossover network is 
shown in Fig. 8. Notice that at frequen
cies a little beyond the crossover fre
quency. the response falls off at a rate 
of 6-dB-per -octave (an octave is a dou-
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Fig. 4 . You can determine the capacitor voltage rating if you know your amplifier's 
maximum output power by using this graph. 
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Fig. 5. Inductors can be selectedji'om this graph if you know the frequency and load 
requirements of your speaker system. 

bling or halving of frequency). That is 
characteristic of "first-order filters," 
which are filters that have only one re
active device (whether ifs a coil or ca
pacitor). Since the woofer's low-pass 
filter has only the coil, and the tweeter's 
high-pass filter has only the capacitor, 
each is a first-order filter, and this is a 
first-order network. 

Adding a Midrange. We could add a 
midrange speaker to our system, using 
another coil and capacitor as shown in 
Fig. 9. The additional components form 
a band-pass filter. The values of the 
components can be determined from: 

1 
C1 =-~-

2v2n:tHZT 

fH - fl 
C2 = ----'-'-----'~ 

n:ZMLf2M 

ZMH 
L 1 

4n:(fH - fl) 

v2Zw 
L2=--

2n:fL 

where the various impedances are 
indicated by a subscript: W for woofer, T 
for tweeter, and M for midrange, and L 
and H denote the values at the low and 

high crossover-frequencies, respec
tively, (For example, two impedances 
are needed for the midrange driver: 
ZML at the low crossover frequency, and 
ZMH at the high frequency.) The frequen
cy fM is the "geometrical center fre
quency" of the midrange section, and 
it is given by fM = v fH~. A peculiar 
feature of many 3-way crossovers is that 
they boost the midrange about 2 dB 
above the woofer and tweeter. That is 
no real problem, but it does mean that 
the midrange should be made about 2 
dB less sensitive than the other two 
speakers (more on that later). 

A Two-way, Second-Order Cross
over. Figure 10A shows a 2-way sec
ond-order crossover network and Fig. 
10B contains its response curves. Notice 
that at frequencies a little distance from 
the c rossover frequency, each of its 
curves falls off at a rate of 12 dB per 
octave. The first-order filter's response is 
also shown (dashed lines) for com
parison. 

You might be wondering why you 
would want to use a second-order filte r, 
since it requires twice as many compo
nents. There are two possible reasons: In 
high-power systems, the woofers can 
often stand 200 watts or more. 
Tweeters, however, con only handle a 

I I 

small fraction of that power. Thus it be
comes very important to cut off the 
high-energy low frequencies as sharply 
as possible. 

For example, lefs say a first-order sys
tem is built with a crossover frequency 
of 1000 Hz, and a 100-watt, 500-Hz sine
wave is fed into the system. The tweeter 
will have to handle about 50 watts. With 
a second-order crossover, the tweeter 
would only have to handle about 25 
watts. 

The second reason for using a high
er -order crossover is that whenever two 
speakers are reproducing the same 
frequency at roughly the same levels, 

+ 
.TWEffiR 

+ +o--..._--+---1 
WOOFER 

Fig . 6. This is a simple two-way first
order crossover. It prevents the woofer 
from receiving a significant amount of 
highjrequency energy. 

there will be interference between 
them, reinforcing some frequencies 
and cancelling others. By using a high
er-order crossover, you can reduce the 
range of frequencies in which such 
overlap is possible. To choose the val
ues for a 2-way second-order crossover, 
use these equations: 

1 
C1 = - -

4n:ZlH 

1 
C2 =--

4n:ZwfL 

L1 =~ 
ntH 

Notice that the tweeter in Fig. 10A is 
connected with opposite polarity than 
the one in Fig 6. This is necessary be
cause of the phase shift introduced by ~ 

the second-order network. In order for 5:; 
the woofer and tweeter to pump air in ~ 
phase at the crossover frequency «) 

(where they're both working), they have ~ 
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1mH 2mH 5mH 10mH 20mH 

INDUCTANCE 

Fig. 7. The wire size of an inductor is important. It restricts the dampening capability of 
the drivers. 
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Fig . 8. This is the typical response of a first-order two-way crossover network. Note the 
shape decline in response beyond the crossover frequency. 

lWEETER 

+ 

C1 
MIDRANGE 

WOOFER 

+ 

Fig. 9 . This three-way first-order 
crossover can greatly enhance the sound 
quality of a speaker system. 

to be connected as shown. Otherwise, 
their outputs will cancel and produce a 
response dip at the crossover point. 

A Three-Way, Second-Order Cross
over. Figure 11 shows a 3-way second
order crossover network. Note the 
tweeter is wired with the same polarity 
as the woofer, but now the midrange is 
reversed. Calculate the parts value as 
follows: 

1 
C1=--

4nZrfH 

C2= fH-fL 
2\12nzMLf2M 

.......... 

50mH 

1'---
' ["-

5K 

100mH 

1' 

"" ""' 
10K 20K 

FREQUENCY (Hz) 

1 
C4=--

4nZwfL 

A Practical example. As an example, 
lefs see what components we would 
need to make a typical speaker sys
tem. We'll use a 12-inch woofer and a 
horn tweeter with stated impedances 
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Fig. 10. A two-way second-order network is a more frequency-selective circuit (A). As you 
can see the response declines at 12 dB per octave (8). 

of 8 ohms. We'll choose a 2-kHz 
crossover frequency. Measuring the ac
tual speaker impedances, we find that 
Zw is 20 ohms and the Zr is 9 ohms at 2 
kHz. If we only use a simple capacitor 
crossover, the capacitor's value would 
be: 

1 
C=-- 8.8J.LF 

2rtfZr 2 X rt X 2000Hz X 9!1 

Moving on to a two-way first-order 
crossover will require adding a coil 
whose inductance is: 

L= Zw = 20!1 
2rtf 2 X rt X 2000Hz 

1.6mH 

If we decide to improve perfor
mance and increase tweeter protec
tion by using a second-order network, 
we'll cut the capacitor value in half and 
double the inductor value. Thus we will 
need two 4.4-J.LF capacitors and two 
3.2-mH coils. 

Perhaps, after looking more closely 
at the response curves for our woofer 
and tweeter, we decide that our system 
could be improved if we used a mid-

range speaker also. We decide on 
crossover frequencies of 500 and 4,000 
l-1z. Measuring impedances, let's say we 
find that the woofer presents 18 ohms at 
500 Hz, the midrange has 8.9 ohms at 
500 Hz and 12.6 ohms at 4,000 Hz, and 
the tweeter has a load of 9.8 ohms at 
4,000 Hz. Plugging those numbers into 
the equations for a second-order, 
three-way network, we find: 

fM = Y 4000Hz X 500Hz= 1414Hz 

1 
C1 =--=-------

4rtZrfH 4 X Jt X 9.8!1 X 4,000Hz 

=2J.LF 

22.1J.LF 
2\12n X 8.9!1 X (1414Hz)2 

-2\12 X Jt X 12.6!1 X (4,000Hz - 500Hz) 

' 
I' 

~'r--. 

........ _ ....... 

"' ........ ,, 
5K 10K 20K 

FREQUENCY (Hz) 

1 
C4=---=-----------

4rtZ.JL 4 X Jt X 18!1 X 500Hz 

=8.9J.LF 

L1=~= 9'80 0.78mH 
rtfH Jt X 4,000Hz 

L2= ZMH 
V2n(fH- fL) 

12.6!1 
= =.9mH 

\12 X rt X (4000Hz- 500Hz) 

ZML(fH-fL) 
L3 - --'-"-";~--"'

- v'2nf2M 

12.6!1 X (4000Hz- 500Hz) 

\12 X Jt X (1414Hz)2 
1.2mH 

L4= Lw= 18!1 11.4mH 
rtfL rt X 500Hz s:: 

)> 
JJ 

Many years ago, I built a three-way 2 
speaker system using prime-quality <D 

(Continued on page 100) ~ 
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SPEAKERS 
{Continued from page 39) 

components and well-designed, well
built crossovers and cabinets. The sys
tem sounded harsh at the top end, 
however. Measurements using sine
wave signals did not reveal the prob
lem. After quite a lot of head-scratch
ing, I determined that the problem was 
tweeter resonance. I was crossing from 
the midrange into the tweeter at 2500 
Hz using a second-order crossover. The 
tweeter's resonant frequency was 1600 
Hz. What was actually happening was 
that the tweeter was receiving enough 
energy at 1600 Hz to make the voice 
coil move far beyond its linear range. As 
a result, the tweeter was producing a lot 
of distortion whenever the music had 
frequencies around 1600 Hz. Figure 12 
·shows a notch-filter circuit that can be 
added to the crossover across the 
tweeter to block energy at the tweeter's 
resonant frequency. The design equa
tions are: 

where RE is the speaker's DC resistance, 
Qes and Qms are the electrical and me
chanical Q's of the speaker, and f5 is the 
speaker's resonant frequency. 

Those characteristics should be avail
able from the speaker's manufacturer, 
but you can measure measure RE, using 
a digital multi meter, for yourself. You can 
also find f. by using the test setup shown 
back in Fig. 3. Adjust the signal gener
ator's frequency for the lowest current 
(voltmeter-ammeter method) or the 
highest voltage across the resistor (resis
tance-voltmeter method). "Guess" val
ues of Qes and Qms would be about 1.2 
and 0.7, respectively, for typical dome 
tweeters. Fortunately, guessing wrong 
on the Q's will not seriously affect the 

(f) circuifs operation. 
~ The notch-filter circuit can also be 
~ used with the midrange driver, but it is 
t5 seldom needed there unless a dome
~ type midrange is used. Cone and horn 
~ midrange units usually have very well
:5 damped resonances that don't cause 
it problems. 
lt If a second-order network is better 
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Fig. II. A three-way second-order 
crossover has a pretty impressive name but 
it's pretty easy to build. Note the reversed 
midrange polarity. 

FROM 
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o------+--------~ 

Fig . 12. A notch filter like this one can be 
used to stop annoying resonance. 

SIGNAL 
GENERATOR 

Fig. 13. This crossover test setup is easy 
to arrange and use. Be sure your power 
amplifier is supplying no more than one 
volt before connecting the crossover. 

than a first-order one, wouldn't a third 
(or fourth or fifth) be better still? Perhaps 
marginally so, but each time you add 
an inductor in series with a speaker, you 
add some resistance and reduce the 
damping factor, so there's a point of 
diminishing returns. Many designers be
lieve that if you need more than a sec
ond-order crossover, you should use an 
active circuit; once again, active 
crossovers are a subject for another 
time. 

Selecting Drivers. We've left one of 
the most important concerns for last: 
how do you choose a woofer, mid
range, and tweeter that will sound 
good together? First, you make sure 
that the three have overlapping re
sponses. Preferably, you will have pub
lished response curves at your disposal 
that you can use to verify this, but at 
least you can check the stated re
sponse specifications. Then you can 
place the crossover frequencies in the 
middle of the overlaps. (It should go 
without saying that you don't want 
speakers with published response 
curves that have serious humps or dips 
in the middle.) 

Second, the woofer and tweeter 
should have the same sensitivity ratings 
(given in dB at 1 watt from a distance of 
1 meter). As mentioned earlier, the mid
range should be 2 dB less sensitive than 
the woofer and tweeter, because 
three-way crossover networks actually 
have a 2-dB gain in their midrange sec
tion. 

Finally, all three speakers should be 
rated for at least the minimum power 
you plan on using. Midrange and high
frequency speakers often have two 
power ratings: an actual power rating 
and a "system" power rating. As an ex
ample, a tweeter rated for use in a 100-
watt system may have an actual power 
rating of about 6 watts, provided that a 
second-order crossover of 300 Hz or 
higher is used. 

Building and Testing. When you build 
a crossover network, mount the com
ponents on a plywood board that can 
be screwed to the inside of the speaker 
cabinet, preferably with some sponge 
weatherstrip underneath the board to 
suppress rattles. You can mount the 
components using hot-melt glue or sil
icone "bathtub caulk." Always mount 
adjacent coils at right angles to each 
other to prevent magnetic interaction. 

Once you have built the crossover 
network, it pays to make a few mea-



surements before you hook up the ster
eo for a sound check. Figure 13 shows a 
test setup that you can use to make the 
test. What you're trying to verify is that 
the crossover works as expected. 

While slowly varying the frequency 
from one half to two times the low 
crossover frequency, measure the AC 
voltage at the woofer terminals. That 
voltage should start dropping just be
low the crossover frequency, and 
should drop rapidly above it. Do the 
same with the midrange. It should have 
a low voltage at half the lower 
crossover frequency, rising as the fre
quency increases. then leveling out 
above the crossover frequency. Check 
the midrange and tweeter sections in 
the same way, but this time varying the 
frequency from half to twice the upper 
crossover frequency. Any wiring errors 
you may have made can be dis
covered by these tests. (I once blew an 
amplifier by mis-wiring a crossover net
work so that it presented too low an 
impedance to the amp; a 15-minute 
test is cheap insurance.) 

If you a re really interested in 
crossover design, there has been a lot 
of valuable work published in the 
Journal of the Audio Engineering So
ciety in the last few years. Much of this is 
summarized in Vance Dickason's 
Loudspeaker Design Cookbook. pub
lished by the Marshall Jones Company 
of Francestown. N.H. There's also some 
good info in Badmaieff/Davis', How to 
Build Loudspeaker Enclosures, pub
lished by Howard Sams. 

Well, I guess you're wondering about 
my young friend and his girl's ex-speak
er system. Once he found out what the 
problem was. he decided to use a sim
ple capacitive crossover like the one 
that was originally in the system. but he 
did buy 100-volt capacitors. Then he 
decided to add midrange units. He 
wasn't very good with a saber saw. Oh 
well.... • 

"Why can't you be obsessed with cars like a 
normal man?" 

ELIMINATING INTERFERENCE 
(Continued from page 69) 

a large number of signals get together 
in one system. intermodulation is a pos
sibility, and that means signals outside 
of the official spectrum can be gener
ated. The problem is that signals leak 
out of the cable N system, and interfere 
with your receiver. The only thing that 
you can do legally is to complain to the 
cable operator and insist they elimi
nate the interference. Fortunately, the 
FCC is your ally: by law, the operator 
must keep the signals home! 

Other Culprits. It is likely that most 
American homes today are equipped 
with microwave ovens. They use a mag
netron tube to produce several-hun
dred watts of microwave power on a 
frequency of approximately 2.450-MHz. 
The high voltage applied to the mag
netron is typically pulsating DC. It is that 
pulsating DC that causes "hash" in ra
dio receivers. Although better-quality 
microwave ovens are equipped with 
EMI filters, many are not. However, most 
manufacturers or seNicers of micro
wave ovens can install EMI filters inside 
the oven. Alternatively, one of the EMI 
filters we've shown can be used. 

The proliferation of personal com
puters has greatly increased the 
amount of noise in the radio spectrum. 
The noise is caused by the digital pulses 
generated by their internal circuits. 
Older machines, which use internal 
clock frequencies of 1 to 4.77 MHz (like 
the original IBM-PC), wipe out large 
portions of the AM and shortwave 
bands. If you doubt that. try using an AM 
radio near a computer! Later-model 
computers (XT-turbo. AT. etc.) use higher 
clock frequencies (e.g. 8, 10, 12, 16, 25, 
or 33 MHz), and they can wipe out the 
VHF bands-including the FM-broad
cast band-as well. 

Most of the noise produced by the 
computer is radiated through the 
power line or from the keyboard cable. 
In the latter case. make sure that a 
shielded keyboard cable is used. 
Power-line noise can be stopped by 
using the EMI filters discussed earlier. 

Printers or, more commonly, printer 
cables are another source of noise. If 
the cable between the computer and 
the printer is not shielded, then replace 
it with a shielded version. Otherwise, 
you might want to consider a ferrite 
clamp-on filter bar such. as the Amidon 
2X-43 or equivalent. • 

CLASSIC MILK DROP 
(Continued from page 42) 

power as before. Place it near the pen 
light and aim it downward toward the 
plate. 

Your camera should have a macro
focusing lens with at least a 100-mm 
focal length. The falling milk splashes, 
and the longer focal length will keep 
the lens surfaces at a relatively safe dis
tance. Load the camera with IS0/100-
speed film. 

Turn off the room lights and open the 
burette slightly to allow one drop to fall 
about every one to two seconds. Move 
the burette until you see the shadows of 
the falling drops cross the photocell. 
The flash should fire as each drop pass
es. Adjust the delay knob until you see 

This milk crown-a drop of milk actually 
splashing off a solid surfcae-is but one 
example of an action that requires split
second timing to capture on film. 

the "crown" splash. Your vision per
sistence will hold the image long 
enough to see the splash clearly. 

Once you have the delay set to your 
liking, simply set your camera's shutter 
to "B" and open it just long enough to 
record the next splash. Set the aperture 
as small as possible for maximum 
depth of field. Don't let more than a thin 
layer of milk accumulate in the plate. 
Too much milk makes the "crowns" less 
spectacular. To get a cone-shaped 
splash, make the milk deeper. 

Timing is quite important to catch the 
splash. Since the tolerance of elec
trolytic capacitors tends to be pretty 
wide, you may need to make R3 a bit 
larger or smaller to get the proper time ~ 
delay. Otherwise, you can raise or lower ~ 
the height of the burette until you see :: 
the splash. • ~ 
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