








PREFACE

Present-day high-fidelity loudspeaker systems encom-
pass a wide frequency range, and most of them utilize two
or more speakers along with a frequency-controlling ( cross-
over) network. Since the crossover network controls the
bandwidth of the signals to each speaker, it is one of the
important components of the system. Often an otherwise
good speaker system does not perform as it should, simply
because the crossover network is either inadequate or im-
properly designed.

This book was prepared because of a lack of collected
information on crossover networks. In it you will find in-
formation on their basic principles, design, and construc-
tion. The book is written for the service technician seeking
knowledge to help him maintain his customers’ hi-fi equip-
ment, and for the do-it-yourself audiophile or hobbyist who
finds enjoyment in designing and assembling his own hi-fi
system. Charts and tables have been included to eliminate
the necessity for computing component values, along with
simple instructions for constructing, testing, and phasing a
speaker system.

The subject of crossover networks has too long been
buried in obscurity. If my small contribution brings this
little-known but all-important subject into the limelight it

so richly deserves, the purpose of this book shall have been
fulfilled.

H. M. TREMAINE
September, 1960






SECTION 1

General Network
Theory

1.1 General

High-fidelity sound reproduction requires a loudspeaker
system with a frequency range of at least 40 to 10,000 cps.
For extreme high-fidelity reproduction and frequency-
modulation reception, this range must be extended to cover
a bandwidth between 30 and 15,000 cps. To obtain such a
wide bandwidth, it is customary to use two or more separate
loudspeakers in a single enclosure. Each unit is limited to a
given frequency range, since it is impractical to reproduce
such a wide range of frequencies with a loudspeaker em-
ploying a single diaphragm.

It is also impractical to connect both a high-frequency
and low-frequency speaker directly to the output of an
amplifier. Such a connection will result in the full frequency
range of the amplifier being applied to both speakers simul-
taneously. High frequencies fed to the low-frequency unit
will be lost because of the inability of the latter to repro-
duce such frequencies. Likewise, the low frequencies are
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lost when fed to a high-frequency unit. In addition, the
diaphragm of the high frequency unit could easily be dam-
aged if the low frequencies drive it beyond its normal length
of travel.

If the frequency range applied to each unit is limited,
and only those frequencies which it can most efficiently re-
produce are applied, higher efficiency can be achieved
from the entire system. This will result in a wider fre-
quency range, smoother over-all response, and lower dis-
tortion, particularly of the intermodulation type.

A two-way speaker system consists generally of a low-
frequency and a separate high-frequency unit. A frequency-
controlling network, termed a crossover network, is em-
ployed to limit the frequency response of each speaker to
its most efficient range. This is accomplished in a smooth,
efficient manner, and as a result, the two speakers appear to
reproduce as a single unit.

A crossover network for a two-way speaker system con-
sists of two sections—a low- and a high-pass filter. The
low-pass section limits the high-frequency response of the
low-frequency unit, and the high-pass section limits the
low-frequency response of the high-frequency unit.

A three-way speaker system is composed of low-, mid-
range, and high-frequency units. The crossover network
consists of three filter sections—a low-pass, a bandpass, and
a high-pass. The low- and high-pass sections function as
for the two-way system. The bandpass section limits the
frequency response of the midrange unit, permitting it to
extend only into a small portion of the low and high fre-
quencies. This results in a smooth over-all transition be-
tween the three units. Thus, the reproduction creates the
illusion that the sound is coming from a single speaker. A
typical commercial crossover network for a two-way system
appears in Fig. 1-1.
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the available output power of the amplifier driving the
speaker system.

1.2 Filter Terminology

To help you understand the terminology used through-
out this text, three basic filters, their configurations, and
response curves are shown in Fig. 1-2.
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Fig. 1-2. Three basic filter configurations and their response curves.
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The high-pass filter in Fig. 1-2A is a network of capacitive
and inductive elements which attenuates all frequencies
below a predetermined frequency, but passes all those
above the cutoff frequency.

The low-pass filter in Fig. 1-2B is a network of reactive
elements which attenuates all frequencies above a prede-
termined frequency, but passes all those below the cutoff
frequency.

The bandpass filter in Fig. 1-2C is a network which passes
only a predetermined band of frequencies. All frequencies
above and below the cutoff frequencies are attenuated.

The basic difference between a low- and a high-pass
filter is the manner in which the circuit elements are con-
nected. Those for a high-pass filter are connected inversely
to the circuit elements of the low-pass filter, whereas those
for a bandpass filter are connected in series.

1.3 Crossover Frequency

The selection of crossover frequencies for a network is
dictated by the frequency response of the speakers to be
employed. As a rule, a low-frequency unit designed for use
in a two-way system is limited to frequencies ranging from
30 to about 2,000 cps, after which it falls off in response
quite rapidly. High-frequency units are generally designed
to cover a frequency band from 400 cps to some higher
frequency. The crossover frequency may be somewhere be-
tween 400 and 1,000 cps.

In a three-way system, an intermediate speaker is added
to cover the midrange frequencies from about 400 to 6,000
cps. The high-frequency unit is designed to operate from
about 4,000 cps to 15,000 cps or higher. Crossover frequen-
cies could be 400 and 5,000 cps, for example. These factors,
of the utmost importance in the design of the network, must
be fully taken into consideration when the crossover fre-
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quencies are selected. The frequency range of a particular
speaker is determined from the manufacturer’s data sheet
for the unit under consideration. Any good 12- to 15-inch
speaker can be used for the low-frequency unit; however,
it is more satisfactory to use a unit designed especially for
low-frequency operation.

Typical frequency-response characteristics for two- and
three-way networks are shown in Fig. 1-3. Fig. 1-3A shows
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(B) Three-way crossover network.

Fig. 1-3. Typical frequency-response characteristics of crossover
networks.

the frequency response that might be used with a two-way
system. Note that the low- and high-frequency units cross
over at a frequency 3 db down from the over-all response
level (the flat portion of the frequency spectrum). In a
three-way system (Fig. 1-3B), the frequency spectrum is
divided into three sections, and each speaker again crosses
over at a frequency 3 db down from the over-all level.

The rate of attenuation (fall-off) at the crossover point
may be 6, 12, or 18 db per octave, depending on the re-
quirements of the system. An octave is the interval between
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two frequencies when one frequency is double that of the
other, or, in other words, has a ratio of 2:1. In theory, the
loss of the network at the crossover frequency is 3 db. How-
ever, in practical networks the loss may approach 4 db, de-
pending on the efficiency of the network components.
Losses greater than 4 db should be avoided. However, do
not confuse the 6-, 12-, and 18-db rate of attenuation with
the 3-db loss at the crossover frequency.

At the crossover frequency, the voltage and the power are
divided equally between the high- and low-frequency units
(assuming they are of the same impedance).

The ultimate frequency response of any multiple speaker
system is a combination of the frequency response of the
network and the acoustical output of the speakers in the
system.

Fig. 1-4 shows typical frequency design characteristics
for crossover networks, with cutoff rates of 6, 12 and 18 db
per octave. The point where the curves cross over is termed
the crossover frequency. At this frequency the characteris-
tics of the filter sections are such that the frequency re-
sponse drops off above or below the crossover frequency at
a prescribed rate. If 1.0 on the graph represents the cross-
over frequency (f), then 0.5 would represent one octave
below the crossover frequency, and 0.25, two octaves be-
low. Similarly, 2.0 would represent one octave above, and
4.0, two octaves above, the crossover frequency.

The curves in Fig. 1-4 are for an ideal crossover filter in
which there are no losses. However, in a practical filter
some losses occur because of the dissipative factors in the
filter elements. The first octave for a 12-db-per-octave filter
will fall off only about 10 to 11 db, and thereafter, 12 db.
The 6-db per-octave filters fall off at a rate of 5 db for the
first octave, and the 18-db per-octave ones fall off at about
17 db. This small variation in the cut off rate is not too im-
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output of the driving amplifier. The use of the 12-db-per-
octave rate of cutoff will overcome this difficulty.

The cutoff rate of the filter sections can be controlled by
the designer. Simple networks employ a 6-db-per-octave
rate, whereas the more elaborate ones employ the 12- or
18-db-per-octave rate. The 12-db rate of cutoff is the most
common.

1.4 Configuration

The selection of an electrical configuration for a network
is not critical—either a parallel or series type can be used.
However, the parallel type does offer a slightly better char-
acteristic in the attenuation and transmission bands. Series
type configurations are used with two-way systems only.

Several circuit configurations are available to the net-
work designer—the constant k (Fig. 1-5), and the m-de-
rived (Fig. 1-6). Most commercial networks employ the
constant-k, constant-resistance type, using the parallel con-
figuration in Fig. 1-5C or D. Theoretically, the constant-k,
constant-resistance network will reflect a constant-resis-
tance back to the output of the power amplifier when the
output sections are terminated in a resistive load. But since
the speakers do not reflect a resistive load, the amplifier
output does not see a constant resistance. This disadvantage
is compensated for somewhat by the use of negative feed-
back in the amplifier.

In a constant-resistance network, the frequency response
of the two filter sections is complementary. The sum of the
power delivered to the output section is constant for a con-
stant-input voltage to the input terminals of the network.
When the output sections are terminated in a resistive load,
the input impedance presented by the network to the ampli-
fier output is constant throughout the entire frequency
range. The frequency response of the filter sections in the
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Fig. 1-5. Constant-k, constant-resistance crossover networks and their
design equations.

passband is uniform, with a constant phase difference at
the outputs of the high- and low-frequency sections.
Constant-k networks are limited to a maximum cutoff
rate of 12 db per octave. The m-derived crossover net-
works can also be used to provide a 12-db or greater rate
of cutoff. An additional advantage of the m-derived filter
is that the impedance and attenuation characteristics can
be more closely controlled by the designer. The term m is a
numerical constant between zero and 1.0 which is used in
circuit-element equations, as shown in Fig. 1-6. The m-de-
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1.6 Network Elements

The selection of network elements (inductors and capaci-
tors) is quite important because they affect the frequency
characteristics and insertion loss of the network. The coils
must have a low DC resistance, and the internal losses of
the capacitors must also be low because the insertion loss
of the network is created by the series DC resistance of the
coils and by the shunt reactance of the capacitors.

The coils are wound using an air core, and a rather large-
gauge wire is employed. Coils using an iron core are not
recommended; they introduce intermodulation distortion
into the system due to saturation of the iron. As a rule, the
inductance required in a network ranges from 0.30 to 25
millihenrys. Such coils can be easily wound onto a simple
coil form, using a scrambled or layer winding.

Whenever possible, paper- or oil-dielectric capacitors
should be employed. However, at the higher circuit imped-
ances and at the lower frequencies, the value of capacitance
becomes rather large and the units rather costly. For large
capacitance values, motor starting capacitors make an ex-
cellent capacitor bank and can be easily obtained.

Until recently, electrolytic capacitors were not recom-
mended for crossover-network use because they are de-
signed to operate in circuits carrying direct current. DC
maintains their capacitance, polarization, and other char-
acteristics, whereas only AC voltage appears in a crossover
network. Recent research on this subject® has proved that
the present-day electrolytic capacitors are feasible in a
crossover network, provided they are shunted with a small
paper- or oil-dielectric capacitor to reduce their internal
impedance at higher frequencies.

° Cohen, Abraham B. and Paul D., “Hi-Fi Crossover Networks,” Radio and
Television News, April 1959, page 45.
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capacitor connected in parallel with the electrolytic bank
(Fig. 1-9A). This will offset the effect of the rising imped-
ance of electrolytic capacitors at higher frequencies. This
additional capacitance is included in the total circuit ca-
pacitance. Electrolytic capacitors can be expected to vary
from their rated value 20 to 30 per cent. This makes it es-
sential that the capacitance be measured with a capaci-
tance bridge. Values should be selected =3% if the cross-
over point is to be close to the designed frequency. Normal
polarized electrolytic capacitors also can be used in cross-
over networks (Fig. 1-9B). However, the nonpolarized type
appears to be more satisfactory.

Regardless of the capacitor used, it must have an AC
voltage rating equal to or greater than the highest voltage
expected in the network. As an example, if the amplifier
driving the network has a power output of 40 watts, the
rms voltage at an impedance of 16 ohms will be around
25.3 volts when the amplifier is delivering its full power
output. To convert rms to peak voltage, multiply the rms
value by 1.414. Thus, for a 40-watt amplifier the peak volt-
age will be 35.77 volts. For a paper- or oil-dielectric capa-
citor, a rating of 50 volts is ample. If electrolytic capacitors
are employed, they should have a rating of at least 150 volts.
To guide the designer in determining the voltage devel-
oped in a network for a given power output, Fig. 1-10 is a
graph showing the rms voltage developed by amplifiers of
various output powers working into a 16-ohm load. To de-
termine the voltage in the network, enter the graph at the
left, which represents the power output in watts of the
driving amplifier. Follow the horizontal line to the point
where it intersects the curved line. Then read the voltage
by following the vertical line downward to the value indi-
cated at the bottom of the graph.
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SECTION 2

Network Design

2.1 Constant-K Network Design

The question often arises as to which network offers the
best advantage—a 6- or a 12-db rate of cutoff? If cost is a
factor, the 6-db-per-octave is more economical because
only two circuit elements are required. However, speaker
systems employing a 6-db-per-octave network apparently
do not have the definition the same system has with a 12-
db-per-octave rate of cutoff. Also, an improperly designed
6-db-per-octave network can damage the high-frequency
speaker by permitting the low frequencies to pass on to the
high-frequency unit.

Another factor is that, when the circuit impedance is 4
or 8 ohms, the values of capacitance required increases
quite rapidly, whereas the inductance decreases. Because
the cost of inductors is small, compared with the cost of
capacitors, the most economical design impedance appears
to be 16 ohms. When a 6-db-per-octave network is to be em-
ployed, the crossover frequency for the high-frequency
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speaker must be higher than for a 12-db-per-octave cutoff
rate, if the physical displacement of the diaphragm in the
high-frequency speaker is not to exceed the manufacturer’s
specifications. If this precaution is not observed, the dia-
phragm may be damaged. This is particularly true for the
midrange and high-frequency units in a three-way system.
For the low-frequency unit, this factor is not too important.

Assume a two-way, 16-ohm impedance network is to be
designed to feed a low- and a high-frequency unit, using a
crossover frequency of 800 cps and a 12-db-per-octave cut-
off rate. Referring to the configuration for a 12-db-per-
octave parallel network in Fig. 1-5D, note that four circuit
elements are required—two coils and two capacitors. Also
note that both coils and both capacitors bear the same sym-
bols (L3 and C3). Therefore, they have the same induc-
tance and capacitance values. Using the egation in the
diagram and solving for L3 requires that we first solve for a
similar network configuration, using a 6-db-per-octave rate
of cutoff as in Fig. 1-5C. Thus, inductance L1 in Fig. 1-5C is
solved:

L1=Re
We
_ 16
= 2rf,
16
" 6.28 x 800

= 0.00318 henrys.
Solving for L3 (12-db p/o):
L3 =+2L1
=1.414 x 0.00318

= 0.00449 henrys
= 4.49 millihenrys
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2.2 m-Derived Network Design

Neither the constant-k series nor parallel type of network
attenuates at 12 db per octave, either above or below the
crossover frequency, but does approach this rate after the
first octave. If, for reasons of design, it is desirable that the
cutoft rate be 12 db for the first octave, this may be obtained
by the use of an m-derived network, either the parallel- or
series-type configuration, as shown in Figs. 1-6B and D.

Note that for the m-derived network the values of the
capacitors and inductors are not the same for each section,
as they are in the constant-k type. To simplify the design,
component values may be selected from Tables 2-4, 2-5, and
2-6. Values for three-way networks may also be selected
from these same tables, as described in Section 2.5.

As a rule, 18-db-per-octave networks are seldom used.
For those desiring to experiment with this rate of cutoff,
the circuit configurations are given in Figs. 1-6A and C.
Note that six circuit elements, all of different values, are
required. The circuit-element values for such networks
have been tabulated in Tables 2-4, 2-5, and 2-6.

2.3 Networks for Unequal Impedances

At times the speakers on hand do not match the output
impedance of the power amplifier. If a network is designed
for a given impedance and the speaker does not match it,
considerable power will be lost. Also, the quality of repro-
duction may be affected by the fact that the proper load
impedance is not reflected to the network and amplifier.
A simple but effective method of matching speakers of un-
equal impedance through a network and back to the ampli-
fier is shown in Fig. 2-1A. The output transformer has two
taps—in this instance, 8 and 16 ohms. The circuit is in
reality a parallel-type network using a 12-db-per-octave
rate of cutoff.
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through impedance matching transformers, either the auto-
transformer or the conventional two-winding type. How-
ever, this is an expensive manner of accomplishing the ob-
jective, since the transformers must be capable of carrying
the full power of the amplifier and still have a uniform re-
sponse over the frequency range required by the particular
unit. Also, by introducing an additional insertion loss, trans-
formers reduce the available power to the speakers.

2.4 Impedance Conversion

Although the data given in the tabulations in Tables 2-1
through 2-6 are for the most common impedances, they can
be converted to other impedance values by the use of two
simple equations:

C
L.= (%) L C.= (Z_)

’ R,
where Li is the new inductance, L is the original induc-
tance, R. is the impedance given in the tables, Z is the new
impedance, Cx is the new capacitance, and C is the original
capacitance. The filter data given in the tables can be con-
verted to frequencies other than those indicated, by the
simple expedient of changing the values of inductance and
capacitance inversely with frequency. The circuit-element
values are multiplied or divided by the ratio of the known

frequency to the desired frequency.

2.5 Three-Way System Networks

A three-way speaker crossover network differs only in the
addition of the midrange (bandpass filter) circuit elements.
Fig. 2-3 shows the configuration for a three-way, constant-k
network using a 6-db-per-octave rate of cutoff. Basically,
the configuration in Fig. 2-3 is the same as the one in Fig.
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low-pass filter and the high-pass section of the bandpass
filter, note that, both curves are down 3 db from the flat
portion of their response and cross over at 450 cps. Thus,
the first crossover frequency is established.

The output portion of midrange filter L3B and C3B
forms a 5,000-cps low-pass filter. Circuit elements C3C and
L3C, at the lower portion of the configuration, form a
5,000-cps high-pass filter. When the frequency responses of
these two sections are compared at a point 3 db down from
the flat portion of their frequency response, note that a
second crossover frequency of 5,000 cps is created. Thus,
the network has two crossover frequencies—450 and 5,000
cps.

The design is started by first selecting the circuit-element
values for the low-pass filter section. Under the column for
450 cps in Table 2-3, L3 is given a value of 8.0 millihenrys,
and C3, 15.6 mfd. Circuit elements C3A and L3A must also
cross over at 450 cps, but in an inverse manner. Therefore,
their values are equal to those of L3 and C3.

The output portion of the midrange filter L3B and C3B
forms a low-pass filter with a cutoff frequency of 5,000 cps.
Referring to the 5,000-cps column in Table 2-3, the value
required for L3B is 0.72 millihenry and C3B is 1.41 mfd.
Circuit elements C3C and L3C form a 5,000-cps high-pass
filter and have the same values as circuit elements C3B
and L3B, but are inversely connected. When the frequency
response of these two sections is, compared, at a point
where both filter sections are down 3 db, a second crossover
frequency of 5,000 cps is created.

If the frequency response of the three sections is plotted
as shown in Fig. 2-5, the resulting curve will indicate two
crossover frequencies, occurring at 450 and 5,000 cps. Net-
works using other crossover frequencies can be designed in
a similar manner. '
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2.6 Four- and Five-Way Networks

Four-way networks are basically the same as three-way
networks, except the four-way networks have three cross-
over points, all differing in frequency. The electrical char-
acteristics of a typical four-way network are shown in Fig.
2.6. The crossover frequencies for the four-way -are lower
than that of the three-way network and occur at 200, 1,000
and 3,500 cps. As a rule, for this type of network the high-
frequency unit is designed to cover frequencies ranging
from below 3,500 cps to 15,000 cps. If the high-frequency
unit will not cover this range, an additional network section
can be added, as shown in Fig. 2-7. This makes it a five-way
network, the fourth section crossing over at a frequency of
10,000 cps. The problem can also be solved by connecting
the additional high-frequency unit in series with a capacitor
to limit the low-frequency response, and then connecting
the two in parallel with the high-frequency section of the
network, as shown in Fig. 2-8. The value of the series capaci-
tor can be calculated, using the equation for Cl in Fig. 1-5C
for a 6-db-per-octave network. The configuration for a five-
way network is shown in Fig. 2-9.

In a five-way crossover network, two midrange speakers
are employed. The first is called the intermediate, and the
second, the midrange unit. Two bandpass sections are
necessary to limit the response of the intermediate and
midrange units to a given frequency bandwidth. Compo-
nent values are selected from Tables 2-1 through 2-6. The
high-frequency section also employs two units.

The filter section for the first high-frequency unit (Fig.
2.9) uses a 3,300-cps high-pass filter which permits the
speaker to reproduce its full frequency response above 3,500
cps. The second high-frequency unit is controlled by a
simple 10,000-cps, 6-db-per-octave high-pass filter network
connected ahead of the 3,500-cps high-pass filter associ-
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Although Tables 2-1 through 2-6 do not include a cross-
over frequency of 200 cps, the network components may be
obtained by selecting the values for 2,000 cps and multiply-
ing them by 10.

Any number of speakers can be connected in parallel,
provided the proper impedance match is reflected to the
output section of the network by either the voice coils or
by impedance-matching transformers. Connecting the voice
coils in series to obtain an impedance match, is not recom-
mended, however.

2.7 Three-Way m-Derived Networks

Three-way crossover networks can be designed to use
an m-derived configuration, as shown in Fig. 2-10. The
same general procedure used for designing the constant-k
is followed, except the circuit values are selected from
Tables 2-4 through 2-6.

Each circuit element in an m-derived filter has a different
capacitance and inductance, whereas in the constant-k fil-
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SECTION 3

Network Construction

3.1 Coils

Except for the inductor winding, the over-all electrical
and mechanical construction of a speaker crossover network
is relatively simple.

The coil-turns winding data in Fig. 3-1 are based on a
given wire and coil-form size (shown in Fig. 3-2). The coil-
form consists of two Masonite sides and a wooden dowel-
rod core held together with a nonmagnetic bolt (or rod).
The use of a nonmagnetic material such as brass or alumi-
num is essential for the bolt, because the presence of a mag-
netic material in the field of the core will affect the induc-
tance. Also, an iron bolt may become saturated during
heavy power peaks and thereby cause distortion in the re-
production. Early crossover networks used iron-core coils,
which were discarded in favor of the air-core type because
of this induced distortion. Air-core coils are linear and will
handle high power outputs without inducing distortion. An
unwound coil form is shown in Fig. 3-3.
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If it is necessary to add turns to a coil, about one-eighth
inch of enamel is scraped from the wire, which is then
tinned with solder. The wire to be added is treated in a sim-
ilar manner. A small piece of plastic tubing is slipped over
one wire, and the ends of the wires are brought together in
parallel and soldered. The plastic tubing is then passed
over the soldered ends and the winding is continued. A
completed 16-ohm, 12-db-per-octave two-way network
crossing over at 800 cps is pictured in Fig. 3-8, and a three-
way network crossing over at 450 and 5000 cps is shown in
Fig. 3-9.

3.2 Capacitors

In Section 1.6 the use of electrolytic capacitors for cross-
over networks was discussed at some length. The first
choice of capacitors are those with a paper or oil dielectric.
However, since large banks of such capacitors are expensive
and are rather hard to obtain in the exact values specified,
electrolytic capacitors are more practical. The dual electro-
lytic capacitor units shown in Fig. 3-10 are easily obtain-
able and serve quite satisfactorily. The principal drawback
to the use of electrolytic capacitors is their wide variation
in capacitance—20 to 30 per cent from their rated values is
not uncommon. In some instances this can be used to ad-
vantage because they can be built out to their specified
values.

Section 1.6 also mentioned that nonpolarized electrolytic
capacitors were the most desirable. Since such capacitors
in small values are not readily obtainable, dual units like
those in Fig. 3-10 will do quite nicely if connected in series.
Dual-capacitor units of 10, 20, 30, 40, and 50 or even higher
are stock items. As mentioned earlier, when two capacitors
are connected in series, the total capacitance is one-half
that of a single unit. Thus, a dual unit of 25/25 mfd con-
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the required value, using small paper or oil-filled capacitors
as illustrated in Fig. 3-12.

As mentioned previously, connecting a small paper ca-
pacitor in parallel with the electrolytic capacitor serves two
purposes: it builds out the bank to the required capacitance,
and it decreases the rising impedance of the electrolytic
capacitor at the higher frequencies. This results in a steeper
cutoff characteristic. For very large values of capacitance,
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Fig. 3-12. Method of connect-
ing the electrolytic capacitors
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mounted in any convenient position. No. 18 wire or larger
is employed for interconnecting the circuit elements. Tie
points are used for the external connections to the amplifier
and speakers.
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SECTION 4

Network Testing
and Use

4.1 General

After a crossover network has been completed, only a
few simple tests are necessary to determine if it is function-
ing correctly. The most important of these tests is measure-
ment of the frequency response. This will indicate whether
the crossover frequency falls at the correct place in the
frequency spectrum and is within the design tolerance of
=35 per cent.

Measuring the frequency response of the network will
require the use of an audio oscillator, an amplifier, a variable
or fixed attenuator of 30- to 40-db loss, and a vacuum-tube
voltmeter. When measuring the frequency characteristic of
a crossover network, be sure the amplifier driving the net-
work does not induce a frequency characteristic of its own.
Otherwise, the measurement at the output of the network
will not reflect the true response of the network, but will be
the amplifier and network response combined.
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A second measurement, although not necessary, is the
insertion loss, or the loss of power caused by connecting the
network in the output of the amplifier. This loss is caused
by the DC resistance of the inductors and the shunt re-
actance of the capacitors within the network. As a rule, the
insertion loss of a well-designed network will measure 0.5
to 1.0 db. Insertion-loss measurements are made in the flat
portion of the network frequency response, and are not to
be confused with the loss incurred at the crossover fre-
quency. The higher the insertion loss of the network, the
more power dissipated in the network, and thus, the less
power available for driving the speakers.

The insertion loss of a network can be reduced by using a
larger wire size than No. 18. However, the larger wire be-
comes rather difficult for the experimenter to handle, unless
special coil-winding equipment is available. An insertion
loss of 0.5 to 1.0 db is not serious in a home sound system.
However, in a large commercial system employing 100
watts of power, this would mean a loss of approximately 25
watts. To obtain a power output of 100 watts under these
conditions, the power output of the amplifier system would
have to be increased to compensate for the loss of power in
the network.

4.2 Two-Way Parallel-Configuration Measurement

To eliminate the frequency characteristic of the driving
amplifier from that of the network, the amplifier high- and
low-frequency controls (if any) are adjusted for a flat fre-
quency response. Most amplifier controls have a position
marked for a flat response, and the controls are set to this
mark. A final adjustment is made in the following manner:

Terminate the output winding of the amplifier, as shown
in Fig. 4-1, using a noninductive resistor R.. with a value
equal to the rated output impedance of the amplifier. Con-
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remove terminating resistor Ri. and connect the network in
its place, as shown in Fig. 4-2.

Several precautions must be observed when connecting
the network for measurement. If the driving amplifier em-
ploys negative feedback taken from the output winding of
the output transformer, one end of the winding will be
grounded to the amplifier chassis. If a network of the paral-
lel filter type (Fig. 4-2) is being measured, the common
side of the network eclements must be connected to the
grounded, or common, side of the amplifier output winding.
If the network is of the series configuration (Fig. 4-6), the
input terminal going to the high-pass filter section must be
connected to the chassis ground. It is also important that
the network be connected to the correct impedance tap on
the amplifier output. Both output sections of the network
must be terminated in a resistive load during the measure-
ments. Vitreous wirewound resistors with a power rating of
10 to 20 watts make ideal terminating resistors. The small
inductance of these resistors will have no ill effect on the
measurement; for all practical purposes they can be con-
sidered noninductive.

It is also desirable that a good physical ground be con-
nected to the amplifier chassis before starting the measure-
ment, to prevent any tendency toward oscillation. If the in-
put circuit of the amplifier is not grounded, a ground should
be connected to the lower side of the input attenuator, as
shown by the dotted lines. This will prevent leakage in the
attenuator at higher frequencies.

Connect a terminating resistor, R, of the same value as
the attenuator impedance, across the input to the amplifier.
The network is now ready for measurement.

First, measure the frequency response of the low-pass
filter section. Connect the vacuum-tube voltmeter across
the output of the oscillator to set the reference voltage, and
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then switch to the output termination of the low-pass section
(Fig. 4-2).

Assume a two-way, 16-ohm network crossing over at 800
cps is to be measured. Set the audio oscillator to a reference
frequency of 40 cps. Adjust the output level of the amplifier
at this frequency to obtain a reading of +20 dbm (7.74 volts)
on the meter, or a little less than 5 watts output across 16
ohms. Slowly sweep the oscillator upward in frequency,
taking care to keep its output voltage at the same value as
the 40-cps reference voltage. As the frequency of the cross-
over in the network is approached, the reading of the
vacuum-tube voltmeter will fall off, requiring the sensitivity
of the meter to be increased. Note readings for a sufficient
number of frequencies to enable you to plot the crossover
characteristic, as shown in Fig. 4-3.

The roll-off for the first octave above the crossover fre-
quency (1600 cps) may be slightly less than the designed
rate of cutoff, but will approach the designed rate after the
first octave.

After tabulating the results of the measurement, transfer
the vacuum-tube voltmeter to the high-pass filter section,
leaving the low-pass section terminated in its resistive load
R:.. Now set the audio oscillator to 10,000 cps and again
adjust the amplifier output voltage to read the same value
as the 40-cps reference voltage used when measuring the
low-pass filter section. This time, make the frequency run
downward, to a point two or more octaves (200 cps) below
the crossover frequency. Again remember that each time
the oscillator frequency is changed, its output voltage must
be set for the same value as the reference voltage. As the
cutoff frequency is approached, the frequency response will
again fall off, as it did for the low-pass section. Tabulate
the result of the two measurements on semi-logarithm
paper. If the crossover frequency falls within =24 cps
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Crossover networks employing more than three sections
are measured in the same manner as described for the
three-way network, except the reference frequency is
changed to one that will fall in the flat portion of the
frequency characteristic.

4.4 Two-Way Series-Configuration Measurement

Series-type configurations are measured in a manner
similar to that described for the two-way parallel-system
network. The oscillator, amplifier, and network are con-
nected as shown in Fig. 4-5. Although the series configura-

LOW- PASS
VARIABLE -—N:\ SECTION
OR FIXED
ATTENUATOR 2 T —2el8L
b4 PY 16 1 3
= ATV 2RL VTVM
AUDIO (A) p PWR T 4
OSCILLATOR 2 Ry |PWR
7 < é %jL quvm
¢ 1
b e e eemeeemmm ¢ W c©
,
A7 HIGH-PASS
SECTION

Fig. 4-5. Connections for measuring the frequency characteristics of a
two-way, series-type network with a 16-ohm impedance. (The pro-
cedure for the measurement is the same as for a parallel network.)

tion appears to be balanced, no ill effects will be notec. if
the high-frequency section is connected to the grounded
side of the output circuit. The results of the measurement
are plotted as for the parallel configuration, as shown in Fig.
4-3.

4.5 Insertion-Loss Measurement

The insertion loss of any network is caused by the series
DC resistance of the coils and the shunt reactance of the
capacitors. To measure the insertion loss, connect the net-
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work as in Fig. 4-6. The only difference in the connection
for this measurement and the previous one is the way the
vacuum-tube voltmeter is connected and used.

First, measure the loss of the low-pass section as follows:
Set the oscillator at least two octaves below the crossover
frequency. Set the output level of the amplifier to exactly
9 volts (approximately 5 watts in 16 ohms), and connect
the vacuum-tube voltmeter to point A. Then connect the
meter to point B and again note the output voltage. The
difference beween these two measurements can then be
equated to determine the insertion loss of the low-pass
section.

The high-pass section is measured in a similar manner,
except the oscillator frequency is set two octaves above the
crossover frequency.

As an example, assume the voltage at the output of the
network is 8.5 volts, for a value of 9 volts at the input. The
insertion loss can now be calculated:

_E_9 8l

0.5 watt loss
E? 852 17225
I == =
P2 R 16 16 4.5 watts

where, Pl is the power measured at the input to the net-
work, P2 is the power measured at the output.
The insertion loss in decibels may be calculated:

db=10 logw (%)

=10 logw ( %0—55)

=10 log;o X 1.121 =10 X 0.051 = 0.510 db
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To analyze the action of the potentiometer when it is
connected to the network, assume the network has an out-
put impedance of 16 ohms. A potentiometer having a resis-
tance of 80 ohms (5 X 16 ohms) will be required. With the
movable contact of the control fully on, the output section
of the network sees the potentiometer resistance in parallel
with the voice-coil impedance of :

16 X 80 _ 1280 _
16+80 - 95 133

with the control at the halfway point, or 50 per cent of its
resistance, the parallel load impedance is:

16 X 40 _

Thus, the output of the network never sees its correct load
impedance. If possible, avoid using this type of control.
The objection to the variable loading effect of the poten-
tiometer can be overcome somewhat by using the “L”-type
attenuator in Fig. 4-7B. This device has two variable arms
which are varied inversely with respect to each other. As
the series arm increases in value, the shunt arm decreases;
thus, a more or less constant load impedance is reflected to
the output of the network. Although this control is better
than the potentiometer type, it still has a drawback—it pre-
sents only a constant-load impedance to the network. As the
attenuation is increased, the shunt arm—in parallel with
the speaker voice coil—will approach zero resistance. At 50
per cent of its loss, the shunt value may be only a fraction of
an ohm.

The defects of both the potentiometer and the “L” pad
can be eliminated by using the “T”-type attenuator in Fig.
4-7C. A “T"-type attenuator consists of three arms which
are mechanically ganged so they can be varied simultan-
eously. As the attenuation is increased, the two series arms

~70-






4.7 Impedance Matching

Correct impedance matching of the speaker to the cross-
over network is essential for good reproduction and for
maximum transfer of power from the amplifier to the
speaker system. If a speaker does not match the output
impedance of the crossover network, the impedance-match-
ing autotransformer or conventional two-winding trans-
former described in Section 2.3 can be used. Voice coils can
also be connected in parallel if they are of the same im-
pedance. The parallel combination will reflect the correct
load impedance to the network.

4.8 Speaker Phasing

To properly reproduce program material, the diaphragms
of a multiple-speaker system must be in acoustic phase with
each other. That is, all the diaphragms must move in the
same direction at a given instant.

This is accomplished by noting the manufacturer’s mark-
ing and connecting the = terminals to the = connections of
the crossover network. If the units are unmarked, they can
be phased electrically by connecting a flashlight cell to the
voice-coil terminals in a given direction. The diaphragm
will then move either backward or forward. Note the direc-
tion of the motion, and mark the voice-coil leads to corre-
spond to the battery terminals for a given direction. The
final phasing is accomplished by a listening test.

Phasing multiple speaker systems is sometimes difficult,
and it is quite easy for the listener to become thoroughly
confused as the test progresses. As a rule, an out-of-phase
speaker system will manifest itself by having a good low-
and high-frequency response, but the over-all response will
lack presence. This will be particularly true when one is
listening to a male voice; on a system employing a crossover
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frequency of 800 cps, the voice will appear to move from
one speaker to the other.

The acoustic phasing of a two-way system can be deter-
mined by applying to the system an oscillator frequency
equal to that of the crossover network. Then find the exact
center of the crossover by slowly rocking the oscillator over
a small band of frequencies above and below the crossover
frequency. Meanwhile, have a listener move from the low-
to the high-frequency unit. If the system is in phase, the
tone will be smooth as it passes through the crossover fre-
quency and from one unit to the other. If the system is out
of phase, a null point (dead spot) will appear somewhere
between the units. The null point is caused by the cancella-
tion of the out-of-phase signals as they reach the ears of the
listener simultaneously.

Out-of-phase conditions can be corrected by reversing
the voice-coil leads to one unit—but not both. When the
phasing is correct, the signal will appear uniform when
passing from one unit to the other.

If the speaker system will permit, the phasing can be
further improved by moving the high-frequency unit
slightly in front of or behind the low-frequency unit.

A more scientific method of phasing is to place a micro-
phone, connected to an amplifier and vacuum-tube volt-
meter, in front of the system. Apply a signal as previously
described, and adjust for equal output from each section, as
indicated by the vacuum-tube voltmeter. When the units
are balanced, reverse the voice-coil leads to one unit and
note the output level. If they are in phase, the output will
be maximum; if out of phase, the level will drop or may be
near cancellation. The high-frequency unit can now be
properly placed by sweeping the oscillator across the fre-
quency spectrum and noting when the smoothest response
is obtained. Do not interpret the frequency response ob-
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tained as being the true response of the system; many vari-
ables will be induced because of reflections from surround-
ing objects, microphone and amplifier characteritsics, etc.
The final proof of any speaker system is its quality of re-
production. After phasing the speakers, mark the voice-coil
leads to facilitate future reconnection.

A three-way speaker system is phased like the two-way
system, except it is somewhat more difficult because of the
added section. Many times the listener will develop listen-
ing fatigue before the acoustic phasing period is finished.
Since listening fatigue only leads to confusion, further lis-
tening tests should be postponed.

4.9 Control Adjustment

After the system has been electrically and acoustically
phased, it is ready for use, except for adjustment of the
midrange and high-frequency controls.

For a two-way system, the adjustment is started by setting
the high-frequency control to about half its attenuation
range. Apply to the system a musical selection having a
wide frequency range and a heavy low end. Adjust the out-
put level of the amplifier to reproduce the low frequencies
at a fairly good room volume. Adjust the high-frequency
control for an acoustical balance between the low- and high-
frequency sections. Make this test in the same room in
which the speaker system is to be installed, if possible. The
final reproduction should be smooth and should not accen-
tuate either the low or the high frequencies.

To adjust the midrange and high-frequency controls in a
three-way system, set them to half their range of attenu-
ation and adjust the amplifier output for a heavy low-fre-
quency reproduction. Then adjust the midrange for a near
balance against the low-frequency section, and balance the
high-frequency control against the midrange frequencies.
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Readjust the two controls for a wide-range balance over
the entire frequency spectrum of reproduction. The final
quality of reproduction should have a wide range without
undue accentuation of the midrange or high frequencies.

Although a good balance can be obtained with only one
musical selection, a compromise is generally made for the
best over-all reproduction from several selections of known
quality.

As a final listening test, reproduce a vocal selection of in-
timate quality. The quality of reproduction should create
the illusion that the singer is present in the room with the
listener. This feeling of presence can be increased by raising
the output level of the midrange unit.

If the system is moved to another location, the control
may require rebalancing to compensate for the difference in
acoustical characteristics. More midrange and high-fre-
quency response will be required if the room is heavily
draped. The midrange and high-frequency sections must
always be balanced against the low-frequency response. If
not, the system will appear to have insufficient low-fre-
quency reproduction.

4.10 Electrostatic Speakers

If an electrostatic speaker is to be used, it should have a
high-pass filter section with the cutoff frequency recom-
mended by the manufacturer. Connect the electrostatic unit
to the output of the network section, in parallel with the
resistive termination, as shown in Fig. 4-8. Adjust the acous-
tical output level of the electrostatic unit as described in
Section 4.9. If it has its own network, connect the unit
directly across the amplifier output terminals.

Electrostatic speakers impose a capacitive load on the
output of the amplifier. If the amplifier has any tendency to
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INDEX

A

Acoustics, room, effect of, 75

Amplifier, connection of, 60

frequency characteristics of,
59

grounding of, 20

negative feedback in, use of,
15

output voltage, 23-24

termination of, 60

Attenuation, rate of, 12-13

Attenuation characteristics, m-
derived, 16-17

Attenuator, grounding of, 63

Bandpass filters, 36-38
Bandwidth requirements, 7

C

Capacitive loading, effect of, 75-
76
Capacitors, building out, 54-56
electrolytic, 21-24
insertion loss, 21-22
mounting of, 57-58
oil dielectric, 21-24
paper dielectric, 21-24
Circuit elements, tabulation of,
27-30
tolerance of, 24-27
Coil form, construction of, 48-51
size of, 47-48

Coils, air core, 21
insertion loss, 21
iron core, 21
layer wound, 21
measurement of, 52
mounting of, 57-58
Qof, 52

Coils—cont’'d
scramble wound, 21
soldering of, 54
tolerance of, 49
turns data, 47-54
turns cs. inductance, 49
winding of, 51-52
wire size, 47-48
Components, mounting of, 57, 58

Configurations, parallel, 15
series, 15
Constant-k crossover network,
15-16
design of, 25-27
Constant-resistance crossover
network, 15-16

Controls, adjustment of, 74-75

Crossover frequencies, plotting
of, 39-40
Crossover frequency, definition
of, 11,13
effectiveness of, 14
power division, 13
loss of, 13
three-way system, 11
two-way system, 11
Crossover network, characteris-
tics of, 8
commercial types, 15, 16
constant-k, 15-16
design of, 25-27
constant-resistance, 15-16
dissipative factors, 13
design of, 6-, 12-, and 18-db
per octave, 13
five-way, 41, 43-44
parallel, measurement of, 67
four-way, 41-42, 44
parallel, measurement of, 67
high impedance, 18-19
ideal, 13
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Crossover network—cont’d
input impedance, 15
intermediate and mid-range,
41
m-derived, 15-17
circuit elements, 31
design of, 31-35
18-db per octave, 31
measurement, procedure for,
61-65
motion picture theaters, 18
parallel, measurement of, 60-
67
practical, 13
purpose of, 9
series, measurement of, 63
6- and 12-db per octave, com-
parison of, 25-26
three-way, design of, 36-40
frequency response of, 11-
12
parallel, measurement of,
65-66
two-way, design of, 26-27
frequency response of, 11-

measurement of, 60-66
series, measurement of, 67
unequal impedance, 31-32, 36

use of, 8

D
Diaphragm, displacement of, 14
speaker, protection of, 8
Distortion, intermodulation, 8

Electrolytic capacitors, AC, 21
DC, 21
back-to-back connected, 22,
24,57
connection of, 54-57
dual units, 54

Electrolytic Capacitors—cont’d
impedance of, 22, 24
insertion loss, 22
nonpolarized, 54
parallel connected, 56
percent variation, 24
polarized, 54-55
series connected, 54-55
single units, 57
voltage rating, 24
Electrostatic speakers, effect of,
75-76
use of, 75-76
External controls, “L” pad, 69-
71
potentiometer, 69-71
“T"-type, 70-71
use of, 69-71

F

Filter
bandpass, 36-38
characteristics of, 10, 11
high-pass, characteristics of,
10,11
low-pass,
10,11
terminology, 10-11
Frequency, conversion factors,

characteristics  of,

Frequency response, measure-
ment of, 59

G
Ground, use of, 20

|
Impedance, conversion factors,

36
Impedance matching, power
loss, 71

transformer, 18-19
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Input impedance, crossover net-
work, 15
Insertion loss, calculation of, 67-
69
capacitors, 21-22
coils, 21
effect of, 9-10
electrolytic capacitors, 22
measurement of, 60, 67-69
where made, 60
reduction of, 60
tolerance of, 60
transformers, 36

Intermodulation distortion, 8

L
“L” pad, use of, 70-71
Loudspeaker; see Speaker
Listening fatigue, effect of, 74
Listening tests, 75

M

m, numerical value of, 16-17

m-derived network, 15-17
attenuation characteristics, 16-
17
circuit elements, 31
design of, 31
18-db per octave, 31
three-way, 46

Measurement, procedure for
crossover network, 61-65

Microphone, speaker phasing
with, 73-74
N
Negative feedback, in amplifier,
use of, 15
Network, construction, coils, 47-
54
crossover; see Crossover Net-
work

Network—cont’'d
elements, effect of, 21-24
impedance, value of, 18-20
testing and use, 59-76

o
Octave, definition of, 12-13
Oscillation, prevention of, 63

Oscillator, impedance match, 61
output voltage, 61
signal-to-noise ratio, 61

P
Phase shift, high and low fre-
quency, 15-16

Phasing, acoustic, speaker, 72-74
correction of, 73
multiple speaker systems, 72,
73
speaker, 72-74
with microphone, 73-74
Presence, adjustment for, 75

Potentiometer, calculation of, 70
disadvantages of, 69

Power output vs. voltage, 23-24

R
Rate of cutoff, variations in, 13-
14
Roll-off, definition of, 64

S

Speaker, acoustic phasing, 72-74
diaphragm movement, 72
diaphragm protection, 8
electrostatic, effect of, 75-76

use of, 75-76
high frequency, connection of,

range of, 14-15
low frequency, diameter of,
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Speaker—cont’d

low frequency—cont’d
impedance of, 44
parallel connection, 44
range of, 14

phasing, 72-74
correction of, 73
multiple system, 72, 73
with microphone, 73-74

systems, frequency range, 7
optimum response, 9
three-way, 8
two-way, 8

terminals, polarity of, 72

T
“T"-type attenuator, use of, 70-
71
Terminating resistor, type of, 63
Three-way network, design of,
36-40
m-derived, 46
parallel, measurement of, 65-
66
Three-way speaker system, 8

Transformer, autotransformer,
36
conventional two-winding, 36
impedance matching, use of,
18-19
insertion loss, 36
Transmission line, attenuation
of, 19-20
capacitance, effect of, 20
use of, 18-20
wire size, 19-20
Two-way network, design of, 26-
27
measurement of, 60-66
series, measurement of, 67

Two-way speaker system, 8

Vv

Voltage, 24
vs. power output, 23-24

w

Wire, size for coils, 48
turns vs. pounds, 51-52
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