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hen designing a

loudspeaker sys-

tem, the cross-

over design

is at least as

important as

the driver selec-

tion and enclosure

design . The physics

of sound reproduction make it very

difficult for a single driver to handle

all frequencies . Therefore, most speaker

systems consist of multiple drivers, each

reproducing a separate segment of the

audio spectrum . A speaker driver can

be thought of as a mass-controlled pis-

ton working into an acoustic load that

derives its response curve from the

cancellation of two opposing effects.

The first effect is the cone excursion,

which is inversely proportional to the

square of the frequency. The second is

the resistance of the acoustic load,

which is directly proportional to the

square of the frequency. These effects

cancel each other out in the center of a

speaker's response, creating a region of

flat response.

At some high frequency, where the

wavelength of the acoustic wave is less

than the circumference of the driver, the

acoustic resistance levels off, and the re-

sponse of the speaker rolls off at 12 dB

per octave . At the resonant frequency of

the driver, the excursion is dominated

by the compliance of the suspension
rather than by the mass of the cone.

This causes a roll-off, which is also 12

dB per octave. Therefore, reproduction
of low frequencies requires a driver that

has a relatively large surface area, allow-

ing it to move the large amount of air
needed. The driver surface should also
have relatively high stiffness so that it

moves as a uniform piston and doesn't
flex. This stiffness usually implies high-
er mass.

For high frequencies, the tweeter

should have as little mass as possible so

that it can respond to the input signal

quickly. And even though designers

would like a massless driver, it still

needs stiffness so that it doesn't flex.

Typically, most loudspeaker drivers

work well over a frequency ratio of
about 10 :1 . This means that designers

customarily use three drivers to cover

the three decades of the audio spectrum

of 20 Hz to 20 kHz. In the interest of
. . . . . . . . . . . . . . . . . . . . . ..
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simplicity (and cost),`--	driver cancellation
RSTANDING SPEAKER CROSSOVEdesigners sometimes

	

more troublesome.

try to cover the spec-

trum with two drivers.

This places greater demands on each driver

and usually requires sharper cutoff rates

in the crossover filter to limit the out-

of-band signals from reaching the driver. It

is especially important to limit the low-fre-

quency energy to the tweeter in order to

limit its excursion.

Since we have separate drivers covering

separate sections of the audio spectrum,

we need to divide up the input signal to di-

rect the proper portions to the proper dri-

vers . We accomplish this with crossovers,

usually passive filters placed between the

drivers and the power amplifier . Some-

times, however, the designer may want to

implement the crossover at line level.

There are some advantages, as well as dis-

advantages, to each approach, a situation

every design engineer finds normal.

The passive crossover is simply a high-

level passive filter. The driver is the load

impedance of the network . The designer

generally assumes the zero source imped-

ance (as opposed to using a source termi-

nation), which ensures that maximum

power is delivered to the load.

The first thing a designer determines is

the crossover type . The two most often

used are the all-pass configuration (APC)

and the constant-power configuration

(CPC).

The APC, introduced by Garde, seems to

be the current favorite. When the outputs

of the filter are combined, the resultant has

the same magnitude as the input at all fre-

quencies . This is shown in equation 1,

where VIN is the input voltage, VL is the

low-pass output voltage, V M is the band-

pass output voltage, and V H is the high-

pass output voltage . Phase does not appear

in this equation.

IV L + V M + V H I = IV, N I

	

(1)

It is not possible to pass a signal through a

ladder network and preserve both magni-

tude and phase . Therefore, APCs are desir-

able because they do not introduce varia-

tions in the speaker's amplitude response.

The other popular network is the CPC,

where the output power of the network is

equal to the input:

IVL I2 + IV M I 2 + IV H 12 = IV iN I2	(2)

The use of the CPC type of crossover in

commercial loudspeaker systems predates

the APC's use by many years . It is interest-

ing to note that odd-order systems are both

APC and CPC.

The next thing that the designer must

determine is the order (number of poles)

of the system . All-pole systems ultimately

roll off at 6n dB per octave, where n is the

order.

First-order systems are attractive, be-

cause few components are required . How-

ever, because of the low roll-off rate, the re-

sponse of the drivers must be flat well

beyond the crossover frequency. As a prac-

tical matter, since the driver responses

overlap so much, problems such as inter-

driver cancellation

when two drivers pu

out the same frequency are separated bi

odd multiple of 1/2 of the wavelength of

signal .) A first-order system is a minim

phase system as well.

Second-order systems are considered

many to be the lowest practical order tar

crossover network. The number of co

nents is still manageable, the required

erational range is better controlled, and

phase shift of the network is still rela

low. In contrast to odd-order crosso

second-order (and all other even-o

crossovers are relatively insensitive to

tern phase relationships.

Third-order systems are also very

lar. Since they are odd-order, they are

APC and CPC . The number of compo

is still manageable, but the phase shift

the network is greater.

Fourth-order systems are someti

used, generally where a high cutoff rate

required (often to reduce the excursion it

tweeter) . The disdavantages of fo

order systems are a high number of

ponents, with a resulting high cost,

high phase shift in the network.

IMPEDANCE COMPENSATION`.

All design equations for crossover

networks assume a constant loadimpedance

However, the impedance of a driver is

thing but a constant (see Fig . 1) . The

signer should, therefore, add networks

try to equalize this impedance . Typi

this takes the form of a series RCparallel

across the driver terminals ; it is called a

bel network (see Fig. 2).

Unfortunately, this equalization is

an approximation, as the Zobel netis

only partially compensates for the drib

impedance variation . The impedance

not rise with frequency, as a series LR

work does, but more closely approxim

the REL . This is sometimes referred to as

semi-inductor. The simple Zobel netw

optimized at the crossover frequency,

a good job of flattening the impedance

the frequency range around the crosso

however, which is where we need it m

(see Fig. 2).

R THE CROSSOVER IS

PASSIVE OR ACTIVE, THERE ARE

ADVANTAGES AND DISADVANTAGES

TO EACH APPROACH .
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Resonance
compensation.

There is also an impedance peak at the

resonant frequency of the driver, and this

peak often has a fairly high Q . The design-
er can devise a series LRC network to

equalize this peak, as shown in Fig . 3 . How-

ever, as the frequency goes down, the size

of the required inductor (in all respects:

Electrical value, physical volume, and cost)

beets large. While compensation of this type

is therefore rare for woofers, it is more

common (though not universal) for

midrange drivers and tweeters, especially

when the resonant frequency is situated

within an octave of the crossover frequen-

cT Since these are high-Q circuits, their

transient response is not optimum, and

they tend to ring .

The designer can add net-

works in series with the

speakers to control response

variations . These networks

are usually parallel LR for ris-

ing response with frequency

(Fig . 4), RC for falling re-

sponse with frequency (Fig.

5), or LRC for a hump in the

frequency response (Fig . 6).
Figures 7 and 8 show how

effective this Zobel and reso-

nance compensation can be

with a real midrange—
three Audax HD12P25FSM

drivers in parallel, actually.

One last function that

should be accomplished in
the crossover is to equalize

the sensitivities of the dri-
vers . This is

commonly ac-

complished

with an L-pad

so that the level

can be adjusted

without affect-
ing the load

impedance

seen by the net-
work. An alter-

native is to use

a resistor in se-

ries with the

load . The total

crossover load,

using a series

resistor, is then

the sum of the pad resistor

and the speaker, which

should still be compensated

by impedance equalization.

This approach, while saving

a resistor, doesn't allow the

flexibility of adjustment of-

fered by the L-pad.

The quality of the compo-

nents is crucial to good per-

formance . Inductors should

have low d.c. resistance be-

cause of the high peak cur-

rents that they will carry.

These currents may actually

be larger than the ones in the

load and can approach tens

of amperes . Since the impedance of most

crossovers is low, it doesn't take much re-

sistance to turn an LC network into an

LRC network. The formulas for passive

crossovers assume ideal inductors with no

series resistance . Therefore, the inductor

should be wound with large wire . (Most

crossover inductors are wound with AWG

#16 or #14 wire .) Iron-core inductors

should be designed so that they don't satu-

rate, even under high peak-current condi-

tions. Many audiophiles dislike iron-core

inductors for their susceptibility to satura-

tion, but they do allow higher inductance

values for a given amount of wire, which

translates to lower d .c . resistance.

Capacitors for audio use should have a

film dielectric . Electrolytic capacitors

should be avoided whenever possible . Be-
cause there is no polarization voltage in

Fig. 4—
Cornpen-
sation for
rising
response.
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Fig. 6—
Compensation for
a hump in response.
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the audio signal, a nonlin-

ear response is caused bye-UNDERSTANDING SPEAKER CROSSOVER
an electrolytic capacitor.

Also, the equivalent series

resistance (ESR) and dielectric absorption

(DA) of electrolytics are poor. Unfortu-

nately, film caps are only available up to

about 100 µF, and at these values they are

physically very large.

Resistors should be large enough to ab-

sorb at least the amount of power that is

being delivered to the speaker . The square-

section power resistors seem to be the best.

They are inexpensive, fairly accurate, and

stay resistive (rather than becoming reac-

tive) throughout the audio range.

Iii wiring the drivers, it is desirable to

run two separate wires (hot and common)
to each set of drivers rather than running a

common return for all drivers . This mini-

mizes the inductance and impedance in the

return and prevents the modulation of one

driver by the other. Some people even ex-

tend this idea by running two separate ca-

bles, one for the woofer and one for the

midrange and tweeter, back to the amplifi-

er. This is referred to as bi-wiring.

Some final points regarding the passive

crossover are in order . If the inductors are

oriented so that their magnetic fields over-

lap, unwanted voltages may be induced

from one inductor to the other by mutual

inductance . This can be avoided by orient-

ing coils that are close to each other at right

angles to each other. Separation is the best

way of avoiding mutual inductance.

The physical size of the components, the

resistance of even high-quality inductors,

and the limitations imposed by the speaker

as the terminating load all compromise the

accuracy of the passive crossover. This has

tempted designers to go to active cross-

overs instead.

ACTIVE CROSSOVERS

Active crossovers are active filters that

divide up the frequency spectrum. In prac-

tice, they are line-level circuits placed in

front of the power amplifiers . A separate

power amp is therefore required for the

driver in each frequency range, materially

raising system cost, and this is the active

crossover's chief disadvantage. There are,

however, many advantages.

First, the active crossover network is iso-

lated from the speaker's impedance by the

power amp . This makes the design of the

filter simpler and more accurate. Second,

the impedance of the filter can now be

scaled so that component values can be

made more practical. Another advantage is

that inductors are not used in active filters,

and it is much easier to tune an active filter

than it is a passive filter because of the iso-
lation between the various sections of the

active filter.

Another possible advantage, which can

be implemented in an active crossover but
not in a passive filter, is time delay . The

acoustic center of a driver is usually locat-

ed at a point approximately where the

voice-coil attaches to the cone (or dome).

When you mount different drivers on a

common vertical baffle, their acoustic cen-

ters often do not line up . The resulting time

difference can be cancelled by delaying one

driver's output relative to another' s, and

this can be accomplished with an all-pass

filter. This alignment of signals can also be

done by mounting the different drivers on

baffles that are physically offset or slanted.

However, this increases manufacturing dif-

ficulty and may cause problems with dif-

fraction around the baffle edges.

In the active crossover design, imped-

ance-matching circuits may be eliminated.

Almost all modern amplifiers have very

low output impedances at audio frequen-

cies . This means they will provide whatever

current is required, within the amp ' s cur-

rent output capability, to develop the cor-

rect voltage across the load . Therefore,

speaker-impedance changes with frequen-

cy do not affect overall performance.

Another advantage is that since each dri-

ver is connected directly to an amplifier,

the damping ratio of the amp can control

the back electromotive force (EMF) of the

driver. This is especially important for the

woofer. A dynamic driver works by devel-

oping a voltage in a coil of wire—that is,

the voice-coil—which then moves relative

to a fixed magnet. Back EMF is produced

by the voice-coil moving through a mag-

netic field due to the momentum of the

cone, not because of an

input signal. This sets w
a voltage in the coil . If tine

coil is connected to a low-

impedance source, such as a power amp.

the induced voltage is effectively shorted

out . If there were a passive crossover be-

tween the amp and the driver, this back

EMF would distort the signal because d

the finite driving impedance. Eliminating

this effect results in better transient behav-

ior (i.e., "faster " bass).

In active network designs, it is advisable

to have a coupling capacitor between ter

power amp and the tweeter to protect the

tweeter from turn-on transients . These

transients can easily turn the tweeter into

an expensive fuse! The capacitor should be

chosen so that it does not affect the trans-

fer function, and it is more than sufficient

to have the corner frequency a decade or

more below the upper crossover frequent.

A high-quality film capacitor should be

used in this application.

WITH
ZOBEL
COMPENSATION
ONLY

FREQUENCY — Hz

Fig. 7

Effects of Zobel

and resonance

compensation.

FREQUENCY — Hz

Fig. 8

Combined effect of

Zobel and resonance

compensation.
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particular from not being able to factor
some of the terms in the higher order APC
equations.
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Subjective evaluations have indicated

that active crossover networks sound bet-

ter than their passive equivalents . Al-
though active crossovers offer the ultimate

in audio performance, their cost-effective-
ness must be determined by the designer

and the consumer.

DESIGNING BY COMPUTER

On a final note, computer programs
have been written to aid in the design of

crossovers . Robert M. Bullock's original
work (a classic series of articles that ap-

peared in Speaker Builder in January, Feb-
ruary, and March 1985; January 1986, and
April 1987) is available in the form of a

BASIC program for two- and three-way
designs. Several shareware programs have

been written to spice up the presentation

of the data, but these programs suffer in

A significant advance in modelling al-
lows the frequency response of the individ-
ual drivers to be factored into the cross-
over. Most simple computer programs,
such as Bullock's, assume a flat response
from the driver. Later programs, such as
CALSOD (Computer Aided LoudSpeaker
Optimization and Design), allow the de-
signer to use the response of the driver as
an input. Some programs can automatical-
ly take the response of the driver when
used with the proper hardware.

Many programs exist for the design of
active filters, running the gamut from sim-
ple spreadsheets to very elaborate graphics
interface programs . A good source of
audio-related software is the Madisound
bulletin board (BBS) at 608/836-9473 . A
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