TheWhyand How of

Victor Brociner*

Horn Loudspeakers

Horn loudspeakers are used whenever high efficiency is required and when special control is desired over directional character-
istics. In a well-designed horn speaker, distortion is lower than in a direct radiator, at least towards the low-frequency limit of its
range. Bass horns are capable of producing high sound pressure levels with a small cone excursion; because of this, both non-
linear and Doppler distortions are lower than in direct-radiator woofers. Direct-radiator speakers become more directional as the
frequency increases. Homs can be designed to provide good directional patterns up to the highest frequencies.

he theory of horn speakers to be found in textbooks is

highly mathematical, difficult to understand, and very
abstract. It does not provide a good intuitive understanding
of horn speaker operation. Popular books, on the other hand,
tend to present ostensibly simple explanations that are really
not much more comprehensive. What is mean by saying that
a horn is an impedance transformer? How does a horn “load”
a driver unit? When a speaker is loaded by a horn, doesn’t
the increased load reduce the diaphragm excursion? If so, why
does the acoustic output increase? This article is an attempt
to explain horn speaker operation in terms that provide both
an intuitive and a quantitative understanding, without using
advanced mathematics. It will be assumed that the reader
has some acquaintance with electrical analog circuits for
mechanical and acoustical systems, and with concepts such as
radiation impedance, motional impedance, mechanical com-
pliance, and the like. It is freely confessed that, in the course
of the development, some shameless simplifications will be
made. The following is certainly not represented to be a design
manual.

Direct radiator speakers have low efficiency because there
is a bad mismatch between the impedance of the mechanical
power source and the air into which it radiates sound, except
at resonance, where electrical mismatching reduces the output.
Fig. 1is an analog circuit for a direct-radiator speaker in its
middle frequency range in which losses are neglected. In this
circuit, the acoustic output is the power produced in the radia-
tion resistance = = by the velocity v:

P~ = V 2®ma (1)
Over the flat section of the frequency response curve shown in
Fig. 2, the motion of the cone per unit of applied force is de-
termined almost entirely by the mass of the moving system:

(VA —— @

where v = cone velocity in meters per second
F = force applied by the voice coil, in Newtons
f = frequency, in Hertz
m = mass of the moving system (coil and cone)

in kilograms
Equation (2) shows that cone velocity is inversely proportional
to frequency. Figure 2 depicts this variation. The dashed curve
shows how v2varies with frequency. The radiation resistance,
Rng is a function of the square of the frequency, as shown by
the dot-dash line. Now, referring to equation (1), the acoustic
power output is derived as follows:
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This is seen in the power-frequency response curve of Fig. 2
Suppose the voice coil mass plus cone and air load mass equals
.03 kg. At 400 Hertz, where the frequency response is flat, the
reactance of the mass is
Xm = 2n fm = 6.28 X 400 X .03 = 75 mechanical mks ohms
This is the effective impedance of the generator. The load,

rma = 1.57c02a4Po/c*
where co0 = 2uf

a = radius of piston in meters

o = air density in kg/m»

¢ = velocity of sound in m/sec.
Simplifying: rna = .0132 d4f2
where d = piston diameter in  meters ®
for a 10-inch cone, d = .24 meter approximately
At f = 400 Hertz

rRma = .0132 X (.25)4 X 4002

= 825 mechanical mks ohms

So a 75-ohm generator feeds an 8.25-ohm load. This indicates
the degree of mismatch in a typical case of a direct radiator
speaker.

Matching can be improved by reducing the generator im-
pedance or increasing the load impedance. The reactive gen-
erator impedance can be cancelled out by resonating its mass
with a compliance. This is what happens at the resonance fre-
quency of a direct radiator. At and near this frequency, the
impedance match is good, and the mechano-acoustic efficiency
is high. However, the low mechanical impedance that occurs
at resonance is reflected into the electrical circuit as a high
impedance, as a result of which the speaker cannot absorb
much electrical power from the amplifier, that is, if the
speaker is well damped. If not, there is bump in the response
curve at resonance. This is not the kind of efficiency we want.

The reactive generator impedance can also be reduced by
reducing the mass, m. This is done in tweeters by using small,
aluminum voice coils and very light cones. In wide-range
speakers or woofers, there is a limitation to mass reduction
because the cone must be sufficiently strong so as not to buckle
or break up into modes. Another problem is that reducing the
mass raises the frequency of resonance, below which the fre-
quency response falls rapidly. It also reduces the Q of the
moving system, since

where Rm s the damping resistance. An over-damped speaker
has a frequency response that falls off as the frequency de-
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creases. All of these factors are undesirable consequences of
excessive lowering of mass.

This leaves the factor Rnt—the radiation resistance. Since
Rm. increases proportionally to the area of the speaker, it is a
simple mitter to make it larger. But increasing the size of
the cone raises its mass: rather rapidly, in fict, because the
thickness has to be increased as well to maintain adequate
stiffness. This works to counteract the increased efficiency
obtained by the larger cone. Also, as examination of the fre
quency response curve of Fig. 2 discloses, the point at which
the high-frequency response falls off is lower the greater the
cone diameter. For a theoretically perfect piston, the drop in
response begins at f = 8600/d where d is the piston diameter
in inches. Thus, a 10-inch piston begins to drop in response at
860 Hertz a 15-inch diameter results in a 573-Hertz transition
point, and so o n --— downwards.

Increasing Radiation Resistance

If we could somehow man ige to persuade a cone to produce
plane waves, the radiation resistance would be 407 mechanical
mks ohms per square meter of radiating area. A 10-inch cone,
with an area of .05 square meter, would then work into 407 x
05 or 24 ohms which is certainly more favorable than the 8.25
ohms calculated in the example given above. We know that
sound that is not too high in frequency is propagated as a
plane wave along an infinitely long pipe. We could presum-
ably get better efficiency by coupling the speaker to such a
pipe. However, we might not care to wait around until the
sound emerged from the pipe! What about a verv long, but
not infinite, pipe? The load on the speaker would be favorable,
but now, at the mouth of the pipe we face much the same
situation as we had with the speaker radiating directly.

The only way around this problem is somehow to attain a
larger area at the point of transfer of sound from the pipe to
the surrounding air. Fig. 3 shows a way of doing this. The
expanding passage employed is called a horn.

To determine exactly how a horn works even with simplify-
ing assumptions, requires abstruse mathematical treatment.
However, there is a simplified approach which, although any-
thing but rigorous, can convey a rather good idea of what goes
on in a horn. Let us consider the propagation of a plane sound
wave through a small pipe that feeds a larger one as shown in
Fig. 4. Assume that both pipes are infinite in length. The
acoustic resistance of the small pipe is 407 Si mechanical
mks ohms, S, being its cross-sectional area in square meters
The large pipe has an acoustic resistance of 407S.\ The resist-
ances are not matched at the junction, so some reflection
takes place, and not all of the power is transmitted from one
pipe to the other.

The ratio of power transmitted is

where

It is interesting to note that S2/S1can be appreciably larger
than 1.O without a great deal of power loss. For example, a
15 to LO ratio results in 96% transmission of the incident
power. This suggests that it might be feasible to transfer power
without excessive losses to a larger area by means of succes-
sive small steps of expansion,* as in Fig. 5. Calculations on
increasing numbers of steps of expansion for a given ratio of

Sz to Si reveals a definite trend that can be seen in the follow-
ing:

«It Is not correct to couple steps together like this because there Is an impedance
mismatch, but in this case the end justifies the means.

Fig. 1— Mechanical analog circuit ot direct radiator loud-
speaker with a constant current drive. Frictional losses are
assumed as zero. F = force exerted by voice coil in Newtons;
| = length of voice coil conductor in meters, i = current in
voice coil in amperes; me = mass of voice coil and cone in
kilograms; oima = equivalent mass of air load in kilograms, and
Rma = radiation resistance in mks mechanical ohms.
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Fig. 2— Calculated performance of piston as direct radiator.

Fig.
Ratio of areas Number of  fp Total
per step Steps per step fp
2.00 1 .89 89
4 2 97 94
126 } 99 97
1.19 4 992 98
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Fig. 4— Acoustic power transmission through stepped pipe.
Si, S2 = cross-sectional areas; Pi, P2 = power transmitted,
and mp = P2/P1.

Fig. 5— Limit of successively larger numbers of steps of ex-
pansion of a pipe for identical initial and final diameters.

Fig. 6— Expansion rates of various types of horns. S = area at
distance X from throat; St = throat area. Parabolic: S= St
(1+ X Xo); Conical: S= St(1 + X/ X0)2; Exponential: S = Stbmxj
Bessel: S = St (X + Xo)m; Catenoidal: S = St (eiwx + € -nx);
Hyperbolic: S = St(cos H X/Xo + Tsin X/Xo) 2 Tis less than 1

In all four cases, the ratio of output area to input area is
2.00 and it is evident that increasing the number of steps raises
the efficiency of transmission. The trend appears to indicate
that the limit of a continuous curve is 100% transmission. Now.
if the far end of the pipe can be made large enough so that it
produces plane waves, just as plane waves would be radiated
by a large piston, the finite pipe behaves like an infinite pipe.
There is no problem at the far end, power is transmitted 100%
along the pipe (except for frictional losses) and the desired
increased load is obtained on the diaphragm of the driving
speaker. The device we have “invented” is a horn; the end
near the speaker is called the throat and the far end the mouth.

Horns: Infinite and Finite

The shape of a horn is expressed by a mathematical formula
indicating the ratio of the horn cross-sectional area at a given
distance, x, from the horn throat, to the area of the horn
mouth. The most widely used horn is is exponential-.

where S2 = mouth area
Si = throat area
m = flare constant

x = distance from throat
In this type of horn, each increment of distance results in a
constant ratio of areas:
If S: = Sienx
then, for an increase of x in distance
S2 = S-em(x+Ax) = St (emx m e™AX)
= S|lemx m emAX

S2/S1 = emAXx is a constant

This is the type of horn we developed as a limit of the stepped
pipe as the number of steps per unit distance increased in-
definitely. Other useful horn shapes are Bessel, catenoidal,
conical, hyperbolic, and parabolic. These are all shown in
Fig. 6. The conical horn is the oldest form of artifical horn,
seen in megaphones. The oldest natural form is approximately
paraboloidal, consisting of a pair of cupped hands held before
the mouth. Paraboloidal horns are used, in segments of dif-
ferent flare rates, to approximate horns of other expansion
laws, in low-frequency horns. Many folded bass horns, which
are usually made of wood, use a succession of short sections
with a pair of parallel sides, the other pair expanding linearly.
The area of such a horn section follows a parabolic law of
expansion.

The hyperbolic and Bessel horns are families of horns, the
exact curve depending on the values of certain parameters. The
hyperbolic horn becomes exponential when T = 1 and
catenoidal when T = 0. The Bessel horn becomes conical
when m = 1

Fig. 7, shows a comparison between the radiation resist-
ance of a loudspeaker radiating directly into the air and the
same unit working into an exponential horn. There is a large
increase in radiation resistance at frequencies below the knee
of the curve for the direct radiator, and none at all for high
frequencies. The lack of improvement at the top end is not
surprising when one realizes that a direct radiator produces
virtually plane waves at high frequencies. These can be
visualized as emerging as a beam from the speaker without
being affected by the horn walls.

All of the curves go to very low values of radiation resist-
ance as the frequency is decreased below a certain point. In
an exponential horn, for example, the radiation resistance
becomes zero when:

fc = rpc/d T @9
where fc = cut-off frequency

¢ = speed of sound

m = Baring constant.

The radiation resistance does not actually go down to zero,
but retains a small finite value, not given by the usual horn
formula because of the simplifying assumptions adopted in
its derivation. At /2 fc, Rniis 1/ 2 of its ultimate value. A
horn driven by a piston whose velocity is independent of fre-
quency has a sound pressure level that is down 3 dB at this
frequency.

A convenient, if approximate concept, is that below the
cut-off frequency the air in the horn does not propagate as a
travelling wa\e but simply oscillates in the horn so that the



(Continued from page 18)
pressures in all planes at right angles to the horn axis are in
phase. Under these conditions the air acts like a moving mass.
As a matter of fact, the air in the horn does not move
exactly in phase with the driving pressure even in its working
range; in other words, the acoustic impedance looking into the
horn throat is not a pure resistance. The formula for the throat
reactance is:

pc2m

= (10)
XMA ST 4 TTf

in which, be it noted, the frequency term is in the denomin-
ator. The reactance is positive, which leads one to conceive of
it as a mass reactance, but it decreases as the frequency in-
creases, as does a capacitance. Actually, the reactance is that
of a negative capacitance. It acts to decrease the velocity for a
given applied force, reducing acoustic output.

There is another limitation at low-frequencies as well,
which is not shown by the curves of radiation resistance (Fig.
6) because these are based on horns of infinite length. It may
be recalled that in developing the horn via the stepped pipe,
it was stated that the mouth size had to be great enough for the
assumption that it radiated plane waves.

Adequate “mouth loading” is generally considered to be
provided when the circumference of the horn is equal to a
wavelength, or nd = A. This is somewhat easier to deal with
in terms of frequency: f =c/A where c is the speed of sound
The resulting expression is:

C

nf

For d in inches, d = 4300/f. This is exactly one ocatve below
the frequency at which the radiation resistance curve of a
direct radiator has its knee. (See Fig. 2)

The formula provides some discouraging information. For
example, a horn that performs well down to 43 Hertz histo be
over 8 feet in diameter! Fortunately one can live with con-
siderably less than perfect mouth loading. Also, the use of
room walls and floor as reflectors increases the effective area.
Bass horns designed to fit into the corner of a room work very
well with equivalent mouth diameters not much greater than
2 feet.

If we now consider the frequency response of the simple
horn speaker in the midfrequency range we find that we do
not obtain a flat frequency response.

At 400 Hertz we found the mass reactance to be 75 mks
mechanical ohms; by means of the horn the radiation resist-
ance load was increased to 24 ohms, but this still leaves the
mass largely in control of the veolcity (See Fig. 1. Mean-
while, the radiation resistance has become independent of the
frequency (See Fig. 7). Since the velocity v still decreases
with increasing frequency and r .. remains constant, the
formula P\ = v 2r .. tells us that the response falls toward the
high-frequency end. If = . is frequency-independent, v must
be constant as well. This condition can be approached if & ma
is much greater than the mass reactance.

Rracan be increased still more if the speaker is coupled to
the horn by means of a stepped-down pipe as in Fig. 8 Now
the speaker looks into a mechanical resistance

where sr = the diaphragm area

and st = the throat area

If Sd/Si = 4; Rs= 4 x 24 x 96 mks mechanical ohms
which approaches the condition we want of resistance-de-
termined cone velocity. With true resistance control, the
response is flat in the mid-frequency region. The variation
with frequency of the response - determining parameters as

well as the response curve itself, are shown in Fig. 9a, and the
analog circuit in 9b.

As the frequency increases, the mass reactance begins to
predominate in determining the velocity, which decreases.
The power output drops at a rate of 6 dB per octave. Eventu-
ally. the compliance of the front air chamber Cc begins to
act like a shunt across the radiation resistance rn... and
response falls rapidly. Ifthe low pass filter formed by msand C
is proportioned so that it is suitably mis-matched. the response
in the region immediately below A can be elevated as shown
by the dot-dash line with response falling above this point
at a rate of 12 dB per octave. See Fig. 9c. At low frequencies
the response falls because x ma, as has been pointed out, is a
negative capacitance, whose reactance increases, decreasing
the diaphragm velocity. Hov ever, if the speaker resonance is
placed near the horn cut-off frequency, the speaker compli-
ance can be made to cancel out the negative compliance of
the horn, removing this restriction and increasing the bass
response. In high-complijnce woofers, the required lower
value of compliance can be obtained bv enclosing the rear of
the speaker in a very tight box

Efficiency
We have found that adding a horn to speaker unit improves
the impedance m itching and increases the power output for
a given driving force of the voice coil. What about the effi-
ciency? Let us simplify the problem bv considering the fre-
guency range over which the cone motion is resistance-con-
trolled. and neglect losses due to friction. The efficiency under
these idealized conditions is called the initial ef ficiency.
The force exerted bv the voice cail
F = Bl (in
where F is in Newtons
B = magnetic flux density in Webers/square meter.
1 = length of voice coil conductor in meters
The cone velocity
V = F/IRm v
where v is in meters/second
Rra = radiation resistance in mks mechanical ohms.
Substituting from (12) to (13),

BFi
\Vi —
rma
Using the formula for acoustic power
B2P2i
PA = V/Rma eeememme-ACOUSEIC Waltts (14)
Bma

The input power consists of the electrical power dissipated in
the voice coil, plus that corresponding to the acoustic power.

B2 P2 i

RcRMA * B2FR2 (15)

1IMA
Efficiency
B2 P
\% — = (16)
PE B2 P 2+ RCRMA
For a 12-inch speaker with B2P = 64 and Ri = 6 ohms, and
rma = 96 ohms as in the horn previously analyzed

64
V = = 10%
64 + 6 x 96
This is not a startlingly high efficiency, but it is a great deal
better than the typical 1%or lower efficiency of a tepical high-
compliance woofer.
How can efficiency be increased? Equation (16) tells us
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Fig. 7— Radiation resistance of exponential horn versus
piston in infinite baffle.

Increase the flux density B, the length of voice coil conductor,
reduce the voice coil resistance Rc, or reduce the radiation
resistance Rm. The first three items are somewhat inter-
dependent. If 1is increased, Rc is increased, opposing the
increased efficiency, unless the wire diameter is increased. If
this is done, the air gap must be made greater to accommodate
the thicker voice coil, reducing B. Also, the moving mass in-
creases, and its greater reactance opposes the condition of
resistance control at a lower frequency, reducing the high-
frequency response. It can be seen that a great deal of juggling
must be done to obtain the desired performance.

Now for the last factor: Rma To increase efficiency, this
must be decreased. But the whole point of horn loading was to
increase Rm». There seems to be a contradiction here. It is
the result of the simplifying assumptions. For the direct
radiator, we assumed mass control. For this condition. Rnf
should be as great as possible. The horn efficiency equation
was based on resistance control. Here, Ru should be as small
as possible. But if Rnais made small compared to the mass
reactance, the condition of resistance control no longer ap-
plies. One would expect an optimum point somewhere in be-
tween.

If an intermediate condition is assumed between mass con-
trol and resistance control, both elements must be taken into
account in the expression for the velocity which now becomes

f ah
v / — (17)
V RMA + XM2 ' rMA2 + XM

B2 X2 12 Mma
and PA =\2Fma (18)
rma2+xm2
Now the input power is the sum of the output power and the
power dissipated in the voice coil
B2 P2i2Rya

FE= 2. (19)
MA2 + XM2

HORN CHARACTERISTICS-TS

Fig. 9A— Horn characteristics.

Fig. 9B— Horn loudspeaker analog.
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Fig. 9C— Frequency response of horn speaker.

PA b2 E2 rma

wE Rc KM2+ RMA2>+ B2 P2RMA
b2 @2
(20)
R,<XM2+ rma?2>
"MA
In this expression, V is maximum when

B2 £2 +

%Mz + rma2

MA
is @ minimum as Rni varies.



Fig. 10— Analog circuit of horn loudspeaker operated from
constant-voltage source. The horn throat reactance is
assumed to be cancelled out by the speaker compliance.

This occurs when Rn = Xm Then the maximum possible
value of efficiency.

B2 P 2
AMAX “
b2P 2+ 2RcXm
where XA = 2T fm (21)

Since xm varies with frequency we can select f to produce a
maximum anywhere we please as long as Xm = Rnaat some
point on the fiat part of the curve of Rn¥ vs. f.

Assume that this point is 50 Hz. Then for a .03 Kg moving
system xm = 27 X 50 x .03 = 9.9 mks mechanical ohms. If
this is matched by making R* = 9.9 ohms also, then for the
speaker previously considered as a direct radiator:

64

64+ 2x 6x 9.9

For the same system at 500 Hz, Xm = 2 & x 500 X .03 =
99 mks mechanical ohms. However Rnf is fixed at 9.9 ohms.
Now
64
T = 1.1%
6(992 + 9.92)

The high efficiency at 50 Hz has been obtained at the expense
of a response that drops rapidly as frequency increases. This
is an illustration of the concept of gain-bandwidth product. As
the required bandwidth increases the efficiency goes down.

There is still another method of obtaining high efficiency
that can be derived from equation (21). This is to reduce Xm
by decreasing the moving mass. One way to accomplish this
is to use a smaller cone. This is feasible because high values
of Rra can be obtained by means of the horn rather than
through the use of a large radiating area.

Constant-Voltage Operation

In all the previous calculations it was assumed that the loud-
speaker was operated from a constant-current source. This
assumption brings about a considerable simplification in the
formulas and provides a valid expression for efficiency. How-
ever, it does not provide a correct expression for the frequency
response of the loudspeaker as actually used: From an essen-
tially constant-voltage source. The reason is that the electric

impedance varies with frequency. Because of this, the input
power also varies with frequency.

The mechanical analog circuit of the loudspeaker must be
modified from that of Fig. 1 when a constant-voltage
amplifier is used. The revised circuit is shown in Fig. 10.

M is the mass of the moving system and Rrathe radiation
resistance in mechanical units as before. The series resistance
represents the effect of the voice coil resistance. lts value is
derived as follows: Think of a loudspeaker whose voice coil
motion is blocked by some means. Ifv = 0, there must be an
open ircuit in the loop shown in the figure. This corresponds
to the manner in which we would mea.-ure the open-circuit
voltage in an electric circuit. On the electrical side, there is
no counter-e.m.f. generated since there is no motion of the
voice coil. The only current-determining element in the circuit
is Rc, the voice coil resistance. So i = E/Rcwhere E is the
amplifier output voltage. Substituting in the expression for

F = Bli F = BIE
Rc

Now consider what happens if the loudspeaker is operated
into a vacuum and there is no friction. Nothing opposes the
motion of the cone. This corresponds to a short-circuit across
A-B. In the mechanical circuit v= F BIE

R. Rc Rim

The velocity must be just enough to generate a counter-emf
that equals the amplifier voltage. Then Blu = E and substitut-
ing from the previous expression

BfV = e - E

The last two terms result in

B2P2
From Fig. 10 velocity
(22)
j2p2
RC IRMA )+ ©4M
Substituting F = BP E/Rc
BPE
B2l 22
(RMA + o ) + co2m?2

We can now find a means of calculating the frequence response
of the loudspeaker. The relative response is plotted as sound
pressure vs. frequency. Since sound pressure is proportional to
the square root of the power, it is convenient to think in terms
of the ratio

which corresponds to sound
pressure per volt applied to the loudspeaker terminals. From
the relation
Pa =V Rma we can write
VjAL = \'" Rva
ED E
Substituting the equation (22)

—PA if \/R ya

B2P2 2
'MA )

(23)

+ Q@ M2



Since comincreases with frequency, the response begins to
drop above the frequency wherewmbecomes comparable in
magnitude to .

B2iZ

<rma + >
Re

Using the constants for the horn speaker whose efficiency
was previously derived for 50 Hz and 500 Hz.

At 50 Hz. / g2 2
E 6% (9.92+—) + (628 x 50x .08) 2
= 042
At 500 Hz. / g2 2
E 6 v (9.92+6_ ) + (6.28 x 500 x .03) 2
= 0.30

This is a drop in response of 2.5 dB. The previous calcula-
tion for constant current operation showed a drop of over 16
dB. Substantially better frequency response can be obtained
with a constant-voltage source because the electric impedance
of the speaker decreases at high frequencies and permits
more current to flow.

Midrange and High-Frequency Horn Speakers

To this point we have considered only the case where a horn
is added to a direct-radiator loudspeaker. Where both extreme
low-frequency range and power capability are not needed,

horn loudspeakers can be made more efficient by using small,
light, rigid diaphragms. Small diaphragms reduce the value
of Rwa increasing the efficiency; the moving mass is also
lowered, extending the high-frequency response. The smaller
driver unit is capable of handling large amounts of power with-
out excessive diaphragm excursion because of the greater
load into which it works. The expression for the power out-
put of a loudspeaker indicates that, for a given amount of
acoustic power at a given frequency, the required rms velocity
is inversely proportional to the square root of the mechanical
radiation resistance imposed by the acoustic load. The re-
quired excursion is proportional to the velocity. A 10-inch
come as a direct radiator, with an area of .05 mz, works into
8.25 ohms at 50 Hertz. Horn-loaded to 96 ohms, its excursion
for a given acoustic output would be
8 25~
9

or about 0.3 times as great as before. Alternatively, the cone
size could be reduced and the radiation load maintained by
decreasing the area of the horn throat, which would result in
a longer horn.

The excursion varies inversely as the square of the fre-
quency; consequently this requirement becomes rather un-
important except in the bass range. If a direct radiator re-
quires a 3/8-inch peak excursion at 50 Hz, this would be de-
creased to perhaps 1/8-inch by horn loading. At 500 Hz the
excursion would be only 0.0013”. Since it is easy to obtain
appreciably greater excursions than this in small-diaphragm
drivers, mid-range speakers for horn loading can be made
quite small. A 3-inch diameter diaphragm is typical in such
an application. Diaphragms of this type are frequently dome-
shaped and made of aluminum alloy or formed plastic. Con-
sequently they are extremely light. Tweeters use even smaller
diaphragms and lighter voice coils. ft.
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below. The horn unit is designed to operate in the fre-
quency range above 500 Hz as part of a powerful two-

E n example Of horn speaker performance is worked out
way theater speaker system.

Rc = 12 ohms
B = 1.9 webers/meter2
| =1.75 meter
B2 |2 = 22 webers"/meter”
St = 3.14 x 104 meter2
Sd = 28.3 x 10'4 meter2
Sd/St = 9
RMA  ~ 9x 28.3 x 104 x 407

= 10.4 mks mechanical ohms.

The initial efficiency at frequencies for which the moving
mass has negligible effect: 22 1%
= 0

22+ 12x 104

If the mass is .002 Kg, at 500 Hz: 27fm =6 mks mechan-
ical ohms and at 5 kHz: 27fm =60 mks mechanical ohms
For constant-voltage operation, using equation (23):

1.9 x 1.75>Aa4,

T-~ = .065

\fp
At 500 Hz: — = -
12v (10.4 + 22/12)2 + 62

fp 19 x 1.75V 104
At  5kHz: — R . = .016
E 12V(10.4 + 22/12)2 + 602

Response is down 12 dB at 5 kHz. This can be partially
compensated by making the compliance of the front air cham-
ber resonate with the moving mass as previously described.
These calculations illustrate the fact that careful design is
required to enable a horn speaker to span even as little as 3
octaves. The magnetic field is not readily increased greatly
over the value used above, in the present state of the art. The
radiation resistance at the diaphragm is determined by the dia-
phragm size and throat size. Increasing the diaphragm size
raises the mass, and is the wrong direction to go. Decreasing
the throat size helps but lowers the efficiency and can increase
distortion, as will be explained later. Reducing the voice, coil
resistance is not an admissible expedient because it changes the
impedance rating of the speaker, which is specified. This leaves
reduction of moving mass, which is the means used in the design
of tweeters.
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JBL 2390 horn
With acoustic Lens

Front Air Chamber

The front air chamber can be used to advantage to extend
high-frequency response. However, with a simple coupling
chamber between the diaphragm and the horn throat, interfer-
ence can occur at the throat between sounds originating at
different points on the diaphragm. Figure 11A shows two
paths from diaphragm to throat. If the diaphragm is 2 inches in
diameter and the horn throat is spaced 0.1 inch from the dia-
phragm, the distance from diaphragm to throat AB is 0.1 inch
while the distance A Bis 1.0 inch. Sounds arriving along these
two paths differ in phase by 180 degrees at 7500 Hz, i.e., they
oppose each other.

At other frequencies there are cancellations and reinforce-
ments to various degrees. The frequency response is ragged and
drops at high frequencies. Interference is minimized in high-
frequency speakers by means of phasing plugs which provide
equal path lengths from different parts of the diaphragm to
the throat. One type of phasing plug is shown in cross-section
in Fig. 11B. For good response to 20 kHz, where one-halfwave-
length is 0.67 inch, phasing plugs must be carefully designed
and manufactured with great accuracy. This section of a quality
tweeter somewhat resembles a fine watch in the impression it
gives of precision.

THROAT COUPLING CHAMBER

PHASING PLUG
PATH LENGTHS IN

THROAT COUPLING
CHAMBER

Fig. 11— Horn loudspeaker cross-section.

Fig. 12— A, sectoral horn; B, diffraction horn.

High Frequency Distortion

The maximum amplitude of vibration of the diaphragm is
inversely proportional to frequency. The formula for the acous-
tic output of a horn loudspeaker whose diaphragm works into

an acoustical resistance is n

d 793012 Sc2d?
pa (24)

where d = maximum excursion, one side.



For the theater horn loudspeaker described above to radiate
1 acoustic watt at 500 Hz

! J 3-14>'°4
500 x 28.3 x 10'4 - 7930

,028 cm.

This is a very small excursion indeed for a rather high power
level, but it must be remembered that the clearance between the
diaphragm and the phasing plug is usually very small also, so
the excursion must be taken into account. At the lower fre-
quencies the excursion may actually vary the volume of the
front air chamber from nearly zero to almost double its normal
volume. If high frequencies are present at the same time as the
low frequency, the variable acoustic capacitance of the air
chamber causes the low frequency to modulate the high fre-
quencies. The amount of distortion depends on the power per
unit area at the horn throat. At points along the horn away from
the throat the sound intensity decreases and considerably less
distortion occurs.

Distortion in high-frequency horn speakers due to non-
linearity of the suspension and of the magnetic system is less
than in direct radiators because the diaphragm excursion is
lower.

When distortion is referred to, one usually assumes that non-
linear distortion is meant, as evidenced by the generation of
harmonics and intermodulation products. There is, however, an
additional form of distortion in horn loudspeakers: phase dis-
tortion. The phase velocity with which a condition of maximum
pressure is propagated through a horn is given by

C
c m Q2
16*2 2

(25)

Since C varies with frequency, sounds of different fre-
quencies travel through the horn at different speeds. The
fundamental and harmonics of a given nonsinusoidal wave are
thus displaced in phase; when f = mc/a* the phase
velocity becomes infinite; all parts of the medium in the horn
move in phase as a unit, and the horn no longer functions as a
horn.

Folded Horns

Bass horns must have large mouths and a slow rate of taper;
consequently they are quite long as well. To reduce the space
they occupy they are folded over themselves several times.
Wide-range horns for public address installations also have
their bulk reduced by folding. Typical PA speakers are folded
concentrically to provide relatively long paths of expansion
in compact form. These are called re-entrant horns.

There is one difficulty; sound does not go around comers
readily except at low frequencies. As the frequency increases,
when the dimension across the bend becomes an appreciable
fraction of a wavelength, interference occurs in much the same
manner as in a horn front air chamber without a phasing plug.
The frequency response of a folded hom droops and is ragged
in its upper frequency range. The effect can be reduced by
minimizing the dimension across the bend and by shaping the
outside curve so that it acts as a reflector. In high fidelity re-
production, folded horns are used only for low frequencies.

Directional Patterns

At low frequencies, for which the wavelength is comparable
to the mouth diameter, a horn is almost omnidirectional. Its
polar pattern is practically the same as that of a direct radiator
speaker of the same diameter as the horn mouth. Above this
range the hom becomes more directional but less so than a
direct radiator of equivalent size, assuming the latter to operate
as a perfectly rigid piston. The rate of narrowing of the polar
characteristic with increase in frequency is relatively low.

In the frequency range referred to, the size of the horn mouth
does not greatly affect the directional pattern, but the flare
rate does. Slow rates of flare produce somewhat more direction-
ality. Since the polar pattern depends on both mouth size and
flare rate, different directional characteristics can be obtained
in two planes at right angles to each other through the horn
axis.

Horns used for high fidelity sound reproduction are usually
not circular in cross-section because they are designed to pro-
vide dissimilar horizontal and vertical distribution. A widely
used type of horn is the sectoral horn. The two sides are flat
planes as seen in Fig. 12, and the horizontal faces are curved in
the vertical plane, to provide exponential expansion. Horizontal
distribution approximates the angle between the sides; the
vertical pattern is determined by the flare rate and mouth size.
If the vertical dimension of the mouth is small in comparison
with the shortest wavelength radiated, the hom mouth tends to
act like a small horizontal line source (a line of small speakers)
and produces wide dispersion in the vertical plane. This is the
reverse of what one would expect intuitively. This type of hom
is called a diffraction horn. For good horizontal dispersion it
must be mounted with its major axis vertical. Diffraction horns
have been built with no vertical expansion, all the expansion
being in the horizontal plane.

Rectangular horns are sometimes equipped with flat vertical
radial vanes, making them resemble multicellular horns, of
which more later. The vanes are mainly useful in stiffening the
horn structure. If the vanes are tapered so as to provide in effect
several adjacent horizontally adjacent exponential horns, they
do affect the polar pattern. In one design, this type of vane is
placed in the section of the horn near the throat and does not
extend near the horn mouth. In effect there is a small cluster of
horns within the main hom, acting to shape the wave front for
the higher frequencies.

A cluster of horns with small mouths, designed to have a com-
bined mouth that is essentially part of the surface of a sphere is
called a multicellular hom. Ideally, such a hom produces
identical sound pressure and phase in the spherical surface
formed by the mouths, acting like a section of a uniformly
radiating sphere. The distribution in the horizontal and vertical
planes is controlled by the number of cells in each direction.

Multicellular horns are capable of producing extremely
uniform directional patterns over a wide frequency range. Just
below the frequency range in which the mouth dimension is
between one and two wavelengths, directionality increases.
Consequently, multicellular horns cannot be used for fre-
quencies as low as can simple horns when mouth size is a
determining factor, if uniform directional patterns are required.
This means that, for a given low-frequency limit, this type of
horn is larger than other types.

Simple horns can be given good polar characteristics by
placing acoustic lenses in their mouths. One type of acoustic
lens consists of a series of closely-spaced perforated screens so
arranged that the outer parts of the wave from the horn are
forced to travel a longer path than those closer to the center of
the lens. The progressive delay in a directional outward from
the horn axis bends the outer sections of the wavefront back,
producing divergence of the wave. A series of plane or curved
baffles can also be used to produce path-length differences.
Diffraction around obstacles is another means of altering the
shape of the wavefront. It



