
Note: Within nine months of the publication of the mention of the grant of the European patent in the European Patent
Bulletin, any person may give notice to the European Patent Office of opposition to that patent, in accordance with the
Implementing Regulations. Notice of opposition shall not be deemed to have been filed until the opposition fee has been
paid. (Art. 99(1) European Patent Convention).

Printed by Jouve, 75001 PARIS (FR)

(19)
E

P
1 

88
9 

51
0

B
1

TEPZZ_8895_ZB_T
(11) EP 1 889 510 B1

(12) EUROPEAN PATENT SPECIFICATION

(45) Date of publication and mention 
of the grant of the patent: 
19.03.2014 Bulletin 2014/12

(21) Application number: 06772372.6

(22) Date of filing: 06.06.2006

(51) Int Cl.:
H04R 1/20 (2006.01)

(86) International application number: 
PCT/US2006/022032

(87) International publication number: 
WO 2006/133245 (14.12.2006 Gazette 2006/50)

(54) SOUND REPRODUCTION WITH IMPROVED PERFORMANCE CHARACTERISTICS

TONWIEDERGABE MIT VERBESSERTEN LEISTUNGSEIGENSCHAFTEN

REPRODUCTION DU SON AVEC CARACTERISTIQUES DE PERFORMANCE AMELIOREES

(84) Designated Contracting States: 
AT BE BG CH CY CZ DE DK EE ES FI FR GB GR 
HU IE IS IT LI LT LU LV MC NL PL PT RO SE SI 
SK TR

(30) Priority: 07.06.2005 US 688018 P

(43) Date of publication of application: 
20.02.2008 Bulletin 2008/08

(73) Proprietor: Danley, Thomas J.
Highland Park, IL 60035 (US)

(72) Inventor: Danley, Thomas J.
Highland Park, IL 60035 (US)

(74) Representative: Schollweck, Susanne et al
ZSP Patentanwälte 
Partnerschaftsgesellschaft 
Radlkoferstrasse 2
81373 München (DE)

(56) References cited:  
WO-A1-90/15513 WO-A1-94/19915
US-A- 4 210 223 US-A- 4 227 051
US-A- 5 872 339 US-A- 6 118 883
US-B1- 6 411 718 US-B1- 6 411 718
US-B1- 6 621 909  



EP 1 889 510 B1

2

5

10

15

20

25

30

35

40

45

50

55

Description

Field Of The Invention

[0001] The present invention relates to sound repro-
duction systems having multiple drivers, mutually cou-
pled to a sound barrier to simulate a single acoustic
source in time with a single source radiation pattern.

Description Of The Related Art

[0002] Originally, the art of horn loading of drivers was
done to increase the electroacoustic efficiency of the driv-
ers. Various techniques were employed early on to make
the most of limited amplifier power and relatively low pow-
er handling capabilities of available drivers. Early efforts
were centered around obtaining the greatest sound level
possible. Horn loaded speakers, sometimes referred to
simply as "horns" or "warning systems" of this early era
were generally designed to have a specific expansion
rate throughout, and typically were made to have a de-
fined shape such as that of a simple cone as well as
curved wall flares having shapes corresponding to expo-
nential or hyperbolic curves. Typically, these designs
were aimed at giving the best low-frequency perform-
ance.
[0003] Complementary horn/driver systems were de-
veloped for different frequency ranges. The design of rel-
atively low frequency horns encountered challenging
problems because of the mass and acoustic size re-
quired. Once the desired frequency range is made high
enough, it becomes easier to make a horn for a particular
range which is large enough to meet design criteria. How-
ever, difficulties arose in attempts to make a horn driver
having a relatively flat acoustic power response above 2
or 3 kHz. It was possible to design drivers early on to
have a reasonably flat response "on-axis" to several oc-
taves above a low range, largely because these horns
typically have a "curved wall" construction which exhib-
ited a directivity which narrows with increasing frequency.
Many popular early designs had favorable response
characteristics because the narrowing "focus" of the horn
pattern closely compensated for the falling acoustic pow-
er of the horn drivers, with increasing frequency. How-
ever, situations arose in where listeners could not be po-
sitioned "on axis". Most notably, severe high frequency
roll off was experienced as a listener moved away from
the central axis of the sound reproduction system.
[0004] Constant directivity horns were developed in an
effort to provide a consistent sound quality to larger au-
diences, so as to overcome the focusing effect of curved
wall horns. Unfortunately, practical constant directivity
horns produced considerably less low-frequency loading
on the drivers than the popular exponential-shape curved
wall horns for which improvements were sought. Fortu-
nately, power amplifiers having greater output were
made available and horn drivers were being produced
with greater power capability.

[0005] The inventor of the present invention, while in-
vestigating the poor loading on constant directivity horns,
gave attention to "pyramid" shaped horns. These types
of horns were found to have an effective expansion rate
which changes greatly according to the distance from the
apex, while having a very rapid expansion rate at the
apex. The expansion rate becomes considerably slower
as the mouth of the horn is approached. While the com-
pression drivers at the apex did not couple low-frequen-
cies as effectively, lower frequency ranges could be in-
jected forward of the apex, where the expansion rate was
slower and more suited to lower frequency loading. Fur-
ther details can be found in United States patent number
6,411,718 B1 which issued June 25, 2002 to Thomas J.
Danley, inventor of the present invention, and Bradford
J. Skuran.
[0006] While a simple conical horn can have nearly
constant directivity over a defined frequency range, a par-
adox was found when trying to cover a relatively wide
frequency range. Practical systems are limited in fre-
quency range since only systems developed for relatively
narrow frequency ranges could achieve greater output
and efficiency in real-world designs. A combination of
both high output and wide frequency ranges require the
overall frequency span to be divided into smaller sub
ranges or segments. This conventionally requires each
frequency range and drivers to be associated with an
appropriate horn developed for the desired range. When
combining horns of multiple sub ranges, even with horns
placed edge to edge, objectionable interference is ob-
served where the ranges overlap, resulting in dispersion
patterns with lobes or beans of energy emanating in un-
desirable directions. Attempts have been made to over-
come this problem by placing the high-frequency horn in
the mouth of the lower frequency horn, although fairly
sophisticated signal processing is required to compen-
sate for the differing time origins of the two sources. Even
when the achievement of design goals was possible,
such compensations could be developed only for a single
point in the listening area, and if one were to move about
the listening area, advantage of the compensation would
be lost.
[0007] Accordingly, sound reproduction systems
which truly appear to be that of a single driver in time and
in angular dispersion properties is still being sought. Fur-
ther, reductions in total phase shift of multisegment horn/
driver sound reproduction systems are also being sought.

Summary Of The Invention

[0008] The present invention provides a novel and im-
proved sound reproduction system in which a sound bar-
rier defines a horn passageway having a first end and a
second open end. At least one high frequency range driv-
er is provided at the first end, and at least one lower driver
operating in a frequency range lower than the high fre-
quency range driver are also provided. The high frequen-
cy driver and the lower driver are mutually coupled to the
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horn passageway.
[0009] In a first example of a sound reproduction sys-
tem according to principles of the present invention, tho
lower driver has an upper frequency and lower than a
frequency of a first cancellation notch for the lower driver.
A low pass filter for the at least one lower driver is pro-
vided, to provide high-frequency cut off starting below
that point where the first cancellation notch occurs for
the lower driver.
[0010] In a second example of a sound reproduction
system according to principles of the present invention,
the lower driver has an upper frequency end and is lo-
cated at a preselected position along the horn passage-
way at which the passageway has a preselected cross-
sectional area which is no greater than an area of a round
cross section having a circumference equal to one wave-
length of the upper frequency end.
[0011] In a third example of a sound reproduction sys-
tem according to principles of the present invention, the
lower driver has a lower frequency end and is located at
a point along the horn passageway having a preselected
expansion rate which is slower or equal to the low cut off
or expansion rate governed by the high pass frequency
for the horn.

Brief Description Of The Drawings

[0012] In the drawings,

FIG. 1 is a schematic cross-sectional view of a first
embodiment of a sound reproduction system illus-
trating certain aspects of the present invention;
FIG. 2 is a schematic cross-sectional view of a sec-
ond embodiment of a sound reproduction system il-
lustrating certain aspects of the present invention;
FIG. 3 is a graphical representation showing notch
cancellations for a lower driver mounted to a horn
passageway;
FIG. 4 is a graphical representation of the perform-
ance of a prior art sound reproduction system;
FIG. 5 is a graphical representation of the perform-
ance of the sound reproduction system of FIG. 4
which has been improved according to aspects of
the present invention;
FIG. 6 is a schematic cross-sectional view of a co-
axial driver according to aspects of the present in-
vention;
FIG. 7 is a schematic cross-sectional view of the co-
axial driver of FIG. 6 connected to an exemplar horn
passageway; and
FIG. 8 is a schematic front elevational view of another
sound reproduction system according to principles
of the present invention.
FIG. 9 is a schematic cross-sectional view of another
embodiment of a sound reproduction system accord-
ing to aspects of the present invention;
FIG. 10 is a schematic cross-sectional view of a fur-
ther embodiment of a sound reproduction system

according to aspects of the present invention;
FIG. 11 is a schematic representation of an instru-
ment taking a first performance reading of a sound
reproduction system according to aspects of the
present invention; and
FIG. 12 is a schematic representation of an instru-
ment taking a further reading of a sound reproduction
system according to aspects of the present inven-
tion.

Description Of The Preferred Embodiments

[0013] The invention disclosed herein is, of course,
susceptible of embodiment in many different forms.
Shown in the drawings and described herein below in
detail are the preferred embodiments of the invention. It
is to be understood, however, that the present disclosure
is an exemplification of the principles of the invention and
does not limit the invention to the illustrated embodi-
ments.
[0014] For ease of description, sound reproduction
systems embodying the present invention are described
herein below in their usual assembled position as shown
in the accompanying drawings and terms such as front,
rear, upper, lower, horizontal, longitudinal, etc., may be
used herein with reference to this usual position. How-
ever, the sound reproduction systems may be manufac-
tured, transported, sold, or used in orientations other than
that described and shown herein.
[0015] At the outset it is noted that, while many different
types of sound reproduction systems can receive sub-
stantial benefit from the present invention, the present
invention has found immediate acceptance in the field of
horn/driver sound reproduction systems. Accordingly,
discussion of the present invention will begin with several
examples of sound reproduction systems having one or
more drivers mutually coupled to a horn constructed ac-
cording to virtually any of a number of known designs.
[0016] Referring now to FIG. 1, a sound reproduction
system embodying certain aspects of the present inven-
tion is generally indicated at 10. A high frequency driver
12 is mounted at one end of an acoustic boundary or
sound barrier 14 to effectively close that end, acoustical-
ly. The sound barrier 14 has an opposed open end or
mouth 16. A pair of lower frequency, or " lower" drivers
20 are mounted to the sound barrier adjacent the closed
end. As can be seen, drivers 20 are mounted on the out-
side of the sound barrier, away from the acoustic pas-
sageway 18 defined by the sound barrier 14, Acoustic
output from drivers 20 is introduced into the acoustic pas-
sageway by ducts or acoustic output ports such as cy-
lindrical ports 24 formed in the sound barrier 14. The
length of the ports 24 accordingly corresponds to the local
thickness of the sound barrier 14.
[0017] Referring now to FIGS. 9 and 10, the port length,
or acoustic length can be minimized significantly for horn
walls that are relatively thick. Referring to FIG. 9, a lower
frequency driver 20 is shown mounted to horn wall 130.
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A tapered port 132 is formed in horn wall 130. The tapered
port 132 is preferably defined by frustoconical wall 134
having a large end adjacent driver 20 and a smaller end
adjacent the outer surface 136 of the horn wall. Referring
now to FIG. 10, a stepped port 140 is formed in horn wall
130, and is defined by stepped wall 144. The port defined
by the stepped wall has a larger diameter adjacent driver
20 and a smaller diameter adjacent the outer surface 136
of the horn wall. As shown in FIG. 10 it is generally pre-
ferred that the step or transition 145 in wall 144 is located
relatively close to the outer surface 136. With either port
treatment shown in FIG. 9 or FIG. 10, the overall opening
in horn wall 130 can be made substantially smaller than
if a "straight" or cylindrical hole were employed.
[0018] The present invention, in one example, has
found immediate application with horn-loaded loud-
speaker systems. As contemplated herein, a "horn" is an
air passageway defined by one or more walls that are
acoustically solid, presenting an acoustic boundary
which contains the sound pressure until the sound sig-
nals reach the horn mouth 16. Accordingly, in an effort
to reduce discontinuities in the acoustic boundaries of
the horn, and to avoid adding "soft" surfaces within the
acoustically solid horn wall, drivers are located outside
of the horn, with their sound output introduced into the
horn interior passage via ducts or ports.
[0019] It is desirable to keep the acoustic output ports
such as ports 24, 132 and 140 relatively small (in cross-
sectional area) to avoid acoustic discontinuities. It is been
found that, with a minimum port length, the cross-sec-
tional area or size of the port opening can be reduced
significantly. In one example, ports in a prior art midrange
section have a length of three quarters of an inch. By
reducing the port lengths to 1/16 of an inch, the ports
could be reduced in number from 8 to 4 and in size from
3/4 of an inch to 5/8 of an inch.
[0020] The sound barrier or horn 14 can take any of
the number of desirable shapes and forms as may be
needed for a particular application. The present inven-
tion, as will be seen herein, can be readily adapted to
horns of virtually any shape, and is not limited to the
"straight conical" shape shown in FIG. 1. Further, while
two low drivers 20 are illustrated in FIG. 1, there can be
any number of low-drivers as may be required. For ex-
ample, for square, rectangular or pyramidal shaped
horns, a driver may be provided on each flat portion of
the horn. Also, while only a single high frequency driver
12 is shown in FIG. 1, system 10 can employ two or more
high frequency drivers, as may be desired. Further, as
will be seen with reference to FIG. 2, the overall frequency
spectrum of the original or source signal can be divided
into three or more segments, with sound reproduction
systems having drivers/crossover subsystems for each
segments, all mutually coupled to the same horn.
[0021] The example illustrated in FIG. 1 is sometimes
described as a "two-way" system, indicating that the over-
all or source acoustic signal to be reproduced is divided
into two operational segments. The source acoustic sig-

nal can be divided in a number of different ways, but
typically is divided in multiple segments according to fre-
quency ranges. In one example, the source acoustic sig-
nal is divided electrically, with different frequency seg-
ments being routed to the high frequency driver 12 and
the lower drivers 20. As mentioned above, the output
from the high frequency driver 12 and lower drivers 20
is mutually coupled to the acoustic passageway 18, with
the combined result emanating from mouth 16.
[0022] Referring now to FIG. 2, a second embodiment
of a sound reproduction system according to principles
of the present invention is generally indicated at 30. In-
cluded in the system are three segments of audio repro-
duction devices or "drivers", each assigned to a generally
different frequency range. In system 30, the overall fre-
quency range of the source acoustic signal is divided into
three segments by electronic circuitry (usually referred
to collectively as a "crossover"), not shown. Accordingly,
system 30 is referred to as a "3-way" system. A high
frequency driver 32 is placed at the narrow end of horn
passageway 18, and effectively closes that end of the
sound barrier or horn 14. So-called "mid-range" or "mid"
drivers 34 are mounted to the outside of horn 14, adjacent
the high frequency driver 32. The mid-range drivers 34
are located between high-frequency driver 32 and a pair
of so-called "bass" drivers 38.
[0023] The term "lower drivers" is used herein to refer
to drivers which handle frequency ranges lower than that
of the high-frequency driver. Thus, in the three-way illus-
trated in FIG. 2, there are two pairs of so-called "lower"
drivers, namely the pair of drivers 34 and the pair of driv-
ers 38. The two-way system illustrated in FIG. 1 has a
single pair of "lower drivers", namely the pair of drivers
20. The present invention contemplates acoustic sys-
tems divided into more than three segments, and thus
having lower drivers accommodating more than two fre-
quency ranges lower than the high frequency range.
[0024] Acoustic output from the drivers 34 and 38 is
directed to horn passageway 18 through respective pas-
sageways 24 extending through the sound barrier or horn
14, in the manner described above with reference to FIG.
1. As used herein, the terms "mid" or "bass" are relative,
and bear reference to the subsystem with which they are
associated. Thus, the mid drivers produce acoustic out-
put in response to electrical signals having a frequency
range lying between the frequency range of the high-
frequency driver 32 and the bass drivers 38. It is not sur-
prising to find that the acoustic output from the respective
drivers 32, 34 and 38 have different wavelength ranges
and, of necessity, are located at different distances from
the mouth of the horn. While only a single high frequency
driver is shown in FIG. 2, two or more high frequency
drivers could be employed, as desired. As mentioned,
system 30 is commonly referred to as a "three-way" sys-
tem with the overall frequency range of the originating
signal being divided into three sub ranges, each having
their own respective frequency range. When sound re-
production systems are constructed according to princi-
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ples of the present invention, the output of the three com-
ponent sub-ranges are mutually coupled into a common
horn passageway so as to emerge with the appearance
of a single acoustic source in time with a single source
radiation pattern. If desired, the originating acoustic sig-
nal can be divided into four or more sub ranges as may
be desired, with one or more acoustic drivers usually as-
sociated with each sub range. Regardless of the number
of ranges, it is generally preferred that rear radiation from
each frequency range is kept separate by the use of a
sealed enclosure constructed according to known prin-
ciples such as those specified in the paper "On The Spec-
ification Of Moving Coil Drivers For Low-Frequency Horn-
Loaded Loudspeakers" by Marshal Leach, Audio Engi-
neering Society Loudspeaker Anthology, Volume 2.
[0025] As is known in the art, the design of sound re-
production systems often involves a balancing of different
design principles, directed to optimizing different aspects
of system performance. The present invention can be
combined with a wide variety of techniques known in the
art, to aid in obtaining sound reproduction systems which
simulate a single acoustic source in time with a single
source radiation pattern, and with a heretofore unattain-
able minimum phase shift and total group delay. While
known techniques have enjoyed some measure of suc-
cess, substantially greater performance is made possible
only with the present invention, as can be seen for ex-
ample, by comparing the responses shown in FIGS. 4
and 5, described below. It has been discovered that cer-
tain aspects of the horn design must be satisfied if a sub-
stantial reduction in total phase shift is to be achieved in
a system which more closely simulates a single acoustic
source in time with a single source radiation pattern.
[0026] Referring to a first aspect of horn design accord-
ing to principles of the present invention, attention is di-
rected to the upper end of the frequency range of oper-
ation of the lower drivers. At the upper frequency end of
the range of each lower driver, each lower driver must
be limited to operation below the frequency point where
the first cancellation notch occurs. Cancellation notches
appear when the frequency is increased sufficiently so
that sound from the driver, which travels to the closed
end of the horn, is reflected back so as to arrive with 180°
of phase shift to cancel that portion of the source infor-
mation, thereby causing the cancellation notch. Accord-
ingly, a low pass filter or other arrangement is provided
for each of the lower drivers, to provide high-frequency
cut off starting below that point where the first cancellation
notch occurs for .the respective lower drivers. It is impor-
tant to note that this determination related to the first can-
cellation notch of each respective lower drivers is not a
physical distance but rather is an acoustic dimension
governed by the shape and size of the horn passage.
Referring now to FIG. 3, a response curve for an exem-
plar lower driver is shown at 50. First and second can-
cellation notches 52, 54, are clearly visible.
[0027] Referring to a second aspect of horn design ac-
cording to principles of the present invention, attention

is directed to the local cross-sectional area of the horn
where a lower driver is located. At the upper frequency
end of each of the lower drivers, the cross-sectional area
of the horn, where the driver’s output enters the horn,
must be no greater than the area approximated by a
round cross section that is one wavelength in circumfer-
ence at that upper frequency end.
[0028] Referring to a third aspect of horn design ac-
cording to principles of the present invention, attention
is directed to the local expansion rate of the cross-sec-
tional area of the lower drivers. As used herein, the term
"local expansion rate" refers to the distance it takes for
a small but readily measurable increase in area of the
acoustic passageway (e.g. doubling of the acoustic pas-
sageway cross-sectional area), starting at a point where
the driver is tapped into the horn. Thus, the term "local
expansion" bears reference to a small portion of the
acoustic passageway as opposed to a reference to the
expansion throughout the overall length of the horn. A
useful formula for calculating the horn cross-sectional
area at a distance X from the horn throat is given as: 

where Ax is the area at a given point, At is the initial or
throat area, X is the distance from the throat, Xo is the
low cut off or expansion rate governed by the "high pass"
frequency for the horn, and T is the expansion type (e.g.
1 for an exponential horn, <1 for a hyperbolic horn, and
infinity for a conical horn). This formula immediately
above is given in a paper entitled "Design Factors In
Horn-Type Loudspeakers" by Daniel Plach, Jensen Man-
ufacturing Co., Audio Engineering Society Loudspeaker
Anthology, Volume 1. In one example, this formula is
used to calculate the value of frequency Xo for the horn
being studied, to determine if the calculated value of Xo
(which applies to the rest of the horn going forward from
the calculation point, i.e. the point where the driver is
tapped into the horn) is no greater than that for the lowest
frequency in the frequency range of driver operation. At
the lower end of each driver’s range, the local expansion
rate of the cross-sectional area (taken at that point along
the horn where the lower driver’s output enters the horn)
must be no faster than that specified for that lower fre-
quency end by the equation given immediately, above..
As is known, the expansion rate governs the frequency-
dependent loading behavior of the horn as a signal pass-
ing through the horn approaches its low cut off frequency.
[0029] The present invention can be employed with vir-
tually any type of horn design, such as straight conical
horns and curved wall horns, as well as more complex
horn shapes such as those associated with constant di-
rectivity designs, of the type directed to overcoming par-
ticular problems such as pattern flip usually associated
with straight conical horns. The downstream portion of
the horn can be designed according to any of a number
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of known principles. For example, the expansion rate is
considered as having an effect of a "high pass" filter, in
that the rate of expansion is an important factor governing
how low the horn will provide a loading advantage, with
attendant increase in efficiency, over a direct radiator ver-
sion for the same driver. For example, a 30 hertz expo-
nential expansion of a horn doubles the cross-sectional
area of the horn passageway for every 24 inches of pas-
sageway length, while a 120 hertz expansion doubles
the area every 6 inches. This advantage of horn loading
results from the ability of a horn to present the acoustic
load of a radiator of a much larger area, while avoiding
issues of increased mass and breakup of acoustic signals
that a physically larger radiator would impose. Thus, the
efficiency of the system is increased due to the greater
acoustic load, as compared to the driver’s losses. The
basic design of a system having a horn and one or more
drivers involves a consideration of the best impedance
match between the horn and the drivers coupled to the
horn. In practical systems, a 10 to 30 fold improvement
in electroacoustic efficiency over that of a direct radiator
is commonly achieved, resulting in an electroacoustical
efficiency ranging between 30 and 50%.
[0030] It is generally preferred that a horn is employed
in a region of operation where it provides a substantially
constant acoustic load on the drivers. Accordingly, it is
assumed that the mouth size of the horn is made large
enough to provide the required impedance transforma-
tion down to the low cut off of the drivers. When consid-
ering a calculation of the acoustic radiation resistance
with respect to radiator acoustic size relative to the wave-
length considered, it is observed that, when the radiator
is greater than a specific acoustic size, its radiation re-
sistance is substantially constant with regard to frequen-
cy of operation. Conversely, if the radiator size is sub-
stantially below the acoustic size, the radiation resistance
changes along a sloped curve of size versus frequency.
In one example, a minimum mouth size of a horn is pre-
ferred to be equivalent to a diameter which gives a cir-
cumference of approximately one wavelength at the low
cut off frequency of the drivers being studied. Some ad-
vantage in size reduction of the horn mouth can be ob-
tained when fractions of a wavelength in circumference
are considered. However, the advantages in a practical
system are not expected to be substantial, compared to
a circumference having a length of one wavelength.
[0031] At the low-frequency cut off, the horn path
length emerges as a factor which must be considered.
In general, the horn path length must be about one quar-
ter wavelength or longer at the low cut off frequency,
although substantial efficiency begins in a design region
where the horn path length is at least one half wave-
length. For practical designs of low-frequency horns, the
physical dimensions needed to achieve a substantially
constant acoustic load becomes prohibitive. On the other
hand, when horn designs are considered in frequency
ranges which are an octave or two above a subwoofer
range, the physical size is physically smaller and acous-

tically large enough to give desired performance.
[0032] When considering the interaction between low
cut off and the mouth size of practical horns, attention is
given to the fact that, as the frequency is increased above
the low cut off, the horn becomes larger than necessary
to load this frequency. For example, a size of about one
wavelength in circumference needed to reach a constant
acoustic load at a particular frequency is roughly half the
circumference when the frequency under consideration
is increased by an octave. Thus, the design point needed
to achieve optimal acoustic loading moves up the horn,
toward the throat (or closed end) of the horn, with attend-
ant narrowing directivity as the frequency under consid-
eration increases. The part of the horn past the point of
acoustic loading is important since it governs the radia-
tion pattern of the sound reproduction system.
[0033] For comparison purposes, and to illustrate ad-
vantages attainable with the present invention, a prior art
horn/driver sound reproduction system was modified ac-
cording to aspects of the present invention. A three-way
sound reproduction system, Model Number td-1, com-
mercially available from Sound Physics Labs, Inc. of
Glenview Illinois, was tested for both frequency and
phase response characteristics. The system employs a
straight conical horn having a pyramidal shape. Referring
now to FIG. 4, the frequency response curve 60 and
phase response curve 62 are shown for the unmodified
system. The system was then modified to relocate the
drivers with respect to the horn and to replace the cross-
over with new electronics, in accordance with principles
of the present invention and was tested under circum-
stances similar to the test shown in FIG. 4, with the result
illustrated in FIG. 5. The frequency response curve 66
and the phase response curve 68 of FIG. 5 shows sub-
stantial improvement over the performance of the un-
modified system indicated in FIG. 4. With the sound re-
production system according to principles of the present
invention the phase shift indicated by curve 66 is much
closer to 0 degrees. Also, in addition to the reduction in
phase shift throughout the pass band, the amplitude
curve 66 is smoother than the corresponding amplitude
curve 60 for the unmodified system response indicated
in FIG. 4. Thus, the modified according to principles of
the present invention has much less group delay than
the original, unmodified system, even though the same
drivers and the same physical shell were used in both
systems.
[0034] Turning now to FIGS. 11 and 12, the modified
system was tested for a square wave response. In FIG.
11, the sound reproduction system was tested with a
square wave input signal 210 operating at a frequency
of approximately 1.002 kHz, at or very close to the upper
crossover frequency for the sound reproduction system.
The output trace 212 shows a very good conformance
to the square wave shape with only a small rise at the
trailing end of each pulse in the wavetrain. FIG. 12 shows
a square wave test at the lower crossover frequency of
approximately 315 Hz. The input square wave 214 is
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closely followed by the output trace 216, again showing
only a slight rise at the trailing end of each pulse of the
wavetrain.
[0035] In addition to the testing discussed above,
sound reproduction systems similar to those considered
herein were tested for a number of other factors such as
sensitivity, radiation pattern and the ability of multiple sys-
tems to be arrayed together to cover a large listening
field such as a wide, large auditorium. The average sen-
sitivity measured was quite high, 99 dB re. 20mPa with
2.83 Vrms applied across the load speaker terminals.
While the sound reproduction systems exhibited a large
high frequency radiating area, a tight radiation pattern in
the multiple transducer system contributed to the high
sensitivity. In addition, the sound reproduction systems
exhibited relatively tight pattern control over a wide fre-
quency range, allowing multiple systems to be placed
side-by-side to transmit clean sound to a wide field. In
short, the radiation pattern was found to be quite good,
performing better than even contemporary examples of
prior art systems.
[0036] Turning now to FIGS. 6 and 7, attention is given
to the directivity of a sound reproduction system. It has
been found that the shape and size of the horn governs
directivity over a span of frequencies for horn/driver
acoustic reproduction systems. When carefully consid-
ering the design of a particular horn system, it is important
to note that the horn effectively begins at a point within
the high frequency driver, such as the high frequency
driver 74 of the coaxial driver assembly generally indi-
cated at 76 in FIG. 6. Construction lines 78 are shown to
illustrate this point. This beginning point for the horn, that
is, the smallest point in the horn path way, is related to
the internal geometry of the horn which is set at manu-
facture. Thus, a designer faces some initial constraints
when the high frequency driver element is selected.
[0037] The coaxial driver 76 includes a lower frequency
driver element 82, as shown in FIG. 6. Assembly 76 fur-
ther includes a horn section 84 having a plurality of holes
86, of sufficiently large diameter to communicate sound
pressure from the cone driver 88 of the lower frequency
element 82 to the interior of cone 84. In the illustrated
embodiment, four equally-spaced holes are employed.
The horn section 84 is preferably made of relatively thin
gauge material, so that the holes 86 form ports of rela-
tively small path length. As can be seen in FIG. 6, the
angle of cone 84 is made to coincide with the internal
angle within high frequency driver 74.
[0038] Referring to FIG. 7, a sound reproduction sys-
tem 92 includes the coaxial driver assembly 76 mounted
to a sound barrier or horn 94 having a horn passageway
96 extending to a mouth 98. Again, the upstream or initial
end of horn 94 (located adjacent coaxial driver assembly
76) has an angle consistent with that of horn section 84
and the internal geometry of high frequency driver 74 as
indicated by construction lines 78 (see FIG. 6). The con-
tinuity of angular values between the internal geometry
of the high frequency driver, the horn section 84 and the

horn 94 is preferred when the inner horn has directivity
in its operating range. Further, when the horn section 84
has directivity, it is generally desirable that the smaller
end of horn 94 has a similar wall angle to avoid reflections.
That portion of horn 94 located downstream, i.e. adjacent
mouth 98 has a curvature governed by its intended ap-
plication and low-frequency cut off.
[0039] According to one example of carrying out the
present invention, the approximate frequency at which a
horn has directivity in its operating range is calculated
according to the following formula: 

where F1 is the frequency above which the directivity of
the horn is set by the horn wall angle, Xm is the horn
width at a particular point (in inches), Ha is the horn wall
angle (i.e. measured wall-to-wall for the cross-section at
the point of the horn being studied), and K is a constant
equal to 10^6. This formula is obtained from a paper by
Don Keeles, presented at the 58th convention of the Au-
dio Engineering Society, and is in reference to the mouth
dimension governing a horn’s radiation pattern. Howev-
er, the mathematical principles of the formula, according
to one principle of the present invention, is applied to a
point removed from the horn mouth, along the acoustic
passageway where one portion of a horn section joins
another. As the frequency increases, that portion of the
horn that sets the radiation angle at that frequency and
at the point of interest along the horn passageway grows
increasingly closer to the horn throat. Accordingly, the
goal to obtain constant directivity, or a minimum of inter-
nal acoustic reflections, is achieved by making approxi-
mately equal the horn wall angles were one horn section
joins another, down to a dimension where the F1 fre-
quency is equal to or higher than the highest frequency
in the operating range of interest.
[0040] As mentioned above, the sound reproduction
system improved by application of principles of the
present invention produces a smoother amplitude re-
sponse and lower phase shift response, as illustrated in
FIG. 5, when taken in comparison with the response of
a prior art system illustrated in FIG. 4. Also, with a con-
ventional crossover such as a fourth order Linkwitz high
pass/low pass summed filter, the geometry and close
coupling between ranges of systems according to prin-
ciples of the present invention allow the designer to min-
imize group delay well below that of a conventional cross-
over. For systems constructed according to principles of
the present invention, all of the drivers interact or "feel"
each other acoustically, due to their close proximity and
their loading into a mutually coupled horn passage. To
have the assembly of components of the system act as
a single source in time, the crossover employed should
be based on each driver’s amplitude and phase response
over the operating frequency range. In general, it has
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been found necessary to employ sophisticated computer
programs to arrive at the proper transfer function to sat-
isfactorily knit the various frequency range segments to-
gether. Such computer programs would, for example,
take into consideration the electrical characteristics of
the drivers employed. It has been found that, as a depar-
ture from conventional crossover designs, the filters of
the crossover are made to overlap, are made to have
non-integer order filter characteristics, and are made to
have non-constant frequency response slopes.
[0041] Referring now to FIG. 8, a sound reproduction
system according to principles of the present invention
is generally indicated at 110. In the system 110, the horn
angle of a simple round comical horn is increased to 180°,
thus simulating a hole in the center of a flat baffle. Prin-
ciples of the present invention can be applied to system
110, even though the system has significantly less driver
loading than a typical horn, due to the rapid expansion
of the area moving out from the hole 112 at the center of
the system. Located adjacent the center of system 110
is a plurality of high frequency or "first range" drivers 114.
While eight drivers are employed in the first range, other
numbers of drivers could be employed as well. Surround-
ing of the first range drivers are several arrays of lower
drivers, including eight second range drivers 116, eight
third range drivers 118 and eight fourth range drivers
120. In the preferred embodiment illustrated in FIG. 8,
the drivers of each range are located along concentric
circles, with the rings or circular arrays of drivers being
nested one within the other. Preferably, the highest fre-
quency range is located at the center and progressively
lower frequency ranges are encountered until the outer
ring is reached.
[0042] It may be desirable in certain instances, to re-
duce the radiation angle, defined by the wall angle of
system 110, below 180°. This may be accomplished by
increasing the diameter of each radiator bring to be about
one third wavelength or more at its high cut off. This also
achieves the second aspect of horn design according to
principles of the present invention, which draws attention
to the local cross-sectional area of the horn where lower
drivers are located. According to this aspect, at the upper
frequency end of each of the lower drivers, the cross-
sectional area of the horn, where the driver output enters
the horn, must be no greater than the area approximated
by a round cross section that is one wavelength in cir-
cumference at that frequency.
[0043] The foregoing description and the accompany-
ing drawings are illustrative of the present invention.

Claims

1. A system (10, 92, 110) for reproducing sound, com-
prising:

a sound barrier (14, 94, 130) defining a horn
passageway (18, 96) having a first end and a

second open end (16, 98);
at least one high frequency range driver (12, 32,
74, 114) at the first end;
at least one lower driver (34; 20, 38, 82, 116,
118, 120) operating in a frequency range lower
than the high frequency range driver (12, 32, 74,
114);
the at least one high frequency range driver (12,
32, 74, 114) and the at least one lower driver
(34; 20, 38, 82, 116, 118, 120) mutually coupled
to the horn passageway (18, 96);
the at least one lower driver having an upper
frequency end lower than a frequency of a first
cancellation notch for the at least one lower driv-
er, and
a low pass filter for the at least one lower driver,
to provide high-frequency cut off starting below
that point where the first cancellation notch oc-
curs for the lower driver.

2. The system of claim 1 further comprising a second
lower driver operating in approximately the same fre-
quency range as the at least one lower driver.

3. The system of claim 1 comprising two pairs of lower
drivers operating in different frequency ranges.

4. The system of claim 1 wherein the at least one lower
driver is mounted to the sound barrier outside of the
horn passageway and sound communication to the
horn passageway is provided by an aperture in the
sound barrier.

5. A system (10, 92, 110) for reproducing sound, com-
prising:

a sound barrier (14, 94, 130) defining a horn
passageway (18, 96) having a first end and a
second open end (16, 98);
at least one high frequency range driver (12, 32,
74, 114) at the first end;
at least one lower driver (34; 20, 38, 82, 116,
118, 120) operating in a frequency range lower
than the high frequency range driver (12, 32, 74,
114);
the at least one high frequency range driver (12,
32, 74, 114) and the at least one lower driver
(34; 20, 38, 82, 116, 118, 120) mutually coupled
to the horn passageway (18, 96);
the lower driver having an upper frequency end
and being located at a preselected position
along the horn passageway (18, 96) at which
the passageway has a preselected cross-sec-
tional area which is no greater than an area of
a round cross section having a circumference
equal to one wavelength of the upper frequency.

6. A system (10, 92, 110) for reproducing sound, com-
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prising:

a sound barrier (14, 94, 130) defining a horn
passageway (18, 96) having a first end and a
second open end (16, 98);
at least one high frequency range driver (12, 32,
74, 114) at the first end;
at least one lower driver (34; 20, 38, 82, 116,
118, 120) operating in a frequency range lower
than the high frequency range driver (12, 32, 74,
114);
the at least one high frequency range driver (12,
32, 74, 114) and the at least one lower driver
(34; 20, 38, 82, 116, 118, 120) mutually coupled
to the horn passageway (18, 96);
the lower driver having a lower frequency end
and being located at a point along the horn pas-
sageway (18, 96) having a preselected expan-
sion rate which is slower or equal to the low cut
off or expansion rate governed by the high pass
frequency for the horn.

Patentansprüche

1. System (10, 92, 110) zum Reproduzieren von Schall,
umfassend:

eine Schallbarriere (14, 94, 130), die einen
Horn-Durchgang (18, 96) mit einem ersten Ende
und einem zweiten offenen Ende (16, 98) defi-
niert;
mindestens einen Hochfrequenzbereich-Trei-
ber (12, 32, 74, 114) an dem ersten Ende;
mindestens einen niederen Treiber (34; 20, 38,
82, 116, 118, 120), der in einem Frequenzbe-
reich arbeitet, der niedriger ist, als der des Hoch-
frequenzbereich-Treibers (12, 32, 74, 114);
wobei der mindestens eine Hochfrequenzbe-
reich-Treiber (12, 32, 74, 114) und der minde-
stens eine niedere Treiber (34; 20, 38, 82, 116,
118, 120) miteinander an den Horn-Durchgang
(18, 96) gekoppelt sind;
wobei der mindestens eine niedere Treiber ein
oberes Frequenzende hat, das niedriger ist, als
eine Frequenz eines ersten Löschungsein-
schnitts für den mindestens einen niederen Trei-
ber, und
einen Tiefpassfilter für den mindestens einen
niederen Treiber, um eine Hochfrequenz-Ab-
schneidung bereitzustellen, die unter dem Punkt
startet, wo der erste Löschungseinschnitt für
den niederen Treiber auftritt.

2. System nach Anspruch 1, ferner umfassend einen
zweiten niederen Treiber, der in ungefähr demsel-
ben Frequenzbereich arbeitet, wie der mindestens
eine niedere Treiber.

3. System nach Anspruch 1, umfassend zwei Paare
von niederen Treibern, die in verschiedenen Fre-
quenzbereichen arbeiten.

4. System nach Anspruch 1, wobei der mindestens ei-
ne niedere Treiber an der Schallbarriere außerhalb
des Horn-Durchgangs angebracht ist, und Schall-
kommunikation zu dem Horn-Durchgang durch eine
Öffnung in der Schallbarriere bereitgestellt ist.

5. System (10, 92, 110) zum Reproduzieren von Schall,
umfassend:

eine Schallbarriere (14, 94, 130), die einen
Horn-Durchgang (18, 96) mit einem ersten Ende
und einem zweiten offenen Ende (16, 98) defi-
niert;
mindestens einen Hochfrequenzbereich-Trei-
ber (12,32, 74, 114) an dem ersten Ende;
mindestens einen niederen Treiber (34; 20, 38,
82, 116, 118, 120), der in einem Frequenzbe-
reich arbeitet, der niedriger ist, als der des Hoch-
frequenzbereich-Treibers (12, 32, 74, 114);
wobei der mindestens eine Hochfrequenzbe-
reich-Treiber (12, 32, 74, 114) und der minde-
stens eine niedere Treiber (34; 20, 38, 82, 116,
118, 120) miteinander an den Horn-Durchgang
(18, 96) gekoppelt sind;
wobei der niedere Treiber ein oberes Frequen-
zende hat und an einer vorgewählten Position
entlang des Horn-Durchgangs (18, 96) angeord-
net ist, an welcher der Durchgang einen vorge-
wählten Querschnittsbereich hat, der nicht grö-
ßer ist, als ein Bereich eines runden Quer-
schnitts, der einen Umfang hat, der gleich ist zu
einer Wellenlänge der oberen Frequenz.

6. System (10, 92, 110) zum Reproduzieren von Schall,
umfassend:

eine Schallbarriere (14, 94, 130), die einen
Horn-Durchgang (18, 96) mit einem ersten Ende
und einem zweiten offenen Ende (16, 98) defi-
niert;
mindestens einen Hochfrequenzbereich-Trei-
ber (12, 32, 74, 114) an dem ersten Ende;
mindestens einen niederen Treiber (34; 20, 38,
82, 116, 118, 120), der in einem Frequenzbe-
reich arbeitet, der niedriger ist, als der des Hoch-
frequenzbereich-Treibers (12, 32, 74, 114);
wobei der mindestens eine Hochfrequenzbe-
reich-Treiber (12, 32, 74, 114) und der minde-
stens eine niedere Treiber (34; 20, 38, 82, 116,
118, 120) miteinander an den Horn-Durchgang
(18, 96) gekoppelt sind;
wobei der niedere Treiber ein unteres Frequen-
zende hat und an einem Punkt entlang des
Horn-Durchgangs (18, 96) mit einer vorgewähl-
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ten Expansionsrate angeordnet ist,
welche langsamer oder gleich im Vergleich zu
der niederen Abschneidungs- oder Expansions-
rate ist, die durch die Hochpass-Frequenz für
das Horn geregelt wird.

Revendications

1. Système (10, 92, 110) pour la reproduction du son,
comprenant:

une barrière sonique (14, 94, 130) définissant
un passage de cornet (18, 96) ayant une pre-
mière extrémité et une deuxième extrémité
ouverte (16, 98);
au moins un pilote pour gamme de fréquences
élevées (12, 32, 74, 114) à la première extrémi-
té;
au moins un pilote inférieur (34; 20, 38, 82, 116,
118, 120) opérant dans une gamme de fréquen-
ces plus faibles que le pilote pour gamme de
fréquences élevées (12, 32, 74, 114);
le au moins un pilote pour gamme de fréquences
élevées (12, 32, 74, 114) et
le au moins un pilote inférieur (34; 20, 38, 82,
116, 118, 120) étant mutuellement couplés avec
le passage de cornet (18, 96);
le au moins un pilote inférieur ayant une extré-
mité de fréquence supérieure plus basse qu’une
fréquence d’un premier cran d’annulation pour
le au moins un pilote inférieur, et
un filtre passe-bas pour le au moins un pilote
inférieur, pour procurer un amorçage de coupu-
re des hautes fréquences inférieur au point
auquel le premier cran d’annulation se présente
pour le pilote inférieur.

2. Système selon la revendication 1, comprenant en
outre un deuxième pilote inférieur dans approxima-
tivement la même gamme de fréquences que le au
moins un pilote inférieur.

3. Système selon la revendication 1, comprenant deux
paires de circuits de commande inférieurs opérant
dans des gammes de fréquences différentes.

4. Système selon la revendication 1, dans lequel le au
moins un pilote inférieur est monté sur la barrière
sonique à l’extérieur du passage de cornet et une
communication sonique avec le passage de cornet
est procurée par une ouverture dans la barrière so-
nique.

5. Système (10, 92, 110) pour la reproduction du son,
comprenant:

une barrière sonique (14, 94, 130) définissant

un passage de cornet (18; 96) ayant une pre-
mière extrémité et une deuxième extrémité
ouverte (16, 98);
au moins un pilote pour gamme de fréquences
élevées (12, 32, 74, 114) à la première extrémi-
té;
au moins un pilote inférieur (34; 20, 38, 81; 116;
118, 120) opérant dans une gamme de fréquen-
ces plus faibles que le pilote pour gamme de
fréquences élevées (12, 32, 74, 114);
le au moins un pilote pour gamme de fréquences
élevées (12, 32, 74, 114) et
le au moins un pilote inférieur (34; 20, 38, 81,
116, 118, 120) étant mutuellement reliés au pas-
sage de cornet (18, 96);
le pilote inférieur ayant une extrémité pour fré-
quences supérieures et étant situé sur une po-
sition présélectionnée le long du passage de
cornet (18, 96) dans laquelle le passage a une
aire de section transversale présélectionnée qui
n’est pas supérieure à une aire d’une section
transversale circulaire ayant une circonférence
égale à une longueur de la fréquence plus éle-
vée.

6. Système (10, 92, 10) pour la reproduction du son,
comprenant:

une barrière sonique (14, 94, 130) défnissant un
passage de cornet (18, 96) ayant une première
extrémité et une deuxième extrémité ouverte
(16, 98);
au moins un pilote pour gamme de fréquences
élevées (12, 32, 74, 114) à la première extrémi-
té;
au moins un pilote inférieur (34; 20, 38, 82, 116,
118, 120) opérant dans une gamme de fréquen-
ces plus faibles que le pilote pour gamme de
fréquences élevées (12, 32, 74, 114);
le au moins un pilote pour gamme de fréquences
élevées (12, 32, 74, 114) et
le au moins un pilote inférieur (34; 20, 38, 82,
116, 118, 120) étant mutuellement couplés avec
le passage de cornet (18, 96);
le pilote inférieur ayant une extrémité de fré-
quence inférieure et étant situé en un point le
long du passage de cornet (18,96) ayant une
vitesse d’expansion présélectionné qui est plus
lente ou de même valeur que la coupure basse
ou que la vitesse d’expansion gouvernée par la
fréquence passe-haut pour le cornet:
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