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Abstract—A novel acoustic combiner for two-way loudspeakers
uses an annular acoustic transmission line to couple woofer
sound pressure to a tweeter waveguide, concentrically aligning
high and low frequency sources without significant diffraction.
Operating principles of the combiner are analyzed with an
acoustic transfer-matrix model and finite element analysis. The
combiner is implemented in a loudspeaker, and its nonlinear
performance is compared with conventional two-way coincident
coaxial and noncoincident loudspeakers. The combiner achieves a
smooth directivity pattern in all off-axis planes and significantly
lower levels of high frequency intermodulation distortion than
the conventional coincident coaxial loudspeaker tested.

I. INTRODUCTION

The exact ideal radiation pattern for a loudspeaker is not
entirely agreed upon, but there is significant evidence that a
loudspeaker exhibiting a smooth on-axis and off-axis magni-
tude response is generally preferred in small rooms [1]. A
loudspeaker with an off-axis tonality that deviates minimally
from the on-axis tonality allows sound quality to be maintained
for a variety of listening positions. Stereo image localization
is improved when the tonality of the direct sound is similar
to that of early reflections [2], which originate from a loud-
speaker’s off-axis radiation.

In live sound reinforcement applications, early reflections
from room boundaries are less of a concern, but smooth
directivity is still important since the majority of listeners are
located off-axis.

It is possible to achieve a smooth polar frequency response
within one plane (typically chosen to be the horizontal plane)
in a conventional, noncoincident two-way loudspeaker, often
using a high frequency waveguide to match the directivity
patterns of the tweeter and woofer at the crossover frequency.
However, due to the spacing between the woofer and tweeter,
two-way loudspeakers exhibit poor polar responses in other
planes (typically the vertical plane) because the woofer and
tweeter become out of phase off-axis at the crossover fre-
quency [3]. Lowering the crossover frequency and minimizing
the distance between the tweeter and woofer can somewhat
improve tonality uniformity in the vertical plane but at the
cost of large-signal performance. A lower crossover fre-
quency stresses the tweeter, leading to increased distortion [4],
and a small woofer is required to minimize woofer-tweeter
center-to-center spacing, which limits low frequency output.

Coaxial loudspeakers and multiple-entry horns are two
approaches that integrate the low frequency sources into the

high frequency waveguide to minimize the effective spacing
between the woofer and tweeter.

When a tweeter’s high frequency wavefront interacts with a
discontinuity in the tweeter’s waveguide, a portion of the inci-
dent wave is diffracted, acting as a secondary high frequency
source [5]. The outputs from the two high frequency sources
(the incident and the diffracted wave) separated in space create
an interference pattern, generating peaks and dips in the polar
frequency response.

Coaxial loudspeakers place the tweeter at the center of the
woofer to avoid vertical plane crossover point nulls. Some
coaxials place the tweeter in a fixed waveguide located in
front of the woofer cone, but high frequencies wrap around the
waveguide to reflect off the woofer cone, interfering with di-
rect sound from the horn and causing uneven directivity. More
commonly, “coincident” coaxials place the tweeter behind the
woofer cone, using the woofer cone as a high frequency
waveguide. When designed carefully, these can achieve rel-
atively smooth directivity in all planes but exhibit undesirable
nonlinear behavior because movement of the woofer cone
modulates the high frequency radiation pattern [6], [7]. The
woofer surround and motor gap also act as discontinuities in
the tweeter waveguide, causing diffraction [6]. Simultaneously
optimizing the woofer geometry to act as a high frequency
waveguide and as a low frequency radiator is a difficult task
and often results in a compromise that is not optimal for either
function.

Multiple-entry horns, commonly used in live sound rein-
forcement, resolve the vertical plane nulls of noncoincident
loudspeakers by sharing a large horn across multiple drivers
operating over different frequency ranges [8]. Multiple-entry
horns struggle to achieve a smooth mid and high frequency
polar response due to diffraction occurring at the multiple
entry points to the horn. Reducing this diffraction requires
shrinking the size of the low frequency entry points which
increases the compression ratio on the low frequency drivers,
leading to distortion and limited output [9], [10].

II. CONFIGURATION OF THE COMBINER

The proposed combiner’s half-section is shown in Figure 1.
An acoustic transmission line (TL) is used to couple the
woofer’s output to the tweeter’s waveguide. The TL is annular
and wrapped around the high frequency waveguide. The
combiner is designed so that high frequencies originating from
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Fig. 1: Half-sectional drawing of the proposed combiner.

the tweeter that enter the TL are absorbed and minimal high
frequency energy exits the channel.

The combined cross-section of the waveguide and TL has a
C' continuous cross-sectional area for a wavefront originating
from the tweeter to reduce high frequency diffraction off the
TL opening. This requires that the TL opening be oriented
parallel to the wall of the waveguide, facing the tweeter.

The woofer end of the TL is filled with mineral wool, acting
as a porous absorber [11] for frequencies above ~ 5 kHz.
Between 1.5 kHz and 5 kHz, the woofer moves to actively
cancel high frequency reflections off its cone. The sound
pressure required from the woofer to cancel the high frequency
wave reflected by the woofer cone can be represented by an
LTI transfer function and is purely a matter of designing the
appropriate crossover. Below the crossover point at 1.5 kHz,
the woofer plays alone through the TL to produce midrange
and bass.

Concentric placement of the radiating elements avoids
off-axis nulls at the crossover frequency in all planes.

The narrow radial width of the TL opening suppresses
radial resonance modes within the TL, and the axisymmetric
design suppresses circumferential modes. Only 0.88 dB of
tweeter sound power is lost to the TL due to the narrow TL
opening. The junction where the TL meets the waveguide can
be well-approximated as a plane wave port since the tweeter
wavefronts entering the TL and the woofer wavefronts exiting
the TL are both nearly flat in the meridional plane.

The compression ratio of the woofer S;/Sry, is only 2:1. By
designing the combiner geometry and crossover such that very
little high-frequency sound pressure exits the line, the total
cross-sectional area of the combiner’s TL can be made much
larger than low frequency entry points in typical multiple-entry
horn designs, which are typically kept very small to minimize
diffraction.

III. PRINCIPLES OF OPERATION

A. Virtual Impedance Matching

For illustrative purposes, the combiner can be represented
using the 1-dimensional two-port acoustic network model in
Figure 2.

To avoid high frequency diffraction off the TL opening, the
effective specific impedance at the TL opening to a wavefront
originating from the tweeter must match the outwards specific
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Fig. 2: Two-port acoustic network model of the combiner.
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impedance of the waveguide mouth at the axial position where
the TL opening lies.

The porous absorber inside the TL produces a well-matched
condition at the TL opening for frequencies above approxi-
mately 5 kHz. Below 5 kHz, the lumped input impedance at
the TL opening (with the woofer muted) is the lumped woofer
acoustic impedance, transformed by the TL, which results in
a severe specific impedance mismatch between the waveguide
mouth and TL opening due to the inherently high acoustic
impedance of a woofer.

By treating the woofer as an active load, the effective spe-
cific impedance looking into the TL opening can be lowered
below 5 kHz to match the local specific impedance of the
waveguide mouth at the TL opening, i.e. “virtual impedance
matching.” The following shows how the 1-dimensional model
is used to find an analytical solution for the woofer sound
pressure required to eliminate high frequency reflections at
the TL opening.

Rephrasing the diffraction-free condition, the volume ve-
locity U; 1, entering the TL opening must be proportional
to the volume velocity passing through the waveguide mouth
Ui m, with a ratio defined by the cross-sectional areas of the
TL opening Sty and the mouth S,,. The impedance Z;,, 71,
follows from this relationship.
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Given the transfer matrix of the waveguide mouth M, along
with the free-space radiation impedance Z,,q4, the outward
lumped impedance through the horn mouth Z;, ,, can be
found.
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The lumped impedance looking into the waveguide throat
Zin,t 1s found using the throat transfer matrix M;.

At(Zin,m”Zin,TL) + Bt _ PHF
Ci(Zinwl| Zinrr) + D Unr
The TL transfer matrix Mty = M1 MrroMrrs rela-

tionship (5) can be chained with the throat transfer matrix
relationship (6) using (1), to find the acoustic pressure prp

Zin,t = (4)



and volume velocity U r in terms of tweeter acoustic pressure
prr and volume velocity Uy g (7).
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Applying the throat impedance Zi,: = ¢ gives the
acoustic pressure required at the woofer in terms of the
acoustic pressure at the tweeter to achieve virtual impedance
matching and eliminate diffraction at the TL opening.
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Equation (8) shows that within the 1D model, a woofer
pressure exists which eliminates diffraction at the TL opening,

i.e. that virtual impedance matching is achievable.

B. Simulation and Crossover Design

The combiner was simulated in free space with an axisym-
metric FEA model using the FEniCSx python library [12]-
[14].

The woofer’s polar response in Figure 3a becomes very
irregular above 2 kHz, so the crossover frequency must be
below 2 kHz. Note the off-axis deviations of the tweeter’s
response in Figure 3b between 2 kHz and 5 kHz, which fall
within the tweeter’s required operating range. Neither driver
has a smooth polar response between 2 kHz and 5 kHz, so it
appears difficult to design a crossover with desirable off-axis
behavior using traditional techniques.

Figure 4(a, c, e) shows the simulated behavior of the
combiner with a crossover which forces each of the drivers’
Listening Window [15] response into 1500 Hz linear-phase
8th-order Linkwitz-Riley responses. This demonstrates a tra-
ditional crossover design.

Figure 4(b, d, f) shows the simulated behavior of the com-
biner with a crossover optimized to the following objectives:

1) Smooth frequency response on- and off-axis

2) Smoothly, monotonically decreasing output off-axis

3) Smooth directivity index

4) Flat Listening Window [15] response

5) Not exceeding tweeter excursion limits

While neither the tweeter’s nor the woofer’s individual polar
response is smooth from 2 kHz to 5 kHz, a superposition of
the two radiation patterns can result in a polar response that
is smoother than either driver is individually capable of, as
shown in Figure 4(d, f).

By optimizing the crossover in the frequency domain, the
woofer sound pressure required to actively absorb the tweeter’s
sound pressure within the TL can be determined using only
the polar frequency responses of the individual drivers.
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(a) Contour plot of woofer polar frequency response.
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(b) Contour plot of tweeter polar frequency response.

Fig. 3: Simulated individual polar responses of tweeter and
woofer in the combiner. Both plots are normalized to the
Listening Window response [15].

IV. RESULTS

A. Prototype

A prototype loudspeaker using the acoustic combiner was
constructed and tested, depicted in Figure 5. The prototype
combiner’s pseudo-anechoic polar frequency responses of the
tweeter and woofer were independently measured using a
7.5 ms gated time window. Each tweeter and woofer frequency
response measurement was taken with the other driver’s ter-
minals shorted to accurately characterize the mutual coupling
between the drivers when actively driven by voltage-source
amplifiers.

These real-world responses were then used to co-optimize
the crossover FIR kernels for the woofer and tweeter with the
optimization process described in the crossover design section.
Finally, near-field measurements were used to characterize the
low frequency response of the prototype combiner, and IIR
filters were used to manually tune the desired bass response.

B. Directivity Performance

Directivity measurements shown in Figure 6 were taken
at 1 m from the center of the front baffle using a MiniDSP
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Fig. 4: A comparison of the directivity behavior of the Linkwitz-Riley crossover (a, c, e) vs. optimized crossover (b, d, f).
Contour plots and polar frequency response plots are normalized to the Listening Window response [15].



Fig. 5: Prototype loudspeaker using the acoustic combiner.

UMIK-1 calibrated microphone and complex smoothed to 1/48
octave.

Figure 6a shows the prototype combiner’s -6 dB beamwidth
(horizontal and vertical) is held at +(55 £+ 5) degrees from
2 kHz to 20 kHz and smoothly transitions to a monopole
pattern below 2 kHz.

Figure 7 shows the CTA-2034-A dataset for the prototype
loudspeaker, demonstrating smoothness in the Early Reflec-
tions, Sound Power, and Sound Power Directivity responses.

C. Nonlinear Performance

The prototype combiner’s large-signal behavior was com-
pared to two similar loudspeakers: a two-way coincident
coaxial loudspeaker and a noncoincident two-way bookshelf
speaker. All three loudspeakers have nominally 130 mm
(5.1 in) diameter woofers operating in sealed cabinets,
25.4 mm (1 in) diaphragm tweeters and a 1500 Hz crossover
frequency.

Transfer function modulation with respect to woofer cone
position was measured using a two-tone sweep adapted
from the swept-sine deconvolution method of Farina [16].
A fixed “bass” tone f; is played while “voice” tone
fo is linearly swept (fi = 20 Hz 53 dBQ1 m; fo €
[1500,20000] Hz,80 dB@1 m) at a rate of 332 Hz/s. The
bass tone level corresponds with a peak-to-peak woofer excur-
sion of approximately 2.0 mm. The signal recorded from the
loudspeaker was deconvolved with the inverse of the fo com-
ponent of the stimulus to temporally separate the high-order
impulse responses associated with each sum (f; + f2) or
difference (f2 — f1) intermodulation distortion (IMD) product.
Each impulse response within the deconvolved signal was in-
dividually gated at 7.5 ms to produce a pseudo-anechoic IMD
measurement. This measurement procedure was repeated every
10 degrees across the loudspeaker’s horizontal and vertical
planes from —90 degrees to 490 degrees. Each measurement
was weighted according to the spherical area element for each
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(a) Contour plot of the prototype combiner.
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Fig. 6: Contour plot (a) and polar frequency response (b) of
the prototype combiner. Both are normalized to the Listening
Window response [15] and smoothed to 1/48 octave. Contour
lines are drawn at 6 dB intervals.
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Fig. 7: The CTA-2034-A report [15] of the prototype combiner
loudspeaker, using spherical area Sound Power weights.

angular bin to estimate the forward-radiating sound power of
both the 2nd-order IMD and the f5 fundamental. The ratio of
2nd-order IMD sound power to fundamental sound power is
plotted in Figure 8.

Large-signal measurements were taken at 1 m from the
center of the front baffle of each loudspeaker using an NTI
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Fig. 8: The 2nd-order IMD sound power of the coincident
coaxial, noncoincident, and prototype combiner across off-axis
angles from —90 to +90 degrees horizontal and vertical,
normalized to the fundamental sound power response.

In Figure 8, the prototype combiner exhibits much less
high frequency transfer function modulation than the coin-
cident coaxial loudspeaker, demonstrating how the combiner
successfully decouples woofer cone motion from the tweeter’s
radiation pattern. The combiner has comparable levels of high
frequency transfer function modulation to the noncoincident
bookshelf loudspeaker.

V. CONCLUSION

An acoustic combiner for achieving low-diffraction radi-
ation in two-way loudspeakers is presented. The combiner
uses an acoustic transmission line to couple woofer output
to a tweeter’s waveguide without introducing physical dis-
continuities. The combiner allows for greater flexibility in
driver selection, relaxing the design constraints associated with
low-diffraction coincident coaxials.

The directivity smoothness of the combiner is comparable
to that of modern, low-diffraction coincident coaxial loud-
speakers [6], [17] and significantly exceeds that of existing
multiple-entry horn designs [18], [19]. Simultaneously, the
high frequency intermodulation distortion of the combiner is
comparable with a noncoincident design and is considerably
lower than in the traditional coincident coaxial tested.

REFERENCES

[11 F. E. Toole, “Loudspeaker Measurements and Their Relationship
to Listener Preferences: Part 2,” Journal of the Audio Engineering
Society, vol. 34, no. 5, pp. 323-348, May 1986. [Online]. Available:
https://aes.org/publications/elibrary-page/?id=5270

[2] ——, “Loudspeakers and Rooms for Sound Reproduction—A Scientific
Review,” Journal of the Audio Engineering Society, vol. 54, no. 6, pp.
451-476, Jun. 2006. [Online]. Available: https://aes.org/publications/
elibrary-page/?id=13686

[3]

[4]

[5]

[6]

[7]

[8]

[9]

(10]

[11]

(12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

J. Vanderkooy and S. P. Lipshitz, “Power Response of Loudspeakers with
Noncoincident Drivers-The Influence of Crossover Design,” Journal of
the Audio Engineering Society, vol. 34, no. 4, pp. 236-244, Apr. 1986.
[Online]. Available: https://aes.org/publications/elibrary-page/?id=5275
W. Klippel, “Large Signal Performance of Tweeters, Micro Speakers
and Horn Drivers,” in AES Convention 118. Audio Engineering
Society, May 2005, paper 6422. [Online]. Available: https://aes.org/
publications/elibrary-page/?id=13138

H. F. Olson, “Direct Radiator Loudspeaker Enclosures,” Journal of
the Audio Engineering Society, no. 1, Nov. 1951. [Online]. Available:
https://aes.org/publications/elibrary-page/?id=17816

A. Mikivirta, J. Viisdnen, I. Martikainen, T. Lund, and S. Naghian,
“The Acoustic Design of Minimum Diffraction Coaxial Loudspeakers
with Integrated Waveguides,” in AES Convention 142.  Audio
Engineering Society, May 2017, paper 9695. [Online]. Available:
https://aes.org/publications/elibrary-page/?id=18573

E. Dupont and S. P. Lipshitz, “Modeling the Intermodulation Distortion
of a Coaxial Loudspeaker,” Journal of the Audio Engineering
Society, vol. 58, no. 9, pp. 699-708, Sep. 2010. [Online]. Available:
https://aes.org/publications/elibrary-page/?id=15516

T. Danley and B. Skuran, “Sound reproduction employing unity
summation aperture loudspeakers,” U.S. Patent US6411718Bl,
Jun. 25, 2002. [Online]. Available: https://image-ppubs.uspto.gov/
dirsearch-public/print/downloadPdf/6411718

stoneeh, “Meh / synergy horns vs. direct radiators - deep dive w/ mea-
surements,” https://youtu.be/5ezk7i1j9jU?si=TkigkizLUzF90Bnc, 2025,
YouTube video, accessed September 1, 2026.

T. Nowak, A. Dobrucki, and R. Bolejko, “Evaluation of non-
linear distortion in compression chamber of a low frequency
horn,” in Proceedings of the 23rd International Congress on
Acoustics: Integrating 4th EAA Euroregio 2019, M. Ochmann,
M. Vorldnder, and J. Fels, Eds. Aachen, Germany: Deutsche
Gesellschaft fiir Akustik, 2019, pp. 7272-7279. [Online]. Available:
https://publications.rwth-aachen.de/record/769294 ?In=en

Y. Miki, “Acoustical properties of porous materials-modifications
of Delany-Bazley models,” Journal of the Acoustical Society of
Japan (E), vol. 11, no. 1, pp. 19-24, 1990. [Online]. Available:
https://www.jstage.jst.go.jp/article/ast1980/11/1/11_1_19/_article

I. A. Baratta, J. P. Dean, J. S. Dokken, M. Habera, J. S. Hale,
C. N. Richardson, M. E. Rognes, M. W. Scroggs, N. Sime, and
G. N. Wells, “DOLFINx: The next generation FEniCS problem solving
environment,” Dec. 2023. [Online]. Available: https://doi.org/10.5281/
zenodo.10447666

M. W. Scroggs, 1. A. Baratta, C. N. Richardson, and G. N. Wells,
“Basix: a runtime finite element basis evaluation library,” Journal
of Open Source Software, vol. 7, no. 73, p. 3982, 2022. [Online].
Available: https://doi.org/10.21105/joss.03982

M. S. Alnzs, A. Logg, K. B. @lgaard, M. E. Rognes, and G. N.
Wells, “Unified form language: A domain-specific language for
weak formulations of partial differential equations,” ACM Trans.
Math. Softw., vol. 40, no. 2, Mar. 2014. [Online]. Available:
https://doi.org/10.1145/2566630

Consumer Technology Association, “ANSI/CTA-2034-A: Standard
Method of Measurement for In-Home Loudspeakers,” Consumer Tech-
nology Association, Standard ANSI/CTA-2034-A, Feb. 2015.

A. Farina, “Simultaneous Measurement of Impulse Response and
Distortion with a Swept-Sine Technique,” in AES Convention 108.
Audio Engineering Society, Feb. 2000, paper 5093. [Online]. Available:
https://aes.org/publications/elibrary-page/?id=10211

M. Dodd and J. Oclee-Brown, “Design of a Coincident Source Driver
Array with a Radial Channel Phase-Plug and Novel Rigid Body
Diaphragms,” in AES Convention 127. Audio Engineering Society,
Oct. 2009, paper 7846. [Online]. Available: https://aes.org/publications/
elibrary-page/?id=15041

E. Hardison, “Danley Sound Labs SH-50 professional audio speaker
review,” Erin’s Audio Corner, 2021, accessed: October 9, 2026. [Online].
Available: https://www.erinsaudiocorner.com/loudspeakers/danley_sh50/
Spinorama, “Spinorama: A tool for analyzing loudspeaker directivity,”
https://www.spinorama.org/index.html?brand=Danley, accessed: Octo-
ber 9, 2026, official data from Danley Sound Labs.


https://aes.org/publications/elibrary-page/?id=5270
https://aes.org/publications/elibrary-page/?id=13686
https://aes.org/publications/elibrary-page/?id=13686
https://aes.org/publications/elibrary-page/?id=5275
https://aes.org/publications/elibrary-page/?id=13138
https://aes.org/publications/elibrary-page/?id=13138
https://aes.org/publications/elibrary-page/?id=17816
https://aes.org/publications/elibrary-page/?id=18573
https://aes.org/publications/elibrary-page/?id=15516
https://image-ppubs.uspto.gov/dirsearch-public/print/downloadPdf/6411718
https://image-ppubs.uspto.gov/dirsearch-public/print/downloadPdf/6411718
https://youtu.be/5ezk7i1j9jU?si=TkigkizLUzF90Bnc
https://publications.rwth-aachen.de/record/769294?ln=en
https://www.jstage.jst.go.jp/article/ast1980/11/1/11_1_19/_article
https://doi.org/10.5281/zenodo.10447666
https://doi.org/10.5281/zenodo.10447666
https://doi.org/10.21105/joss.03982
https://doi.org/10.1145/2566630
https://aes.org/publications/elibrary-page/?id=10211
https://aes.org/publications/elibrary-page/?id=15041
https://aes.org/publications/elibrary-page/?id=15041
https://www.erinsaudiocorner.com/loudspeakers/danley_sh50/
https://www.spinorama.org/index.html?brand=Danley

	Introduction
	Configuration of the Combiner
	Principles of Operation
	Virtual Impedance Matching
	Simulation and Crossover Design

	Results
	Prototype
	Directivity Performance
	Nonlinear Performance

	Conclusion
	References

