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Abstract. In this study, we examine the propagation of acoustic waves in a multichannel waveguide
system composed of an input waveguide with a cross section So that corresponds to Sref and three output
channels with cross sections Si, S2, and S3 connected by a central coupling waveguide of length dc and a
cross section Sc. The study focuses on analyzing the transmission and reflection rates as a function of the
cross-section S of the central guide. The theoretical results are validated through numerical simulations
performed using COMSOL Multiphysics, showing excellent agreement between the analytical predictions
and the simulation results. A very good agreement is obtained between theory and numerical simulations,
confirming the accuracy of the proposed model. The results demonstrate the ability to control and adjust
acoustic transmission paths by modifying the geometric parameters of the ramified system.

1 Introduction

The manipulation and control of acoustic wave
propagation in waveguide systems have advanced
significantly in recent years due to their potential uses in
wave routing, signal processing, and acoustic
communications [1-4]. Structured acoustic systems,
particularly those combining waveguides and resonant
structures, enable complex phenomena such as resonant
transmission, acoustic transparency, and selective wave
routing [5-7].

The propagation of acoustic waves in waveguides
has therefore been studied extensively, with a strong
focus on transmission and reflection characteristics.
Initial theoretical studies by Pierce et al. [8] established
analytical models describing wave interactions with
interfaces, discontinuities, and impedance variations in
tubes and ducts. Later, Kinsler et al [9] developed
theoretical tools for predicting transmission and
reflection coefficients in waveguides with various
geometries and terminations. More recently, Sheng et al.
[10] investigated wave scattering and transmission
control in acoustic metamaterials and periodic
waveguides, demonstrating how artificially engineered
subwavelength structures can profoundly modify the
flow of acoustic energy. The study therefore provides a
fundamental understanding of how structured
metamaterial based waveguides can be used as powerful
platforms for manipulating acoustic energy. In addition,
Afzal et al. [11] showed that even variations in the cross
section of an elastic waveguide can significantly
redistribute  acoustic energy, strongly affecting
scattering as well as the reflected, transmitted, and
mode-coupled components. Such geometric

perturbations modify the balance between forward and
backward waves and introduce additional interactions
between different modes. This study emphasizes that
when predicting or controlling acoustic wave
propagation, one must consider the high sensitivity of
elastic waveguides to geometric alterations. Wang et al.
[12] demonstrated that periodically stubbed waveguides
make it possible to adjust spectral gaps and control
transmission by optimizing the geometry and spacing of
the stubs. Their results indicated that the periodic
addition of side branches acts similarly to a phononic
crystal, creating band gaps through Bragg scattering and
local resonances, and thus enabling precise
manipulation of the frequencies allowed to pass through
the waveguide.
Furthermore, Mei et al. [13] presented how surface
acoustic waves (SAWSs) can be guided, confined, and
controlled in microscale acoustofluidic platforms. Their
work highlighted how specially designed waveguides
and microstructures can direct SAWs with high
precision, enabling efficient fluid manipulation, particle
transport, and localized energy concentration in devices.
Following these advances, recent research has
increasingly explored complex waveguide architectures
designed to control and manipulate acoustic wave
propagation with high precision. Notably, structures
such as splitters, couplers, and multibranch multiplexers
[14-16] have their potential for compact, tunable, and
highly selective routing of acoustic waves. For example,
Similarly, Yin et al. [17] examined the coupling effects
in parallel layered acoustic waveguides (PCAWs).
Using a comprehensive approach that integrates mode
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coupling theory, eigenmode analysis, and finite element
simulations, they demonstrated how interactions
between adjacent waveguides can be engineered to
adjust transmission properties, suppress unwanted
modes, and improve wave distribution across parallel
channels. Moreover, William M. Robertson et al. [18]
used numerical modelling and experiments to
demonstrate how acoustic ring resonator structures can
be used to manipulate audio-frequency acoustic waves.
Three ring resonator systems are presented: a sequential
array of identically spaced rings that generates acoustic
bandgaps, a single ring between two parallel
waveguides that functions as a filter, and a simple single
ring construction that functions as a comb/notch filter.
They used the impulse response method to perform tests
in linear waveguides, 3D printing to construct the ring
resonators, and COMSOL to perform numerical finite
element simulations.

Moreover, William M. Robertson et al. [19] used
numerical modelling and experiments to demonstrate
how acoustic ring waveguide structures (loop) can be
employed to manipulate audio-frequency acoustic
waves. Three ring waveguide systems were presented: a
sequential array of identically spaced rings generating
acoustic bandgaps, a single ring waveguide coupled to
two parallel waveguides functioning as a filter, and a
simple single ring waveguide configuration acting as a
comb/notch filter. The authors employed the impulse
response method to perform measurements in linear
waveguides, used 3D printing to fabricate the ring
waveguides, and relied on COMSOL to carry out
numerical finite element simulations.

In our present study, we investigate a multichannel
acoustic waveguide system with one input guide and
three output channels connected through a central
coupling waveguide. The device distributes acoustic
waves to the output channels depending primarily on the
geometric parameters of the coupling guide, particularly
its length d. and cross section S.. To analyze this
behavior, we employ the transfer matrix method
(TMM), which offers a clear understanding of how
variations in the coupling section influence transmission
rates in each channel. Complementary numerical
simulations carried out using COMSOL multiphysics
validate the theoretical predictions, showing strong
agreement between analytical and numerical results.
These findings confirm that the proposed structure
enables effective control of acoustic wave transmission
across multiple channels and thus provides a promising
basis for configurable wave routing in designed acoustic
systems.

Output 3 (53) Output 2(S2)

Coupling guide
(de, Sc)

Input (S0)

Fig. 1. Acoustic ramified system based on waveguide
composed of input line of section So and three output
channels with S1,S2 and S3 sections.

2 Theoretical and numerical

simulations

2.1 Theoretical model: transfer matrix method

The acoustic structure presented in Fig. 1 is a ramified
acoustic wave system consisting of one input channel of
section S and three output channels of section S; (i= {1,
2, 3}) connected through a central coupling waveguide
of length d. and section S.. Each output line i with (i =
{1, 2, 3}) is connected to a semi-infinite guide. In this
context, po = 1.2 Kg / m? represents the density of air,
while ¢ = 343.21 m / s represents the speed of sound in
air. All waveguides are characterized by the impedance
Z = pc/S where S denotes the cross-section area of each
guide. The method of calculation used in this study is
based on the Transfer Matrix Method (TMM), used to
solve the problem of the propagation of acoustic waves.
This method enables us to obtain different physical
properties of the studied system, such as the
transmission and reflection rates.
We assume that a plane acoustic wave Py(x) enters on
the device from the left, expressed as:

Py(x) = Age’*™ + Bye /k* (1)
where Ay and B, denote the amplitudes of the incident
and reflected waves, respectively. Here, k = % is the

wavenumber in air. The corresponding particle velocity
field is given by

Vo= —iVP Q)

At each input and output of the ramified system, specific
acoustic pressure and particle velocity fields are defined
to characterize the propagation of waves within the
structure:

Po(x) = Aoeikx + Boe_ikx
P,(x) = Ae™ + Bye ¥
Pi(x) = Aje*™* + Bje™x 3)
Py(x) = Aye*™ + B,e

Py(x) = Aze™ + Bje~ix
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Vo(x) = _%(Aoeikx_ Boe_ikx)

V) = —5 (Ace™ — Bee™)
e = — (4™ = Bie™) ()
Va(x) = — 5 (Ae™* — Be™*)

Va(@) = — - (Ase™ — Bze™*)

Ai(i=0, 1, 2, 3) are the amplitudes of the progressive
acoustic waves in the 4 channels.
Bi (i=0, 1, 2, 3) are the amplitudes of the regressive

. . . c
acoustic waves in the 4 channels with z; :pT, pand c

are the density and speed of sound in air. It can be shown
analytically that the transmission 2 through the output
channel 2 and the transmission 3 through the channel 3
are equal.

We define ajj as the elements of the matrix obtained by
applying Hooke's laws as well as the continuity
conditions on the expressions of pressure and velocity
for an acoustic wave passing through the acoustic
ramified waves. The transfer matrix of our proposed
system allows us to relate the amplitudes of the
incoming wave and the amplitudes of the outgoing wave

(AO) _ (311 ajz 13 A4 Ags 316) A, 5)
Bo Az Apz Ap3z Apg Aps Az6/ | B,

The transmission and reflection coefficients are
calculated by the following relations:

Aq Az
ty = )B1=0; t, = )B1=0
07 B,=0 07B,=0
B3=0 B3=0 6
Az Bo ( )
t3 = )Bi=0 H T=A— B1=0
0/ B,=0 07 B,=0
B3=0 B3=0
Wlth t2 = t3.
After a calculation, we can show that:
_ az3+azs+(agz+ags)
4 = ik
(ayg+ags)(e—ay)+ayq (azz+azs)
_ (a21—eik)+a11eik (7)

2 (agz+azs) (az; —e*)—ay; (agz+azs)
r = [t — ek ek

The transmission rates in the output lines are given by:

T, = [t:?; T, = It1*5 T3 = [ts]? (3)
The reflection rate in the input line is given by:
R=[r|? (€))

The reflection and transmission rates satisfy the energy
conservation:
R+T,+T,+T; =1 (10)

2.2 Numerical Simulations Using Finite
Element Method in COMSOL

As part of the numerical modelling performed in
COMSOL Multiphysics, acoustic excitation was
applied via the entrance of the input line, using a
pressure amplitude set to 1 Pa, with the ambient
temperature set to 293.15 K. The entire model is based
on the sound pressure interface in the frequency domain,
and the linear acoustics module is considered
throughout the simulation process. In this context, the
problem is simplified by focusing on the system’s
acoustic response while practically neglecting the
fluid’s dynamic effects on wave propagation. To model
acoustic wave propagation in our system, the Helmholtz
equation is employed, taking into account the fluid
density (p) and acoustic pressure sources P [20].

By systematically modifying the cross section of the
coupling section, the impact on the transmission rates to
each output branch is studied. The numerical results
provide a detailed validation of the predictions of the
TMM and offer a visual representation of the spatial
distribution of acoustic waves within the system.

Table 1. Characteristics of the Finite Element Method
COMSOL to modeling the ramified system.

Aspect Description

One input waveguide (So= Sref)
Geometry = central coupling guide (variable cross-

section Sc, Length dc)

Three output channels (sections Si, S,

S3)

Boundary | Rigid walls for all waveguide
Conditions | boundaries

Harmonic pressure source at the input
Frequency = 0.01 Hz - 1000 Hz
Range

Parameter = Variation of the cross section and

Variation length of the Coupling guide to study
their effect on transmission and
reflection rates.

Outputs Transmission rates (T1, T2, T3) ;
Spatial pressure fields distributions

Purpose Validate TMM predictions;
analyze the effect of the coupling
section geometry on acoustic waves
splitting; visualize pressure
distribution in the system
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3 Results and discussions

3.1 Spectra of transmission and reflection
rates: effect of the coupling guide length d. and
cross section S,

In this subsection, we analyze the theoretical and
numerical results of transmission rates T, T, T3 and
reflection rate R as a function of frequency (Hz) for
various values of the cross-section S. of the coupling
waveguide.

Different values of the coupling-guide cross section
Sc are considered, namely Sc = Sref, Sc = 0.75 Sre, Sc =
0.5 Sger, and Sc =0.1Sger, which are represented by the
red, green, blue, and black curves, respectively. The
simulations are performed for a coupling guide of length
d. = 0.5 m (Fig. 2 (a—d)) and an input cross section Sp =
SReﬁ

The solid curves illustrate the theoretical predictions
obtained using the TMM, while the dotted curves
represent the FEM results computed with COMSOL,
showing excellent agreement between theory and
numerical simulation. As S. decreases, the transmission
to channel 1 increases significantly; T, increases from
about 0.65 for Sc=S¢=Srer to nearly 1 when Sc = 0.1Sger.
This means that almost all of the transmission goes into
channel 1. At the same time, T>, T3, and R gradually
decrease toward zero, indicating that almost all the
acoustic waves are directed into output channel 1.This
behavior is explained by the reduction in the cross
section of the guide d., which increases the acoustic
impedance, directing most of the acoustic waves toward
channel 1 (ON state) while greatly reducing the waves
propagating toward channels 2 and 3 (OFF state).

Se=SRer 5,0.00158 i)
Sc= D.?5'51
d_=0.6m 5= 0.5'S,

0 200 400 600 800 1000

Frequency (Hz)

Fig. 2. Transmission and reflection rates as a function of
frequency (Hz) for different values of the cross section ratio

Se/Sker for . Results are shown for Sc = Sref, 0.75SRef,
0.5SRef, and 0.1Sger for de=0.5 m. TMM (solid) vs COMSOL
(dotted).

The graph of Fig. 3(e-h) shows how the transmission
rates T, T, T3, and the reflection rate R change with
frequency (Hz) for a coupling guide of length d. = Im.
As in the previous analysis, the red, green, blue, and
black curves correspond to S¢ = Sgef, Sc = 0.75Sgref, Sc =
0.5Srer, and S¢ = 0.1Sger, respectively. As in the case
where d. = 0.5 m, we observe that reducing the cross
section again favors transmission to channel 1, with T;
approaching unity for the smallest value, Sc = 0.1Sgef,
while T, T3, and R tend towards zero. Nevertheless,
compared to the previous configuration, the number of
transmission  peaks  (resonant  characteristics)
approximately doubles. This phenomenon is due to the
doubling of the guide length d., which generates
additional standing wave resonances in the coupling
zone. A longer guide supports more resonant modes,
resulting in an increased number of frequency points
where transmission peaks appear. These results
demonstrate that the coupling length d. not only
influence transmission rate efficiency but also
determines the spectral selectivity of the device,
allowing it to switch between broadband behavior and
multi-resonance filtering depending on the chosen
geometry.

Se=Spar 500.00958 )

Ty

Frequency (Hz)

Fig. 3. Transmission and reflection rates as a function of
frequency (Hz) for different values of the cross section ratio
Sc/Sref. Results are shown for Sc = Sgref, 0.75SRef, 0.5SRef,
and 0.1Sger for de=0.5 m. TMM (solid) vs COMSOL (dotted).
with de=1 m. TMM (solid) vs COMSOL (dotted).
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3.2 Distribution of the acoustic pressure field
through the input and three output channels for
different coupling cross sections S.

In this part, Fig. 4 shows the total sound pressure

level distribution along our acoustic system at two
different values of the cross sections S. of the coupling
guide. We selected a representative frequency (f =
170.09 Hz), which corresponds to the maximum peak of
transmission rate T; and minimum of transmissions T2,
T; and reflection rates R ((Fig. 2(a)). The acoustic
pressure field at this frequency is presented in Fig. 4 (a-
b) for a fixed coupling guide of length d. = 0.5 m with
two values of Sc. When S¢= Sger (Fig. 4(a)) the pressure
field shows a nearly symmetric distribution of the
acoustic pressure, meaning that the acoustic wave is
almost uniformly divided into the three output channels.
In contrast , when the coupling section is reduced to a
smaller value such as 0.1Sger (Fig. 4(b)), the wave is
almost entirely directed towards output channel 1, and
the pressure amplitude is concentrated almost
exclusively in this output channel .In this branch, the
pressure map shows a strong dark blue color, which
means the pressure is strongly negative. Output channels
2 and 3 also appear mostly in blue, showing low and
negative pressure levels.
In summary, when the coupling section S is large, the
acoustic wave spreads across the three output channels.
When S. becomes smaller, almost all the wave is
directed to output channel 1, acting as an acoustic
switch. Thus, S controls the wave distribution, enabling
a transition from a multichannel power divider to a
single-channel switch.

a)

Sc=5Sref 1
0.8
Output 3 Output 2 06
A3 —* A2 0.4
B3 ~— B2 02
dc e
:: ra— ::: o
0.4
Input Output 1 06

-0.8

-1

Se=0.1%Sret b)
1
Output 3 Output2 J°*
06
A3 — A2
—_— — 04
B3 «— B2
0.2
dc W
A0 _.a ™
BO — — g1 fos
-06
Input Outputl § .

Fig. 4. Acoustic pressure field distributions (Pa) at
f=170.09 Hz for different coupling cross section areas Sc¢ with
a fixed coupling guide of length de=0.5 m: (a) Sc=Srer and (b)
Sc=0.1SRef.

3.3 Effect of the coupling section ratio Sc/Srer
on the maximum of transmission and reflection
rates

This subsection investigates the effect of the cross-
section ratio S¢/Sger of the coupling waveguide of length
d. on the maximum transmission T;, T,, T3 and
reflection R rates. In this case, the cross section of the
coupling guide is denoted by S, and the input guide by
So=Srer. The fig. 5 shows the evolution of the maximum
values of the transmission rates T, T», T3 as well as the
reflection rate R as a function of the ratio S¢/Sgrer. As
shown in Fig. 5, when S./Srer increases, T gradually
decreases, going from 1 for minimal cross-sections to
around 0.64 when S¢ = Sgef.

On the other hand, T», T3, and R increase as the ratio
Sc/Srer becomes larger until they reach a limit value
corresponding to a critical section Scritique, after which
these rates remain practically constant even if S¢/Sger
continues to increase.

This behavior illustrates the influence of the
geometric coupling between the input and output
channels; increasing the coupling section increases the
interaction between the guides, creating wave transfer to
outputs 2 and 3 channels while reducing it in the first
output channel.

The increase in reflection rate R results from
changes in the pressure field at the coupling junction of
the guide, which modify the impedance and cause
partial reflection of the incident wave. When the critical
section is reached, the system becomes stable, and the
coupling reaches its highest point. At this point, the
wave's distribution between the channels is no longer
affected by Sc.
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Fig. 5. Evolution of transmission maxima T, T2, T3 and
reflection maximum R as a function of S¢/Srer with de =1m.
) Input d
3.4 Effect of the coupling section ratio Sc//Sref 1000 <1000 )
on the frequencies of transmission and Max R
reflection Maxima through the input and three —
output Channels 800 4 800 4
In this part, we examine the evolution of the resonance EE——
frequencies corresponding to the maxima transmissions T
and reflection rates T, T2, T3, and R as a function of the 5 600 + 600 o
cross-section ratio S¢/Srer. Fig. 6 illustrates the variation 5 ——
in transmission peaks for T, (red color), T (blue color), 3-;
T3 (green color), and R (black color) over the range (0 < i 400 4 400
d. <4m). —
The resonance frequencies associated with T», Tj,
and reflection R coincide and appear at the same
frequency positions, while those of T; appear at slightly 200 3 200 ————
different frequencies. The difference for (T;) reflects a
redistribution of the waves between the input guide and
the output channels. As the ratio (S¢/Sref) increases, the 0 P () ——
coupling between the first output channel and the side 000204060810 ¢gpg 0204060810
branches modifies the modal structure, causing a S /e [0<d <Am] S /S of [0<d <dm]

variation in the effective acoustic path and,
consequently, in the resonance frequencies.
Fig. 6. Variation of the frequencies (Hz) corresponding to
maxima of transmission and reflection rates as a function of
the section ratio Sc/Sref: (a) T1 (red color), (b) T2 (blue color),
(¢) Ts (green color), and (d) reflection (black Color) for
0<dc<4m.

4 Conclusion

In this research, we explored the impact of the coupling
section S¢ on the transmission behavior of a ramified
acoustic waveguide system. We showed, using the
transfer matrix method and finite element method
simulations, that the coupling section is essential for
regulating the distribution of the acoustic waves
between the output channels. The results indicate that as
S. decreases, the transmitted wave is mainly directed
toward input channel 1, resulting in almost total wave
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transmission at this output. Conversely, when S,
increases, the interference conditions are modified,
allowing for a redistribution of acoustic waves between
the different channels. The strong agreement between
theoretical predictions and the FEM simulations
confirms the reliability of the proposed model. These
findings highlight the novelty and practical relevance of
geometric control as a robust mechanism for acoustic
switching, wave routing, and efficient management of
acoustic energy in compact waveguide architectures.
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