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Simple structures enabling the multiplexing of acoustic waves are presented. Such structures are constructed
out of two monomode acoustic wires and two masses bound together, and to the wires by springs. We show
analytically that these simple structures can transfer with selectivity and in one direction one acoustic wave-
length from one wire to the other, leaving neighbor acoustic wavelengths unaffected. We give closed-form
relations enabling to obtain the values of the relevant physical parameters for this multiplexing phenomena to
happen at a chosen wavelength. Finally, we illustrate this general theory by an application.
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The directional ejection from one wave guide to another
was considered before for elastic waves in slender tubesf1g
and for optical phonons in atomic chainsf2g. Such transfer
processes are particularly important in wavelength multi-
plexing and in telecommunication routing devicesf3,4g.

A device enabling a directional ejection of an elastic wave
of a given wavelength from one acoustic wire to the other
should leave the other neighbor wavelengths, travel without
perturbation in the input wire. At the same time this wave of
one selected and well-defined wavelength is expected to be
transferred to the other wire with a phase shift as the only
admitted distortion. To meet the above requirements as
closely as possible an appropriate coupling geometry should
be designed.

In the present paper we describe a simple and general
system, which, under certain conditions, makes possible the
directional transfer of one acoustic wave with a very good
selectivity and directivity. The system is depicted in Fig. 1.

The structure consists of two wires conducting predomi-
nantly the in-plane transverse waves. The wires are charac-
terized by their linear mass densityrl and the speedc of the
transverse acoustic waves propagating along them. Two
identical masses, undergoing a constrain to move perpen-
dicularly to the wires by appropriate frictionless rails, are
coupled to the motionless support by a force constantK for
these, and only these, transverse waves. The masses are ad-
ditionally coupled with each other by a spring whose free
length is slightly longer than the distanced between the rails.
As can be seen from a classical Taylor expansion of a radial
potential, this assures an effective harmonic force constant
b2=w8sdd /d between the masses, wherew8srd is the first
derivative of the potential energy of the spring linking the
masses. The coupling of the wave motion in the wires with
the motion of the masses is assured by four springs of the
harmonic force constantsb1 ssee Fig. 1d. The wires go, re-
spectively, through pointss1, 2d ands3, 4d and the masses are
at points 5 and 6. The distances between pointss1, 2d, s3, 4d,

ands5, 6d ared. As can be also seen from a classical Taylor
expansion of a radial potential, for such a geometry there is
no nonzero harmonic force constants coupling the in-plane
transverse motions defined above to the other types of dis-
placements. The system shows two perpendicular mirror
symmetry planes. Moreover, the simple system presented
here can be solved in closed form. This enables to determine
easily all the parameters necessary for its fabrication.

Many other systems and geometries of this type can be
devised, which differ in some details but show generally the
same multiplexing property. On the other hand, an analogous
geometry realized on an atomic or nanometric scale offers
even a richer variety of multiplexing systems.

The acoustic dispersion relation of the transverse modes
of the wires is
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FIG. 1. Sketch of one possible geometry of the considered
simple acoustic multiplexer. It consists of two wires and two masses
M. The two massesM are bounded to two fixed points by two
springs having an harmonic force constantK and are restricted by
an appropriate device to move only in the direction parallel to the
wires. They are bound also between themselves by a spring with an
harmonic force constantb2 and to pointss1-4d of the wires by four
springs out of equilibrium with harmonic force constantb1. We
consider one inputI1 or two inputsI1= I2 of longitudinal acoustic
waves and four outputsO1, O2, O3, andO4.
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v = ck, s1d

where k=2p /l is the propagation vector of the acoustic
wave of wavelengthl.

In general, any incident acoustic wave launched onto the
coupling structure, e.g., from the input gate 1, generates, as a
result of scattering processes, the reflected wave at node 1,
along with the three transmitted waves at nodes 2, 3, and 4
scf. Fig. 1d. The corresponding reflectionst11d and transmis-
sion st1n,n=2,3,4d amplitudes can be expressed in terms of
the elements of the Green’s functiong of the system viaf1g

t11 = 2iFgs1,1d − 1 s2ad

and

t1n = 2iFgs1,nd, sn = 2,3,4d. s2bd

In Eqs.s2d, i =Î−1 stands for the imaginary unit, while

F = crlv. s3ad

The necessary Green’s-function elements can be readily
obtained taking into account the symmetry of the system.
Consequently, for acoustic waves incoming through gate 1,
the expressions for the reflection and transmission wave-
function amplitudes can be conveniently written as

t11 = z1 + z2 + z3 + z4 − 1, s4ad

t12 = z1 + z2 − z3 − z4, s4bd

t13 = z1 − z2 + z3 − z4, s4cd

and

t14 = z1 − z2 − z3 + z4, s4dd

where

zn =
i

2si + ynd
sn = 1,2,3,4d, s5d

with the yn’s determined by the particular resonant-coupling
structure under considerationf1g. For the structure of Fig. 1,

y1 = y2 −
2b1

2

FsMv2 − K − 2b1d
, s6d

y2 = tanSkd

2
D −

b1

F
, s7d

y3 = − FtanSkd

2
DG−1

−
b1

F
, s8d

and

y4 = y3 −
2b1

2

FsMv2 − K − 2b1 − 2b2d
. s9d

For an incoming acoustic wave intensityI1skdd=1, the
outgoing acoustic wave intensitiesOjskdd are given by

Ojskdd = ut1ju2, j = 1,2,3,4. s10d

The total acoustic wave transfer from a single input at
gate 1 to the output 3, i.e.,I1skdd=1, O1sk0dd=0, O2sk0dd
=0, O3sk0dd=1, andO4sk0dd=0 can be realized exactly at the
angular frequencyv0=ck0, when the following conditions
are fulfilled:

sk0dd2 =
sd/cd2

M
fK + 2b1 + b2g, s11d

cossk0dd = −
b2

2b1
, s12d

and

sinsk0dd
sk0dd

=
rlcsc/ddb2

b1
2 . s13d

The transferred wave has some width inkd aroundk0d. If
one wishes the corresponding peak inO3skdd to be symmet-
ric, then one obtains another conditionf1,2g, namely

k0d = s1 + 4n0d
p

2
, n0 = 0,1,2,… s14d

However, this condition and the ones given by Eqs.s12d
and s13d are only fulfilled for b1=0 andb2=0. So in what
follows, we will tolerate a small dissymmetry of the peak in
O3skdd and a small imprecision on the condition given by
Eq. s14d.

Let us also define the quality factor associated with the
linewidth of the transferred signal by

Qsk0dd =
k0d

Dsk0dd
, s15d

whereDsk0dd is the width of this signal forO3skdd=0.5.
An approximated value of this quality factor is found to

be

Qsk0dd = s1 + 4n0d2p2

4

M

b2

c2

d2 . s16d

To give an illustrative and at the same time realistic ex-
ample complying with the above assumptions we consider
n0=0, M =0.001 kg,c=10 m/s,rl =0.07 kg/m,d=0.02 m,
K=475 kg/s2, b1=110 Kg/s2, andb2=22 kg/s2. This set of
parameters corresponds to typical elastic wires and macro-
scopic springs able to transmit acoustic waves.

Figure 2 presents the transmission coefficientsO3skdd
ssolid lined, O2skdd sdashed lined, O4skdd sdotted lined, and
O1skdd sdotted-dashed lined as functions of the reduced wave
vectorkd. One remarks that the dissymmetry with respect to
kd=p /2 is negligible. The peak in the transmission coeffi-
cient O3skdd shows a width at half maximum of the order
predicted by Eq.s16d. In this figureO2skdd is basically con-
stant and equal to 1 afterkd=p /2. This result comes from
the parameters used in this calculation, but remains for other
possible parameter sets as long as the analytical conditions
given above are satisfied with a good precision and the cho-
sen quality factor is not too low.

Now, with two inputs of intensityI1skdd= I2skdd=1 at
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gates 1 and 2, the output transmission probabilities are

O1skdd = O2skdd = u2sz1 + z2d − 1u2 s17ad

and

O3skdd = O4skdd = u2sz1 − z2du2. s17bd

In other words, two transverse acoustic waves of particu-
lar propagation vectork0 are cross transferred through the
structure to gates 3 and 4, respectively. This “cross-talk” ef-
fect is illustrated in Fig. 3.

The results of the present paper show that the simple
structure presented in this brief report can realize transverse

acoustic wave multiplexing and also cross transfer of two
acoustic waves, respectively, from gate 1 to gate 3 and from
gate 2 to gate 4. Moreover, the above derived closed-form
expressions enable to find easily the optimal parameters for
the desired device, enabling one to engineer it at will for
specific applications.

This simple acoustic multiplexer is expected to stimulate
further research.
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FIG. 2. The transmission coefficientsO3skdd ssolid lined, O2skdd
sdashed lined, O4skdd sdotted lined, andO1skdd sdotted-dashed lined
as functions ofkd for the structure of Fig. 1 forn0=0, M
=0.001 kg, c=10 m/s, rl =0.07 kg/m, d=0.02 m, K=475 kg/s2,
b1=110 kg/s2, andb2=22 kg/s2, for one single inputI1=1.

FIG. 3. Output-signal intensitiesO1skdd=O2skdd sdashed lined
andO3skdd=O4skdd ssolid lined as functions ofkd for the structure
of Fig. 1 for the same parameters as in Fig. 2 when two inputs of
intensity I1skdd= I2skdd=1 at gates 1 and 2 are simultaneously
present.
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