
Acoustic subwavelength networks for waveguiding

 Laboratoire d'Acoustique de l’Université du Mans (LAUM), UMR CNRS 6613 
Olivier Richoux

In collaboration with:

V. Achilleos
G. Theocharis
I. Brouzos
F. K. Diakonos

Laboratoire d'Acoustique de l’Université du Mans (LAUM), UMR CNRS 6613 
Laboratoire d'Acoustique de l’Université du Mans (LAUM), UMR CNRS 6613 
Department of Physics, University of Athens, 15784 Athens, Greece / LAUM
Department of Physics, University of Athens, 15784 Athens, Greece



Introduction

• Great challenge for many physical applications
• Numerous works on the design of multi-port devices

- power divider and combiner
- multiplexer systems   

Waveguiding

• Microwave : power divider and combiner, multiplexer, circulator, filter couplers …

• Realization by different ways :
- resonant structures
- photonic crystals
- metamaterials,
- multimode interferences,
- nonuniform waveguide networks
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Scattering characterization : Mirror symmetry and reciprocal 
system
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3-port network with mirror symmetry 
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Splitter (divider) Combiner

Use of the scattering matrix to find the conditions for the 
combiner or the splitter



Splitter systems

Conditions : 

and
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3-port network with mirror symmetry 
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Splitter systems
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Combiner systems

3-port network with mirror symmetry 
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Time reversal symmetry



Acoustic 3-port network

Acoustic subwavelength device
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<latexit sha1_base64="S9btHat/jLLJUC7q3dj9Cl4ZfGg="></latexit><latexit sha1_base64="S9btHat/jLLJUC7q3dj9Cl4ZfGg="></latexit><latexit sha1_base64="S9btHat/jLLJUC7q3dj9Cl4ZfGg="></latexit><latexit sha1_base64="S9btHat/jLLJUC7q3dj9Cl4ZfGg="></latexit>

port 2
<latexit sha1_base64="Cd2bRxQrQqRL1+FPS7xRgV90z8Q="></latexit><latexit sha1_base64="Cd2bRxQrQqRL1+FPS7xRgV90z8Q="></latexit><latexit sha1_base64="Cd2bRxQrQqRL1+FPS7xRgV90z8Q="></latexit><latexit sha1_base64="Cd2bRxQrQqRL1+FPS7xRgV90z8Q="></latexit>

port 3
<latexit sha1_base64="xvGFmkm7a3U8S91nNjSZ7DhOGUE="></latexit><latexit sha1_base64="xvGFmkm7a3U8S91nNjSZ7DhOGUE="></latexit><latexit sha1_base64="xvGFmkm7a3U8S91nNjSZ7DhOGUE="></latexit><latexit sha1_base64="xvGFmkm7a3U8S91nNjSZ7DhOGUE="></latexit>

Analytical expressions 
using transfer matrix 

single mode propagation

r, t, r0 and t0 depend on
<latexit sha1_base64="MhDMNiWnk0hpW9dTJ62GA0To0t4="></latexit><latexit sha1_base64="MhDMNiWnk0hpW9dTJ62GA0To0t4="></latexit><latexit sha1_base64="MhDMNiWnk0hpW9dTJ62GA0To0t4="></latexit><latexit sha1_base64="MhDMNiWnk0hpW9dTJ62GA0To0t4="></latexit>

d

resonance frequencies

distance from the Y-connection

losses due to the resonators

coupling between waveguide and resonators

wave frequencyf
<latexit sha1_base64="yTMMgEP+tNNZav+v1izCPKA8SOk="></latexit><latexit sha1_base64="yTMMgEP+tNNZav+v1izCPKA8SOk="></latexit><latexit sha1_base64="yTMMgEP+tNNZav+v1izCPKA8SOk="></latexit><latexit sha1_base64="yTMMgEP+tNNZav+v1izCPKA8SOk="></latexit>

R1, R2
<latexit sha1_base64="ESuXnRFmReZUc3mwTeU0X+ZvQpc="></latexit><latexit sha1_base64="ESuXnRFmReZUc3mwTeU0X+ZvQpc="></latexit><latexit sha1_base64="ESuXnRFmReZUc3mwTeU0X+ZvQpc="></latexit><latexit sha1_base64="ESuXnRFmReZUc3mwTeU0X+ZvQpc="></latexit>

f1, f2
<latexit sha1_base64="PKAFTdMxN8XSG3niYNueVToaNlI="></latexit><latexit sha1_base64="PKAFTdMxN8XSG3niYNueVToaNlI="></latexit><latexit sha1_base64="PKAFTdMxN8XSG3niYNueVToaNlI="></latexit><latexit sha1_base64="PKAFTdMxN8XSG3niYNueVToaNlI="></latexit>

�1, �2
<latexit sha1_base64="969tdK7l3xtMM7e8+hqyvZU8PsI="></latexit><latexit sha1_base64="969tdK7l3xtMM7e8+hqyvZU8PsI="></latexit><latexit sha1_base64="969tdK7l3xtMM7e8+hqyvZU8PsI="></latexit><latexit sha1_base64="969tdK7l3xtMM7e8+hqyvZU8PsI="></latexit>

Tuning transmission and reflection by using
Induced Transparency Resonance
coming form the interaction of the resonances

specific frequency f⇤
<latexit sha1_base64="XGYGDIxcCrcKM0i0V50/svJrY/s="></latexit><latexit sha1_base64="XGYGDIxcCrcKM0i0V50/svJrY/s="></latexit><latexit sha1_base64="XGYGDIxcCrcKM0i0V50/svJrY/s="></latexit><latexit sha1_base64="XGYGDIxcCrcKM0i0V50/svJrY/s="></latexit>



Acoustic 3-port network

Experimental results

Geometry characteristics
d = 5 cm

<latexit sha1_base64="1bMvCCCZ9Kj4128nYECtjHO+kUI="></latexit><latexit sha1_base64="1bMvCCCZ9Kj4128nYECtjHO+kUI="></latexit><latexit sha1_base64="1bMvCCCZ9Kj4128nYECtjHO+kUI="></latexit><latexit sha1_base64="1bMvCCCZ9Kj4128nYECtjHO+kUI="></latexit>

`c1 = 2.9 cm
<latexit sha1_base64="QasAqx0ekf2q2OefdQzvWq5Bt6o="></latexit><latexit sha1_base64="QasAqx0ekf2q2OefdQzvWq5Bt6o="></latexit><latexit sha1_base64="QasAqx0ekf2q2OefdQzvWq5Bt6o="></latexit><latexit sha1_base64="QasAqx0ekf2q2OefdQzvWq5Bt6o="></latexit>

`c2 = `c3 = 4.9 cm
<latexit sha1_base64="pJ7aYFXkdOzdX4wHBPW/RJcJuBs="></latexit><latexit sha1_base64="pJ7aYFXkdOzdX4wHBPW/RJcJuBs="></latexit><latexit sha1_base64="pJ7aYFXkdOzdX4wHBPW/RJcJuBs="></latexit><latexit sha1_base64="pJ7aYFXkdOzdX4wHBPW/RJcJuBs="></latexit>

Frequency (Hz)
<latexit sha1_base64="Za47NTa2JcAkjAO0e48r7iUgXOA="></latexit><latexit sha1_base64="Za47NTa2JcAkjAO0e48r7iUgXOA="></latexit><latexit sha1_base64="Za47NTa2JcAkjAO0e48r7iUgXOA="></latexit><latexit sha1_base64="Za47NTa2JcAkjAO0e48r7iUgXOA="></latexit>

A
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p
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tu
d
e

<latexit sha1_base64="7AGLdtaT+xLWiDL3hJ08e/Vhqqk="></latexit><latexit sha1_base64="7AGLdtaT+xLWiDL3hJ08e/Vhqqk="></latexit><latexit sha1_base64="7AGLdtaT+xLWiDL3hJ08e/Vhqqk="></latexit><latexit sha1_base64="7AGLdtaT+xLWiDL3hJ08e/Vhqqk="></latexit>
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<latexit sha1_base64="Zw3Gs+2afx8cGfASWAaIAY2QewA="></latexit><latexit sha1_base64="Zw3Gs+2afx8cGfASWAaIAY2QewA="></latexit><latexit sha1_base64="Zw3Gs+2afx8cGfASWAaIAY2QewA="></latexit><latexit sha1_base64="Zw3Gs+2afx8cGfASWAaIAY2QewA="></latexit>

|r0 + t0|
<latexit sha1_base64="bwrXkfVsizWYeVZKIenX335zfdA="></latexit><latexit sha1_base64="bwrXkfVsizWYeVZKIenX335zfdA="></latexit><latexit sha1_base64="bwrXkfVsizWYeVZKIenX335zfdA="></latexit><latexit sha1_base64="bwrXkfVsizWYeVZKIenX335zfdA="></latexit>

|t|
<latexit sha1_base64="B/UqkQIAGS+QZjeIFdwvdqC1ECA="></latexit><latexit sha1_base64="B/UqkQIAGS+QZjeIFdwvdqC1ECA="></latexit><latexit sha1_base64="B/UqkQIAGS+QZjeIFdwvdqC1ECA="></latexit><latexit sha1_base64="B/UqkQIAGS+QZjeIFdwvdqC1ECA="></latexit>

Frequency (Hz)
<latexit sha1_base64="Za47NTa2JcAkjAO0e48r7iUgXOA="></latexit><latexit sha1_base64="Za47NTa2JcAkjAO0e48r7iUgXOA="></latexit><latexit sha1_base64="Za47NTa2JcAkjAO0e48r7iUgXOA="></latexit><latexit sha1_base64="Za47NTa2JcAkjAO0e48r7iUgXOA="></latexit>

f1
<latexit sha1_base64="abekTWoaYkjHy7MgmzqZg6SmHXc="></latexit><latexit sha1_base64="abekTWoaYkjHy7MgmzqZg6SmHXc="></latexit><latexit sha1_base64="abekTWoaYkjHy7MgmzqZg6SmHXc="></latexit><latexit sha1_base64="abekTWoaYkjHy7MgmzqZg6SmHXc="></latexit>

f2
<latexit sha1_base64="Q1P8Jf3LAlZQBp7vKPjmstGP5+U="></latexit><latexit sha1_base64="Q1P8Jf3LAlZQBp7vKPjmstGP5+U="></latexit><latexit sha1_base64="Q1P8Jf3LAlZQBp7vKPjmstGP5+U="></latexit><latexit sha1_base64="Q1P8Jf3LAlZQBp7vKPjmstGP5+U="></latexit>

splitter combiner

f⇤
<latexit sha1_base64="XGYGDIxcCrcKM0i0V50/svJrY/s="></latexit><latexit sha1_base64="XGYGDIxcCrcKM0i0V50/svJrY/s="></latexit><latexit sha1_base64="XGYGDIxcCrcKM0i0V50/svJrY/s="></latexit><latexit sha1_base64="XGYGDIxcCrcKM0i0V50/svJrY/s="></latexit>
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Geometry characteristics
d = 5 cm

<latexit sha1_base64="1bMvCCCZ9Kj4128nYECtjHO+kUI="></latexit><latexit sha1_base64="1bMvCCCZ9Kj4128nYECtjHO+kUI="></latexit><latexit sha1_base64="1bMvCCCZ9Kj4128nYECtjHO+kUI="></latexit><latexit sha1_base64="1bMvCCCZ9Kj4128nYECtjHO+kUI="></latexit>

`c1 = 2.9 cm
<latexit sha1_base64="QasAqx0ekf2q2OefdQzvWq5Bt6o="></latexit><latexit sha1_base64="QasAqx0ekf2q2OefdQzvWq5Bt6o="></latexit><latexit sha1_base64="QasAqx0ekf2q2OefdQzvWq5Bt6o="></latexit><latexit sha1_base64="QasAqx0ekf2q2OefdQzvWq5Bt6o="></latexit>

`c2 = `c3 = 4.9 cm
<latexit sha1_base64="pJ7aYFXkdOzdX4wHBPW/RJcJuBs="></latexit><latexit sha1_base64="pJ7aYFXkdOzdX4wHBPW/RJcJuBs="></latexit><latexit sha1_base64="pJ7aYFXkdOzdX4wHBPW/RJcJuBs="></latexit><latexit sha1_base64="pJ7aYFXkdOzdX4wHBPW/RJcJuBs="></latexit>

lossessubwavelength
system Frequency (Hz)

<latexit sha1_base64="Za47NTa2JcAkjAO0e48r7iUgXOA="></latexit><latexit sha1_base64="Za47NTa2JcAkjAO0e48r7iUgXOA="></latexit><latexit sha1_base64="Za47NTa2JcAkjAO0e48r7iUgXOA="></latexit><latexit sha1_base64="Za47NTa2JcAkjAO0e48r7iUgXOA="></latexit>

A
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e

<latexit sha1_base64="7AGLdtaT+xLWiDL3hJ08e/Vhqqk="></latexit><latexit sha1_base64="7AGLdtaT+xLWiDL3hJ08e/Vhqqk="></latexit><latexit sha1_base64="7AGLdtaT+xLWiDL3hJ08e/Vhqqk="></latexit><latexit sha1_base64="7AGLdtaT+xLWiDL3hJ08e/Vhqqk="></latexit>
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<latexit sha1_base64="Zw3Gs+2afx8cGfASWAaIAY2QewA="></latexit><latexit sha1_base64="Zw3Gs+2afx8cGfASWAaIAY2QewA="></latexit><latexit sha1_base64="Zw3Gs+2afx8cGfASWAaIAY2QewA="></latexit><latexit sha1_base64="Zw3Gs+2afx8cGfASWAaIAY2QewA="></latexit>

|r0 + t0|
<latexit sha1_base64="bwrXkfVsizWYeVZKIenX335zfdA="></latexit><latexit sha1_base64="bwrXkfVsizWYeVZKIenX335zfdA="></latexit><latexit sha1_base64="bwrXkfVsizWYeVZKIenX335zfdA="></latexit><latexit sha1_base64="bwrXkfVsizWYeVZKIenX335zfdA="></latexit>

|t|
<latexit sha1_base64="B/UqkQIAGS+QZjeIFdwvdqC1ECA="></latexit><latexit sha1_base64="B/UqkQIAGS+QZjeIFdwvdqC1ECA="></latexit><latexit sha1_base64="B/UqkQIAGS+QZjeIFdwvdqC1ECA="></latexit><latexit sha1_base64="B/UqkQIAGS+QZjeIFdwvdqC1ECA="></latexit>

Frequency (Hz)
<latexit sha1_base64="Za47NTa2JcAkjAO0e48r7iUgXOA="></latexit><latexit sha1_base64="Za47NTa2JcAkjAO0e48r7iUgXOA="></latexit><latexit sha1_base64="Za47NTa2JcAkjAO0e48r7iUgXOA="></latexit><latexit sha1_base64="Za47NTa2JcAkjAO0e48r7iUgXOA="></latexit>

f1
<latexit sha1_base64="abekTWoaYkjHy7MgmzqZg6SmHXc="></latexit><latexit sha1_base64="abekTWoaYkjHy7MgmzqZg6SmHXc="></latexit><latexit sha1_base64="abekTWoaYkjHy7MgmzqZg6SmHXc="></latexit><latexit sha1_base64="abekTWoaYkjHy7MgmzqZg6SmHXc="></latexit>

f2
<latexit sha1_base64="Q1P8Jf3LAlZQBp7vKPjmstGP5+U="></latexit><latexit sha1_base64="Q1P8Jf3LAlZQBp7vKPjmstGP5+U="></latexit><latexit sha1_base64="Q1P8Jf3LAlZQBp7vKPjmstGP5+U="></latexit><latexit sha1_base64="Q1P8Jf3LAlZQBp7vKPjmstGP5+U="></latexit>

splitter combiner

f⇤
<latexit sha1_base64="XGYGDIxcCrcKM0i0V50/svJrY/s="></latexit><latexit sha1_base64="XGYGDIxcCrcKM0i0V50/svJrY/s="></latexit><latexit sha1_base64="XGYGDIxcCrcKM0i0V50/svJrY/s="></latexit><latexit sha1_base64="XGYGDIxcCrcKM0i0V50/svJrY/s="></latexit>

�/(2d) ⇡ 7.5
<latexit sha1_base64="teDBMTshFhNvSSOSVN6Y2/GPh+o="></latexit><latexit sha1_base64="teDBMTshFhNvSSOSVN6Y2/GPh+o="></latexit><latexit sha1_base64="teDBMTshFhNvSSOSVN6Y2/GPh+o="></latexit><latexit sha1_base64="teDBMTshFhNvSSOSVN6Y2/GPh+o="></latexit>



300 350 400 450 500 550 600
0

0.2

0.4

0.6

0.8

1

Acoustic 3-port network

Experimental results

Geometry characteristics
d = 5 cm

<latexit sha1_base64="1bMvCCCZ9Kj4128nYECtjHO+kUI="></latexit><latexit sha1_base64="1bMvCCCZ9Kj4128nYECtjHO+kUI="></latexit><latexit sha1_base64="1bMvCCCZ9Kj4128nYECtjHO+kUI="></latexit><latexit sha1_base64="1bMvCCCZ9Kj4128nYECtjHO+kUI="></latexit>

`c1 = 2.9 cm
<latexit sha1_base64="QasAqx0ekf2q2OefdQzvWq5Bt6o="></latexit><latexit sha1_base64="QasAqx0ekf2q2OefdQzvWq5Bt6o="></latexit><latexit sha1_base64="QasAqx0ekf2q2OefdQzvWq5Bt6o="></latexit><latexit sha1_base64="QasAqx0ekf2q2OefdQzvWq5Bt6o="></latexit>

`c2 = `c3 = 4.9 cm
<latexit sha1_base64="pJ7aYFXkdOzdX4wHBPW/RJcJuBs="></latexit><latexit sha1_base64="pJ7aYFXkdOzdX4wHBPW/RJcJuBs="></latexit><latexit sha1_base64="pJ7aYFXkdOzdX4wHBPW/RJcJuBs="></latexit><latexit sha1_base64="pJ7aYFXkdOzdX4wHBPW/RJcJuBs="></latexit>

lossessubwavelength
system

Frequency (Hz)
<latexit sha1_base64="Za47NTa2JcAkjAO0e48r7iUgXOA="></latexit><latexit sha1_base64="Za47NTa2JcAkjAO0e48r7iUgXOA="></latexit><latexit sha1_base64="Za47NTa2JcAkjAO0e48r7iUgXOA="></latexit><latexit sha1_base64="Za47NTa2JcAkjAO0e48r7iUgXOA="></latexit>

⇥
<latexit sha1_base64="iH0+uw+q0om+HkOIOD65Ug+ncJc="></latexit><latexit sha1_base64="iH0+uw+q0om+HkOIOD65Ug+ncJc="></latexit><latexit sha1_base64="iH0+uw+q0om+HkOIOD65Ug+ncJc="></latexit><latexit sha1_base64="iH0+uw+q0om+HkOIOD65Ug+ncJc="></latexit>

⇥ = 0.7
<latexit sha1_base64="IrarT1mOmjlQ9be5kTGNbljExbY="></latexit><latexit sha1_base64="IrarT1mOmjlQ9be5kTGNbljExbY="></latexit><latexit sha1_base64="IrarT1mOmjlQ9be5kTGNbljExbY="></latexit><latexit sha1_base64="IrarT1mOmjlQ9be5kTGNbljExbY="></latexit>

⇥ =

P
i |p

�
i |2P

i |p
+
i |2

<latexit sha1_base64="4lHxy2B3hhTotomH5wSRd2YF44g="></latexit><latexit sha1_base64="4lHxy2B3hhTotomH5wSRd2YF44g="></latexit><latexit sha1_base64="4lHxy2B3hhTotomH5wSRd2YF44g="></latexit><latexit sha1_base64="4lHxy2B3hhTotomH5wSRd2YF44g="></latexit>

Output to input 
power ratio

�/(2d) ⇡ 7.5
<latexit sha1_base64="teDBMTshFhNvSSOSVN6Y2/GPh+o="></latexit><latexit sha1_base64="teDBMTshFhNvSSOSVN6Y2/GPh+o="></latexit><latexit sha1_base64="teDBMTshFhNvSSOSVN6Y2/GPh+o="></latexit><latexit sha1_base64="teDBMTshFhNvSSOSVN6Y2/GPh+o="></latexit>
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<latexit sha1_base64="1bMvCCCZ9Kj4128nYECtjHO+kUI="></latexit><latexit sha1_base64="1bMvCCCZ9Kj4128nYECtjHO+kUI="></latexit><latexit sha1_base64="1bMvCCCZ9Kj4128nYECtjHO+kUI="></latexit><latexit sha1_base64="1bMvCCCZ9Kj4128nYECtjHO+kUI="></latexit>

`c1 = 2.9 cm
<latexit sha1_base64="QasAqx0ekf2q2OefdQzvWq5Bt6o="></latexit><latexit sha1_base64="QasAqx0ekf2q2OefdQzvWq5Bt6o="></latexit><latexit sha1_base64="QasAqx0ekf2q2OefdQzvWq5Bt6o="></latexit><latexit sha1_base64="QasAqx0ekf2q2OefdQzvWq5Bt6o="></latexit>

`c2 = `c3 = 4.9 cm
<latexit sha1_base64="pJ7aYFXkdOzdX4wHBPW/RJcJuBs="></latexit><latexit sha1_base64="pJ7aYFXkdOzdX4wHBPW/RJcJuBs="></latexit><latexit sha1_base64="pJ7aYFXkdOzdX4wHBPW/RJcJuBs="></latexit><latexit sha1_base64="pJ7aYFXkdOzdX4wHBPW/RJcJuBs="></latexit>

lossessubwavelength
system

perfect transmission

Frequency (Hz)
<latexit sha1_base64="Za47NTa2JcAkjAO0e48r7iUgXOA="></latexit><latexit sha1_base64="Za47NTa2JcAkjAO0e48r7iUgXOA="></latexit><latexit sha1_base64="Za47NTa2JcAkjAO0e48r7iUgXOA="></latexit><latexit sha1_base64="Za47NTa2JcAkjAO0e48r7iUgXOA="></latexit>

⇥
<latexit sha1_base64="iH0+uw+q0om+HkOIOD65Ug+ncJc="></latexit><latexit sha1_base64="iH0+uw+q0om+HkOIOD65Ug+ncJc="></latexit><latexit sha1_base64="iH0+uw+q0om+HkOIOD65Ug+ncJc="></latexit><latexit sha1_base64="iH0+uw+q0om+HkOIOD65Ug+ncJc="></latexit>

⇥ = 0.7
<latexit sha1_base64="IrarT1mOmjlQ9be5kTGNbljExbY="></latexit><latexit sha1_base64="IrarT1mOmjlQ9be5kTGNbljExbY="></latexit><latexit sha1_base64="IrarT1mOmjlQ9be5kTGNbljExbY="></latexit><latexit sha1_base64="IrarT1mOmjlQ9be5kTGNbljExbY="></latexit>

splitter
combiner

⇥ =

P
i |p

�
i |2P

i |p
+
i |2

<latexit sha1_base64="4lHxy2B3hhTotomH5wSRd2YF44g="></latexit><latexit sha1_base64="4lHxy2B3hhTotomH5wSRd2YF44g="></latexit><latexit sha1_base64="4lHxy2B3hhTotomH5wSRd2YF44g="></latexit><latexit sha1_base64="4lHxy2B3hhTotomH5wSRd2YF44g="></latexit>

|t(f⇤)| = 1/
p
2 ⇡ 0.7

<latexit sha1_base64="9a+tBWUymSRfkoldo4S8q1fi8a4="></latexit><latexit sha1_base64="9a+tBWUymSRfkoldo4S8q1fi8a4="></latexit><latexit sha1_base64="9a+tBWUymSRfkoldo4S8q1fi8a4="></latexit><latexit sha1_base64="9a+tBWUymSRfkoldo4S8q1fi8a4="></latexit>

⇥(f⇤) = 2|t(f⇤)|2
<latexit sha1_base64="mmzSxdV9Xz1M93vZnL82r/9O7+I="></latexit><latexit sha1_base64="mmzSxdV9Xz1M93vZnL82r/9O7+I="></latexit><latexit sha1_base64="mmzSxdV9Xz1M93vZnL82r/9O7+I="></latexit><latexit sha1_base64="mmzSxdV9Xz1M93vZnL82r/9O7+I="></latexit>

Output to input 
power ratio

�/(2d) ⇡ 7.5
<latexit sha1_base64="teDBMTshFhNvSSOSVN6Y2/GPh+o="></latexit><latexit sha1_base64="teDBMTshFhNvSSOSVN6Y2/GPh+o="></latexit><latexit sha1_base64="teDBMTshFhNvSSOSVN6Y2/GPh+o="></latexit><latexit sha1_base64="teDBMTshFhNvSSOSVN6Y2/GPh+o="></latexit>



Acoustic 3-port network : perfect transmission

Splitter and combiner with perfect transmission

We use an optimization algorithm to achieve all the conditions
and find the corresponding configurations (geometry)

Conditions for splitter and combiner with perfect transmission :

f1
<latexit sha1_base64="eQl5DgUz+wzmihzukjPn1swQpeM="></latexit><latexit sha1_base64="eQl5DgUz+wzmihzukjPn1swQpeM="></latexit><latexit sha1_base64="eQl5DgUz+wzmihzukjPn1swQpeM="></latexit><latexit sha1_base64="eQl5DgUz+wzmihzukjPn1swQpeM="></latexit>

f2
<latexit sha1_base64="Ax2tN6BZ4ft+DJnsXPzsFf1bgo4="></latexit><latexit sha1_base64="Ax2tN6BZ4ft+DJnsXPzsFf1bgo4="></latexit><latexit sha1_base64="Ax2tN6BZ4ft+DJnsXPzsFf1bgo4="></latexit><latexit sha1_base64="Ax2tN6BZ4ft+DJnsXPzsFf1bgo4="></latexit>

f2
<latexit sha1_base64="Ax2tN6BZ4ft+DJnsXPzsFf1bgo4="></latexit><latexit sha1_base64="Ax2tN6BZ4ft+DJnsXPzsFf1bgo4="></latexit><latexit sha1_base64="Ax2tN6BZ4ft+DJnsXPzsFf1bgo4="></latexit><latexit sha1_base64="Ax2tN6BZ4ft+DJnsXPzsFf1bgo4="></latexit>

d
<latexit sha1_base64="Yk6i2qMFOSf2k36ynCKv2/nt3Go="></latexit><latexit sha1_base64="Yk6i2qMFOSf2k36ynCKv2/nt3Go="></latexit><latexit sha1_base64="Yk6i2qMFOSf2k36ynCKv2/nt3Go="></latexit><latexit sha1_base64="Yk6i2qMFOSf2k36ynCKv2/nt3Go="></latexit>

`c2
<latexit sha1_base64="toLGdw0QA5cUeFea9xCqD1a3bfc="></latexit><latexit sha1_base64="toLGdw0QA5cUeFea9xCqD1a3bfc="></latexit><latexit sha1_base64="toLGdw0QA5cUeFea9xCqD1a3bfc="></latexit><latexit sha1_base64="toLGdw0QA5cUeFea9xCqD1a3bfc="></latexit>

`c1
<latexit sha1_base64="B1EFJ2wL507ihi+cYjG1Dft7iDE="></latexit><latexit sha1_base64="B1EFJ2wL507ihi+cYjG1Dft7iDE="></latexit><latexit sha1_base64="B1EFJ2wL507ihi+cYjG1Dft7iDE="></latexit><latexit sha1_base64="B1EFJ2wL507ihi+cYjG1Dft7iDE="></latexit>

d = 13.9 cm
<latexit sha1_base64="L2fX217iyfoVIl12EXY0zxmP/rk="></latexit><latexit sha1_base64="L2fX217iyfoVIl12EXY0zxmP/rk="></latexit><latexit sha1_base64="L2fX217iyfoVIl12EXY0zxmP/rk="></latexit><latexit sha1_base64="L2fX217iyfoVIl12EXY0zxmP/rk="></latexit>

`c1 = 1.6 cm
<latexit sha1_base64="wmJPHEgEwHs9ZCfuCtElHbDjPNU="></latexit><latexit sha1_base64="wmJPHEgEwHs9ZCfuCtElHbDjPNU="></latexit><latexit sha1_base64="wmJPHEgEwHs9ZCfuCtElHbDjPNU="></latexit><latexit sha1_base64="wmJPHEgEwHs9ZCfuCtElHbDjPNU="></latexit>

`c2 = 9.4 cm
<latexit sha1_base64="RvN5I6RHZ55B7df2A5IXCtg8XEk="></latexit><latexit sha1_base64="RvN5I6RHZ55B7df2A5IXCtg8XEk="></latexit><latexit sha1_base64="RvN5I6RHZ55B7df2A5IXCtg8XEk="></latexit><latexit sha1_base64="RvN5I6RHZ55B7df2A5IXCtg8XEk="></latexit>

Operating frequency

f⇤
= 200Hz

<latexit sha1_base64="+2S23K3jzhUZ8bjGL2BzxV99y8k="></latexit><latexit sha1_base64="+2S23K3jzhUZ8bjGL2BzxV99y8k="></latexit><latexit sha1_base64="+2S23K3jzhUZ8bjGL2BzxV99y8k="></latexit><latexit sha1_base64="+2S23K3jzhUZ8bjGL2BzxV99y8k="></latexit>

|t0(f⇤)| = |r0(f⇤)| = 1/2
<latexit sha1_base64="torQn5CxCZcsd84rPH58SK1Qmdo="></latexit><latexit sha1_base64="torQn5CxCZcsd84rPH58SK1Qmdo="></latexit><latexit sha1_base64="torQn5CxCZcsd84rPH58SK1Qmdo="></latexit><latexit sha1_base64="torQn5CxCZcsd84rPH58SK1Qmdo="></latexit>

r0(f⇤) + t0(f⇤) = 0
<latexit sha1_base64="WIwpKz9UUYOsKJHxWbmHFwH/tpw="></latexit><latexit sha1_base64="WIwpKz9UUYOsKJHxWbmHFwH/tpw="></latexit><latexit sha1_base64="WIwpKz9UUYOsKJHxWbmHFwH/tpw="></latexit><latexit sha1_base64="WIwpKz9UUYOsKJHxWbmHFwH/tpw="></latexit>

r(f⇤) = 0
<latexit sha1_base64="unUVhOppAR7Cnzy0v9d3WvgdSXw="></latexit><latexit sha1_base64="unUVhOppAR7Cnzy0v9d3WvgdSXw="></latexit><latexit sha1_base64="unUVhOppAR7Cnzy0v9d3WvgdSXw="></latexit><latexit sha1_base64="unUVhOppAR7Cnzy0v9d3WvgdSXw="></latexit>

|t(f⇤)| = 1/
p
2 ⇡ 0.7

<latexit sha1_base64="9a+tBWUymSRfkoldo4S8q1fi8a4="></latexit><latexit sha1_base64="9a+tBWUymSRfkoldo4S8q1fi8a4="></latexit><latexit sha1_base64="9a+tBWUymSRfkoldo4S8q1fi8a4="></latexit><latexit sha1_base64="9a+tBWUymSRfkoldo4S8q1fi8a4="></latexit>



Acoustic 3-port network : perfect transmission

f1
<latexit sha1_base64="eQl5DgUz+wzmihzukjPn1swQpeM="></latexit><latexit sha1_base64="eQl5DgUz+wzmihzukjPn1swQpeM="></latexit><latexit sha1_base64="eQl5DgUz+wzmihzukjPn1swQpeM="></latexit><latexit sha1_base64="eQl5DgUz+wzmihzukjPn1swQpeM="></latexit>

f2
<latexit sha1_base64="Ax2tN6BZ4ft+DJnsXPzsFf1bgo4="></latexit><latexit sha1_base64="Ax2tN6BZ4ft+DJnsXPzsFf1bgo4="></latexit><latexit sha1_base64="Ax2tN6BZ4ft+DJnsXPzsFf1bgo4="></latexit><latexit sha1_base64="Ax2tN6BZ4ft+DJnsXPzsFf1bgo4="></latexit>

f2
<latexit sha1_base64="Ax2tN6BZ4ft+DJnsXPzsFf1bgo4="></latexit><latexit sha1_base64="Ax2tN6BZ4ft+DJnsXPzsFf1bgo4="></latexit><latexit sha1_base64="Ax2tN6BZ4ft+DJnsXPzsFf1bgo4="></latexit><latexit sha1_base64="Ax2tN6BZ4ft+DJnsXPzsFf1bgo4="></latexit>

d
<latexit sha1_base64="Yk6i2qMFOSf2k36ynCKv2/nt3Go="></latexit><latexit sha1_base64="Yk6i2qMFOSf2k36ynCKv2/nt3Go="></latexit><latexit sha1_base64="Yk6i2qMFOSf2k36ynCKv2/nt3Go="></latexit><latexit sha1_base64="Yk6i2qMFOSf2k36ynCKv2/nt3Go="></latexit>

Splitter and combiner with perfect transmission
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<latexit sha1_base64="Za47NTa2JcAkjAO0e48r7iUgXOA="></latexit><latexit sha1_base64="Za47NTa2JcAkjAO0e48r7iUgXOA="></latexit><latexit sha1_base64="Za47NTa2JcAkjAO0e48r7iUgXOA="></latexit><latexit sha1_base64="Za47NTa2JcAkjAO0e48r7iUgXOA="></latexit>

|r|
<latexit sha1_base64="Zw3Gs+2afx8cGfASWAaIAY2QewA="></latexit><latexit sha1_base64="Zw3Gs+2afx8cGfASWAaIAY2QewA="></latexit><latexit sha1_base64="Zw3Gs+2afx8cGfASWAaIAY2QewA="></latexit><latexit sha1_base64="Zw3Gs+2afx8cGfASWAaIAY2QewA="></latexit>

|r0 + t0|
<latexit sha1_base64="bwrXkfVsizWYeVZKIenX335zfdA="></latexit><latexit sha1_base64="bwrXkfVsizWYeVZKIenX335zfdA="></latexit><latexit sha1_base64="bwrXkfVsizWYeVZKIenX335zfdA="></latexit><latexit sha1_base64="bwrXkfVsizWYeVZKIenX335zfdA="></latexit>

|t|
<latexit sha1_base64="B/UqkQIAGS+QZjeIFdwvdqC1ECA="></latexit><latexit sha1_base64="B/UqkQIAGS+QZjeIFdwvdqC1ECA="></latexit><latexit sha1_base64="B/UqkQIAGS+QZjeIFdwvdqC1ECA="></latexit><latexit sha1_base64="B/UqkQIAGS+QZjeIFdwvdqC1ECA="></latexit>

f1
<latexit sha1_base64="abekTWoaYkjHy7MgmzqZg6SmHXc="></latexit><latexit sha1_base64="abekTWoaYkjHy7MgmzqZg6SmHXc="></latexit><latexit sha1_base64="abekTWoaYkjHy7MgmzqZg6SmHXc="></latexit><latexit sha1_base64="abekTWoaYkjHy7MgmzqZg6SmHXc="></latexit>

f2
<latexit sha1_base64="Q1P8Jf3LAlZQBp7vKPjmstGP5+U="></latexit><latexit sha1_base64="Q1P8Jf3LAlZQBp7vKPjmstGP5+U="></latexit><latexit sha1_base64="Q1P8Jf3LAlZQBp7vKPjmstGP5+U="></latexit><latexit sha1_base64="Q1P8Jf3LAlZQBp7vKPjmstGP5+U="></latexit>

f⇤
<latexit sha1_base64="XGYGDIxcCrcKM0i0V50/svJrY/s="></latexit><latexit sha1_base64="XGYGDIxcCrcKM0i0V50/svJrY/s="></latexit><latexit sha1_base64="XGYGDIxcCrcKM0i0V50/svJrY/s="></latexit><latexit sha1_base64="XGYGDIxcCrcKM0i0V50/svJrY/s="></latexit>

Operating frequency

f⇤
= 200Hz

<latexit sha1_base64="+2S23K3jzhUZ8bjGL2BzxV99y8k="></latexit><latexit sha1_base64="+2S23K3jzhUZ8bjGL2BzxV99y8k="></latexit><latexit sha1_base64="+2S23K3jzhUZ8bjGL2BzxV99y8k="></latexit><latexit sha1_base64="+2S23K3jzhUZ8bjGL2BzxV99y8k="></latexit>

r0(f⇤) + t0(f⇤) = 0
<latexit sha1_base64="WIwpKz9UUYOsKJHxWbmHFwH/tpw="></latexit><latexit sha1_base64="WIwpKz9UUYOsKJHxWbmHFwH/tpw="></latexit><latexit sha1_base64="WIwpKz9UUYOsKJHxWbmHFwH/tpw="></latexit><latexit sha1_base64="WIwpKz9UUYOsKJHxWbmHFwH/tpw="></latexit>

r(f⇤) = 0
<latexit sha1_base64="unUVhOppAR7Cnzy0v9d3WvgdSXw="></latexit><latexit sha1_base64="unUVhOppAR7Cnzy0v9d3WvgdSXw="></latexit><latexit sha1_base64="unUVhOppAR7Cnzy0v9d3WvgdSXw="></latexit><latexit sha1_base64="unUVhOppAR7Cnzy0v9d3WvgdSXw="></latexit>

|t(f⇤)| = 1/
p
2 ⇡ 0.7

<latexit sha1_base64="9a+tBWUymSRfkoldo4S8q1fi8a4="></latexit><latexit sha1_base64="9a+tBWUymSRfkoldo4S8q1fi8a4="></latexit><latexit sha1_base64="9a+tBWUymSRfkoldo4S8q1fi8a4="></latexit><latexit sha1_base64="9a+tBWUymSRfkoldo4S8q1fi8a4="></latexit>

Analytical expressions 
using transfer matrix 

single mode propagation



Acoustic 3-port network : perfect transmission

f1
<latexit sha1_base64="eQl5DgUz+wzmihzukjPn1swQpeM="></latexit><latexit sha1_base64="eQl5DgUz+wzmihzukjPn1swQpeM="></latexit><latexit sha1_base64="eQl5DgUz+wzmihzukjPn1swQpeM="></latexit><latexit sha1_base64="eQl5DgUz+wzmihzukjPn1swQpeM="></latexit>

f2
<latexit sha1_base64="Ax2tN6BZ4ft+DJnsXPzsFf1bgo4="></latexit><latexit sha1_base64="Ax2tN6BZ4ft+DJnsXPzsFf1bgo4="></latexit><latexit sha1_base64="Ax2tN6BZ4ft+DJnsXPzsFf1bgo4="></latexit><latexit sha1_base64="Ax2tN6BZ4ft+DJnsXPzsFf1bgo4="></latexit>

f2
<latexit sha1_base64="Ax2tN6BZ4ft+DJnsXPzsFf1bgo4="></latexit><latexit sha1_base64="Ax2tN6BZ4ft+DJnsXPzsFf1bgo4="></latexit><latexit sha1_base64="Ax2tN6BZ4ft+DJnsXPzsFf1bgo4="></latexit><latexit sha1_base64="Ax2tN6BZ4ft+DJnsXPzsFf1bgo4="></latexit>

d
<latexit sha1_base64="Yk6i2qMFOSf2k36ynCKv2/nt3Go="></latexit><latexit sha1_base64="Yk6i2qMFOSf2k36ynCKv2/nt3Go="></latexit><latexit sha1_base64="Yk6i2qMFOSf2k36ynCKv2/nt3Go="></latexit><latexit sha1_base64="Yk6i2qMFOSf2k36ynCKv2/nt3Go="></latexit>

Splitter and combiner with perfect transmission
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<latexit sha1_base64="Za47NTa2JcAkjAO0e48r7iUgXOA="></latexit><latexit sha1_base64="Za47NTa2JcAkjAO0e48r7iUgXOA="></latexit><latexit sha1_base64="Za47NTa2JcAkjAO0e48r7iUgXOA="></latexit><latexit sha1_base64="Za47NTa2JcAkjAO0e48r7iUgXOA="></latexit>

|r|
<latexit sha1_base64="Zw3Gs+2afx8cGfASWAaIAY2QewA="></latexit><latexit sha1_base64="Zw3Gs+2afx8cGfASWAaIAY2QewA="></latexit><latexit sha1_base64="Zw3Gs+2afx8cGfASWAaIAY2QewA="></latexit><latexit sha1_base64="Zw3Gs+2afx8cGfASWAaIAY2QewA="></latexit>

|r0 + t0|
<latexit sha1_base64="bwrXkfVsizWYeVZKIenX335zfdA="></latexit><latexit sha1_base64="bwrXkfVsizWYeVZKIenX335zfdA="></latexit><latexit sha1_base64="bwrXkfVsizWYeVZKIenX335zfdA="></latexit><latexit sha1_base64="bwrXkfVsizWYeVZKIenX335zfdA="></latexit>

|t|
<latexit sha1_base64="B/UqkQIAGS+QZjeIFdwvdqC1ECA="></latexit><latexit sha1_base64="B/UqkQIAGS+QZjeIFdwvdqC1ECA="></latexit><latexit sha1_base64="B/UqkQIAGS+QZjeIFdwvdqC1ECA="></latexit><latexit sha1_base64="B/UqkQIAGS+QZjeIFdwvdqC1ECA="></latexit>
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f1
<latexit sha1_base64="abekTWoaYkjHy7MgmzqZg6SmHXc="></latexit><latexit sha1_base64="abekTWoaYkjHy7MgmzqZg6SmHXc="></latexit><latexit sha1_base64="abekTWoaYkjHy7MgmzqZg6SmHXc="></latexit><latexit sha1_base64="abekTWoaYkjHy7MgmzqZg6SmHXc="></latexit>

f2
<latexit sha1_base64="Q1P8Jf3LAlZQBp7vKPjmstGP5+U="></latexit><latexit sha1_base64="Q1P8Jf3LAlZQBp7vKPjmstGP5+U="></latexit><latexit sha1_base64="Q1P8Jf3LAlZQBp7vKPjmstGP5+U="></latexit><latexit sha1_base64="Q1P8Jf3LAlZQBp7vKPjmstGP5+U="></latexit>

f⇤
<latexit sha1_base64="XGYGDIxcCrcKM0i0V50/svJrY/s="></latexit><latexit sha1_base64="XGYGDIxcCrcKM0i0V50/svJrY/s="></latexit><latexit sha1_base64="XGYGDIxcCrcKM0i0V50/svJrY/s="></latexit><latexit sha1_base64="XGYGDIxcCrcKM0i0V50/svJrY/s="></latexit>

Operating frequency

f⇤
= 200Hz

<latexit sha1_base64="+2S23K3jzhUZ8bjGL2BzxV99y8k="></latexit><latexit sha1_base64="+2S23K3jzhUZ8bjGL2BzxV99y8k="></latexit><latexit sha1_base64="+2S23K3jzhUZ8bjGL2BzxV99y8k="></latexit><latexit sha1_base64="+2S23K3jzhUZ8bjGL2BzxV99y8k="></latexit>

r0(f⇤) + t0(f⇤) = 0
<latexit sha1_base64="WIwpKz9UUYOsKJHxWbmHFwH/tpw="></latexit><latexit sha1_base64="WIwpKz9UUYOsKJHxWbmHFwH/tpw="></latexit><latexit sha1_base64="WIwpKz9UUYOsKJHxWbmHFwH/tpw="></latexit><latexit sha1_base64="WIwpKz9UUYOsKJHxWbmHFwH/tpw="></latexit>

r(f⇤) = 0
<latexit sha1_base64="unUVhOppAR7Cnzy0v9d3WvgdSXw="></latexit><latexit sha1_base64="unUVhOppAR7Cnzy0v9d3WvgdSXw="></latexit><latexit sha1_base64="unUVhOppAR7Cnzy0v9d3WvgdSXw="></latexit><latexit sha1_base64="unUVhOppAR7Cnzy0v9d3WvgdSXw="></latexit>

|t(f⇤)| = 1/
p
2 ⇡ 0.7

<latexit sha1_base64="9a+tBWUymSRfkoldo4S8q1fi8a4="></latexit><latexit sha1_base64="9a+tBWUymSRfkoldo4S8q1fi8a4="></latexit><latexit sha1_base64="9a+tBWUymSRfkoldo4S8q1fi8a4="></latexit><latexit sha1_base64="9a+tBWUymSRfkoldo4S8q1fi8a4="></latexit>

f⇤
S = 197Hz

<latexit sha1_base64="mXkftxYGsudBoF3cJyiC8YkJuFo="></latexit><latexit sha1_base64="mXkftxYGsudBoF3cJyiC8YkJuFo="></latexit><latexit sha1_base64="mXkftxYGsudBoF3cJyiC8YkJuFo="></latexit><latexit sha1_base64="mXkftxYGsudBoF3cJyiC8YkJuFo="></latexit>



Acoustic 3-port network : perfect transmission

f1
<latexit sha1_base64="eQl5DgUz+wzmihzukjPn1swQpeM="></latexit><latexit sha1_base64="eQl5DgUz+wzmihzukjPn1swQpeM="></latexit><latexit sha1_base64="eQl5DgUz+wzmihzukjPn1swQpeM="></latexit><latexit sha1_base64="eQl5DgUz+wzmihzukjPn1swQpeM="></latexit>

f2
<latexit sha1_base64="Ax2tN6BZ4ft+DJnsXPzsFf1bgo4="></latexit><latexit sha1_base64="Ax2tN6BZ4ft+DJnsXPzsFf1bgo4="></latexit><latexit sha1_base64="Ax2tN6BZ4ft+DJnsXPzsFf1bgo4="></latexit><latexit sha1_base64="Ax2tN6BZ4ft+DJnsXPzsFf1bgo4="></latexit>

f2
<latexit sha1_base64="Ax2tN6BZ4ft+DJnsXPzsFf1bgo4="></latexit><latexit sha1_base64="Ax2tN6BZ4ft+DJnsXPzsFf1bgo4="></latexit><latexit sha1_base64="Ax2tN6BZ4ft+DJnsXPzsFf1bgo4="></latexit><latexit sha1_base64="Ax2tN6BZ4ft+DJnsXPzsFf1bgo4="></latexit>

d
<latexit sha1_base64="Yk6i2qMFOSf2k36ynCKv2/nt3Go="></latexit><latexit sha1_base64="Yk6i2qMFOSf2k36ynCKv2/nt3Go="></latexit><latexit sha1_base64="Yk6i2qMFOSf2k36ynCKv2/nt3Go="></latexit><latexit sha1_base64="Yk6i2qMFOSf2k36ynCKv2/nt3Go="></latexit>

Operating frequency

f⇤ = 200Hz
<latexit sha1_base64="Zgl7/C53+Llaiq0ahLNuwN1mprg="></latexit><latexit sha1_base64="Zgl7/C53+Llaiq0ahLNuwN1mprg="></latexit><latexit sha1_base64="Zgl7/C53+Llaiq0ahLNuwN1mprg="></latexit><latexit sha1_base64="Zgl7/C53+Llaiq0ahLNuwN1mprg="></latexit>

Splitter and combiner with perfect transmission

1
<latexit sha1_base64="rHY6dp4a5JX2l/dMMdrh3gZpxSg="></latexit><latexit sha1_base64="rHY6dp4a5JX2l/dMMdrh3gZpxSg="></latexit><latexit sha1_base64="rHY6dp4a5JX2l/dMMdrh3gZpxSg="></latexit><latexit sha1_base64="rHY6dp4a5JX2l/dMMdrh3gZpxSg="></latexit>

1
<latexit sha1_base64="rHY6dp4a5JX2l/dMMdrh3gZpxSg="></latexit><latexit sha1_base64="rHY6dp4a5JX2l/dMMdrh3gZpxSg="></latexit><latexit sha1_base64="rHY6dp4a5JX2l/dMMdrh3gZpxSg="></latexit><latexit sha1_base64="rHY6dp4a5JX2l/dMMdrh3gZpxSg="></latexit>

1.4
<latexit sha1_base64="9we0gHl+bNZeiYCFjWr1FpvV5Mc="></latexit><latexit sha1_base64="9we0gHl+bNZeiYCFjWr1FpvV5Mc="></latexit><latexit sha1_base64="9we0gHl+bNZeiYCFjWr1FpvV5Mc="></latexit><latexit sha1_base64="9we0gHl+bNZeiYCFjWr1FpvV5Mc="></latexit>

1
<latexit sha1_base64="rHY6dp4a5JX2l/dMMdrh3gZpxSg="></latexit><latexit sha1_base64="rHY6dp4a5JX2l/dMMdrh3gZpxSg="></latexit><latexit sha1_base64="rHY6dp4a5JX2l/dMMdrh3gZpxSg="></latexit><latexit sha1_base64="rHY6dp4a5JX2l/dMMdrh3gZpxSg="></latexit>

0
<latexit sha1_base64="gsaCaKeo4GKxGLaTuoZUDfH+FLU="></latexit><latexit sha1_base64="gsaCaKeo4GKxGLaTuoZUDfH+FLU="></latexit><latexit sha1_base64="gsaCaKeo4GKxGLaTuoZUDfH+FLU="></latexit><latexit sha1_base64="gsaCaKeo4GKxGLaTuoZUDfH+FLU="></latexit>

0.6
<latexit sha1_base64="u3/iV8U3EBJcMJzK7HxJp6Rn1Tg="></latexit><latexit sha1_base64="u3/iV8U3EBJcMJzK7HxJp6Rn1Tg="></latexit><latexit sha1_base64="u3/iV8U3EBJcMJzK7HxJp6Rn1Tg="></latexit><latexit sha1_base64="u3/iV8U3EBJcMJzK7HxJp6Rn1Tg="></latexit>

1.4
<latexit sha1_base64="9we0gHl+bNZeiYCFjWr1FpvV5Mc="></latexit><latexit sha1_base64="9we0gHl+bNZeiYCFjWr1FpvV5Mc="></latexit><latexit sha1_base64="9we0gHl+bNZeiYCFjWr1FpvV5Mc="></latexit><latexit sha1_base64="9we0gHl+bNZeiYCFjWr1FpvV5Mc="></latexit> 1

<latexit sha1_base64="rHY6dp4a5JX2l/dMMdrh3gZpxSg="></latexit><latexit sha1_base64="rHY6dp4a5JX2l/dMMdrh3gZpxSg="></latexit><latexit sha1_base64="rHY6dp4a5JX2l/dMMdrh3gZpxSg="></latexit><latexit sha1_base64="rHY6dp4a5JX2l/dMMdrh3gZpxSg="></latexit>

0.7
<latexit sha1_base64="T4WOV9hvtR3Tjvho2oH3VO9Gjdc="></latexit><latexit sha1_base64="T4WOV9hvtR3Tjvho2oH3VO9Gjdc="></latexit><latexit sha1_base64="T4WOV9hvtR3Tjvho2oH3VO9Gjdc="></latexit><latexit sha1_base64="T4WOV9hvtR3Tjvho2oH3VO9Gjdc="></latexit>

0.7
<latexit sha1_base64="T4WOV9hvtR3Tjvho2oH3VO9Gjdc="></latexit><latexit sha1_base64="T4WOV9hvtR3Tjvho2oH3VO9Gjdc="></latexit><latexit sha1_base64="T4WOV9hvtR3Tjvho2oH3VO9Gjdc="></latexit><latexit sha1_base64="T4WOV9hvtR3Tjvho2oH3VO9Gjdc="></latexit>

SplitterCombiner

r0(f⇤) + t0(f⇤) = 0
<latexit sha1_base64="WIwpKz9UUYOsKJHxWbmHFwH/tpw="></latexit><latexit sha1_base64="WIwpKz9UUYOsKJHxWbmHFwH/tpw="></latexit><latexit sha1_base64="WIwpKz9UUYOsKJHxWbmHFwH/tpw="></latexit><latexit sha1_base64="WIwpKz9UUYOsKJHxWbmHFwH/tpw="></latexit>

r(f⇤) = 0
<latexit sha1_base64="unUVhOppAR7Cnzy0v9d3WvgdSXw="></latexit><latexit sha1_base64="unUVhOppAR7Cnzy0v9d3WvgdSXw="></latexit><latexit sha1_base64="unUVhOppAR7Cnzy0v9d3WvgdSXw="></latexit><latexit sha1_base64="unUVhOppAR7Cnzy0v9d3WvgdSXw="></latexit>

|t(f⇤)| = 1/
p
2 ⇡ 0.7

<latexit sha1_base64="9a+tBWUymSRfkoldo4S8q1fi8a4="></latexit><latexit sha1_base64="9a+tBWUymSRfkoldo4S8q1fi8a4="></latexit><latexit sha1_base64="9a+tBWUymSRfkoldo4S8q1fi8a4="></latexit><latexit sha1_base64="9a+tBWUymSRfkoldo4S8q1fi8a4="></latexit>

f⇤
S = 197Hz

<latexit sha1_base64="mXkftxYGsudBoF3cJyiC8YkJuFo="></latexit><latexit sha1_base64="mXkftxYGsudBoF3cJyiC8YkJuFo="></latexit><latexit sha1_base64="mXkftxYGsudBoF3cJyiC8YkJuFo="></latexit><latexit sha1_base64="mXkftxYGsudBoF3cJyiC8YkJuFo="></latexit>



3-port building blocks : towards complex networks

f1
<latexit sha1_base64="eQl5DgUz+wzmihzukjPn1swQpeM="></latexit><latexit sha1_base64="eQl5DgUz+wzmihzukjPn1swQpeM="></latexit><latexit sha1_base64="eQl5DgUz+wzmihzukjPn1swQpeM="></latexit><latexit sha1_base64="eQl5DgUz+wzmihzukjPn1swQpeM="></latexit>

f2
<latexit sha1_base64="Ax2tN6BZ4ft+DJnsXPzsFf1bgo4="></latexit><latexit sha1_base64="Ax2tN6BZ4ft+DJnsXPzsFf1bgo4="></latexit><latexit sha1_base64="Ax2tN6BZ4ft+DJnsXPzsFf1bgo4="></latexit><latexit sha1_base64="Ax2tN6BZ4ft+DJnsXPzsFf1bgo4="></latexit>

f2
<latexit sha1_base64="Ax2tN6BZ4ft+DJnsXPzsFf1bgo4="></latexit><latexit sha1_base64="Ax2tN6BZ4ft+DJnsXPzsFf1bgo4="></latexit><latexit sha1_base64="Ax2tN6BZ4ft+DJnsXPzsFf1bgo4="></latexit><latexit sha1_base64="Ax2tN6BZ4ft+DJnsXPzsFf1bgo4="></latexit>

Optimized 3-port systems (splitter/combiner) can be used to design complex networks 
with multiple waveguiding properties

splitter/combiner
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3-port building blocks : towards complex networks

Optimized 3-port systems (splitter/combiner) can be used to design complex networks 
with multiple waveguiding properties

t
<latexit sha1_base64="K6u7BrT2ULVE4Y7n4P7Obw6PkyU="></latexit><latexit sha1_base64="K6u7BrT2ULVE4Y7n4P7Obw6PkyU="></latexit><latexit sha1_base64="K6u7BrT2ULVE4Y7n4P7Obw6PkyU="></latexit><latexit sha1_base64="K6u7BrT2ULVE4Y7n4P7Obw6PkyU="></latexit>

t
<latexit sha1_base64="K6u7BrT2ULVE4Y7n4P7Obw6PkyU="></latexit><latexit sha1_base64="K6u7BrT2ULVE4Y7n4P7Obw6PkyU="></latexit><latexit sha1_base64="K6u7BrT2ULVE4Y7n4P7Obw6PkyU="></latexit><latexit sha1_base64="K6u7BrT2ULVE4Y7n4P7Obw6PkyU="></latexit>

r
<latexit sha1_base64="CxCjRh//N/tSsktfiYUJ5EGnxf0="></latexit><latexit sha1_base64="CxCjRh//N/tSsktfiYUJ5EGnxf0="></latexit><latexit sha1_base64="CxCjRh//N/tSsktfiYUJ5EGnxf0="></latexit><latexit sha1_base64="CxCjRh//N/tSsktfiYUJ5EGnxf0="></latexit>

r0
<latexit sha1_base64="rTU/W0qaaHSYF5LKtMsSBxCo4EI="></latexit><latexit sha1_base64="rTU/W0qaaHSYF5LKtMsSBxCo4EI="></latexit><latexit sha1_base64="rTU/W0qaaHSYF5LKtMsSBxCo4EI="></latexit><latexit sha1_base64="rTU/W0qaaHSYF5LKtMsSBxCo4EI="></latexit>

r0
<latexit sha1_base64="rTU/W0qaaHSYF5LKtMsSBxCo4EI="></latexit><latexit sha1_base64="rTU/W0qaaHSYF5LKtMsSBxCo4EI="></latexit><latexit sha1_base64="rTU/W0qaaHSYF5LKtMsSBxCo4EI="></latexit><latexit sha1_base64="rTU/W0qaaHSYF5LKtMsSBxCo4EI="></latexit>

t0
<latexit sha1_base64="GpX9viOdroyfiQeYpd65G9ht8Ms="></latexit><latexit sha1_base64="GpX9viOdroyfiQeYpd65G9ht8Ms="></latexit><latexit sha1_base64="GpX9viOdroyfiQeYpd65G9ht8Ms="></latexit><latexit sha1_base64="GpX9viOdroyfiQeYpd65G9ht8Ms="></latexit>

Scattering matrix

star product

S =

0

BB@

R T12 T13 T14

T12 R T23 T24

T13 T23 R T34

T14 T24 T34 R

1

CCA

<latexit sha1_base64="+JXxfq+/bIjfftSewv6xo/Kkn0E="></latexit><latexit sha1_base64="+JXxfq+/bIjfftSewv6xo/Kkn0E="></latexit><latexit sha1_base64="+JXxfq+/bIjfftSewv6xo/Kkn0E="></latexit><latexit sha1_base64="+JXxfq+/bIjfftSewv6xo/Kkn0E="></latexit>

Ri = r � t2(
1

2p
� 1

2p0
+

t0 � r0

P
)

<latexit sha1_base64="FY1kh/IGdFyxBVoHom+ls8bblNA="></latexit><latexit sha1_base64="FY1kh/IGdFyxBVoHom+ls8bblNA="></latexit><latexit sha1_base64="FY1kh/IGdFyxBVoHom+ls8bblNA="></latexit><latexit sha1_base64="FY1kh/IGdFyxBVoHom+ls8bblNA="></latexit>

T12 = T23 = T34 = T14 = � t2

pp0
<latexit sha1_base64="vZ6Bus5oP6hqZCKUlahD65fQHn0="></latexit><latexit sha1_base64="vZ6Bus5oP6hqZCKUlahD65fQHn0="></latexit><latexit sha1_base64="vZ6Bus5oP6hqZCKUlahD65fQHn0="></latexit><latexit sha1_base64="vZ6Bus5oP6hqZCKUlahD65fQHn0="></latexit>

T13 = T24 = � 2t2t0

pp0P
<latexit sha1_base64="cjnb9Dd1YfmR3DNNJYysKBtOLFY="></latexit><latexit sha1_base64="cjnb9Dd1YfmR3DNNJYysKBtOLFY="></latexit><latexit sha1_base64="cjnb9Dd1YfmR3DNNJYysKBtOLFY="></latexit><latexit sha1_base64="cjnb9Dd1YfmR3DNNJYysKBtOLFY="></latexit>

with

p = 1 + r0 + t0, p0 = �1 + r0 + t0 and P = �1 + r02 + t02
<latexit sha1_base64="fo6nbtf6bcWkrZp1OjOd1WhCzJk="></latexit><latexit sha1_base64="fo6nbtf6bcWkrZp1OjOd1WhCzJk="></latexit><latexit sha1_base64="fo6nbtf6bcWkrZp1OjOd1WhCzJk="></latexit><latexit sha1_base64="fo6nbtf6bcWkrZp1OjOd1WhCzJk="></latexit>



3-port building blocks : towards complex networks

Optimized 3-port systems (splitter/combiner) can be used to design complex networks 
with multiple waveguiding properties

t
<latexit sha1_base64="K6u7BrT2ULVE4Y7n4P7Obw6PkyU="></latexit><latexit sha1_base64="K6u7BrT2ULVE4Y7n4P7Obw6PkyU="></latexit><latexit sha1_base64="K6u7BrT2ULVE4Y7n4P7Obw6PkyU="></latexit><latexit sha1_base64="K6u7BrT2ULVE4Y7n4P7Obw6PkyU="></latexit>

t
<latexit sha1_base64="K6u7BrT2ULVE4Y7n4P7Obw6PkyU="></latexit><latexit sha1_base64="K6u7BrT2ULVE4Y7n4P7Obw6PkyU="></latexit><latexit sha1_base64="K6u7BrT2ULVE4Y7n4P7Obw6PkyU="></latexit><latexit sha1_base64="K6u7BrT2ULVE4Y7n4P7Obw6PkyU="></latexit>

r
<latexit sha1_base64="CxCjRh//N/tSsktfiYUJ5EGnxf0="></latexit><latexit sha1_base64="CxCjRh//N/tSsktfiYUJ5EGnxf0="></latexit><latexit sha1_base64="CxCjRh//N/tSsktfiYUJ5EGnxf0="></latexit><latexit sha1_base64="CxCjRh//N/tSsktfiYUJ5EGnxf0="></latexit>

r0
<latexit sha1_base64="rTU/W0qaaHSYF5LKtMsSBxCo4EI="></latexit><latexit sha1_base64="rTU/W0qaaHSYF5LKtMsSBxCo4EI="></latexit><latexit sha1_base64="rTU/W0qaaHSYF5LKtMsSBxCo4EI="></latexit><latexit sha1_base64="rTU/W0qaaHSYF5LKtMsSBxCo4EI="></latexit>

r0
<latexit sha1_base64="rTU/W0qaaHSYF5LKtMsSBxCo4EI="></latexit><latexit sha1_base64="rTU/W0qaaHSYF5LKtMsSBxCo4EI="></latexit><latexit sha1_base64="rTU/W0qaaHSYF5LKtMsSBxCo4EI="></latexit><latexit sha1_base64="rTU/W0qaaHSYF5LKtMsSBxCo4EI="></latexit>

t0
<latexit sha1_base64="GpX9viOdroyfiQeYpd65G9ht8Ms="></latexit><latexit sha1_base64="GpX9viOdroyfiQeYpd65G9ht8Ms="></latexit><latexit sha1_base64="GpX9viOdroyfiQeYpd65G9ht8Ms="></latexit><latexit sha1_base64="GpX9viOdroyfiQeYpd65G9ht8Ms="></latexit>

Scattering matrix

star product

S =

0

BB@

R T12 T13 T14

T12 R T23 T24

T13 T23 R T34

T14 T24 T34 R

1

CCA

<latexit sha1_base64="+JXxfq+/bIjfftSewv6xo/Kkn0E="></latexit><latexit sha1_base64="+JXxfq+/bIjfftSewv6xo/Kkn0E="></latexit><latexit sha1_base64="+JXxfq+/bIjfftSewv6xo/Kkn0E="></latexit><latexit sha1_base64="+JXxfq+/bIjfftSewv6xo/Kkn0E="></latexit>

Ri = r � t2(
1

2p
� 1

2p0
+

t0 � r0

P
)

<latexit sha1_base64="FY1kh/IGdFyxBVoHom+ls8bblNA="></latexit><latexit sha1_base64="FY1kh/IGdFyxBVoHom+ls8bblNA="></latexit><latexit sha1_base64="FY1kh/IGdFyxBVoHom+ls8bblNA="></latexit><latexit sha1_base64="FY1kh/IGdFyxBVoHom+ls8bblNA="></latexit>

T12 = T23 = T34 = T14 = � t2

pp0
<latexit sha1_base64="vZ6Bus5oP6hqZCKUlahD65fQHn0="></latexit><latexit sha1_base64="vZ6Bus5oP6hqZCKUlahD65fQHn0="></latexit><latexit sha1_base64="vZ6Bus5oP6hqZCKUlahD65fQHn0="></latexit><latexit sha1_base64="vZ6Bus5oP6hqZCKUlahD65fQHn0="></latexit>

T13 = T24 = � 2t2t0

pp0P
<latexit sha1_base64="cjnb9Dd1YfmR3DNNJYysKBtOLFY="></latexit><latexit sha1_base64="cjnb9Dd1YfmR3DNNJYysKBtOLFY="></latexit><latexit sha1_base64="cjnb9Dd1YfmR3DNNJYysKBtOLFY="></latexit><latexit sha1_base64="cjnb9Dd1YfmR3DNNJYysKBtOLFY="></latexit>

with

p = 1 + r0 + t0, p0 = �1 + r0 + t0 and P = �1 + r02 + t02
<latexit sha1_base64="fo6nbtf6bcWkrZp1OjOd1WhCzJk="></latexit><latexit sha1_base64="fo6nbtf6bcWkrZp1OjOd1WhCzJk="></latexit><latexit sha1_base64="fo6nbtf6bcWkrZp1OjOd1WhCzJk="></latexit><latexit sha1_base64="fo6nbtf6bcWkrZp1OjOd1WhCzJk="></latexit>

S =
e2i�

2

0

BB@

�2t0 1 2t0 1
1 �2t0 1 2t0

2t0 1 �2t0 1
1 2t0 1 �2t0

1

CCA

<latexit sha1_base64="t6pkvgGYtFiArgyMjuLyl2WUwBE="></latexit><latexit sha1_base64="t6pkvgGYtFiArgyMjuLyl2WUwBE="></latexit><latexit sha1_base64="t6pkvgGYtFiArgyMjuLyl2WUwBE="></latexit><latexit sha1_base64="t6pkvgGYtFiArgyMjuLyl2WUwBE="></latexit>



3-port building blocks : towards complex networks

Scattering matrix

Optimized 3-port systems (splitter/combiner) can be used to design complex networks 
with multiple waveguiding properties

Assuming splitter/combiner properties
for each buiding block

S =
1

2
e2i�

0

BB@

i 1 �i 1
1 i 1 �i
�i 1 i 1
1 �i 1 i

1

CCA

<latexit sha1_base64="0A9+7oTHL+zB+co31XsX/dN8EfU="></latexit><latexit sha1_base64="0A9+7oTHL+zB+co31XsX/dN8EfU="></latexit><latexit sha1_base64="0A9+7oTHL+zB+co31XsX/dN8EfU="></latexit><latexit sha1_base64="0A9+7oTHL+zB+co31XsX/dN8EfU="></latexit>

� : phase of t
<latexit sha1_base64="6s9RjsJULds8TClIHfM+C7UZtuY="></latexit><latexit sha1_base64="6s9RjsJULds8TClIHfM+C7UZtuY="></latexit><latexit sha1_base64="6s9RjsJULds8TClIHfM+C7UZtuY="></latexit><latexit sha1_base64="6s9RjsJULds8TClIHfM+C7UZtuY="></latexit>

Tuning of t0 = �i/2
<latexit sha1_base64="uRQC9Ttxc5gq4M1o9FCKqbGvEyg="></latexit><latexit sha1_base64="uRQC9Ttxc5gq4M1o9FCKqbGvEyg="></latexit><latexit sha1_base64="uRQC9Ttxc5gq4M1o9FCKqbGvEyg="></latexit><latexit sha1_base64="uRQC9Ttxc5gq4M1o9FCKqbGvEyg="></latexit>

Operating frequency f⇤
<latexit sha1_base64="XGYGDIxcCrcKM0i0V50/svJrY/s="></latexit><latexit sha1_base64="XGYGDIxcCrcKM0i0V50/svJrY/s="></latexit><latexit sha1_base64="XGYGDIxcCrcKM0i0V50/svJrY/s="></latexit><latexit sha1_base64="XGYGDIxcCrcKM0i0V50/svJrY/s="></latexit>

Wave routing depending on the 
phase of the input waves : 

• orthogonal coupler
• transparency
• turn-right coupler
• turn-left coupler



4-port network for wave routing
1

0.5
01

-1

Scattering from diagonal ports :
• Same amplitude
• Depending on phase

1

1



4-port network for wave routing
1

0.5
0

0.97e2i�
<latexit sha1_base64="ntUiOo7NYCmt3hgo/Qdn4ehv+qs="></latexit><latexit sha1_base64="ntUiOo7NYCmt3hgo/Qdn4ehv+qs="></latexit><latexit sha1_base64="ntUiOo7NYCmt3hgo/Qdn4ehv+qs="></latexit><latexit sha1_base64="ntUiOo7NYCmt3hgo/Qdn4ehv+qs="></latexit>

�0.97e2i�
<latexit sha1_base64="J0dlGcRDwyu5mrKvvm00thsh9mo="></latexit><latexit sha1_base64="J0dlGcRDwyu5mrKvvm00thsh9mo="></latexit><latexit sha1_base64="J0dlGcRDwyu5mrKvvm00thsh9mo="></latexit><latexit sha1_base64="J0dlGcRDwyu5mrKvvm00thsh9mo="></latexit>

Scattering from diagonal ports :
• Same amplitude
• Depending on phase

0.97e2i�
<latexit sha1_base64="ntUiOo7NYCmt3hgo/Qdn4ehv+qs="></latexit><latexit sha1_base64="ntUiOo7NYCmt3hgo/Qdn4ehv+qs="></latexit><latexit sha1_base64="ntUiOo7NYCmt3hgo/Qdn4ehv+qs="></latexit><latexit sha1_base64="ntUiOo7NYCmt3hgo/Qdn4ehv+qs="></latexit>

0.97e2i�
<latexit sha1_base64="ntUiOo7NYCmt3hgo/Qdn4ehv+qs="></latexit><latexit sha1_base64="ntUiOo7NYCmt3hgo/Qdn4ehv+qs="></latexit><latexit sha1_base64="ntUiOo7NYCmt3hgo/Qdn4ehv+qs="></latexit><latexit sha1_base64="ntUiOo7NYCmt3hgo/Qdn4ehv+qs="></latexit>

0

BB@

1
0
1
0

1

CCA

<latexit sha1_base64="j0dfYCUvG0XXU1iAHNYGq1KyKKA="></latexit><latexit sha1_base64="j0dfYCUvG0XXU1iAHNYGq1KyKKA="></latexit><latexit sha1_base64="j0dfYCUvG0XXU1iAHNYGq1KyKKA="></latexit><latexit sha1_base64="j0dfYCUvG0XXU1iAHNYGq1KyKKA="></latexit>

0

BB@

0
1
0
1

1

CCA e2i�

<latexit sha1_base64="ebzxch++lOfM/qoyPC4U8vXY5Jw="></latexit><latexit sha1_base64="ebzxch++lOfM/qoyPC4U8vXY5Jw="></latexit><latexit sha1_base64="ebzxch++lOfM/qoyPC4U8vXY5Jw="></latexit><latexit sha1_base64="ebzxch++lOfM/qoyPC4U8vXY5Jw="></latexit>

0

BB@

1
0
�1
0

1

CCA

<latexit sha1_base64="Kk5U122J0K/xDYrrgKyVXLRvsFQ="></latexit><latexit sha1_base64="Kk5U122J0K/xDYrrgKyVXLRvsFQ="></latexit><latexit sha1_base64="Kk5U122J0K/xDYrrgKyVXLRvsFQ="></latexit><latexit sha1_base64="Kk5U122J0K/xDYrrgKyVXLRvsFQ="></latexit>

0

BB@

�1
0
1
0

1

CCA e2i�

<latexit sha1_base64="HO02yN6l56Ac03f90iZlow/L08w="></latexit><latexit sha1_base64="HO02yN6l56Ac03f90iZlow/L08w="></latexit><latexit sha1_base64="HO02yN6l56Ac03f90iZlow/L08w="></latexit><latexit sha1_base64="HO02yN6l56Ac03f90iZlow/L08w="></latexit>

Orthogonal coupler Transparency



i
<latexit sha1_base64="ZNSalPgGzCeVbqHPinf8GjixYVg="></latexit><latexit sha1_base64="ZNSalPgGzCeVbqHPinf8GjixYVg="></latexit><latexit sha1_base64="ZNSalPgGzCeVbqHPinf8GjixYVg="></latexit><latexit sha1_base64="ZNSalPgGzCeVbqHPinf8GjixYVg="></latexit>
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4-port network for wave routing

• Tunable and compact system
• Change the orientation of the building blocks            other functionalities
• Use of more complex devices built from asymmetric 3-port
• Generalization to N-port systems
• Propagation in 2D network based on simple cells

Conclusion

• Subwavelength splitter/combiner with perfect transmission
• 4-port network with 3-port building blocks
• Wave routing operations :

- selection of the output channels with the relative phase of the inputs

Future work
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