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Abstract

Fano resonance with a sharp and ultra-narrow asymmetrical spectral profile is formed by
interfering a background mode by a local mode, which is widely found in numerous physical
areas and serves as a bedrock for architecting functional metamaterials and constructing
selective filters for physical waves. However, it requires subtle geometries and accurate
mechanical properties for generating a local resonance to realize Fano resonance at a desired
frequency, which challenges its widely applications. Here, we report an electromechanical Fano
resonance delivered by an electromechanical diaphragm shunted by a multiple-branch resonant
circuit (SEMD). The local resonance of the SEMD is induced by the electrical circuit, which
removes the constraints of subtle geometries and mechanical properties design and allows
digitally programing the Fano resonance through coding MOSFET switches to select a preset
circuit branch. A Lumped theoretical model is used to analyze circuit effects, with verification
by experiments in a one-dimensional waveguide, showing programing of three key parameters,
the frequency, Q factor and extinction ratio (ER), of the electromechanical Fano resonance. The
frequency of perfect sound absorption (null reflection) digitally assigned in a frequency range
of [158.5 Hz 1486.75 Hz] is experimentally demonstrated, equivalent to a wavelength-to-
thickness ratio range of [31.6 0.30], regarding the equivalent thickness of the SEMD. The Q
factor of the SEMD, indexing the selectivity, can be tuned up to 145 in experiments and over
6000 theoretically, giving the half-bandwidth less than 0.2 Hz. The extinction ratio (ER) reaches
30 dB in experiments whereas 60 dB in predictions which means the circuit can totally change
the acoustic response of the mechanical diaphragm. Due to features of real-time
programmability, broadband tunability and mechanical properties and geometries
independence, the SEMD with an electromechanical Fano resonance would be a superior

platform to fulfill the envisaged manipulation of acoustics waves in a digital manner.

Key words: Fano resonance; Electromechanical coupling; Programable acoustics device;

Selective acoustics filter; High-Q device



1. Introduction

A local resonance interfering with a continuous spectrum forms the Fano resonance [1-3],
which is first identified by Ugo Fano in his analysis of Beulter’s experimental results of noble
gases absorption spectra[4]. Contrasting to the traditional symmetrical resonance profile, such
as Lorentz resonance and Breit-Wigner resonance, Fano resonance gives an asymmetrical
spectrum shape with an unusual pair of adjacent sharp dip and peak. It occurs widely in micro
and macro structures [5—7], and across many fields including quantum mechanics[8—10], optics
[11,12], biology and chemistry [13]. In the vicinity of the frequency of Fano resonance, the
absorptance, transmittance or reflectance vary between unity and zero drastically, which are
referred as “dark state” and “bright state”, respectively. This property makes it an indispensable
core of metamaterials for various functionalities [5,6,14] including inducing transparency or
opacity [15,16] for wave transmission, high-Q filter [17] and slowing light[18] and so on.

Fano resonance is also widely found in acoustics and vibration [19-21]. In the theoretical
analysis of bound states in the continuum (BSC) [22,23], also known as embedded trapped
modes, it is found that, when the geometrical symmetry is broken, the BSC is identical to a
Fano resonance [24], which creates band gaps for sound transmission in a duct [25-27]. It’s
also adopted for constructing acoustic meta-surface such as assembling an array of Fano-
resonant cells to form a flat Fresnel reflector [28]. By combining different geometries to
produce Fano resonances and taking benefit of “bright mode” or “dark mode”, perfect sound
reflection or absorption [29,30] is successfully achieved. Other breakthroughs by acoustic Fano
resonance include directional sensing [31], high-Q, dual-band filter [32].

It requires a finest design of geometries to produce Fano resonance at desired frequency to
match the target. In addition, practices require manipulating sound waves at different
frequencies by different magnitudes and bandwidths while the geometry dependence prevents
shaping the spectrum profile of a Fano resonance at will. These conflicts spur the research of
tunable Fano resonance in various areas. Conventional methods of tuning the Fano resonance
include morphing geometries [33,34] and the redesign of the dimensions of the local resonator
or background structures for tuning the Fano resonance [35,36]. Tuning Fano resonance by

active external fields and excitations is also feasible and preferable, most of which are realized



in optics and plasmonics. Effective mechanisms include optical pump induced nonlinear effects
to alter the coupling of two modes [37], Fermi energy regulated local resonance frequency of
graphene metamaterials [38,39], shifting local resonance frequency by voltage-controlled
liquid crystals [40,41].

The narrow-band nature of the Fano resonance inspires us to create a high-Q filter for
sound wave which is demanded in many applications, such as removing narrow band noise
from background radiation, eliminating acoustic modes without interfering a broadband sound
field and selective sensing of sound wave, etc. Unfortunately, tuning methods for acoustic Fano
resonance still rely on sophisticated modification of geometries and their dimensions, which
prevents the forementioned filter from widely applications in sound wave manipulations.

Here, we present a shunted electromechanical diaphragm (SEMD) with a programmable
Fano resonance to create a high-Q filter for sound waves in duct. The Fano resonance is induced
by interfering the background resonance of a spring-mass system (the suspended diaphragm)
with the local resonance of an electrical circuit through electromechanical coupling of a
moving-coil immersed in a magnetic field. The local mode is fully governed by electrical
parameters instead of geometrical and mechanical parameters. It allows us to program the Fano
profile of the SEMD digitally through activating a preset circuit branch by its cascaded
MOSFET, which is as a voltage controlled electronic switch. The Fano profile has three key
parameters, which are frequency of Fano resonance, Q factor and extinction ratio (ER). Being
able to program the frequency of Fano resonance digitally means that the constraints of
mechanical and geometrical are removed. Achieving a high Q factor represents realization of a
highly selective acoustics filter by the SEMD, and a high ER suggests that the circuit can totally
change the acoustic response of the diaphragm. By demonstrating coding of these parameters
in an electrical manner, we march a step to our ambition of digital control of physics waves.
Meanwhile, temporal programing of electrical circuit is easy and the MOSFET has a rapid
response (up to a megahertz), the SEMD would also be a superior platform to investigate the
temporal-modulated metamaterials [42—45] .

In following sections, we firstly introduce the lumped parameter model of the SEMD in

Section 2, based on which multi-physics mechanisms of the electromechanical Fano resonance



is analyzed and the resultant sound reflection and absorption spectra are investigated. In Section
3, effects of circuit components on the Fano profile are parametrically inspected, from which
the strategies of reshaping the frequency, Q factor and extinction ratio of the Fano profile is

summarized. Experimental results are presented in Section 4, which verifies theoretical analysis.

2. Electromechanical Fano resonance of the SEMD

A shunt moving-coil is used to realize the SEMD in this work. Shunt techniques based on
piezoelectric (PZT) plate [46-49] and dielectric elastomer [50,51] are often used for
constructing smart structure for vibration isolation [52]. However, PZT plate is too rigid to
respond to low-frequency sound wave, and the apparent density mismatching of PZT material
and air invalidates it for controlling sound wave in a broad bandwidth (such as over 2 octaves).
The shunt moving-coil, due to its versatile configurability, works effectively both in sound
absorption and isolation [53—55], and vibration control [42,43,56,57]. The moving-coil with a
diaphragm is with a small dynamics mass and low stiffness with a proper design, which is
preferred for manipulating sound wave in air. Therefore, the shunt electromechanical
diaphragm is adopted for constructing the electromechanical Fano resonance and further the

high-Q acoustics filter in this work.
2.1. Lumped parameter model for SEMD

The schematic of the SEMD with an electromechanical Fano resonance is shown in Fig.
1(a). A suspended diaphragm, which is equivalent to a spring-mass oscillator below its piston
frequency (no flexural mode), is attached to a moving-coil subjected to a DC magnetic field
with magnetic flux density B. The terminals of the moving-coil connect to a multi-branch shunt
circuit, each branch is a resonant R-L-C circuit. As the incident sound pushes the diaphragm,
the moving-coil cuts the magnetic field and generates an electromotive force (£) across the coil,
which drives the electrical current (/) in the shunt circuit. The charged coil in the DC magnetic
field is subjected to a Lorentz force (F,). This force is equivalent to an electrically induced
acoustic (EIA) impedance (AZ), which is added to mechanical impedance of the diaphragm and

changes the dynamic response of it. The circuit resonance, therefore, interferes with the acoustic



oscillator (the diaphragm).
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Figure 1: Schematic of the SEMD for programmable Fano resonance. (a) Moving-coil
loudspeaker shunted by an R-L-C circuit. The suspended diaphragm is regarded as a spring-
mass system whose dynamic mass, stiffness and damping are denoted by M, K and D,
respectively. P; is the complex amplitude of the incident sound wave on the surface of the
diaphragm. The moving-coil with effective length of / is subjected to magnetic field with
magnetic flux density B, giving a force factor of Bl. (b) Diagram of electrical resonance

interfering with the acoustic resonance.

Schematic in Fig. 1 is for theoretical model, The Ry and Ly in the circuit already include
the coil resistance and inductance. The full implementation of SEMD is shown in later section,
in which the negative impedance converter circuit is introduced. It allows Ry and Ly to
approach zero, otherwise the lowest values of Ry and Ly are limited by the coil resistance and
inductance.

The coupling diagram is shown in Fig. 1(b). The coupling strength is determined by the
product of the magnetic flux density (B) and the effective length of the coil (/). Each branch of
the circuit cascades an NPN-type MOSFET, which serves as an electronic switch controlled by
the voltage signal supplied to the gate (G) port of it. Its effective electrical resistance between
the drain (D) and source (S) ports, R, is ideally zero and 4 m{Q in practice when the gating
voltage is above a threshold (2V ~4 V normally), and infinity below the threshold. The on-off
states of the MOSFETs are noted by S,,, where S, = 1 means the n™ branch is switched on, and

S,, = 0 means the branch is switched off. Ideally, a circuit with N branches produces 2" states
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space for the system. In this study, we limit ourselves to one branch being switched on at any
time to elucidate the mechanism of programing the Fano resonance.

The SEMD can work as a termination or and a partition for a sound wave in a 1-
dimensional (1D) duct. Fig. 2(a) shows the former case. An incident wave with a complex
amplitude of P;, which is a plane wave below the cut-off frequency of the duct, forces the
diaphragm of the SEMD to vibration with a velocity v and consequently produces the reflected
wave with complex amplitude of Pg. In this case, the SEMD is a filter for reflected wave, and
the overall loading to the incident wave includes the impedance of the SEMD and the fluid
loading (air) in the waveguide, while the enclosed air at the termination provides additional
stiffness to the suspension of the SEMD. Fig. 2(b) shows SEMD working as a filter for the
transmitted wave with complex amplitude of Pr. The fluid loading turns out to be 2Z, =

2poCod, which includes fluid loading of upstream and downstream of the waveguide.

Figure 2: Schematic of SEMD in a one-dimensional waveguide. (a) SEMD at the end of
waveguide as a sound absorber. The fluid loading in upstream is Zy = pycoA, which is the
normalization factor for the acoustic impedance of the SEMD. (b) SEMD partitioning the

waveguide for transmitted wave filtering.

With the 1D models shown in Fig. 2(a), a lumped parameter model of the SEMD is derived.

With one circuit branch switched on, the dynamics is described by Eq. (1)

5 2llieel = Eo )

where w is the angular frequency, A is the effective area of the diaphragm, Bl is the magnetic



force factor, Z,, = iwM + D + K/(iw) is the mechanical (acoustic) impedance of the
diaphragm, Z, = iwL + R + 1/(iwC) is the electrical impedance of the shunt circuit, and X is
the diaphragm displacement and Q is the electrical charge. Noted that the stiffness K includes
the stiffness of the air cavity, namely, K = K; + K, where K_; is the suspension stiffness of the
diaphragm and K, is the stiffness of the air cavity. Using the overall stiffness K we can calculate
a equivalent thickness Th = poc2A/K which will be used to deduce the wavelength-to-
thickness ratio indicating the deep-subwavelength performance of the SEMD. It should be also
noted that the coil resistance and inductance are also included in R and L.

In this work, we focus on the study of the SEMD working as a reflection filter and sound
absorber shown in Fig. 2(a). If we change the fluid loading term from Z, to 2Z,, Eq. (1) and
following derivations also work for SEMD acting as an intermedia layer filtering transmitted

waves as shown in Fig. 2(b). The vibration velocity of the diaphragm is formulated as

2PA

iwX = ——m——
Zm+Zo+(Bl)?2/Z,

(2)
where
Zs=Zm+Zy+ (BD?*/Z, (3)

is the mechanical impedance of the system. AZ = (Bl)?/Z, is the EIA impedance. Without the

coupling, the resonance frequencies of the diaphragm and the circuit are f,,, = \/K/M /2m and

=,/1/(LC)/2m, respectively.
As Fig. 2(a) shows, the velocity continuity condition links the incidence, reflectance, and
the displacement of the diaphragm, namely, P; — P = poCoV = poCo(iwX), which gives the
sound reflection coefficient of the SEMD as

leZO

|Zm+AZ 1|
Zm+AZ+1] °

B =1Pe/PiI? = [1- “)
where Z,, = Z,,/Z, is the normalized acoustic impedance and AZ = (Bl)?/(Z,Z,) is the

normalized EIA impedance. The sound absorption coefficient, therefore, is

1 4(Zm+AZ),
a=1-§= Zn+AZ+1)2+(Zm +A2)P ©)
where subscripts “#” and “7” represent real and imaginary parts of the impedances in the

brackets, respectively. Without the coupling, namely, AZ = 0, Egs. (4) and (5) describe the

sound reflection and absorption coefficients for a simple spring-mass system, from which we
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can conclude the well-known impedance matching conditions for perfect sound absorption:
Zm = 1. It requires the diaphragm to have zero reactance and a damping identical to that of air,
which is impossible over a broad frequency band. Zero reactance is only achieved at the
resonance frequency by a proper mass addition design. In this work, we couple a programmable
electrical resonance to the mechanical resonance to obtain the Fano profile and achieve a
versatile spectral shaping for the absorption and reflection without involving any geometrical
modification. When the coupling is activated, the EIA impedance AZ is engaged, which

produces an asymmetrical absorption and reflection spectra shown in Fig. 3.
2.2. Fano resonance of the SEMD

In the following content, we will show that the SEMD, with the coupling of mechanical and
electrical resonances, produces a Fano resonance.

Eq. (1) can be rewritten as

—w? + iy + wk iwBl/M ] [X] _ [Po]
—iwBl/L —w? +iyew + w2l Q] Lol

(6)
where v, = (D +Zy)/M,Zy = poCoA, Ye = R/L, wy, = \/K/—M, we = 1/VLC, Py =2P;/
M,i=+/-1.

Without the coupling, the two coupling terms in Eq. 6, iwBl/M and —iwBl/L, are omitted.
The circuit system and diaphragm system are independent and with original resonance
frequencies of w,, = 2nf,, and w, = 271 f,, respectively. With the coupling, w,, shifts to w;
and w, shift to w,. w, is the frequency of the Fano resonance. Following the procedure of
analysis for two spring-mass systems [21], we can show that the power spectrum of the
diaphragm displacement, |X|2, near w, is a Fano profile.

The solution of the displacement, X, for the coupling system is
(—w?+iyew+w?)

X=P

-0 (—w2+iymw+wd)(-w?+iyew+wl)-pw?

@)
where u = Bl/v/ML. Note that u has the dimension of w. Without coupling (u = 0), the
solution of displacement given in Eq. (7) is recovered. With coupling, the resonance frequency
Wres 18 found when the real part of the denominator in Eq. (7) vanishes, hence

(—Wfes + W) (—wWfes + WF) = (U + VeVim) Wres (®
When w,, and w, are sufficiently distinct, the two roots are near the original resonance
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frequencies. The first root, w,, is near w,,, and the term of w2 in the second bracket and the
right-hand side of Eq. (8) may be approximated by w2,. The same procedure is used to find the

second shifted resonance w, near w,. Hence

2 2
2 _ .2 H™tYeYm 2 _ .2 K +YeYm
w1—wm(1+m) andwz—we(l—ﬁ)- 9

m—We Wm—We
The sound intensity is proportional to the power of the velocity of the radiating object, which

is the diaphragm here. Therefore, we can define the “energy” of the sound wave as

~ 24
g wz—w§=w2—w§(1—%), (10)

e~ Wm
which contrasts quantum mechanics where energy is described by the Einstein-Plank relation

as £ = hw. Following the procedure of lizawa et al.[21], we further define the reduced energy

€ and Fano parameter ¢ as follows

1 (wE—wh)?*

€= €, (11)
WeYm W (U2 + VinYe)
, . Ye (wez - wrzn)z
q=q,+iq = (Wi —w2)—i——————. (12)
" Y oYmwe € " Ym 05 (U2 + YeVim)
The final expression for the complex displacement is
Py  —(e+q)
X = 2 2 . ] (13)
wé — wq (e—1)
and its norm is
|X|2_ PO 2|E+Qr|2+Qi2 (14)
- \w? - 0w e2+1

When Y, /Y;, < 1, which mean the electrical damping is much larger than the mechanical
damping, the imaginary part, q;, is close to zero which is neglected. The square of the

displacement is reduced to

2
|X|2 — PO (€+Qr)2 (14)
w2 — w? e2+1 "’

which is exactly a Fano profile.

The velocity continuity condition links the incidence, reflection and the velocity of the

diaphragm, namely, P; — P = iwpycoX, which gives the reflection coefficient as

Pg
Py

(15)

2 . 2
2iw —(e+ CcoA
B = =‘1— Yo —(e+4q) _ PoCo

WZ—w2 (e—D | T Tm

from which the absorption coefficient can be derived: « = 1 — 5.
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By removing the rigid backing plate of the SEMD as shown in Figs. 1(a) and 1(c) in the main
text, we can immediately obtain the model for sound transmission. We only need to replace the
damping term from D + pocgA by D + 2pycpA to include fluid loading of non-reflecting
waveguide in downstream, the lumped parameter model of sound transmission is obtained. In
such case, the transmitted wave is radiated by the diaphragm to the downstream waveguide,

and its intensity is pyco|v|?. The transmission coefficient

_ _Pocolvl? =( 20y, )2(e+qr>2 (16)
P? /(poco) wi-wh €?+1

is also a Fano profile.

The Fano resonance of the SEMD allows us to construct a high-Q filter for sound wave.
Different from mechanical system of two resonators, the local resonance of the SEMD is
contributed by electrical circuit, which allows to design Fano resonance at any desired
frequency without modifying mechanical or geometry parameters. Usually when the
mechanical parameters are fixed the Fano parameter ¢ and Fano profile, as indicated by Eq.
(12) and Eq. (14) (or Eq. (16)), are determined by electrical parameters. It inspires us to code
the frequency of Fano resonance and digitally shape the Fano profile of the SEMD by electrical
measures. Before that, the physics properties of the electromechanical coupling producing the

electromechanical Fano resonance is investigated in next sub-section.
2.3. Analysis of electromechanical coupling and the Fano profile of SEMD

In this section we design a typical Fano resonance of the SEMD to show how the
electromechanical coupling of the moving-coil forms the Fano resonance and changes sound
reflection and absorption spectra of the SEMD.

The mechanical parameters of the SEMD are M =4 g, K = 14.21 kN/mand D = 0.5p,c,
respectively. The mechanical parameters give a resonance frequency of the diaphragm of f,,, =
300 Hz. The parameters for the R-L-C shunt circuit are R =0.2 Q, L =0.1 H and C = 517 nF,
respectively, with the inherent coil resistance and inductance included in R and L. It gives the
frequency of the electrical resonance as f, = 700 Hz. The cross-section area of the waveguide
is A=0.08 m X 0.08 m and the force factor the moving-coil is Bl = 4.6 T - m. Fig. 3 shows the
calculations results.

The two original resonance frequencies f,, = 300 Hz and f, = 700 Hz are shifted to
11



f1 =299.5 Hz and f, = 701.1 Hz, by the electromechanical coupling, respectively. The latter
frequency shift (f, — f,) are marked in zoom-in windows of Figs. 3(a) and 3(b), which show
asymmetrical profiles. A drastically transition of the absorption and reflection is present near
f>. The reflection coefficient at f, drops from 82% to 0.014% merely within 2 Hz, giving a
maximum ER over 6000. The absorption coefficient experiences a transition from 8% to unity

within the same frequency range.
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Figure 3: Calculation results of acoustic Fano resonance of the SEMD. (a-b) Reflection and

absorption spectra of the SEMD with (marked as “Local”) and without (marked as

“Background”) coupling to the local electrical mode. Details near the frequency of the local

mode are shown in the same figure. (c-d) Magnitudes and phases of the acoustic impedance

(Z;) of the suspended diaphragm and EIA impedance (AZ). (e) Magnitude and phase of the

overall acoustic impedance of the SEMD. (f) Normalized electrical dissipation (E,) and

mechanical dissipation (E,;,). (a)-(f) share the same x-axis. Both frequency and wavelength

axes are shown.
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The partial spectra of the electromechanical coupling are shown in Figs. 3(c-f). The
magnitude of the EIA impedance, |AZ| = |(Bl)?/Z,]|, is symmetrical about f, as Fig. 3(d)
shows. Its phase jumps from 1t/2 to —1t/2 when the frequency increases from f,~ to f,*, where
f.~ is in the left neighborhood of f, and f," is in the right neighborhood. The addition of the
mechanical impedance of the diaphragm (Z,,) and the EIA impedance (AZ) forms the overall
impedance of the SEMD. Therefore, the EIA impedance increases the impedance at f,~ and
cancels it at f,*, which gives an asymmetrical profile of overall acoustic impedance near f,,
shown in Fig 3(e). We can also explain the asymmetrical shape through reviewing the driving
force. First, a constant force exerted by the incident sound wave gives a symmetrical spectrum
of the displacement (or velocity) response of the diaphragm. Due to the electromechanical
coupling, an additional Lorentz force is induced, whose phase is determined by the electrical
circuit which experiences a shift of m around f,. The overall driving force of the diaphragm,
therefore, is reduced at f,~ and enhanced at f,;*, which leads to asymmetrical spectra of the
acoustic impedance, displacement, sound reflection and absorption.

Results in Fig. 3 shows that the magnitude and phase of the overall acoustic impedance
(Z) near f, = 700 Hz are dominated by the electrical elements. By programing the circuit
resonance, a sharp and asymmetrical absorption peak and reflection dip is obtained at f, in the
vicinity of f,. This feature allows us to program the profile of the absorption and reflection
spectra near the frequency of f, through setting the circuit parameters to obtain a high-Q filter.
Furthermore, the electrical resonance frequency, f,, is determined by the serial capacitance (C)
and inductance (L). Theoretically, we can realize a desired Fano profile at any designated
frequency.

Above analysis, which shows the Fano profile is governed by the electrical parameters and
elaborates the mechanism of coupling mechanical and electrical resonances to form Fano
resonance for revising the reflection and absorption spectra of the SEMD. In the following
section, the dependence of the Fano profile on the electrical parameters are investigated and the

programable selective filter for sound wave is demonstrated in calculations.
3. Parametrical analysis of circuit effects on the Fano profile

In this section, we illustrate programing the Fano profile of the SEMD to obtain a high-Q

13



acoustics filter through tuning the circuit parameters. The Fano profile has three important
indices, the frequency, Q factor and extinction ratio (ER). Q factor describes the bandwidth of
the Fano profile. A higher Q factor means a narrower bandwidth of the Fano profile and the
SEMD is more selective around the frequency of the Fano resonance. ER is also known as
switching ratio or modulation depth, representing the difference between the original spectrum
and the interfered spectrum. A higher ER indicates the stronger ability of changing the sound
reflection spectrum of the SEMD by the circuit. Tables shows the mechanical, electrical, and

coupling parameters for following analysis.

Table 1: Parameters for analysis of circuit effects on Fano profile and sound

absorption/reflection spectra of the SEMD.

Mechanical parameters and coupling parameters
M(z) K&Nm) D(poc)  fm  Alm’) BI(T'm)
4 14.21 0.5 300 64 4.6

Electrical parameters

C (uF) L (mH) fe (Hz) R

50 22.52 150 0.1
Set 1

50 0.352 1200 0.1

5 225.2 150 0.1
Set 2

5 3.52 1200 0.1
Set 3 61.84 100 64 swept
Set 4 0.1546 100 1280 swept
Set 5 2.81 100 300 swept
Set 6 0.5166 100 700 swept

The mechanical and coupling parameters are kept the same as listed in the caption of Fig.
3. In the mechanical parameters, K = 14.21 kN/m means the equivalent thickness of the SEMD
is Th = pc?A/K ~ 68.8 mm, regarding the temperature is 21°. Six sets of circuit parameters
are designed as listed in Table 1. The first two sets parameters are to investigate effects of
inductance on the frequency of the Fano resonance and the Q factor. Set-3 to Set-5 are to study
programing frequency of Fano resonance and Q factor by tuning capacitance and resistance.
The capacitance value varies in these 3 sets of circuit parameters to shift the frequency of Fano
resonance, and each set of the circuit parameters sweeps the resistance to change the Fano

14



profile of the sound absorption spectrum and Q factor. The last set of the circuit parameters are
to investigate relations between effective resistance and extinction ratio, which shows that the
circuit can total change the sound absorption state of the SEMD.

Through the parametrical investigations, we hope to find out the programing spaces of the
electromechanical Fano resonance and finally realize a high-Q acoustic filter by SEMD for
picking up or eliminating the sound energy at local frequencies without interfering the

background propagation.
3.1 Circuit effects on Fano resonance frequency and Q factor

The calculation results using parameters of Set-1 and Set-2 are shown in Fig. 4. As shown
in Fig. 4(a), by tuning the inductance to 0.352 mH and 25.52 mH, the electrical resonance
frequency is setto f,; = 150 Hz and f,, = 1200 Hz, respectively. Around the two electrical
resonance frequencies are the new resonance frequency f, which is the frequency of Fano

resonance and the asymmetrical sound absorption spectrum profiles present.
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Fig. 4: Investigation of inductance effects on the frequency and Q factor of
electromechanical Fano resonance and the sound absorption spectrum of the SEMD. (a)
Absorption spectra obtained by parameters of Set-1. (a) Absorption spectra obtained by

parameters of Set-2.
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When the capacitance is tuned to 1/10 and the inductance is adjusted to 10 times of those
used for Fig. 4(a), respectively, we obtain calculated sound absorption spectra shown in Fig.
4(b). The electrical resonance frequencies keep. Two points should be noted in the figure. First,
the discrepancy between f> and f. in Fig. 4(b) are smaller than that shown in Fig. 4(a). It can be
explained by Eq. (9), which shows that y, = L/R determines the difference between f> and f..
Second, the absorption peaks of > in Fig. 4(b) are much sharper than that in Fig. 4(a), which
means that a smaller capacitance and larger inductance will give a high quality Fano resonance.
It is because that a smaller capacitance and a larger inductance will introduce a more rapid
phase shift of the EIA impedance around f., which results in the phase of the impedance of
SEMD approaching and departing zero in a narrow band width as shown in Fig. 3(d) and Fig.
3(e), while a zero phase means a resonance and a sound absorption peak of SEMD. The
conclusion is that a large inductance, which means a small capacitance, is one of the keys to
achieve a high Q acoustic filter by SEMD around desired f>.

In the following, we use electrical parameters of in Set-3 to Set-5 in Table 1 to study tuning
the Fano resonance and sound absorption/reflection spectrum of the SEMD. Each set of circuit
parameters has a different effective capacitance and a constant inductance of 100 mH, while
the effective resistance is swept for the same parameter set.

Fig. 5 shows the calculation results obtained by using electrical parameters of Set 3 in Table
1. The resistance is swept from 1 m() to 4096 m(l to obtain a set of absorption spectra of the
SEMD. The waterfall plots of the spectra are shown in Fig. 5(a). There are two absorption peaks
for each absorption spectrum. The frequencies of the peaks are f; = 302.3 Hz and f, = 63.5
Hz. f; is the new resonance frequency shifted from f,,, = 300 Hz and f,is the frequency of
Fano resonance shifted from f, = 64 Hz.

Fig. 5(b) shows the cross line of f, plane and the waterfall, which is the curve of sound
absorption coefficient of the SEMD at f, against the effective resistance(R). With a suitable
resistance, which is R = 25.99 m() as marked in Fig. 5(b) by the solid cycle, the impedance
matching condition is realized, and a perfect sound absorption is achieved at f,. The Q factor
of the Fano profile against the R is also plotted in the same figure, which monotonically

increases with the decreasing of the resistance. It’s because that the effective resistance
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determines the coupling efficiency, (B1)?/R. We can also view it through phase shift of the EIA
impedance. With a smaller effective resistance, it has a more rapid phase shift around f;, which
results in a narrower band width of the absorption peak. For R =25.99 m(Q, the Q factor is 396,

which means that a half bandwidth of Af = f,/Q = 0.16 Hz.
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Fig. 5: Sound absorption spectra of the SEMD with Fano profile around f, = 64 Hz
obtained by parameters of Set-3 in Table 1. (a) Waterfall plot of sound absorption spectra of
the SEMD with different effective electrical resistance. (b) Peak sound absorption coefficient
of the SEMD at f, (solid curve, left axis) and Q factor (dash curve, right-axis) of absorption
peak while varying the electrical resistance. R = 25.99 m(} leads to a perfect sound absorption
at f, as the solid cycle marks. (¢) Sound absorption spectra with (solid curve) and without
(dash curve) Fano profile for R =25.99 m(). (d) Zoom-in view of the sound absorption peak

around f,.

The sound absorption spectrum for R = 25.99 m( is shown in Fig. 5(c) and the absorption
spectrum for the diaphragm without Fano resonance (no coupling) is also plotted for
comparison. The zoom-in view around f,,, = 300 Hz is shown in the same figure which
illustrates the resonance frequency shifting from f,;, = 300 Hz to f; = 302.3 Hz. The spectrum
with Fano profile has a very narrow and sharp absorption peak at f,. The zoom-in view of the

absorption peak raised by the Fano profile is shown in Fig. 5(d), which clearly shows its
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asymmetrical line shape and the frequency shifting from f, = 64 Hz to f, = 63.5 Hz. The half
bandwidth, Af = 0.16 Hz, is marked in the figure.

In a summary, by setting the electrical resonance frequency to f, = 64 Hz, we obtain a high
quality Fano resonance at f, = 63.5 Hz near f,, which enables the SEMD to filter the reflection
wave in a very narrow bandwidth.

It’s interesting to find that the frequency of the Fano resonance, which is also the new
acoustic resonance, can be fast configured by the electrical circuit. This unique property allows
us to program the acoustic filter in a digital manner, regardless of the complication and
inaccuracy of mechanical and geometrical designs. In what follows, we show high frequency
results with circuit parameters of Set-4 in Table 1, which gives an electrical resonance

frequency of f, = 1280 Hz. The results are shown in Fig. 6.
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Fig. 6: Sound absorption spectra of the SEMD with Fano profile around f, = 1280 Hz
obtained by parameters of Set-4 in Table 1. (a) Waterfall plot of sound absorption spectra of
the SEMD with different effective electrical resistance. The Fano profile is in the vicinity of
f> plane and f, = 1280.6 Hz. (b) Peak sound absorption coefficient of the SEMD at f, (solid

curve) and Q factor (dash curve) of the absorption peak while varying the electrical
resistance. R = 32.0 m() leads to perfect sound absorption at f, as marked by the solid cycle.

(¢) Sound absorption spectra with (solid curve) and without Fano profile (dash curve). (d)

Zoom-in view of the sound absorption peak raised by the Fano resonance.
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Fig. 6(a) shows the waterfall plots of the calculation results for f,= 1280 Hz. The frequency
of the Fano resonance is f,=1280.6 Hz, at which sound absorption peaks present. Fig. 5(b)
shows the sound absorption coefficient against effective resistance, and the Q factor is also
plotted in the same figure. Perfect sound absorption is achieved for R=32 m(), marked by a
solid cycle. The corresponding Q factor is 6403, which means the half bandwidth of the
absorption peak around f; is Af = 1280.6/6403 = 0.20 Hz. Therefore, a high Q filter for the
reflection sound wave is achieved. Fig. 6(c) shows the sound absorption spectrum for R = 32
m{). The zoom-in view around f,,,= 300 Hz shows that the mechanical resonance frequency is
shifted little due to the electrical resonance is far away from the mechanical resonance in
frequency. Fig. 6(d) shows the zoom-in view around f,=1280.6. The half bandwidth and the
frequency shift are marked.

Results in Fig. 5 and Fig 6 show that, by tuning the capacitance and resistance, the frequency
of the perfect sound absorption raised by the electromechanical Fano resonance can be
programed digitally from 64 Hz to 1280 Hz, which is over 4 octaves. It’s also feasible to alter
the frequency of the Fano resonance through tuning the inductance, however, the inductance
should be large enough to promise a high Q factor. Ideally, we can realize the electromechanical
Fano resonance and a perfect sound absorption at any desired frequency by programming the
R-L-C circuit, as long as the resistance can be tuned to sufficiently small [58].

A special case is that the electrical resonance frequency coincides with the mechanical
resonance frequency, namely, f, = f;,. In this case, equations and analysis in section 2.2 are
invalid. However, we can quickly find that there will be two new resonances presents in the left
and right vicinities of f;,, through revisiting the analysis of Fig. 3(d) and Fig. 3(e). Fig. 7 shows

the calculations results for f, = f,,, using electrical circuit parameters of Set-6 in Table 1.
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Fig. 7: Sound absorption spectra of the SEMD with Fano profile around f, = f,;, = 300 Hz.
(a) Waterfall plot of sound absorption spectra of the SEMD with different effective electrical
resistance. In this case f, = f,;; 300 Hz. (b) Zoom-in view of (a) around 300 Hz. (c¢) Sound
absorption coefficient at 300 Hz of the SEMD against the electrical resistance R. Two critical
points, R =1 m{) and R = 16.0 (1, are marked by solid circles, at which total sound reflection
and absorption are achieved, respectively. (d) Sound absorption spectra for R = 1 m£) (solid
curve), R = 16.0 Q (dash dot curve) and without Fano profile (dash curve). (€) Zoom in view

of (d) around 300 Hz.

Fig. 7(a) shows the waterfall plot of sound absorption spectra and Fig. 7(b) shows its zoom-
in view around f,, = f, = 300 Hz, which is a canyon shape. The dependency of sound
absorption coefficient on the effective resistance R is shown in Fig. 7(c). It shows that, with the
increasing of the resistance, the sound absorption coefficient achieves 100% for R =16.0 () and
drops above that. When we want to realize perfect sound absorption at the frequency that further
from f,;, = 300 Hz, such as around 64 Hz and 1280 Hz as Fig. 5 and Fig 6 show, it requires the
circuit to induce a huge out-of-phase EIA reactance to neutralize the mechanical reactance to

achieve impedance matching condition. To achieve it, as Eq. (3) indicates, the serial resistance
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needs to be sufficiently small. In contrast, the original reactance of the diaphragm is already
zero at f,, = 300 Hz. To attribute perfect sound absorption to SEMD at this frequency, it only
needs to match its damping to that of air. The original damping of the diaphragm is 0.5p,cy4,
meaning an additional damping of 0.5pycy4 is required. Considering the EIA damping is
(B1)?/R, it hence requires the effective serial resistance R = (B1)?/(0.5pyco4) = 16.0 Q to
match the impedance. When the electrical resistance R is very small, the circuit is close to short
states and EIA damping, (B)?/R, is huge which leads to even total sound absorption at f,, =
300 Hz; When the electrical resistance R approaches infinity, the circuit is effectively
disconnected, and the sound absorption coefficient is reduced to that of the diaphragm itself.

The full sound absorption spectra of the SEMD for R=1mQ, R=16.0Qand R=1 oo
(without Fano resonance) are shown in Fig. 7(d) and the zoom-in view around f;,, = 300 Hz
are shown in Fig. 7(e). When R = 1 m(}, total reflection happens at f,,, = 300 Hz, which splits
the sound absorption spectrum into two-peaks pattern. As explained above, it’s due to the huge
EIA damping induced by the small effective resistance. We can also explain this phenomenon
by the mechanism of Rabi splitting [59,60]. A tiny effective resistance R means a strong
electrotechnical coupling. At f, = f,;, = 300 Hz, if the mechanical damping of the SEMD is
sufficient low, which is the case in this calculation, a small incident sound wave will raise a
significant magnitude of vibration velocity of the diaphragm. It further induces a large voltage
across the coil that leads to huge electrical current in the circuit and results in a very strong anti-
phase Lorentz force on the coil attached to the diaphragm. This Lorentz force counteracts the
driving force caused by the incident sound, which reduces the net force applied on the
diaphragm to zero, therefore, the diaphragm keeps tiny movement, and the total sound
reflection is approached. The overall effect, in the angle of acoustics impedance, is that the
circuit induces a huge EIA damping to the SEMD due to the strong coupling, which is 80062,
for R =1 mQ. Ifthe SEMD-duct system is conservative, the energy will be exchanged between
the acoustics resonance and electrical resonance coherently. Similar to the atom-cavity system
with strong coupling [59,60], the diaphragm-circuit system with a strong electromechanical
coupling forms the Rabi oscillator, which has a slitted transmission spectrum.

A significant result of above analysis is that, by only tuning the effective resistance, the
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SEMD can either totally reflect or absorb sound wave at f, = f,;, = 300 Hz. This is a switching
effect for acoustic wave and the diaphragm can be called as binary materials. It is important for
constructing temporally modulated materials or structures used for modulating sound wave,
mimicking the electronic switch ratifying the electrical current, marching a solid step to our

vision of digitally control of sound waves.
3.2 Circuit effects on extinction ratio

In former section we show that the circuit induced electromechanical Fano resonance can
effectively change the sound absorption and reflection spectrum of the SEMD. In this section
we investigate the extent of the sound reflection and absorption spectrum altered by the
electromechanical coupling, indexed by extinction ratio (ER). ER is a terminology from optical
telecommunication, in which the output power levels with light source switched on and off
represent “1” and “0”, respectively. The ratio of the two output levels therefore is called
extinction ratio. A higher ER indicates that there is a sufficient power difference between the
digital “1” and “0”. By investigating the ER, we can find out the parameter space for
programing the magnitude of selective filtering by the SEMD. In this demonstration, electrical
parameters in Set 4 of Table 1 are used which gives f, = 700 Hz.

Fig. 8(a) shows waterfall plot of ER spectra for different effective resistance. It’s
demonstrated that ER is distinguished in the vicinity of f,, meaning the effect of the
electromechanical coupling of mechanical and electrical resonances is locally effective. Fig.
8(b) shows the zoom-in view ER spectra around f,, which further illustrates that the electrical
resonance only changes the reflectance in the vicinity of f,. The maximum ER is as high as 61
dB when R =139.29 m() as shown in Fig. 8(c), which means by switching on and off the circuit,
the reflectance changes by 10° times. In fact, the maximum ER can be much higher if we use a
smaller step to sweep the effective resistance in the calculations. Fig. 8(d) shows the reflection
spectrum for R =139.29 m() and the spectrum without Fano profile is plotted for comparison.
Fig. 8(e) shows the details of the spectrum around f, = 701.2.

ER also represents the modulation depth, which is one of the most important fundamental
parameters for modulator. Recently, both the research topics of time-crystal and temporal
metamaterials are chasing high modulation depth to construct linear time-varying materials for
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exploring new physics in time dimension by temporal modulating materials. The SEMD with
extremely high ER, as shown by current calculations, therefore, is a superior candidate for

constructing time-varying materials or structures.
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Fig. 8: Programing the extinction ratio (ER) of reflectance for f, = 700 Hz. (a) Waterfall plot
of ER spectra with different effective resistance. (b) Zoom-in view of (a) around f,. (¢) ER at
f> = 701.2 Hz against effective resistance. ER achieved maximum for R = 139.29 mQ Q. (d)
Reflection spectrum for R = 139.29 m{} (solid curve). The spectrum without Fano profile
(dash curve) is also plotted for comparison. (¢) Zoom-in view of the reflection spectra around

f, = 701.2 Hz.

4. Experiments

4.1 Experimental setup

Experimental verification is conducted in an impedance tube with a cross section of 8 cm by 8
cm as shown in Fig. 9 (a). Its cut-off frequency is f. = 2144 Hz, below which only plane
propagation is allowed. The impedance tube is with a sound source forming its left-end and the
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SEMD forming the right-end. The sound source at left end radiates a white noise with a

frequency range of [20 Hz ~ 2000 Hz].
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Fig. 9: Experimental setup to investigate electromechanical Fano resonance of the SEMD. (a)
Schematic o the SEMD and the measurement impedance tube. A negative impedance
converter, which is an operational amplifier (marked as Op-Amp ) circuit, is used to introduce
negative resistance (R_) and inductance (L_) to neutralize the resistance (R.) and inductance
(L.), respectively. (b) Photograph of the impedance tube with SEMD forming it right end. (c)
Photograph of the negative impedance converter. (d) Front view and rear view of the SEMD.

(e) The MOSFET array.

Due to the reflection by the SEMD at the right-end, the left and right travelling waves are
form, which are denoted by P;(f) and Pg(f) in Fig. 9, respectively, and the superposition of
P;(f) and Pg(f) forms standing waves in the impedance tube. Two microphones (BSWA
MPA253 type) with 8 cm distance are flushed mounted on the tube wall to collect pressure data,

which are calibrated by swapping method [61,62]. Data acquisition system from National
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Instrument are used for voltage generation, collection and power supply of microphones. The
system including one NI 9232 input module, three NI 9263 output modules, and N1 9174 chassis
box. Microphones are directly connected to NI 9232 module, which can supply a constant
current power. NI 9263 module is used for signal generation and supplying the programing
voltages for MOSFET arrays. A well-known transfer-function method [61,62] is used to
decompose the standing wave in the tube using the pressure data collected by the two
microphones, with which the absorption and reflection spectra are obtained.

The SEMD sample is shown in Fig. 9(d), which is formed by sealing a commercially
available loudspeaker in a 3D printed box. Both glue sealing and adhesive tape are used to
promise little acoustics leakages of sound from the box, which is detrimental to the accuracy of
low frequency measurement. The coil resistance and inductance are denoted by R, and L.
respectively. In experiments, we use a commercial moving-coil loudspeaker to realize the
SEMD, for which R, is normally 4 () or 8 Q and the inductance is about 0.2 mH ~ 1 mH. A
negative impedance converter is used to mitigate the coil resistance and inductance.

A passive circuit with six branches is connect to another termination of the moving-coil
and each branch of the circuit is switched on and off by the switching voltage [Vs , Vs, ... Vs, ].
Vs, > Vinrenola activating n' circuit branch and the state of ' MOSFET turning to be S,, = 1.
When the n™ circuit branch is switched on, the effective electrical impedance of the circuit are

R,=R.pn+R.-—R_, L,=L,+L.—L_,C,=Cyy. 17)

To guarantee the stability of the SEMD, R,,, L,, and C,, should be kept positive. When
overall resistance R,, is small, such as 0 < R, < 0.1 Q, it’s difficult to tune it precisely due to
the nonlinear resistance raised by iron-loss of the speaker. When R,, > 0.1 Q, it is relatively
easy to tune it to a targeted value with a small relative error. Nevertheless, the tuning of R,
have little effects on the local resonance, which is determined by the effective capacitance and
inductance. The inductances, both the coil inductance and additional inductance of the wired
inductor in the shunt circuit, are y; = w"L, and n value depends on the core materials. In this
study, the n values for coil inductance and wired inductor are different, which leads to that we
can only partially cancel the coil inductance. But fortunately, we don’t need a very small

effective inductance in present study.
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To reveal mechanisms of the electromechanical Fano resonance, we only allow one circuit
branch being activated. There are 7 states for the SEMD for current studies including the
original state without shunt. The effective circuit parameters of each state are listed following

table. Mechanical and coupling parameters are the same as those used in analytical calculation.

Table 2. Circuit parameters for experiments

States R L (mF) C (uF) fe

So=1 o) - - -

S =1 0.05 2.34 5.00 1472.3
S, =1 0.43 51.23 2.12 484.0
S3=1 0.21 19.47 47.02 166.4
S,=1 0.011 51.23 2.12 484.0
Ss=1 2.02 51.23 2.12 484.0
Se=1 5.17 51.23 2.12 484.0

The states of S; , 3 = 1 are for programing frequency of perfect sound absorption coefficient
raised by the Fano profile and the states of S3 4 ¢ = 1 are for programing the extinction ratio of

the Fano profile.

4.2 Experimental results

The results of programing the frequency of perfect sound absorption are shown in Fig. 9(a),
in which both wavelength axis (bottom) and frequency axis (top) are plotted. By coding S; =1,
S> =1 and S; = 1 to activate the corresponding circuit branch, we successfully program the
frequency of perfect sound absorption to 157.5 Hz, 484.5 Hz and 1486.75 Hz, respectively. The
sound absorption coefficients at these frequencies are marked in figure, which are 99.43%,
99.19% and 98.75%, and these frequencies correspond to wavelengths of 23.1 cm, 70.8 cm and
217.8 cm, respectively. Compared to the effective thickness of the SEMD of 6.88 cm, the
wavelengths to thickness ratios are 3.35, 8.53 and 31.65, respectively. For S; = 1, extremely
deep sub-wavelength sound absorption is achieved. The Q factors of the three absorption peaks

for S;=1,S;=1and S; =1 are 21, 64.6 and 145, which means the half bandwidth is 7.5 Hz,
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7.5 Hz and 10.25 Hz, respectively.
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Fig. 10: Experimental verification of programming frequency of perfect sound absorption. (a)
Spectra for So123 = 1. (b)-(d) Comparisons of experimental (solid curve) and predicted (dash)

results for S123=1.

The predictions are shown in Fig. 10(b)~Fig. 10(d) which shows good agreements with the
experimental curves. The discrepancies are caused by the nonlinearity of the wired inductor.

In current results, the programable frequency range is 157.5 Hz to 1486.75 Hz, which is 3.24
octaves. Ideally, by finer tuning to further reduce the electrical resistance, we can realize perfect
sound absorption at any desired frequency. In practice, however, despite the inherent resistance
of the coil, the magnetic vortex in the iron core also induces parasitic iron loss. This not only
further increases the effective resistance of the circuit, but also brings in nonlinearity in its
frequency response, complicating the tuning. The Q value can also be further increased by using
much larger inductance, but which will also induce significant nonlinearity. It’s better to used

simulated inductor in future work.
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Fig. 11(a) shows a successful programing dip of the reflection spectrum by coding S4 =1, Ss
=1 and S¢ = 1 to activate the corresponding circuit branch. For these three states, effective
inductance and capacitance of the circuit are kept the same as listed in table 2, which give
electrical resonance frequency as f, = 484 Hz. The resistance varies to alter the dip and change
ER. The new resonance frequency (frequency of the dip) is around f, =490 Hz and has a slight
variation with the change of effective resistance. The reflection coefficient is tuned from 76%
for So =1 to very close to zero for the S; = 1, giving a maximum extinction ratio of ER = 752.
The ER spectra, which are the ratios of the reflection spectra for S5 =1 to that for So = 1, are
shown in Fig. 11(b). The spectra clearly show that the effect of Fano resonance is limited in a
very narrow range of frequency, which is just some Hertz. The predictions of reflection spectra

agree well with the experimental results as shown in Fig. 11(c) - Fig. 11(e).
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Fig. 11. Programing extinction ratio of the SEMD. (a) Reflection spectra for Sp 45 = 1.
Zoom-in view is plotted in the same figure. (b) Extinction spectra and the zoom-in view. (c-¢)

Comparison of predictions (dash curves) and experimental (solid curves) results.
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5. Discussion and conclusions

To conclude, both in calculations and experiments, this work presents an electromechanical
diaphragm (SEMD) with an electromechanical Fano resonance induced by the interfering the
background mechanical resonance of the suspended diaphragm with an electrical resonance.
The Fano profile is fully programed by activating different states of the resonant circuit through
coding the voltage gating the MOSFETs, and a high-Q filter acoustics wave is realized by
SEMD. Specifically, the experiments show tuning the frequency of perfect sound absorption
over 3 octaves in deep subwavelength scales, the Q factor is up to 145. The high extinction ratio
is up to 752 (28.76 dB), which means can totally altering the response of the mechanical
diaphragm.

The theoretical predictions point out that better performance can be realized if the resistance
can be further decrease in experiments, which, however, yet to be achieved by introducing
sophisticated electronic circuit design. Nevertheless, this work shows that the
electromechanical coupling of the coil-magnet does remove the constrains of mechanical and
geometrical designs, which marching a step to the prospective of digital control of physics
waves which have been well developed in structural vibration control [42,43,56,57].

In another way, the working frequency of the MOSFET is up to MHz which enable the
SEMD a superior platform for studying temporal-modulated metamaterials with its features of
fast switching, deep modulation depth and real-time performance. The impedances of the
devices being dominated by electrical shunts results in implementing time-varying impedances
for sound [44,45] and vibration control [42,43,56,57]. Many unprecedented possibilities of
time-varying impedances for waves manipulations yet to be revealed and one of them, namely,

converting audile sound to infrasound [44] , is realized.
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