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XXX-X-XXXX-XXXX-X/XX/$XX.00 ©20XX IEEE Intermediate layer to improve the performances and the frequency control of acoustic power transfer systems Abstract-Powering remote sensor nodes placed behind walls without drilling holes is of great interest for many industrial processes and applications. Acoustic power transfer using two piezoelectric transducers placed on both sides of the wall is a proven technology to answer this need. In this paper, we demonstrate that the use of an intermediary layer placed between the emitter and the wall results in a strong increase of the transmitted power: experimentally, the power is multiplied by two for a given driving voltage. We also show that intermediary layers strongly simplify the identification and the control of the optimal excitation frequency.
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I. INTRODUCTION

Acoustic power transfer (APT) and communication to power and communicate with sensor nodes placed behind walls is a technique that has been studied for the last two decades by various research groups [START_REF] Hu | Transmitting Electric Energy Through a Metal Wall by Acoustic Waves Using Piezoelectric Transducers[END_REF]- [START_REF] Fu | Ultrasonic wireless power links for battery-free condition monitoring in metallic enclosures[END_REF]. This technology allows to measure physical parameters inside closed metal environments without making holes and therefore without impacting the structural integrity of the system to monitor. For example through the thickness of steel pipes, which cannot be drilled to pass wires, and where RF techniques are not working due to the absorption of electromagnetic waves in conductive media.

APT systems are generally composed of two piezoelectric transducers placed on both sides of the wall. An AC voltage applied to the emitter results in mechanical waves that reach the receiver, which converts them back into an AC voltage. This electric-acoustic-electric coupling allows the transmission of both power and data through the wall. This paper focuses on the transmission of electrical power.

The state of the art reports that high power levels (hundreds to a thousand of watts) can be transmitted [START_REF] Bao | High-power piezoelectric acoustic-electric power feedthru for metal walls[END_REF], [START_REF] Lawry | Electrical optimization of power delivery through thick steel barriers using piezoelectric transducers[END_REF], [START_REF] Wilt | High-power operation of acoustic-electric power feedthroughs through thick metallic barriers[END_REF]. However, these high power levels are obtained at the price of very high driving voltages that make the electronics complex, not efficient and may lead to safety problems. Hence, increasing the transmitted power ( ) per unit driving voltage ( ), also called the normalized transmitted power ( ), as defined in [START_REF] Freychet | Analytical optimization of piezoelectric acoustic power transfer systems[END_REF] (

), is of great interest for APT systems.

Another issue of APT is the strong frequency dependence of the transmitted power, which moreover varies with the system's environment and typically the temperature. Stateof-the-art solutions use time-consuming strategies to power up the system and then use the established communication between both sides of the wall to determine and maintain the best operating frequency [START_REF] Ashdown | A full-duplex ultrasonic through-wall communication and power delivery system[END_REF].

In this paper, we demonstrate that the use of an intermediary layer placed between the emitter and the wall (Figure 1) is a good solution to these two issues: it increases the transmitted power while making the control of the operating frequency much simpler, even without a communication link between the emitter and the receiver. Then, high powers can be transmitted at lower voltage levels, cold starts are strongly facilitated and communication between the emitter and the receiver is not required if only power transfer is targeted. In Section II, the analytical model of APT systems is presented and the benefits of intermediary layers on transmitted powers are introduced. In the third section, the optimization of the intermediary layer is performed. The benefit of intermediary layers is confirmed by measurements in Section IV, and Section V outlines how intermediary layers pave the way towards new strategies for the identification and the control of the optimal excitation frequency. To illustrate the issue that is solved using an intermediary layer, an analytical model is developed in this section and used to analyze the theoretical limits of standard APT systems.

Wall

A. Analytical model and performances without intermediary layers

The analytical model used in this paper and its implementation corresponds to the method proposed in [START_REF] Freychet | Analytical optimization of piezoelectric acoustic power transfer systems[END_REF], except for the wall layer, which is modelled differently to take into account the diffraction occurring in it.

All layers are modelled individually by matrices linking the forces to the velocities at the layers' interfaces. These matrices are then concatenated to get the impedance matrix of the formed electrical quadrupole. With the impedance matrix, the electric quadrupole is fully described and the highest efficiency ( ) and normalized transmitted power ( ) can be calculated as in [START_REF] Freychet | Analytical optimization of piezoelectric acoustic power transfer systems[END_REF]. The figures in this paper present only the optimal performances of APT systems (i.e. when the optimal load ( ) is applied on the receiver).

The diffraction occurring in the wall layer is taken into account by using the model proposed by Wilt et al. [START_REF] Wilt | Onedimensional pressure transfer models for acoustic-electric transmission channels[END_REF]. To convert the variables they use (i.e. forward and reverse pressure waves) into the variables used in this paper (i.e. force and velocity) the following formula is used:

(

(2)

With the subscripts or standing for the left and the right wall's interface, respectively. and stand for the force and the velocity respectively at the interfaces of the wall. is the surface of the piezoelectric transducers and the characteristic acoustic impedance of the wall.

is the ratio of the pressures at both side of the wall, calculated with equation [START_REF] Lawry | Electrical optimization of power delivery through thick steel barriers using piezoelectric transducers[END_REF] in [START_REF] Wilt | Onedimensional pressure transfer models for acoustic-electric transmission channels[END_REF].

The system is composed of two identical 2.12 mm thick and 45 mm in diameter piezoelectric transducers in Physik Instrumente's material PIC181, resonating around 1 MHz. They are aligned and glued on both sides of a 73 mm thick aluminum wall with the conductive epoxy CW2400 whose thickness is estimated lower than 20 µm. Glue layers are then much shorter than the wavelength and other system dimensions, making them negligible. In Table 1 are summarized materials parameters used in the analytical model, with and , the Young's modulus and Poisson coefficient respectively, the density, the quality factor and the dielectric loss factor. The normalized transmitted power as a function of frequency is shown in blue in Figure 2. Figure 2: with no intermediary layer and its upper-limit values.

Using the method proposed in [START_REF] Freychet | Analytical optimization of piezoelectric acoustic power transfer systems[END_REF], these performances are compared with the ones that could be theoretically obtained if all the layers were converting and transporting power at their best, setting the upper-limit of performances for the given transducers and wall (red curve in Figure 2). It clearly shows that there is a big potential for improvement for the transmitted power. The reason of this gap between the transmitted power and its upper-limit are studied in the following part. To do so, the emitter's ability to convert electricity into mechanical power is analyzed.

B. Identify the limiting element

The APT system can be seen as the connection of various electro-mechanical and mechanical quadrupoles (Figure 3). The active power entering and leaving each quadrupole can be calculated as follows:

(3) with being either a voltage or a force and the complex conjugate of either a current or a velocity depending on the nature of the quadrupole's port (i.e. electrical or mechanical). The sign of the equality depends on the convention used and if the calculated power is an input or an output power.

Using equation (3), the mechanical power generated by the emitter is calculated. Its normalization by the input voltage squared is plotted in yellow in Figure 2; its corresponding upper-limit is plotted in violet. As shown in [START_REF] Freychet | Analytical optimization of piezoelectric acoustic power transfer systems[END_REF], quadripole's efficiency depending only on the connected load, this curve is obtained by normalizing by the voltage squared the emitter's mechanical output power, calculated when the optimal mechanical load is applied on the emitter's mechanical port.

The red curve is approximately 38% lower than the violet one across frequency. Hence, 38% is the minimal possible fraction of the power dissipated by the wall and the receiver. The gap between the yellow and the blue curve is very similar (approximately 38.5%). This signifies that the mechanical power arriving to the wall (the yellow curve) cannot be transmitted and converted in electricity at a higher rate (the limit of losses being 38%). It implies that the low value of transmitted power is dominated by the emitter that do not generate as much power as it could. From the quadrupole vision of the APT system (Figure 3), it means that the mechanical impedance connected to the emitter is far from the optimal value. As shown in [START_REF] Freychet | Analytical optimization of piezoelectric acoustic power transfer systems[END_REF], equalizing the acoustic characteristic impedance of layers do not solve this issue. To adapt the mechanical impedance seen by the emitter, we propose to add an intermediary layer between the emitter and the wall. Adding an intermediary layer on the receiver side is of no need as the efficiency at which the power crosses the wall is already near its maximum. In the following part the sizing and the choice of the material for the intermediary layer is detailed.

III. DESIGN OF THE INTERMEDIARY LAYER

Mechanical layers, as modelled here, are defined by four parameters, their thickness , density , longitudinal wave speed and quality factor . The quality factor is arbitrarily set to 100 for all simulated intermediary layers. By reducing the number of parameters to optimize to two, the optimization of the intermediary layer can be simplified. This is made by using the characteristic acoustic impedance, ( ), and the number of wavelength in the layer thickness, , as parameters. Different values of density and wave speed allow to reach the same value of , explaining the reduction to two parameters.

By replacing the thickness by into equation 6 in [START_REF] Freychet | Analytical optimization of piezoelectric acoustic power transfer systems[END_REF], with the wavelength, and by considering , the following expression is obtained:

(4)
This intermediary layer is taken into account in the APT system model by using the same procedure as in Section II. By varying the values of and , the optimal intermediary layer can be identified. For all the values of and simulated, the highest value of performances over frequency for the 73 mm thick wall are plotted. The normalized transmitted power and the efficiency as a function of and are plotted in Figure 4 and Figure 5 respectively.

corresponds to an absence of intermediary layer allowing to see if performances are improved or degraded. It clearly appears that the transmitted power can be strongly increased using an intermediary layer. The layer's characteristic acoustic impedance should be between 1 and 3.5 MRayl and the number of wavelength between 0.15 and 0.35 to have an important increase in the transmitted power. By comparison, the standard method to adapt two half-infinite mediums of different characteristic acoustic impedance and consists of using a quarterwavelength layer (i.e.

) whose characteristic impedance is [START_REF] Bakhtiari-Nejad | Dynamics of acoustic impedance matching layers in contactless ultrasonic power transfer systems[END_REF]. It here results in a 25 MRayl layer, which as it clearly appears in Figure 4 and Figure 5 do not maximize nor . It appears that adding an intermediary layer also goes with an efficiency reduction as shown in Figure 5. A compromise exists between efficiency and transmitted power in the layer's design.

For the intermediary layer, we used a PMMA plate, whose characteristic acoustic impedance is 3.2 MRayl and its wave speed is 2700 m/s. The layer's thickness can then be calculated using the following formula: [START_REF] Yang | Modeling and Characteristic Analysis of Wireless Ultrasonic Vibration Energy Transmission Channels through Planar and Curved Metal Barriers[END_REF] With the frequency at which the transmitted power is maximized (992 kHz). The layer should hence be between 400 to 950 µm.

IV. EXPERIMENTAL VALIDATION

To validate the benefit of the intermediary layer to increase the transmitted power, two set-ups have been realized. The first one is composed of the same elements as the ones used in section II. The second set-up is composed of identical transducers and wall but also includes a 550 µm intermediary layer in PMMA, placed between the emitter and the wall. This set-up is presented in Figure 6. The intermediary layer being very thin, it is hardly visible on the picture. As in many works on APT, performances are evaluated by measuring the impedance matrix of the formed electrical quadrupoles using a vector network analyzer [START_REF] Freychet | A Versatile Through-Metal-Wall Acoustic Power and Data Transfer Solution[END_REF], [START_REF] Lawry | Electrical optimization of power delivery through thick steel barriers using piezoelectric transducers[END_REF], [START_REF] Freychet | Multiple input single output configurations to improve performances and robustness of acoustic power transfer[END_REF]. From this impedance matrix and can be obtained [START_REF] Freychet | Analytical optimization of piezoelectric acoustic power transfer systems[END_REF]. The transmitted power with and without the intermediary layer are plotted in Figure 7. It is clear that the intermediary layer allows to increase the transmitted power, which is here multiplied by two. As expected, the efficiency is however reduced. At the frequency at which the transmitted power is the highest, the efficiency is of 67% without the intermediary layer while it is 34% with the intermediary layer. Without the intermediary layers, there are multiple peaks maximizing the transmitted power, corresponding to the wall thickness resonance. With the intermediary layer, there is only one peak. In the following section, we will see that the corresponding frequency can be easily determined from the accessible side only, allowing to determine and stay on the best operating frequency.

V. BEST OPERATING FREQUENCY DETERMINATION

As explained in the introduction, finding and staying on the best operating frequency is an issue of APT systems. By looking at the input impedance, we will see how using an intermediary layer strongly facilitates its determination.

In Figure 8 are plotted the phase of the input impedance of the set-ups with and without intermediary layer, respectively in blue and in red. By comparing these curves with Figure 7, it appears that the input impedance's phase is zero at the best operating frequency when using the intermediary layer, which is not the case without it. It is very advantageous for two reasons: there is no need of reactive components to cancel the reactive power and the best frequency can be tracked by keeping the phase of the input impedance equal to zero. The input impedance of the set-up with the intermediary layer has been measured while varying the system's temperature (top right corner of Figure 8). For the three temperatures tested, the frequency at which the phase is zero corresponds precisely to the frequency at which the transmitted power is at its highest level. This demonstrates that the phase of the input impedance, using an intermediary layer, can be used to find and stay on the best operating frequency even if the system's conditions change.

VI. CONCLUSION

In this paper, we have shown that the normalized transmitted power of APT systems could be highly increased using an intermediary layer placed between the emitter and the wall. We have proposed a design method to determine its best dimensions and materials. Experimentally, the use of the intermediary layer has resulted in a normalized transmitted power multiplied by two. We have finally shown that the use of an intermediary layer is of great interest to determine and stay on the best operating frequency. This is performed by keeping the phase of the system's input impedance equal to zero. This also results in the absence of reactive power without using dedicated electrical components (e.g. a capacitor or an inductor).
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 1 Figure 1: APT through wall including an intermediary layer.
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Figure 3 :

 3 Figure 3: APT as the connection of various quadrupoles.
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 4 Figure 4: in as a function of and .
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 5 Figure 5: efficiency as a function of and .
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 6 Figure 6: experimental set-up with the intermediary layer.
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 7 Figure 7: transmitted power measurements with and without the intermediary layer.

Figure 8 :

 8 Figure 8: phase of the input impedance with and without intermediary layer. Secondary plot: zoom with an intermediary layer at different temperatures.

Table 1 :

 1 Material parameters used in the model.

	Aluminum	70	0.33	2700	1000
	PIC181	108	0.35	7850	2000
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