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[bookmark: _Hlk96942730]The quality factor value of the RX, , was obtained by following the ring-down methodology. 
It is a rapid way to calculate the quality factor of resonators. Particularly, the resonator, excited from the waveform generator in the burst mode, will take a certain period to get his maximum value, as well as it will take the same period to go back to its off-state when the input burst ends. The formula for the calculation of  is:
	
	
	(1S)



where  is the rate of decay for which the signal attenuates by a factor  ≌ 37% (Figure S1). The resulting  value is approximately 231.
	[image: Figure_A1]

	Figure S1. The pMUT excitation when the input is given by burst mode.



In the following, the procedure to get the one-dimensional (1D) lumped parameter transmission line model for the UPD system.
The TX is the Langevin transducer. It works in the thickness mode. Thus, we can use as the first approximation a 1D-model using two-ports networks to describe the back side, the stack of piezoelectric plates, and the front side (Figure S2). 
As it is visible in Figures S2(A-B), the back and piezo stack parts of the TX comprise also the screw bolt. These two parts have a uniform cross-section, and each impedance is computed by using the following equations [1]:
	
	
	(2S); (3S)



In equations (2S) and (3S),  is the number of stack elements (for the piezoelectric material there are two stacked plates connected in parallel),  and  are the density and speed of sound of materials,  is the wave number,  is the thickness and  is the cross-section area. 
	[image: Figure_4]

	Figure S2. Two-ports network to describe the blocks of the TX. Back side (A); piezoelectric stack (B); front side (C).



Figure S2(B) shows the Mason’s circuit used to model the piezoelectric element [2]. It consists of two mechanical ports and an electrical one related with the electromechanical transformer having the turns ratio value of . On the mechanical side of the transformer is the capacitance  of the piezoelectric plate. The values of  and  can be calculated from the following expressions [1, 3]:
	
	
	(4S); (5S)



where  is the piezoelectric charge coefficient,  is the permittivity of the piezoelectric plate at a constant mechanical stress, and  is the mechanical compliance of the plate at a constant electric field.
Figure S2(C) is the two-port network of the waveguide located on the front side of the piezoelectric stack. It has a non-uniform cross-section area, whose value varies along the direction of propagation of the wave, , by following the expression:
	
	
	(6S)



where in this case  is the cross-section area at the end of the front side, and  is the decay coefficient:
	
	
	(7S)



The  value is the ratio between large and small radius, and  in equation (7S) is the thickness of front side material. Thus, each impedance of Figure S2(C) is computed through the following equations [3]:

	
	
	(8S)

	
	
	(9S)

	
	
	(10S)

	
	
	(11S)



Figure S3 shows the resulting TX equivalent circuit formed by lumped elements.
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	Figure S3. 1-D lumped element model of the complete TX, with its simplified resulting 3-ports Mason’s circuit.



The resulting circuit in Figure S3, is the 3-ports model of the Mason’s circuit for a piezoelectric transducer working in the “33” mode. Assuming the back side of TX loaded with a low impedance of the air, the simplified 2-port model of the Mason’s circuit shown in Figure S4 will be used in the following analysis.
	[image: Figure_6]

	Figure S4. Equivalent 2-port model of the Mason’s circuit of the TX.



To solve the circuit in Figure S4, the methodology based on the creation of ABCD matrixes is adopted in this study. Resulting equation for this 2-port network model is:
	
	
	(12S)

	
	
	



To describe parameters of Figure S4, the ABCD matrixes must be created by following instructions given in Figure 5S.
	[image: ]

	Figure S5. Instructions to create ABCD matrixes for model of 2-ports Mason’s circuit.



The resulting ABCD matrix in equation (12S) is the result of the multiplication of all ABCD matrixes representing each single block of the subsystem groups shown in Figure S5. 
Moreover, while modelling a piezo structure, is important to consider the losses, which are piezoelectric, , dielectric, , and elastic , ones. It is possible to relate these losses by considering the assumption of IEEE standard [4]:
	
	
	(13S)



The value of  is usually given by datasheet, while  can be easily calculated as the inverse of the quality factor, , as: , [5]. Finally,  is given by equation (13S).
To introduce the elastic losses of mechanical layers, such as back and front sides of Langevin, is possible to assume these layers as underdamped harmonic oscillators where the angular frequency of oscillation, , and the mechanical quality factor, , are given by following equations:
	
	
	(14S)

	
	
	(15S)



where  is the material stiffness,  is the mass, and  is the damping coefficient that can be defined through the definition of the damping ratio value, , as it follows:
	
	
	(16S)



The value of  can be found in [6]. The parameter is the critical damping coefficient, defined as it follows:
	
	
	(17S)



To simulate the losses in materials like steel and aluminum, it is necessary to define the mass  and the stiffness  of materials. Particularly, it is possible to define them as:
	
	
	(18S)



where  is the density,  the cross-section area,  the thickness and  the Young’s modulus of mechanical layers. By summarizing, is possible to find elastic losses of mechanical layers by combining the above equations in the following way:
	
	
	(19S)



Once all the loss values are obtained, they must be inserted in equations (2S)–(5S) and (8S)–(11S) through the definition of lossy piezo equivalent capacitance, , lossy turns ratio value of transformer, , lossy speed of sound, , and lossy wave number, :
	
	
	(20S)
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About the medium layers of the UPD system, once ultrasound wave has been generated by the TX, it propagates through media which are the PDMS layer and the thin SST layer to the air-cavity. A lumped-parameters model shown in Figure S6 describes the propagation through these media.
	[image: Figure_8]

	Figure S6. Lumped parameter model for the wave propagation in the medium layers.



In Figure S6, the mechanical layers are represented by two T-networks, while the air-cavity is represented by an acoustic compliance, , which is given by the following equation:
	
	
	(24S)


The mechanical and the acoustic part of the model in Figure S6 are interconnected by the transformer respecting these two domains by the transformer ratio . In the first approximation the value of  corresponds to the area of the steel housing separating the transmission medium and the air cavity.
In Figure 6S, the values of , , ,  can be calculated by using equations (2S) and (3S); terms  and  are the input force and the velocity at the input side of the PDMS layer, while  and  are the output force and the velocity at SST layer side in contact with the air cavity. Terms  and  are the flow rate (volume velocity) and acoustic pressure in the air cavity, which will generate the mechanical vibration of the pMUT diaphragm.

The following Figure S7 shows the structure and the dimensions of the pMUT used in our work as a receiver, and its laminate section. The illustrated pMUT is a laminate structure formed on a silicon (Si) substrate, by a silicon oxide (SiO2) thin layer, an aluminum nitride (AlN) piezoelectric thin film covered by Al/Cr metal pads and backed by an air-cavity of cross-section area, . Electrodes of the pMUT are placed at the edges of the diaphragm above the AlN film. The top electrode is an Al/Cr metal pad while the bottom is formed by a doped silicon layer.
	[image: ]

	Figure S7. Square pMUT: structure and dimensions (A); laminate section (B).



To find the pMUT properties is necessary to define the plate modulus, , he location of mid-plane, , and top, , of all “” layers constituting the pMUT. Then, it is possible to calculate the location of neutral axis, , and the mass per unit area, , in order to find the laminate’s flexural rigidity, , of the pMUT [7].
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[bookmark: _Hlk39312528]where .
In order to find resulting pMUT values for Young’s modulus, , plate modulus, , Poisson’s ratio, , and density, , parameters, an homogenization technique was adopted: 
	
	
	(31S)

	
	
	(32S)

	
	
	(33S)

	
	
	(34S)



where  is the cross-section area and  the volume of the layers constituting the pMUT.
Figure S8 shows the pMUT lumped-parameter model divided in electrical, mechanical and acoustic domain. In the mechanical domain,  is the compliance,  the mass and  the damping of the system.
	[image: ]

	Figure S8. Square pMUT lumped parameter model.



The resulting natural angular frequency for the pMUT is given by the following equation [7]:
	
	
	(35S)



The value of  can be easily deducted from the impedance measurement by means of an impedance analyzer. The impedance measurement, , gives precise information about the values of the resonant frequency, , and antiresonant frequency, . Moreover, from the impedance measurement, it is possible to calculate the pMUT equivalent capacitance, , and the coupling factor, .
	
	
	(36S)
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The loss values of pMUT can be calculated from equation (13S). Particularly,  is the value of AlN dielectric loss, while to determine the value of  to get  is possible to proceed experimentally through ring-down methodology.
Once  is calculated from the  value, given by the  measurement, is possible to define the eigenvalue , as it follows: 
	
	
	(38S)



Then, by considering a square plate, two-dimensional resonator, in [7] authors found the following relationship for the effective stiffness, , value:
	
	
	(39S)



While computing the  value in simulation, it is important to introduce its elastic loss factor, because, in the mechanical domain,  represents the behavior of a spring [8]. Once  is given, by combining equations (35S) and (39S), is possible to calculate the value of , as it follows:
	
	
	(40S)



Finally, is possible to determine the values of the effective compliance , by using equation (35S), and the effective value of damping, , in the following way:
	
	
	(41S)

	
	
	(42S)



The value of the electromechanical coupling coefficient, , can be calculated by considering the following relationship [7]:
	
	
	(43S)



About the acoustic domain of Figure S8, the parameter  is the pMUT radiation impedance and it is described, under free-field conditions, as it follows [9]:
	
	
	(44S)



[bookmark: _Hlk39327397][bookmark: _Hlk39327426]In order to estimate the value of the air acoustic impedance for the clamped diaphragm, , it is possible to use the Bouwkamp’s formula based on values of wave number, , and  parameters, in order to get the normalized acoustic impedance [10]. For the proposed pMUT:  1.84. So, to obtain the air acoustic impedance, we multiplied the normalized acoustic impedance by :
	
	
	(45S)


 
In order to find the value of , it was used the following approximation [10] for estimating the resonant frequency in air:
	
	
	(46S)

	
	
	(47S)



[bookmark: _Hlk39337576]Where the cross-section area of pMUT back-air cavity, , can be approximated to a third of AlN diaphragm cross-section area, , [11]. Then, the value of  is calculated starting from equation (45S).

The following Table 1S shows the parameter values for the screw bolt, back side and front side of Langevin (TX), and Table 2S shows the parameter values of the medium layers.

Table 1. S. Parameter values of screw bolt, back side and front side of Langevin (TX).
	Parameter
	Screw bolt
(steel)
	Back side
(steel)
	Front side
(aluminum)

	Cross-section Area  [m2]
	5.0265·10-05
	9.1185·10-04
	9.62·10-04 , 1.6·10-03 

	Thickness  [m]
	0.01545 + 0.0115
	0.01545
	0.0268

	Density  [kg/m3]
	7800
	7800
	2700

	Young's Modulus  [Pa]
	2.09·10+11
	2.09·10+11
	1.1·10+11

	Acoustic Impedance [MRayls]
	40.2
	40.2
	17.2

	Damping ratio ()
	7/1000
	7/1000
	2/1000



Table 2. S. Parameter values of medium layers.
	Parameter
	PDMS
	Tipe 316L SST
	Air cavity

	Cross-section Area  [m2]
	1.023·10-03
	9.6·10-04
	1·10-04

	Thickness  [m]
	7·10-03
	3.7·10-04
	1.25·10-03

	Density  [kg/m3]
	1063
	8000
	1.225

	Young's Modulus  [N/m2]
	1.0076·10+09
	2.09·10+11
	-

	Acoustic Impedance [MRayls]
	1.03
	40.2
	-

	Damping ratio ()
	7/10
	7/1000
	-
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