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Abstract—Aluminum Nitride (AIN) Piezoelectric Microma-
chined Ultrasonic Transducers (PMUTs) are gaining interest
for biomedical implant power due to biocompatibility and low-
temperature processing. However, due to the low piezoelectric
coefficient of AIN PMUTSs, storage capacitors are often used
to accumulate ultrasonic power transferred over an extended
time. The accumulated energy is then used to power a DC load,
which leads to a long start-up time, and insufficient duty cycle
for some applications. We present an ultrasonically powered
system for biomedical implants capable of delivering mW-range
instantaneous power to DC loads, without pre-storing it. The
system features a 25 mm? AIN PMUT, an inductive matching
network, and an application-specific power management inte-
grated circuit(ASIC). For an acoustic intensity of 360 mW / cm?
at the surface of the PMUT, an open-circuit voltage of 1.11 V
and an aperture efficiency of 30.5 % are measured. Furthermore,
by connecting a series-matching inductor to the PMUT, the
highest-reported power delivered to the load (PDL) of 6.4 mW is
measured over an optimal load of 7.6 (2. Finally, together with
the ASIC and at the intensity of 108 mW/cmz, our system
delivers 1.04 mW DC power to a 3.3 k2 load, which is over
two orders of magnitude higher than the previously reported
average DC power for AIN PMUTs.

Index Terms—ultrasonic powering, AIN PMUT, matching net-
work, power management, implants

I. INTRODUCTION

Among various wireless power transfer schemes, ultrasonic
has shown superior functionality and adaptability for powering
mm-sized batteryless systems implanted deep into the body
[1]-[3]. However, most of the reported ultrasonically powered
implants are equipped with bulk piezoelectric receivers, which
are often not biocompatible and require labor-intensive manual
integration.Therefore, micromachined ultrasonic transducers
(MUTs) have gained interest in powering biomedical implants,
recently. MUTs include capacitive (CMUTs), and piezoelectric
(PMUTSs) versions based on their transduction mechanism.
Aluminum Nitride (AIN) is often preferred as the active
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Fig. 1. An ultrasonically powered implant featuring a PMUT receiver

material of PMUTs utilized in biomedical implants due to its
biocompatibility, and low-temperature process [4]-[7].

Fig. 1 shows a simplified block diagram of an ultrasonically
powered implant with a PMUT receiver, where the application
load is modeled by electrical resistance. Since most of the
applications require a robust DC supply rail, a power man-
agement unit (PMU) is required to rectify the AC power-
carrier signal and generate DC supply levels according to
the application’s needs. While off-the-shelf (OTS) diodes and
integrated circuits (ICs) are often used in the literature for
prototyping the PMU [5], [6], application-specific integrated
circuits (ASICs) can pave the way for monolithic integration
of PMUTs on top of ASIC as demonstrated in [4]. Due to the
low efficiency of the PMUT-based implants, PMUs in [4] and
[6] are equipped with large storage capacitors to accumulate
ultrasonic power transferred over an extended time, and then
use it to power a DC load. However, this leads to a long start-
up time, and a short duty cycle for some applications. To in-
crease the receiving efficiency of PMUTSs, matching networks
are often used as an interface between the PMUTs and the
electrical load seen at their terminals [5], [6]. For this purpose,
an inductor-based matching network is commonly used to
compensate for the large static capacitance inherent to the
majority of micromachined transducers [5], [6]. As an attempt
to achieve a smaller footprint, a higher quality factor, and
voltage boosting at PMUT terminals, [5] has proposed to use
parallel resonators instead of common inductors in matching
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Fig. 2. Degradation of average intensity and peak-to-peak pressure due to
1.5-degree angular misalignment for different RX dimensions.

networks. Even though a smaller footprint is advantageous, the
higher quality factors come at the cost of smaller bandwidth,
and the so-called voltage boosting effect can be also achieved
by a parallel inductor.

In this work, we present an ultrasonically powered system
that is capable of delivering a mW-range instantaneous power
to a DC load by employing a 25 mm? AIN-PMUT, an induc-
tive matching network, and an ASIC for power management.

II. DESIGN METHODOLOGY
A. PMUT Design

AIN PMUTs show a rather low receiving efficiency [4]—
[6]. Therefore, PMUTs with a larger aperture are required
for receiving sufficient energy for more power-demanding
applications. However, a larger aperture makes them more
sensitive to nonuniform phase distributions and efficiency
degradation for small misalignments. Fig. 2 illustrates the
degradation of average intensity and peak-to-peak pressure
due to a 1.5° angular misalignment of the transmitter for
different RX dimensions. The transmitter is a circular single-
element PZT piston transducer with a diameter of 39 mm. A
needle hydrophone mounted on a motorized stage was used
to scan a planar plane with the same area as potential RX
transduces. As can be seen in this figure, the small tilt of
the TX causes a significant drop in average acoustic intensity
from 540 mW /cm? to less than 10 mW/cm? when increasing
the lateral dimensions of the receiver from 4 to 20 mm.
The sensitivity of big transducers to angular misalignment is
further discussed by the authors in [8]. Therefore, as a trade-
off between maximum power delivered to the load (PDL) and
lower sensitivity to angular misalignment, an active area of
5 mm x 5 mm is chosen for the PMUT.

It has been shown that doping AIN with Scandium (ScAIN)
improves the transmitting performance of PMUTs [5]. How-
ever, Scandium doping cause higher stress, lower uniformity,
and higher cost compared to typical AIN PMUT while it does
not necessarily improve receiving efficiency. Therefore, typical
AIN PMUTs are designed and fabricated in this work.
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Fig. 3. AIN PMUT fabrication process flow: a) cavity SOI wafer with a thin
layer of thermal oxide, with bottom electrode sputter deposited and patterned,
b) piezo layer (AIN) deposition, patterning and wet etch, ¢) AlSi top electrode
deposition and patterning, d) thin silicon nitride passivation layer deposition
and patterning to open wire bonding contact pads.

B. PMUT Fabrication Process

Figure 3 shows a cross-sectional view of a single PMUT
cell and the fabrication process flow. PMUTs are fabricated
using Cavity-Silicon on Insulator (C-SOI) wafers. The mem-
brane is composed of a Silicon (Si) structural layer, an AIN
piezoelectric material, an Aluminium (Al) top electrode, and
a Molybdenum (Mo) bottom electrode. The cavity beneath
the silicon structural layer is in vacuum conditions, and the
layer thickness is optimized to achieve maximum receive
performance. The PMUT fabrication process begins with the
growth of a thin thermal oxide layer for electrical isolation,
followed by sputter deposition of the Titanium/Molybdenum
(Ti/Mo), which is then patterned and etched to define the
PMUT bottom electrode (Fig. 3(a)). An AIN piezoelectric
layer (1 pm) is then sputter deposited and patterned using an
oxide mask and wet etching. (Fig. 3(b)). The bottom electrode
and AIN piezoelectric active layers are deposited with an
Evatec Clusterline 200 IT (CLN 200) sputtering system, and
the sputter deposition process parameters are optimized to
minimize the residual stress within £100 MPa. An Aluminum-
Silicon (AlSi(1%)) layer is deposited, patterned, and etched
to define the PMUT top electrode (Fig. 3(c)). A relatively
thick AlSi layer is used as the top electrode metal to reduce
the resistance losses. Finally, the PMUT is covered using a
thin silicon nitride passivation layer and patterned to open pad
regions for wire bonding (Fig. 3(d)).

C. Power Carrier Frequency and Matching Network

To determine the power carrier frequency, we carried out
a pulse-echo experiment which is based on measuring the
PMUT’s open-circuit sensitivity over different frequencies.
First, the PMUT’s total RX-TX sensitivity is measured using
the setup shown in Fig. 4. This is done by driving a pulse
to the PMUT array at a 7.5 cm distance from a reflector
and measuring the echo with the same array. Then, the TX
sensitivity is measured using a hydrophone at the place of the
reflector. Finally, the total RX-TX sensitivity is divided by
the TX sensitivity to drive the RX sensitivity (normalized to
its peak value in Fig. 4). This measurement demonstrates the
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Fig. 4. PMUT’s normalized RX sensitivity from the pulse-echo experiment.
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Fig. 6. a) test setup for matching circuits, b) equivalent circuit series matching,
and c) equivalent circuit parallel matching.

highest sensitivity (over 90%) in the range of 2.4-3.6 MHz.
Thus, 2.5MHz is selected as the carrier frequency due to
reduced tissue attenuation at lower frequencies.

In order to design the matching network, the initial step
involves measuring the impedance of the submerged PMUT
across a frequency spectrum of 1-6 MHz, utilizing a network
analyzer. Fig. 5 depicts the measured impedance in conjunc-
tion with its fitted Butterworth-Van Dyke (BVD) equivalent
model. The 5.1 Q series resistance (PMUT_ESR) in the model
represents the electrical interconnects between the PMUT ar-
ray and the PADs. Fig. 6(a) shows the matching measurement
setup for searching the optimal load in case of series or
parallel matching. Here, series matching and parllel matching
correspond to scenarios in which the PMUT receiver, the
matching inductor, and the resistive load are connected either
in parallel or in series, respectively. For further analysis of the
two scenarios, the PMUT’s impedance is simplified with its
Thevenan (Fig. 6(b)) and Norton (Fig. 6(c)) equivalents at the
frequency of 2.5 MHz. Furthermore, The limited quality factor
(Q) of the matching inductor is modeled with its equivalent
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Fig. 7. RX Power and voltage for (a) parallel load, (b) series load.

series or parallel resistance (L_ESR or L_EPR, respectively).
Using inductors with Q ~ 20, the L_ESR ~ 5 k{2 and L_EPR
~ 2.9 k) are calculated for the designed matching inductors.
It can be observed from lumped element model in Fig. 6 that
in both parallel and series matching scenarios, the parasitic
resistances of the PMUT’s interconnects and the matching
inductors dominate the total source resistance. Therefore, even
for a perfect matching half of the power will be dissipated on
the parasitic source resistance.

D. Power Management ASIC

Custom-designed power management ICs can pave the way
for more efficient and miniaturized implants. Therefore, an
ASIC is designed and fabricated in a 180-nm bipolar CMOS
DMOS (BCD) technology for generating DC supply voltages
using the available electrical power at the implant. The ASIC
includes a semi-active rectifier and two programmable voltage
regulators at 1.8 V and 3 V levels for generating the DC supply
rails required for a variety of applications. The ASIC supports
up to 5 V voltage levels and is equipped with overvoltage
protection circuits. To limit the ripples at the output of the
rectifier, a nF-range storage capacitor is recommended.

IIT. RESULTS

For an acoustic intensity of (Iys = 360 mW/ cm?) at the
PMUT’s surface with the active area of A = 25 mm?, an
open-circuit peak-to-peak voltage of Vgrx pp,=1.11 V is mea-
sured. accordingly, RX ultrasonic power (Pygs) and available

electric power (Pyy.clec) can be formulated as below [1]:
PU5:IU5><A:90 mW @))]

2
Pav.elec = ViRX,pp = 27.5mW (2)

8 X Rpymur
Thus, the aperture efficiency (7)4),) is calculated as:

Pav.elec ‘/RX,;D;D2

Hapr = PUS - 8 X RPMUT X IUS x A = 30.5% (3)
However, the total receiving efficiency (nrx) is lower due
to the matching efficiency (maximum 50 %), and diffraction
factor [5]. For measuring ngrx, the test setup in Fig. 6 is
used at Iyys = 360 mW/cm?. Fig. 7 illustrates the RX
power and voltage across the load for parallel and series
matching. Series matching achieved 6.4 mW power and 7.11
% efficiency with a 7.6 Q) load. Parallel matching reached 4.96
mW power and 5.51 % efficiency over a 1.5-k€2 resistor. Both
cases use 6.2 puH inductance (4.7 pH in series with 1.5 uH
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- TX transducer PMUT | | Matching Application load Work
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i3 Agilent Technologies TUE MAR 07 18:21:00 2023 csrum 00
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Matching Network Yes Yes No No Yes
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nrRx,pDC (%) 3.84 0.11 N/A 0.75 N/A
Inst. DC Power Yes No No No Yes
PMU ASIC | OTS No ASIC | OTS
Monolithic Integ. No No No Yes No

Fig. 8. Schematic of the measurement setup and transient result for the system
including ASIC.
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Fig. 9. photos of a) ultrasonic setup, b) the fabricated PMUT cells, c)power
management PCB, and d) bare PMIC die

inductors) for the matching component. Fig. 8, and 9 illustrate
the schematic and photos of our complete system. As shown
in the oscilloscope photo in Fig. 8, our system is capable
of continuously powering DC loads upon the availability of
ultrasonic energy. At Iys = 108 mW/em?, DC voltages of
39V, 26V, and 1.85 V were measured for open-circuit,
1 k€, and 3.3 kX2 loads, respectively. Therefore, a maximum
of 1.04 mW DC power can be continuously delivered to
the 3.3 k€2 load upon the availability of the ultrasonic link.
An optical microscope image of fabricated PMUT cells and
fabricated ASIC are shown in Figure 9(b) and (d), respectively.
The ASIC occupies a total silicon area of 1640 pm x 1440 pm.
The fabricated die is packaged in a 5 mm x 5 mm QFN
package for prototyping purposes (9(c)).

IV. CONCLUSIONS

This paper presents an ultrasonically powered system featur-
ing a 25 mm? PMUT receiver and a custom-designed power

* Normalized for an acoustic intensity of 0.5 Iinqz = 360 mW/cm?

management IC. The design parameters and methodology are
discussed in detail. A summary of the specifications and a
comparison with the state-of-the-art works are presented in
Table 1. According to the measurement results, the highest-
reported AC power delivered to the load PDL 4o among AIN-
PMUTs is achieved. This PDL is achieved by designing the
rather large but still reasonably misalignment-insensitive active
area for PMUT, and the proper design of high-Q matching
inductors. Moreover, for the first time, we demonstrated an
instantaneous PD L p-=3.46 mW power delivery to a DC load
with an AIN PMUT receiver which is at least two orders of
magnitude higher than other works. Moreover, the DC voltages
up to 3.9V were measured without using a voltage-doubler or
transformer as used in [5], [6], by using a parallel matching
inductor and the custom-designed ASIC.
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