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Abstract. Ultrasonic waves can transfer power and data to sensors and devices
deployed to traditionally inaccessible locations, such as inside the human body or deep
in the ocean, eliminating the need for battery replacement. In ultrasonic power and
data transfer systems, a piezoelectric transducer converts incident ultrasonic waves
to useful electric power while transmitting data by modulating its reflected signal
through backscatter communication. Existing approaches rely on reflecting a portion
of the incident power to communicate, reducing the harvested power. This work
realizes uninterrupted power harvesting with simultaneous backscatter communication
through frequency multiplexing. A piezoelectric transducer is first designed and tested
experimentally for high sensitivity and high bandwidth operation through low-loss
broadband acoustic and electrical impedance matching. The transducer achieved 70%
bandwidth at 1 MHz with a 10 dB difference between reflecting and absorbing incident
ultrasonic waves. A frequency multiplexing technique is then developed to separate
power and data into different frequency bands achieving simultaneous operation. The
technique extends the range and bandwidth of ultrasonically powered devices such as
biomedical implants and ocean monitoring sensors.
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1. Introduction

Ultra-low-power electronic circuits and sensors enable devices to be deployed in
traditionally inaccessible locations such as inside the brain [1], in sealed metallic
enclosures [2], or deep in the ocean [3, 4]. The inaccessibility of these environments
limits battery operation which motivated researchers to consider ultrasonic waves for
transmitting both power and data to the device. Ultrasonic waves solve various
challenges in different research domains from medicine to defense industry, and the
solutions developed for each field exhibit similarities.

Biomedical technology researchers use ultrasonic waves for powering and
communicating with implanted medical devices (IMDs)[5] for health monitoring |6,
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7, 8, 9, 10, 11], enhancing tumor treatment [12, 13], neural recording [1, 14], and
neural stimulation [15, 16, 17, 18, 19, 20, 21]. Ultrasonic power is utilized since
the United States food and drugs administration (FDA) limits the electromagnetic
power transmitted through the human body to 0:1mW mm 2. In contrast, ultrasonic
waves can have a power density as high as 7:2mW mm 2 [22]. Ultrasonic waves also
have a smaller wavelength than electromagnetic waves, allowing for smaller implants.
Ultrasonic power delivery and communication is one of the enabling technologies for
concepts such as the body area network (BAN) [23, 24].

Ultrasonic waves are also investigated for deep underwater communication
solutions [25].  While optical and RF-based solutions exist, their operation is
typically limited to short links due to the large attenuation of electromagnetic waves
underwater [26, 25]. Underwater wireless ultrasonic sensor nodes are investigated
for ocean monitoring and tracking climate change [27, 28|, increasing underwater
communication bandwidth [29], tracking marine life [30, 31, 32], and as markers for
aiding the navigation of autonomous underwater vehicles [33]. Most of the devices
developed in the underwater literature are battery-operated, limiting their lifespan given
the difficulties in retrieving and replacing the batteries. However, recent efforts have
investigated ultrasonic waves for both powering and communicating with underwater
sensor nodes [3, 4, 34, 35].

Researchers have also investigated ultrasonic power and data transfer (UPDT)
through metals [36, 37, 38, 39, 40, 2, 41, 42]. Since RF waves cannot penetrate thick
metallic enclosures, mechanical waves remain the only power and data transfer approach.
Sealed metallic enclosures equipped with UPDT systems protects sensitive electronics
from electromagnetic interference, and provides complete weather protection.

All UPDT systems reviewed in the literature included a PZT transmitter (TX)
connected to an electrical power source. The power and data are transmitted to a
piezoelectric receiver (RX) connected to either a sensor (for collecting data) or an
actuator (for stimulating its environment). The data can flow from the transmitter
to the receiver (downlink communication for sending excitation commands) [15, 2, 16,
18, 20, 43|, from the receiver to the transmitter (uplink communication to transmit
sensor data and device status) [6, 44, 45, 1, 14, 8, 41, 42, 4, 46, 10, 11|, or in both
directions either simultaneously (full-duplex) [47, 40] or in turns (half-duplex/time
multiplexing) [48, 49, 50, 36, 51, 21]. Downlink communication can be as simple as
switching between turning the transmitter on and off, i.e., on-off keying (OOK) [16] or
using advanced modulation schemes such as orthogonal frequency division multiplexing
(OFDM) for higher throughput [2].

Uplink communication has more restrictions than downlink since the power
available to the wireless device is limited. While active approaches (exciting the
transducer to send data) have been proposed for uplink communication, their realization
usually involves toggling between storing enough power and transmitting the uplink
data [8, 4]. Since no communication occurs while the wireless device is being charged,
the uplink throughput is limited. It also requires a large capacitor or a battery to store
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the data, which might not be feasible in space-limited applications such as biomedical
implants.

Ultrasonic backscatter is a passive uplink communication approach in which
the reflected ultrasonic signal from RX is modulated to send the uplink data. In
backscatter communication, the electrical impedance connected to the piezoelectric
receiver is modulated, changing the receiver’s acoustic impedance and the amplitude
of the reflected ultrasonic signal. By switching between absorbing and reflecting the
ultrasonic waves, as shown in Fig.la, uplink communication is established with minimal
power from RX. Only a low-power transistor (with its driving circuit) provides uplink
communication using backscatter reducing hardware complexity compared to active
approaches. The majority of the surveyed literature incorporated backscattering in
their UPDT designs [48, 40, 34, 10].
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Figure 1. (a) Existing implementation of ultrasonic power and data transfer in

literature. (b) Proposed system for simultaneous power and data transfer based on
frequency multiplexing.

State-of-the-art UPDT systems reflect a portion of the incident ultrasonic power
to establish backscatter communication limiting the amount of ultrasonic power they
can absorb. As shown in Fig.1a, when the transistor is on, ultrasonic power flows
to the energy harvesting circuit (rectification and voltage regulation) and is stored
for the device operation. However, no power is harvested when the transistor is off,
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and most of the incident acoustic power is reflected. Ozeri et al. [45] attempted to
address this issue by introducing a slight change in the load connected to the transducer
instead of completely shorting it. Still, their approach only compromised communication
sensitivity and power harvesting.

This work realizes uninterrupted power harvesting with simultaneous backscatter
communication through frequency multiplexing. A frequency band is dedicated to
continuous power transfer and isolated from the data frequency bands. As shown in
Fig.1b, the signal is split using a frequency splitter (also known as a diplexer in RF
literature or frequency crossover in audio literature), and power is supplied continuously
to an energy harvesting circuit uninterrupted by switching the data channel. However, in
order to achieve frequency multiplexing, the piezoelectric receiver must have both high
bandwidth and sensitivity which can be achieved through careful broadband impedance
matching of the piezoelectric transducer to both the acoustic and electric domains.

We first introduce a simplified analytical model for analyzing the reflection from a
piezoelectric layer in Sec. 2. Simultaneous acoustic and electric impedance matching
of an air-backed piezoelectric transducer is then discussed in Sec. 3. Several air-
backed transducers are then fabricated, and their performance is characterized in Sec. 4
to evaluate the quality of the acoustic matching layers. Finally, the transducer is
electrically matched for broadband data transfer and uninterrupted power delivery in
Sec. 5.

2. Modeling Reflection from a Piezoelectric Layer

Consider a transducer made of a thin piezoelectric disc transducer of thickness hp and
area Ap. The transducer is poled in the thickness direction with thin electrodes plated
on each face. Fig. 2 shows the transducer connected to an electric load with equivalent
complex electrical impedance Z,. The front face of the transducer is submerged
underwater, and its back is in contact with a material with mechanical impedance
Z,. The impedance matrix (Z) of the transducer relates the input forces on the front
and back faces (F1; F;) and voltage (V3) to the velocities (Vi;V,) and current (l3). Z is
given by [52]:

2 3 2 32
F, Z, cot(kphp)  Zpcesc(kphp) D58 vy
gFZZ: jE pCS( hp)  Zp cot(kphp) ¥ zngé (1)
Vs hsg hss 1
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Z
where Z, = CpAp is the mechanical impedance of the piezoelectric layer, | is the

density, ¢, is the longitudinal wave speed, hsz = €33= S5 is known as the transmitting
coefficient, €33 is the piezoelectric voltage constant, 35 is the permittivity at constant
strain, K, = 1=Cp is the wavenumber in the piezoelectric layer, and C, = 33A,=h, is the
piezoelectric layer capacitance at constant strain (i.e., when mechanically clamped).
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Figure 2. A schematic of a piezoelectric disc transducer represented as a 3-port

element connected to arbitrary electrical impedance Z, and an arbitrary backing layer
with mechanical impedance Zj,.

The electrical and backing impedance yield the equations:
Fz = VZZb (2)
V3 = 13Z, (3)

which are substituted in Eq. 1 to find the input mechanical impedance of the transducer
Z|n

F.
Zin=—
Vi
7?2 Z12Z%, 72 Z12Z2;
=74 12 Ze+Z3 13 Zy+Zn (4)
2% 2%
Zo+2Zu Zet+Z33 Ze + Za3 Zy+Zn

where Znn are the elements of the impedance matrix. The value of Zj, determines
the amount of acoustic reflection from the transducer. Equation 4 shows that Zj, is a
function of the transducer geometry and material, the backing layer impedance, and the
electrical impedance. By changing the electrical impedance connected to the transducer,
its mechanical impedance changes enabling backscatter communication.

The amount of reflection is calculated using the complex reflection coefficient of
the piezoelectric transducer (S;;1) by assuming incident and reflected mechanical waves
F*;F on the front face of the transducer, as shown in Fig. 2. The incident and reflected
waves are related to the total force and velocity by:

Fi=F"+F
+
W=t (5)
where Z,, = ZWAp and Z,, is the characteristic acoustic impedance of water in Rayleighs.
The complex reflection coefficient (S;1) is defined as:

F
S]_]_ - F (6)



6

By solving Eq. 4 and Eq. 5 together, the complex reflection coefficient of the transducer
with respect to water is given by:

ZW + Zin

This equation assumes that the piezoelectric layer is in direct contact with water. If

11 =

acoustic matching layers are present, the transfer matrix method is used to calculate
the reflection from the matched transducer [53].

The Smith chart is a useful tool for visualizing the complex reflection coefficient
(Snn). Since the magnitude of the reflection coefficient cannot be greater than one, all
its possible values are inside the unit circle, and thus the shape of the chart is circular as
shown in Fig. 3. A reflection coefficient value close to the origin of the chart represents
low reflection, and therefore a better match to a reference impedance. For acoustic
ports, the reference impedance is the mechanical impedance of the medium in which
the transducer will operate, such as water, tissue, or metal. For electric ports, this
reference impedance is commonly chosen to be 502 in RF circuits; however, it can be
set to the impedance of any electric load that needs to be powered.

Impedance matching aims to minimize the reflection coefficient by adding electrical
or mechanical elements that shifts the system’s impedance towards the center of the
plot. The horizontal line in the middle of the chart represents a purely resistive
impedance, while the top and bottom halves represent inductive and capacitive
impedance, respectively. Lines of constant resistance, reactance, conductance, and
susceptance can be shown on the chart to guide the impedance matching efforts. All
the values displayed on the chart are normalized to the chosen reference impedance. A
more comprehensive discussion of the Smith chart can be found elsewhere in the existing
litterature. Ref. [54].

3. Acoustic and Electrical Impedance Matching of Piezoelectric
Transducers

A 1MHz piezoelectric disc transducer of thickness 2:1mm and diameter 30 mm is
selected to demonstrate simultaneous acoustic and electrical impedance matching.
The transducer is made of a hard piezoelectric material (PZT-4) since it has a high
piezoelectric coefficient and low damping to maximize coupling and minimize the power
dissipated. The material properties of the piezoelectric layer are summarized in Table 1.

The backing layer of common commercial transducers is usually made of a lossy
material with impedance close to PZT which is well suited for imaging applications.
This backing approach is increases the transducer’s bandwidth at the expense of lower
sensitivity. Nearly half the input power to the transducer is lost to the backing layer
in this configuration. To avoid power loss to in the transducer backing, air backing is
used since it has a large impedance mismatch with PZT-4, which increases the efficiency



Table 1. Material properties of PZT-4 used in the transducer 1D model.

Property D Cp hss C% C, Qm tan
Unit kg/m® m/s kV/mm GPa nF - %
Value 7500 4706 2727 166 1.98 500 0.4

and sensitivity of the transducer. Next, the transducer bandwidth is enhanced through
simultaneous electrical and acoustic impedance matching.

Fig. 3 shows the steps for enhancing the bandwidth and sensitivity of an air-backed
transducer using electrical and acoustic impedance matching. The transducer is modeled
using the transfer matrix method, and its impedance and reflection characteristics
where simulated using MATLAB. First, the air-backed transducer without impedance
matching is shown on the Smith chart (Fig. 3a&b) as solid blue lines. The electrical
impedance of the bare transducer appears as a large circle which complicates electrical
matching efforts since the impedance varies between a wide range of capacitive and
inductive values depending on the frequency. The electrical impedance variation is
reduced when the acoustic port is matched to water by shifting the acoustic impedance
in Fig. 3a closer to the origin using quarter wavelength matching layers as commonly
done in the literature [55].

In the literature, a single quarter wavelength matching layer is commonly used
to match piezoelectric transducers to water. The material for a quarter wavelength
matching layer needs to have an acoustic impedance at the geometric mean of the two
mediums that need to be matched, i.e., for matching a piezoelectric transducer to water:

Zn="2,2, 0
where Z,, = 7MRayl is the acoustic impedance of the single matching layer. However,
low-loss natural materials with an acoustic impedance close to 7 MRayl are rare, limiting
the usefulness of single matching layers in high sensitivity /low loss applications such as
UPDT [56]. Alternatively, two quarter wavelength layers can be used to enhance the
piezoelectric transducer’s bandwidth [57, 56]. The impedance of each matching layer
is calculated from [58]:

T = 229215 o
Zmo = Z,°Z5° (10)

where Zpy; is the matching layer adjacent to the transducer, and Z., is adjacent to
water. The acoustic impedance of quartz glass is around 12:1 MRayl which is very close
to Zm1 value from Eq. 9. The value calculated for Zn,, is 4:3 MRayl, which lies in the
neighborhood of metal-filled epoxies such as silver epoxy or tungsten-filled epoxy. These
materials, however, are lossy and may reduce the sensitivity of the transducer. Pure
epoxy (3 MRayl) has lower attenuation and is easy to cast and polish to exact thickness
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for fine-tuning the matching process, so it was used instead. Epotek-301 is a clear epoxy
commonly used in the ultrasound literature because of its low viscosity, which allows it
to be easily cast without trapping air bubbles.

The acoustic and electrical reflection coefficients for a two-layer matched transducer
are shown as dot-dashed yellow lines in Fig. 3. The electrical impedance variation was
reduced significantly after the acoustic impedance matching, as shown in Fig. 3b. The
electrical impedance is shifted to the center of the Smith chart to match the transducer
electrically. A 6 UH series inductor and a 15 pH parallel inductor were used, as indicated
in Fig. 3b. Fig. 3c shows that the matched transducer achieves a wide flat bandwidth
close to 80% with a large sensitivity.

Fig. 3d shows the acoustic reflection from the transducer in the time domain. A
Gaussian pulse centered around 1 MHz with a bandwidth of 50% is incident on the
transducer, and the reflected pulses are analyzed. The impedance-matched transducer
converts most of the incident pulse into electrical energy, and a much smaller pulse is
reflected compared to the bare transducer.

4. Experimental Verification

A set of transducers (M1-M3) were fabricated with two acoustic matching layers, as
discussed in Sec. 3. The epoxy layer was varied between 0.65-0:75mm to obtain a
transducer with the best possible match between the electrical and the acoustic domains.
Additionally, an air-backed transducer without acoustic matching (U1l) was fabricated

to act as a baseline. The dimensions of the fabricated transducers are summarized in
Table 2.

Table 2. Dimensions of the fabricated transducers.
Layer Unit | Ul M1 M2 M3
PZT mm |21 21 21 21
Epoxy m| - 10 10 10
Quartz glass mm | - 1.6 1.6 1.56
Epotek 301 mm | - 04 0.5 0.6

4.1. Transducer fabrication

The transducers casings were 3D printed using an Ultimaker 3 printer. The casings
shown in Fig. 4 were designed to provide air backing to the transducers by only
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Figure 3.  Smith charts of the analytical (a) acoustic and (b) electric reflection

coefficients of the developed piezoelectric transducer showing the impedance matching
steps. The amplitude of the acoustic reflection is shown for each step in (c). The
incident and reflected acoustic pulses in the time domain are shown in (d).

supporting the piezoelectric layers from the edge. The unmatched transducer was
fabricated by first soldering a coaxial cable to the back of the piezoelectric transducer
(Steminc SMD30T21F1000R). The transducer was mounted in the casing, as shown in
Fig. 4a, and the gaps were sealed using 3M DP100 epoxy.

The matched transducers (Fig. 4b) were fabricated by first bonding a 1 1/4” x 1/16”
fused quartz glass disc, supplied by TGP Inc. ( 1 = 2200kgm 3; ¢; = 5500ms 1; Z; =
12:1 MRayl; 1 = 5dB=m=MHz) [59], to the front face of the piezoelectric transducer
through a vacuum bonding process. The thickness of the glass disk 1/16” (1:56 mm) is
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Figure 4. (a) Schematic of an air-backed transducer without acoustic matching layers.
(b) Construction of the two-layer acoustically matched transducer. (c) Fabricated
transducers Ul and M1 before polishing.

slightly larger than the quarter wavelength thickness at 1 MHz (1:43mm). A coaxial
cable was soldered to the piezoelectric disc, and the transducer/glass assembly was
mounted inside the casing. The casing was designed so that the remaining height
acts as a mold for the epoxy matching layer. The transducer was sealed and coated
using Epotek 301 epoxy ( 2 = 1090kgm 3; ¢; = 2640ms !; Z, = 2:85 MRayl; , =
250 dB=m=MHz) [59], and a heat gun was used to ensure that no air bubbles remained
trapped in the epoxy layer before leaving it to cure for 24 hours. The cured layer was
then sanded down till it was flush with the front of the casing using 200 grit sandpaper
followed by 400 grit, then 600 grit. The fabricated transducers are shown in Fig. 4c.

4.2. Measuring the Electrical Impedance of the Transducers

An Agilent 33250A signal generator and a Tektronix TDS5034B oscilloscope were used
to measure the electrical impedance of the fabricated transducers experimentally. The
signal generator was connected to the tested transducer and then programmed to apply
a voltage chirp signal that swept from 100 kHz up to 2 MHz. The applied voltage and the
current flowing to the transducer were measured simultaneously using a 10x 150 MHz
voltage probe and a current probe (Tektronix P6022). The voltage and current signals
were then converted to the frequency domain and used to calculate the input electrical
impedance of the transducer.

The electrical impedance of an unmatched transducer in air was first used to
estimate the exact piezoelectric material properties using the procedure described in
Ref. [60]. The experimentally measured piezoelectric properties are summarized in
Table 3.

The transducers’ electrical impedance was measured underwater in a 30”x207x15”
water tank. The experimental electric impedance of the different transducers is
compared to the analytical predictions in Fig. 5. The experimental results agree well
with the analytical predictions with a slight deviation caused by the uncertainties in
the material properties and geometry of the different layers. The acoustic matching of
the transducer was sensitive to the thickness of the glass and epoxy layers, as shown
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Table 3. Experimentally identified modified PZT-4 material properties from electrical
impedance data in air.

Property b Cp has C2 C, Qm tan
Unit kg/m® m/s kV/mm GPa nF - %
Value 7900 4714 2313 175 24 500 04

by circle size difference between transducers M1 to M3. A better acoustic impedance
match can be achieved by fine-tuning the glass and epoxy layers geometry as predicted
in Fig. 3. Transducer M3 showed the best acoustic matching (smallest circle in the
Smith chart), so it was selected for subsequent electrical impedance matching.

Ul Sym = = = M1 Sym M2 Sym ===== M3 Sym
X Ul Exp #* Ml Exp M2 Exp O M3Exp
+1

+j0.5

Electric port

Figure 5. Analytical (lines) and experimental (markers) electric impedance for three
matched transducers (M1-M3) with different epoxy layer thickness as summarized in
Table 2. The impedance of a transducer without acoustic matching (U1) is shown for
reference.

4.3. Setup for Measuring the Acoustic Re ection Coe cient

The acoustic reflection coefficient of the fabricated transducers was measured using
the setup shown in Fig. 6. A Panametrics 5800 pulser/receiver was used to excite a
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broadband Olympus V394 source transducer. The reflected echo signal at the source
transducer was filtered and amplified by the pulser and routed to an oscilloscope for
display and recording. The pulser was set to excite the transducer with a 12:5uJ pulse
with a repetition rate of 500 Hz. The echo signal was filtered with a 100 kHz-10 MHz
bandpass filter to reduce the noise then amplified with a 20 dB gain.

Matching
circuit

Transducer (sample)

Oscilloscope T T

. Transmitter
Pulser/Receiver L /

Figure 6. Experimental setup for measuring the acoustic reflection coefficient of the
fabricated transducers.

The acoustic reflection coefficient of the samples was calibrated using the echo from
normal incidence on a stainless-steel 304 cylinder of 26:4 mm thickness and 101 mm
diameter. Normal incidence was verified by rotating the calibration cylinder until the
maximum echo amplitude was achieved. The first echo from the calibration cylinder
was windowed and then converted to the frequency domain. The acoustic reflection
coefficient from the sample was then calculated using the relation:

A
Sy1 = Rt /j‘”‘p'e (11)
calib

where Asample is the reflected signal from the sample, Acaiip is the reflected signal from
the stainless-steel cylinder, and Rg; is the reflection coefficient of a water-steel interface
calculated from:

_ Zst ZW
 Zg+ Zw

where Zgt = 46:57 MRayl is the acoustic impedance of stainless steel.

(12)

Rst

The experimental acoustic reflection coefficients for the unmatched and matched
transducers (Ul and M3) are compared to the analytical models in Fig. 7. The reflection
coefficient is measured and simulated with respect to a 50 €2 output for both samples, i.e.,
no electrical matching was done for this measurement. For both samples, the amplitude
of the experimental reflection coefficient is lower than the simulations for all frequencies.
This shift is caused by unmodeled losses due to diffraction and misalignment between
the transducers.



