
PIEZOELECTRIC ACOUSTIC IDENTIFICATION TAGS WITH
FREQUENCY MULTIPLEXED ENERGY HARVESTING AND

BACKSCATTER COMMUNICATION OPERATION FOR
UNDERWATER APPLICATIONS

A Dissertation
Presented to

The Academic Faculty

By

Ananya Bhardwaj

In Partial Fulfillment
of the Requirements for the Degree

Doctor of Philosophy in the
George W. Woodruff School
Mechanical Engineering

Georgia Institute of Technology

Dec 2024

© Ananya Bhardwaj 2024



PIEZOELECTRIC ACOUSTIC IDENTIFICATION TAGS WITH
FREQUENCY MULTIPLEXED ENERGY HARVESTING AND

BACKSCATTER COMMUNICATION OPERATION FOR
UNDERWATER APPLICATIONS

Thesis committee:

Dr. Karim G. Sabra, Committee Chair
Mechanical Engineering
Georgia Institute of Technology

Dr. Karim G. Sabra, Advisor
Mechanical Engineering
Georgia Institute of Technology

Dr. Alper Erturk, Co-Advisor
Mechanical Engineering
Georgia Institute of Technology

Dr. Julien Meaud
Mechanical Engineering
Georgia Institute of Technology

Dr. Chengzhi Shi
Mechanical Engineering
University of Michigan

Dr. Shima Shahab
Mechanical Engineering
Virginia Tech

Date approved: November 18, 2024



Nothing in the world can take the place of persistence. Talent will not; nothing is

more common than unsuccessful men with talent. Genius will not; unrewarded

genius is almost a proverb. Education will not; the world is full of educated

derelicts. Persistence and determination alone are omnipotent. The slogan Press

On! has solved and always will solve the problems of the human race.

Calvin Coolidge
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SUMMARY

The oceans cover a majority of Earth's surface, yet a vast ocean proportion re-

mains unexplored due to the enormous physical scale and involved technical com-

plexities. Ocean exploration and mapping o�er immense returns through improved

shipping routes, renewable energy generation, and accurate ocean modeling for better

understanding Earth's climate processes.

Autonomous Underwater Vehicles (AUVs) o�er adaptability, compactness and

power e�ciency while minimizing human oversight, making them ideal for ocean

exploration. However, AUV operations are limited by currently achievable underwater

localization and navigation solutions; hence the development of low-cost and passive

(i.e., operable without an active power supply) acoustic underwater markers (or tags)

can provide accurate localization information to AUVs improving their situational

awareness, especially when operating in small scales or con�ned missions.

This work presents an Acoustic Identi�cation (AID) tag that can be powered

wirelessly with ultrasonic power transfer from a remote acoustic source (e.g. mounted

on an interrogating AUV) and provide localization information using backscatter

communication. The AID tag harvests energy from the acoustic signal generated from

the AUV and communicates by modulating the re
ected signals from an embedded

piezoelectric transducer.

As an initial feasibility demonstration, this work develops a scaled broadband AID

tag prototype that achieves concurrent acoustic energy harvesting (tuned around

1.3 MHz) and backscatter communication (in wider frequency band 600 kHz and

800 kHz) using frequency domain multiplexing. The AID tag utilizes a custom broad-

band impedance matching based transducer design approach. During concurrent

power and data operation, this prototype scaled AID tag achieves data rates up to

200 kbit/s using Amplitude and Frequency based modulation communication. The
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broadband design enables the use of communication schemes which utilize the avail-

able bandwidth to achieve robust communications in low SNR (tested down to -6 dB)

using Linear Frequency Modulated data carriers.

Next, a full-scale AID tag is developed for short-range AUV missions (� 10 m)that

uses a lower frequency piezoelectric transducer tuned in the broadband ultrasonic

range (200 kHz-500 kHz) to achieve highly e�cient power transfer (source-to-tag elec-

trical power e�ciency of > 2% at 6 m), and concurrent high data rate and backscatter

level communication (> 83.3 kbit/s, > 170 dB SPL at 5.5 m) with potential operating

range� 10 m based on analytical extrapolations. Parameter selection considerations

dictated by the desired range and data rate requirements in communication are de-

tailed. The transducer piezoelectric element selection, and simulation-based circuit

optimization for frequency multiplexed operation are also presented. Experimental

tests benchmarking performance sensitivity to source and tag misalignment are pre-

sented and implications for AUV operations are also discussed. Finally, experiments

are proposed to demonstrate the device suitability for AUV routing and navigation,

and short-range homing and docking applications.
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CHAPTER 1

INTRODUCTION AND BACKGROUND

1.1 Motivation for Ocean Exploration

The global ocean, encompassing approximately 70% of Earth's surface, remains largely

unexplored, with over 80% of its depths remaining unmapped [1]. Expanding our un-

derstanding of the ocean holds immense potential for economic growth, scienti�c

advancement, and national security.

From a commercial perspective, further ocean exploration o�ers signi�cant oppor-

tunities in areas such as deep-sea mining, international shipping, renewable energy

generation, and sustainable �sheries. A report by the World Wildlife Fund (WWF)

valued the global ocean's economic contribution at$24 trillion [2] highlighting its

immense worth. Moreover, a United Nations report [3] conservatively estimated the

annual export trade value of ocean-based industries in 2018 to be$2.5 trillion, with

key sectors including tourism, technology and manufactured goods, and maritime

transport.

Accurate modeling of ocean processes is essential for comprehending the role of

oceans in addressing climate change. Studies indicate that the ocean absorbs ap-

proximately 25% of anthropogenic carbon emissions [4]. Enhanced mapping and

monitoring of the marine environment are prerequisites for sustainable ocean re-

source management and a more comprehensive understanding of its climatic e�ects.

For instance, detailed analysis of ocean currents, particularly at mesoscale and sub-

mesoscale levels, using marine robotics can signi�cantly improve our comprehension

of these e�ects and their in
uence on climate variability [5]. Beyond understanding

the ocean's direct in
uence on Earth's climate, ocean exploration is also crucial for de-
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veloping renewable energy solutions. Estimates suggest that the potential of o�shore

wind energy generation is as high as 329,600 terawatt-hours (TWh) annually [6].

This �gure surpasses projected global energy consumption by 2040 [7], emphasizing

the ocean's potential as a signi�cant source of renewable energy.

The knowledge gained from studying the ocean extends beyond marine ecosystems

and climate change. It has signi�cant implications for various life sciences �elds, in-

cluding drug development. Numerous research discoveries stemming from marine

organisms have led to advancements in drug discovery. For example, Yondelis® , a

drug used to treat soft tissue sarcoma, is derived from a Caribbean sea squirt. Simi-

larly, Tetrodotoxin ® , obtained from pu�er�sh, has been utilized in the development

of new antibiotics [8].

Recent technological advancements, including the development of Autonomous

Underwater Vehicles (AUVs) [9] and Remotely Operated Underwater Vehicles (ROVs)

[10], improvements in satellite-based imaging and remote sensing [11], advancements

in bathymetry using sonar [12], and the creation of autonomous platforms for ocean

exploration [13, 14], have signi�cantly improved our ability to explore and understand

the ocean.

1.2 Autonomous Underwater Vehicles for Ocean Exploration

Among the technological advancements driving progress in ocean exploration, Au-

tonomous Underwater Vehicles (AUVs) play a pivotal role [9, 13, 14, 15]. The

unmanned nature of AUVs, coupled with their extensive operational range, makes it

technically feasible and economically viable to conduct missions in the deep ocean.

Some exploration-based missions undertaken by AUVs include mining opera-

tions [16], scouting for suitable locations for o�shore wind farms [17], demining

activities [18], deploying undersea telecommunication cables for internet connectiv-

ity [19], and mapping the ocean 
oor [15].
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AUVs are also well-suited for monitoring applications, including mesoscale and

submesoscale ocean dynamics [20, 21], surveying underwater structures like decom-

missioned oil �elds [22], and supporting defense applications such as reconnaissance

or target detection [23]. For oceanographic research, AUVs are used to track ocean

currents and measure water properties like temperature and salinity over extended

periods and distances [24]. These vehicles can operate in extreme environments,

such as tracking marine habitats and organism migration in the Arctic [25]. The

exceptional suitability of AUVs for these applications stems from their ability to op-

erate with minimal human intervention in deep ocean environments, their capability

to cover long distances, and resilience in challenging and extreme conditions.

1.2.1 Challengesin Underwater Autonomy

AUV operation in the ocean is technically complex, with many challenges to accurate

navigation and localization. A primary determinant of the achievable autonomy un-

derwater is e�ective navigation, which is dependent on high localization accuracy [27,

28]. The range of propagation of electromagnetic waves underwater is severely limited

by seawater attenuation [29], making the unmapped ocean is a GPS denied environ-

ment, which increases the di�cult in localization [30]. Hence, for navigation based

on reference communication signals underwater, AUVs rely primarily on acoustic

communication.

Localization using acoustic communication is di�cult due to the fundamental

challenges to acoustic propagation in the ocean, mainly, low propagation speed over

large length scales (compared to electromagnetic radiation), signi�cant attenuation

in seawater at high frequencies, and also channel e�ects such as fading, clutter and

multipath [31].

AUVs have a limited onboard energy supply, and there is a lack of a distributed

network of charging locations or docks in the ocean [32], which can in turn limit the
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Figure 1.1: Di�erent AUV navigation approaches [26]

ability to localize by reducing the frequency of energy intensive localization updates

executed.

Localization of AUVs has traditionally relied on a combination of inertial naviga-

tion techniques such as dead reckoning using gyroscopes and accelerometers onboard,

acoustic sensing such as communication with transponders or buoys, or geophysical

navigation using sonar or optical sensors Figure 1.1 [31, 33, 34]. Through solving

these challenges with improved AUV localization underwater, signi�cant cascading

improvements in autonomy can be achieved [31, 33, 34].
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Figure 1.2: Di�erent acoustic navigation systems (a) Long Baseline (b) Short Baseline
(c) Ultra Short Baseline .

Short Scale AUV Localization

Di�erent types and scales of AUV operations require customized localization solu-

tions [35], with short-range AUV operations presenting one such opportunity for

optimization. Increasingly, AUVs are now being used in short-range or con�ned

missions (� 10 meters) and in complex environments, where more precise relative

localization is required [36]. Some examples of such con�ned missions are for termi-

nal stage homing or docking applications Figure 1.3 [37, 30, 38, 39, 40, 41], ship hull

inspections [42], and in routine inspections of marinas or harbors [43].

Figure 1.3: Visually guided terminal stage of docking as a short range AUV navigation
application [44]

Whereas a combination of traditional localization approaches works reasonably

well for long range localization and allows AUVs to localize in both absolute and rel-

ative frame of reference, it can falter on the short-scale applications. Active acoustic
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communication with transponders (see Figure 1.2) is limited by the cost of deploy-

ment, active power requirement, as well as access for repairs and maintenance. This

cost limitation also leads to a sparse network of such beacons, which further reduces

reliability when repairs are needed since there is no redundancy built into the net-

work. Optical methods are limited by turbidity and low illumination levels [31, 33, 34].

Similarly, complex environments make other acoustic localization approaches such as

sonar Simultaneous Localization And Mapping (SLAM), computationally expensive

and slow.

Figure 1.4: Micro AUV localization using optical markers [45]

Inertial methods su�er from errors due to sensor drift [46] as well as gyroscope

sensor noise and bias [47] which amongst others, limit the accuracy of dead-reckoning

methods over long duration. Additionally environmental factors in the ocean, such

as currents, anomalies in the magnetic �eld, and local temperature and pressure


uctuations further introduce noise and variability into the sensor data that AUVs

use for navigation.
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Salient Feature Referenced Short Scale Localization

Tackling those aforementioned challenges in short scale missions, new approaches

to AUV localization are being investigated. A class of localization approaches use-

ful in this regime is called `Salient feature referenced localization' [36]. Underwa-

ter environments often lack visible landmarks or reference points that can be used

for localization, and hence this approach includes using arti�cially designed visual

landmarks [48] that can be identi�ed using cameras or optical sensors for relative

localization. However, optical method usability is limited to very short distances. A

corollary acoustic method is the development of purely passive acoustic devices that

function as acoustic landmarks called Acoustic Identi�cation (AID) tags with unique

backscatter signatures [49], see Figure 1.5.

Figure 1.5: Passive Acoustic Identi�cation Tags as AUV localization reference fea-
tures [49]. a) The strati�ed multilayered structure leads to a unique, identi�able
backscatter signature due to multiple interstitial re
ections. b) An omnidirectional
passive AID tag design using hemispherical shells.

These devices re
ect incident sonar signals with a unique and identi�able backscat-

ter signal that can be identi�ed by the onboard AUV instrumentation. This approach

is promising due to its versatility and being free of energy requirements. Additionally,

since smaller AUVs have limited payload capacity, using acoustic approaches reduces

additional sensing hardware, and is capable of both short and medium range local-

ization unlike optical or electromagnetic methods [50]. However, due to their passive

design, these passive acoustic devices are limited in the information content they can
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provide.

1.3 Piezoelectric based Acoustic Backscatter for short-range localization

Addressing this information limitation of passive navigational markers while main-

taining battery-free wireless operation, acoustic backscatter communication can been

explored as a potential solution. Piezoelectric element-based backscatter enables low-

power communication [51, 52], and can increase the information content for feature-

referenced localization compared to backscatter from passive structures.

To understand acoustic backscatter, it is helpful to review the backscatter com-

munication basics, which are introduced next.

1.3.1 BackscatterCommunication

Backscatter communication negates the energy requirement of active transmissions

in communication by leveraging modulated re
ected signals for communication from

remote nodes [53, 54]. First introduced by Stockman in 1948 under the name of

re
ected-power communication method [55], the concept of backscatter communica-

tion was essential in the development of low-power wireless communication systems

and has been widely researched in the Electromagnetic or Radio Frequency (RF)

domains for applications such as the Internet of Things (IOT).

A standard backscatter communication system comprises three main elements:

a signal source, a backscatter transmitter, and a backscatter receiver, as depicted

in Figure 1.6. The signal source, which can be a dedicated generator or an ambient

RF source (for example, a cell tower) emits the incident signal. This signal incident

at the backscatter transmitter is remodulated and re
ected by the antenna with the

information. The receiver then decodes this information from the re
ected signal.

Instead of generating their own RF signals, these devices modulate and re
ect incom-

ing signals (from a dedicated incident carrier or ambient radio frequency signals) to
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transmit data (see Figure 1.6). Backscatter communication has been used in a wide

variety of applications, such as in RFID tags, tracking, medical devices, and low-cost

sensor networks [56, 57].

Figure 1.6: Backscatter communication system [53]

In backscatter communication, the impedance of the antennas at the backscatter

transmitter can be controlled to re
ect the incident signal, as shown in Figure 1.6.

By switching between re
ecting and non-re
ecting states, simple on-o�-keying (OOK)

modulation can be used to encode data bits. A re
ecting state represents a '1' bit,

while a non-re
ecting state represents a '0' bit. This modulation technique allows

the backscatter transmitter to transmit data onto the re
ected signal, which is then

received and decoded based on power variations [53].

1.3.2 PiezoelectricAcoustic Backscatter

RF backscatter communication is ill-suited to the underwater environment due to the

high attenuation of electromagnetic radiation underwater. However, the same idea
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can be implemented with acoustic devices to enable backscatter-based communication

for low power applications underwater. To achieve this, the acoustic implementations

of backscatter communication utilize piezoelectric transducers.

Figure 1.7: Piezoelectric element based acoustic backscatter communication [58]

Piezoelectric materials show the piezoelectric e�ect, which is the conversion of me-

chanical (or acoustic) stress on the material into electrical voltage across their surface

(this is the direct piezoelectric e�ect, the reverse is also true and called the reverse

piezoelectric e�ect). Leveraging piezoelectricity, the re
ections from a piezoelectric

element based acoustic transducer can be modulated through the change of the elec-

trical load connected across its electrical terminals, enabling acoustic backscatter

communication [58, 59]. Such devices can reduce the power required for underwater

communication, since no acoustic energy is actively projected, it is only re
ected.

Piezoelectric backscatter based acoustic communication has been discussed in re-

search literature in di�erent scienti�c domains, such as in biomedical ultrasound ap-

plications for through body communication with implanted sensors [60, 61, 62, 63,

64, 65]. Acoustic backscatter communication through walls for applications such as

nuclear power plants [66, 67] has also been investigated. And recently, investigation of

using acoustic backscatter for underwater networking applications has been explored

by the underwater acoustics community (see Figure 1.8) [68, 69, 70].
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Acoustic Backscatter for Underwater Networking

Figure 1.8: Backscatter Networking Concept [70]

When considering the development of underwater networking nodes, the abil-

ity to achieve battery free operation is critical, as it reduces the maintenance and

power supply requirements making these devices signi�cantly more practically fea-

sible. Therefore, in prior literature, designs of backscatter nodes for underwater

applications leverage incident acoustic energy for energy harvesting in addition to

backscatter communication to achieve this battery free operation.

This combination of acoustic energy harvesting and backscatter-based communi-

cation using piezoelectric transducers is being explored in di�erent application areas.

Recent works discuss the development of underwater acoustic communication net-

works, which can achieve low-power for di�erent applications such as marine life mon-

itoring and ocean sensing [71, 68, 72]. The applicability of using acoustic backscatter

communication approaches for underwater localization has also been proposed in more

recent work [58].

11



Figure 1.9: Acoustic backscatter combined with energy harvesting for underwater
networking [68]

Limitations of Existing Backscatter Implementations

Existing backscatter communication systems for underwater applications have draw-

backs which make them unsuitable for short-scale AUV mission applications as con-

sidered in this work for development of the AID tags.

Piezoelectric transducers have sharp resonance bands where they achieve e�cient

operation, and this behavior limits their application for broadband applications. Ex-

isting designs rely on operation in the narrow frequency band near resonance of piezo-

electric transducers for communication, which leads to low data rates (under 3 kbit/s)

due to limited communication bandwidth, and only achieve low Bit Error Rate (BER)

in backscatter communication in SNR regimes of +2 dB or higher [68].

Additionally, narrowband designs achieve both backscatter communication and

energy harvesting functions at the same carrier frequency, this yields ine�cient op-

eration, since when the transducer is in the re
ective state for communication, no

energy is being harvested. In the absorptive state, the energy is split between the

matched electrical load and the energy harvesting circuit, which can either limit the

amount of re
ection coe�cient modulation, harvested energy, or both.

Narrowband designs implementing power and communication su�er from self-

interference between high-power source emissions and weak target backscatter com-

munication signals, which can make decoding the communication signals at the re-
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ceiver di�cult [69, 61].

Existing experimental implementations for backscatter localization require higher

data rates for accurate localization in the presence of mobility, however, experimen-

tal results achieved in literature so far achieve limited data rates (under 3 kbit/s in

experiments with both power and data transfer being demonstrated).

To increase data rates in narrowband implementations, higher order modulation

schemes at the receiver with a larger number of termination electrical impedance to

achieve a larger communication alphabet, such as Quadrature Amplitude Modulation

(QAM) [73] have been explored. Using a similar approach of a large bank of capacitive

electrical load terminations, in another study, frequency modulation communication

is implemented through a change in the resonance frequency of the receiver [74].

These implementations still su�er from relatively low data rates and require much

greater design complexity and cost.

In another study [58], a metamaterial based design was implemented to achieve

wideband operation using multiple cylindrical piezoelectric elements in a nested de-

sign. This approach demonstrated data rates of up to 20 kbit/s experimentally, how-

ever the results primarily were achieved with battery power for executing backscatter

communication.

Another approach to achieve faster communication utilizing two separate trans-

ducers { one for energy harvesting and a second for backscatter communication en-

ables simultaneous operation, but similarly this design also increases the device com-

plexity and size [63, 64, 62].

Broadband Piezoelectric-Acoustic Backscatter

To overcome these limitations, some recent work has proposed that broadband impedance

matched transducer designs can allow for separate power harvesting and commu-

nication frequency bands, leading to improvements in maximal data rates due to
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wide-band operation, reduced self-interference due to separation in power and data

frequency bands, increased energy e�ciency due to constant energy harvesting oper-

ation Figure 1.10 [75, 76].

Figure 1.10: a) Simultaneous energy harvesting and backscatter communication con-
cept using broadband transducers with frequency domain multiplexing [76]

In this work, we propose active, battery free AID tag designs based on piezoelec-

tric transducers incorporating wireless acoustic energy harvesting circuitry and using

backscatter for directional, uplink communication with AUVs in short-scale missions.

Such a design overcomes the energy, servicing, and information content limitations of

prior approaches.

1.4 Dissertation Outline

The sections of this dissertation are arranged in the following manner:
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1.4.1 Chapter 1

In chapter 1, the motivation for underwater exploration and the critical role played by

AUVs in these missions is delineated. The challenges to achieving autonomous navi-

gation underwater, and the proposed active marker-based solution using backscatter

communication is proposed.

1.4.2 Chapter 2

In chapter 2 the design of a scaled prototype of an Acoustic Identi�cation (AID) tag

for underwater localization applications is detailed based on a broadband impedance

tuned transducer. The chapter begins by outlining the piezoelectric transducer de-

sign and impedance matching, which forms the core element of the AID tag. The

transducer is designed with twin goals of maximizing: energy e�ciency in acoustic

power transfer, operational bandwidth for high data rate communication. To achieve

these goals, the chapter details a transducer design approach that utilizes acoustic

and electrical impedance matching techniques using a transfer matrix-based formu-

lation of the piezoelectric transducer. Following the transducer design, the chapter

describes the electronic platform development for the AID tag, which includes the

frequency splitting circuits, energy harvesting circuit, custom bidirectional switch

design and a microcontroller implemented backscatter communication. The energy

harvesting circuit powers the AID tag microcontroller with the harvested acoustic

energy stored as DC voltage in a supercapacitor. The backscatter communication

execution from the AID tag to the AUV is detailed. The experimental evaluation

of the scaled AID tag performance is detailed in later sections of the chapter. The

evaluation metrics include energy transfer e�ciency, broadband re
ection coe�cient

modulation, simultaneous power transfer and communication operation and achiev-

able data rates in communication. Finally, the advantages of the broadband platform

are discussed. The performance of various communication schemes, including Ampli-
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tude Shift Keying (ASK), Frequency Shift Keying using Load Modulation (FSK-LM)

for more robust communication, and Linear Frequency Modulation (LFM) carriers

signals for backscatter communication in low SNR regimes are evaluated.

1.4.3 Chapter 3

The AID tag concept is extended with a full-scale design for short-range AUV local-

ization applications in chapter 3.

The chapter begins with establishing the external and application-based factors

that in
uence the design of the AID tag, such as the desired range of operations,

channel e�ects (path loss, interference, relative motion), and power constraints of

the source AUV. Other factors that a�ecting the complete AID tag system design are

discussed, such as the power budget of AID electronics. The approach for deriving the

performance requirements from the application goals, such as the e�ciency needed,

and communication bandwidth is detailed. The relationship between performance

requirements and AID tag design features, such as the frequency range of operation,

transducer geometry and size, and directivity is also discussed.

The transducer development with the selected piezoelectric element selected (based

on the application requirements) is detailed with the impedance matching and im-

proved manufacturing approach for greater waterproo�ng in deep water tank experi-

ments. The manufactured transducers are validated with water tank tests for source

level, transfer function, transmit voltage response and beampattern. The electronic

platform design of the full-scale AID tag was iterated upon to improve e�ciency.

The design process incorporated a circuit path optimization to capture the complete

electrical circuit dynamics and minimize any energy passthrough between the energy

harvesting and communication operations.

The AID tag power transfer e�ciency is tested a function of range and frequency,

and compared with analytical estimations used for extended range projections. The
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communication performance assessed in terms of the Backscatter Level (BL) is ana-

lyzed as a function of the range and data rates, and analytically projected to greater

operational range. To conclude the chapter, the e�ect of design decisions on AID tag

performance are discussed, which include the e�ects of source to tag misalignment

on communication and power transfer performance. The merits and disadvantages of

the selected frequency range, directivity and electronic platform are reviewed.

1.4.4 Chapter 4

The main conclusions, contributions to literature and the potential future work areas

are presented in chapter 4
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CHAPTER 2

HIGH-FREQUENCY ACOUSTIC IDENTIFICATION TAG

PROTOTYPE WITH FREQUENCY MULTIPLEXED BACKSCATTER

COMMUNICATION AND POWER TRANSFER

The development of an AID Tag for AUV localization applications requires fast data

transfer due to a dynamic environment, as AUVs typically move at minimum speeds

of 1 m/s or greater even in low speed missions [77]. This relative motion also reinforces

e�cient and quick power transfer to the wireless device. These application constraints

necessitate a AID tag design based around broadband operation, which can allow for

fast data transfer with a wide functional bandwidth while enabling concurrent power

transfer and communication operations using frequency domain multiplexing. This

chapter details the process of a scaled prototype design of an AID tag with a custom

high frequency broadband transducer.

Figure 2.1: Frequency domain multiplexing of power and data operation.

The AID tag design begins with the incorporation of a piezoelectric disc as the

active element of a broadband impedance tuned ultrasonic transducer. The trans-

ducer design is detailed in subsection 2.1.1, using an acoustic and electrical impedance

matching approach through a transfer (or S-Parameter) matrix-based formulation of
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the piezoelectric transducer.

Completing the AID tag, the transducer is paired with an electronic platform

incorporating energy harvesting and backscatter communication sub-circuits, con-

nected to the electrical port of the transducer through frequency splitting �lters. The

electronic platform requires the development of an energy harvesting circuit, which

is detailed in subsection 2.1.2. For executing backscatter communication, a fast, low

path-loss, custom bidirectional power switch is required. This design enables modula-

tion of the connected electrical impedance to the transducer to implement backscatter

communication through load modulation.

The experimental evaluation of the scaled AID tag performance is detailed in sec-

tion 2.2, measured in terms of energy transfer e�ciency, re
ection coe�cient, and

achievable data rates in communication applications.

Figure 2.2: Proposed application of AID tag as location references for AUV naviga-
tion.

Finally, in section 2.3, the advantages of the broadband platform are dicussed,
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the performance of di�erent communication schemes such as On-O�-Keying (OOK,

also interchangeably referred to as Amplitude Shift Keying (ASK)), Frequency Mod-

ulation based communication using Load Modulation (FSK-LM) for more robust

communication, as well as the potential of broadband data carriers for backscatter

communication in low SNR regimes using Linear Frequency Modulation (LFM) sig-

nals.

2.1 AID Tag Design

The battery-less AID tag shown in Figure 2.3 consists of: 1) a broadband piezo-

electric transducer, 2) a frequency splitter for enabling simultaneous power and data

operation, 3) an energy harvesting circuit for converting incident acoustic power to

DC electric power, and 4) a communication circuit for transmitting uplink data to

the AUV using acoustic backscatter. The design of each tag component is discussed

next.

Figure 2.3: Simultaneous power and data circuit for AID tag

Since the AID tag operation relies on frequency domain multiplexing of power

and data signals to achieve uninterrupted communication and power 
ow, this concept
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requires careful design of the piezoelectric transducer to maximize both its bandwidth

for high data rates, and e�ciency for energy harvesting. To meet these constraints,

a broadband acoustic and electrical impedance matching technique is adopted for

designing the transducer [76], which is detailed in subsection 2.1.11

Figure 2.4: Three port representation of a piezoelectric disc, with front face immersed
in water medium, and connected to a backing acoustic impedance Zb and electrical
impedance Ze across its electrodes

2.1.1 TransducerDesign

Transducer Modeling

The AID tag incorporates a thickness-mode disc (poled in the thickness direction)

piezoelectric element, adopted for its high electromechanical coupling characteristics.

A schematic of the transducer as a 3 port system, with two acoustic ports and one

electric port are shown in �gure Figure 2.4. The transducer is connected to an elec-

trical load with complex electrical impedance Ze, and the faces of the transducer are

1Adapted from [76], which discusses the subject in greater detail.
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connected to a backing acoustic impedance of Zb, and the front face is assumed to be

immersed in water. The impedance matrix of the transducer is shown in Equation 2.1

as given in [78]:
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(2.1)

Where,F 1 and F 2 are forces, andv1 and v2 are the velocities at the front and back

faces,V 3 and I 3 are the voltage and current across the electrical terminals.Z p is the

piezoelectric mechanical impedance,h33 is the piezoelectric transmission coe�cient,

hp is the piezo layer thickness, andkp is the wavenumber in the piezoelectric layer,

! is the angular frequency andCp is the piezoelectric layer capacitance.

This formulation is further simpli�ed to a two-port network by substituting the

acoustic impedance of air at the backing port and that of a known electrical load at

the electrical port (50
 as designed here, which is the typical reference impedance

used in RF designs. Most coaxial cables are also designed with to this speci�cation,

and this value allows for a matched connection through a cable to the terminal load.),

given by Equation 2.2 and Equation 2.3.

F2 = � v2Zb (2.2)

V3 = � I3Ze (2.3)

Introducing these equations into the impedance matrix formulation allows the

derivation of the input acoustic impedance of the transducer, which is a function of

the transducer material properties and dimension, the backing acoustic impedance

and the connected electrical impedance.
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The input impedance of the transducer is given by Equation 2.4, where Zij repre-

sent the coe�cients from the impedance matrix given in Equation 2.1. The depen-

dence of the acoustic impedance on the connected electrical load, and therefore its

re
ection coe�cient provides the basis of backscatter based acoustic communication

through modulation of electrical impedance.

The re
ection from the piezoelectric transducer can be estimated from the complex

re
ection coe�cient, which relates the incoming and re
ected acoustic waves F+ and

F+ (see Figure 2.4) on the water immersed acoustic face of the transducer, and is

given in Equation 2.5 and Equation 2.6:

F1 = F + + F � (2.5)

v1 =
F + + F �

Zw
(2.6)

Where, Zw is the acoustic impedance of the water (Zw = ~Zw. Ap, with the charac-

teristic impedance of water given by~Zw). The S parameter S11 represents the acoustic

re
ection coe�cient of the transducer with respect to water, as shown in Equation 2.7

S11 =
F +

F �
(2.7)

This acoustic re
ection coe�cient, also represented by the S parameterS11, can

also be derived by using a scattering matrix formulation of the transducer, through

conversion from the impedance matrix formulation (the conversion is detailed in ref-

erence [79]). The addition of acoustic impedance matching layers to the piezoelectric

transducer can be handled using a transfer matrix formulation Figure 2.5, using the
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continuity relations of force and particle velocity, and is detailed further in refer-

ence [80].

Figure 2.5: Acoustic impedance matching layers can be incorporated in the transducer
model using a transfer matrix formulation(�gure adapted from [76]).

Smith Chart Visualization

The Smith Chart (Figure 2.6) is a visualization tool used in electrical engineering,

most commonly in Radio Frequency (RF) design. It is a polar plot that allows for

easy visualization of complex impedance, supporting matching e�orts between a given

electrical component and a reference impedance. In electrical circuits, this reference

impedance is typically a 50
 resistance, and when a Smith Chart visualization is

adopted for acoustic impedance matching, the acoustic impedance of the medium,

such as water can be used to match to a device (here, the piezoelectric transducer

material).

The Smith Chart is often used to plot the re
ection coe�cient with respect to

a reference impedance, and in these plots the origin of the unit circle represents a

perfect (1:1) impedance match between a given impedance and the reference.
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Figure 2.6: The Smith Chart [81]

The Smith Chart comprises two kinds of circles: circles of constant normalized

resistance and circles of constant normalized reactance. These circles intersect at

various points, representing di�erent combinations of resistance and reactance. The

middle horizontal line corresponds to a purely resistive load. The lower half of the

Smith Chart represents capacitive impedance, and the upper half corresponds to in-

ductive impedance. Through addition of electrical components when used in electrical

impedance matching e�orts, the chart serves as a useful tool for intuitive visualiza-

tion and guidance of the design. And this can be extended to acoustic impedance

matching through visualization of the e�ect of any addition of acoustic impedance

matching layers. A more thorough discussion of the Smith Chart is widely available

in existing literature [81].
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Table 2.1: Experimentally measured material properties of PZT 4 used for transducer
manufacturing [76].

Property � p cp
~h33 C33

D Cp Qm tan �
Unit kg m-3 m s-1 kV mm-1 GPa nF - %
Value 7900 4714 2313 175 2.4 500 0.4

Impedance Matching

As the basis for developing a small-scale prototypical AID tag, a PZT-4, 2.1 mm thick,

circular disc transducer of 30 mm diameter was chosen to target operation around a

resonance frequency of 1 MHz. The PZT-4 material was chosen for its low damping

and high piezoelectric coe�cient to maximize the operational e�ciency. The material

properties are given in Table 2.1.

The e�ciency of a piezoelectric transducer depends signi�cantly on the choice of

backing material, which in commercial applications such as biomedical ultrasound

imaging is chosen to be a lossy material with an acoustic impedance close to that

of PZT for achieving broadband operation. However, this con�guration leads to

energy losses to the backing of up to 50% of incident acoustic energy. Hence, to

minimize such losses in this AID tag design, air was chosen as the transducer backing

material. This material choice minimizes losses in energy harvesting operations, while

maximizing the re
ection coe�cient modulation ratio, critical to e�ective AID tag

operation. Using air as the backing material would lead to a more narrowband design,

and to compensate this e�ect and achieve broadband operation in the AID tag, the

simultaneous acoustic impedance matching (on the water facing side) and electrical

impedance matching approach employed is detailed next.

For matching the impedance of the piezoelectric element for broadband and ef-

�cient operation, the 3-port transfer matrix formulation of the piezoelectric ele-

ment (see Equation 2.1) is �rst reduced to a 2-port element by substituting the

known acoustic impedance of the air backing layer. The input acoustic and electrical
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