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Abstract

The forthcoming 6G wireless network aims to deliver universal accessibility, ultra-

high-speed connectivity, and low latency, fully integrating the global Internet of Ev-

erything (IoE). This ambitious goal necessitates the seamless integration of networks

across diverse domains and mediums, including space, air, subterranean, in-body, in-

solid, and underwater environments. Supported by this expansive vision, we propose

the concept of omnimedium communication, which is centered on achieving seamless,

low-power data transmission intra or across a wide variety of physical environments,

transcending traditional communication barriers. With omnimedium communica-

tion, a wide range of modern societal applications becomes feasible, such as struc-

tural health monitoring (SHM) within concrete walls, soil environment surveillance,

undersea exploration, and biometric monitoring within the human body.

Despite some progress in communication within non-aerial mediums and across dif-

ferent mediums, existing communication systems often grapple with issues such as

lack of robustness, high energy consumption, and substantial size. This thesis in-

troduces two innovative, piezoelectric-based communication paradigms designed to

address these challenges. The first paradigm exploits the acoustic-electrical conver-

sion properties of piezoelectric materials to develop passive intra-medium acoustic

backscatter communication modules. The second paradigm employs the capacity of

piezoelectric materials to radiate electromagnetic (EM) waves, facilitating the design

of compact units capable of efficient cross-medium communication.
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The first study introduces self-sensing concrete embedded with EcoCapsules, a novel

battery-free, miniature piezoelectric backscatter node. This technology meets the

critical demand for persistent SHM in civilian buildings, surmounting obstacles pre-

sented by wired connections and frequent battery replacement. By incorporating

EcoCapsules within concrete structures, we establish robust in-concrete backscat-

ter communication with notable throughput and energy harvesting capabilities, as

demonstrated through comprehensive real-world testing.

The second study features MeAnt, a versatile IoT platform that enables cross-medium

communication through piezoelectric-based mechanical antennas. This platform en-

sures seamless communication across various environments, such as air, water, soil,

concrete, and biological tissues, exploiting the propagation characteristics of medium-

frequency radios. MeAnt tackles prevalent issues such as interference from AM broad-

casts and the inherent unidirectional nature of Piezo-MAs, employing a meticulously

developed full-stack communication protocol that has proven effective, showcasing

significant penetration depth and throughput in diverse environmental conditions.

Collectively, these studies underscore the transformative potential of piezoelectric ma-

terials in fostering seamless, low-power omnimedium communication. They provide

groundbreaking solutions for intra-concrete SHM and establish versatile networks ca-

pable of operating across multiple mediums. These findings illustrate the adaptability

and efficiency of piezoelectric technologies in omnimedium communication systems,

paving the way for innovative applications and enhanced connectivity in diverse en-

vironments.
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Chapter 1

Introduction

1.1 Omnimedium Communication for Internet of

Everything

In the era of the Internet of Everything (IoE) [4], where billions of devices, systems,

and services are interconnected across the globe, the need for seamless communication

across various mediums has never been more critical. The term “omnimedium com-

munication” describes the capacity to robustly transmit data across every physical

environment (e.g., the air, water, soil, concrete, or biological tissues), whether within

a single medium or between different mediums. This concept is vital for the IoE, as

it seeks to transcend traditional barriers and create a truly integrated network that

can operate ubiquitously in any given medium.

Omnimedium communication holds transformative potential for ocean and soil sens-

ing and exploration, areas crucial for environmental monitoring and resource man-

agement. By deploying omnimedium-empowered Wireless Sensor Network (WSN) [5]

nodes in these challenging environments, data on various sensors—such as temper-

ature, salinity, soil moisture, and even CMOS—can be collected [6]. These sensors,
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（a) Omnimedium Communication for WSNs （b) Omnimedium Communication for SHM

Fig. 1.1: Typical Application Scenario for Omnimedium Communication. (a) The under-
water and underground WSN nodes report data across different mediums and within their respective
environments. (b) The drone collects cross-medium communication data from the embedded SHM
nodes.

embedded deep within the ocean or soil, rely on omnimedium communication to trans-

mit data back to the surface or air with minimal power consumption. This capability

is vital as it allows for real-time monitoring without the need for extensive and intru-

sive infrastructure. The data collected can enhance our understanding of ecological

dynamics and assist in making informed decisions regarding ocean protection, en-

vironmental preservation, and agricultural practices. Omnimedium communication

helps us better sense, explore, and monitor the whole physical space.

In the context of structural health monitoring (SHM) [7], omnimedium communica-

tion can revolutionize how we maintain and ensure the safety of critical infrastructure.

By embedding sensor nodes within key structural elements of buildings, bridges, and

other constructions, continuous data on the health of these structures can be wire-

lessly transmitted. This includes monitoring vibrations, stresses, and other potential

indicators of structural failure [8]. Meanwhile, the low-power characteristic of these

nodes ensures lifelong monitoring without frequent battery replacement. The ability

of these sensors to communicate through materials such as concrete and metal, typical

barriers in traditional communication systems, ensures that any signs of deterioration

are detected early. This proactive monitoring can significantly enhance safety, reduce

maintenance costs, and extend the lifespan of infrastructure by facilitating timely

2
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interventions.

The application of omnimedium communication also extends significantly into the

biomedical field, opening up innovative avenues for healthcare monitoring and diag-

nostics [9]. By utilizing miniature sensors that can communicate through biological

tissues, medical professionals can obtain real-time data from inside the human body

without the need for invasive procedures [10]. These sensors can monitor a wide range

of physiological parameters such as heart rate, blood pressure, glucose levels, and or-

gan functionality. Furthermore, omnimedium communication enables these sensors

to transmit data seamlessly through the body to external receivers, thus facilitating

continuous health monitoring. This capability is particularly crucial for the manage-

ment of chronic diseases and post-operative care, where consistent and accurate data

collection is essential for effective treatment planning. The low power characteristic

of omnimedium communication eliminates the frequent need to replace batteries in

in-vivo nodes.

1.1.1 In-concrete Communication for SHM

SHM is a critical discipline in civil engineering that involves the use of sensor networks

to assess the condition of infrastructure, such as buildings, bridges, and dams [11].

SHM aims to detect and respond to signs of damage or deterioration that could po-

tentially compromise structural integrity and safety. The primary goal of SHM is to

ensure public safety and extend the lifespan of infrastructure while optimizing main-

tenance and repair activities. In a world where infrastructure failures can lead to

significant economic loss and endanger lives, the importance of effective SHM can

not be overstated. Traditional methods of monitoring structural health often rely

on external measurements to evaluate parameters like stress, moisture, deformation,

and pressure within a structure. While useful, these external methods can be fraught

with inaccuracies and high levels of uncertainty due to their indirect nature. Misjudg-
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ments and errors arising from these methods pose severe risks, potentially leading to

catastrophic failures.

Omnimedium communication revolutionizes SHM by facilitating the transmission of

data from sensors embedded within structures to the outside. This advanced com-

munication technology ensures that data directly collected from the core of the in-

frastructure—where the most critical changes occur—is reliable and transmitted in

real time, regardless of physical barriers such as concrete and steel. By enabling di-

rect internal communication, omnimedium technology provides a more accurate and

timely diagnosis of structural health. Further enhancing the efficacy of SHM, omn-

imedium communication can be seamlessly integrated with advanced data analytics

and machine learning algorithms. This integration allows for the continuous anal-

ysis of incoming data to identify patterns or anomalies that may indicate potential

structural failures. Machine learning models can predict deterioration and forecast

potential problems before they manifest visibly, enabling preemptive measures that

significantly mitigate risks.

The implementation of omnimedium communication in SHM systems offers numer-

ous benefits, including increased accuracy in data collection, enhanced early warning

capabilities, and reduced need for manual inspections, which are often hazardous and

expensive. By ensuring continuous and reliable monitoring, this technology not only

safeguards lives and properties but also contributes to the sustainable management

and operation of vital infrastructure. As societies worldwide continue to expand and

urbanize, the role of effective SHM systems, underpinned by robust communication

technologies like omnimedium communication, becomes increasingly essential.

In summary, omnimedium communication represents a paradigm shift in how we

approach structural health monitoring. By overcoming traditional communication

barriers within structures and harnessing the power of real-time data analytics, this

technology is set to play a pivotal role in the future of civil engineering and infras-

tructure management.
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1.1.2 Cross-medium Communication for WSN

WSNs are pivotal in extending our ability to explore and interact with the world

around us. These networks comprise sensors that collect data from their environment

and communicate it wirelessly for analysis and decision-making. Specialized types of

WSNs, such as Wireless Underground Sensor Networks (WUSN) [12], Wireless Under-

water Sensor Networks [13], and Wireless In-vivo Sensor Networks (VSN [14] within

the human body, enable exploration and monitoring in diverse and often challenging

environments.

Despite their versatility, the effectiveness of WSNs in complex environments like

oceans, soil, or biological tissues is often limited by the attenuation of traditional

RF signals. In environments where RF signal loss is substantial, such as underwater

or underground settings, the conventional methods of communication fail to perform

efficiently. This significant attenuation not only reduces the range and reliability of

the sensors but also increases the power consumption and operational costs due to the

need for stronger signals and more sophisticated equipment. Omnimedium commu-

nication addresses these challenges by enabling low-power, cross-medium communi-

cation. This innovative approach allows WSNs to operate effectively in environments

with high RF attenuation by adapting to the specific transmission characteristics of

each medium—whether it’s water, soil, or biological tissues. Through omnimedium

communication, data transmission is no longer bound by the limitations of traditional

RF signals, thus enhancing the scope and reliability of WSNs in critical applications.

For Wireless Underwater Sensor Networks, these networks can perform tasks such as

probing the parameters of oceans, imaging underwater ecosystems, and guiding ma-

rine robots for seabed exploration. Omnimedium communication facilitates real-time

data transmission across the boundary and back to surface stations, even through

deep water that typically significantly attenuates conventional RF signals. For Wire-

less In-vivo Sensor Networks, sensors placed within the human body can monitor
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health indicators like heart rate, glucose levels, and organ function with minimal in-

trusion. Omnimedium communication ensures that these sensors can reliably transmit

data through biological tissues to external receivers, thus supporting advanced health

monitoring and diagnostic systems. For Wireless Underground Sensor Networks in

agricultural and geological applications, these sensors monitor soil conditions, detect

early signs of landslides, or assess the health of crops. With omnimedium communi-

cation, the data from these underground sensors can be effectively communicated to

the surface, overcoming the barrier posed by the soil.

The integration of omnimedium communication into WSNs represents a significant

advancement in sensor technology and its applications. By overcoming the traditional

barriers of environmental attenuation, these networks can provide more reliable and

timely data across a spectrum of disciplines. The future of WSNs equipped with

omnimedium communication will be promising, with potential expansions into more

fields and the capability to provide deeper insights into the hidden aspects of our

world. This advancement not only enhances current applications but also opens

new possibilities for scientific exploration and monitoring in previously inaccessible

environments.

1.1.3 Challanges and Solutions

Omnimedium communication, despite its significant potential, encounters several

complex challenges that must be addressed to realize its full capabilities. These

challenges range from technical to practical, encompassing signal attenuation, power

efficiency, and protocol design. Addressing these challenges is crucial for the successful

deployment of omnimedium communication systems across diverse environments.

1. High Attenuation of Traditional RF Signals: One of the primary technical

hurdles in omnimedium communication is the high attenuation of traditional

RF signals, particularly in heterogeneous mediums like water and soil [15]. RF
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signals tend to lose their strength over distance and when passing through ma-

terials that absorb or scatter electromagnetic waves. This attenuation can be

severe in underwater and underground environments, where the signal degra-

dation prevents effective long-range communication. To overcome this chal-

lenge, research is focused on developing new types of waveforms and utilizing

different parts of the electromagnetic spectrum, such as acoustic waves and low-

frequency electromagnetic waves. These innovative communication paradigms

leverage the effective propagation of acoustic waves in non-air mediums and the

deep penetration capabilities of low-frequency electromagnetic waves. These

alternative strategies break barriers, reducing attenuation and enhancing signal

penetration, thereby improving communication reliability and reach.

2. Low Power Requirements: The second major challenge is managing the low

power requirements necessary for sustainable operation, especially in remote

or inaccessible locations. WSN and SHM nodes, often placed in harsh or in-

accessible environments, must operate over extended periods without frequent

maintenance or battery replacements. Achieving low power consumption while

maintaining effective communication is a complex balance. This necessitates us-

ing a refined communication scheme that enables efficient communication within

and between various mediums while minimizing energy consumption and main-

taining a compact size. Techniques such as passive backscatter communication,

energy harvesting from environmental sources (solar, thermal, or vibrational en-

ergy), power-efficient communication protocols, and energy-saving operational

modes are possible solutions. These strategies help ensure that sensors can col-

lect and transmit data continuously without exhausting their power supplies

prematurely.

3. Communication Protocol Design: Lastly, the design of adaptive commu-

nication protocols that can effectively function intra/inter different mediums

presents a significant challenge. Traditional communication protocols are typi-
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cally optimized for specific environments (e.g., WiFi, Bluetooth, LTE) and do

not perform well in heterogeneous or dynamically changing conditions. Omn-

imedium communication requires protocols that can adapt to the variable char-

acteristics of different transmission mediums, manage interference, reduce power

consumption, and efficiently handle diverse data traffic patterns. Developing

such protocols involves creating algorithms that dynamically adjust parameters

like transmission power, frequency, and data rates based on the current environ-

mental conditions and medium properties. Additionally, these protocols must

ensure robustness and reliability in data transmission, addressing issues such

as collision, error rates, and delays, which are more pronounced in challenging

environments.

Addressing these challenges requires a multidisciplinary approach, combining ad-

vancements in materials science, electromagnetic theory, energy management, and

network design. By tackling the high attenuation of signals, optimizing for low power

usage, and designing flexible communication protocols, the implementation of omn-

imedium communication can be realized, paving the way for more robust and versatile

applications across multiple fields.

1.2 Related Works and Contribution of this Thesis

In this thesis, we explore omnimedium communication through two distinct perspec-

tives. Initially, we categorize it into two primary types: intra-medium and inter-

medium communication.

Intra-medium communication pertains to communication within non-air mediums.

Examples of this include interactions between underwater sensors or transmissions

from surface to internal nodes in soil and concrete. This communication type focuses

solely on single-medium environments where traditional RF signals are significantly
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Fig. 1.2: Evolution of Omnimedium Communication: A Visual Representation. The
red boxes present our proposed systems facilitating omnimedium communication in two different
communication paradigms.
attenuated. Concurrently, we aim to minimize the power consumption of these com-

munications and explore paradigms such as backscatter, which do not rely on internal

batteries. Moreover, the nodes are designed to be compact to facilitate deployment

and minimize environmental disruption. Existing research, as illustrated in Fig. 1.2,

addresses these challenges. Direct-RF-based methods employ specific frequency bands

and protocols that enhance penetration and reduce interference, enabling communica-

tion across longer distances in shallow water [16–18], thin concrete [19–22], or surface

soil [23–25]. On the other hand, vibration-based methods utilize active acoustic vi-

brations for communication, capitalizing on the ability of acoustic waves to traverse

solids [26] and liquids [27]. In contrast, the most recent development involves acous-

tic backscatter schemes [6, 28–32]. Similar to typical RF backscatter, these systems

employ a transmission source to generate an acoustic wave, which is then converted

into electrical energy by a piezoelectric transducer for storage. Then, the piezoelectric
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transducer selectively reflects or absorbs the incoming acoustic wave for communica-

tion. Through this research, we introduce EcoCapsule, the inaugural SHM node that

implements backscatter communication within concrete.

Another dimension of omnimedium communication is cross-medium communication,

which involves transferring information between different physical environments, such

as water [33], soil [34], concrete [35], and the human body [36], to the air. This com-

munication mode has been extensively researched, as illustrated in Fig. 1.2. One

commonly studied method is relay-based communication [37–39], which utilizes relay

nodes positioned at the medium’s boundary. These nodes facilitate the transmission

of information in different mediums using two different methods: underwater commu-

nication employs acoustic waves, whereas air communication uses RF signals. Addi-

tionally, magnetic induction [40–43] and visible light-based [44–46] schemes leverage

the penetrating abilities of magnetic field and light to achieve cross-medium com-

munication. The acoustic-RF scheme [47, 48], on the other hand, utilizes millimeter

waves to detect surface fluctuations caused by underwater acoustic vibrations. In this

research branch, we introduce MeAnt, a pioneering approach to direct cross-medium

communication. MeAnt utilizes a novel piezo-based mechanical antenna that emits

medium-frequency electromagnetic waves capable of penetrating various mediums,

thereby enabling direct cross-medium communication.

1.2.1 EcoCapsule: In-concrete Acoustic Backscatter Com-

munication

The first work, EcoCapsule, explores the development of a novel SHM system using

invented self-sensing concrete. The innovation, EcoCapsule, integrates battery-free,

miniature piezoelectric backscatter sensors within the concrete to enable wireless com-

munication and structural health monitoring without needing battery replacements or

wired connections. This non-intrusive breakthrough addresses significant challenges
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in the field of SHM, such as the high costs and maintenance difficulties associated

with installing traditional intrusive wired SHM systems.

EcoCapsules are embedded in concrete structures during the construction phase and

are designed to conduct SHM permanently without maintenance, providing long-

term monitoring capabilities. The technology leverages the properties of piezoelectric

materials, which can convert mechanical energy into electrical signals, to facilitate

communication through the dense concrete medium, overcoming the limitations posed

by the concrete’s Faraday cage effect. This method is particularly suited to monitoring

large-scale infrastructures like buildings and bridges where traditional monitoring

techniques may be cumbersome or invasive.

The EcoCapsule confronts several significant challenges related to energy harvest-

ing, multi-model body waves, and the durability of embedded sensors under extreme

pressure. One primary obstacle is concrete’s dense, electromagnetically impenetra-

bility, which acts as a Faraday cage, severely impeding traditional radio frequency

communication. The EcoCapsule addresses this by utilizing piezoelectric backscatter

communication, where mechanical waves, rather than electromagnetic signals, carry

data and transmit energy. These waves are less prone to attenuation in solid ma-

terials like concrete, thus ensuring reliable energy delivery and data transmission.

Moreover, the energy harvesting mechanism within the EcoCapsule is finely tuned

to harness mechanical vibrations effectively, converting them into electrical energy

sufficient to power the sensor indefinitely, thus eliminating the need for battery re-

placement—a common drawback in traditional sensor systems. Another significant

challenge is the physical pressure exerted by the surrounding concrete, which can

damage internal components. The design counters this by encasing the electronics

in a robust, stress-resistant shell that withstands high pressures while maintaining

sensor sensitivity. This integration of innovative material use, energy-efficient design,

and advanced communication techniques allows the EcoCapsule to operate continu-

ously and autonomously, providing real-time monitoring without the need for internal
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power sources or invasive maintenance, thereby offering a groundbreaking solution to

the persistent challenges of in-situ structural health monitoring.

We present a detailed analysis of the EcoCapsule system’s design, including its use

of advanced signal processing techniques to handle the complex signal propagation

characteristics in concrete. We conducted extensive real-world tests to validate the

performance of the EcoCapsules, demonstrating their effectiveness in various concrete

types and configurations. The results showed that the EcoCapsules could successfully

transmit data on structural integrity, such as stress and strain, to external receivers,

facilitating real-time health monitoring of the structures.

In conclusion, the EcoCapsule represents a significant advancement in the field of

structural health monitoring, offering a scalable, non-intrusive, and cost-effective so-

lution for long-term infrastructure monitoring. This technology has the potential to

greatly enhance the safety and longevity of civil engineering structures, reducing the

risk of unforeseen failures and extending their operational life.

1.2.2 MeAnt: Mechanical Antenna for Direct Cross-medium

Communication

The second work presents MeAnt, a groundbreaking IoT platform engineered to en-

able seamless cross-medium communication leveraging miniature mechanical anten-

nas known as Piezo-MAs. This innovation seeks to address the inherent limitations

of traditional communication systems, particularly in challenging environments such

as underwater, soil, and concrete, where conventional electromagnetic signals suffer

significant attenuation and interference. The MeAnt platform operates on medium-

frequency (MF) EM waves, facilitated by the novel use of Piezo-MAs, which bypass

the need for large transmitting antennas by using mechanical motion to generate EM

waves.
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At the core of the MeAnt platform are the Piezo-MAs, which utilize piezoelectric

materials to convert mechanical vibrations into radiative EM signals. This mecha-

nism is advantageous in environments where traditional antennas are ineffective or

impractical. By employing medium-frequency radio waves, MeAnt ensures robust

penetration and lower attenuation across diverse mediums, which is pivotal for the

IoE, facilitating communication across air, water, soil, and more.

We detail the technical challenges overcome by the MeAnt system, including the

design of a full-stack communication protocol that mitigates interference from ambient

signals (such as AM broadcasts) and ensures efficient data transmission despite the

unidirectional nature of Piezo-MAs. The system employs advanced techniques like

chirp spread spectrum (CSS) modulation at the physical layer and a novel carrier sense

multiple access with collision avoidance (CSMA/CA) protocols at the link layer, which

exploits the mechanical vibrations leakage of Piezo-MAs for carrier sensing. Moreover,

MeAnt integrates polar codes at the transport layer to enhance data integrity in

error-prone environments, leveraging their capacity-achieving performance and low

computational complexity. This forward error correction technique is particularly

suited to the harsh conditions encountered in cross-medium communications, ensuring

reliable data transmission by correcting errors during signal propagation.

In conclusion, MeAnt represents a significant advancement in the field of cross-

medium communications. Its ability to operate effectively across various transmis-

sion environments without the need for extensive physical infrastructure changes the

paradigm of IoT networking, opening up new possibilities for applications ranging

from underwater data collection to urban and industrial IoT deployments. The ex-

perimental results demonstrate MeAnt’s efficacy, achieving communication over dis-

tances and through mediums previously challenging for traditional systems, thereby

paving the way for its adoption in real-world IoE scenarios.
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1.3 Thesis Organization

Based on the motivation and contributions outlined in this chapter, the subsequent

chapters are organized as follows:

Chapter. 2 introduces the background of piezoelectricity. Specifically, we outline

the piezoelectric effect’s fundamental principles and discuss its application in omn-

imedium communication technologies. Chapter. 3 introduces EcoCapsule, our inno-

vative SHM hardware, covering the design motivations, challenges, realization, and

extensive testing in real-world scenarios. Chapter. 4 details MeAnt, the piezoelectric-

enabled mechanical antenna, and its applications in cross-medium communication. In

Chapter 5, we reflect on the limitations of our current works, summarize the lessons

learned, and explore directions for future research.
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Chapter 2

Background of Piezoelectricity

In this chapter, we will elaborate on the fundamentals of piezoelectricity and how it

empowers the omnimedium communication.

2.1 Piezoelectric Effect

When an electric field is applied to a dielectric crystal, electric charges accumulate

on its surface. Additionally, certain dielectrics can accumulate charges when sub-

jected to mechanical pressure. Materials that exhibit this characteristic are termed

piezoelectrics, and this specific response is known as the direct piezoelectric effect

(referenced in Fig. 2.1(a)). This effect was initially identified by the French physicists

Pierre Curie and Jacques Curie (the Curie brothers) in 1880 [1]. They discovered that

some materials, like quartz, produce electrical charges in response to pressure, and

the amount of charge generated is directly related to the applied mechanical force.

Concurrently, piezoelectric materials will undergo elastic expansion or compression

when exposed to an electric field, a phenomenon called the converse piezoelectric ef-

fect (identified by Gabriel Lippmann in 1881), where the degree of deformation aligns

with the strength of the electric field (shown in Fig. 2.1(b)). As a result, piezoelec-
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tric materials are versatile and capable of converting mechanical energy to electrical

energy and vice versa.

Piezoelectric
Material

Piezoelectric
Material

Force
Contract &
Elongate

AC

(a) (b)
Fig. 2.1: Diagrams illustrating: (a) direct piezoelectric effect and (b) converse piezoelectric
effect.

The piezoelectric effect is a fascinating phenomenon that underpins a wide range of

applications in modern technology. At its core, the piezoelectric effect refers to the

ability of certain materials to generate an electric charge in response to mechanical

stress and vice versa. This property is not only intriguing from a scientific standpoint

but also extremely useful in various engineering and technological fields.

The practical uses of the piezoelectric effect are vast and varied. In World War I,

leveraging the piezoelectric effect, Paul Langevin and his team invented the first ultra-

sonic submarine detector, known as Langevin sonar, in 1917. This innovative device

used a quartz crystal to send ultrasonic pulses for detecting submarines underwater,

playing a critical role in the Atlantic campaign of World War II and representing a

significant advancement in the development of piezoelectric materials.

In the realm of electronics, piezoelectric crystals are commonly used in quartz watches,

where they regulate time by oscillating at a very stable frequency when an electric

voltage is applied. This principle of precision oscillation underpins their use in various

timing devices.

In medical technology, piezoelectric materials play a critical role. They are used in ul-

trasound equipment, generating sound waves that penetrate human tissues and reflect

back to create images of organs and fetuses. This application leverages their ability
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to rapidly oscillate under an electric current, producing sound waves at ultrasonic

frequencies.

Moreover, the piezoelectric effect finds applications in more specialized fields like

sensor technology and actuators. For example, piezoelectric sensors are capable of

converting mechanical forces, such as pressure, sound waves, or acceleration, into elec-

trical signals that can be measured and analyzed. Similarly, piezoelectric actuators

convert electrical signals into precise physical movements, which is essential in optical

instrumentation and precision engineering.

Additionally, energy harvesting is an emerging area where the piezoelectric effect is

gaining traction. In this context, piezoelectric materials are used to convert energy

from mechanical stress (such as vibrations, walking, or even vehicular movement) into

electrical energy, providing a sustainable source of power for small electronic devices.

In conclusion, the piezoelectric effect is a remarkable natural property that has been

harnessed to advance technology in many ways. From maintaining time in watches

to facilitating complex medical diagnoses and enabling energy harvesting, the appli-

cations of this effect continue to grow and evolve, driven by ongoing research and

innovation.

2.1.1 Piezoelectric Equations

In this section, we will formulate the piezoelectric effect to understand the complex

stress-electricity conversion process of the materials. In general, the piezoelectric

equations quantify the relationship between electric displacement (D), mechanical

stress (T ), electric field (E), and strain (S). Here, we suppose a cube crystal that

exhibits piezoelectric effects.

Direct Piezoelectric Effect: The direct piezoelectric equation relates the electric

17



Chapter 2. Background of Piezoelectricity

displacement D to mechanical stress T and electric field E:

Di = dijkTjk + ϵijEj (2.1)

Here, dijk are the piezoelectric coefficients, and ϵij are the permittivity constants of

the material measured at constant (or zero) stress. Subscripts i, j, k take the values

1,2,3 and define the three spatial dimensions of a cube crystal.

Converse Piezoelectric Effect: The converse piezoelectric equation describes how

an applied electric field results in strain (S):

Sij = dkjiEk + sijklTkl (2.2)

In this equation, Sij is the strain, sijkl are the elastic compliance coefficients at con-

stant electric field, Tkl is the stress, and Ek is the electric field. Similarly, i, j, k, and l

are tensor indices that account for the directions and planes along which the stresses

and strains act. In a three-dimensional space, these indices can take values from 1 to

3, corresponding to the three spatial dimensions (x, y, z).

Matrix Representation for Piezoelectric Relations: Often, the piezoelectric

relations are expressed in matrix form for practical calculations. Note that the vari-

ables in the following equation possess distinct dimensional properties, signifying that

the piezoelectric equations vary across different dimensional frameworks.D
S

 =

 ϵ d

dT s

E
T

 (2.3)

Here, D and S are vectors of electric displacement and strain, respectively, E and T

are vectors of electric field and stress, ϵ is the permittivity matrix, d is the piezoelectric

matrix, and s is the compliance matrix.

In the parameters, the most important one is d. The piezoelectric coefficient d for

the direct and converse piezoelectric effects are thermodynamically equivalent and are

generally represented in the units of pC ·N−1 and pm ·V−1, respectively. This matrix
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2.1. Piezoelectric Effect

directly relates mechanical stress or strain to electric polarization (direct effect) or

electric field to strain (converse effect). The elements of the d matrix indicate how

sensitive a piezoelectric material is to mechanical stresses or electric fields. High

values indicate a material that can generate significant electrical output from small

mechanical stresses or significant mechanical response from small electric fields.

Electromechanical Coupling Factor: The electromechanical coupling factor, of-

ten denoted by k, is a critical parameter in piezoelectric materials, representing the

efficiency of the conversion between electrical and mechanical energies. It quantifies

how effectively a piezoelectric material can convert energy from one form to another.

The k is defined as the square root of the ratio of the mechanical energy converted

to electrical energy to the total mechanical energy supplied, or vice versa:

k =

√
Electrical Energy Converted to Mechanical Energy

Electrical Energy Supplied
(2.4)

=

√
Mechanical Energy Converted to Electrical Energy

Mechanical Energy Supplied
(2.5)

For specific modes of vibration (like thickness, radial, or longitudinal modes), the cou-

pling factor can be expressed in terms of piezoelectric constants, dielectric constants,

and elastic stiffness constants of this certain direction:

k2 =
d2c

ϵs
(2.6)

where d is the piezoelectric coefficient, c is the elastic stiffness at constant electric

field, ϵ is the permittivity at constant strain, and s is the elastic compliance at

constant electric field of this direction. This formula directly measures how much

mechanical energy is converted into electrical energy and is particularly useful for

designing piezoelectric devices such as sensors and actuators.

Summarization: The suite of equations related to piezoelectric materials encapsu-

lates a comprehensive mathematical framework for understanding and predicting the

behavior of these unique substances, which can convert mechanical energy into elec-

trical energy and vice versa. The piezoelectric matrix d, which relates the mechanical
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Chapter 2. Background of Piezoelectricity

stress and electric displacement, and the elastic compliance s, which connects stress

to strain under constant electric fields, are central to modeling the direct and converse

piezoelectric effects. This interrelationship is quantified through the piezoelectric co-

efficients that determine how efficiently a material can respond to mechanical stimuli

by generating electrical signals or deform mechanically when subjected to electric

fields. The coupling factor k, a measure of the conversion efficiency between electri-

cal and mechanical energies, further enriches the design and analysis of piezoelectric

devices by highlighting the efficiency of energy transfer inherent to specific materials

and vibration modes.

From practical applications ranging from communication sensors to energy harvesters,

these equations are indispensable. They allow engineers and designers to estimate

critical performance metrics such as resonant frequencies, energy conversion efficien-

cies, and the overall responsiveness of piezoelectric materials. By understanding and

applying these relationships, one can optimize piezoelectric devices’ material selec-

tion and structural design to enhance their performance and suitability for various

applications. The calculation of k values for different modes of operation, for in-

stance, guides the creation of more effective and precisely tuned piezoelectric devices,

ensuring maximal operational efficiency and energy utilization. This mathematical

groundwork not only supports the ongoing innovation within piezoelectric technol-

ogy but also aids in the exploration of new applications where energy conversion and

mechanical-electrical interplay are crucial.

2.2 Piezoelectric Materials

In the above section, we have figured out some basic principles of piezoelectricity;

now, we want to explore what materials hold this unique characteristic.

The journey into piezoelectric materials began in the late 19th century, with the
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2.2. Piezoelectric Materials

discovery of the piezoelectric effect by the Curie brothers, Jacques and Pierre, in

1880. They found that certain crystals, such as quartz and Rochelle salt, generate an

electric charge when subjected to mechanical stress. This groundbreaking discovery

laid the foundational principles for piezoelectricity, opening up new avenues in science

and technology.

As research progressed, the early 20th century saw the development of the first prac-

tical applications of piezoelectric materials. During World War I, the piezoelectric

effect was utilized in sonar devices, demonstrating its significant potential. The ma-

terials used at this time, primarily quartz and Rochelle salt, were limited by their

piezoelectric properties and environmental stability, which prompted researchers to

seek more robust and versatile alternatives. The quest for materials with enhanced

piezoelectric properties led to the synthesis of Barium Titanate (BaTiO3) in the 1940s.

This material exhibited strong piezoelectric effects and better temperature stability

than natural piezoelectric materials, marking a significant advancement in the field.

However, it was the development of Lead Zirconate Titanate (PZT) in the 1950s that

revolutionized piezoelectric technology. PZT, a ceramic perovskite material that can

be altered at the atomic level to tailor its piezoelectric properties, offered superior

performance in terms of its electromechanical coupling coefficients and its ability to

operate over a wider range of temperatures and frequencies. The versatility and

enhanced properties of PZT opened up new possibilities in a variety of applications,

ranging from everyday consumer electronics to sophisticated aerospace components.

It became the material of choice for actuators, sensors, and energy harvesting devices,

setting a new standard in the field of piezoelectric materials. The development of PZT

not only marked a pivotal moment in the advancement of piezoelectric materials but

also underscored the importance of material science in pushing the boundaries of

technological innovation.
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Chapter 2. Background of Piezoelectricity

2.2.1 Chemical Structure and Synthesis of PZT

A-site

B-site

O

Fig. 2.2: PZT perovskite structure.

PZT is a ferroelectric material and a kind of perovskite. The perovskite crystal struc-

ture is pivotal in piezo- and ferroelectric materials due to its exemplary performance,

notably exemplified by the PZT solid solution. Named after the mineral calcium

titanate (CaTiO3), perovskite structures adopt the general chemical formula ABO3.

Here, ‘O’ stands for oxygen, ‘A’ represents a larger cation with a coordination number

of 12 and a valence ranging from +1 to +3 (examples include K+, Pb2+, and Bi3+),

while ‘B’ is a smaller cation with a valence ranging from +3 to +5 (such as Fe3+,

Ti4+, and Nb5+). Fig. 2.2 shows the typical perovskite structures of the PZT.

In perovskite structures like PZT, which are noncentrosymmetric, each unit cell in-

herently possesses a net nonzero charge. This charge distribution becomes polarized

due to the B-site ion (e.g., Ti4+) being slightly offset from the center of the unit cell,

effectively creating an electric dipole within each cell. Mechanical stress applied to

the crystal can alter the position of the B-site ion, thereby modifying the crystal’s

polarization strength—this phenomenon underlies the direct piezoelectric effect. Con-

versely, when an electric field is applied, it induces a shift in the B-site ion’s position,

which distorts the unit cell, typically making it more or less tetragonal in shape. This

structural change is the basis of the converse piezoelectric effect.
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2.2. Piezoelectric Materials

2.2.2 Poling the PZT

+

-

DC
Electrical

Field

Ceramic (~mm) Grains (~   m) Domains (from   m to nm)

Before Poling During Poling After Poling

(a)

(b)

:Polarization

Fig. 2.3: Polarization Distributions: (a) grains and domains in piezoelectric ceramics, and (b)
domain reorientation after poling. The microscope photos are reproduced from [1].

In a macroscopic crystalline structure composed of numerous unit cells, the inherent

dipoles within each cell are typically found in a random orientation under natural

conditions. This random arrangement results in a zero net polarization, meaning

the piezoelectric effect is minimal under normal circumstances. When mechanical

stress is applied to such a material, it induces a rotation in these dipoles, aligning

them towards a direction that optimally reduces the overall electrical and mechanical

energy stored within them. However, this induced alignment does not significantly

alter the material’s macroscopic polarization without initial uniform orientation.

To enhance the piezoelectric effect, it is crucial to establish an initial uniform align-

ment of the dipoles. This is achieved through a process called poling, where the

material is subjected to a high electric field that aligns the dipoles in the direction of

the applied field. After removing the electric field, most dipoles retain their new ori-

entation due to the pinning effect, which is caused by microscopic defects within the

crystal lattice that inhibit the dipoles’ return to their original random positions. This
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Chapter 2. Background of Piezoelectricity

alignment retention prepares the material to exhibit a strong piezoelectric response

upon subsequent mechanical stressing.

It’s important to note that the material can lose this alignment under certain con-

ditions, known as depoling [49]. Depoling can occur if the material is exposed to a

high electric field opposite to the original poling direction, or if it is heated beyond

the Curie temperature of the material. Beyond the Curie temperature, the material

undergoes a phase transition that disrupts the dipole alignment, effectively erasing

the induced piezoelectric properties until it is poled again. Thus, the piezoelectric

properties of a material depend not only on the crystals’ intrinsic characteristics but

also on the manipulation and stability of the dipole orientations within those crystals.

2.2.3 PZT Equivalent Circuit and Resonant Frequency

In the field of engineering, the frequency characteristics of piezoelectric materials such

as PZT are crucial, as they directly influence the material’s suitability for specific ap-

plications [50]. Understanding these frequency responses allows engineers to tailor

PZT properties to enhance device performance and efficiency in various technolo-

gies, ranging from sensors to actuators. This section explores the frequency response

of typical PZT materials, examining the underlying mechanisms that shape these

responses and their practical implications.
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Fig. 2.4: The Resonance and Equivalence of PZT: (a) The resonant and anti-resonant fre-
quencies of the PZT. (b) The BVD equivalent circuit of the PZT. (c) The equivalent physical model
of the PZT. 24
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Fig. 2.4(a) shows the typical impedance of the PZT plotted on a logarithmic scale

against frequency. The graph highlights two significant points: the resonant fre-

quency (fs) and the anti-resonant frequency (fp). The resonant frequency is where

the impedance of the PZT reaches a minimum, indicating maximum energy transfer

from the electrical to mechanical system, thus maximum vibration. The anti-resonant

frequency is where the impedance peaks, indicating minimal energy transfer. The

resonant frequency is of paramount importance in practical applications. At this fre-

quency, the PZT exhibits maximum energy efficiency, channeling the electrical input

into mechanical output with minimal losses. This characteristic is particularly critical

in applications requiring high precision and efficiency, such as ultrasonic transducers

in communication or medical imaging, where high vibration amplitudes at resonant

frequencies enhance penetration depth and image resolution.

But why does the PZT present the two specific frequencies? We will explain it

with the Butterworth-Van Dyke (BVD) equivalent circuit [51], a widely accepted

model for representing the dynamic behavior of piezoelectric materials. The BVD

model simplifies the complex interactions within the PZT into manageable electrical

components that mimic its mechanical and electrical responses.

For a typical piezoelectric material modeled using a BVD equivalent circuit (Fig. 2.4(b)),

the BVD equivalent circuit comprises a parallel capacitor C0, representing the static

capacitance of the PZT, and a series branch of a resistor R, an inductor L, and a

capacitor C1. The resistor R models the internal mechanical losses (damping), the in-

ductor L represents the mass or inertia of the piezoelectric material, and the capacitor

C1 simulates the compliance (flexibility or elasticity) of the material.

Resonant Frequency (fs): This is the frequency at which the impedance of the

circuit is at its minimum, primarily influenced by the series resonance of the inductor

L and capacitor C1. The formula for the resonant frequency should be:

fs =
1

2π
√
LC1

(2.7)
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Anti-Resonant Frequency (fp): This frequency occurs when the total impedance

of the circuit is maximized. This typically involves the interaction of C1 and L along

with the effect of the shunt capacitor C0. The formula reflects the combined effects

of C0 and C1, typically resulting in a formula:

fp =
1

2π

√
L
(

C0C1

C0+C1

) (2.8)

Relationship with Electromechanical Coupling Factor (k2): Recall that the

k2 is the conversion efficiency between electrical and mechanical energies. Essentially,

k2 has the following relationship with the BVD equivalent circuit parameters:

k2 =
f 2
p − f 2

s

f 2
p

=
1

1 + C0

C1

(2.9)

This expression essentially represents the fraction of the stored energy in the piezo-

electric device that contributes to the piezoelectric effect (f 2
p − f 2

s ) versus the total

energy stored in the device (f 2
p ). Meanwhile, the ratio C0

C1
is usually denoted as ca-

pacitance ratio, which reflects the sensitivity of the PZT.

Mechanical Quality Factor (Q): The Mechanical Quality Factor, commonly de-

noted as Q, is a fundamental parameter used to describe the performance of resonant

systems, including mechanical and electronic oscillators such as piezoelectric devices.

Q is defined as the ratio of the resonant frequency fs to the bandwidth ∆f , where

∆f is the difference between the frequencies at which the power falls to half its peak

value. Mathematically, it is expressed as:

Q =
fs
∆f

(2.10)

This formula encapsulates the system’s damping characteristics; a higher Q indicates

lower energy dissipation relative to the stored energy, which indicates a system that

can sustain oscillations for a longer period with minimal energy input.

In practical terms, a high Q value in a piezoelectric device means that the device is

highly efficient at its resonant frequency, with minimal energy loss to heat or other
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forms of dissipation. This is particularly desirable in applications such as high-power

transducers or antennas where selectivity and stability are crucial.

In contrast, a low Q factor indicates a broader resonance peak, which benefits ap-

plications with a wider operational bandwidth. This might be essential in sensors

operating effectively across a range of frequencies or in damping applications where

quick energy dissipation is necessary.

2.2.4 PZT Fabrication

Fabrication of PZT Transducers involves a series of precise and controlled processes,

which are crucial for achieving the desired electrical and mechanical properties in the

final product. The process typically begins with preparing the piezoelectric ceramic

material, primarily composed of lead zirconate titanate. This material is synthesized

from a mixture of lead oxide, zirconium oxide, and titanium oxide, with various

dopants that can be added to tailor the material’s properties.

The raw materials are first weighed and mixed to achieve a uniform distribution

of constituents. This mixture is then calcined at high temperatures to achieve the

desired phase and chemical homogeneity. Following calcination, the material is ball-

milled to form a fine powder, which is then pressed into disks or other desired shapes

under high pressure. These green bodies are sintered at elevated temperatures to

enhance their density and mechanical strength, effectively forming the piezoceramic.

Post-sintering, the ceramic undergoes electrode deposition, where metallic coatings

are applied to the surfaces to enable electrical connectivity. Common electrode ma-

terials include silver, gold, or nickel. These electrodes are crucial as they directly

influence the efficiency of the piezoelectric effect by facilitating the application and

collection of electrical charges.

The choice of materials and specific ratios in the fabrication process are directly
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related to the key parameters of the PZT, such as the electromechanical coupling

factor (k2), resonant and anti-resonant frequencies (fs and fp), and the mechanical

quality factor (Q). For instance, the type and amount of dopant used can significantly

affect the piezoelectric and dielectric properties of the ceramic, thereby altering C0

and C1 in the BVD model, which in turn influences k2 and the frequencies.

In practical applications, the fabrication details dictate the performance of the PZT

in its final use environment. For example, in medical imaging applications, a high k2

value is preferred for better energy conversion, necessitating specific material compo-

sitions and processing techniques that enhance this parameter. Similarly, for applica-

tions requiring high precision and stability, such as in frequency filters or sensors, the

quality of the electrodes and the sintering conditions must be meticulously controlled

to achieve high Q values and precise resonant characteristics.

In conclusion, the fabrication of PZTs is a complex interplay of material science,

chemical engineering, and precision manufacturing, with each step and choice crucial

for tailoring the device’s properties to meet specific application needs. The under-

standing of how these fabrication steps affect the fundamental parameters of the

PZT allows engineers and scientists to innovate and optimize piezoelectric devices for

a broad spectrum of technological applications, from everyday electronic devices to

critical medical and industrial instruments.
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Chapter 3

In-concrete Backscatter Network

for SHM

3.1 Introduction

On June 24, 2021, Champlain Towers South, a 12-story beachfront condominium in

the Miami suburb of Surfside, Florida, USA, partially collapsed. This tragic event re-

sulted in 98 fatalities and garnered global attention [52]. Investigations revealed that

the primary cause of the collapse was the degradation of reinforced concrete structural

supports in the ground-level parking garage beneath the residential units. This degra-

dation stemmed from water penetration and subsequent corrosion of the reinforcing

steel. In today’s world, the integrity of architectural structures, especially historical

buildings several centuries ago, is crucial for safety and dependability. However, ag-

ing and environmental impacts inevitably deteriorate concrete structures. The most

effective strategy to prevent sudden collapses is to implement SHM, which involves

an automated sensing system to continuously assess the health of a structure.

SHM offers a viable means to ensure the integrity and safety of civil infrastructures

by detecting damage progression and estimating performance deterioration. The
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Fig. 3.1: Sensing Solutions for SHM. (a) - (e) shows the traditional sensing solutions by using
fiber optical or fiber grating sensors, electrochemical sensors, piezoelectric sensors, and wireless
sensors; (f) shows our solution where EcoCapsules are mixed into concrete when the walls are being
built. Afterward, the operator can intrusively attach the transmitting and receiving PZTs onto the
wall to communicate with the EcoCapsules implanted early, thereby acquiring the SHM-related data
from the sensors integrated within the EcoCapsules.

concept of SHM, although not new, aims to realize the long-standing vision of real-

time structural assessment. Early detection of risks through SHM can promptly

prevent further structural deviation and damage. In civil engineering, four sensing

solutions are predominantly used for SHM [53], as illustrated in Fig. 3.1:

(a) Fiber optic sensors utilize the principle of light modulation within optical fibers

to detect and measure mechanical changes such as deformations or cracks within

the structure. These sensors are highly sensitive, capable of detecting minute

changes, and are beneficial for long-term monitoring due to their durability and

resistance to harsh environmental conditions;

(b) Fiber Bragg grating sensors exploit changes in light signal characteristics trans-

mitted through fibers embedded in concrete to detect various structural param-

eters, such as pressure, strain, humidity, rotation, and chemical interactions,

etc.;

(c) Electrochemical sensors measure the potential difference between two electrodes—one

mounted on a reference point and the other on internal steel—to detect the
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presence or concentration of specific chemical elements and monitor chemical

activity;

(d) Piezoelectric sensors, introduced in the early 1880s, capture variations in acous-

tic emission, temperature, strain, force, pressure, or acceleration, thus aiding in

the assessment of structural criteria [54].

The traditional SHM solutions discussed previously are intrusive due to the necessity

of cables for connecting sensors embedded within the concrete. These methods suffer

from several drawbacks: the inconvenience of wired connections for power and data

acquisition, high costs, and limited monitoring regions constrained by the reach of

cables. Consequently, such systems are predominantly deployed in high-value infras-

tructures like bridges and skyscrapers, limiting broader application in routine civil

structures.

An RF-based Wireless Sensor Network (WSN) has been proposed as a promising

alternative, potentially eliminating the dependency on cables [55]. Nevertheless, the

practical deployment of WSN for SHM remains sparse primarily for two reasons.

Firstly, the sensor nodes, being battery-driven, require regular battery replacements,

which could disrupt the structural integrity or limit sensor placement. Secondly,

the composition of reinforced concrete—sand, water, and steel—creates a natural

Faraday cage, impeding RF signal transmission and thereby relegating WSN nodes

to surface attachment only, as illustrated in Fig. 3.1(e). This limitation prevents

them from monitoring the internal structure, which is often more crucial than surface

characteristics.

In recent developments, architectural experts have envisioned the use of self-sensing

concrete that incorporates minor functional fillers into the mix, enabling an exter-

nally modifiable and responsive wireless network within the concrete itself. In this

chapter, our research advances this innovative idea by introducing a battery-free, com-

putable, and connectable piezoelectric backscatter sensor named EcoCapsule. This
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cost-effective sensor is small enough to be mixed directly with cement, sand, water,

and other materials during the construction phase, allowing it to be permanently

embedded within the structure without the need for subsequent maintenance, thus

preserving the structural integrity throughout the building’s lifespan. As depicted

in Fig. 3.1(f), to measure critical structural parameters like strain or acceleration,

operators attach transmitting and receiving PZTs on the building’s surface. The

transmitting PZTs generate well-designed elastic waves that penetrate the concrete

to power and activate the EcoCapsules for data collection and communication. The

EcoCapsules then utilize backscatter communication techniques—reflecting or not re-

flecting the elastic waves—to modulate and transmit data, representing bit ones or

zeros.

Piezoelectric backscatter systems (PBSs) have demonstrated their efficacy in under-

water communication scenarios [28, 31]. Yet, their applicability within solid media,

such as concrete, is less certain. Deploying PBS for wireless communication in solids

poses significant challenges due to the distinct nature of wave propagation compared

to liquids:

• Wave Propagation Complexity: Elastic waves in solid materials like concrete

propagate with greater complexity than in liquid environments, such as water. In

liquids, elastic waves typically propagate in a single mode, whereas in solids, multiple

modes (five or more) are activated. This multimodality leads to various copies of the

wave traveling at different speeds and forms, causing severe intra-symbol interference

at the receiver (e.g., EcoCapsule), which complicates energy harvesting and symbol

decoding. Our approach involves characterizing the signal propagation in concrete

and introducing a wave prism that selectively filters out unnecessary modes while

retaining the S-wave as the primary carrier.

• Inter-symbol Interference Management: In the downlink, the reader mod-

ulates bits (one or zero) using PIE encoded On/Off Keying (OOK). However, even

after deactivation, a PZT may continue to vibrate due to inertia, leading to bit tailing
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and additional inter-symbol interference. To address this, we leverage the resonance

effects and employ dual-frequency-based Frequency Shift Keying (FSK) to emulate

the OOK at the receiver end. By operating the PZT at resonant or non-resonant

frequencies, we ensure that non-resonant frequencies are naturally attenuated by the

concrete, allowing EcoCapsule nodes to distinguish between high and low-amplitude

bits akin to OOK encoded bits.

• Handling High External Pressure: The external pressure exerted on an Eco-

Capsule embedded in concrete is approximately 2.4× greater than that experienced

underwater at equivalent depths. To mitigate this, we design spherical, stressless

shells to protect the internal circuitry from cracking or deformation under pressure.

Additionally, we integrate a Helmholtz resonator array (HRA) at the front of the

receiving PZT within each EcoCapsule to enhance wave amplification.

Summary of Results: We have prototyped numerous EcoCapsules, each featuring

a mechanically engineered PZT, an HRA, and a custom-designed motherboard that

includes an energy harvesting unit, a microcontroller, and an extensible peripheral

interface for integrating various sensors (e.g., strain, temperature, and humidity).

Our experimental results confirm that EcoCapsules embedded within real-life con-

crete structures can be effectively powered up and maintain wireless connectivity

through continuous body waves (CBW). We achieved a maximum power-up range

exceeding 6 meters and data throughput of up to 13 kbps. The technology has been

successfully implemented in various concrete types, including ultra-high-performance

fiber-reinforced concrete (UHPFRC) with a compressive strength of up to 215 MPa,

underscored by our stressless shell design. Furthermore, we conducted a 17-month

pilot study on the structural health monitoring of an operational footbridge, demon-

strating the long-term viability of our system.

Contributions: This study pioneers the deployment of backscatter systems within

concrete environments for wireless charging, communication, and sensing, overcoming

longstanding challenges in SHM. Collaboration with civil engineering experts has
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yielded a novel prototype and insightful long-term pilot studies, marking significant

advancements in the field.

3.2 Background and Related Works

This section introduces the background knowledge about piezo-acoustic backscatter

communication.

3.2.1 Piezo-acoustic Backscatter System

Reader Piezoelectric Backscatter

Power 
Harvester

Logics & 
Sensors

TX

RX

PZT

PZT

PZT

Impedance controlImpedance
Switch

Downlink

Uplink

Fig. 3.2: Illustration of a PBS. An EcoCapsule communicates bits of zero and one by controlling
the piezoelectric impedance switch, making the node either in absorptive or in reflective states.

A Piezoelectric Backscatter System (PBS) utilizes the piezoelectric effect to facilitate

a battery-free wireless network employing backscatter-based communication, akin to

RF backscatter systems used in RFID technology. The PBS comprises two principal

components as illustrated in Fig. 3.2: a reader and backscatter nodes, which function

similarly to RFID readers and tags, respectively. The reader features two PZTs; the

transmitter (TX) generates a continuous ultrasonic wave, while the receiver (RX)

collects responses from the backscatter nodes.

Each piezoelectric backscatter node is equipped with a single PZT, an impedance

switch, a power harvesting unit, and integrated logic and sensor circuitry. The node’s

impedance switch, controlled by its logic circuit, toggles between two states: absorp-
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tive and reflective. Specifically, if the PZT’s terminals are shorted, the node is in

the reflective state and reflects incoming elastic waves. Conversely, if the terminals

are open, the node enters the absorptive state, converting the incoming elastic wave

into electrical energy. Therefore, by altering the PZT’s impedance (shorted or open),

backscatter communication is facilitated.

The underlying mechanism of how changing the impedance at the PZT’s terminals

enables toggling between absorptive and reflective states hinges on the piezoelectric

effect, which can be mathematically described as follows:

D︸︷︷︸
charge displacement

= dT︸︷︷︸
mechanical

+ ϵTE︸︷︷︸
electrical

(3.1)

Here, an applied electric field (E) or mechanical stress (T ) induces a charge displace-

ment (D) at the PZT’s terminals. The coefficients d and ϵT represent the piezoelectric

and permittivity coefficients under constant stress, respectively. In an open state, the

mechanical energy (T ) will be converted into electrical energy (E). In a shorted state,

both potential difference and charge at the PZT terminals are absent (D and E are

zero), meaning no mechanical stress (T ) is present. As a result, an incident mechan-

ical wave encountering the PZT is fully reflected, maintaining a zero net tensor (T ),

indicative of the reflective state in backscatter communication. By alternating the

terminal connections between short and open, we can effectively control the PZT’s

reflective and absorptive properties.

Typically, in a backscatter node, the switch remains open by default, keeping the

node in an absorptive state to maximize power harvesting until the MCU is activated.

Once powered, communication between the reader and backscatter begins, facilitated

through two links: the downlink (reader to backscatter) and the uplink (backscatter

to the reader). In the uplink, the backscatter alternates between absorptive and

reflective states to modulate bits zero and one. Effectively acting as a mirror, the

backscatter node employs its PZT to either reflect or absorb signals, thereby achieving

straightforward OOK-based communication.
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3.2.2 Elastic Wave in Solid Materials

When a PZT is affixed to a fixed material and voltage is applied, it vibrates accord-

ingly. This vibration propagates as complex multi-mode elastic waves through the

solid, with their nature and classification depending on the angle of incidence and the

sound speed in the medium. They can be divided into two broad categories: body

waves and surface waves. Surface waves propagate along the surface of the medium,

while body waves propagate inside the medium. In our research, we focus primarily

on body waves. Body waves are seismic waves that propagate through the interior

of the Earth, unlike surface waves that travel along the Earth’s surface. There are

two principal types of body waves: P-waves (primary waves) and S-waves (secondary

waves).

Compression

Dilations Amplitude

Wavelength

S-waveP-wave

Fig. 3.3: Illustration of P-waves and S-waves propagation as body waves.

P-waves are longitudinal waves that compress and expand the material in the direction

of wave propagation. These are the fastest type of seismic waves, traveling through

solids, liquids, and gases at speeds ranging from 6 km/s to 14 km/s, depending on

the material’s density and elastic properties. S-waves, in contrast, are transverse

waves that oscillate the material perpendicular to the direction of wave propagation.

These waves cannot travel through liquids or gases as they require shear strength to

propagate, and their speed is generally slower than that of P-waves, typically ranging

from 3 km/s to 8 km/s in solids.

Fig. 3.3 graphically represents the propagation of P-waves and S-waves. P-waves,

36



3.2. Background and Related Works

characterized by their push-pull motion, can travel through all mediums and are

relatively easier to attenuate, whereas S-waves, moving in an up-and-down motion,

can only propagate through solids and tend to travel further due to their slower

attenuation.

Below is the mathematical representation of body wave propagation in homogeneous

media, where u denotes the displacement, ρ the density, and λ and µ the Lamé

parameters. The governing equation for momentum in a body wave can be expressed

as:

ρü = (λ+ 2µ)∇∇ · u− µ∇×∇× u. (3.2)

P-waves and S-waves are actually two solutions to this equation. To derive separate

solutions for P-waves and S-waves, we apply vector operations. For P-waves, the

equation simplifies to:

∇2(∇ · u)− 1

α2

∂2(∇ · u)
∂t2

= 0, (3.3)

where α, the velocity of P-waves, is defined by:

α =

√
λ+ 2µ

ρ
. (3.4)

The equation for S-waves, governed by shear deformations, is:

∇2(∇× u)− 1

β2

∂2(∇× u)

∂t2
= 0, (3.5)

with β, the S-wave velocity, calculated as:

β =

√
µ

ρ
. (3.6)

3.2.3 Related Work

Our work builds upon and extends research in several established fields:
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(1) Acoustic Communication and Sensing: Acoustic waves have been exten-

sively utilized for data transmission and environmental sensing in air [56,57], solids [58–

64], and water [28, 65] to overcome the limitations posed by traditional wired or RF

communication methods. Previous systems in solid media often required the deploy-

ment of acoustic transceivers either on the object’s surface [60, 61, 66] or invasively

inserting wired transceivers into materials like concrete [59], potentially compromising

structural integrity. In contrast, EcoCapsule represents a significant advancement by

embedding battery-free sensors directly within concrete, facilitating robust wireless

connections with ultra-low power consumption.

(2) Backscatter Systems: Backscatter communication has seen increasing interest

for its ability to harness the energy and enable communication via RF signals [67–69],

light [70], and magnetic fields [71], with applications spanning over-the-air connectiv-

ity [67], underwater exploration [28, 31], and in-body communications [72]. EcoCap-

sule advances this technology by adapting it for use within solid-state materials, a

novel approach not previously explored. This adaptation requires addressing specific

challenges related to wireless charging and communication in environments where

elastic waves exhibit multiple modes. Additionally, the EcoCapsule must withstand

the harsh conditions of its operating environment, addressing significant structural

challenges not faced by previous systems.

(3) Structural Health Monitoring: Our work also relates closely to extensive

research in SHM, which typically categorizes systems into surface-mounted sensors,

intrusive wired sensors, and wireless-connected embedded sensors. Surface-mounted

sensors monitor structural health using technologies such as RF Radar [73], elec-

trical signals [74], and acoustic waves [58]. While non-destructive, these methods

often lack the sensitivity to detect minor internal changes like strain or humidity.

Intrusive wired systems offer greater accuracy by directly interfacing with embed-

ded sensors [75] or internal smart materials [76, 77]; however, their deployment can

compromise structural integrity, limiting real-world applicability. Recent attempts
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to implement RF-connected sensors [78–80] have faced challenges due to the severe

attenuation of RF signals within concrete and the impractical size of RF antennas

for embedding. EcoCapsule introduces a groundbreaking solution to these dilemmas

by utilizing solid backscatter communication, enhancing the accuracy, flexibility, and

scalability of SHM practices.

3.3 Wireless Charging and Wireless Communica-

tion in Concrete

The implementation of the PBS within the interior of solid materials marks a pio-

neering advancement. This section begins by delineating the characteristics of the

wireless media employed—elastic waves—and subsequently addresses three funda-

mental issues crucial to the deployment of this technology.

3.3.1 Wireless Media: Elastic Waves

Elastic waves are disturbances that propagate through both solid and fluid materials,

including surfaces, without inducing permanent structural or physical alterations.

These waves manifest in various forms, each with distinct properties, and are broadly

categorized into two main types: body waves and surface waves. Body waves traverse

the interior of the media, making them particularly relevant for applications like

EcoCapsule, where sensors are embedded deeply within concrete structures.

Body waves propagate in three dimensions and are capable of moving through the

entire volume of a solid. These waves consist of two primary modes, illustrated in

Fig. 3.3. The first mode, known as the primary wave or P-wave, compresses and

expands the medium it travels through. P-waves are capable of moving through both

solid and liquid materials, with their velocity varying depending on the medium’s
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properties. The second mode, known as the secondary wave or S-wave, generates a

transverse waveform that shears the material sideways at right angles to the wave’s

direction of travel. Because liquids cannot support shear stresses, S-waves are absent

in underwater environments, which simplifies the implementation of PBS systems in

such settings.

Each mode of the body wave can be conceptualized as a distinct copy of the origi-

nating wave, differing in waveform and velocity. Notably, S-waves travel at a speed

approximately 40% slower than that of P-waves within solid materials. For instance,

the velocities of P-waves and S-waves in concrete are approximately Cp = 3338m/s

and Cs = 1941m/s, respectively [81]. Moreover, the attenuation coefficient for S-

waves is significantly lower than that for P-waves [82], which implies that S-waves

can propagate further within the medium. Given these characteristics, S-waves are

considered preferable for wireless communication media in applications such as ours,

where communication range and signal integrity are crucial.

3.3.2 Wireless Charging

D  C
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Fig. 3.4: Injecting elastic waves into concrete with different means. (a) Transmission of
body wave at a perpendicular plane boundary. (b) Both modes of body wave exist in the wall when
the incident angle is less than the critical angle; (c) When the incident angle is beyond the critical
angle, the P-wave no longer exists, and all refracted energy is contained in the S-wave. (d) The
S-waves are reflected off the boundaries to create many reflections called S-reflections.

In order to supply power consistently to EcoCapsules embedded within structures,

the reader emits a continuous body wave (CBW) into the target area, such as a
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concrete wall. The transmitting PZT in the reader is designed as a piezoelectric

round disc, which vibrates in a direction perpendicular to the disc’s surface (i.e., in

a push-pull pattern). This specific vibrational mode restricts the PZT to generating

only P-waves, as it cannot vibrate in an up-and-down pattern.

When the PZT is directly attached to a wall, it initiates P-waves that propagate

through the wall and continue until they meet the opposite surface. The propagation

characteristics of these P-waves can be quantitatively described by the half-beam

angle α, which is calculated as follows:

α = arcsin

(
0.514Cp

fD

)
, (3.7)

where D represents the diameter of the PZT, f is the frequency of the wave, and Cp

is the velocity of the P-wave in concrete. Given the parameters, D = 40 mm and

f = 230 kHz, the computed half-beam angle α is approximately 11◦. This results

in the CBW covering only a small cone of about 132 cm3 volume within the 15 cm

depth of the concrete, as depicted in Fig. 3.4(a). Under these conditions, only the

nodes directly beneath the PZT are capable of being powered up.

This configuration poses a significant challenge since the exact locations of EcoCap-

sules within the concrete are not predetermined. Therefore, attempting to energize

the EcoCapsules necessitates an exhaustive search across the entire wall area, hoping

to fortuitously activate the backscatter nodes. Such a method is clearly inefficient and

impractical for reliable operation. This limitation highlights the need for developing a

more effective approach to targeting and powering the EcoCapsules embedded within

solid structures.

Reflection. Thus, how can we power up multiple backscatter nodes inside a wall using

a single transmitting PZT without knowing their locations? This challenge brings us

to the consideration of how body waves interact with boundaries between different

media. When body waves, such as P-waves, encounter a boundary between dissimilar

mediums like concrete and air, they are predominantly reflected. This reflection is
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quantified by the reflection coefficient, defined as:

R =
Zcon − Zair

Zcon + Zair

(3.8)

where Zcon and Zair represent the acoustic impedances of concrete and air, respec-

tively. According to studies [83], with Zcon = 4.66 × 106 kg/m2s and Zair = 4.15 ×
102 kg/m2s, the impedance difference is substantial, leading to a reflection coefficient

near 100%, specifically R = 99.98%. This means more than 99% of the body waves

are completely reflected at the concrete-air boundary.

Inspired by this phenomenon, we use internal reflections to increase coverage by

employing a polymer wedge, referred to as a wave prism, positioned between the PZT

and the concrete surface. This setup is illustrated in Fig. 3.4(b). By adjusting the

angle of the prism’s inclined plane, we can direct the body waves into the concrete

at various incident angles. The P-waves generated by the PZT, when transmitted

through the inclined plane of the prism, enter the concrete and are designed to bounce

off its internal boundaries multiple times. This action fills the interior with wave

reflections, as depicted in Fig. 3.4(d), thereby energizing backscatter nodes located

at arbitrary positions with minimal effort.

However, a complexity arises when P-waves cross the interface between the prism and

the concrete. At this juncture, a portion of the wave energy continues to propagate

forward as a P-wave, while another portion is converted into an S-wave, initiating

a new propagation path. This results in two modes of body waves present within

the concrete, a scenario we describe as one mode in, two modes out, visualized in

Fig. 3.4(b). The receiving PZT faces a challenge in distinguishing the type of wave re-

ceived, as both P-waves and S-waves induce mechanically indistinguishable vibrations

on it. This overlap complicates the decoding process, particularly because S-waves,

traveling 40% slower than P-waves, cause a 60% data overlap. This superposition

of identical data carried by both wave types complicates the signal interpretation,

demanding advanced strategies to effectively separate and decode the transmitted
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information.

Refraction. According to Snell’s Law, a wave is refracted when it travels through a

boundary between two different materials at a non-zero angle. The refraction angle

is determined using the following relation:

sin θi
Ci

=
sin θp
Cp

=
sin θs
Cs

(3.9)

where θi and Ci denote the incident angle and the wave velocity in the first mate-

rial, respectively, while θp (or θs) and Cp (or Cs) represent the refracted angles and

velocities of the P-wave (or S-wave) in the second material. Given that P-waves

travel approximately 40% faster than S-waves, this difference in velocities leads to

the following implication:

Cp > Cs ⇒ θp > θs (3.10)

This inequality indicates that the refracted angle of the P-wave is larger than that

of the S-wave, as visually documented in Fig. 3.4(b). Additionally, both refracted

angles increase as the incident angle is raised, with the angle of the P-wave reaching

90◦ at what is termed the first critical angle. At this juncture, the P-wave effectively

vanishes, leaving only the S-wave propagating within the concrete. Increasing the

incident angle further to the second critical angle leads to the disappearance of the

S-wave as well, resulting in the absence of body waves and the dominance of surface

waves within the concrete.

The relative amplitudes of these two wave modes, as a function of the incident angle,

are plotted in Fig. 3.5. The first and second critical angles are calculated to be ap-

proximately 34◦ and 73◦, respectively. Within this range, only S-waves remain active

in the concrete, facilitating what we refer to as S-wave-only reflections (S-reflections).

By strategically positioning the wave injection at an incident angle within the range

of θi ∈ [34◦, 73◦], as depicted in Fig. 3.4(d), we can effectively eliminate P-wave

interference. This setup optimizes the environment for S-reflections to propagate

extensively within the concrete, thereby enabling efficient wireless charging of Eco-
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Capsules positioned arbitrarily within the structure. This method ensures that the

P-waves are excluded from the process, enhancing the efficiency and range of energy

transfer through S-wave reflections.
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Fig. 3.5: Relative amplitudes of P and S waves vs. incident angle. The P- and S-waves
dominate the body alternatively as a function of the incident angle. Beyond the first critical angle
(CA), the P-wave disappears and only S-wave resides. Beyond the second critical angle, two models
of waves disappear and no body waves present inside the concrete.

Material Selection for the Wave Prism. The choice of material for the wave

prism is crucial, as it involves a careful balance to maximize the effectiveness of the

wave transmission into concrete. The sound speed within the prism material plays

a dual role in determining both the refraction angle and the energy transmission

efficiency. On the one hand, the sound speed in the prism should be significantly

lower than that in concrete to ensure that the refracted wave angles remain small,

facilitating easier elimination of undesired wave modes at smaller incident angles. On

the other hand, to minimize energy loss at the interface, the sound speed in the prism

should also be sufficiently high to reduce the impedance difference between the prism

and concrete, thereby allowing more energy to be transferred through the prism.

Given these considerations, we have selected polylactic acid (PLA) as the prism mate-

rial. PLA offers an advantageous balance with a density roughly half that of concrete

and a sound speed of approximately Cprism = 1250 m/s, compared to Ccon = 3700 m/s

in concrete. The reflection coefficient R, computed using the formula

R =
(Zcon − Zprism)

(Zcon + Zprism)
(3.11)
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where Zcon and Zprism are the acoustic impedances of concrete and the prism, re-

spectively, evaluates to approximately 33.43%. This coefficient implies that about

67% of the energy from P-waves generated by the PZT can effectively be conducted

into the concrete. Additionally, the choice of PLA lowers the first critical angle to

34◦, enhancing the range of incident angles that effectively facilitate wave transmis-

sion without significant losses. PLA’s uniform sound velocity across different types

of concrete further simplifies operational logistics, as there is no need to customize

prism materials for different concrete environments. This universality makes PLA an

excellent choice for the prism, combining practicality with performance to optimize

the efficacy of the EcoCapsule system.

3.3.3 Wireless Communication: Downlink

The downlink is from the reader to backscatter with two purposes: energy supply

and command delivery.

Concrete Frequency Response. Which vibrating frequency optimally facilitates

the propagation of body waves within concrete? To address this question, we con-

ducted a series of experiments aimed at measuring the frequency response of concrete.

The frequency response of concrete is a quantitative measure of how the material’s

output spectrum reacts to a vibrational stimulus. In the research field of modern con-

struction, three predominant types of concrete are used, each differing significantly

in material composition and performance: normal concrete (NC) [84], ultra-high per-

formance concrete (UHPC) [85], and ultra-high-performance fiber-reinforced concrete

(UHPFRC) [86].

We tested four concrete blocks in our experiments: a 7 cm-thick NC block, a 15

cm-thick NC block, a 15 cm-thick UHPC block, and a 15 cm-thick UHPFRC block,

as depicted in Fig. 3.6(a). Each block measures 15 cm in width and height, with

detailed mix proportions and physical properties listed in Table 3.1. To conduct the

45



Chapter 3. In-concrete Backscatter Network for SHM
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Fig. 3.6: Concrete Frequency Response. We collected the the responses of four morden
concrete blocks to the vibrating stimuli at various frequencies.

experiments, we attached a transmitting PZT equipped with a 45◦ wave prism to one

side of each concrete block and a receiving PZT on the opposite side. This setup

helps to nearly eliminate surface wave interference due to the blocks’ sharp edges and

corners.

The operational frequency range for the COTS PZTs spanned from 1 kHz to 1 MHz.

We transmitted a sinusoidal signal at various frequencies, initiating at 20 kHz and

incrementing in steps of 10 kHz up to 400 kHz, with each frequency setting tested ten

times to ensure accuracy. The peak voltage applied was 100 V. The results of these

tests are illustrated in Fig. 3.6(b), revealing several key insights.

Firstly, we observed that irrespective of the type of concrete, the resonance fre-

quency—where wave propagation is most efficient—occurred between 200 kHz and
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250 kHz. Beyond this range, wave propagation attenuated rapidly. Secondly, the peak

responses recorded for UHPC and UHPFRC were significantly higher than those for

NC. This difference can be attributed to the higher compressive strengths and reduced

intermolecular spacing in UHPC and UHPFRC, which enhance the propagation of

elastic waves through these denser materials.

Table 3.1: Mix proportions and properties of concretes used in our experiments.
In the table, HRWR is the high range water reducers, fco is the compressive strength, Ec

is the concrete elastic modulus, ν is the Poisson’s ratio, and ϵco is the corresponding strain.

# Concretes NC UHPC UHPSSC

M
ix

p
ro
p
or
ti
on

s

Cement 300 830 807

Silica Fume 0 207 202

Fly Ash 200 0 0

Quartz Power 0 207 202

Sand 796 913 888

Granite 829 0 0

Steel Fiber 0 0 471

Water 175 164 158

HRWR 9 27 29

P
ro
p
er
ti
es

fco(MPa) 54.1 195.3 215.0

Ec(GPa) 27.8 52.5 52.7

ν 0.18 0.21 0.21

ϵco(%) 0.263 0.447 0.447

Pulse Interval Encoding (PIE). In our study, we employ Pulse Interval Encod-

ing (PIE), a widely utilized data coding scheme for downlink transmissions within

backscatter communication systems. As depicted in Fig. 3.7, in PIE, a bit zero is

represented by a high-voltage interval followed by a shorter low-voltage pulse. Con-

versely, a bit one is encoded as a long high-voltage interval followed by a brief low-

voltage pulse. This encoding method is particularly advantageous in battery-free

networks, such as those used in backscatter systems, where it is critical to maintain
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energy delivery to the backscatter node regardless of the data being transmitted. The

PIE scheme is designed to ensure that even during transmissions consisting of long

sequences of zeros, at least 50% of the maximum power is continuously delivered to

the backscatter node. This is achieved by balancing the duration of low and high

voltage intervals for a bit zero. For instance, if the duration of the high voltage is

three times longer than that of the low voltage in the encoding of a bit zero, a ran-

dom sequence of binary data—with an equal mix of zeros and ones—will enable the

backscatter node to receive approximately 63% of the peak power available from the

carrier wave. This method of encoding ensures that the backscatter node can consis-

tently harvest energy from the continuous body wave (CBW), even when command

signals are piggybacked onto the carrier wave. As a result, PIE not only facilitates

effective data communication but also enhances the overall efficiency and reliability of

the energy harvesting process in backscatter systems, ensuring that the node remains

operational even in the presence of data transmission variations.

Low-voltage

High-voltage

Bit 0 Bit 1

CarrierCarrier

Fig. 3.7: Illustration of PIE symbols in baseband. Both symbols are composed of a high-
voltage edge and a low-voltage edge to ensure that a backscatter can harvest energy during at least
50% time.

Ring Effect. In an ideal scenario within PIE, the waveform associated with a PIE

symbol should be sharply confined to its high-voltage phase without spilling over into

the subsequent low-voltage phase, thus avoiding intra-symbol interference as depicted

in Fig. 3.7. However, in practice, the vibrating element, typically a PZT, continues to

oscillate even after the deactivation of the driving voltage. This prolonged vibration

is known as the ring effect, a phenomenon primarily attributed to the inertia of the
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PZT—i.e., the material continues to oscillate for a period after the driving voltage is

switched off, as noted in existing literature [26]. The Ring Effect in PZT materials

stems from their inherent ferroelectric properties, which lead to spontaneous polar-

ization under an applied electric field. This polarization change induces mechanical

deformations that resonate, continuing even after the removal of the stimulus.

An illustrative example can be seen in Fig. 3.8(a), where a PIE symbol for a bit zero

extends from 0.1 ms to 1.1 ms, with a transition designated at 0.6 ms. Although

the power supply is cut at the transition point, the PZT vibration diminishes only

gradually, taking an additional 0.3 ms to quell the residual motion. The traditional

method to mitigate this ringing involves applying a reverse braking voltage at the end

of the high-voltage phase to counteract the residual oscillations. However, accurately

determining the optimal timing and magnitude of this braking voltage presents sig-

nificant challenges. Applying the braking voltage too early or too late, or adjusting

it too high or too low, can either prematurely weaken the end of the high-voltage

phase or inadvertently elevate the start of the low-voltage phase. This resonant be-

havior can persist as a self-sustaining oscillation, akin to the ringing of a bell that

continues to sound after being struck. Managing this effect is crucial for applications

where precision and control over mechanical responses are necessary. In the context

of PIE in backscatter communication systems, unmanaged ring effects can lead to

significant data corruption due to misinterpretation of the signal’s intended start and

stop points. Effective control strategies must, therefore, be implemented to harness

or mitigate this effect, ensuring reliable data transmission and energy harvesting in

backscatter systems.

FSK in OOK out. The inherent material properties of concrete significantly affect

the amplitude of body waves at different frequencies, as indicated by our concrete

frequency response experiments (see Fig. 3.6(b)). This phenomenon is particularly

pronounced at resonant versus non-resonant frequencies. We exploit this characteris-

tic to mitigate the ring effect commonly observed in PZT systems. Instead of halting
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Fig. 3.8: Ring effect. (a) shows the PIE symbol zero without tailing suppression; (b) the tailing
is suppressed by the concrete naturally due to the off-resonance effect.

the PZT’s vibration to signify a low-voltage edge—which can lead to unwanted lin-

gering oscillations (ring effect)—we adjust the PZT to oscillate at a non-resonant

frequency.

Specifically, for the high-voltage edge, the CBW is transmitted at a resonant fre-

quency, such as 230 kHz, where the concrete naturally amplifies the wave’s amplitude.

Conversely, for the low-voltage edge, we switch to a non-resonant frequency, like 180

kHz, where the amplitude is naturally dampened by the concrete due to non-resonant

radiation damping. This strategy eliminates the need to start or stop the vibration

abruptly, thus effectively reducing the mechanical inertia that typically causes the
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ring effect.

Fig. 3.8(b) illustrates the effectiveness of this anti-ring-effect strategy, showcasing how

the concrete’s properties help suppress the tailing at non-resonant frequencies. Con-

sequently, while traditional backscatter systems commonly employ OOK for down-

link transmissions, our approach utilizes FSK in conjunction with the off-resonance

damping effect of concrete to simulate OOK behavior at the backscatter nodes. This

method allows for data decoding using a simple envelope detector, which is already

equipped with EcoCapsules. By leveraging the FSK to manage wave amplitudes in

relation to concrete’s frequency response, we ensure that data transmission remains

robust against the ring effect without the need for complex hardware adjustments.

This approach not only maintains the integrity of data communication but also signif-

icantly reduces power consumption and manufacturing costs, aligning with the need

for efficient and cost-effective structural health monitoring solutions.

3.3.4 Wireless Communication: Uplink

The uplink is initiated by an EcoCapsule to transmit sensing data to the reader

through the backscatter communication.

Backscattering. To assess the viability of backscatter communication within con-

crete structures, we conducted an experiment using an EcoCapsule embedded in a

15 cm-thick block of UHPC. For this test, we transmitted a CBW at a frequency of

230 kHz, with a peak voltage of 100 V, to energize the EcoCapsule and serve as the

carrier wave for backscatter communication.

The EcoCapsule was programmed to modulate this carrier by toggling its impedance

switch at a frequency of 2 kHz. This modulation creates variations in the reflected

wave, which are then detected and decoded. A separate PZT affixed directly to the

opposite side of the concrete block, served as the receiver. This placement strategy

ensures that the receiving PZT is integrally aligned with the concrete’s structure,
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optimally positioned to directly capture S-wave reflections without the need for a

prism, thus maximizing the detection of the backscattered signals.

In line with established practices in backscatter communication, we employed the

FM0 coding scheme to enhance the robustness of data transmission. FM0 coding

differentiates between a bit zero and a bit one based on the presence or absence of

a transition within the symbol window rather than relying solely on the duration

of signal phases. This method is particularly suited to environments where signal

integrity may be compromised by material properties or construction inconsistencies.

Self-interference Cancellation. Backscatter communication inherently operates

in a full-duplex mode by utilizing the reflections of a downlink signal to transmit

data. However, a significant challenge arises when the receiving Piezoelectric Trans-

ducer (PZT) tries to detect weak backscatter signals while simultaneously receiving

a much stronger direct signal from the transmitting PZT. This direct signal often

produces surface waves and S-reflections that are approximately 10× stronger than

the backscattered signals, severely overwhelming the receiver and complicating the

detection process.

Simply increasing the transmit power exacerbates the problem, as it not only en-

hances the downlink signal but also amplifies the backscatter response. This often

leads to the saturation of the Analog-to-Digital Converter (ADC) at the receiver, pre-

venting it from distinguishing the weak backscatter response, particularly when the

backscatter node is nearby. To mitigate this issue, several strategies, such as filtering,

synchronization, or advanced signal processing, are essential.

For example, in our experiment with an EcoCapsule implanted within a 15 cm-thick

UHPC block, we transmitted a single-tone Continuous Body Wave (CBW) at 230

kHz with a peak voltage of 100 V. The EcoCapsule was programmed to modulate

this signal by switching its impedance at 2 kHz. While this setup effectively transmits

the uplink signal, the strong downlink signal could potentially mask the backscatter
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due to self-interference.

To demonstrate this, consider the signal received by the PZT Rx:

y(t) = I cos (2πfct) + hp(t) cos (2πfct) , (3.12)

where I is the amplitude of the CBW, h is the channel gain from the backscatter

node to the receiver, and p(t) is the modulating signal of the backscatter node. Given

I ≫ h, self-interference significantly impacts the receiver’s ability to discern the

backscatter response.

To address this issue, EcoCapsule exploits the bandwidth of the PZT, shifts the

backscatter response out-of-band, and filters out the strong in-band downlink signal

as shown in Fig. 3.9. Specifically, rather than just applying p(t) across the backscat-

tering switch, it can apply p(t) cos (2πfot) to shift the response away from the down-

link signal in the frequency domain. In such a scenario, the received signal by the

hydrophone is given by the following equation:

y(t) = I cos (2πfct) + hp(t) cos (2πfct) cos (2πfot) (3.13)

= I cos (2πfct) + 0.5hp(t) cos (2π (fc − fo) t) + 0.5hp(t) cos (2π (fc + fo) t)

(3.14)

So, the received signal contains the downlink frequency at fc and the backscatter

response at fc + f0 and fc − f0. Assuming f0 = 5 kHz, then the backscatter response

is at 225 kHz and 235 kHz, while the downlink signal remains at 230 kHz as shown

in Fig. 3.9. To address the issue of the strong downlink signal overwhelming the

weak backscatter response in backscatter communication, our solution is to apply a

low-pass filter to the received signal. By setting the filter’s cutoff frequency to 228

kHz, the downlink signal can be eliminated, leaving only the backscatter response at

225 kHz for the receiver to decode. This simple filtering technique can effectively en-

hance the signal-to-noise ratio and improve the overall performance of the backscatter

communication system.
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We adopt a similar solution used in the RFID system [87] or previous underwater

PBS [28, 31] to overcome such self-interference. Thus, self-interference can be easily

filtered out in the spectrum. We can also place signal amplification devices such

as lock-in amplifiers or low-noise amplifiers after the filter and before the ADC to

further amplify the weak backscattered signal. These devices can further increase

communication distance.
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Fig. 3.9: Self-interference elimination

Fig. 3.9 illustrates the effectiveness of this approach, showing a clear spectrum of

received signals with three distinct peaks: one from the CBW and the other two from

the amplitude-modulated (AM) backscatter signals on either side of the main peak.

Notably, no signal at non-resonant frequencies is detected during the backscatter

period in the uplink, indicating effective isolation of the communication channels by

the guard band between the signals.

Scaling to Multiple EcoCapsules. To efficiently manage multiple EcoCapsules

embedded within a structure, we incorporate the Time Division Multiple Access

(TDMA) protocol, akin to those used in the RFID Gen 2 standards. In this setup,

each EcoCapsule is assigned a specific time slot during which it can transmit its data,

minimizing the chance of signal collision and interference among devices. This ap-

proach is particularly suited to environments where the number of EcoCapsules is rel-
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atively small and where SHM applications can tolerate delays—given that structural

degradation typically progresses over days rather than seconds, the delay introduced

by TDMA is acceptable.

For scenarios requiring denser installations of EcoCapsules, such as in large or com-

plex structures, we can also integrate Frequency Division Multiple Access (FDMA)

alongside TDMA to enhance system scalability. In FDMA, different frequency bands

are allocated to different transmitters, allowing simultaneous transmission without

interference. To facilitate FDMA, components such as capacitors, inductors, or resis-

tors can be connected in parallel at both terminals of a PZT. This adjustment allows

us to fine-tune the resonant frequency of each PZT, enabling it to operate effectively

within a designated frequency band and achieve frequency division multiplexing.

3.4 Practical Discussion

3.4.1 Acoustic vs. RF Backscatter for In-Concrete SHM

Numerous studies have explored the integration of passive RFID tags for long-term in-

concrete SHM, achieving varied levels of success [79,80,88]. These initiatives demon-

strate that while RF-based backscatter systems are innovative, their communication

ranges are severely limited—often to just a few centimeters—when embedded within

concrete. This limitation stems from the substantial attenuation of RF signals by the

dense, absorptive properties of concrete.

Conversely, concrete’s ability to efficiently conduct mechanical vibrations presents a

compelling alternative. Acoustic backscatter systems, or PBS, utilize these mechan-

ical vibrations to achieve communication ranges that can extend several meters, far

surpassing the capabilities of RF systems in similar settings. Given these advantages,

PBS technology shows significant promise as the future standard for in-concrete com-
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munications within SHM applications.

3.4.2 The Impact of the Concrete Structure

The internal structure of concrete can be highly variable and complex. Typical com-

positions may include steel reinforcement bars, irregular sand particles, gravel, and

even cavities formed from entrapped air during the casting process [89]. These in-

clusions act similarly to reflectors in RF communications, causing acoustic waves to

reflect, diffract, and ultimately alter in direction, frequency, and intensity as they

propagate through the concrete.

Despite these potential obstacles, the relative proportion of such inclusions within the

concrete is generally small, meaning that their impact on overall communication effi-

cacy is typically minimal. In fact, our empirical data suggests that adjustments to the

operational frequency of the PBS can significantly enhance communication quality in

scenarios where the channel is degraded by these internal structures. Fine-tuning the

frequency allows the PBS to adapt to specific conditions within the concrete, optimiz-

ing signal clarity and strength even in the presence of complex internal architectures.

In conclusion, while both acoustic and RF technologies offer potential for in-concrete

SHM, the superior propagation characteristics of acoustic waves within concrete make

PBS a more effective and promising approach for future applications. This method

not only circumvents the severe limitations posed by RF signal attenuation but also

provides a robust framework for overcoming the inherent challenges presented by the

diverse and intricate internal structures of concrete.

3.5 Implementation of EcoCapsules

In this section, we describe our mechanical and hardware fabrication process for

EcoCapsules. The detailed hardware and software design has been released on the
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Github [90] and our project website [91].

3.5.1 Stressless and Resonant Shell

We have developed prototypes of our EcoCapsule, which are uniquely designed in the

shape of spheres with small recessed areas for the PZT frontend. Each prototype

measures approximately 4.5 cm in diameter, roughly the size of a standard ping-pong

ball. This specific design serves dual functions: stress equalization and Helmholtz

resonance.
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Fig. 3.10: Mechanical and hardware fabrication of EcoCapsules. (a) The EcoCapsule
prototypes are depicted alongside a standard 40 mm ping-pong ball for scale. Their internal circuit
board is nearly as small as a one-dollar coin. (b) An exploded view of an EcoCapsule showing its
internal components. (c) The stress distribution within an EcoCapsule during operation.

Stress Equalization. The spherical shell design of the EcoCapsule is engineered to

equalize the stress exerted by the surrounding concrete. Despite the shell’s inherent

capability to distribute external pressures evenly, additional measures are necessary

to prevent it from cracking due to the significant pressure differential between the

interior air and the external concrete. This pressure difference, denoted by ∆P , is

described by the following equation:

∆P = ρgh− Pair (3.15)

where ρ represents the density of the concrete, h is the height of the concrete over

the EcoCapsule, g is the acceleration due to gravity, and Pair is the standard atmo-
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spheric pressure (101.325 kPa). Concrete density typically ranges from 1840 kg/m3

to 2360 kg/m3 [92].

The shell is manufactured using stereolithography (SLA) 3D printing technology,

which uses a resin with a tensile strength of approximately 65.0 MPa and Young’s

modulus of approximately 2.2 GPa [93]. With a shell thickness set at 2.0 mm and

allowing for a deformation tolerance of up to 5%, we utilized Solidworks [94] to con-

duct a finite element analysis (FEA) to determine the maximum pressure differential

(∆Pmax) the shell can withstand, which was found to be approximately 4.3 MPa.

By inserting ∆Pmax back into Equation 3.15, the maximum viable building height

for embedding our EcoCapsules without risk of structural failure is calculated to be

around 195 meters (approximately 55 floors).

For applications requiring installation in taller structures, substituting the resin with

metal materials, such as alloy steel (with a ∆Pmax ≈ 115.2 MPa), could extend the

maximum height to 4985 meters, well beyond the height of any existing man-made

structure.

The internal design of the EcoCapsule further enhances its robustness. As illustrated

in Fig. 3.10(b), the sphere’s interior is compartmentalized into three cavities by two

clapboards. The PZT, measuring 10 mm in diameter, is secured at the end of the

sunken mouth to ensure direct exposure to the concrete, while also being protected

during the cement pouring process. The motherboard is centrally located between the

clapboards, and the sensors are housed in the rear cavity to monitor environmental

conditions within the concrete. Fig. 3.10(c) depicts the stress distribution around the

EcoCapsule, demonstrating how the structural design effectively redirects most of

the stress onto the shell and clapboards, thereby shielding the electronic components

from external pressures and ensuring their operational integrity.

Helmholtz Resonance. A Helmholtz resonator (HR) is a device that consists of a

container with a volume of moving media, such as air or a fluid-like concrete, and an
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open neck. The principle of Helmholtz resonance involves the vibration of the media

within and around the neck due to the ‘springiness’ or elasticity of the media inside

the container. This phenomenon allows the resonator to act as a vibration amplifier,

capturing minute vibrations at a specific frequency and significantly enhancing them

through the resonance of the cavity.

Inspired by this physical principle, we have integrated a Helmholtz resonator array

(HRA) into the design of our EcoCapsules, positioned at the front of the PZT as

illustrated in Fig. 3.10(b). The detailed structures of the HRA and each individual

HR unit are depicted in Fig. 3.11. Each HR within the array is constructed with a

distinct neck and cavity. The media contained within each cavity behaves akin to a

spring due to its compressibility, enabling it to store potential energy that contributes

to the resonance effect.

The resonant frequency (fr) of an undamped Helmholtz resonator is determined by

the following formula:

fr =
Cs

2π

√
3An

4VcHn

(3.16)

where Cs represents the speed of S-waves in concrete, An is the cross-sectional area

of the neck, Hn is the length of the neck, and Vc is the volume of the cavity.

For our EcoCapsules, targeting an operational resonant frequency around 230 kHz,

we selected the geometrical parameters of the HR to optimize resonance at this fre-

quency. Specifically, the dimensions chosen include a neck cross-sectional area (An)

of 0.78 mm², a cavity volume (Vc) of 2.76 mm³, and a neck length (Hn) of 0.8

mm. These parameters were carefully calculated to ensure that the HRAs effectively

amplify vibrations at the desired frequency, thereby enhancing the sensitivity and re-

sponsiveness of the EcoCapsule in detecting and communicating via acoustic signals

in concrete environments. This integration of Helmholtz resonance into the design

not only improves the EcoCapsule’s ability to capture and amplify relevant signals

but also significantly boosts the overall efficiency of the backscatter communication
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system by optimizing the energy transfer from the ambient vibrations within the

concrete structure.
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Fig. 3.11: Helmholtz resonator array

3.5.2 Circuitry

The heart of the EcoCapsule is its battery-free processing board, which is meticulously

designed and assembled on a round two-layer printed circuit board (PCB) measuring

3.5 cm in diameter. This core component is depicted in Fig. 3.10(a) and represents

a versatile and extensible computing platform tailored for long-term SHM. Fig. 3.12

illustrates the comprehensive schematic of our hardware design, drawing inspiration

from pioneering work in the field, such as WISP [67] and PAB [28]. We have fabricated

a total of 30 prototypes for a thorough evaluation, utilizing the specialized services

of JLCPCB [95]. Each unit costs approximately 10 USD, with circuit components

manually soldered onto the PCBs and subjected to individual testing.

The hardware is engineered to fulfill four critical functions: power harvesting, backscat-

ter communication (uplink), signal receiving and decoding (downlink), and interfacing

with various sensors. (1) Power Management: At the forefront of the energy manage-

ment system is a four-stage voltage multiplier that captures weak acoustic signals and

converts them into usable DC output. This is followed by a Ti low-dropout (LDO) reg-

ulator, specifically the LP5900SD-1.8 [96], which stabilizes the voltage at a constant

1.8V, ensuring reliable power supply to the microcontroller unit (MCU) and sensors.
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Fig. 3.12: Circuit schematic of the EcoCapsule.

A diode is strategically placed before the LDO to prevent any potential backflow of

current into the supply system [97]. (2) Demodulation: The demodulation process

utilizes the voltage multiplier as an envelope detector to separate the baseband signal

from the carrier. Following the designs used in PAB [28], a TXB0302 level shifter [98]

is employed to filter out high-frequency noise and to binarize the received signal, en-

hancing the clarity and accuracy of data interpretation. (3) Controller and Sensor:

The control system is based around the Ti MSP430G2553 MCU [99], chosen for its

ultra-low power consumption—414 µW in active mode and just 0.9 µW in sleep mode.

This MCU is adept at decoding downlink PIE commands through timer interrupts,

which accurately measure the intervals between each signal edge from the demodula-

tor [28]. For sensor interfacing, the MCU utilizes its internal ADC for analog sensors

and communicates with digital sensors via the I2C protocol. (4) Sensing Functions:

To monitor concrete’s internal conditions, we have integrated sensors for measuring

temperature, humidity, and strain. The AHT10 integrated temperature and humid-

ity sensor [100] provides readings of the internal relative humidity and temperature.

Additionally, a BFH1K-3EB full-bridge strain gauge [101] is mounted on the rear of

the node shell to assess bidirectional internal strains within the concrete.

These integrated technologies and components make the EcoCapsule a robust tool

for SHM, capable of providing detailed, real-time data on the health of concrete

structures, thereby significantly advancing the field of civil engineering monitoring.
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3.5.3 Lifetime and Durability

To ensure EcoCapsule’s effectiveness as a long-term solution for SHM, it is crucial

to discuss its lifetime and durability. Since the EcoCapsules are designed to be im-

planted into concrete structures, they must operate reliably for many years, ideally

matching the lifespan of the architecture itself. To enhance the lifetime of the Eco-

Capsule for real-world applications, several strategies should be considered to ensure

its durability and long-term functionality, aligning with the expected lifespan of the

concrete structure.

First, the EcoCapsule’s shell material can be optimized by selecting high-strength,

corrosion-resistant composites or metals that can withstand prolonged exposure to

harsh environmental conditions, such as moisture, temperature fluctuations, and

pressure changes within the concrete. Materials with self-healing properties or anti-

corrosive coatings could further extend the longevity of the device by mitigating the

effects of environmental degradation. Employing advanced encapsulation techniques

such as conformal coatings or hermetic seals would protect sensitive electronics from

moisture, dust, and chemical exposure, further safeguarding the device’s functionality.

Moreover, utilizing advanced PCB printing technology that is specifically designed

to resist corrosion and penetration from the harsh concrete environment can signifi-

cantly improve the longevity of the EcoCapsule. Techniques such as nano-coating or

using ceramic-based PCBs would provide additional protection against moisture and

aggressive chemical environments that could otherwise compromise the integrity of

the circuit board. These improvements would ensure that the EcoCapsule’s electron-

ics remain fully functional for extended periods, even in challenging environments,

contributing to its long-term performance without requiring frequent maintenance or

replacement.
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3.6 Evaluation

This section introduces the evaluation methodology and the results.

3.6.1 Methodology

First, we describe the experimental setup and methodology.

Reader Configuration (1)Transmitter: The transmitter setup includes a wave prism,

a transmitting piezoelectric transducer (PZT), and a front-end system that translates

baseband signals into PZT vibrations. The transmitting PZT is a 2 mm thick disc

with a 40 mm diameter, operating at 230 kHz, designed to handle peak voltages up

to 250 V. This larger PZT size enhances durability under high voltage conditions.

The prism, fabricated from PLA via 3D printing, is positioned at a default inci-

dent angle of 60◦. The transmission system is powered by a Rigol DG2052 signal

generator [102], amplified through a Ciprian HVA-400-A power amplifier [103]. Addi-

tionally, a matching network optimizes power transfer from the amplifier to the PZT.

The signal generator is controlled by a Lenovo Thinkpad PC via a serial connection,

with downlink signals modulated by Pulse Interval Encoding (PIE) using MATLAB,

adhering to the EPC UHF Gen2 protocol [104] for packet structure (2)Receiver: The

receiver utilizes a PZT identical to the transmitter’s but without a prism. This re-

ceiving PZT connects to an OWON XDS3000 oscilloscope [105], which captures the

signal at a sampling rate of 1 MS/s. Signal decoding is performed using a MATLAB-

based program, which begins by estimating the carrier frequency to adjust for any

frequency shifts during transmission. It then employs digital downconversion to iso-

late the baseband backscatter signal, followed by a maximum likelihood approach to

decode the FM0 data.

Concrete Casting To evaluate the effectiveness of our embedded systems within a

realistic construction environment, we cast several self-sensing concrete blocks using
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standard molds, as illustrated in Fig. 3.14 (a). The composition and properties of

these blocks, encompassing four different types of concrete, are detailed in Table 3.1.

These blocks represent typical building elements such as walls or columns. In practi-

cal applications, EcoCapsules can be directly integrated into load-bearing structures

during the pouring process. After curing, the integrity and placement of the EcoCap-

sules within the concrete are assessed using a YXLON FF35 CT scan machine [106],

as shown in Fig. 3.14 (b). The resulting CT images, displayed in Fig. 3.14 (c), confirm

the structural integrity of the capsules and provide a visual verification of the robust-

ness of the design and the successful embedding of the nodes within the concrete

block.

Reader Reader

(a) Slab (b) Bearing Column (c) Walls

Reader

Prism

Fig. 3.13: Tested concrete structures and wave prisms

Experiment Settings: To conduct a thorough evaluation of the EcoCapsule’s per-

formance within realistic building structures, we fixed constructed concrete blocks

onto an existing building using concrete glue. This method ensures minimal dam-

age to the building while potentially causing an approximate 3% loss in wave energy

transmission due to the properties of the glue.

Experimental Structures: The experiments are carried out on a variety of concrete

structures to assess the system’s adaptability and effectiveness in different construc-

tion contexts:
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Fig. 3.14: Concrete production and CT examination

• S1: A concrete slab measuring 150× 50× 15 cm [107].

• S2: A load-bearing column with a height of 250 cm and a diameter of 70 cm.

• S3: A common wall with dimensions of 2000× 2000× 20 cm.

• S4: A protective wall with dimensions of 2000× 2000× 50 cm.

These structures are depicted in Fig. 3.13, illustrating the diverse testing environ-

ments.

Distance and Communication Setup: The distance between the transmitting

and receiving PZTs of the reader system is consistently maintained at approximately

20 cm. The distances from the embedded EcoCapsules to the reader vary across

different experimental trials to test the system’s range and reliability under varied

conditions. The default prism angle for wave transmission is set at 60◦ unless specified

otherwise.

Data Transmission Settings: The bitrate for the uplink communication is set

at 1 kbps, a rate that balances efficiency and data integrity for structural health

monitoring applications.

Baseline Comparison: For comparative analysis, we use the parameters of the PAB

system, a recognized underwater backscatter system that operates at 15 kHz [28], as a
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baseline. This comparison is intended to highlight the advancements and performance

enhancements achieved by the EcoCapsule in terrestrial concrete environments.

Evaluation Metrics: The effectiveness of the EcoCapsule system is evaluated based

on several key performance aspects:

• Wireless Charging: Assessing the efficiency and consistency of power delivery

to the EcoCapsules embedded within concrete.

• Uplink Performance: Measuring the bitrate, signal integrity, and reliability

of data transmission from the EcoCapsules to the reader.

• Downlink Communication: Evaluating the clarity and accuracy of command

and control signals sent from the reader to the EcoCapsules.

These experimental settings and evaluations are designed to rigorously test the ca-

pabilities of the EcoCapsule in a variety of structural environments, ensuring that

the technology can be effectively applied in real-world construction and monitoring

scenarios.

3.6.2 Wireless Charging Performance Evaluation

The efficacy of wireless charging was assessed by evaluating the range and power

efficiency across different structural setups designated as S1 to S4. The primary

goal was to determine the maximum distance at which an EcoCapsule node could be

effectively powered under varying conditions.

Maximum Range: We systematically increased the distance between the reader,

transmitting at a consistent voltage, and the EcoCapsule node until the node could

no longer be powered. This test was conducted using the highest possible voltage

output of our amplifier, set at 250 V, across all four concrete structures (S1-S4).

Additionally, we compared these results with those obtained from two different pools
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used in the PAB experiments [28]. The results are illustrated in Fig. 3.15, highlighting

the performance variability across different materials and structural dimensions.

For clarity, the data points for S1 and S2 are capped at their respective maximum

lengths of 150 cm and 250 cm. Observations indicate a diverse range of maximum

effective distances, reflecting the interaction between structural properties and wave

propagation dynamics: At 50 V, maximum ranges were observed to be 130 cm for

S1, 56 cm for S2, 134 cm for S3, 60 cm for S4, and 19 cm for PAB Pool 1. At 200

V, the ranges extended significantly to 235 cm in S2, 500 cm in S3, 385 cm in S4,

and 200 cm in PAB Pool 1. PAB Pool 2 required a higher starting voltage of 84 V

to power a node at a short distance of 23 cm, but the range increased substantially

with voltage, achieving 6.5 m at 125 V.

From these experiments, we derive three key insights:

• Increased Power, Increased Range: Higher voltages enhance the transmis-

sion power, enabling EcoCapsule nodes to harvest more energy and operate at

greater distances.

• Structural Influence on Range: Narrower structures tend to focus energy

more directionally, similar to a directional RF antenna, which aids in extending

the effective range. This phenomenon explains why cylindrical columns (S2)

with larger diameters do not perform as well as narrower walls (S3 and S4).

The reflections of S-waves between the narrower confines of walls enhance energy

transmission efficiency.

• Material Density and Wave Propagation: Generally, elastic waves propa-

gate further in denser materials like concrete compared to less dense materials

such as water. This general rule aligns with our findings in Pool 1; however,

Pool 2 stands out as an exception. The elongated shape of Pool 2, acting like a

corridor, facilitates energy focusing through excessive reflections and multipath

effects, demonstrating an anomaly in typical propagation behavior.
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These findings underscore the complex interplay between structural geometry, ma-

terial properties, and energy transmission dynamics in wireless charging systems for

SHM applications. They provide valuable insights for optimizing EcoCapsule place-

ment and configuration in various construction environments.
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Fig. 3.15: Charging distance changes with applied voltage in different scenarios

Power Consumption: To evaluate the efficiency of the EcoCapsule under various

operational conditions, we analyzed its power consumption across different bitrates.

Utilizing the Ti MSP-FET hardware programming tool equipped with EnergyTrace

technology [108], we precisely measured the power consumption of both the micro-

controller unit (MCU) and its peripherals. The results are displayed in Fig. 4.23.

Notably, when the bitrate is set to 0 kbps, indicating that the node is in standby

mode (waiting to receive and decode downlink signals), the node operates in low

power mode (LMP3). In this state, the node exhibits exceptionally low power con-

sumption, drawing only 80.1 µW, attributed to the efficient power management of

the MSP430 and the optimized circuit design. As the bitrate increases from 0 kbps

to 8 kbps, the total power consumption remains relatively stable, averaging around

360 µW, demonstrating that the node’s power draw is minimally affected by changes

in the data transmission rate.

Cold Start: The initial activation of each EcoCapsule node, termed a cold start,

typically requires a longer duration to power up the MCU fully. To quantify this initial

activation time, we utilized an oscilloscope to track the duration of the cold start
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process under varying voltage levels. The findings, illustrated in Fig. 3.17, indicate

that a minimum of 500 mV is necessary to activate the MCU, with the activation

process taking approximately 55 ms at this voltage level. Significantly, when the

voltage is increased to 2 V or higher, the time required for a cold start decreases

dramatically to just 4.4 ms. This rapid activation at higher voltages highlights the

EcoCapsule’s responsive startup capabilities, which are crucial for situations where

quick initialization and readiness are required.

These analyses provide critical insights into the EcoCapsule’s power efficiency and

readiness for operation, which are crucial factors for its deployment in real-world

structural health monitoring scenarios. The results demonstrate the system’s low

energy consumption during standby and its capability to become operational swiftly

under adequate power conditions, ensuring reliability and effectiveness in field appli-

cations.
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3.6.3 Uplink Performance

We explore the uplink performance of EcoCapsules using the NC block as follows:

BER vs. SNR: To assess the reliability of data transmission through EcoCapsules,

we conducted an analysis focusing on the Bit Error Rate (BER) as a function of the

Signal-to-Noise Ratio (SNR). This relationship is critical in evaluating the robustness
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of communication systems, especially in challenging environments such as within

concrete structures. The experiment involved adjusting the SNR by varying the

input peak voltage to the transmitting PZT of the reader, simulating different levels

of signal strength relative to background noise. Fig. 3.18 presents the BER, plotted on

a logarithmic scale, against the SNR values obtained during the tests. In this setup,

the BER is calculated as the ratio of incorrectly decoded bits to the total number

of transmitted bits from an EcoCapsule node to the reader. This metric provides

a quantitative measure of the transmission accuracy under various noise conditions.

The results demonstrate a clear trend consistent with both underwater and in-concrete

piezoelectric backscatter systems: the BER decreases as the SNR increases. Notably,

the reader system is capable of tolerating a minimum SNR of about 2 dB, at which

point the BER approaches 0.5. As the SNR improves beyond this threshold, there is

a significant enhancement in performance, with the BER dropping to a minimum of

10−5 at SNRs exceeding 8 dB. This level of performance is quite comparable to that

of the PAB system, which shows optimal performance at an SNR of 11 dB.

SNR vs. Bitrate: Understanding the impact of bitrate on the SNR of an uplink

signal is crucial for optimizing data transmission efficiency. To explore this, we sys-

tematically varied the bitrates from 1 kbps to 15 kbps by adjusting the MCU clocks.

Each setting was tested across ten trials, and the results, including average SNRs

with standard deviations, are depicted in Fig. 3.19. We observed that the SNR for
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the EcoCapsule drops sharply to 3 dB as the bitrate exceeds 13 kbps. This perfor-

mance surpasses that of the PAB system, which is limited to a maximum bitrate

of 3 kbps, likely due to our use of a higher carrier frequency (230 kHz), which sup-

ports a broader data bandwidth. Conversely, another underwater backscatter system,

U2B [31], demonstrates superior SNR at bitrates above 9 kbps due to its use of an

even wider bandwidth.

Throughput vs. Concrete: The type of concrete material plays a significant role in

the performance of embedded EcoCapsules, particularly in terms of data throughput.

We measured the throughput across EcoCapsules embedded in three types of 15 cm

thick concrete blocks—NC, UHPC, and UHPFRC—as shown in Fig. 3.6(a). The

results, displayed in Fig. 3.20, show that throughputs exceed 13 kbps with deviations

around 2 kbps. Consistently, blocks made of UHPFRC and UHPC, which have higher

densities and, therefore, greater impedance, support better propagation of elastic

waves, resulting in about 2 kbps higher throughput compared to NC.

SNR vs. Position: Positioning of EcoCapsules within concrete structures signifi-

cantly affects channel quality due to variations in wave reflection. We conducted tests

by affixing NC blocks containing nodes near the top, middle, and bottom margins

of a wall, maintaining similar distances between the reader and the nodes. Fig. 3.21

presents the Cumulative Distribution Functions (CDFs) of SNR for these positions.

Nodes near the margins achieved higher SNRs—11 dB and 8 dB—compared to those

in the middle at 7 dB, attributed to enhanced power harvesting from S-wave reflec-

tions at the edges. However, these reflections can also introduce challenges such as

increased self-interference and complicating signal decoding. Adjusting the position

of the reader’s transmitting TX may help mitigate destructive superposition effects

caused by these reflections, optimizing signal clarity and overall system performance.
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3.6.4 Downlink Performance Evaluation

To comprehensively understand the downlink performance of our system, particu-

larly regarding the effectiveness of the wave prism and the modulation scheme, we

conducted controlled experiments using only the transmitting and receiving PZTs

on either side of a 15 cm thick concrete wall. This setup ensures the exclusion of

interference from surface waves and the uncertainty of the EcoCapsule nodes.

Prism Effectiveness: In these tests, we explored the impact of different incident

angles of the wave prism on the SNR of the received signal. Fig. 3.13(c) illustrates

various prism designs with different incident planes used in the experiment. The

experimental results, presented in Fig. 3.22, confirmed our theoretical predictions

regarding optimal incident angles. Specifically, the SNR peaked at 15 dB around the

50◦ and 70◦ incident angles, aligning well with the theoretically advantageous range

of [34◦, 73◦]. At lower incident angles, such as 15◦ and 30◦, the SNR significantly

decreased by 73% and 30%, respectively, likely due to the simultaneous triggering of

both P-waves and S-waves. Notably, a high SNR was also observed at a 0◦ incident

angle, where the transmitting PZT was directly adhered to the wall without a prism,

thus only introducing P-waves into the wall and avoiding the generation of S-waves.

This set of results highlights the prism’s capacity to enhance SNR by 30 ∼ 70%

depending on the angle of incidence.

72



3.6. Evaluation

0 15 30 45 50 60 75
Incident Angle (°)

0

5

10

15

20
SN

R
 (d

B)

Fig. 3.22: Effect of prism

1 2 4 6 8 10
Bit Rate (kbps)

0

5

10

15

20

SN
R

 (d
B)

FSK
OOK

Fig. 3.23: SNR vs. modulation

Anti-ring-effect: Further, we assessed the effectiveness of the anti-ring-effect tech-

nique in improving downlink signal quality. This approach involves transmitting PIE-

encoded bits using FSK while the receiver decodes the signal using OOK. Fig. 3.23

illustrates how the SNR of the downlink signals varied with bitrate. The results in-

dicated that the FSK method, by leveraging the off-resonance effects, significantly

suppressed the signal tailing, leading to an SNR improvement of approximately 3 ∼ 5

times compared to the traditional OOK method. This substantial enhancement con-

firms the utility of FSK in mitigating the effects of prolonged signal decay typically

observed in OOK systems.

3.6.5 Pilot Study: Long-Term SHM of a Real-Life Foot-

bridge

We collaborate with the Department of Civil and Environmental Engineering at the

Hong Kong Polytechnic University and have been conducting a pilot study on long-

term structural health monitoring of a real-life footbridge [2]. Fig. 3.25 shows the

structure of the footbridge [2]. The footbridge links two large-area two campuses.

The bridge has a total length of 84.24 m, consisting of a 64.26 m-long main span that

straddles the highway underneath and a 19.98 m-long side span. The bridge deck is

constructed with two butterfly-shaped steel tube arches and two crossing columns.
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The maximum vertical acceleration and lateral acceleration of the bridge deck do not

exceed 0.7 m/s2 and 0.15 m/s2, respectively. The maximum strength of steelwork

is 355 MPa. The limitation of deflection at mid-span is 0.1083 m. The maximum

average pedestrian area occupancy must be less than 1m2/ped. Once these structural

thresholds are exceeded, the whole bridge must be damaged or even collapsed. To

conduct the SHM, 88 conventional SHM sensors of 13 types are installed on the bridge,

as shown in Fig. 3.25. Fig. 3.24 (a) and (b) show the samples of the two kinds of

measurements (i.e., acceleration and stress) during July 2021. Particularly, we observe

the exceptions during the window from 15th to 23rd July when the city experienced

almost one week-long stormy and tropical weather according to the records of the

astronomical observatory. The similar patterns shown in the two data types mutually

verify that the two sensors are running functionally.
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Fig. 3.24: A pilot study of real-time SHM on a footbridge. (a) and (b) shows the collected
acceleration and stress measurements in July 2021. The sign of the data depends on the posture of
the sensor; (c) shows the picture of the footbridge and the real-time analysis results of bridge health
regarding different sections.

Conventional Sensors vs. Self-sensing Concrete: The conventional sensors

totally cost over 10 M USD, and they collect external structural parameters only.

Nevertheless, our EcoCapsule sensors cost less than 1K USD in total and are the

sole ones that can measure the acceleration and stress from the inside. To validate

their functionalities, we deployed five EcoCapsules on the concrete for preliminary

tests. Since EcoCapsules are supposed to be implanted into the bridge, they do

not receive negative influence from weather conditions or man-made interference.
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Fig. 3.25: Layout of sensors deployed on the bridge [2]

Table 3.2: Level of structural health based on pedestrian area occupancy.
(m2/ped). This table shows the relationship between average area on the bridge occupied
by each pedestrian and the degree of health of the bridge in different regions or countries.

Health United States Hong Kong Bangkok Manila

A >3.85 >3.25 >2.38 >3.25

B 3.85-2.3 3.85-2.16 2.38-1.60 3.25-2.05

C 2.30-1.39 2.16-1.40 1.60-0.98 2.05-1.65

D 1.39-0.93 1.40-0.80 0.98-0.65 1.65-1.25

E 0.93-0.46 0.80-0.52 0.65-0.37 1.25-0.56

F <0.46 <0.52 <0.37 <0.56

Therefore, they are more trustworthy than conventional sensors and benefit from

reducing false positives. Fig. 3.26 plots the received and demodulated baseband

signal. The EcoCapsule starts to backscatter from 4 ms. In the following, a standard

square signal comprises two alternative amplitudes caused by the impedance switch.

Each of the high- and low-voltage edges takes 0.5 ms. It can be seen that the reader

can successfully establish communication with the EcoCapsule when placed inside the

concrete. This study verifies that EcoCapsules can work as well as the conventional

ones for long-term monitoring but at a lower price. In the future, we will continue to

conduct more structural analysis in sophisticated cases using EcoCapsules.
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Fig. 3.26: Received and demodulated backscatter signal.

Assessing Bridge Health Through Pedestrian Area Occupancy: One critical

metric for evaluating the structural health of bridges is the pedestrian area occupied

(H), measured in square meters per pedestrian. As detailed in Table 3.2 and defined

in recent research [109], this metric helps classify bridge health into six distinct grades

from A to F, with specific thresholds that indicate varying levels of structural integrity

and safety. When H > 2, the bridge is considered in excellent health, indicating

sufficient space per pedestrian and minimal stress on the structure. As H decreases

below 2, the bridge is increasingly categorized from good to poor health, suggesting

rising levels of crowding and potential for structural stress. When H ≤ 1, the bridge

is deemed overloaded and at imminent risk of collapse due to excessive pedestrian

load.

Traditional methods such as Closed-Circuit Television (CCTV) systems are often

insufficient for accurate pedestrian counting, as their effectiveness can be compromised

by blockages, inadequate lighting, and adverse weather conditions. To address these

limitations, our approach integrates data from multiple sources, including real-time

measurements from acceleration, stress, and displacement sensors, along with visual

data from CCTVs, to compute H accurately. This comprehensive method ensures

a more reliable assessment of the bridge’s health by considering both structural and

usage parameters.

Fig. 3.24 (c) presents a visual analysis of the bridge, segmented into five sections
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with corresponding health ratings over the past year. Remarkably, the health grades

have consistently remained at level B or above. This sustained level of health is

largely attributed to the reduced pedestrian traffic following public health policies on

social distancing during the COVID-19 pandemic. Such measures have inadvertently

relieved structural stress by reducing the number of users on the bridge, thereby

maintaining higher H values and preventing degradation of the bridge’s integrity.

By leveraging a combination of sensor data and CCTV analysis, this methodology not

only enhances the accuracy of real-time health monitoring but also supports proactive

maintenance strategies. It allows for timely interventions that can prevent structural

failures, ensuring the safety and longevity of critical infrastructure like bridges.

Sensor Deployment and Data Acquisition: To facilitate detailed monitoring and

accurate health grading, a comprehensive sensor network is installed on the bridge.

As shown in Fig. 3.25, the deployment comprises 88 conventional external sensors

that monitor a range of environmental parameters, structural loads, and bridge re-

sponses. Environmental Parameters include air temperature, air pressure, humidity,

precipitation, and solar radiation. These factors can significantly affect the material

properties of the bridge and its load-bearing capacity. Loads, including wind and

structural temperature, are monitored to assess external forces and thermal effects

that may influence bridge behavior. Bridge responses include critical structural re-

sponses such as stress/strain, displacement, and acceleration, which are continuously

recorded to evaluate the physical state of the bridge under various load conditions.

Additionally, specific response data collected in July 2021 is illustrated in figures from

Fig. 3.27 to Fig. 3.37. This data provides valuable insights into the dynamic inter-

actions between environmental loads and structural responses, facilitating a compre-

hensive understanding of the bridge’s behavior under typical operational conditions.

By integrating real-time data from these diverse monitoring sources, the implemented

sensor network not only supports the PAO-based grading system but also enhances
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the predictive maintenance capabilities of bridge management systems. This approach

ensures that potential issues can be identified and addressed before they escalate into

serious structural concerns, thereby extending the lifespan of the infrastructure and

ensuring the safety of its users.
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Fig. 3.27: Humidity Sensor
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Fig. 3.28: Temperature Sensor
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Fig. 3.29: Barometric Pressure Sensor
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Fig. 3.30: Acceleration from Sensor #1
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Fig. 3.31: Acceleration from Sensor #2

3.6.6 Future work

In-concrete Destruction and Damage Imaging: While our current system effec-

tively detects various SHM-related indicators, the coverage area is constrained by the
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Fig. 3.32: Acceleration from Sensor #3
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Fig. 3.33: Accelerometer from Sensor #4

Fig. 3.34: Acceleration from Sensor #5
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Fig. 3.35: Acceleration from Sensor #6
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Fig. 3.36: Stress measurements from Sensor #1
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Fig. 3.37: Stress measurements from Sensor #2

limited working range of the sensors. In practical SHM applications, relying solely on

sensor data may not suffice. Construction experts often employ nondestructive imag-

ing techniques to ascertain the type and location of structural damage more precisely,

enabling them to implement the most cost-effective repair strategies.
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To enhance the diagnostic capabilities of our system, we plan to integrate imaging

technology that utilizes variations in the backscattered signal to detect and localize

damage. By analyzing changes such as time delays in the time domain or spectral

energy variations in the frequency domain, we can pinpoint damage locations more

accurately. Furthermore, imaging the internal structure of concrete can be achieved

by superimposing signals from multiple EcoCapsules, providing a comprehensive vi-

sualization of the damage.

This integrated approach not only augments the effectiveness of current SHM prac-

tices but also sets the stage for more advanced applications in environments where

traditional monitoring systems may fall short. By continuing to develop and refine

these technologies, we aim to provide robust tools for infrastructure maintenance and

safety, ultimately contributing to the longevity and resilience of built environments.
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Chapter 4

Cross-medium Networking via

Mechanical Antenna

4.1 Introduction

The imminent deployment of 6G wireless networks is poised to revolutionize global

connectivity by achieving universal accessibility, ultra-high-speed data transfer, and

minimal latency, essential for the seamless integration with the Internet of Every-

thing (IoE) [110,111]. This transformative vision requires the facilitation of seamless

network integration across various physical mediums including terrestrial, aerial, sub-

terranean, in-body, and aquatic environments. However, the development of cross-

medium networks is hindered by substantial challenges such as severe signal atten-

uation, asynchronous propagation delays, unexpected interference, and the necessity

for specialized hardware configurations.

Recent advancements have been focused on enhancing cross-medium communica-

tion capabilities, vital for interconnecting disparate transmission environments. This

thesis concentrates on air-to-water communication modalities. Conventionally, com-

munication across these mediums has relied on the utilization of relay devices that

81



Chapter 4. Cross-medium Networking via Mechanical Antenna

are strategically placed at the interface—partially submerged—to bridge the commu-

nication gap. These devices collect data from underwater sensors through acoustic

transmissions and relay this information to terrestrial stations via radio frequen-

cies [112,113]. However, the susceptibility of these relays to displacement by oceanic

currents necessitates frequent recalibrations, which escalates operational costs and

introduces complexities that hinder scalability.

In response, recent innovations have shifted towards establishing direct air-to-water

communications. Notable examples include TARF, which employs millimeter-wave

technology to sense displacements on the water surface caused by subsurface acous-

tic signals [48]. Similarly, AmphiLight utilizes bidirectional laser communications

between aerial drones and aquatic robots to facilitate data transfer [114], while

Shrimp leverages circularly polarized light for visible light communication across

mediums [115]. Despite the ingenuity of these approaches, they are often constrained

by limitations in range, data throughput, cost-efficiency, alignment precision, and

environmental impact.

Furthermore, there is an increasing imperative to monitor the structural health of

architectural frameworks by assessing parameters such as temperature, humidity, and

structural stresses [116–118], as well as to capture critical physiological signals from

within the human body.

What prevents us from utilizing RF signals for cross-medium communication without

a relay? The principal challenge lies in the inherent properties of the water medium,

particularly salt water, which exhibits high conductivity and an elevated dielectric

constant. These characteristics lead to the rapid attenuation of RF signals as they

traverse through water, significantly limiting communication range and degrading

performance. The interaction of RF signals with water involves not only absorption

by water molecules but also scattering from suspended particles and reflection off

boundaries like the water surface and seafloor. This attenuation is notably more

severe at higher frequencies, which impedes the practical application of RF signals
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Fig. 4.1: Attenuation of RF signals as a function of frequency. The receiver is positioned
above the water surface, whereas the transmitter is submerged underwater at varying depths of 20,
50, and 100 m. The original data are reformed from [3].

for underwater communication scenarios.

Considering a maximum TX power of 30 dBm (i.e., 1 W) and a RX sensitivity of ap-

proximately −100 dBm, signals experiencing attenuation greater than 130 dB become

indistinguishable. As illustrated in Fig. 4.1, RF signals undergo more than 1000 dB

of attenuation within just 50 m at the UHF band, specifically around 915 MHz within

the unlicensed ISM band. A similar degree of signal degradation occurs at both VHF

and HF bands, thus challenging the feasibility of direct RF communication across

air-to-water interfaces.

Upon examination of Fig. 4.1, it is evident that, even at depths up to 50 m under-

water, the attenuation within the medium-frequency (MF, 300 kHz - 3 MHz) band

remains below 130 dB. The average attenuation at this depth is approximately 80 dB,

which is comparably close to the RF attenuation experienced in air (e.g., approxi-

mately 78 dB at 2.4 GHz over a distance of 100 m). Given these observations, the MF

band emerges as a potentially suitable choice for underwater or air-to-water commu-

nication. Medium-frequency radios, with a historical lineage extending back to the

early 20th century, are capable of transmitting signals over distances up to 300 km,
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penetrating buildings, and spanning seas. Due to their extensive range and profound

penetration capabilities, MF radios have been traditionally utilized for nationwide

AM broadcasting.

However, conventional wisdom posits that the size of the electrical antenna (EA)

should be commensurate with the MF wavelength. The Chu–Harrington limit [119,

120] stipulates that an EA measuring 10-100 m in length would be required to effec-

tively operate within the underwater MF band. Even with a compact antenna design,

where the length is reduced to one-tenth of the wavelength (i.e., approximately 1 m),

the size remains prohibitively large for applications in compact underwater robotics

or wireless sensor networks (WSN). Thus, the feasibility of achieving direct air-to-

water communication using MF electromagnetic (EM) signals is severely limited by

these substantial antenna size requirements.

In this study, we explore the potential of the MF band to facilitate a cross-medium

communication solution by challenging the constraints imposed by antenna size.

The underlying principles of electromagnetic fields, as formulated by James Clerk

Maxwell’s equations, suggest that any time-varying electric fields engender magnetic

fields and vice versa. Theoretically, any regular oscillation of electric charges can gen-

erate fluctuating electric and magnetic fields that propagate as EM radiation through

various mediums. Leveraging this principle, we introduce the concept of a mechanical

antenna (MA). This innovative antenna type utilizes continuous mechanical motion

to oscillate charges, thereby inducing time-varying EM waves. By circumventing the

size limitations inherent in traditional EAs, this approach enables the realization of

MF radio transmission using a miniaturized MA.

With this innovative approach in mind, we developed MeAnt, a versatile IoT platform

engineered specifically for direct cross-medium communication utilizing piezoelectric-

based mechanical antennas (Piezo-MAs). This platform is designed to transmit across

a diverse array of mediums, including water, soil, concrete, biological tissue, and

more, capitalizing on the exceptional penetration capabilities of MF radios facilitated
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by MAs.

However, transforming this concept into a practical system presents three primary

challenges:

• Interference Mitigation: The communication bandwidth of MeAnt coincides

with the frequency range of civilian AM broadcasts, which increases the likeli-

hood of interference. To counteract this, we implement a chirp spread spectrum

(CSS) modulation scheme, which mitigates narrowband AM channel interfer-

ence.

• Collision Management: Although CSS effectively addresses symbol-level col-

lisions, its performance is impeded by the physical characteristics of the Piezo-

MA. To resolve this, we introduce a novel carrier sense multiple access with

collision avoidance (CSMA/CA) protocol at the link layer. This protocol capi-

talizes on the unintended vibrational leakage from Piezo-MAs—where a portion

of the energy disperses as mechanical fluctuations—as a means for carrier sens-

ing, thus adapting to the unique challenges posed by the unidirectional nature

of Piezo-MA.

• Enhancing Data Integrity: The integrity of data transmission is jeopar-

dized by factors such as noise, interference, high attenuation, and other channel

anomalies, particularly in error-prone environments like water-air interfaces. To

address this, we integrate polar codes into the MeAnt system. Polar codes are

a state-of-the-art forward error correction (FEC) technique that utilizes the po-

larization of virtual channels in opposing directions to ensure that informative

bits are transmitted through the most reliable channels.

Contribution. In this study, we introduce MeAnt, a versatile platform designed

for cross-medium communication that harnesses the distinctive capabilities of Piezo-

MAs. This comprehensive system is supported by theoretical frameworks and vali-
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dated through meticulous experimental procedures. It represents a novel contribution

to the field by enhancing the practical understanding of Piezo-MAs within real-life

scenarios. Through the development and deployment of MeAnt, we demonstrate the

feasibility of using mechanical motion to generate and propagate EM waves across

various mediums, thus offering a groundbreaking approach to overcoming traditional

barriers in wireless communication.

4.2 From Vibration to Radiation

This section provides an overview of the basic radiation principles of MAs, with a spe-

cific focus on the Piezo-MAs. We delve into the operational mechanisms that enable

these antennas to generate and radiate electromagnetic waves through mechanical os-

cillations. Additionally, we present preliminary experiments conducted to verify the

feasibility of using Piezo-MAs for cross-medium communication. These experiments

are designed to assess the performance and reliability of Piezo-MAs in transmitting

signals across different mediums, thereby substantiating their potential in practical

applications.

4.2.1 Mechanical Antennas

Unlike traditional EAs that rely on oscillating electronic currents to generate EM

radiation, MAs utilize mechanical energy to drive the regular movement of charges

or magnetic dipoles, thus producing EM radiation. Current implementations of MAs

can be broadly categorized into three groups based on the materials used in their fab-

rication: electret-based MAs, magnet-based MAs, and piezoelectric-based MAs [121].

An electret-based MA employs a dielectric material to store space charge or maintain

an electric dipole orientation, whereas a magnet-based MA uses a permanent magnet.

Both types typically involve mechanical rotation, often via a motor, to facilitate EM
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radiation generation. In contrast, a piezoelectric-based MA, or Piezo-MA, leverages

the vibrations produced by piezoelectric materials (PZMs) as the primary mecha-

nism for EM radiation [122–127]. Due to its capability to achieve higher radiation

frequencies, the Piezo-MA is particularly noted for its potential to support faster com-

munication rates [121]. Consequently, this study primarily focuses on the Piezo-MA,

exploring its application and effectiveness in cross-medium communication scenarios.
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Fig. 4.2: Illustration of PZM radiation. The white arrows represent the flipping dipole moment
within the PZM. Continuous flipping yields continuous EM waves.

Piezoelectricity, the conversion between mechanical and electrical energy within di-

electric substances, was initially elucidated by the brothers Pierre Curie and Jacques

Curie in 1880 [128]. When a sinusoidal mechanical force is applied to a PZM, it

induces a cyclic movement of positive and negative electric charges between its elec-

trodes, thereby causing a periodic alteration in the dipole moment. As depicted in

Fig. 4.2, during the first half of the cycle, the PZM expands outward, pushing the

positive (or negative) charges toward the bottom (or top) surface, thus creating a

downward-facing dipole moment. Subsequently, in the latter half of the cycle, the

PZM compresses inward, prompting the charges to move toward the opposite sur-

faces, resulting in an upward-facing dipole moment. This cyclical displacement of

charges under a time-varying mechanical force results in a time-varying dipole mo-
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ment that oscillates back and forth, thereby generating EM radiation akin to that

produced by an EA [129].

To achieve the desired EM radiation, an ultrasound exciter can be utilized to drive

the PZM in the following sequence:

Power
Electricity−→ Exciter

Ultrasound−→ PZM
Vibration−→ Radiation

However, this process inherently incurs energy losses during the ultrasound’s propaga-

tion from the exciter to the PZM. To optimize this, we exploit the inverse piezoelectric

effect :

Power
Electricity−→ PZM

Vibration−→ Radiation

When a sinusoidal voltage is applied directly to the PZM, it initiates vibrations

through the inverse piezoelectric effect. These vibrations, in turn, activate the piezo-

electric effect, leading to the generation of EM radiation. Throughout this transfor-

mation, the initial electrical energy is converted to mechanical energy, with a portion

further transformed into EM energy, while the remainder dissipates as vibrations.

To validate this theoretical model, we simulate the above process using COMSOL

Multiphysics [130]. The simulation results are depicted in Fig. 4.3. Fig. 4.3(a) illus-

trates the surrounding electric field (E-field) strength and direction when a sinusoidal

voltage is applied to a PZM, confirming our theory. Fig. 4.3(b) displays the stress

response on the PZM subsequent to the application of the sinusoidal voltage.

Initially, the operational principle of a Piezo-MA might appear similar to that of

an electrical dipole antenna (EDA), where both antenna types connect their ends

to positive and negative terminals, respectively. However, their underlying radia-

tion mechanisms differ significantly. A conventional EDA consists of two conductive

elements, each of equal length and arranged in parallel. In this configuration, the

current within the EDA propagates at the speed of light, necessitating a length that

corresponds to a quarter or half of the EM wave’s wavelength to achieve resonant

frequency and thus enhance radiation efficiency.
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Fig. 4.3: COMSOL Multiphysics Simulation.(a) shows the electric field potential and direction
around a working Piezo-MA. (b) shows the stress on the PZM when an electric excitation is applied
to it.

Conversely, a Piezo-MA is composed of non-conductive piezoelectric materials (PZM),

where the movement of charges is governed by mechanical vibrations instead of the

speed of light. The mechanical waves within the PZM propagate at the sound veloc-

ity, which is significantly slower—approximately 105 times slower—than the speed of

light. This vast difference in propagation speeds means that the resonant frequency

of the Piezo-MA is also 105 times lower than that of a conventional EDA, making it

feasible to size the antenna appropriately for MF EM radiation. Additionally, the res-

onant impedances of Piezo-MAs are more easily matched to their driving electronics,

which obviates the need for the bulky and often inefficient matching circuits typically

required by EDAs [123].

Furthermore, it is crucial to address the unidirectionality of mechanical antennas

(MAs) in terms of communication capabilities. The process of converting mechanical

to electrical energy in an MA is inherently non-reversible. Specifically, incoming EM

radiation does not induce detectable vibrations in the PZM due to insufficient power

levels, thus demonstrating a significant insensitivity of the PZM to vibrations caused

by EM signals [131,132]. Although the PZM is equipped with dual surface electrodes

on opposing sides, resembling a parallel plate capacitor, this configuration is primarily

effective only for detecting very low-frequency signals (e.g., 50/60 Hz EM leakage from

power transmission lines), which predominantly originate as interferences from power
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transmission lines. This inherent limitation in the reception capability confines the

MA to applications where only transmission is required, rendering Piezo-MA devices

predominantly unidirectional and unable to receive MF EM signals. Despite this

limitation, the unidirectional nature of Piezo-MA makes it an ideal choice for WSN

scenarios, where the focus is primarily on transmitting important uplink sensor data.

The advantages of using Piezo-MA in such contexts include energy efficiency, reduced

size, and efficient data management, which are critical for the successful deployment

of numerous WSNs.

4.2.2 Radiation Model

The Piezo-MA can be effectively modeled using the Butterworth Van-Dyke (BVD)

equivalent circuit, which is commonly employed to represent acoustic resonances [51].

As illustrated in Fig. 4.4(a), the left segment of the diagram represents the voltage

input, the middle portion corresponds to the piezoelectric equivalent circuit intrinsi-

cally linked to the antenna’s physical properties, and the right segment signifies the

attenuation of the EM wave during propagation, akin to a static resistance. When

the MA operates at the mechanical resonance point, the circuit can be further simpli-

fied, as shown in Fig. 4.4(b). In this simplified model, the transformer is disregarded,

mechanical damping is condensed into a single resistor denoted as Rm, and the radia-

tive impedance is represented as Rrad. This streamlined representation facilitates a

clearer understanding of the antenna’s behavior at resonance and helps in optimizing

its design for enhanced performance.

Additionally, for comparison, the equivalent circuit for a conventional electrical an-

tenna (EA) operating at 1 MHz is shown in Fig. 4.4(c). According to the Chu–

Harrington limit [119,120], the physical size of the EA is inherently related to the Q

factor, which is indicative of the antenna’s bandwidth and efficiency. An effectively

radiating EA typically possesses dimensions exceeding 1
10

of the electromagnetic (EM)
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Fig. 4.4: Equivalent circuit of the (a) Piezo-MA, (b) Piezo-MA at mechanical resonance
point, and (c) electrical antenna (EA).

wavelength, denoted as λ. However, if the EA size (e.g., 8 cm long) is significantly

smaller than 0.1λ (e.g., 30 m), the reactive component of the EA impedance, Cant,

increases significantly [133]. To counterbalance the diminutive radiative impedance

Rrad and substantial reactance Cant, the EA necessitates an extensive tuning network

comprising Rmatch and Lmatch to ensure efficient impedance matching. However, this

becomes impractical due to the substantial size and lossy nature of the matching

circuit at frequencies below 1 MHz, where the physical dimensions of the components

and associated energy losses significantly hamper performance.

Following the analysis model proposed in [123,134], the radiation power of a MA and

a comparable EA (denoted by PMA
rad and PEA

rad , respectively) operating at 1 MHz can

be expressed as:


PMA
rad = |Vs|2

2

RMA
rad(

RMA
rad +Rm+Rs

)2

PEA
rad = |Vs|2

2

REA
rad(

REA
rad+Rloss+Rmatch+Rs

)2

(4.1)

where RMA
rad and REA

rad correspond to the radiation resistances of the MA and the

EA, respectively; Rm denotes the mechanical losses of the MA; Rloss denotes the

conduction or dielectric losses in the EA; Rmatch denotes the tuning network resistance
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resulting from the finite Q factor of the matching inductor; Rs represents the source

resistance, and Vs is the input voltage. The matched total antenna efficiency ratio,

which is the ratio of radiated power from an MA to radiated power from an EA using

the same source, is expressed as follows:

ξ =
PMA
rad

PEA
rad

=
RMA

rad

REA
rad

(
REA

rad +Rloss +Rmatch +Rs

)2
(RMA

rad +Rm +Rs)
2 (4.2)

As a consequence, despite the utilization of matching networks in EAs, which typ-

ically comprise low-frequency inductors with quality factors not surpassing a few

hundred, the matched impedance perceived by the source remains significantly high,

typically within the kilo-ohms range (e.g., Rmatch = 23409Ω). Following the parame-

ters previously proposed [123], such as RMA
rad = 6.337× 10−7Ω, REA

rad = 6.126× 10−8Ω,

Rm = 893.39Ω, Rloss = 1.726 × 10−5Ω, and Rs = 50Ω, the substitution of these

settings into Eq. 4.2 reveals that an MA with a diameter of 7 cm can radiate 6400×
more power than an 8 cm-long EA. This disparity stems from the significant energy

consumption of the cumbersome matching circuits required for EAs of similar size

operating in the same frequency band, surpassing the energy losses due to vibration

leakage in MAs. While EAs are passive and do not directly consume energy, the

substantial resistors within their matching circuits incur significant energy loss in the

form of heat [135]. For an EA operating in the MF band, the heat power loss due

to the matching resistor is represented as Rmatch = 23409Ω, according to Eq. 4.2.

Conversely, for the MA, the additional energy expenditure due to vibration leakage

is modeled as Rm = 893.39Ω, which is far less than the heat loss experienced by a

similarly sized EA.

Discussion. One might wonder why an AM radio receiver [136] can effectively utilize

a relatively short EA for signal reception. In the realm of AM broadcasting, a crucial

disparity exists between transmitting and receiving antennas. Transmitting anten-

nas, such as radiating towers, are typically quite large and are designed to optimize
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the Voltage Standing Wave Ratio (VSWR) to ensure efficient energy radiation while

minimizing heat generation [135]. These antennas are engineered to maximize their

effectiveness in emitting EM waves across vast distances. In contrast, receiving an-

tennas can be significantly smaller. The primary concern of a receiving antenna is the

SNR rather than the efficiency of EM wave capture. Although their efficiency in cap-

turing MF EM waves is relatively low, the inherent noise within this frequency band

is minimal, allowing for a consistently high SNR. Furthermore, signal enhancement

can be achieved through various hardware and software methods, including filtering

and amplification [137]. As a result, small commercial AM receiving antennas, such

as those used in AM radios, are not suitable and efficient for AM transmission. Con-

versely, the Piezo-MA offers a mechanically driven MF transmitting paradigm and

represents a miniaturized module capable of transmitting efficiently in that band,

albeit lacking the ability to receive MF EM waves. This distinction highlights the

specialized roles of antennas in broadcasting and their tailored designs to suit either

transmitting or receiving functions effectively. Table. 4.1 discusses the transmitting

and receiving capabilities of three antennas in this work, where the Piezo-MA is the

only one that maintains both small size and good transmitting capability.

Table 4.1: Transmitting and Receiving Capabilities of Three Antennas in Fig. 4.5

Piezo-MA Small EA on AM Radio Loop Antenna

Transmitting Very Good Poor Poor

Receiving Poor Good Very Good

4.2.3 Feasibility Verification

We conducted a series of feasibility experiments to verify the viability of Piezo-MA

for cross-medium communication, as depicted in Fig. 4.5. The experiments employed

a commercial off-the-shelf PZT-5 ceramic transducer as the Piezo-MA, designed as a

flat cylinder with a volume of 4× π× 252mm3. Operating at a frequency of 550 kHz
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with a bandwidth of 20 kHz, the PZT transducer was connected to a Rigol DG2052

50MHz Function Generator [138]. This function generator produced a chirp signal

ranging from 470 kHz to 630 kHz with a peak voltage of 20 V, expected to be emitted

by the coupled Piezo-MA into the air.

Penetration Test: For reception, we utilized a passive loop antenna [139] with

a diameter of up to 56.8 cm. Integrated with an oscilloscope and a narrowband

low-noise amplifier, the loop antenna was positioned 2 m away from the Piezo-MA.

It was configured to capture EM radiation from the Piezo-MA placed in various

environments—airborne, submerged underwater, buried in soil, and concealed behind

a concrete wall. In all scenarios except airborne, the Piezo-MA was maintained at

a distance of 1 m from the medium’s boundary, as illustrated in Fig. 4.6(a). We

conducted ten trials for each setting, and the mean result was reported. The outcomes

derived from these experiments are illustrated in Fig. 4.6(b), leading to the following

findings:

Zoom-in 
MA

EA

Signal 
Generator

Oscilloscope

Loop
Antenna568 mm

PZT- 5 MA

50 mm

335 mm

Telescopic EA

Fig. 4.5: Cross-medium Feasibility Setup

• The Piezo-MA emits EM waves precisely within the resonant band, akin to a

conventional wavelength-matched EA. However, its compact size adeptly meets

the stringent size limitations of IoT devices, making it especially suitable for

embedded applications where space is at a premium.
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Fig. 4.6: Cross-medium Frequency Response. We collected the frequency responses of four
MA-based cross-medium communication scenarios.

• In contrast, a telescopic EA installed on an AM radio receiver (Sony ICF-P36

radio [136]) was also utilized to radiate the MF EM signals. The amplitude of

the signals emitted by the EA was found to be nearly 10% of that produced

by the Piezo-MA, highlighting the inefficiency of the EA due to the absence

of matching circuits. This comparison underlines the superior efficiency of the

Piezo-MA in situations where size and power are critical constraints.

• Due to the robust penetration capabilities of medium waves, signals emitted by

a Piezo-MA can effectively traverse various mediums. Notably, the attenuation

of these signals exhibits minimal fluctuations compared to in-air propagation,

indicating consistent propagation characteristics across diverse mediums. This

uniformity is particularly beneficial in addressing inherent complexities in cross-
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medium communication, such as asynchronous propagation delays.

4.3 MeAnt Design

Despite the innovative concept of MAs, their integration into compact and practi-

cal communication networks remains a challenge, primarily due to a spectrum of

unique obstacles that span from the physical to application layers. To address these

challenges, we introduce MeAnt—a wireless platform that leverages MF EM waves to

tackle the complexities posed by harsh environments such as underwater, in-body, and

underground settings. The applications of MeAnt are diverse, encompassing domains,

including underwater robotics, soil detection, structural health monitoring, and in-

body implants. Subsequently, we have formulated a series of protocols, ranging from

the Physical Layer (PHY) to the Transport Control Layer (TCL). These protocols

are tailored specifically for MeAnt to effectively mitigate the various challenges en-

countered in these rigorous environments. This holistic approach not only enhances

the robustness of the communication system but also ensures its adaptability and

efficiency in real-world applications.

4.3.1 PHY: Chirp Spread Spectrum

Using the MF band for communication facilitates robust signal penetration but also

presents two significant challenges when actualized in practice.

1. The center frequency utilized by MeAnt, unfortunately, may coincide with the

AM radio band. Most AM stations globally operate within the 535 - 1605

kHz range. Taking the Piezo-MA, which works at 550 kHz, as an instance,

available data indicate that there are over 100 AM broadcast channels between

500 kHz and 560 kHz, encompassing most of the United States. Such overlap
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significantly deteriorates the SNR at the receiver end, resulting in low signal

strength and high interference during decoding.

2. The radiations emitted by MAs are excited by mechanical forces, hence subject

to the inertia effect. This effect implies that the Piezo-MA continues to vibrate

for a certain duration even after the driving voltage is switched off [140, 141].

This lingering vibration, referred to as the “ring effect,” causes a prolonged tail

at the end of a symbol, leading to severe inter-symbol interference.

These challenges necessitate specific design considerations and operational strategies

to optimize MeAnt at the physical layer for effective performance in environments

where traditional communication systems might fail.

Modulation. To counteract the aforementioned challenges, we propose the adoption

of the CSS modulation scheme. CSS [142–144] enhances communication range and

resistance to interference through its distinctive characteristics. In CSS modulation,

the transmitted signal is spread across a wide bandwidth using a linearly modulated

frequency sweep, known as a chirp. We employ up-chirp, down-chirp, and their sweep

time to represent different symbols. Formally, suppose f1 and f2 are the starting and

ending frequencies, respectively, the time-domain function for the up-chirp and the

down-chirp is given by:

C(t) = ej2π(f1±
v
2
t)t (4.3)

where 0 ≤ t ≤ T , v = f2−f1
T

is the rate of frequency increase (or decrease), and T is

the time it takes to sweep from f1 to f2. Different symbols are defined by controlling

the direction (up or down) of the chirp and the duration T . In our implementation,

we define three types of symbols: long-up-chirp (e.g., 4 ms), short-up-chirp (e.g., 1

ms), and short-down-chirp (e.g., 1 ms). Fig. 4.7 presents an example of a received

packet, including the preamble, payload, and guard interval. Unlike LoRA’s approach

of manipulating the initial chirp frequency, we utilize simple up and down chirp mod-

ulation due to the Piezo-MA’s nature, mitigating heightened intersymbol interference
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resulting from frequent frequency mutations. This approach ensures communication

robustness through smooth transitional frequency changes within individual symbols.
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Fig. 4.7: Received Packet of MeAnt

Demodulation. On the receiver side, we first employ a long-down-chirp template

to correlate the incoming signal until the apex of the correlation surpasses a pre-

established threshold, denoted as δprm. This surpassing of the threshold indicates the

presence of a packet and allows us to determine when the packet starts. Following

the detection of the preamble, we proceed to decode the subsequent symbols one by

one. Each symbol, with a constant width, is subjected to correlation against the

short-up-chirp and short-down-chirp templates. We denote the peak values of these

two resultant correlations as Cup and Cdown, respectively. The symbol is considered

as bit one if Cup exceeds Cdown and Cup is greater than δsym, which is another user-

defined threshold. Conversely, if Cdown exceeds Cup and Cdown surpasses δsym, then

the symbol is considered to be bit zero. If neither condition is met, the symbol will

be erased due to intense interference or noise, denoted by Λ. Hence, the outcomes

of the demodulated symbols can be one of three possibilities: 0, 1, or Λ. In other

words, we model the cross-medium channel as a binary erasure channel (BEC), with

the assumption that the transmitter sends a bit (a zero or a one), and the receiver

either receives the bit correctly or, with some error probability p, receives a message

that the bit was not received (“erased”). This channel model will be employed later

in our analysis to incorporate the forward error correction technique.
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Reasons to Choose. CSS-based modulation offers several key advantages for chal-

lenging communication settings. By spreading signals across a broad frequency range,

CSS inherently reduces the system’s vulnerability to specific frequency disturbances.

Its unique time-varying ‘chirp‘ signals aid in distinguishing intended communications

from potential ambient narrowband interference, such as modulated voices on AM

radio. This feature ensures stable communication even under adverse conditions,

making CSS particularly suited for environments where signal integrity is frequently

compromised. Note that the exemplary performance of CSS comes at the expense of

the bitrate. While it provides robustness against interference, the spread-spectrum

nature of CSS requires a lower bitrate compared to narrower bandwidth transmissions.

It is also feasible to use other modulation schemes, such as Amplitude Shift Keying

(ASK) and Frequency Shift Keying (FSK), for specific communication demands that

require higher bitrates. These alternatives, while offering faster data transmission

rates, may not provide the same level of interference resistance as CSS, highlighting

a fundamental trade-off between communication speed and reliability in the design

of transmission systems.

4.3.2 DLL: mediums Access Control

Incorporating a mediums Access Control (MAC) protocol (e.g., ALOHA) in the data

link layer (DLL) is crucial to allow multiple devices to share the same wireless channel

without causing collisions, as shown in Fig. 4.8(a).

Challenges: As detailed in Section 4.2, nodes within the MeAnt network are pri-

marily unidirectional communicators with severely constrained capabilities to receive

EM signals, either from gateways or adjacent nodes. Our empirical data reveal that

the practical downlink range is limited to approximately 0.5 meters, which poses a

formidable challenge for the MAC layer protocol. The absence of downlink feedback

mechanisms, crucial for acknowledging packet reception, facilitating retransmissions,
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and coordinating access, renders collisions undetectable and retransmission mecha-

nisms non-functional. This deficiency significantly hampers effective channel man-

agement and jeopardizes the integrity of transmitted data.

Collision

Node BNode A

Tim
e

Channel Sense Packet Transmission Transmission AbortionRequest to Send

Collision

Node BNode A

Delay

Node BNode A

Delay

Node BNode A

Slot 1
Slot 2

ALOHA CSMA/CA+RTS
CSMA/CA+RTS+Syn(a) (b) (c) (d)

Delay

CSMA/CA

Fig. 4.8: The illustration of mediums access control at the data link layer (a) depicts
a potential collision scenario when two nodes initiate packet transmission concurrently. (b) utilizes
CSMA/CA to diminish the collision probability, yet collisions might persist when two nodes con-
currently assess channel availability. (c) introduces the use of an RTS packet to address the issue of
simultaneous channel detection successfully, but it may give rise to brief collisions. (d) introduces
synchronization, in which each node must send the RTS packet and perform channel availability
checks at the outset of synchronized time slots.

Novel MAC Protocol Implementation: In the design of the MAC protocol for

MeAnt, a unique approach is employed by utilizing vibration leakage as a means for

carrier sensing. As identified earlier, when the Piezo-MA transmits EM radiation, a

portion of the energy dissipates as mechanical vibrations. Importantly, PZT trans-

ducers are employed as the primary interface for communication between nodes in

non-gaseous mediums such as underwater and underground environments. Although

the Piezo-MA lacks the capability to directly detect EM signals, it can effectively

sense these residual vibrations. This ability signifies underlying EM signal activi-

ties, thereby facilitating a novel method of carrier sensing. Our empirical research

demonstrates that the Piezo-MA can detect vibration leakage over distances up to
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approximately 10 meters underwater, significantly enhancing its carrier sensing ca-

pabilities and thereby improving the efficiency of the MAC protocol in challenging

environments.

CSMA/CA Protocol Implementation: The adoption of the Carrier Sense Mul-

tiple Access with Collision Avoidance (CSMA/CA) protocol in our MAC design is

driven by a dual-mode transmission strategy (EM and vibration), aiming at minimiz-

ing collision probabilities when multiple nodes attempt simultaneous transmissions.

Specifically, each node initiates communication by assessing the availability of the

transmission medium. This is achieved by utilizing the Piezo-MA to detect ultra-

sonic signals indicative of active transmissions within the vicinity. This preemptive

sensing is crucial for averting potential collisions. The protocol dictates that if the

channel appears busy, the node postpones its transmission for a randomly determined

duration, known as the backoff period, which is managed by a backoff counter. The

node continuously monitors the channel’s status during this interval. If the channel is

free when the backoff counter reaches zero, the node proceeds to transmit the packet.

Conversely, if the channel remains busy at this juncture, the backoff counter is reset,

and the node repeats the assessment and waiting process. This method of dynam-

ically adjusting transmission times based on channel conditions effectively reduces

the likelihood of collisions. The detailed operational mechanics of the CSMA/CA

protocol are illustrated in Fig. 4.8(b).

CSMA/CA with RTS Enhancement: The implementation of the CSMA/CA

protocol often encounters challenges due to the slower propagation speed of ultrasound

compared to EM signals, which can lead to synchronization issues among nodes. As

illustrated in Fig. 4.8(b), Node A may incorrectly perceive the channel as free due to

the absence of detected ultrasound signals within its sensing window. Concurrently,

Node B might have commenced its packet transmission, but the ultrasound signal’s

delay prevents Node A from detecting this in time, resulting in a collision. Extending

the sensing window is one potential solution to ensure Node A detects Node B’s
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activity. However, this approach does not resolve issues when nodes initiate their

collision detection simultaneously, and the delay in ultrasound propagation exceeds

the difference in their sensing windows, as depicted at the bottom of Fig. 4.8(b). To

address these synchronization and detection failures, we introduce the Request to

Send (RTS) mechanism. This mechanism involves nodes broadcasting “warning bits”

in a brief RTS packet before the actual data transmission begins. The purpose of the

RTS packet is to explicitly signal other nodes about a pending transmission. This

strategy, showcased at the top of Fig. 4.8(c), effectively mitigates the risk of collisions

by improving the coordination between nodes and ensuring more reliable detection

of concurrent transmissions.

Centralized Synchronization and Slotted ALOHA Protocol: While the RTS

mechanism effectively mitigates many collision issues, it can still inadvertently trigger

brief overlaps with ongoing transmissions, as depicted at the bottom of Fig. 4.8(c).

To comprehensively address this challenge, the implementation of a centralized con-

trol device becomes essential for synchronizing the actions of all nodes within the

network. This leads to the adoption of the slotted ALOHA access protocol, where

time is divided into discrete slots. Each node is required to initiate transmissions

strictly within these designated slots to ensure orderly communication. As illustrated

in Fig. 4.8(d), RTS packets are dispatched at the beginning of each slot. This tim-

ing prevents the RTS packets from interfering with the ongoing data transmissions,

thereby minimizing the risk of collisions. If a node detects an RTS packet from an-

other node during its designated slot, it automatically postpones its transmission to

a later slot, chosen randomly, thereby avoiding a direct collision. Additionally, a spe-

cific node within the MeAnt system may be assigned the role of a synchronizer. This

node emits periodic impulsive signals to delineate the start of each slot, ensuring all

nodes align their transmissions accordingly.

This centralized synchronization strategy not only streamlines transmissions but also

significantly reduces the likelihood of collisions. The use of predefined time slots,
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coupled with centralized control, enhances the overall efficiency and reliability of the

communication process. This method is particularly advantageous in environments

like underwater or other liquid mediums, where ultrasound propagation plays a critical

role in node communication.

Discussion. Throughout this discourse, a tacit assumption has been that all nodes

are deployed within the same close-knit medium, ensuring that a node’s vibrations

are universally detectable by all other network nodes, i.e.,, universal carrier sense

is assumed. Naturally, this assumption may not hold in larger deployment areas,

leading to what is known as the “hidden node problem.” This issue arises when two

distant nodes fail to detect each other’s presence, potentially leading to simultaneous

transmissions that result in collisions. The hidden node problem can be effectively

addressed through the implementation of clear-to-send (CTS) signals. These signals

enhance communication protocols by ensuring that all nodes within a potentially

affected network segment are aware of ongoing transmissions, thereby avoiding col-

lisions. For a detailed exploration of this solution, readers are referred to [145].

Additionally, when two MeAnt networks operating in distinct mediums are deployed

in close proximity, there exists a risk of undetectable collisions due to overlapping

operational frequencies. To mitigate this issue, we recommend the adoption of differ-

ent center frequencies for the Piezo-MAs in each network. This frequency separation

strategy ensures that the networks operate on distinct bands, reducing the likelihood

of interference and enhancing overall network performance.

The MAC protocol designed for the MeAnt network, which operates without down-

link communication, presents a significant divergence from traditional WSNs, where

downlink support is integral for acknowledging packet reception, retransmissions, and

coordination. As a result, this protocol is inherently incompatible with existing WSN

protocols that rely on bidirectional communication. To incorporate the MeAnt MAC

protocol into existing WSN protocols, a hybrid approach could be considered, where

the existing bidirectional communication framework is adapted to handle unidirec-
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tional links. One potential solution would involve introducing a new layer or inter-

face that allows for the integration of vibration-based carrier sensing, such as the

MeAnt’s vibration leakage detection, alongside traditional downlink communication.

This would enable compatibility by allowing the MeAnt nodes to function as special-

ized end devices within a larger WSN infrastructure. In this setup, while the MeAnt

nodes would not require downlink communication for packet acknowledgment, the

network’s gateway or central controller could manage data aggregation, synchroniza-

tion, and retransmission tasks. This could be achieved through scheduled uplinks from

MeAnt nodes, minimizing collisions and allowing the WSN protocol to handle tasks

like retransmissions and error corrections through other channels, effectively bridging

the gap between the unidirectional MeAnt design and existing WSN systems.

4.3.3 TCL: Transport Integrity

Despite incorporating various mechanisms at both the physical and link layers, pack-

ets may still be vulnerable to ambient noise or partial collisions—a challenge inherent

to cross-medium communication channels characterized by significant attenuation,

instability, and diverse interference sources. To tackle this issue, we introduce an

advanced strategy at the transport control layer by integrating forward error correc-

tion (FEC) into the packet structure. FEC is a method that involves embedding

additional redundant bits into the packet, enabling the correction of bits that become

corrupted during transmission.

For our FEC scheme, we select Polar Codes, which were introduced by Erdal Arikan

in 2009 and have since been recognized for their capacity to approach the Shannon

limit [146]. The choice of Polar Codes for the MeAnt system is driven primarily by

two considerations. Firstly, Polar Codes achieve near-optimal capacity while main-

taining a relatively low computational complexity. This efficiency is crucial for IoT

devices, where processing power and energy consumption need to be minimized. Sec-

104



4.3. MeAnt Design

ondly, Polar Codes are exceptionally effective in managing the complex types of noise

typical of cross-medium communication channels, thereby enhancing the robustness

and reliability of data transmission.

By employing Polar Codes, we significantly bolster the integrity of data transmitted

across our diverse communication environments, ensuring that the MeAnt system re-

mains resilient against the various challenges posed by ambient noise and interference.

Channel Polarization in Polar Codes: In the MeAnt communication model, the

PHY is conceptualized as a Binary Erasure Channel (BEC). Polar Codes leverage

a transformative technique known as “channel polarization” to enhance communica-

tion reliability. This method systematically converts a series of BECs into a set of

“virtual” channels, each possessing distinct reliability levels. Specifically, the chan-

nel polarization process involves performing XOR operations among different chan-

nel bits, which dynamically categorizes these channels into varying probabilities of

transmission success. Through this polarization, certain channels emerge as “highly

reliable,” exhibiting strong probabilities of successful transmission. Conversely, other

channels become “less reliable,” manifesting weaker transmission success probabili-

ties. During the encoding process, the encoder strategically places more critical data

bits onto the highly reliable channels. In contrast, less critical bits, known as frozen

bits, are allocated to the less reliable channels. At the receiving end, the decoder

utilizes a technique known as successive cancellation to reconstruct the original data.

This method effectively deciphers the transmitted bits by approximating the likeli-

hood of bit sequences facilitated by the polarized channel properties. The effective

use of channel polarization is grounded in the chain rule of information theory, which

expands the mutual information between the transmitted and received sequences,

thereby optimizing data recovery even in challenging communication environments.

Fig. 4.9 visually illustrates the channel polarization process. Assume that a physical

BEC W has an erasing rate of p = 0.4 (or, equivalently, an original channel capacity

I(W ) = 0.6). Note that the channel capacity can be regarded as the successful
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Fig. 4.9: Illustration of Polar Codes. (a) shows the physical channel with a capacity of 0.6.
(b) and (c) shows the channel polarization when N = 2 and 4, respectively. (d) shows the channel
capacity as a function of N . Particularly, the top K most reliable channel can be used to transmit
K informative bits, while the remaining less reliable channels are used to transmit frozen bits.

decoding probability. If we have two bits (u1 and u2) to transmit, we can generate

two virtual channels W+ (reliable channel) and W− (unreliable channel), each tasked

with transmitting one bit. Fig. 4.9(b) shows that x1 = u1 ⊕ u2 is transmitted via

the W− channel and x2 = u2 via the W+ channel, where ⊕ denotes XOR. The

probability of successful decoding of the u1 and u2 changes due to the XOR operation.

Let I(W−(+)) denote the channel capacity. Then, u1 is decoded only when both y1

and y2 are correctly received, i.e., I(W−) = I(W )2 = 0.36. Similarly, u2 is decoded

when either y1 or y2 is correctly received, i.e., I(W+) = 2I(W ) − I(W )2 = 0.84.

This transformation process results in the reliable channel having a higher capacity

than the original channel (i.e., 2I(W ) − I(W )2 > I(W )) and the unreliable channel

having a lower capacity (I(W )2 < I(W )). The principle of polar codes is to put

the information bit on the high-capacity channel W+ and the known frozen bit on

the low-capacity channel W−. Now, u1 is fixed to a frozen bit. The receiver aims

to decode u2 through the received codes y1, y2 and known u1, thus achieving higher

decoding confidence.

Fig. 4.9(c) extends the transmission scenario to involve four bits (u1-u4). This case

can be viewed as a cascade of two reliable and two unreliable channels. Initially, u1

and u3 are transmitted using a pair of channels, denoted as W−
1,3 and W+

1,3, while u2

and u4 are transmitted via another pair, labeled as W−
2,4 and W+

2,4. In the subsequent

stage, the two pairs of channels form additional combinations: an unreliable channel

W−−
1,2 and a reliable channel W−+

1,2 , along with channels W+−
3,4 and W++, respectively.

The probability formulas governing the behavior of these four new virtual channels
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are presented in Fig. 4.9(c). Notably, there’s an observable polarization of channel

capacities, whereby the most reliable channel achieves a capacity of 0.9744, and the

least reliable channel diminishes further to 0.1296. Consequently, we designate u1

and u2 as frozen bits due to this disparity in channel capacities. This strategic alloca-

tion prioritizes critical data transmission over channels with lower error probabilities,

thereby fortifying the resilience of the overall data transmission system.

The concept of channel polarization in Polar Codes can be generalized to encom-

pass N = 2n virtual channels, where n = 2, 3, 4, . . . . This generalization employs

a cascading technique that effectively categorizes channels based on their reliability

as N increases. As illustrated in Fig. 4.9(d), the capacity of these virtual channels

progressively polarizes towards the extremes of 0 or 1 with increasing N . In the

theoretical limit of an infinite sequence, the capacities of these channels converge

asymptotically to these extremes. This polarization exemplifies a typical Matthew

effect: “The good channels become better, and the poor channels become worse.”

To optimize data transmission efficiency, data bits are strategically allocated across

these channels based on their reliability. The most reliable channels, the top K, are

utilized for transmitting ‘informative bits,’ which carry the actual data. Conversely,

the less reliable channels are designated for transmitting ‘frozen bits’—these are re-

dundant bits with predetermined fixed values that do not carry unique information

but are crucial in enhancing the likelihood of successful decoding of the informative

bits. This allocation strategy maximizes the efficiency and reliability of data trans-

mission by exploiting the inherent differences in channel capacities. For more detailed

insights into the encoding and decoding processes utilized in this framework, please

refer to [147].

Encoder. Let us consider a formal scenario where the code length N = 2n and K

informative bits require transmission. The binary source block u = (u1, u2, . . . , uN)

comprisesK information bits andN−K frozen bits. The codewords x = {x1, x2, . . . , xN}
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have a code rate R = K/N . The codewords x can be computed as follows:

x = uGN = uBNF
⊗n
2 and F2 =

 1 0

1 1

 (4.4)

Here, GN represents the generation matrix, BN symbolizes the bit-reversal permuta-

tion matrix, and F⊗n
2 is the nth Kronecker power of F2. Further details regarding this

can be found in Arikan’s work [146]. Considering that K = 152, possible code rates

can be represented as 152/256, 152/512, 152/1024, 152/2046, . . . or in approximate

terms, 0.98, 0.30, 0.15, 0.07, . . . , extending the payload length to 256, 512, 1024, . . .

respectively. MeAnt dynamically adjusts R according to the SNR of the scenario to

achieve higher goodput.

Decoder. The decoding of Polar Codes at the receiver end involves calculating the

log-likelihood ratios (LLRs) for each received bit. These LLRs quantify the probabil-

ity that each bit is a 0 or a 1 based on the received channel symbols. The LLR for a

bit is a measure of confidence in the bit’s value derived from the statistical likelihood

of the received symbols given the noise characteristics of the channel. The process of

computing these LLRs is recursive, leveraging both the outputs from the communica-

tion channel and bits that have been previously decoded. This recursive calculation

is essential for the decoding strategy because it utilizes the structured nature of Polar

Codes, where each set of bits influences the decoding of subsequent bits. Polar Codes

employ the belief propagation (BP) algorithm for decoding, as detailed in [148].

The BP algorithm is an iterative message-passing technique that operates on a bi-

nary tree structure, which represents the relationships and dependencies among the

bits encoded by Polar Codes. Each node in this binary tree corresponds to a par-

ticular combination or transformation of the encoded bits. During decoding, each

node updates the belief about its bit based on the LLRs computed for its children

nodes. These updated beliefs are then passed as messages up to the parent nodes

in the tree. This iterative process continues until it converges, typically when the

messages stabilize and no further significant changes in LLRs are observed, or until
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a predefined number of iterations are reached. The final beliefs at the nodes of the

binary tree then determine the most likely value for each bit, effectively decoding

the received message. A more comprehensive exploration of this decoding scheme,

including specific algorithms and theoretical underpinnings, can be found in [147].

Interleaving Technique for Error Mitigation: Interleaving is a robust technique

employed to mitigate transmission errors by breaking a packet into independent sym-

bols and rearranging them before transmission. This process effectively disperses

potential errors across the entire message rather than allowing them to concentrate

in specific locations, thereby enhancing the overall reliability of the communication

system. In our implementation within the MeAnt system, the symbols encoded by

Polar Codes are transmitted through distinct packets using an interleaving matrix.

The interleaving matrix reorders the encoded symbols in a systematic manner before

they are sent over the communication channel. This rearrangement ensures that any

errors introduced during transmission are spread out across the entire data sequence,

minimizing the likelihood of concentrated error bursts that could severely impact the

message integrity. Upon reception, the symbols are de-interleaved using the inverse of

the interleaving process, restoring them to their original order. This de-interleaving

helps in distributing the errors, making them more manageable for the error correc-

tion mechanism, specifically the Polar Code decoding process. By dispersing errors,

interleaving enhances the effectiveness of the Forward Error Correction (FEC) tech-

niques, such as those utilizing Polar Codes, thereby improving the overall robustness

of data transmission in cross-medium channels that are susceptible to interference

and noise.

The implementation of interleaving within MeAnt not only ensures a higher level of

data integrity but also complements the existing error correction strategies by provid-

ing an additional layer of error distribution. This synergy between interleaving and

Polar Code-based FEC significantly contributes to the system’s ability to maintain

reliable communication in challenging environments.
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4.4 Implementation of MeAnts

This section presents the hardware prototypes developed for the nodes and gateway

within the MeAnt. Our objective was to create a proof-of-concept model using cost-

effective, easily obtainable components. This approach was chosen to enable other

researchers to replicate and adapt the platform for their specific experiments.

4.4.1 Material Choice for Optimal Radiation

This discussion aims to identify the most suitable PZMs for constructing a Piezo-

MA and guarantee a larger power radiation efficiency while remaining economically

affordable for a large-scale deployment. Numerous PZMs, including quartz, PZT,

barium titanate, PVDF, lithium niobate, gallium orthophosphate, and aluminum

nitride, are commercially available.
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Fig. 4.10: Comparison of far-field radiation power across different piezo-materials when
the largest electric field Emax is applied.

When an alternating electric field E with an angular frequency ω is applied to an

MA, the antenna emits EM waves of the same frequency. The total power radiated

can be computed by integrating the Poynting vector over a sphere in the far field.

This integration yields the following equation:

PMA
RX =

σ2
qV

2ω4

6πε0c3
≈ E2ω4ε0

6πc3
ε2r (4.5)
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where σq represents the charge density within the material volume V , approximately

given by σq ≈ E·εrε0
V

, where ε0 denotes the vacuum permittivity and εr signifies the

relative permittivity of the material. c is the speed of light. The maximum allowable

value of E is approximately 3 MV/m (denoted by Emax), beyond which the electrical

insulation of air would abruptly collapse, leading to rapid material short-circuiting

known as air-breakdown.

To assess the effectiveness of different materials, we computed the far-field radiation

power of cylindrical MAs (with a volume of 1× π × 42 cm3) across various materials

using Eq.4.5. The resulting data are illustrated in Fig.4.10. Unfortunately, mate-

rials such as quartz, AlN, LiTaO3, and LiNbO3 displaying low or moderate relative

permittivity yield inadequate radiation power, thereby limiting the communication

range. Conversely, materials with high relative permittivity, namely PZT-4, PZT-8,

PZT-5, and PMN-PT (εr > 1000), effectively address this issue.

PMN-PT, boasting an impressive permittivity of up to 7400 F/m, emerges as the

most suitable material. However, its high cost, approximately 4000 USD/kg, limits

its widespread use. On the other hand, PZT-5 offers performance akin to PMN-PT

at a significantly lower cost of approximately 25 USD/kg. In conclusion, we identify

PZT-5 as the optimal material for MA fabrication due to its commendable blend of

performance and cost-effectiveness.

4.4.2 Mechanical Structure

Fig. 4.11(a) presents a deconstructed view of the MeAnt node, ingeniously crafted to

form a compact mechanical structure. This design not only ensures robust protection

of the internal circuitry from water and external pressures but also adheres to a cylin-

drical shape with dimensions of approximately 16 cm in height and 13 cm in diameter.

The node comprises a waterproof shell, which encases an internal compartment hous-

ing the motherboard. Strategically positioned on the cylinder’s ceiling, the Piezo-MA
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Fig. 4.11: Mechanical Fabrication of MeAnt

facilitates efficient conduction of vibrations to and from the surrounding medium, a

critical feature for the effective implementation of the anti-collision protocol. The

entire mechanical structure was meticulously designed using SolidWorks [94] and re-

alized through advanced 3D printing techniques. For our evaluation, a total of 10

MeAnt nodes were fabricated, each at an approximate cost of 30 USD per node. This

cost-effective manufacturing process allows for scalable production while maintaining

the integrity and functionality of each unit.

4.4.3 Circuit Design and Functionality

The central component of a MeAnt node is the motherboard, represented by a 6 ×
6 cm2 two-layer PCB, as depicted in Fig. 4.11(b). This board serves three primary

functions: handling the uplink, managing the MAC protocol, and controlling the logic

of the system. For an overall view of the system’s circuitry, refer to Fig. 4.12.

(1) Ultra-High-Voltage Driver: Traditionally, PZT transducers require high driv-

ing voltages, typically in the hundreds of volts, which often necessitate the use of bulky
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Fig. 4.12: Hardware Schematic

and expensive voltage amplifiers like the Ciprian HVA-400 [149]. Such devices have

been utilized in previous studies to generate continuous acoustic waves within gate-

ways [140,150]. However, this approach is not economically feasible for our nodes due

to its high cost and size. To overcome this, we have developed a specialized driver

circuit that can amplify a weak MCU output voltage by a factor of 22×.

As illustrated in Fig.4.12, our design incorporates a DC-DC booster (TPS40210DCR

[151]) to raise the input voltage from 19 V to 110 V. We then designed a UHV

driver circuit, which includes a dual NMOS (IRS21867STRPBF [152]) and a dual-

MOSFET gate driver (NCE0102 [153]). This setup achieves rise and fall times of 170

ns, accommodating a maximum frequency of 5 MHz. The driver circuit functions

as an amplifier, taking a 5 V input signal and boosting it to a 110 V output, while

connected to the 110 V DC output from the booster, effectively amplifying the 5 V

MCU signal to approximately 110 V. The amplified signal is then directed to drive

the PZT through a carefully tuned matching network.

Concerning the total power consumption P = V I by the Piezo-MA due to the high

voltage, our practical measurements indicate that the Piezo-MA draws less than 1 mA

of current, largely because of its high impedance. Thus, the power dissipated by the

Piezo-MA remains around 100 mW, making it a low-power component. Importantly,

this configuration does not significantly affect the antenna’s radiation efficiency. The
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primary factor influencing the deformation and radiation characteristics of the Piezo-

MA is the applied voltage, rather than the power dissipation.

(2) Frontend: The frontend of our system integrates the Piezo-MA with a matching

network, serving dual functions of EM radiation and vibration sensing. Utilizing the

pulse width modulation (PWM) technique described in [154], we simulate the CSS-

based carrier signal. PWM is particularly adept at generating digital square waves

with variable widths, making it ideal for our application. To emulate an up-chirp

signal, we generate a sequence of 10 square waves with frequencies incrementally

ranging from f1 to f2 in steps of (f2 − f1)/10. Fig. 4.13 illustrates the chirp signal

produced by the PWM controlled by the MCU.

In addition to its role in signal generation, the Piezo-MA also acts as an acoustic

frontend, detecting RTS packets from other nodes by sensing vibrations induced in

the Piezo-MA. To mitigate self-interference, logic gates are employed to alternately

activate the RTS window and the channel sense window, thus enabling concurrent

operations without overlap. Another approach involves dispatching the RTS prior to

conducting channel sensing, a strategy that addresses potential conflicts in simulta-

neous sensing as outlined in Sec. 4.3.2.

Detection of an RTS packet is triggered when the cumulative vibration—or, in some

implementations, the voltage change across the Piezo-MA’s electrodes—exceeds a pre-

defined threshold. This change is indicative of other nodes’ RTS causing vibrations

that affect the Piezo-MA’s own transmitting RTS, evident through altered voltage

amplitudes. Upon signal reception, an initial amplification and filtering stage is ap-

plied to eliminate any noise originating from the frontend itself, ensuring the detection

of RTS is reliable and accurate. This methodology not only ensures effective RTS

detection but also optimally manages concurrent operations within the system.

(3) Power Management: The node is powered by a 19 V lithium-ion battery.

Voltage regulation is achieved using a low-dropout (LDO) regulator, specifically the
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Fig. 4.13: PWM-emulated chirp signal. By varying the frequency and duty cycle of the PWM,
we can generate a CSS-modulated carrier.

TI AMS1117 [155], which efficiently converts the 19 V input into a stable 3.3 V

output to power the MCU and sensors. Additionally, the DC-DC booster previously

mentioned is utilized to supply the necessary voltage to the Piezo-MA.

(4) Controller: For the system’s controller, we have opted for an MCU, specifically

the STM32F103 [99], which features a 72 MHz frequency CPU. This MCU supports a

low-power mode, adding a layer of versatility in power management that is crucial for

energy conservation in mobile applications. In active mode, the MCU’s power con-

sumption is approximately 4.4 mW, which dramatically decreases to 0.9 µW in deep

sleep mode. This efficiency is pivotal in extending battery life without compromis-

ing functionality. The MCU also utilizes its internal PWM module to modulate the

baseband bit effectively, crucial for precise signal manipulation. For data acquisition,

particularly analog vibration data from other nodes, the MCU’s internal ADC pin

is employed. Additionally, it utilizes the SPI protocol for seamless communication

with various sensors, facilitating streamlined data exchange and integration within

the system.

4.4.4 Regulatory Compliance

The operational frequency band for our MeAnt system is situated within the MF band,

which spans from 300 kHz to 3 MHz. This frequency range is regulated stringently due
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Fig. 4.14: Medium Frequency Band Allocation According to FCC Regulations.

to its widespread use in public broadcasting, maritime communications, and various

government operations. Fig. 4.14 depicts the allocation principle for this band.

Fortunately, within this range, the AM broadcasting band (526.5 - 1606.5 kHz) is

available for use by amateur radio operators under FCC regulation OET Bulletin

No. 63 [156], which allows operation without a license under certain conditions.

Specifically, the regulation mandates that the transmission power must not exceed

100 mW, and the coverage radius should be limited to less than 0.5 miles. This

provision does not require a public announcement and even permits the broadcast of

business commercials [157].

Moreover, the emission frequency of MeAnt’s acoustic signals begins at 530 kHz,

which effectively avoids interference with marine and soil life. Research indicates

that most marine and soil organisms perceive frequencies only up to 200 kHz [158],

ensuring that our system’s operation does not adversely affect these environments.

4.5 Evaluation

In this section, we introduce the evaluation methodology and the results of MeAnt.
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4.5.1 Methodology
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Fig. 4.15: Experimental setups. (a) shows air-to-air communication. (b) shows the seawater-
to-air communication. (c) shows the freshwater-to-air communication. (d) shows soil-to-air com-
munications. (e) shows tissue-to-air communication. In (b), (c), and (d), since the MeAnt will
become invisible after we have completely placed it in the mediums, we choose to demonstrate the
experimental scenario where the in-medium distance is 0.

We utilize the A.H. Systems SAS-565L Passive Loop Antenna [139] as the gateway for

receiving EM radiation emitted by the MeAnt nodes. This antenna is characterized

by a frequency range of 20 Hz to 1 MHz, making it well-suited for our application.

The loop antenna is connected to a low-noise bandpass amplifier, which is specifi-

cally configured to remove extraneous noise while retaining signals within the desired

frequency band. The signal collection is performed using a RIGOL MSO5204 Dig-

ital Oscilloscope [159], set to a sample rate of 200 MS/s. This high sampling rate

ensures accurate capture of the fast-changing signals emitted by the MeAnt nodes.

For signal decoding and further analysis, we have developed a MATLAB-based pro-

gram. This custom software efficiently processes the signals post-collection, applying

sophisticated decoding algorithms to interpret the data transmitted by the nodes.

Experiment Settings: The experimental setups employed to evaluate the cross-

medium communication capabilities of MeAnt nodes are illustrated in Fig. 4.15. Our

experiments are designed to encompass a variety of mediums to test the versatility and

robustness of the communication system. Specifically, MeAnt nodes are embedded

10 cm deep in animal tissues, such as pork and chicken, submerged 1 m deep in both

freshwater and seawater and buried 50 cm within solid materials, including concrete

and soil. Unless otherwise specified, the gateway is consistently positioned in the air,

approximately 2 m from the boundary of the medium being tested. For concrete-

air communication experiments, the transmitter and receiver are directly aligned on

opposite sides of a 50-cm-thick concrete wall. Additionally, to establish a baseline for
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performance comparison, we assess the effectiveness of MeAnt nodes in an air-to-air

setting. Overall, this comprehensive series of tests investigates the communication

efficacy across multiple scenarios, including air-to-air, water-to-air, tissue-to-air, and

concrete-to-air, to determine the system’s adaptability and effectiveness in various

environmental conditions.

4.5.2 Physical-Layer Performance

First, we evaluate the physical layer performance of MeAnt in terms of the experi-

mental settings.

• SNR vs. Bitrate. The bitrate in our communication system represents the

number of bits conveyed each second and determines the width of each transmitted

symbol (i.e., its duration). Theoretically, with a symbol width of 1 ms, the maximum

attainable bitrate would be 1 kbps. In our experiments, different symbols correspond

to different start frequencies for frequency sweeping. An increased bitrate accelerates

the sweep rate, which can amplify the tailing phenomena in the signal, making each

symbol more challenging to decode and leading to a diminished SNR at the gateway.

These observations are detailed in Fig. 4.16. The figure highlights several critical

insights: 1) As expected, there is a noticeable decrease in SNR with an increase in

bitrate, attributable to the heightened decoding challenges. Across various mediums,

the SNR reaches a decoding threshold at a bitrate of 10 kbps, likely due to the

restricted bandwidth of the Piezo-MA. 2) The SNR varies across different mediums at

a consistent bitrate, reflecting their distinct electromagnetic attenuation ratios. These

ratios correlate with each medium’s electrical conductivity, dielectric properties, and

density. Mediums with higher attenuation ratios typically exhibit higher conductivity

and density, as well as increased dielectric losses. 3) The performances in tissue

mediums (chicken and pork) are notably similar, primarily because the MeAnt nodes

are positioned only 10 cm deep, a depth that is insufficient to demonstrate inherent

diversities between these mediums. In summary, our experimental results reaffirm the
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viability of cross-medium communication using the Piezo-MA across a broad range

of applications despite the challenges posed by higher bitrates.
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Fig. 4.16: SNR vs Bitrate
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•BER vs. SNR. We investigate the efficacy of four modulation techniques—Amplitude

Shift Keying (ASK), Frequency Shift Keying (FSK), and CSS—in a single MeAnt

node. The efficiency of these schemes is primarily gauged through the bit error rate

(BER), which represents the percentage of incorrectly decoded bits. To assess the

relationship between BER and the SNR, we progressively distance the gateway from

the MeAnt node, effectively reducing the SNR. These observations are detailed in

Fig. 4.17. At SNR values below 2.5 dB, the BERs for the three modulation schemes

appear indistinguishable. However, as the SNR increases, the BER of the two CSS-

based schemes decreases significantly steeper than that observed for ASK and FSK.

Notably, CSS-based modulation achieves a BER of 10−7 at an SNR of approximately

7.5 dB, which is a 5 dB improvement over the other techniques. This superior per-

formance is attributed to the enhanced resilience of CSS to noise, an advantage that

is particularly beneficial in cross-medium communication scenarios.

• Maximum Depth. We explore the depth and range capabilities of the MeAnt

system across various mediums, including freshwater, seawater, soil, and air. Super-

ficial tissues are not considered as they do not show any signal changes throughout

the medium. The maximum effective communication depth or range for each medium

is defined by the point at which the SNR of the received signal declines to 2.5 dB.
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To determine this, the MeAnt node is progressively relocated from the boundary of

each medium using a submerged pole for aquatic environments and a soil auger for

terrestrial settings. These findings are graphically illustrated in Fig. 4.18. In aerial

conditions, the maximum communication reach of the MeAnt system is recorded at

12 meters, roughly one-tenth of the range achievable by technologies such as Zigbee

in airborne environments. This limitation is largely due to the Piezo-MA’s reduced

efficiency in converting incoming energy into electromagnetic radiation compared to

an EA operating within the ISM band. In terms of cross-medium communication, the

MeAnt system demonstrates notable capabilities with a reach of 10 meters in both

freshwater and seawater and 7 meters in soil. The soil medium presents the greatest

challenge, exhibiting the highest EM wave attenuation due to its significant conduc-

tivity, porous structure, and mineral-water composition. Conversely, with their lower

conductivity and salinity, freshwater and seawater manifest similar and comparatively

lower levels of attenuation. It is important to note that the water in both saltwater

and freshwater real-world experiments was not calm; it exhibited significant waves

and ripples, with the water remaining entirely fluid. While this dynamic environ-

ment exacerbates the complex multipath effects, the use of polar codes enables our

packets to still be successfully decoded despite these challenges. These performance

metrics are well-suited to meet the predominant requirements of the IoT domain,

where conventional communication protocols like Zigbee and 5G struggle to maintain

functionality beyond a depth of approximately 1 meter in aquatic environments.
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• Throughput vs. Material. We test the throughput of the MeAnt in air and five

cross-medium scenarios. The result is plotted in Fig. 4.19. Throughput is defined

as the number of bits correctly decoded by the reader per second. The following

observations were made from our experiments: (1) The air-water throughput is 8.9

kbps, while that of the SOTA System (TARF) [48] is merely 400 bps. Our system’s

throughput is 22 times greater than that of SOTA, showcasing its significant perfor-

mance advantage in this context. (2) The throughput across all mediums scenarios

is remarkably consistent, with an average of 8.824 kbps. This uniformity in through-

put can be attributed to the closely matched attenuation rates for MF waves across

different mediums.

4.5.3 Link-Layer Performance

Next, we assessed the efficacy of various anti-collision techniques in a setting where

five nodes competed for channel access, with packet sizes fixed at 256 bits and both the

channel sensing window and the RTS in CSMA/CA defined at 52 bits. We conducted

tests involving the transmission of 1,000 packets to determine the packet success rate

(PSR) at the gateway. The performance metrics, as depicted in Fig. 4.20, show PSRs

for various schemes: ALOHA at 0.3, standard CSMA/CA at 0.65, CSMA/CA with

RTS at 0.7, and synchronized CSMA/CA with RTS at 0.99. The limited performance

of the ALOHA scheme is due to its absence of carrier sensing, which leads to higher

collision rates. In contrast, CSMA/CA with RTS outperforms pure CSMA/CA as it

limits the duration of collisions to the RTS length, which can be managed with polar

codes. The synchronized CSMA/CA+RTS approach demonstrates exemplary PSR,

indicative of its superior capability in collision mitigation, albeit potential synchro-

nization misalignments or hardware clock drifts could still lead to infrequent packet

failures.
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Fig. 4.21: Goodput

4.5.4 Transport-Layer Performance

We investigate MeAnt’s goodput, analyzing various code rates and their impact under

synchronized and non-synchronized CSMA/CA + RTS conditions. The relationship

between bitrate and goodput is explored in Fig. 4.21. It is observed that as the bitrate

increases, goodput also escalates. The highest goodput, recorded at 4.3 kbps, is

achieved with a coding rate of 0.8 under synchronized conditions. However, increasing

the bitrate beyond 10 kbps results in a decline in goodput due to a significant increase

in the BER. In non-synchronized settings, moderate coding rates achieve the best

goodput. High coding rates in these conditions lead to reduced goodput, primarily

due to increased collision rates, highlighting the vulnerability of non-synchronized

environments to conflicts. This suggests the importance of balancing error correction

capabilities with coding efficiency. In synchronized settings, a higher coding rate is

recommended to maximize goodput, benefiting from the lower collision rate.

4.5.5 Power Consumption

Then, we evaluate the power consumption by MeAnt nodes.

• Maximal Range vs. Voltage. We adjust the DC-DC booster to produce 0 V

to 110 V voltages. The node was positioned at a depth of 1 m within the chosen

medium. In every scenario, we determined the maximal communication distance by
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progressively distancing the gateway from the node or the medium boundary until the

SNR of the received signal diminished to 2.5 dB. We conducted these tests in various

mediums. The data are captured in Fig. 4.22. Predictably, the maximal range is

enhanced as the applied voltage to the Piezo-MA rises. Without using the booster

and our UHV driver circuit, the default 5 V signal output from the MCU barely

triggers the Piezo-MA. Mediums with lower EM attenuation also tend to support

more extended ranges, which aligns with our previous observations.
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• Power Consumption. Energy efficiency remains paramount for sensor networks.

To quantify power use, we employ the Keysight Technologies B2900A Source Me-

ter [160] to gauge the supply voltage and current drawn by the MeAnt node. Fig. 4.23

shows power as the voltage spans from 30 V to 110 V. We witness a near-linear surge in

total power consumption corresponding to the voltage increment, primarily attributed

to the substantial energy draw of the Piezo-MA. Nonetheless, the cumulative power

hovers around 100 mW at an input of 110 V to the Piezo-MA operating at 550 kHz.

We further assessed two alternative Piezo-MA configurations operating at 700 and

1000 kHz, respectively. The outcomes, albeit analogous, exhibited minor variances.

For these 2 Piezo-MAs, the voltage should be controlled to keep the overall power be-

low the FCC regulations [156]. Factoring in a battery rated at 2 A with a 1000 mAh

capacity, a MeAnt node can continuously broadcast signals for an estimated 1100

hours or 45.83 days. By leveraging more advanced miniaturized chip tape-out tech-

nology, we can further reduce the power consumption of the driving circuit, allowing
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it to theoretically operate for up to 300 days.

4.5.6 Antenna Directionality

（b）

0°

30°

60°
90°

120°

150°

180°

210°

240°
270°

300°

330°

P0

P1

P2

P3

（a）

Piezo-MA

P1

P2

P3

P0

Fig. 4.24: Directionality of Piezo-MA.

Finally, we assess the directionality of the Piezo-MA on MeAnt nodes within an RF

anechoic chamber. The setup is illustrated in Fig. 4.24(a), where the Piezo-MA is

centrally placed, and the loop antenna is positioned at location P0. Here, the surface

of the Piezo-MA and the entire loop are aligned on the same plane. We then rotate the

loop in a circular motion around the Piezo-MA, which serves as the pivot. Radiation

measurements on the H-plane are detailed in Fig. 4.24(b), showing that the maximum

quantity of intersecting lines through the loop occurs at P0, yielding peak receiving

efficiency. This observation aligns with our simulation EM field model, which predicts

maximal signal intensity across all angles without significant variation.

To assess radiation within the E-plane, the loop antenna is subsequently fixed at

positions P1, P2, and P3. At each position, the loop is rotated around its primary

axis. Initially, a reduction in the number of intersecting lines through the loop is

observed during this rotational movement. However, this is followed by a dual-peak

surge, forming a distinctive figure-eight pattern as depicted in Fig. 4.24(b). The pro-

nounced directionality of the Piezo-MA along the E-plane suggests that adjusting the

loop antenna’s placement angle is crucial. Properly positioning the loop antenna in

124



4.6. Related Work

Table 4.2: Comparison with current direct cross-medium communication methods

Type Approach DirectionData RateDistance 1Mediums VolumeMisalignment Cost Env.-Friendly

Acoustic-RF Vibration Sensing [48] Uplink 400 bps 3.9 m Water Large × High ×

Laser
Water Dynamics Measure [44,114]Bidirection 5.04 Mbps 6.1 m 2 Water Compact × High ×

Circularly Polarized Light [115] Bidirection 200 kbps 2.5m Water Compact × Medium ×

Magnetic
Magnetic Induction [161,162] Bidirection ∼10 bps 10 m Water & Soil Large × High ×

Magnetic Backscatter [9] Uplink 8 kbps 0.03 m Tissue Compact × High ×

RF Direct MF (MeAnt) Uplink 10 kbps 10 m All Compact
√

Low
√ 3

1 Distance here refers specifically to the total distance in water-air communication for a fair comparison.

2 The maximum communication range is limited by their experimental setup.

3 The vibration leakage will not be perceived by marine organisms since they can only hear acoustic signals up to 200 kHz [163].

advance can ensure that the SNR is optimized for effective cross-medium communi-

cation.

4.6 Related Work

Our work is related to prior works in the following fields:

(1) Direct Cross-Medium Communication: The quest to establish direct cross-

mediums networks has attracted considerable interest within the wireless community.

We list the detailed comparison with current direct cross-medium communication in

Table 4.2. Existing solutions are broadly categorized as follows:

• Magnetic Induction: Utilizes the penetration capabilities of magnetic fields for

communication across various mediums, including water [161,164] and soil [162].

However, this method requires perfectly aligned and large transmitter coils,

which pose challenges for real-world applications due to their size and alignment

requirements.

• Laser: These systems employ refracted lasers to establish air-water links [44,114,

115]. While innovative, they are highly sensitive to water surface fluctuations

and suffer from limited range due to significant attenuation. State-of-the-art

works [114] have achieved maximum distances of only 3.1 m, whereas MeAnt

achieves depths three times greater.
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• Acoustic-RF: The TARF system [48] uses radar to detect underwater acoustic

vibrations, achieving a communication range of 3.9 m and a throughput of

400 bps. In stark contrast, our proposed MeAnt system utilizes low-frequency

electromagnetic (EM) waves, successfully achieving a range of 10 m across water

boundaries with a throughput of 10 kbps. This marks a two-fold increase in

range and a twenty-five-fold increase in throughput compared to TARF.

Additionally, MeAnt demonstrates remarkable resilience against environmental fac-

tors such as sea surface wind and waves, further underscoring its advantages over

traditional methods in challenging communication scenarios.

(2) Mechanical Antenna (MA): The MA represents a significant area of interest in

the field of low-frequency communications [165, 166], noted for its compact size and

high efficiency. Mechanical Antennas can be categorized into three primary types

based on their operational mechanisms: electret-, magnet-, and piezo-MAs [121].

• Electret-based MA: This type of MA operates on the radiation emitted through

the motion of polarized electret materials [167–170].

• Magnet-based MA: It involves the rotation of a magnet to generate magnetic

field radiation [171–174].

• Piezo-MA: Radiation in Piezo-MAs is achieved through vibrations in piezo-

electric materials [122,124,125] or a combination of magnetic and piezoelectric

materials [175,176].

Our research focuses on the Piezo-MA, which stands out due to its size, simplicity, and

effective radiation intensity. While existing studies on MAs are primarily preliminary

experiments that utilize bulky, power-intensive signal transmitters and amplifiers to

establish physical layer connections, our work with MeAnt advances this concept by

proposing a comprehensive, full-stack compact communication system. This system
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is designed to explore the potential of MAs in facilitating cross-medium networks,

significantly enhancing their applicability and effectiveness in diverse environmental

conditions.

4.7 Conclusion

This paper introduces a novel cross-medium sensor networking technology, utilizing

innovative Piezo-MAs to facilitate connectivity via MF EM waves. This advancement

represents a significant step toward practical and scalable cross-medium communica-

tions, which are crucial for a broad range of applications. The utilization of Piezo-MAs

enables efficient transmission across different mediums, such as water, soil, and dense

environments, making it a pivotal development for industries and fields, including

ocean exploration, subsea IoT, subterranean sensing, and smart farming. The tech-

nology not only enhances current communication capabilities but also opens new

possibilities for environmental monitoring and resource management, underscoring

its potential impact on global industrial and ecological practices.
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Conclusion, Lessons Learned,

Methodology, and Future Works

5.1 Conclusion

The advancements presented in these two works address significant challenges in

the realm of omnimedium communication, providing innovative solutions to both

intra-medium and inter-medium communication barriers. These contributions are

instrumental in advancing the vision of seamless data transmission across diverse

physical environments.

EcoCapsule: The first work focuses on enhancing SHM in concrete environments by

introducing a novel solution, the EcoCapsule. Traditional SHM methods rely on in-

trusive, wired sensors that pose several limitations, including high costs, limited mon-

itoring regions, and maintenance challenges due to their cabling requirements. The

EcoCapsule, a battery-free piezoelectric backscatter sensor, offers a groundbreaking

approach to intra-medium communication within concrete structures. By integrat-

ing these sensors directly into the concrete during construction, the need for cables

and later maintenance is removed, helping to maintain the structure’s integrity. The
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system uses elastic waves to both power up and communicate with the EcoCapsules,

which then transmit data using backscatter communication. This method tackles the

challenges in solid materials, including the occurrence of multiple wave types and high

external pressures. Innovative solutions, such as wave prisms, frequency shift keying,

and anti-stress shells, are employed to overcome these challenges. The successful de-

ployment of EcoCapsules in various concrete types and the long-term pilot study on

an operational footbridge underscore the viability and effectiveness of this approach

in real-world applications. This development not only enhances SHM but also sets a

precedent for intra-medium communication within solid materials.

The EcoCapsule technology is a pioneering advancement in intra-medium communi-

cation within concrete structures. This technology can be extended to other solid

mediums, such as soil and geological formations, which are crucial for applications in

environmental monitoring and infrastructure maintenance. For instance, embedding

EcoCapsules in the soil can provide real-time data on soil health, moisture levels, and

subsurface movements, which are essential for agricultural optimization and early

warning systems for landslides or other geological hazards. The adaptability of this

technology to various solid mediums enhances its utility, making it a versatile tool

for comprehensive structural health monitoring and environmental assessment.

MeAnt: The second work tackles the challenge of low-power inter-medium commu-

nication, particularly between air and water, which is crucial for the upcoming 6G

wireless networks and the IoE. Traditional methods of air-to-water communication

rely on relay devices prone to displacement and operational challenges. This paper

introduces the MeAnt platform, which leverages Piezo-MAs for direct cross-medium

communication. By employing mechanical motion to generate electromagnetic waves,

MeAnt overcomes the size constraints of conventional electrical antennas, making it

suitable for compact and versatile applications across various mediums, including wa-

ter, soil, concrete, and biological tissues. The platform addresses key challenges such

as interference mitigation, collision management, and data integrity through innova-
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tive techniques like chirp spread spectrum modulation, CSMA/CA with synchronized

RTS, and polar codes. These solutions ensure reliable communication across different

mediums, demonstrating the potential of Piezo-MAs to revolutionize cross-medium

communication. The experimental validation and theoretical frameworks provided

in the study establish MeAnt as a robust solution for seamless data transmission in

diverse environments.

Moreover, the MeAnt platform’s potential extends to underwater and underground

communication systems. In marine environments, this technology can enhance under-

water communication networks, enabling better data collection from oceanographic

sensors and improving the coordination of autonomous underwater vehicles (AUVs)

for scientific research and resource exploration. In underground environments, MeAnt

can support communication in mining operations, enhancing safety by providing real-

time data on environmental conditions and structural stability. The ability of Piezo-

MAs to penetrate various mediums with minimal power requirements also opens up

possibilities for their use in disaster response scenarios, where establishing communi-

cation in challenging environments is critical for search and rescue operations.

Together, these works contribute significantly to the overarching goal of omnimedium

communication. The EcoCapsule advances intra-medium communication within solid

structures by providing a maintenance-free, embedded sensing solution, while the

MeAnt platform addresses the challenges of inter-medium communication, enabling

seamless data transfer across different physical environments. By tackling both intra-

medium and inter-medium communication barriers, these innovations pave the way

for a future where data can be transmitted reliably and efficiently, regardless of the

medium, thus advancing the integration of the Internet of Everything and the capabil-

ities of 6G networks. Furthermore, these technologies’ modular and scalable nature

allows for their deployment in a wide range of applications, from smart cities and

industrial automation to environmental conservation and healthcare. For instance,

in the realm of smart healthcare, these communication methods simplify the process

130



5.2. Methodology

of reading data from sensors embedded within the body. Similarly, in underground

exploration, they could allow seamless communication with robots operating beneath

the surface from above ground.

In summary, the developments presented in these papers not only address current

challenges in intra-medium and inter-medium communication but also provide a ro-

bust framework for the future expansion of omnimedium communication technolo-

gies. By extending these innovations to a variety of mediums and applications, we

can achieve a more interconnected and intelligent world where data flows seamlessly

across all physical environments, driving advancements in safety, efficiency, and over-

all quality of life.

5.2 Methodology

Through our exploration of novel omnimedium communication paradigms, we aim

to develop a comprehensive methodology that not only advances research in omn-

imedium communication but also serves as a guiding framework for broader communication-

based studies across various domains.

Target the Problem: The foundation of any impactful research begins with identi-

fying the core problem that needs to be addressed. In the context of communication

technologies, this involves pinpointing the limitations of existing methods, such as

their inability to operate consistently across diverse mediums like air, water, and

solid structures. Understanding the challenges posed by these constraints enables

researchers to establish a clear objective for their work and frame the broader signif-

icance of solving the issue.

Find out Solution: Once the problem is defined, the next step is to devise inno-

vative solutions that address the identified gaps. This requires a multidisciplinary

approach, leveraging insights from physics, material science, and signal processing
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to design mechanisms capable of supporting communication in diverse environments.

Sometimes, the solution comes from accidental paper reading, or from some unin-

tentional experiment findings. The proposed solutions should be rooted in robust

theoretical principles, ensuring feasibility and scalability for practical applications.

Conduct Preliminary Test: Before fully implementing the solution, conducting

preliminary tests is essential to validate the underlying concepts and identify potential

areas for improvement. These tests should evaluate the system’s performance under

controlled conditions that simulate real-world environments, offering critical data

to refine the design. Iterative testing ensures the solution is reliable and efficient,

minimizing unforeseen challenges in later stages. Also, the tests will reveal further

challenges that we will encounter for real-world deployment.

Address Challenges: As development progresses, addressing challenges becomes

inevitable, particularly those arising from system integration, environmental variabil-

ity, or unforeseen technical limitations. Tackling these issues requires adaptability,

creative problem-solving, and collaboration among researchers. By systematically

overcoming obstacles, the research can maintain its trajectory toward delivering a

functional and innovative communication paradigm.

Integrate into Systems: The final stage involves integrating the developed so-

lution into existing communication systems to assess its real-world applicability and

performance. This integration should focus on seamless compatibility and user-centric

functionality, ensuring that the technology enhances existing networks without dis-

rupting them. Successful integration not only validates the research but also paves

the way for widespread adoption and transformative advancements in communication

technologies.

132



5.3. Lessons Learned

5.3 Lessons Learned

Through our exploration of omnimedium communications throughout my Ph.D., I

have learned many lessons to ponder. These insights have greatly benefited not only

the exploration of omnimedium communication but also research in other related

fields.

5.3.1 Integration between Existing Technologies

Researchers engaged in systems research must excel at integrating existing technolo-

gies into their systems. This integration requires a flexible mindset and a solid under-

standing of the technologies involved and the specific challenges they aim to address.

For instance, the best paper from ACM SIGCOMM 2019 tackled the issue of un-

derwater backscattering. This concept can be adapted and transferred to different

scenarios, such as the interior of a wall for structural health monitoring. However,

successful integration is not merely about copying existing solutions; it requires care-

ful adaptation and innovation to meet the unique demands of the new application

context.

When integrating existing technologies, it is essential to recognize and address the

unique challenges posed by the specific scenario. This approach ensures that the

research not only borrows from established methods but also contributes novel solu-

tions to the field. In the context of omnimedium communication, our work involved

the innovative application of mechanical antenna techniques. While these techniques

have been used in other domains, we applied them to cross-protocol channels and de-

veloped new methods to overcome challenges specific to our research. This includes

managing interference, ensuring data integrity, and achieving efficient energy use, all

tailored to the particular needs of cross-medium communication.

This process of integration and innovation highlights the importance of interdisci-
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plinary knowledge and creative problem-solving. By understanding the principles

and limitations of existing technologies, researchers can adapt them to new contexts,

pushing the boundaries of what is possible. For example, in developing the EcoCap-

sule for intra-medium communication within the concrete, we adapted non-intrusive

detection techniques to address the complexities of wave propagation in solid materi-

als. Similarly, in the MeAnt platform, we applied mechanical antenna technology to

achieve low-power, cross-medium communication, overcoming the size constraints of

traditional antennas.

Ultimately, the ability to integrate and innovate with existing technologies drives

significant research advancements. It allows for the creation of systems that are not

only practical and efficient but also capable of addressing new and complex challenges.

This approach ensures that our research stands out, providing robust and versatile

solutions for omnimedium communication. By continually exploring and adapting

technologies from various fields, we can develop comprehensive systems that meet

the evolving needs of diverse applications, from structural health monitoring to next-

generation wireless networks.

5.3.2 Interdisciplinarity is Important

Interdisciplinary research is crucial for omnimedium communication. Firstly, in terms

of research motivation, the collaboration between the fields of computer science

and civil engineering provided us with the motivation to develop an in-wall pas-

sive backscatter communication network. This innovation addresses a longstanding

challenge in civil engineering: wirelessly accessing the internal structural health mon-

itoring data without relying on batteries. Traditional methods have been intrusive

and maintenance-heavy, often limited by the need for wired connections or frequent

battery replacements. By integrating principles from computer science, we could con-

ceptualize and develop the EcoCapsule, a battery-free solution that significantly en-
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hances the feasibility and reliability of SHM in concrete environments. Similarly, our

interdisciplinary approach involving computing and ocean exploration highlights the

critical need for cross-medium communication. We recognize the inadequacy of exist-

ing relay node-based solutions in addressing the dynamic and often harsh conditions

of marine environments, prompting us to explore direct air-to-water communication

methods.

Moreover, interdisciplinarity is particularly important in terms of the technical as-

pects of research. Conventional RF signals face significant attenuation issues, ne-

cessitating more novel and diverse approaches to low-power communication and net-

working. By combining our expertise with materials science, we explore the use of

piezoelectric materials, leading to the development of Piezo-MAs. This approach

leverages the unique properties of piezoelectric materials to create electromagnetic

antennas, a burgeoning area of interest in materials science. Mechanical antennas

offer promising solutions to the challenges of cross-medium communication, enabling

efficient data transmission across various mediums such as water, soil, concrete, and

biological tissues. Additionally, the integration of computer science principles al-

lowed us to enhance these systems with advanced protocols, coding, and decoding

techniques, making the entire system more robust and practical.

The lessons learned from these interdisciplinary collaborations highlight the impor-

tance of integrating diverse fields to tackle complex problems. The synergy between

civil engineering, materials science, and computer science facilitates the development

of innovative solutions like the EcoCapsule and MeAnt platform. These solutions not

only address specific intra-medium and inter-medium communication challenges but

also contribute to the broader vision of omnimedium communication. By fostering

interdisciplinary research, we can continue to push the boundaries of what is possi-

ble, creating technologies that are more adaptable, efficient, and capable of operating

seamlessly across different physical environments. This holistic approach is essen-

tial for advancing the IoE and realizing the full potential of next-generation wireless
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networks.

5.3.3 Read and Gain Inspiration

Good inspiration often comes from reading. Engaging with a broad spectrum of

literature allows researchers to uncover a wealth of valuable ideas and insights that

can significantly influence their work. For instance, Dr. Adib’s numerous papers

regarding acoustic backscatter have profoundly inspired my research, providing both

motivational and technical guidance. His work has highlighted innovative approaches

and methodologies that have been pivotal in shaping my understanding and direction

in omnimedium communication.

Through extensive reading and comprehension of various research papers, we can

identify critical elements such as the feasibility of an idea and the portability of a

specific technology. This process of continuous learning and adaptation is crucial for

developing robust and innovative solutions. By analyzing and synthesizing the knowl-

edge from diverse sources, we can refine our own research questions, methodologies,

and technological applications, ultimately enhancing the quality and impact of our

works.

Reading not only broadens our knowledge base but also helps us stay abreast of the

latest advancements and trends in the field. It allows us to learn from the successes

and challenges faced by other researchers, providing a foundation upon which we

can build and innovate. This practice fosters a culture of intellectual curiosity and

continuous improvement, driving us to push the boundaries of what is possible in

omnimedium communication.

Ultimately, the insights gained from reading and understanding the work of others

can be directly applied to our own research. They help in devising more effective

communication strategies, improving the reliability and efficiency of our systems, and

ensuring that our solutions are both practical and scalable. By incorporating these
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learnings into our work, we can contribute to advancing the field and developing

technologies capable of seamless communication across various physical mediums.

5.3.4 Focus on Practical Needs

Innovative ideas often emerge from addressing real-world challenges rather than the-

oretical exploration alone. Engaging with industry professionals and researchers from

various disciplines is crucial for understanding practical needs and identifying pressing

problems that require novel solutions. By stepping out of the lab and actively ex-

changing ideas with industry experts and practitioners, researchers can gain valuable

insights that significantly shape the direction and relevance of their work.

Collaboration with industry not only helps in understanding the immediate needs and

constraints but also provides a practical perspective that can guide research toward

more impactful applications. For example, our work on the EcoCapsule for structural

health monitoring was greatly influenced by the needs expressed by civil engineers

concerned with the safety and longevity of concrete structures. Through discussions

with industry experts, we identified the critical need for a maintenance-free, embedded

sensing solution that could provide continuous data on the internal state of concrete

without relying on cumbersome and intrusive cabling systems.

Similarly, our focus on cross-medium communication in the MeAnt platform was

driven by practical challenges faced in marine and underground environments. By

interacting with professionals in ocean exploration and environmental monitoring,

we recognized the limitations of existing relay-based communication systems and the

necessity for direct, low-power communication methods that could operate reliably

across different physical mediums. These practical insights led us to innovate with

mechanical antennas and develop solutions that are not only theoretically sound but

also practically viable.

Ultimately, the most impactful and innovative research often arises from a deep un-
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derstanding of practical challenges and necessities in various fields. By maintaining

an ongoing dialogue with industry and other disciplines, researchers can ensure that

their work is both relevant and applicable, leading to solutions that effectively meet

the demands of real-world applications. This approach not only enhances the quality

and utility of the research but also fosters a collaborative environment where ideas

can flourish and evolve, driving continuous innovation and progress in omnimedium

communication.

5.4 Future Works

5.4.1 In-Concrete Imaging with EcoCapsules

With the successful embedding of EcoCapsules within concrete structures, we now

have the potential to advance into the realm of in-concrete imaging. This technology

aims to utilize the reflected signals from EcoCapsules to construct detailed internal

images of concrete, enabling the detection of internal damage, such as cracks and

voids. By harnessing the principles of signal attenuation, refraction, and reflection,

along with the broadband response characteristics of PZTs, we can achieve compre-

hensive internal imaging of concrete structures.

The initial phase involves the deployment of frequency-sweeping techniques. By trans-

mitting a broad spectrum of frequencies and analyzing the reflected signals, we can

map the internal features of the concrete. The variations in signal properties, such as

attenuation and reflection, can provide critical insights into structural integrity. The

broadband response of PZTs facilitates the use of a wide transmitting and backscat-

tering frequency range, thereby enhancing the resolution and detail of the resulting

images.

To further refine the imaging process, we propose integrating neural network-based
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super-resolution techniques. Neural networks, trained on extensive datasets of con-

crete structures and known damage patterns, can process the raw signal data to pro-

duce clearer and more detailed images. These networks can be specifically designed

to recognize and highlight different types of structural anomalies, thus improving the

accuracy and utility of the imaging system.

Several key areas of future research will be critical to advancing this technology:

• Optimization of Frequency Sweeping Techniques: Investigating the op-

timal frequency ranges for various types of concrete and structural conditions

will be essential. Tailoring the frequency sweeps to specific material properties

and environmental conditions will enhance the precision and resolution of the

imaging process.

• Development of Advanced Signal Processing Algorithms: Future re-

search will focus on creating sophisticated signal processing algorithms capable

of accurately interpreting the data from EcoCapsules. This includes noise re-

duction, signal enhancement, and advanced pattern recognition techniques to

improve image clarity and diagnostic accuracy.

• Training of Neural Networks for Super-Resolution Imaging: Develop-

ing and training neural networks with large, annotated datasets that include

diverse examples of concrete damage and structural anomalies will be crucial.

These networks will need to be trained to recognize subtle differences in signal

patterns indicative of specific types of damage.

By addressing these research areas, we can develop a robust in-concrete imaging sys-

tem that significantly enhances our ability to monitor and maintain the integrity of

concrete structures. This advancement not only promises to improve the safety and

longevity of infrastructure but also contributes to the broader field of omnimedium

communication by demonstrating the practical application of embedded sensor tech-
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nology and advanced signal processing techniques.

5.4.2 Piezo Eavesdropping

The concept of a mechanical antenna is inherent in all piezoelectric materials, enabling

them to perform acoustic-electric conversion and consequently emit EM waves. This

phenomenon, often considered a byproduct, can be harnessed for innovative applica-

tions such as piezo eavesdropping. By deploying sensitive receiving antennas along

with advanced signal processing solutions, we can exploit this leakage to enable eaves-

dropping across multiple scenarios, including underwater communication interception

and microphone leakage detection in the air.

Piezo eavesdropping leverages the unique properties of piezoelectric materials. These

materials, when subjected to mechanical stress, generate electric charges that can

be converted into EM waves. By strategically placing sensitive receiving antennas

in proximity to piezoelectric sources, we can capture these leaked EM signals. Such

attacks and eavesdropping compromise the security of existing piezoelectric devices

and create new challenges for the privacy protection of piezoelectric devices.

Some key application scenarios and potential techniques are listed below:

• Underwater Communication Eavesdropping: In underwater environments,

piezoelectric materials are commonly used in sonar systems and underwater

communication devices. The EM waves leaked during acoustic-electric conver-

sion can be intercepted using specially designed underwater antennas. These

antennas, combined with sophisticated signal processing algorithms, can filter

and enhance the intercepted signals, allowing us to eavesdrop on underwater

communications. This technology could significantly impact naval surveillance,

underwater research, and maritime security.

• Microphone Leakage Eavesdropping in Air: In the air, piezoelectric mi-
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crophones are ubiquitous in various electronic devices, including smartphones,

laptops, and surveillance equipment. These microphones convert sound waves

into electrical signals, which inadvertently emit weak electromagnetic waves.

By employing sensitive antennas and advanced signal processing techniques,

we can intercept these leaked signals to eavesdrop on conversations and audio

recordings. This method could be particularly useful in intelligence gathering,

counter-surveillance, and security applications.

• Signal Processing and Neural Networks for Enhancement: Capturing

EM leakage from piezoelectric materials is only the first step. The intercepted

signals are often weak and distorted, necessitating advanced signal processing

techniques to filter out noise and enhance the desired signals. Techniques such

as wavelet analysis and adaptive filtering can be employed to improve signal

quality. Additionally, integrating neural networks for sound enhancement and

optimization can significantly improve the clarity and intelligibility of the in-

tercepted audio. Neural networks, particularly deep learning models, can be

trained on large datasets of audio signals to recognize and enhance specific

sound patterns. These models can learn to filter out background noise, amplify

weak signals, and reconstruct distorted audio, making the intercepted signals

much clearer and more useful. By leveraging the power of neural networks, we

can transform raw electromagnetic leakage into high-quality audio data suitable

for various eavesdropping applications.

5.4.3 Battery-free nm-level Vibration Sensing with COTS

RFIDs

Piezoelectric transducers are commonly used for acoustic-electric conversion in ap-

plications such as vibration monitoring. Traditional implementations, however, ne-

cessitate wired connections and analog-to-digital conversion equipment to measure
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the voltage changes across the piezoelectric terminals. This wired design restricts

its application in many fields due to the constraints of physical connections and

maintenance challenges. To overcome these limitations, we have developed a novel

wireless vibration monitoring system that leverages COTS RFID technology, offering

a battery-free solution with nanometer-level precision.

Our approach involves connecting PZTs to widely used RFID tags, creating a hybrid

system that integrates the high sensitivity of piezoelectric sensors with the conve-

nience and flexibility of wireless RFID communication. This integration is achieved

through a well-designed circuit that modulates the vibration-induced changes in the

impedance of the piezoelectric ceramics into the standard RFID communication pro-

tocol. Specifically, we employ MOSFET at the RFID antenna and the PZT to mod-

ulate the vibration voltage into conventional uplink and downlink signaling. The

modulated signals are then transmitted to a receiver, which decodes these signals

to provide high-precision analog modulation. This method detects vibrations at the

nanometer level without needing batteries or wired connections. RFID technology not

only simplifies the deployment and maintenance of the vibration monitoring system

but also enables it to be used in various challenging environments where traditional

wired systems would be impractical.

One of the key technical innovations of this system lies in the impedance modulation

technique. By designing a circuit that accurately modulates the changes in impedance

caused by vibrations in RFID communication signals, we can achieve precise and

reliable vibration monitoring. This method ensures that even minute vibrations are

captured and transmitted effectively. The receiver has advanced decoding capabilities

to interpret the modulated signals accurately. This enables the system to achieve

nanometer-level vibration sensing, making it suitable for applications that require

extremely precise monitoring. This battery-free, wireless vibration monitoring system

has broad applications across various fields.

This wireless, battery-free vibration sensing technology will be deployed in a variety
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of real-world applications. For the power grid, the system can be deployed to continu-

ously monitor the vibrations of transformers, detecting early signs of mechanical faults

or degradation that could lead to failures. For bridge health monitoring, the system

can be stuck to the bridge structures to provide real-time data on vibrations caused

by traffic, environmental factors, or structural changes, enabling timely maintenance

and repairs. In industrial settings, the system can be attached to various types of

machinery to monitor their operational vibrations, helping to identify wear and tear

or emerging issues before they become critical. Additionally, in the aerospace and

automotive industries, the system can monitor the vibrations of components and as-

semblies, ensuring their structural integrity and performance under various operating

conditions.

Future research will focus on several key areas to further enhance the capabilities and

applicability of this wireless vibration monitoring system. Miniaturization efforts

will aim to develop even smaller and more compact system versions to facilitate

integration into tight spaces and complex structures. Enhanced signal processing

algorithms will be investigated to increase the accuracy and reliability of vibration

detection, particularly in noisy environments. Methods to extend the effective range of

the RFID-based system will be explored to ensure reliable communication over longer

distances. Finally, efforts will be made to enhance the robustness and durability of the

system to withstand harsh environmental conditions, including extreme temperatures,

humidity, and mechanical stresses.

By addressing these research areas, we can continue to refine and expand the applica-

tions of this innovative vibration-sensing technology, making it an indispensable tool

for monitoring and maintaining critical infrastructures and systems.
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