Electronics-free Passive Ultrasonic Communication Link

for Deep-tissue Sensor Implants

Umut Can Yener

A Dissertation Submitted to the
Graduate School of Sciences and Engineering
in Partial Fulfillment of the Requirements for

the Degree of
Master of Science
in

Mechanical Engineering

UN
KOC UNIVERSITESI

July 5, 2024



Electronics-free Passive Ultrasonic Communication Link for Deep-tissue Sensor

Implants

Kog¢ University
Graduate School of Sciences and Engineering

This is to certify that I have examined this copy of a master’s thesis by

Umut Can Yener

and have found that it is complete and satisfactory in all respects,
and that any and all revisions required by the final

examining committee have been made.

Committee Members:

Assist. Prof. Levent Beker (Advisor)

Assist. Prof. Murat Kuscu

Assist. Prof. Hasan Ulugan

Date:




To my loved ones...

il



ABSTRACT

Electronics-free Passive Ultrasonic Communication Link for Deep-tissue Sensor
Implants
Umut Can Yener
Master of Science in Mechanical Engineering
July 5, 2024

Wireless communication technologies are critical for the non-invasive in-situ
monitoring of vital signs in deep tissues. Wireless ultrasonic links demonstrated so far
solved the shortcomings of electromagnetic wave-based communication methods.
However, they either require highly customized and complex designs for the implant
electronics or rely on physical changes in implanted metamaterials.

This thesis proposes a novel wireless ultrasonic communication method for
implantable applications. The method utilizes a small piezoelectric material used as an
antenna, connected to a capacitive sensor in parallel. The capacitive changes occurring in
the integrated sensor cause the resonance characteristics of the antenna to change. These
changes can be captured by ultrasound pulse-echo measurements conducted by a
broadband interrogator ultrasonic transducer. Thus, a wireless and electronics-free
ultrasonic communication link can be realized for deeply implanted capacitive sensors.

The ultrasonic antenna is designed based on the equivalent circuit modeling results.
The bulk piezoceramic material selection is done considering the piezoelectric properties
and availability. The fabricated antenna and the proposed communication method are
characterized. Additionally, the antenna is integrated with a commercial capacitive
pressure sensor and the proposed method is demonstrated in vitro at a depth of 5 cm in
order to evaluate the systems’s applicability using medically relevant pressures. The
method demonstrates decent performance, with a maximum sensitivity of -236.2 Hz/pF.

The proposed communication method enables simple implant design and fabrication,
eliminates the need for integrated circuits and power harvesting circuitry, and offers
flexibility in terms of sensor integration since any capacitive sensor can be integrated

into the system.
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OZETCE

Derin Doku Sensor Implantlar icin Elektroniksiz Pasif Ultrasonik Haberlesme
Kanah
Umut Can Yener
Makine Miihendisligi, Yiiksek Lisans
S Temmuz 2024

Kablosuz haberlesme teknolojileri, derin dokulardaki hayati belirtilerin invazif
olmayan yontemler ile izlenmesi icin kritik 6neme sahiptir. Simdiye kadar gosterilen
kablosuz ultrasonik kanallar, elektromanyetik dalga tabanli iletisim yOntemlerinin
eksikliklerini ¢ozmiistiir, ancak bu teknolojiler ya implant elektroniginde son derece
Ozellesmis ve karmagsik bir tasarim gerektirir ya da viicut igine yerlestirilen
meta-malzemelerdeki fiziksel degisikliklerin etkilerine dayanir.

Bu tez, implant edilebilir uygulamalar i¢in yeni bir kablosuz ultrasonik haberlesme
yontemi Onermektedir. Yontem, bir anten olarak kullanilan kiiciik bir piezoelektrik
malzeme ile paralel baglanmig bir kapasitif sensoriin kullanimini icermektedir. Entegre
sensorde meydana gelen kapasitif degisiklikler, antenin rezonans o©zelliklerinin
degismesine neden olur. Bu degisiklikler, genis banthi bir ultrasonik doniistiiriicii
tarafindan gerceklestirilen ultrasonik darbe-yanki Olciimleri ile yakalanabilir. Bdylece,
derin implant edilmis kapasitif sensorler i¢in kablosuz ve elektronige ihtiyac duymayan
bir ultrasonik haberlesme kanali gerceklestirilebilir.

Ultrasonik anten, esdeger devre modelleme sonuclarina dayali olarak tasarlanmustir.
Y181n piezoseramik malzeme secimi piezoelektrik ozellikler ve erisilebilirlik goz 6niinde
bulundurularak yapilmigti.  Imal edilen anten ve Onerilen haberlesme yontemi
karakterize edilmistir. Buna ek olarak sistemin uygulanabilirligini degerlendirmek
amaciyla, iiretilen anten ticari bir kapasitif basing sensorii ile entegre edilmis ve onerilen
haberlesme yontemi bir deney diizenegi i¢cinde (in vitro), tibbi uygulama basinglar
kullanilarak 5 cm derinlikte gosterilmistir. Yontem, -236.2 Hz/pF maksimum hassasiyet
ile iyi bir performans sergilemektedir.

Onerilen haberlesme yontemi, basit implant tasarimi ve iiretimini miimkiin kilip,
entegre devrelere ve gii¢c toplama devrelerine olan ihtiyaci ortadan kaldirirken her tiirlii

kapasitif sensoriin sisteme entegre edilebilmesi agisindan esneklik sunmaktadir.
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Chapter 1

INTRODUCTION

1.1 Piezoelectricity and Ultrasound

Piezoelectricity, which was discovered in 1881 [1], is the accumulation of electrical
charges in a material in response to applied physical stress and the materials that show this
phenomenon are called piezoelectric materials. In basic terms, mechanical and electrical
domains in a piezoelectric material are coupled with each other. Materials undergo stress
and strain when exposed to electrical field, and accumulate charge when exposed to stress
[2].

Using the piezoelectric phenomenon, it is possible to vibrate a structure and disturb
neighboring mediums such that acoustic waves are emitted. Therefore, piezoelectricity is
the basis for most ultrasonic transducer[3]. Among various applications of ultrasonic
transducers, medical ultrasound is the most popular field that use piezoelectricity to
generate acoustic waves. Ultrasound probes excite piezoelectric elements with AC
voltage and the generated acoustic (ultrasound) waves travel through the soft tissues and
reflect when it reaches a boundary[4]. The reflected signals get detected by the same
piezoelectric elements which convert acoustic pressures to electrical signals. The

converted electrical signals form the basis of ultrasound images.

1.2 Wireless Communication Methods for Implantable Devices

Monitoring vital signs in deep tissues is a major challenge. Many diseases and
disorders such as renal disorders, reproductive system disorders, and graft monitoring
occur deep within the tissue, which limits the effectiveness of the measurement

techniques that rely on superficial signs [5, 6, 7].
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Medical imaging techniques such as ultrasonography and magnetic resonance
imaging are helpful in getting clinically relevant information from deep tissues
non-invasively, but they are not suitable for some cases where in-situ monitoring is
necessary [8, 9]. For cases where superficial monitoring techniques and non-invasive
imaging methods are not sufficient, it is possible to monitor signs deep within the body
using invasive instruments like catheters [10, 11, 12]. Nonetheless, these alternatives are
restricted to clinical settings, require trained personnel, and are costly for the healthcare
system. Moreover, the invasive nature of these techniques holds the risk of causing
severe discomfort, bleeding, scarring, and bacterial infections; thus, preventing frequent
and continuous monitoring [13, 14, 15, 16, 17]. Therefore, monitoring vital signs deep
within the body via wireless implants has been considered as an attractive solution.

As an alternative to the clinically available invasive measurement techniques,
medical implants have demonstrated the ability to sense signals subcutaneously. Unlike
early examples that used percutaneous wired connections to external devices, recent
implantable devices used wireless power and data-transferring technologies such as
inductive coupling[18, 19, 20, 21], magnetic resonance coupling[22, 23, 24], near-field
communication[25, 26, 27], and Bluetooth[28, 29, 30].

Although various EM-based wireless data and power-transferring methods have been
widely utilized in the literature, high tissue attenuation and low penetration depth
associated with electromagnetic waves[31] either limited the implantation depth for
these devices (Figure 1.1a); or necessitated wired connections between the deeply
implanted sensor and subcutaneously implanted antenna (Figure 1.1b), which introduced

similar risks associated with wired connections[32, 33].

1.3 Ultrasonic Communication Links

Power and data transferring via ultrasound (US) have recently attracted significant
attention for deep-tissue implantable devices. US offers millimeter (below 1.5 MHz) and
sub-millimeter (above 1.5 MHz) wavelengths at the diagnostic US frequency range,
which achieves better coupling with miniaturized implants when compared to

electromagnetic (EM) waves (wavelength of 25 mm at 2 GHz). Additionally, US offers
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Subcutaneously
implanted antenna

Implantable
~— Sensor

(@)

~ Subcutaneously
implanted antenna

Implantable
sensor.

Reader coil

i f

connections

(b)

Figure 1.1: Most common wireless communication schemes using electromagnetic
waves. (a) shows a subcutaneously implanted antenna and device, and (b) shows a
deeply implanted sensor and subcutaneously implanted antenna with a wired connection
in between.

lower attenuation in soft tissues which results in higher penetration depth and less tissue
heating [31]. For these reasons, several studies demonstrated implantable devices with
US power and data links [34, 35, 36, 37, 38, 39, 40, 41, 42] for various applications

including wireless recording of the nervous system, and real-time tissue oxygenation and
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temperature monitoring. For instance, Sonmezoglu et al. developed a real-time tissue
oxygenation monitoring device consisting of a luminescence sensor, an integrated circuit
and a piezocrystal[39]. The custom integrated circuit is responsible for the power
harvesting and data transfer. The system uses on-off keying (OOK) digital amplitude
modulation technique to communicate. Based on the OOK sequence, the IC controls the
modulation switch, which changes the resistive load connected to the piezocrystal and
hence the amplitude of the ultrasound wave reflected from the piezocrystal. Similar to
Seonmezoglu et al’s study, all devices with modulation-based US data links
demonstrated thus far need electronic components for power harvesting and active
digital communication. As a result, these devices consist of capacitor elements to store
energy, rectifier circuits to harvest power, and custom integrated circuit (IC) chips to
modulate sensor data to the backscattered ultrasound waves and to switch between
powering and data transferring modes, which leads to heavily customized and complex
implant electronics design and fabrication.  Alternatively, several studies have
demonstrated electronics-free ultrasonic communication using implanted metamaterials
[43, 44, 45, 46]. In a recent study, Tang et al. demonstrated metagels with special
compositions for intracranial pressure, temperature and pH monitoring[46]. Each
metagel composition deforms in response to a physical change in the environment (e.g.
PVA/PNIPAM hydrogel for temperature sensing) and this changes the separation
between the air fillers embedded inside the material. The change in the air filler
separation causes the frequency of the incident ultrasound wave to shift as it reflects. In
short, the main effect that facilitates wireless monitoring is the material composition.
Therefore, these devices cannot be used for general-purpose communication methods as
they rely on application-specific property changes of the metamaterials. Furthermore, a
recent study demonstrated a passive ultrasound pressure sensing device leveraging the
amplitude changes in impedance [47]. The acoustic coupling between the external and
implanted piezocrystals caused electrical coupling thanks to the acoustic waves
reverberating between the piezocrystals during the impedance measurements. Hence, the
impedance amplitude of the implanted antenna effected by the connected capacitive load
can be extracted from the external piezocrystal’s impedance profile. Another study used

the amplitude of the ultrasound pulse-echo signal as a wireless communication
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method[48]. In this study, a graphene solution-gated field-effect transistor is directly
connected to a piezocrystal. Based on the voltage applied on the transistor gate, the
resistance connected to the piezo changes which affects the amplitude of the reflected
ultrasound wave. Although these solutions are truly electronics-free, amplitude-based
approaches have limited applicability as they are highly susceptible to disturbances in

the acoustic coupling.

1.4 Motivation and Objectives

Interrogator
_transducer

Transmitted
wave

Backscattered
wave

US antenna

Figure 1.2: Working principle of the proposed ultrasonic communication scheme. A
capacitive sensor and an ultrasonic antenna consisting of a single PZT are illustrated on
deep tissue. An external interrogator transducer transmits ultrasound waves toward the
antenna and records the backscattered waves.

Considering the current literature and state-of-the-art, there is a pressing need to
improve the wireless communication methods. Existing solutions were able to solve the
problems regarding achieving efficient coupling between the implanted antenna and the
external device. However, the use of modulation not only necessitated integrated circuits
which increased the level of customization and complexity but also moved implants
away from passive operation because additional power harvesting or storing elements
have to be introduced in order to power the implanted electronics. Therefore, one can

explore the passive operation for ultrasound links similar to inductive coupling.
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The objective of this thesis is to propose and demonstrate a wireless passive, and
hence electronics-free, ultrasonic communication method. Figure 1.2 depicts the scheme
this thesis aims to achieve. A simple ultrasonic antenna consisting of only a single
piezoelectric element (used as an ultrasonic antenna) and a substrate for electrical
connections, which establishes a universal antenna scheme that can be used for any

implantable capacitive sensor, similar to the ones used for inductive coupling method.

1.5 Thesis Organization

Including the introduction chapter, this thesis is presented in 5 chapters!. The
organization of the manuscript is as follows:

Chapter 1: Introduction chapter covers the basics regarding piezoelectricity and
ultrasound. Additionally, electromagnetic wave-based wireless communication literature
is discussed with an emphasis on implantable applications. Recent developments in
ultrasound linkages for wireless data and power transfer are explained with their
advantages and shortcomings. Finally, the motivation and research objectives of this
thesis are presented.

Chapter 2: In this chapter, we showcase the working principle of the proposed
technology with the help of mathematical modeling. First, capacitive loads and their
effects on the resonance characteristics of a piezoelectric element are analyzed, followed
by the discussion about the resistive load effect. The findings of this chapter form the
building block of the research objective of this thesis.

Chapter 3: In this chapter, we discuss the details regarding the design, fabrication and
characterization of the fabricated ultrasonic antenna. The design criteria and fabrication
flow are explained, and a fabricated ultrasonic antenna is characterized electrically and
acoustically.

Chapter 4: This chapter is dedicated to the in vitro demonstration of the proposed
passive ultrasonic communication (PUC) method. The in vitro experiment setup and its
components are explained, and the experiment results are presented.

Chapter 5: In this chapter, the advantages and drawbacks of the PUC method are

I'This thesis is based on a recently submitted research article by the author.
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discussed. The promising findings are presented and possible solutions for the drawbacks

are mentioned.
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Chapter 2

WORKING PRINCIPLE AND MATHEMATICAL MODELING

Establishing a passive ultrasonic communication necessitates property or
characteristic changes naturally occurring in the implanted device. Therefore, active
components such as integrated circuits (ICs) cannot be used.

The most common way of exploiting property changes in piezoelectric materials is to
study the resonance characteristics of the material. To this end, the effects of capacitive
and resistive -the most common passive sensor types used for implantable applications-

loads on the resonance behavior of the US antenna were analyzed in this chapter.

2.1 Capacitive Load Effect

An equivalent circuit is the representation of a system based on electric network
theory. The parts of a complex physical system can be lumped and treated as individual
components in an electrical circuit, which result in an accurate and computationally
lightweight simulations. Therefore, lumped modeling was chosen to analyze the effect of
capacitive load. In particular, Butterworth-van-Dyke (BVD) model was used to analyze
the resonance characteristics of a piezoelectric crystal, while Leach model was used to

simulate the system including the acoustic domains.

2.1.1 Butterworth Van-Dyke Model

Understanding the frequency characteristics of a piezoelectric crystal is crucial for the
proposed passive communication method and the BVD equivalent circuit model has been
recognized by many researchers and it is also recommended by the IEEE Standard on
Piezoelectricity [49, 50]. Therefore, the resonance and anti-resonance characteristics of
the antenna and how it reacts to capacitive loads are analyzed in this section.

In Figure 2.1a, the BVD circuit of a piezoelectric material is shown. The circuit
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(a) (b)

Figure 2.1: Butterworth-van-Dyke circuits of the piezoelectric element with (a) and
without (b) a capacitive load connected in parallel.

has two branches representing electrical and mechanical behavior. The capacitor (Cp) in
the electrical branch represents the clamped capacitance (nominal capacitance), whereas
the resistor (R,,;), capacitor (C,,), and inductor (L,,) in the mechanical branch represent
damping, elastic compliance, and equivalent mass, respectively.

The resonance frequency (series resonance) of a circuit is at which the impedance is
minimum. In contrast, the anti-resonance (parallel resonance) frequency occurs when the
impedance of the circuit is maximum. The complex impedance of the BVD model can be

written as [51]:

1 1 1
R 108 R i\ WL, —
Z= 1 = o) 2.1)
R WL 14+ — —w?L,Cy+ joR,,C
m+ ] m+j(1)Cm+j(DC() +Cm 0tJ 0

The series resonance frequency can be computed by making the imaginary part of the
numerator zero, while the parallel resonance frequency can be computed by making and
parallel resonance frequencies can be found by making the real part of the denominator

zero[52, 53, 54]. Hence, resonance frequencies can be written as:

1
= 2.2
fs 27\ Ly, Cyy 22
1
fp: (2~3)
274 | L CnCo
Cm+C0

With the load capacitance added to the circuit (as shown in Figure 2.1b), the electrical

branch can be simplified. The total effective capacitance at the electrical branch can be
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written as:
Cr=Cy+Cy, (2.4)

Connecting the load capacitance to the BVD model in parallel, the new (parallel) anti-

resonance frequency can be written as:

1
fpL = (2.5)
27y /Ly CnCr

As a result, connecting a capacitor element in parallel to the BVD circuit changes the
parallel resonance frequency of the transducer but the series resonance does not get
affected as evident from Equation 2.2.

Equation 2.5 suggests an inverse relationship between the anti-resonance frequency
and the load capacitance. For instance, when the load capacitance increases, the new
anti-resonance frequency, f,., decreases [55].

The parameters of the new anti-resonance frequency are,

Co=Aely /1t (2.6)
_ 8Coky 2.7)
1
L,—=———— 2.8
1 Zr+7Z
. F+Zp (2.9)

8k feeCo Ze

1%
foczz_l; (210)
8 k2 —1/2
Fuo = (HP' 1_e£12‘ff> £ 2.11)

where A, t, e%, Vp, kerr are area, thickness, dielectric constant of the piezoelectric
element, the speed of sound, and electromechanical coupling coefficient, respectively.
Zr, Zp, and Z¢ are the products of respective acoustic impedances and areas for front and
back ports and the transducer, respectively. And finally, f,. and f;. are the open- and

short-circuit frequencies, respectively.
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Table 2.1: Butterworth van-Dyke parameters.

Parameters Values | Parameters Values
Thickness, ¢ [m] 0.001 || Relative Dielectric, 83T3 3400
Speed of Sound, v, [m/s] 3850 || Electromechanical Coupling 0.75

Coefficient, k. ¢

Front Port Specific Acoustic | 1.50 || Back Port Specific Acoustic | 4.3910~%
Impedance, Zg [MRayl] Impedance, Zp [MRayl]

Transducer Specific Acoustic | 28.9 | Load Capacitance, Cy, [pF] [0,400]
Impedance, Z¢ [MRayl]

A representative study was conducted to observe new anti-resonance frequency as the
load capacitance changes. Using Equation 2.5 and parameters in Table 2.1, the shifts

in anti-resonance frequency are plotted for varying surface area, hence varying nominal

capacitance.
= 0.0
=
=3
g -0.5
L2
£ -1.01
<
w
8 -15
c
@
c
S -2.01 C,=481pF
O C.=270 pF
4
= -2.5
c
< C,=30pF

0O 20 40 60 80 100
Load Capacitance (pF)

Figure 2.2: Representative anti-resonance shift comparison plot for various nominal
piezoelectric element capacitance.

Figure 2.2 shows anti-resonance shift curves for four different piezoelectric nominal

capacitance values. Specifically, the curves correspond to 1x1, 2x2, 3x3, and 4x4 mm?
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piezoelectric surface areas. The results show that the nominal capacitance of the

piezoceramic has a strong influence in the slope of the anti-resonance shift.

2.1.2 Leach Model

Acoustic systems can be represented by various models. Popular equivalent circuit
models for acoustic systems are KLM, Mason, Redwood, and Leach. The Mason model
features elements with negative capacitance [56], which is challenging to model in
SPICE software. The KLM and Redwood models, on the other hand, eliminate the
presence of negative capacitance by incorporating transformer elements into the
equivalent circuit models, which are frequency-dependent [57, 58]. In contrast, the
Leach electroacoustic analogous circuit does not need any negative capacitance and uses
controlled sources instead of relying on frequency-dependent transformers for the
electromechanical coupling [59]. Therefore, the Leach model was selected for the

mathematical modeling due to its SPICE-friendly nature.

Air Antenna Water
AN

|1
1
OO
|1
I
o
e
Prg
O

Figure 2.3: Leach analogous electromechanical model of the system.

Figure 2.3 shows the Leach model constructed in LTspice software. Material specific

parameters (N, h, and Cy) were calculated using the below formulae.

h= &33 - €S (2~12)

(2.13)
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where €33, €5, A and [ are short circuit elastic constant, clamped dielectric constant,
surface area and thickness of the piezoelectric element, respectively. Then, parameter N

can be calculated using Equations 2.12 and 2.13.
N=h-Cy (2.14)
Based on the material properties of the PZT-5H piezoceramic (Navy VI, APC

International Ltd.), the N, h and, Cy parameters were calculated as shown in Table 2.2.

Table 2.2: Leach model parameters.

Parameters N h Co [pF]
Values 0.1764 | 0.671-10° | 262.96

The ultrasonic transducer as well as the back and front acoustic ports were modeled
as lossy transmission lines. The capacitor element named Cy, represents the capacitive
load connected to the transducer in parallel. The lossy transmission line parameters were
calculated using the below formulae. The thicknesses of the air and water mediums were
selected as high as 1000 m so that there would be no echo signals disturbing the steady-

state analysis.

Litrg=p-A (2.15)
1

Clira = ———— 2.16

ltra V2 .thm ( )

Rira = 27 fO “Litrq - Q (2.17)

where p, v, and Q are the density of the material, and speed of sound in transducer, and
quality factor of the material, respectively. fj is the center frequency of the transducer,
which can be calculated using fo = v/I, where v and [ are the speed of sound and the
thickness.

Although Equation 2.17 is a suitable formula for piezoelectric elements, center
frequency, and quality factor are not meaningful parameters for acoustic mediums like
air and water. Therefore, an alternative equation can be used for those mediums to

calculate the resistance of their representative lossy transmission line.

thra72 = 2p V-A-Q (2.18)
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where o is the attenuation coefficient of the acoustic medium. The LTRA parameters for

the air, piezoelectric element (antenna), and water are presented in Table 2.3.

Table 2.3: Lossy Transmission line (LTRA) parameters.

LTRA R [Q] L[H] C [F] [ [m)
Air 19.159 | 1.164-107 0.730 1000
Antenna | 14.863-10° 0.068 7.232-1077 | 0.001
Water 11.856 0.009 4.948-1073 | 1000

The equivalent model was simulated under stead-state conditions between 1.5- and

2.5-MHz frequencies, while the load capacitance (Cr) was kept at zero (Figure 2.4).

o

Normalized Impedance (dB)

AR
N

A
o

1.6

18 20

22 24

Frequency (MHz)

Figure 2.4: LTspice Steady-state AC simulation results showing the normalized absolute
impedance curve of the transducer.

The simulation results show resonance and anti-resonance frequencies at 2.14- and

2.27-MHz, respectively. The lumped simulation was repeated for load capacitance values

between 0 and 110 pF and the results (presented in Figure 2.5) clearly show that the anti-

resonance frequency of the antenna decreases as the load capacitance value increases.
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Figure 2.5: LTspice simulation results showing the absolute impedance of the transducer
with various capacitive loads connected in parallel.

2.2 Resistive Load Effect

The complex impedance matrix of a 3-port (electrical, acoustic front and back)

transducer connected to an electrical load can be written as[60, 61],

Z1 Ziy Zi3 Zp COt(kptp) Zp CSC(kptp) h33/(1)
Z=\Zip Zy Zi3| =—J" Zy CSC(kpl‘p) Zy COt(kptp h33/a)) (2.19)
Ziz 213 233 h33/(0 h33/0) 1/((0Cp)

where Z, = p,c,A, is the mechanical impedance of the transducer (p,, c,, and A, are
the density, speed of sound and area, respectively.), @ is the angular frequency, 7, is the
thickness, k, = ® / cp 1s the wavenumber in the transducer, C), = £§3A » / f, 1s the nominal
capacitance where 8§3 is the clamped permittivity, and & = e33/ 853 is the transmitting
coefficient where e33 is the clamped piezoelectric voltage constant.

The input mechanical impedance (Z;;,) of the piezoelectric block, poled in its thickness
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direction, can be written as:

2 _ ZnZi 2, - ZnZiy
Z+Z Zy+Z
Zin =711 — et S — (2.20)
Tyt Zn— =B gz P
b 11 Ze+Z33 e 11 Zb"‘le

where Z, and Z;, are complex impedance of the electrical load connected to the
piezoceramic block and the backing layer impedance, respectively.

The acoustic reflection coefficient can be written as shown below [60], where Z,, is
the characteristic acoustic impedance of water.

Zw y Zin

Sjp ="
b Zw+Zin

(2.21)

Equation 2.21 was numerically solved for a 3x3x1 mm? PZT-5H transducer using a
Python script. The electrical load connected to the transducer (Z,) was varied from 0€2
(Short-circuit condition) to 100k€2. The results are presented in Figure 2.6), which reveal
an acoustic reflection behavior depending on the electrical load impedance connected to
the piezoelectric block. Assuming that the PZT block has a (series) resonance impedance
of Z, and an anti-resonance (parallel resonance) impedance of Z,. Characteristically, Z,,
is greater than Z,. For electrical loads with impedance greater than Z, (for Z, > Z,,), the
lowest acoustic reflection occurs at the anti-resonance frequency. As the electrical load
drops from Z,, to Z, (for Z, < Z, < Z,), the minimum acoustic reflection frequency shifts
from the anti-resonance frequency of the transducer to the resonance frequency. Similarly,
when the electrical impedance load is less than or equal to Z, (for Z, < Z,), the lowest

acoustic reflection occurs at the resonance frequency of the transducer (Figure 2.6).

2.3 Working Principle

The behavior observed for the resistive load can be leveraged in conjunction with the
capacitive effects discussed in Section 2.1. While the electrical impedance of the
capacitive sensor is above Z,, the capacitance of the sensor shifts the anti-resonance
frequency at which the lowest acoustic reflection occurs. Moreover, as the sensor
capacitance increases, and its impedance moves in between Z, and Z,, the frequency of

the lowest acoustic reflection shifts. Therefore, this minimum acoustic reflection



Chapter 2: Working Principle and Mathematical Modeling 17

10 100k
0.8 80k &
o
0.6 60k &
— ] 4
n ©
0'4_ Resonance 40k %
frequency Anti-resonance QO
0.2 frequency 20k WY

0.0
0

16 18 20 22 24
Frequency (MHz)

Figure 2.6: Acoustic reflection coefficient spectrum. Generated by a Python script using
PZT-5H material properties.

frequency can be captured by an external interrogator transducer, and enable wireless
data transfer between the deeply implanted sensor and an external ultrasound probe

(Figure 2.7).
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Figure 2.7: The proposed working principle of the wireless and electronics-free ultrasonic
communication method. Sensor capacitance causes shifts in the anti-resonance frequency
of the US antenna. The shifted anti-resonance frequency gets detected by the wireless

PUC method, which enables wireless monitoring of vital signs in deep tissues.
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Chapter 3

ANTENNA DESIGN, FABRICATION AND CHARACTERIZATION

3.1 Design of the Ultrasonic Antenna

The ultrasonic antenna consists of a single piezoelectric element soldered on a
substrate. ML-104 printed circuit board was selected for the substrate due to its thin (200
um) profile, reducing the overall thickness of the device.

As can be seen from Section 2.1.1 the nominal capacitance of the antenna is crucial
for the sensitivity of the system. The lower the nominal capacitance of the piezoelectric
element, the higher shifts are observed. Therefore, it is crucial to select the material and
dimensions of the piezoelectric element and the capacitive range of the sensor
simultaneously. PZT-5H was selected as the piezoelectric material due to its high
dielectric constant[62]. Additionally, the capacitive pressure sensor used in this thesis
during the in-vitro demonstration (Chapter 4) showed around 100 pF of capacitive
change under medically relevant pressures[63, 64, 65, 66]. As a result, the dimensions of
the US antenna were selected as 3x3x1 mm?3, which resulted in a nominal capacitance of
approximately 250 pF, in order to achieve high sensitivity and linearity.

Conventional ultrasonic transducers use heavy and lossy materials as backing in
order to dissipate the acoustic waves going towards the back side and to dampen the
piezoelectric element to eliminate the ringdown effect, which increases the axial
resolution of the transducer[67]. Furthermore, using a heavy backing material would
result in a broader resonance profile with a lower quality factor. However, the US
antenna presented in this thesis uses air as the backing material. Unlike conventional
ultrasonic transducers, the task of the US antenna is not to perform imaging. Therefore,
axial resolution was not a design criterion. Additionally, broadening the resonance
profile would obstruct the goal of this study, since the PUC method relies on tracking the

anti-resonance frequency of a piezoelectric element.
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Figure 3.1: Exploded view of the ultrasonic antenna design.

In order to realize the air-backing design, a square-shape cut was created on the ML-
104 printed circuit board (PCB). The Kapton tape placed on the bottom surface of the
PCB seals the air gap created by the square-shaped cut. The exploded view of the US

antenna design is presented in Figure 3.1.

3.2 Fabrication of the Ultrasonic Antenna

A 1 mm thick bulk PZT-5H plate was purchased from American Piezo (APC - 855).
The fabrication of the US antenna started with the dicing of the bulk piezoceramic. using
a wafer dicer (DAD3221, DISCO) to get 3x3x1 mm? pieces.

The R4 laser machining device (LPKF Laser & Electronics) was used to pattern the
conductive traces on the flexible ML-104 PCB substrate and to cut a square shape where
the piezoelectric element was to be placed.

After the dicing and laser patterning steps were completed, the piezoelectric crystal
was soldered on the flexible PCB using a low-temperature solder (TS391LT, Chip Quik).
First, the copper surfaces of the PCB were covered with solder. This process was done to
avoid the oxidation of the conductive surfaces. Then, the piezoelectric element was placed

on the PCB and the solder under the piezoelectric element was heated to the establish
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Figure 3.2: Fabrication flow of the ultrasonic antenna.

electrical connection for the bottom electrode of the PZT. The top electrode connection
was established by manually soldering a thin copper wire between the PZT surface and a
conductive trace on the PCB.

In order to seal the air cavity at the back of the PZT, a Kapton tape was placed on the
bottom surface of the PCB. As a final step, the device was coated with a biocompatible
Parylene-C using PPS Labcoater Series 100 in order to achieve electrical and chemical
isolation. The schematic fabrication flow of the US antenna is presented in Figure 3.2.

Figure 3.3 shows the image of a fabricated US antenna with a 5x7 mm? footprint and

a total volume of 16 mm?.

3.3 Antenna Characterization

The fabricated ultrasonic antenna was electrically and acoustically characterized. The
electrical characterization of the device was done using an impedance analyzer (MFIA,
Zurich Instruments) in distilled water. The absolute impedance of the device are compared
to the simulation results in Figure 3.4. As can be seen from the results, the resonance
profile of the fabricated device does not match exactly with the simulation results. This is
due to the fact that the selected dimensions for the piezoelectric element do not comply
with the suggested aspect ratio rules. For thickness mode piezoceramics, an aspect ratio of

10 is recommended, which successfully isolates the thickness mode from other vibration
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1cm

Figure 3.3: Optical image of the fabricated US antenna before its top electrode is soldered
on the copper traces of the conductive substrate.
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Figure 3.4: Absolute impedance measurement of the ultrasonic antenna compared to the
LTspice simulation result.

modes[68]. Therefore, the vibration modes of a 3x3x1 mm?> PZT element are not isolated,
and multiple resonances can be observed around the expected resonance frequency of the
antenna. The reason why measurement and simulation results do not match is the fact
that the idealized Leach model does not account for the aspect ratio of the piezoelectric

element and hence shows the thickness mode perfectly isolated.
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Figure 3.5: Absolute impedance measurements of the ultrasonic antenna with varying
capacitive load connected in parallel.

The impedance measurements of the antenna were repeated for various capacitive
loads. To this end, the US antenna was submerged in a distilled water tank and its
electrodes were connected to a breadboard using copper wires. Then, a variable
capacitor element and the impedance analyzer were connected to the breadboard. The
resulting impedance profiles are displayed in Figure 3.5. The results clearly show that
the anti-resonance frequency of the antenna shifts as the capacitive load connected in
parallel changes. The noise observed in the measured impedance profile was due to
uncontrolled echo signals disturbing the steady-state measurements.

The anti-resonance peaks of the absolute impedance profiles were extracted from the
measurement and simulation data using a Python script. The resulting scatter plot is
shown in Figure 3.6.

Since the antenna vibrates during passive communication, it emits and reflects
ultrasound waves. Therefore, two acoustic characterization tests were performed using a
0.5-mm diameter needle hydrophone (Precision Acoustics). The frequency sweep
experiment was conducted to observe the acoustic pressure amplitudes generated by the

antenna at various frequencies. An arbitrary waveform generator (33521B Waveform
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Figure 3.6: Anti-resonance peak shift comparison of the measured and simulated
impedance profiles.

Generator, Keysight) was connected to the antenna while the hydrophone was connected
to an oscilloscope. The ultrasonic measurement system (UMS-Research, Precision
Acoustics) was used to automatically sweep the frequency of interval. The test results
showed that the maximum acoustic pressure was generated at 2.02-MHz, which supports
the claim that the antenna is working at its thickness mode. Furthermore, the acoustic
pressure profile was acquired using the same UMS-Research setup. The hydrophone was
mounted on the motorized stage and the pressure profile was measured at a 25x25 grid
with 0.4 mm increments. The acquired 25x25 pressure matrix was interpolated to a
250x250 matrix to increase the resolution. Figure 3.7 shows the acoustic characterization

test results.

3.4 Communication Link Characterization

The proposed passive ultrasonic communication link was established between a
commercial immersion transducer (V323-SU, Olympus) and a 3x3x1 mm?> fabricated
ultrasonic antenna. The schematic block diagram of the hardware system is displayed in

Figure 3.8. The experiment was conducted in distilled water. The load capacitance was
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Figure 3.7: Acoustic characterization results. (a) Frequency sweep test result showing the
maximum acoustic pressure for a range of frequencies. (b) Acoustic pressure profile of
the antenna, revealing a 9.4 mm -3dB diameter 3 cm away from the source.

varied using a variable capacitor (PPZN60100, Passive Plus). The excitation and signal
processing operations were performed by a lock-in amplifier (LIA) device (UHFLI,
Zurich Instruments). A duplexer (RDX-6, RITEC Inc.) was used to enable transmit and
receive operations from the same interrogator transducer.

The internal oscillator of the lock-in amplifier device determines the frequency of
the generated excitation signals which are then amplified by an RF amplifier (F30PV,
Pendulum). The echo signals received by the LIA are mixed with a sinusoidal waveform
at the same frequency as the excitation signal and demodulated with a low-pass filter,
which forms the envelope of the unprocessed time-domain signal.

Figure 3.9a shows a raw pulse-echo waveform at exactly 2 MHz whereas the
demodulated form of the echo signal is shown in Figure 3.9b. After the signal is
demodulated, the lock-in amplifier calculates the average signal level within the
demodulator trigger interval. These pulse-echo measurements are repeated for every
frequency until the entire frequency interval is swept. The minimum point (valley) in the
resulting frequency-dependent amplitude spectrum corresponds to the frequency of the
lowest acoustic reflection.

Figure 3.10 shows a communication sweep and time-domain pulse-echo waveforms
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Figure 3.8: Hardware block diagram of the ultrasonic communication system setup.
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Figure 3.9: Backscattered signal processing. (a) Time domain waveform of the pulse
echo signal before any signal processing. (b) The demodulated backscatter signal and

demodulator trigger signal.

captured at two different frequencies. The communication sweep (Figure 3.10a) reveals
the frequency of the lowest acoustic reflection as 2.281 MHz. As described in Section 2.2,
the amplitude of the backscattered signal is expected to be the lowest at this frequency.

Figures 3.10b and 3.10c show pulse-echo waveforms captured at 2.2- and 2.281-MHz
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frequencies, respectively. The plots clearly show that the amplitude of the backscattered
signal is less for the 2.281-MHz waveform. This frequency-dependent behavior creates
the shape of the communication sweep spectrum.

In terms of signal quality, a 2-MHz 30V, excitation signal results in an echo signal-

to-noise ratio (SNR) of approximately 1072 at a depth of 3 cm.
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Figure 3.10: Backscattered waveform evolution for different frequencies. (a) The

communication sweep profile of a US antenna, showing a valley at 2.281 MHz.
Backscattered waveform at 2.2 MHz and (c) 2.281 MHz.

(b)

The raw sweep result outputted by the LIA is often noisy. Since the PUC method
relies on the accurate extraction of the valley frequency, any apparent noise must be
eliminated. Therefore, the raw signal is post-processed using a Python script and the
noise is eliminated by using Gaussian filter, as shown in Figure 3.11.

Although the effects of capacitive and resistive loads were discussed in Sections 2.1

and 2.2, the communication sweeps acquired using the lock-in amplifier may be related
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Figure 3.11: Gaussian filter post-processing of an acquired communication sweep profile.

to a completely unrelated phenomenon. Therefore, in order to prove that the valley
occurs solely due to the presence of the US antenna, sweep operations were performed
with and without the US antenna in front of the interrogator transducer. The resulting
sweeper spectrum shows a clear valley when the US antenna is in front of the
commercial interrogator transducer. In contrast, when a solid object is placed instead of
the antenna, the previously observed valley disappears (Figure 3.12).

Figures 3.13a and 3.13b show the communication sweep results for various capacitive
loads connected to the US antenna in parallel. As the load capacitance increases from 0
pF to 120 pF, the spectrum of the received ultrasound waves experiences a shift of 18.56
kHz. The average standard deviation for measurements was calculated as 1.71 kHz. A
2nd order polynomial curve fit reveals a sensitivity of 236 Hz/pF at O pF and 62 Hz/pF at
120 pF.

Figure 3.14 shows a violin plot representing the distribution of the measured anti-
resonance frequencies of 100 measurements for three different capacitive loads, 0, 50,

and 100 pF, showing decent precision.
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Figure 3.12: Ultrasonic communication sweep results with and without a US antenna in
front of the interrogator transducer (n=10).
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Figure 3.13: Ultrasonic communication sweep results for various load capacitance values.
The sweep results for each load capacitance (a) and the shifts observed with respect to
OpF (b) are shown (n=50).

3.4.1 Effect of Distance, Excitation Duration and Amplitude

The PUC method was further analyzed for varying interrogator-antenna distance,
excitation length, and signal amplitude. First, the distance between the interrogator

transducer and the US antenna was set to the interrogator transducer’s focal length.



Chapter 3: Antenna Design, Fabrication and Characterization 30

N
o

N
o

Anti-resonance Frequency (kHz)

N
o

0 50 100
Load Capacitance (pF)
Figure 3.14: Violin plot showing the measurement distribution of the ultrasonic

communication system. Black points and white bars show the mean and standard
deviation of the measurements, respectively (n=100).

Starting from that position, sweep measurements were performed at two more distances,
5 mm apart each. The results (Figure 3.15) show that distance only slightly affects the
communication method, even though it can be entirely compensated since the distance
information can be extracted from the time of flight of the pulse-echo measurements.
Moreover, the effect of excitation length (duration) was analyzed (Figure 3.16). As
the excitation duration increases, the quality factor of the resulting sweep profile
improves. However, the excitation duration cannot be increased without a limit. The
distance between the implant (US antenna) and the interrogator transducer is determined
by the depth of the targeted deep tissue, and the excitation duration must be less than the
pulse-echo time of flight duration so that the transmit and receive phases do not overlap.
Unlike excitation duration, the excitation amplitude has no noticeable effect on the
performance of the communication method. Figure 3.17 shows the experiment results,
comparing the acquired sweeps from using 5 different excitation voltages ranging from
6- to 30-V,,. The results suggest that using voltages as low as 6 Vp, introduces noise,

which may affect the accuracy and precision of the system.
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Figure 3.15: The effect of distance between the interrogator transducer and US antenna.
The reference distance (drf) is approximately equal to the focal distance of the
interrogator transducer.
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Figure 3.16: The effect of excitation duration. As the excitation duration increases the

quality factor of the valley improves but the signal duration is limited by the time of flight
of the pulse-echo measurement.

3.4.2 Characterization of the Capacitive and Resistive Effects

In order to understand the source of the communication shifts and to observe the effect

of the electrical load impedance, communication sweep measurements were performed
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Figure 3.17: The effect of excitation voltage on the performance of the communication
method.

while various through-hole resistors were connected to the US antenna and compared
against the results of capacitive loads. A 10x10x1 mm?® US antenna was used for this
study.

The raw sweeps and shifts recorded for various parallel capacitive loads are
presented in Figure 3.18. The shift curve shows an exponential decrease trend, as
expected. However, every electrical component has an impedance. As described in
Section 2.2, the role of resistive effects must be analyzed separately to distinguish the
individual phenomenon. Therefore, various through-hole resistors were connected to the
US antenna. The resulting communication sweeps are displayed in Figure 3.19a. The
extracted valley frequencies reveal the shifts, as can be seen in Figure 3.19b. As
expected, the frequency at which the acoustic reflection coefficient is minimum shifts
only between the resonance and anti-resonance impedances of the US antenna. Here, the
impedance of the antenna is approximately 100€2 at its resonance frequency, while its
impedance is around 1200Q at its anti-resonance frequency. At impedances below the
resonance impedance and above the anti-resonance impedance, the acoustic reflection

coefficient frequency does not experience any shift.
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Figure 3.18: Communication sweep results for varying capacitive loads. (a) shows the
communication sweeps and (b) shows the extracted valley frequencies.
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Figure 3.19: Communication sweep results for varying resistive loads. (a) shows the
communication sweeps and (b) shows the extracted valley frequencies.

Although Figures 3.18 and 3.19 show that capacitive and resistive loads cause different
behaviors, the capacitive and resistive effects were further compared by calculating the
equivalent impedance of the capacitive loads (Figure 3.20).

Furthermore, a test with a combined load was conducted. Communication sweeps
were performed while various capacitors and resistors were connected to the US antenna
in parallel. Figure 3.21 shows that there is no noticeable effect in the shifts when the
parallel resistor has a higher impedance than the anti-resonance impedance of the antenna.
However, 600€2 results start to show a decay in the amount of shift, since 600€2 is between

the resonance and anti-resonance impedances of the antenna. Finally, when a resistor with
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Figure 3.20: Comparison of the valley shifts due to resistive and capacitive effects. The
impedance values of the capacitive loads were calculated at 2-MHz.

an impedance close to the resonance impedance of the US antenna is connected, the shift

almost completely disappears, since in this condition the frequency of the lowest acoustic

reflection coefficient is fixed at the resonance frequency of the US antenna, and hence the

anti-resonance shifts caused by the capacitive changes do not translate into valley shifts

in the communication sweeps.
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Figure 3.21: Anit-resonance (valley) shifts under combined (capacitive and resistive)

load.
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3.5 Alternative Excitation Types

Sweeping the frequency range of interest necessitates performing many pulse-echo
measurements. For instance, if the desired sweep interval is from 2.1 MHz to 2.3 MHz,
100 frequency points must be used to achieve 2 kHz sweep resolution. Considering that
a sufficient amount of time must be allocated between each pulse-echo measurement for
the dissipation of the propagating waves, idle time can be around 100 ms (assuming 1
ms burst period). Additionally, the demodulation and post-processing steps of the pulse-
echo operation must be taken into account. Therefore, our observations suggest that a 100
frequency point sweep takes approximately 1 second, which yields a communication rate
of only 1 Hz. It is possible to increase this rate by improving the post-processing algorithm
which can allow the usage of lower sweep points without sacrificing the sensitivity and
resolution of the final communication result. However, the method of excitation may also

be altered to significantly increase the communication rate.
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Figure 3.22: An example chirp excitation signal containing frequencies between 2- and
2.5-MHz, and its frequency spectrum.

Instead of performing pulse-echo measurements at individual frequencies in a range,
a single excitation waveform containing the whole range can be used for the excitation.
Chirp and pulse signals are two examples of such excitation types[69, 70]. Figure 3.22

shows an example chirp signal that contains frequencies between 2- and 2.5-MHz. The
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FFT of the waveform reveals that the signal only contains the desired frequency range.
Alternatively, Figure 3.23 shows an example pulse signal with a pulse width of 20 ns,
and its frequency spectrum. It can be seen that the signal is able to excite a wide range

of frequencies. By using chirp or pulse excitation methods, one can extract the anti-
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Figure 3.23: An Example pulse excitation signal with a 20 ns pulse width, and its
frequency spectrum.

resonance frequency information from a single pulse-echo measurement, increasing the
communication rate up to the pulse repetition frequency which is 1 kHz for a burst period
of 1 ms, neglecting other hardware-related delays.

In order to investigate the performance of the chirp excitation method, a 3x3x1 mm?>
US antenna was submerged into a distilled water tank, using the same hardware schematic
illustrated in Figure 3.8. The arbitrary waveform generator module of the LIA was altered
such that it transmits a chirp signal similar to the one displayed in Figure 3.8 the only
difference being the excitation type and post-processing algorithm.

A recorded backscattered signal is displayed in Figure 3.24a. As can be seen, the
signal amplitude creates a valley even in the time domain. The frequency spectrum of
the waveform is displayed in Figure 3.24b, showing the comparison of the regular and
zoom FFT algorithms. Moreover, various through-hole capacitors were connected to the

US antenna in parallel and the chirp communication was repeated. Similar to the sweep
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method, an increase in capacitive load resulted in a shift in the valley, as can be seen in

Figure 3.24c.
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Figure 3.24: Communication results using chirp excitation.
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signal, showing a clear valley even in time-domain signal. (b) The comparison of the
regular and zoom FFT post-processing algorithms. (c¢) The communication profiles for
various through-hole capacitors connected to the US antenna in parallel.

The reason for the adoption of the sweep method was due to the FFT resolution issues

associated with the chirp and pulse methods. Therefore, we decided to proceed with the

sweep method even though it offers inferior sampling rates.
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Chapter 4

IN-VITRO DEMONSTRATION

4.1 Experiment Setup

In order to demonstrate the applicability of the PUC system, a commercial capacitive
pressure sensor was integrated with the US antenna, which was then placed in a custom-
designed pressure tank. Figure 4.1 shows the schematic of the in-vitro experimental setup

and Figure 4.2 shows the optical image of the setup.

V323-SU
Pressure OLYMPUS Valve
Air outlet
NeulLog NUL-210 o | | E—
Compressed
air source _
_’ !
Distilled water ———» Pressure
Capacitive
US Antenna pressure
sensor
Acoustic
absorber

Figure 4.1: Schematic of the in vitro experiment setup.

The pressure tank was constructed from a 15x15x15 cm? polycarbonate box and a
3D-printed top cover which houses the air connections and interrogator transducer. The
3D-printed top cover was designed such that it forms a tight fit with the box, and rubber
O-rings and a liquid sealant (RTV 300, SIBAX) were used to seal the tank and prevent air
leakages.

A total of three air hose connections were designed, one for the air inlet, one for the

air outlet, and one for the reference air pressure sensor readings.
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Figure 4.2: Image of the in vitro experiment setup.

The air outlet port of the pressure tank was adjusted such that it allowed at least some
airflow. The air inlet was connected to a compressed air source, and the flow rate was
controlled manually. The tank was partially filled with distilled water in order to facilitate
the ultrasound wave propagation between the interrogator transducer and the US antenna,
which were 5 cm apart from each other.

The commercial pressure sensor (FlexiForce A201, Tekscan) was integrated into the
fabricated US antenna and the integrated device was placed inside the box such that the US
antenna is directly under the interrogator transducer. The sensing area of the commercial
pressure sensor was fixed on the box wall.

The input channel of the LIA was connected to the ”TO REC.” port of the duplexer.
The output channel of the LIA was connected to the input channel of the RF power
amplifier whose output is connected to the input port of the duplexer. The interrogator

transducer was directly connected to the duplexer’s out port.
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4.2 In-vitro Experiment

The capacitance of the integrated commercial sensor was measured under varying
pressure levels (Figure 4.3), showing a sensitivity of approximately 5.83 pF/kPa at

pressures below 20 kPa.
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Figure 4.3: The capacitance plot of the integrated capacitive pressure sensor under varying
pressure.

Using the integrated system consisting of a US antenna and sensor, the air pressure
inside the tank was monitored using the electronics-free PUC method, and was
compared to the commercial pressure sensor (NeuLog NUL-210) readings. Figure 4.4a
shows the communication sweeps performed at four different pressure levels before any
post-processing steps, showing decent separation and precision. Moreover, Figure 4.4b
shows the mean and standard deviation of the anti-resonance frequencies extracted from
the communication sweeps.

In addition, cyclic air pressure measurement results are presented in Figure 4.5,
showing the transient performance of the PUC method.  During the transient

experiments, the proposed system utilized a sweep resolution of 500 Hz resulting in a

sample rate of approximately 1 Hz, limited by the hardware as discussed in Section 3.5.
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Figure 4.4: In vitro demonstration results. (a) The communication sweeps recorded
for four different pressure levels (n=40). (b) The mean and standard deviation of the
valley frequencies yielding a sensitivity of approximately -0.453 and -0.070 kHz/kPa,
respectively.

Overall, the PUC method results demonstrate decent agreement with the pressure values

measured by the commercial sensor.
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Figure 4.5: Cyclic performance of the communication method. The pressure in the tank
was varied manually by controlling the compressed air valve. The communication sweeps
were recorded in real time with a sample rate of 1 Hz. The observed anti-resonance shift
was slightly less than expected results due to uncontrolled misalignments from pressure
fluctuations in the tank.
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Chapter 5

CONCLUSION

In this thesis, we presented a simple, wireless, and passive frequency-based ultrasonic
communication method for deep tissue sensor implants. The method utilizes ultrasound
waves and leverages the changes in the resonance characteristics of the implanted US
antenna in order to facilitate communication at greater implantation depths. The system
consists of a single piezoceramic US antenna connected to a capacitive sensor in parallel.
We demonstrated the performance of the method in vitro at a depth of 5 cm for medically
relevant pressures[63, 64, 65, 66] by integrating a commercial capacitive pressure sensor.

Compared to existing technologies that use ultrasound for establishing wireless
communication links[34, 35, 36, 37, 38, 39, 40, 41, 42, 43, 44, 45, 47, 46], the PUC
method offers several advantages. First, the proposed method features only a single
piezoceramic element, used as an ultrasonic antenna, soldered on a flexible conductive
substrate. This enables simpler fabrication without needing any microfabrication
processes. Second, the PUC system completely eliminates the need for custom-designed
integrated circuits and other power-harvesting electronic components, which simplifies
the implant design significantly. Finally, the PUC method offers flexibility in terms of
sensor integration since any sensor with a capacitive sensing behavior can be used in
conjunction with the US antenna.

We observed that the sweep results were affected by the angular and transverse
misalignments between the antenna and the interrogator transducer. Therefore, future
work will focus on analyzing the misalignment effects and formulating a generalized
calibration algorithm that can diminish the misalignment susceptibility. In addition, the
US antenna is fabricated using PZT-5H, a material that contains lead. Although
biocompatibility is critical for implantable systems, these concerns were not prioritized
for this proof-of-concept work. However, lead-free alternatives like KNN[71] can be

used to fabricate the US antenna as a future work. Furthermore, the antenna can be
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miniaturized using microfabrication processes to minimize tissue damage risks during
implantation, and the sensor and antenna can be fabricated on the same substrate to
achieve a monolithic implantable device. In addition, the fabrication flow involves
several manual processes such as PZT alignment and soldering which reduces the
reliability and repeatability. Therefore, a pick-and-place machine can be used to align
the PZT on the square-cut shape on the PCB substrate, and a wire bonder device can be
used to minimize the solder mass left on the top electrode of the PZT.

On the data processing side, the data transfer rates between the computer and the lock-
in amplifier formed a bottleneck for the sweep noise since higher data rates result in more
accurate demodulated signal profiles. Lastly, the current method offers sampling rates of
up to 2 Hz due to the use of the sweep method. By using an alternative interrogation
method, such as chirp or pulse excitation, the sampling rate can be increased as high as
1 kHz, limited only by the pulse repetition frequency of the ultrasound excitation. The
preliminary study on chirp excitation can be extended to achieve superior communication
rates.

As a future work, the equipment used in this thesis can be miniaturized to enable
portable or even wearable PUC measurements on demand. The tasks lock-in amplifier
performs can be replicated by an electronic board comprised of components such as
micro-controller units, high voltage pulsers, mixers etc. As a result, a wearable and
portable PCB can be realized with identical capabilities.

Additionally, the antenna can be further characterized mechanically. A Laser Doppler
vibrometer and an impedance analyzer can be used to examine the relationship between

the electrical and mechanical resonance characteristics of the ultrasonic antenna.
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