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ABSTRACT

KEYWORDS: Magnetoelectric Antenna, Wireless Power Transfer, Near Field Data
Communication, Self-Biased Magnetoelectric Devices, Magnetically Graded Magnetoelectric

Heterostructure, Power Management Circuit, Implantable Medical Devices

With the rapid proliferation of low-power electronics and smart sensor devices, the demand for
miniaturized antennas has garnered significant attention for potential applications in implantable
medical devices (IMDs), including therapeutic medication, neural stimulation, deep body
communications, and energy harvesting applications. The IMDs are earlier powered or
communicated through an external power supply via transcutaneous wire, which connects the
implants to the extrinsic environment and increases the risk of infection. It also hinders the free
movement of the implanted device in relation to the targeted muscles, reducing the performance
or quality of data communication with the IMDs. On the other hand, battery-powered IMDs can
replace wired devices by providing complete isolation from the extrinsic environment, thereby
reducing the risk of infection to a certain extent and allowing for free muscular movements.
However, battery-powered IMDs still fail to act as a safer alternative as they need periodic
replacement through surgical invasion. Wireless Power Transfer (WPT) systems have emerged as
a safer alternative to existing powering techniques for IMDs, addressing the aforementioned
challenges. There are several successful WPTs incorporated in IMD applications that could solve
the existing problems, one of them is radio frequency antennas that operate in the radio frequency
(RF) range, which are used extensively in portable applications due to their smaller electrical
wavelength, which miniaturizes the overall size of the antenna[l], [2]. However, they are denied
for IMD applications due to the higher signal loss resulting from electromagnetic (EM) wave
absorption in biological tissues. On the contrary, low-frequency (LF) EM antennas, which are
widely used in meteorological broadcasting, radio communications, RFID technology, and
underwater communication, can be used in IMDs due to the lower EM wave absorption. The LF
EM antennas typically operate in the frequency range of 30 kHz to 300 kHz. The associated
wavelength(\), being proportional to the antenna aperture, ranges from 1 to 10 km, nullifying the
feasibility of IMD applications. Using the Inductively coupled power transfer (ICPT) technique,
the problem of power absorption in the tissue can be addressed. In the ICPT system, the power is
coupled from an external transmitter (Tx) coil to the implanted receiver (Rx) coil through EM
coupling. Maximum efficiency can be achieved by optimizing the number of turns of the Tx-Rx
coils. Despite the ICPT system’s high power conversion efficiency (PCE), it suffers from angular
misorientation between the Tx and Rx coils, which incurs higher power loss and degrades the

PCE. Acoustic Power Transfer (APT), which operates on the principle of ultrasonic (> 20
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kHz-10 MHz) wave propagation, can overcome the problems associated with ICPT. As the speed
of ultrasonic signal propagation is significantly lower than that of EM wave propagation, the
associated wavelength of the APT device is orders of magnitude smaller than that of EM-based
WPTs. However, higher acoustic loss in the bones and tissues > 22 dB/cm.MHz [2]degrades the
device performance. Additionally, APTs are very sensitive to angular misorientation and must be
placed in close contact with the tissues. Therefore, a slight movement of Tx or Rx results in the
degradation of the PCE. Lately, the antennas that combine the effect of magnetoelectric (ME)
coupling and electromechanical resonance (EMR) have been explored by researchers for very
high frequency (VHF) and ultra-high frequency (UHF) band applications using standard silicon
integration that overcomes the significant drawbacks of the conventional EM antenna in terms of
efficiency and size miniaturization. However, the VHF and UHF ME antennas suffer from higher
losses due to the absorption of high-frequency magnetic fields in biological tissues. The LF ME
antenna, which works on the same principle as its HF counterparts and operates at the EMR,
overcomes the drawbacks of conventional LF antennas. In contrast to conventional EM antennas,
the LF ME antenna resonates at its natural mechanical frequency, which dramatically reduces its
overall size, and also significantly lowers the LF magnetic field absorption in human tissue. Most
of the reported works on magnetoelectric transducers are carried out using Metglas/PZT, FeGaB/
AIN, Terfenol-D/PZT, Metglas/PMN-PT heterostructure and incorporating bulk-sized NdFeB or
Rb magnets for providing biasing magnetic field[1], [3]. The state-of-the-art reported works
either suffer from large size (due to bulk biasing magnets), contain toxic substances such as lead
(Pb), or operate at higher frequencies, making them unviable for IMD applications. Therefore,
replacing them with bio-compatible alternatives and restricting the appropriate operating
frequency for deep-body applications is essential. Moreover, the majority of the reported works
do not provide any experimental demonstration with human body ambience, raising concerns
over the performance of the ME antennas in such an environment. Additionally, no complete
system-level demonstration of a biocompatible ME antenna for near-field data transfer with a
low-cost power management interfacing circuit for a potential magnetically chargeable WPT
device has been reported so far.

In this thesis, a self-biased, lead-free, LF ME heterostructure-based receiving (Rx) antenna is
proposed that provides advantages over the existing ME antennas with higher operating
frequency or DC biasing magnets, in terms of improved performance due to lower signal
attenuation and miniaturized size, suitable for IMD applications. This work demonstrates the
operation of a magnetic bias-independent, both epoxy-based laminate-based and
thermocompression-bonded, magnetically graded magnetoelectric (ME) antenna for
low-frequency data communication in short-range biomedical applications. The proposed
antenna exhibits enhanced noise immunity and supports high data transfer rates of up to 5 kHz.
In addition, the ME device is integrated with a micrometer-scale power management circuit
(PMC). The ME WPT system generates a regulated DC output voltage of 3.5 V from an input
voltage range of 0.7-3.3 V and remains operational up to a distance of 20 cm from the Tx coil.

The antenna is characterized using a planar spiral coil with 50 turns (N), which is designed and
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fabricated on a 2-layer printed circuit board (PCB). The in vitro cytotoxicity analysis in the
human hepatic cell line WRL-68 confirmed the biocompatibility of the Parylene-C encapsulated
ME device for up to 7 days, suggesting its potential use in implantable electronic devices for
biomedical and clinical applications. Finally, the operational capability of the ME antenna is
tested under three different conditions: in air, in a tissue-mimicking phantom, and in animal
tissue. Further, the optimized ME antenna is explored for regulated tissue heating applications by
controlling the ON/OFF time of the AC magnetic field.
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Plas: MIgalded THT, IRRY WfF RIFIRU, FAde-a7 3eT TaR, W-uemrd Addgafdes
U, JDHIG-ISE MUCIRAfaed BeRReaR, Wfad UewA uRuy, yarmoiy fafeafa
JUHI|

HH-fGd G- YUMTeR! T TTE YR JUBRON o i1d b1 & A1, Y& SMHR b e st
P ATLHdT A faRiy g U fhar 81 ¥ Tttt & Ry fRifsaia Sus o (imps)
fefeaita shufy faavur, et ST, Te-ARINS TR quT Sl S S JHIfad 3ruanT g
URIAID IMDs D1 VfckT 3HYdT YR d18¥) faggd Iid 8 @l & 3R-UR o4 Tl dR & H1egH I
T forar Srar o1, S UARITUd SUHRUT & STl ITaTaRul J Sisdl g aul SshHUI & SIFGH & STal
2139 Sffafvad, T8 aférd TafRr & e YR USRI Tad= i & +ft arer Iad s
g, FoRR IMDs & UGR $iuaT ST TaR &1 o/ YHTfad giat 81 guRl 3R, Sesl-Smemd iMps
IRYad IUHRUN & VI TR ST ITATaR0l J Y0f Gaehul Suds HR1d ¢, O YehHuT &7 sy
$S YT % HH g1 Ol § adT AU &1 Ui 1fd & e SUHRU W © 9 8 BT B
THdl g | Ty, sed-3metid mps +f guia: Rfed fawed Rig 78! 81d, Fifes de<t & smafie
gfaRTT & o O: reu-Rifercn o1 sraaear gt 81 39 FAfaal & Jary™ & T | araRay
Tifad RIMIARUTN (WPT) UUITET IMDs 1 Rifdkd W& 6= B U YRI&d Td YUTd] bl & & U |
o fyd g5 31 IdHH | IMDs & fATU 3F® WpT Tt &1 Thadrgdd IUanT fear mar g, S
SWfad qrErett & THIYH H Ugad gl 399 ¥ U U™ ddb-1d 8d) 3R (RF) AT &, S
A& sgfs R H H1d a1 g1 B Iy d¥eed & HRU 37 SIS & T SMHR 3d
BICT I ST qH T &, FoTIeh RO 3701 ATIS SUTNT Urdad Sy & farar S 8 | fog Sifaes
SdD! gRT fAggada® g (EM) TR o S ARV ITF 3 Adbd &MU &b HRUT T IMDs &
fore Suged 7€l €1 39 fawdia, f-3maft (Lr) faggadeeia ¢, o aamus IudnT Ja|
O TR, IS TER, RFID TN quT Sy TaR H foar oian 8, Sifde SHak! § em i
& SMUETHd HH AT & HRUTIMDs T SUTNT fhT ol Tavd & | TrHT=Ia: LF faggadasia G
30 kHz ¥ 300 kHz B 3R AT H Brf R Bl 39T Yag aviedd (), S TEHT & PR &
JUUT BIaT €, TIHT 1 ¥ 10 km I 81T 8, o SRUr ¥ wetrsit &1 yariuvfig fafeaia
JUHRUN H ST ATTGIRD =0 I YT a1 X ofidT | S8fdeaat dUcs UaR CIHR (ICPT) dh-1d
BT ITUNT PRb A Hadh! § G AT BT T BT FHIY a1 S Fhd 3 | ICPT YOI
H i BT RAFIARTT TIEX TIAHICR (Tx) Plsd ¥ TARITUG R (Rx) Plsd d& [dggadasd
A o H1H I (BT SIa1 8| Tx TUT Rx HIgall b T 1 AT BT IUGad 3H A B HfAHAH
QfG T UTARUT G&fdT (PCE) UT 1 Sl Tl &1 T 1CPT TUTElt 3= PCE USTH HRdl 8, AU T
TUT Rx P13 &b e HIUNT SRARGUT 3D TG HAreft 7 @ U 5 | uRumiasy, Wfad g1 §¢
STl @ U1 ToTTelt b1 pee B FHHT 3Tt 81 SeeAA® (20 kHz-10 MHz) a3 & TR & Rigid W™
TR @i e RITIARUT (APT) TOTTER, ICPT ¥ el THwraft &1 HIU™ UaH &R 9]
21 If% SecrAe Ydbdl &1 TR A faggdded d a<it &1 ga-T o HTh! HH gidT 8, ST
APT SUHRU] HT Ta aTee EM-3MUTRT aRReY ifad RITAIGROT JONfe &1 3faeT & o1
Blel giar 819Uy, sifyat aur Sfdew SHaw! # g1 arelt 3= @i 81 (> 22 dB/cm-MHz)
IUBRT F YR &1 GHIIT et g1 39 fARad, APT UUTE SHIoNT 3RR@U & Ul s
FaeTe gt 8 a1 3% THTE Tared & T 38 Sdw! & e Jud o RAfid w1 sfawads
BT 8 | URUMRa=Y, TaHteR (Tx) ryar iR (Rx) &1 fRufa & 819 aran drsr-ar ufvadH ot =ifda
EIARUT G&fdT (PCE) B B! 1 HRUI §-1dT & | 8T & auf B, Acisafded g aul faggd-aifis




3{TTG (EMR) & Sdd WHT TR eTRa st 3 nuamdist &1 faiv & siefiid fear g1 g
131 BT faee T O R 9 TH DRl dheilch BT IUANT HRd gUIgd o SMRT (VHF) adl
f3-I= MgRT (UHF) S SrIpramt & fore farar mar 81 URuRes faggadas g getrstt &t gaq
H 3 O I &l aul S MBR-AYHRU UGH Hd ¢l Ui, VHF a4 UHF
HcIsdfdes TS # Sfdd SHad! gRI I-3AGRT b &7 & IS SERNT & SR
Yo g1 o St 81 39 Iudid, Fg-emgfy Addigafdes ¢, S oA S=a-3mafy Il
& T Rigid R 1 a1 € 9u fagga-aifie 3 ATe (EMR) TR ST 8T 8, URufe -
3mgfy udraett ot dmreft o) @R FRal 81 URURS faggades g tisit & faudld, fg-smafy
TiczdAlded T U=t M fae Tifde SFATE gy IR T ol 8, RIS STbT 917y 3MhR
IR =T § HH g A1 8 9UT A9 SHdd! # Fg-3git dasig &3 &1 raxnvor ot w1t
HH 8 A1 81 3F b USRI UG e H1af § A Igaflded U IUHRUNT &1 g™
Metglas/PZT, FeGaB/AIN, Terfenol-D/PZT AUl Metglas/PMN-PT BeIRCaR &1 IUANT HIdb
o T € U1 SHIaRTS a9 dee g &F ITAs R P AU IS BN & NdFeB 3dT Rb
YD ! BT YA {01 1 €| adH Sy iy BTt | vgad wonfer a1 df 99 PR & Sy
oo | & BRU bR H T85! Bl 8, 3rydT 378 W1 (Pb) S8 favat werdf 1 IugnT fovar o 2,
7 R & I gl R H1d Fadt 8, o SR 3 gaRuiy fafeca Sus & foau
IUYEd a1 § | STfeIY, 3 JOnferl & RAF WR Sla-Tid faded ST STANT HAT aUl Te--TRING
AT & TN IUged FTESRY SAGRT BT T AT Ad AHTWH ¢ 39 AfARad, Iuasy
YT JMY BT & AFG-IRR o IRATAD URA B B TS UG Ud -Tg1 o1 1
g, oo U8 araraRur § AYeisdfdesd TSt & UeR & AR g 1 3gdT 8| 1Y &, Sia-
T AUCISafded UEHT &1 SUTNT HRd §U, HH AN dTal Wfad Yeeq TRy & 1Y Thidpd
Adc-&7 3¢ TaR 9UT 9a& 19 © 9 I 916l g+ aTdl aRRad Mad QIR0 SU&H0T & forg Jqut
JUTTeh-Sig UeRiF Wt 3ra I UeTiRId et forar mar g1

39 WyPprd # yaRUUg Rifecia Iusol & iU te Joh-ars, Sr-qad, Fg-sngfa
HICIRAlaed BeReadR SHITRd SRR (Rx) TEHT TRaTfad fovan T 8| URaTfad UeiH, 9=
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& USRId Ha1 8 9UT 5 kHz TF Pt I SeT RIMIARUN &R &1 GHH HRT1 81 39F Hfafa,
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3ffafved, s&fd AeIgafdesd U1 &1 IUANT YATadf (ac) Jab1d &3 & ON/OFF T &l
fafa s fafrafid Sae ame syt & fo of vefRfa farar ma |




TABLE OF CONTENTS

ACKNOWLEDGEMENTS i
ABSTRACT iii
LIST OF TABLES xi
LIST OF FIGURES xvii
ABBREVIATIONS xviii
NOTATIONS XX
1 Introduction 1

1.1 Motivation . . . . . . . . . oL e e e e 1

1.2 Based on the above-mentioned research aim, the research objectives are identified

asfollows: . . . . . . . L 3

1.3 Organization of Thesis Chapters . . . . . . . ... .. .. ... ... ..... 3

2 Literature Review 5
2.1 Introduction . . . . . . . . L 5
2.1.1 Inductively Coupled Power Transfer ICPT) . . . . . .. ... ... .. 7

2.1.2  Acoustic Wave based Power Transfer (APT) . . . . ... . ... .... 7

213 RFEWPTs . . . . . 8

2.1.4 Magnetoelectric Antennas . . . . . . . . ... ..o 8

2.2 Summary ... .. e e e e e 15

3 Design Considerations of Low-frequency Magnetoelectric Antennas for Biomedical
Implants 18

viii



TABLE OF CONTENTS ix
3.1 Introduction . . . . . . . . . 18
3.1.1 Absorption of AC magnetic field in biological tissues . . . . . . .. .. 19
3.1.2 Safety Measures with maximum SAR . . . .. ... ... ... .... 20
3.1.3 Design methodology of the ME transducer . . .. ... ... ..... 20
3.1.4 Theoretical Modeling of the ME transducer . . . . . .. .. ... ... 23
3.1.5 FEM analysis of the ME device . . ... ... ............. 26
3.2 Summary ... .. e e e e e e e e e 27
Development and Characterization of Miniaturized, @ Low-frequency
Magnetoelectric Antenna 28
4.1 Introduction . . . . . . . . .. e e 28
4.1.1 Structural Design & Fabrication . . . . .. ... ... ... ...... 30
4.1.2 Opimization of Aspect ratio of ME Laminate . . . . ... ... .. .. 31
4.1.3 ME WPT Device Characterization . . . . . . . .. .. .. ... .... 31
4.1.4 ME Antenna Characterization for Near Field Communication . . . . . 36
4.1.5 Experiment On Radiation Mechanism And Data Transfer . . . . . . . . 38
4.1.6 Demonstration of Near Field Communication . . . . . .. ... .. .. 39
4.1.77 Localized Heating Using ME Antenna . . . . . ... ... ....... 41
42 Summary . . ... e e e 43
Development of Low-temperature Bonded Magnetoelectric Heterostructure based
Antenna 45
5.1 Introduction . . . . . . . . L 45
5.2 Developmentof ME Antenna . . . . . .. ... ... ... ... .. ..., 46
5.2.1 Structural Analysis . . . . . . ... L 46
5.2.2 Development of Low-temperature = Bonded  Magnetoelectric
Heterostructure based Antenna . . . . . . . .. .. ... ... ... .. 49
5.2.3 Characterization of Material Properties . . . . . ... ... ... ... 51
5.24 FESEM Analysis . . . . . . . . . . . e 54
5.3 Result& Discussion . . . . . .. ..o 54

© 2026, Indian Institute of Technology Delhi



5.3.1 Electrical Characterization of ME Antenna . . . . . . . ... .. ...
5.3.2 Data Transfer Through ME Antenna . . . . . .. ... ... ......

5S4 Summary ...l e e

6 System-level Demonstration of Magnetoelectric Antenna for Data and Power
Transfer Applications

6.1 Introduction . . . . . . . . . . . s
6.2 Characterizationof ME antenna . . . . . . . . . . . ... ... ...

6.2.1 Human Tissue Mimicking Phantom Preparation and Characterization of

MEantenna . . . . . . . . ...
6.2.2 Electrical Characterization of the ME antenna . . . . . . . . ... ...
6.3 Experimental Results of PMC . . . . . ... ... ... ... .........

6.3.1 A Off-the-shelf component based interface circuit for ME voltage

regulation . . . . ... L
6.3.2 In vitro Cytotoxicity studies of the ME Device . . .. .. ... .. ..

6.4  Summary . . . ... e e e e

7 Conclusion and Future Scope
7.1 Overall Conclusionofthe Thesis . . . . . . .. .. ... .. ... .......

7.2 Future Works . . . . . . . e e

BIBLIOGRAPHY

LIST OF PUBLICATIONS

BIO-DATA

54
57

61

62
62

64

64

66

67

72
74

75

76

76

77

77

91

94



2.1

22

2.3

3.1

3.2

4.1

5.1

6.1

6.2

LIST OF TABLES

A comprehensive comparison of the ME device with state-of-the-art works on
WPTs . .

List of different magnetostrictive materials with properties usable for ME device
development. . . . . . . . . ...

List of different commonly used piezoelectric materials for magnetoelectric

applications. . . . . . . .. L

Properties of 6-layered tissue phantom . . . . . ... ... ... ...

Design parameters of ME transducer . . . . . . .. .. ... ... ...
A qualitative comparison of the ME antenna with state-of-the-art works
A qualitative comparison of the ME antenna with state-of-the-art works

Properties of 3-layered tissue phantom . . . . . .. ... ... ... ... ..

Comparison of the ME antenna system with the State-of-the-art works . . . . .

Xi

10

16

17

20

24

43

59

66

72



1.1

2.1

22

2.3

24

2.5

3.1

LIST OF FIGURES

Market size growth and future prediction for implantable medical devices from
the year 2018-2030 [7]. . . . . . . . . . . e

A roadmap to the innovations in implantable bioelectronics and powering

techniques with the device prototype images. . . . . . . . .. .. ... .. ..

Wireless power transfer topologies: (a) ICPT topology schematic and (b-d) Tx
coil and miniaturized Rx coil inside rat body[49]. (e) APT topology schematic,
(f-g) photographs of the device before and after implantation[50]. (h) RF WPT
topology schematic, (i-j) photograph of implantable capsule RF antenna in minced
pork[S1]. . . .

(a) ME effect using a phase diagram. (b) Mechanism of ME device under AC

magnetic field . . . . ... oL Lo

(a) A NEMS scale microfabricated ME antenna operating at 2.5 GHz [25]. (b) A
microfabricated circular disk shape SMR ME antenna that is capable of operating
at 1.75 GHz and shows high gain [71]. (c) A 600x500 um? MEA with IDT

structure and array or magnetostrictive micromagnet which operates ~1 GHz[70].

(a) A mm scale ME antenna operating at ~ 24 kHz has the capability of long-
range data communication up to a few Kms with a 100 Hz data rate[72]. (b)
An mm-scale ME implantable bioelectronic device with a size of ~ 95 mm? for
endovascular nerve stimulation applications that operates at 350 kHz [62]. (c)
A magnetically powered ME stimulator that has an integrated CMOS PMC and
neural stimulator circuit operating at 250 kHz and generates ME voltage up to 1 V
[91]. (d) A near-field communication system using ME antenna and backscatter

communication for implantable applications [93]. . . . . . . ... .. ... ..

(a) FEM simulation showing the propagation of B4 at 50 kHz through the six
layers of brain tissues (scalp, skull bone, dura mater, CSF, and brain (comprising
of the grey matter, white matter, etc.)) (b) Shows the variation of AC magnetic
field when the distance between the coil and the scalp layer (D) increases from 0
to 30 mm. At D=30 mm and a tissue depth of 15 mm, the maximum B 4¢ available
close to the brain interface is~0.45mT. . . . . . . .. ... ... ... ....

Xii

12

13

14

19



LIST OF FIGURES

Xiii

32

33

34

3.5

4.1

4.2

4.3

4.4

Optimization of the device dimension and SAR with the variation in the operating
frequency of the ME device. The left axis shows the variation of SAR (dB) with
the increase in frequency (f). In the right axis, variation in the length of the ME
device(L ;) with frequency is illustrated. Inset shows the variation of SAR inside
the human brain at the radiation frequency f= 50 kHz, 250 kHz, 1 MHz and 13.54
MHz. . . . . e e

(a) Schematic representation of the ME transducer showing the structural details.
(b) Fabricated prototype of the ME transducer. (c) Direction of polarization of
piezoelectric material (P) and direction of magnetization of magnetostrictive
material (M). . . . . . . e e

(a-c) FEM simulation results of the ME antenna resonating at the first three
resonant modes. (d) The variation of mode frequencies for the different resonant

modes are compared using FEM simulation and analytical equation. . . . . . .

The equivalent circuit model of (a) the coil, (b) ME transducer. (c) The equivalent
circuit simulation result of ME transducer, which indicates the variation of Vg
and output power with increasing H 4¢ at the f,.; of 50 kHz. Inset shows the
resonant mode of the ME device and the FEM simulation results. (d) Change
in induced magnetic field strength due to angle of misalignment between Tx-Rx
(=0°=90°). . . . . e

(a) Fabrication flow sequence of the ME antenna. (b) Prototype image of the
encapsulated ME device. (c) Cross sectional FESEM image of the ME
heterostructure. . . . . . . . . . ... e e

The AC Magnetic Flux Distribution considering longitudinal-transverse mode of
ME samples with different aspect ratios (length/width):(a) AR=0.55, (b) AR=1,
(c) AR=1.45, (d) AR=2. (e) Variation in Magnetic Field and ME Voltage with
different ARs. (f) Output voltage response of the ME laminate at for different

Experimental setup for characterization of ME device, consisting of Lock-in
Amplifier, DC current supply, DC electromagnet, Gauss meter, AC Amplifier,
pair of Helmholtz coil, and the ME transducer. . . . . . ... ... ... ...

(a) Measured ME voltage response of the ME transducer with varying Hpc
without applying H 4-.(b) Represents the zoomed view of the M-H loop of the
unannealed Metglas sample having dimension 3x4 mm?. Measured ME voltage
co-efficient (cy;g) of the ME transducer with varying Hpc and under the
influence of H4c=0.1 Oe: (c) At f=50 kHz, (d) At f=25 kHz, (e) At f=10
kHz,and (f) At f=1kHz. . . ... ... ... ... .. .. .. .. .......

21

22

23

25

29

32

33

34

© 2026, Indian Institute of Technology Delhi



LIST OF FIGURES

Xiv

4.5

4.6

4.7

4.8

4.9

4.10

4.11

4.12

(a) Demagnetization factor (/Np) variation as a function of variation in the
length/width(L,;/Wyy) ratio of the sample. For a L,; /W), of 1.5, the operating
frequency of the device is ~ 50kHz. (b-c) The magnetic force microscope
(MFM) image of a Metglas sample shows the height and phase response,
indicating the presence of magnetic domains (observable from the color

CONMIASES). . v v v vt e e e e e e e e e e e e e e e e e e e e e e e

(a) Measured ME voltage co-efficient, (b) Measured output voltage response of
the ME transducer with different H4c, 0.1 Oe, 0.2 Oe, 0.4 Oe, obtained from
Oscilloscope. (c) Measured output power as a function of V), obtained from the
ME transducer at 50k H z for a range of resistances 10 2-20 M. . . . . . ..

(a) Fabricated prototype of planner coil with a number of turns of 50 and
resonant frequency of 49.9 kHz. (b) Prototype of the Magnetoelectric antenna (c)
The experimental setup for the magnetically tuned LF ME antenna includes a

transmitting planner coil and a receiving ME antenna. . . . . . . ... .. ..

(a) Experimental measurements of the impedance and phase response of the
antenna as a function of frequency. (b) Measured output RMS voltage PSD
response of the device with various Husc= 0.1 Oe, 0.2 Oe, and 0.4 Oe,
respectively, (¢c) The measured frequency spectrum of the ME antenna with
varying distance (D) between Tx and Rx is obtained from the spectrum analyzer.
(d) The limit of detection (LoD) of the magnetic field for the device. . . . . . .

(a) Schematic illustration of the near field radiation pattern measurement of the
ME antenna at a D=100 cm in various configurations: (b) X-Y rotation; (c) Y-Z

TOLALION. . . . . v o v e e e e e e

Data transmission using digital modulation techniques: (a) A periodic frequency
shift keying modulation at a planner orientation of 0° and 90°, (b) Similarly, an
arbitary amplitude shift keying modulation at the same conditions. (c) Signal-to-
noise ratio (SNR) and bit error rate (BER) with increasing gap between Tx and

Rx. (d) Measured spectrum of received signal and noise. . . . . ... ... ..

Temperature of the ME antenna after 90 mins. (a) Off State. (b) At a distance of
15 cm from the coil. (c) At a distance of 40 cm from the coil. (d) At a distance
of 80 cm from the coil. (e) Temperature variation in ME antenna with time for

different gap distance between coil and antenna (D=15-80cm). . . . ... ..

Temperature of the ME antenna at (a) t=0 mins, (b) t=45 mins and (c) 90 mins.
Received data with ASK modulation rate of 2 kHz after: (d) t=45 mins, (e) t=90
mins. Received data with ASK modulation rate of 5 kHz after: (f) t=45 mins, t=90

35

35

36

37

39

40

41

42

© 2026, Indian Institute of Technology Delhi



LIST OF FIGURES

XV

5.1

5.2

53

54

5.5

5.6

5.7

5.8

5.9

(a)Schematic representation of Metglas/Ni/PVDF/Ni/Metglas thermocompression
bonded ME antenna. (b) Fabricated prototype image. (c) Cross sectional FESEM
of Metglas/Ni/PVDF. (d) EDX image of the crossection. . . . .. .. ... ..

The eigen modes of mode of the M/N/P/N/M ME antenna (a) f=13.25 kHz, (b)
f=25.5, (c) 48.15 kHz, (d) 65.7 kHz. (e) Magnetic field distribution in the ME
antenna at resonant mode. (f) Maximum von mises stress developed at 48.15 kHz.
(g) S1; analysis from the Butterworth-van Dyke (BVD) model as a function of

frequency for different Q values. Inset shows the ME voltage from FEM simultion.

Fabrication sequence of the ME antenna with details of thermocompression
bonding. . . . . . ...

Fabrication sequence of the ME antenna with details of thermocompression

bonding. . . . . . ..

(a) Thermogravimetric analysis (TGA) of PVDF smaple. (b) Differential scanning
calorimetry (DSC) is conducted to analyze the thermal behavior of PVDF. (c)
Fourier Transform Infrared Spectroscopy (FTIR), (d) X-ray Diffraction (XRD)
analysis of PVDF samples . . . . . . . .. ... ... .. ... ... .....

(a) Bond strength measurement of the thermocompression bonded ME antenna
using Instron Instrument. (b) Crossectional image of the ME device (c) Plot of
bond strength for different samples annealed at different temperatures, (d)
Maximum sheer bond strength for different samples. . . . . . ... ... ...

(1) Cross-sectional FESEM images of the Metglas/PVDF/Metglas ME sample:
(a) FESEM image (b-g) Elemental mapping of the different elements (EDX)
image of cross-section of thermocompression bonded ME antenna, (h)EDX
spectrum of the sample. (ii) Cross-sectional FESEM images of the optimized
Metglas/Nickel/PVDF sample: (a)Cross-sectional EDX of image, (b-g) EDX

image of cross-section, (h) Intensity of the mapping. . . . . . ... ... ...

(a) ME voltage measurement for MPM device prepared with different annealing
temperatures. (b) DC biasing field and o,z measurement with different Ni layer
thicknesses. (c) Characterization of magnetoelectric voltage coefficient of MPM
and MNPNM devices. (d) Output voltage response of the ME antennas as a
function of frequency for H 4-=0.4 Oe. (e) Limit of detection of the ME devices

Radiation pattern of the ME antenna: (a) Phi plane (out of the plane) condition (b)

Theta plane (in-plane) condition. . . . . . . . . .. .. ... ... ... ... .

47

48

49

50

51

52

53

55

56

© 2026, Indian Institute of Technology Delhi



LIST OF FIGURES

Xvi

5.10 (a) Characterization setup of thermocompression bonded ME antenna with in

5.11

6.1

6.2

6.3

6.4

6.5

6.6

vitro chicken breast. (b) Received power spectrum with variation in gap between
transmitter and ME antenna.(d-e) ASK modultion data at two different

misaligned positions 0°and 90°. . . . . . .. ...

Thermal images of ME antenna at different conditions: (a) OFF State, (b) At D=40
cm and after 90 min, (c) At D= 10 cm and after 90 min, (d) Change in temperature
in ME surface as a function of time. (e) ASK data received after 45 mins of
continuous data transfer through the ME antenna, (f) Received ASK bits after 90

0 0110 1

A conceptual illustration of the mechanism of the magnetically powered ME WPT

system for futuristic implantable neural stimulation applications. . . . . . . . .

(a) Human tissue mimicking phantom characterization using VNA. (b-c)
Measured relative permeability and conductivity of the phantom samples as a

function of frequency. . . . . . . . ...

(a) Schematic representation of the experimental setup for characterization of ME
device, consisting of a lock-in amplifier, DC current supply, DC electromagnet,
Gauss meter, AC amplifier, pair of Helmholtz coils, and the ME transducer. (b)
ME device under testing with Helmholtz coil and electromagnets, and (c) shows
the measurement setup including Tx planar coil and ME device. The inset shows
the Parylene-encapsulated ME device and the optimized human tissue-mimicking

phantoms. . . . . . ...

The in wvitro experimental result of ME device (a) ME voltage generated at
resonance frequency of 50 kHz in air and 3-layered tissue mimicking phantom
medium with different B4 of 10 pT, 20 uT, and 40 pT. (b) Output power
variation with increase in ME voltage across the load resistance (10 (2- 20 M(2)

in air and tissue-mimicking phantom medium. . . . . . . .. ... ... L.

(a) Near Field data transfer setup consisting of ME antenna Tx coil and tissue
mimicking phantom. (b) Experimental measurement of power received by the ME
antenna (MEA) and same-sized loop antenna (LA) in air and optimized muscle
phantom as a function of variation in distance between the transmitting coil and
Rx antenna (D). Received power spectrum in air and phantom at D=50 cm:c) ME
antenna (MEA), (d) Loop antenna (LA). . . . . . . .. .. .. ... .. ....

(a) Block diagram of the proposed power management circuit for ME transducer-
based WPT system design. (b) Prototype of the proposed magnetoelectric (ME)
WPT system consisting of an ME device and power management circuit fabricated
on a 2-layer PCB. The overall dimension of the ME WPT system is 12x 12 mm?.

58

60

63

65

67

68

69

© 2026, Indian Institute of Technology Delhi



LIST OF FIGURES

xXvii

6.7

6.8

6.9

6.10

6.11

6.12

Experimental results of the ME WPT system under applied magnetic field. (a)
The output voltage of the PMC is recorded with different AC magnetic excitation
[Bac= 0.09 mT, 0.27 mT, and 0.5 mT], where the corresponding V), are 500
mV, 700 mV, and 1V, respectively. (b) Output voltage of the PMC is tested with
increasing distance (D) between the customized transmitting coil and ME device
from D=0 to 30 cm. (c) The settling time (7%) , Vpcop, and Vgyg are measured

while increasing the ME voltage. . . . . . ... ... ... .. ... ......

Experimental result of load resistance variation analysis of the ME WPT system:
(a) Output voltage across the SYS pin (Vsys). (b) Output voltage of DCP (Vpcp).

(a) Schematic representation of ME WPT system consisting of ME device,
Dickson Charge Pump (DCP), interface circuit, peak detector and switching
circuit. (b) Top and bottom view of the fabricated 2-layer PCB prototype of the
proposed PMC. . . . . . . . L

Experimental results of the ME WPT system (ME device and PMC) at different
H yc with corresponding Vyp: () 0.5V, (b)0.7V. . .. oo oo

Efficiency plot of the self-powered PMC prototype at 50 kHz frequency. The plot
shows that when the V), increases from 2-5 V the conversion efficiency increases
from40% t0 90%) . . . . . .. e

In vitro cytotoxicity of Parylene-C and ME device performed on WRL-68 cell
line up to 7 days. (a) Alamar blue assay. (b) Fluorescence microscopy images
(Scale bar: 100 pm) for live-dead assay using dyes Calcein-AM and Propidium
TIodide (PI). . . . . . . . . e

70

71

72

73

73

74

© 2026, Indian Institute of Technology Delhi



ABBREVIATIONS

AC Alternating Current

AFM Atomic Force Microscope

AIN Aluminum Nitride

APT Acoustic Power Transfer

AR Aspect Ratio

ASK Amplitude Shift Keying

BER Bit Error Rate

BVD Butterworth van Dyke

CMOS Complementary Metal Oxide Semiconductor
CNC Computerized Numerical Control

CSF Cerebrospinal Fluid

Cu Copper

DCP Dickson Charge Pump

DMF Dimethylformamide

DMSO Dimethyl Sulfoxide

DSC Differential Scanning Calorimetry

DSO Digital Storage Oscilloscope

EDX Energy Dispersive X-ray Spectroscopy

EH Energy Harvesting

EM Electromagnetic

EMR Electromechanical Resonance

FDTD Finite Difference Time Domain

FEGaB Iron Gallium Boron

FEM Finite Element Method

FESEM Field Emission Scanning Electron Microscopy
FSK Frequency Shift Keying

FTIR Fourier Transform Infrared Spectroscopy

Au Gold

ICNIRP International Commission on Non-Ionizing Radiation Protection
ICPT Inductively Coupled Power Transfer

IEEE Institute of Electrical and Electronics Engineers
HoMT Industrial Internet of Medical Things

IMD Implantable Medical Devices

IoT Internet of Things

Xviii



ABBREVIATIONS

ISM Industrial, Scientific and Medical
JCPDS Joint Committee on Powder Diffraction Standards
LF Low Frequency

LoD Limit-of-Detection

M/N/P/N/M  Metglas/Nickel/PVDF/Nickel/Metglas
MEA Magnetoelectric Antenna

ME Magnetoelectric

MEMS Micro Electromechanical Systems
MPE Maximum Permissible Exposure
NdFeB Neodymium Iron Boron

NEMS Nanoelectromechanical Systems

PCB Printed Circuit Board

PCE Power Conversion Efficiency

PMIC Power Management Integrated Circuit

PMMA Polymethyl Methacrylate
PMN-PT Lead Magnesium Niobate-Lead Titanate

PMC Power Management Circuits
PMU Power Management Unit
PVDF Polyvinylidene Fluoride

PZT Lead Zirconate Titanate
Q-Factor Quality Factor

RF Radio Frequency

RPM Revolutions Per Minute

SAR Specific Absorption Rate
SEM Scanning Electron Microscopy
Ag Silver

SNR Signal-to-Noise Ratio

TGA Thermogravimetric Analysis
UHF Ultra High Frequency

UTM Ultrasonic Thickness Measurement
VHF Very High Frequency

VNA Vector Network Analyzer
VSD Voltage Spectral Density
WPT Wireless Power Transfer

XRD X-ray Diffraction

© 2026, Indian Institute of Technology Delhi



NOTATIONS

VuEe Magnetoelectric Voltage

Huco AC Magnetic Field (Oe)

Hpe DC Bias Field (Oe)
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es1,p electric field constant in (3) direction
€33,8 permittivity of the dielectric under constant strain
H, Magnetic field in 1 direction
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Co mechanical damping co-efficient
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x displacement

Fy Equivalent Voltage Generated by Induction of B 4¢
Ry Electrical equivalent of damping co-efficient
Cu electrical equivalent mechanical stiffness
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Ly electrical equivalent of inertial mass

Co electrical equivalent of piezoelectric capacitance
¢i(x) Spatial displacements for the i-th mode of resonance
doi(z) Difference in ¢;(x) at the boundary condition
Hpcopt Optimum DC Magnetic Field

As Magnetostriction

aME Magnetoelectric Voltage Coefficient

P. Recieved Power

SEMR Magnetic field sensitivity

Ngp Power spectral density (PSD) of the noise
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QRa Radiation quality factor

Qchu Chu’s Limit of Quality factor

k Wave Number

b Radius of encircling sphere

AT Temperature change

FOM Figure of Merit

5; relative permittivity

AR Area of the recieving ME antenna

D, —-D, Diode Names
c,-C, Capacitor Names

Csys Capacitance across SYS Pin of ADP5092
Ly-L, Inductor Names

Py, Load Power

Vear Voltage stored across BAT pin
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D Distance between Tx coil and Rx ME antenna
Vpep Voltage Dickson Charge Pump
Cpar Capacitor across BAT pin
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M, — M, MOSEFET names

VeECT Rectified Voltage

VrEG Regulated Voltage

e Relative permiability

% Azimuthal angle

0 Elevation angle

T, Transmitter

R, Receiver

Si1 Return Loss

« Alpha phase of PVDF

6] Beta phase of PVDF

0/ Gamma phase of PVDF
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