ABSTRACT

Modern robotic systems require wireless, battery-free, and energy-efficient approaches for
sensing and communication systems to detect human interaction and environmental changes
during operation. However, conventional sensing approaches, such as capacitive arrays,
infrared sensors, and camera-based systems, often require complex wiring, high power
consumption, and dense sensor networks, which limit their scalability and flexibility in robotic
applications. This dissertation presents the design of wireless-powered RF resonant circuits for
sensing and communication in human—collaborative robots. The proposed work is based on
resonance-driven sensing using Single-Conductor Power Transfer (SCPT) and Surface
Wireless Power Transfer (SWPT), where conductive surfaces and resonant structures are
simultaneously utilized for wireless power transfer, passive sensing, and low-power
communication. Unlike conventional wireless systems that require dedicated return paths or
multiple interconnections, the proposed approach operates using a single excitation conductor,
while the surrounding environment acts as a distributed capacitive return path, which provides
a more flexible power source compared to traditional two-wire systems.

A GaN-based RF power amplifier operating at 13.56 MHz is used to excite conductive
surfaces, while a distributed resonant receiver coil is employed to harvest power at its SRF.
Compact passive resonant receivers harvest RF energy through capacitive coupling and operate
without local batteries or a return ground wire connection. The resonant receiver includes an
RF-DC converter circuit that rectifies the signal from the receiver coil into DC, which is then
processed through a low-pass filter and a buck-boost converter to provide stable power to the
load. The system is capable of supporting a wide range of operating conditions, from heavy
loads (>20 W) to ultra-low-power loads (<50 uW). The proposed SCPT and SWPT-based
resonant receiver circuit is designed for sensing and communication in human—collaborative
robotic applications. The sensing circuit detects environmental interactions, including human
proximity, touch, force, and conductive object presence. These interactions perturb the
resonance characteristics of the system, producing measurable variations in voltage amplitude
and SRF. These resonance variations are then utilized for sensing and low-data-rate
communication.

The proposed framework is experimentally validated through multiple sensing platforms for
human—collaborative robot (HCR) applications. A wireless-powered passive resonant
omnidirectional sensing system is presented for proximity and contact detection in HCRs. The

system utilizes SWPT-based wireless-powered receivers operating near 3.6 MHz, with
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negligible idle power consumption on the order of nW and passive circuit dissipation of
approximately 29 pW. The resonant receiver detects both conductive objects and human
presence under proximity and direct-contact conditions by monitoring resonance-frequency
variations. In addition, the system supports simple one-bit digital communication while
enabling multiple passive receivers to be powered from a single transmitter, thereby improving
maneuverability and scalability in robotic environments. For lower-power operation, a
Resonance-Based Object Sensing System (ROSS) is developed for soft robotic skin
applications in HCRs. High-Q resonant coils (Q > 550), integrated into compliant robotic skins,
operate at 1.4 MHz with ultra-low excitation power levels ranging from —16 dBm to —56 dBm.
The passive RF-DC converter front-end generates sufficient DC output for direct interfacing
with microcontroller units without external amplification. The system distinguishes between
insulating materials, conductive objects, and human interaction, while also differentiating
gentle touch from higher applied forces exceeding 21 N. This enables improved safety and
selectivity for robotic arm end effectors and robotic fingers.

Second, a resonance-based sensing approach on large-surface for human-machine
interaction (HMI) is developed. In this method, the entire conductive surface functions as a
sensor by varying its resonance characteristics in response to object interactions. The surface
is excited using a single conductor powered by a resonant coil, which provides a passive voltage
gain at -16 dBm input power. The entire conductive surface operates as a distributed sensor at
13.56 MHz in the ISM band. A secondary resonant coil is employed to amplify voltage
variations caused by human touch on the surface. The system delivers a high-voltage output
signal that can be directly interfaced with a computing platform through an ADC, thereby
eliminating the need for external amplifiers or analog filters. This technique offers a cost-
effective, low-power, and large-area sensing solution for HCR. The proposed system can be
seamlessly integrated into machines or robotic platforms for HMI sensing applications.

Finally, this dissertation investigates scalable implementation strategies and the nonlinearity
of receivers in distributed sensing systems. High-Q resonators are adapted for multilayer
printed circuit board (PCB) and CMOS-compatible integration to enable compact and
manufacturable sensing nodes. In addition, SCPT-based sensor testing in aquatic environments
is explored to achieve low-cost and safer near-field sensing, while ensuring aquatic mammal
safety. By combining wireless power transfer, passive circuit-based RF resonance sensing, and
low-power communication within a unified resonant framework, this work establishes a
scalable and energy-efficient platform for next-generation 6G/7G communication, human—

collaborative robots, smart surfaces, and distributed sensing environments.
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Y e gunferdt § AFT-IaTe Sid:foam (HRI) TuT TiaRiie waiarofia aRad-! & 9cie wu
I U & fo aR-IRd , ded-fRd 3R Il -H1at Hde Ud TR HUNTer) &t Sdd IRl
%I E'[(_ﬂﬁ?, Wﬁﬁmﬂa—cﬂﬂm, ﬁﬂmW(capacitive arrays), 3aad fafdvo (IR)
3R FIRT-3NRA T Yonfernt & oy SRR Sfed arl, 3= fasTelt & @ud quT Waed &t TRt
STYIRT TIRT T STIRISHT il &, S Aslfed SN & 3! AR &mdT SR SrHadr &
Hfd Fd €1 I8 MY Y&y AHI-Ggant Jalel (HCR) Bq Tdad 3R TaR & forg ar 3fga I&a-
3Ry 3rATE Tatferd fagga uRudt @) TuRwEr TRdd &Rl 8| TRaifad =Y & Ued-arad faggd
QTfed RIMIAROT (SCPT) TUT sl dR-Agd faggd Qfdd RIMIARN (SWPT) TR SUTRA 3T -Taferd
Hde db-1e BT UGN fohdT 11 8 | SHH a1 dal 3R ST TRl &l aR-Ifed fagga St
RIFTaRU, AR e (passive sensing) 3R & faggd Holf TaR & AW Tdigd fowar T g
IRUR® dR-3fed faggd S wmiaRor yonferdt & fausa, 5= gafta arasft oy o1 o2 siqdfsy o
TGS Bldll &, URATAd YUIeH Udh faggd ol dIde &1 SUTNT b GdIferd gidl &, Siaid
ST T dTdTaRvl U faafkd et Art & w0 § &1 SR 8, S URURS &l-dR Jonferd &1 gamr
o Y HRId faggd Sl |id UaH dxal g

13.56 WIECS WR Iiferd Afery A13erzs (GAN) Tiforer sneika Yfear-smgf wfad vade @
IUANT TS Tdal Bl IR (excite) FRA & fore fawan a1 €, wafes faalka srAme w6t puseh &I
IGD! W-3ATE! 3MGRY (SRF) WR FHoll WUgUl gq Faiford fovan mar g1 amfar fAfspa srAre areh
FUSH YR I & ATH J G- SR Il T Rl § SR R et a1 aroeft of-aR
TS & o1 S R 1 SATE Tet A ASA-3mgiy ¥ yge uRT uRade uRuy e 8, S
Tl et o T RErd &1 uiel 4RT (DC) W uikafda &var g1 39 a1e (9-3mgfi 893 (Low-
Pass Filter) ddT \’ﬂﬁﬁﬁm uRade (Buck-Boost Converter) & HIEIH O ﬁﬂ:ﬁﬁ-m & fRRR wfeq
T 1 STl 81 I8 YUTet HRY faggd-HR (> 20 W) | AR 3rdd 5 fagga-HR (<50 pw) d@ fawqd
ufare Rufaat &1 w9dF axA & Wed g1 TRaifad ar-Ifed fagga e RAMiaRor snenid sATg
1! faggd uRuy &1 HTHa-Teanh Jaifed Sy & dde 3R TaR & fag Swiad famar i g
o ufkuy Hra Rdrear, W, 96 3R arae av Iuffa afed gatarufia sia:fararsit &1 gar awmar
g1 3 3fa:fram yumeht &t srgATe fadivarsit &1 guifad Siferg el €, for dieest S 3R SRF H
AR g PrFrard et gt €1 39 SfATe PAdTel &1 SUdT a9 Wded SR HH-Sel-ar YR & oy
b SraT 81

TRATTAd G672 ) AHG-TganT s (HCR) SN & o8 3% Yae! We b & Aem I TaRTHS
w0 § JAIUd a1 71 g1 HCRs & FAdhear 8iR WU& &1 Udl T & [l T dR-IMed -Sanferd
fAfSra srATe Tdfewr Tadt o uRga @1 718 31 R 3.6 AEES & U HIH HRA dTd SWPT-
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eTRE AR-IMed Tarferd et &1 I Hvl g, SR e ffspa fdd @ud SHiare (nw) & w3
oI gt & IuT FAfSpg aRkuy o TTHIT 29 pw BT 81 3FATE UTe! SATG-3af fyarsif o
R e Fdedr SR Te-uds fRufaat & araes axgsil aur ara JufRufd a1 &1 udl @ 8|
3% 3ifafed, 78 Tl TRl Ush-fae fEfed Tar &1 gud o3l 8, el &3 fAfepa 71d) &) ted
e § Tarferd - § T&m ST €, Forad Jaifes arararor § fafterdr iR Am-ioar & gur gidr
8| HH-Tad FATe 8, HIAT: JValed @l (Soft Robotic Skin) SIANT & o 3ATG- TR %
Hde Yurelt (ROSS) fawmRid &t 18 g1 I=d- I[ura< I[UNd 3fATE HUSH! (Q> 550) S adiai Jaled
91 H THIHd &, 1.4 TGS WR-16 dBm T-56 dBm dFH & A HH IToHI Afdd WRI & 1Y HTH
HRd g1 PSP RF-DC IR TRU1 uRade a1t uaedq & fom1 argspideler ¥ SIS yodi g 3R
e D i Id Fral g1 I8 ToTTelt SfaRiey® AT, ardd avgsil 3fR AMd Sfd:fehar & &t SfaR
IR §, Tqfdb 21 N ¥ 3% I A §a ¥ HiAa W=l & o S Rl 51 T8 A YT Hl
3ifad guTad 3R Jeifes ITferdt & o dgaR YR&M SR TATHGT &Y TeH ST 8 |

TR WO H, A0 Sfa:fhar (HMI) & T 3-9d8 W SrATe-3muia dact ugfa fasRid
forar T B 1 39 usfa B O arae Tag axgait @ sid-fhar & ufa ot ergATe faivanaeit & ufkadH
IRP Gdad & ¥9 H BT Il ¢ | U 3G $od gRI JaTed Uhd e BT IUANT HXdb qdg
I I T ST €, S1-16 dBm Ua Wfdd W U FAfSpa yatfs diees @y UeH &l g | ot
TaTePIg g eI, dme ud ffeaia ds § 13.56 AMecs R fdalkd Jded & w0 & &l
! ¢ | T8 TR A W & HRUT G aTdl dleesl (NAdIsh B g & e U fgdiaed srAe Fed
BT UGN forart o1 B | R te I=-dieest FriH Yahd e HRd § R Ueer o1 & Areqd 9 U
ADC 9§ T8 FHEfeT Wehd I SieT o avd 5, o a18<) TR a1 TATanT fiheex & STaRadhdl
A B STl 81 T8 debileb HCR b fIT HH-arTa, SH-2fRT 3R 98-87 Yad! JHy™ UgH Hd!
2| URATfad JoIeit Bt HMI Tad) 3TN & forg w=iet a1 Jsifes wewm #f Wew T4 I Thipd
forar o1 9T 3|

3fda:, g8 MY yay faalkd dda uRka=ll (Distributed Sensing Environments) H UTg! GRTT &t
SR qUT faarRarg wrafa Al &1 seqge axal 81 Sw-Q SFARS! & 9g&rid gfsd
Ry Ug (PCB) TUT CMOS-ITA THIHRUT & I S ierd fovar Tar 8, fory wiféra wd fmfor-
T Tae A1 fawRid foy o 9 | 39 sifafkad, HH-arTd Ud QRférd Fae-89 ¥aad (Near-Field
Sensing) UTtd &R AT SIci T THUTRAT o1 GRET G B3 & S5-I ey URa=T T SCPT-SeTRd
Fag®m! & UEUT HT Sea- fHar M1 81 arRay fda wIFiaRvl, fAfssa ufkay-snenikd RF SiATE
TG qUT FH-RfH TR B Thipd SFATE WRE1 H HAIford B, I8 B 3Tl Uit Bt 6G/7G
TR Yunferdl, AMa-Tgaih Jsiel, T dde! (Smart Surfaces) TdT fadd Tde gRawl & faw ueh
foxaRarg ud Soll-Herd T g a5 g
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