Simultaneous measurement of soil electrical
conductivity and dielectric permittivity using high-
frequency electromagnetic induction

Spiki¢, Dorijan

Doctoral thesis / Disertacija
2024

Degree Grantor / Ustanova koja je dodijelila akademski / strucni stupanj: University of
Zagreb, Faculty of Electrical Engineering and Computing / SveuciliSte u Zagrebu, Fakultet
elektrotehnike i racunarstva

Permanent link / Trajna poveznica: https://urn.nsk.hr/urn:nbn:hr:168:471739

Rights / Prava: In copyright /Zasti¢eno autorskim pravom.

Download date / Datum preuzimanja: 2024-12-05

Repository / Repozitorij:

FER Repository - University of Zagreb Faculty of
I Electrical Engineering and Computing repozitory

DIGITALNI AKADEMSKI ARHIVI I REPOZITORILII



https://urn.nsk.hr/urn:nbn:hr:168:471739
http://rightsstatements.org/vocab/InC/1.0/
http://rightsstatements.org/vocab/InC/1.0/
https://repozitorij.fer.unizg.hr
https://repozitorij.fer.unizg.hr
https://repozitorij.unizg.hr/islandora/object/fer:12051
https://dabar.srce.hr/islandora/object/fer:12051

FACULTY OF ELECTRICAL ENGINEERING AND COMPUTING

Dorijan Spiki¢

SIMULTANEOUS MEASUREMENT OF SOIL
ELECTRICAL CONDUCTIVITY AND DIELECTRIC
PERMITTIVITY USING HIGH-FREQUENCY
ELECTROMAGNETIC INDUCTION

DOCTORAL THESIS

Zagreb, 2024



FACULTY OF ELECTRICAL ENGINEERING AND COMPUTING

Dorijan Spiki¢

SIMULTANEOUS MEASUREMENT OF SOIL
ELECTRICAL CONDUCTIVITY AND DIELECTRIC
PERMITTIVITY USING HIGH-FREQUENCY
ELECTROMAGNETIC INDUCTION

DOCTORAL THESIS

Supervisor: Professor Darko Vasi¢, Ph.D.

Zagreb, 2024



FAKULTET ELEKTROTEHNIKE | RACUNARSTVA

Dorijan Spiki¢

ISTOVREMENO MJERENJE ELEKTRICNE
VODLJIVOSTI | DIELEKTRICNE PERMITIVNOSTI
TLA PRIMJENOM VISOKOFREKVENCIJSKE
ELEKTROMAGNETSKE INDUKCIJE

DOKTORSKI RAD

Mentor: prof. dr. sc. Darko Vasi¢

Zagreb, 2024.



This doctoral thesis has been done at the University of Zagreb, Faculty of Electrical Engineering

and Computing, Department of Electronic Systems and Information Processing.

It was supported by the Croatian Science Foundation under the project UIP-2017-05-6948,
MIMES — Models and Inverse Methods for Near Field Electromagnetic Sensors.

Supervisor: Professor Darko Vasi¢, Ph.D.

The doctoral thesis has 132 pages.

Doctoral thesis number:




About the supervisor

About the supervisor

Darko Vasi¢ is a full professor at the University of Zagreb, Faculty of Electrical
Engineering and Computing in Zagreb, Croatia in the field of electronic instrumentation and
measurement. He earned his Ph.D. in electrical engineering from the University of Zagreb in
2010. He was awarded for his doctaral thesis with the Silver Plaque Josip Lonc¢ar and the Koncar
award. Darko Vasi¢ has over 20 years of research, educational and industrial experience in
electromagnetic modelling and sensorics, electronic instrumentation and electronic systems.
His research interests primarily focus on eddy current non-destructive testing and soil sensing.
He has coauthored more than 60 journal and conference papers. He serves as co-editor in chief
of the journal Automatika and contributes as a technical reviewer for several high-ranking
international journals. He was a program committee chair for the IEEE International
Instrumentation Measurement Technology Conference in 2020, and acted as a guest editor for
a special issue of IEEE Transactions on Instrumentation and Measurement. He was a principal
investigator of eight research projects funded by EU and national funds, and industry
collaborations. He participated in the development of commercial industrial systems for
geophysical measurements, and automated systems for eddy current inspection in nuclear

power plants.

Dorijan Spiki¢, PhD Thesis A%



O mentoru

O mentoru

Darko Vasi¢ je redoviti profesor SveucilisSta u Zagrebu Fakulteta elektrotehnike i
racunarstva u podrucju elektronicke instrumentacije i mjerenja. Doktorirao je elektrotehniku na
SveuciliStu u Zagrebu 2010. Za rezultate doktorskog rada nagraden je srebrenom plaketom
"Josip Loncar" FER-a i nagradom "Koncar". Darko Vasi¢ ima preko 20 godina istrazivackog,
obrazovnog i industrijskog iskustva u podrucju elektromagnetskog modeliranja i senzorike, te
elektroniCke instrumentacije i elektronickih sustava. Njegovi istrazivacki interesi su posebno
usmjereni na nerazorno ispitivanje vrtloznim strujama i ispitivanje tla. Koautor je vise od 60
radova u Casopisima i1 konferencijama. Djeluje kao glavni suurednik ¢asopisa Automatika i
recenzent za nekoliko uglednih medunarodnih Casopisa. Bio je predsjednik programskog
odbora za IEEE International Instrumentation Measurement Technology Conference 2020. 1
gost urednik za posebno izdanje IEEE Transactions on Instrumentation and Measurement. Bio
je voditelj osam istrazivackih projekata financiranih iz EU i nacionalnih fondova te projekata u
suradnji s industrijom. Sudjelovao je u razvoju komercijalnih industrijskih sustava za
geofiziCka mjerenja, te automatiziranih sustava za inspekciju vrtloznim strujama u nuklearnim

elektranama.

Dorijan Spiki¢, PhD Thesis VI



Acknowledgements

Acknowledgements

Firstly, I would like to thank my supervisor, Darko Vasié, for giving me this opportunity,
for his guidance and encouragement through my doctoral journey, extensive discussions about
everything research-related or unrelated, and for steering me in the right direction and helping
me become an independent researcher.

Thank you, Professor Vedran Bilas, Dr. Michael O'Toole, and Professor Ratko Magjarevic,
for being on my thesis committee.

I want to thank my colleagues from ZESOI, especially Davorin Ambrus for his invaluable
bits of engineering wisdom, Marijan Kuri for his help with the mechanical construction of the
experimental setup, and Matija Svraka for helping me with numerical simulations.

Thanks to my former and current colleagues in D-136, Marko, Marko, Ivan, Fran, Dinko,
Dora, and Niko, for making the work environment enjoyable. Thank you, Tin, Ivan and Kristijan
for our discussions during lunch.

Thanks to Ivana for always listening to my problems and giving me good advice.
A big thanks to my friends, Andrej and Bruno, for always being there for me and
reminding me to have fun in life. Thanks to Matej, Tin, Nikola, Ana, Matea, Dajana, Tena, and

Anja for being part of my life.

Thanks to my family, grandparents baka Ruza, baka Franca, and deda Ugo for believing
in me, and my brother Matija and sister-in-law Ana for always cheering for me.

Most importantly, I am grateful to my parents, Damir and Vesna, who supported me
through each stage of my life; this wouldn t have been possible without them.

Dorijan Spiki¢, PhD Thesis Vil



Summary

Summary

Soil is a heterogeneous medium consisting of solid particles, liquid, air, and organic
matter with a pronounced variability over the area. Mapping a within-field variability of soil
properties provides valuable information for soil management in precision agriculture
applications. The soil electromagnetic parameters (electrical conductivity, magnetic
permeability, and dielectric permittivity) depend on the physical and chemical properties of the
soil, such as water content or salinity, and can be related through empirical and theoretical
models. Proximal soil sensing techniques are well suited for mapping within-field variability
as they provide high temporal and spatial resolution of soil data. The electromagnetic modalities
used are direct current resistivity measurement, capacitively coupled resistivity measurement,
electromagnetic induction, and ground penetrating radar. These modalities are complementary
as their sensitivity to electromagnetic parameters differs due to different frequency ranges. This
doctoral thesis researches high-frequency electromagnetic induction (HFEMI) sensing modality,
operating in the frequency range from 3 MHz to 30 MHz through the analytical model, finite
element method analysis, and experimental verification. The main hypothesis is that the
modality is sensitive to electrical conductivity and dielectric permittivity in this frequency range.
It is possible to sense both electromagnetic effective parameters of the soil simultaneously using
the portable sensor design, and this was shown through analytical and laboratory analysis.

The analytical model derived from Maxwell’s equations for a two-layer homogeneous
medium shows that the sensitivity to conductivity and permittivity increases with the frequency,
while the sensitivity to magnetic susceptibility is unaffected by frequency increase. The
proposed HFEMI soil sensor consists of an electrostatically shielded printed circuit board
transmitter and receiver coil, battery-powered proprietary electronics, and a commercial vector

network analyzer. The electrostatic patterned PCB shields were used on both sides of each coil
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to minimize the capacitive coupling between the coils and through the medium. A method to
evaluate the effectiveness of the shield spacing and patterns was derived, and proper shielding
was chosen accordingly by comparing measured sensor response in the air with the FEM
analysis of the unshielded coils. The proposed sensor geometry has separated the transmitter
and receiver coils, which are mutually perpendicular to control the primary inductive coupling.
The HFEMI soil sensor was evaluated in the laboratory above the container filled with
61 1 of deionized water, to which salt or sucrose was added to change electrical conductivity
and dielectric permittivity. The results agreed quantitatively with the FEM model,
demonstrating the possibility of simultaneous determination of electrical conductivity and
dielectric permittivity at a single frequency. The measurement results of field tests with the soil
irrigated with deionized and saline water showed that the sensor response is in accordance with
laboratory findings.
Keywords: electrical conductivity, dielectric permittivity, high-frequency, electromagnetic

induction, shielding, sensor, soil, precision agriculture
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Sazetak

Sazetak

Istovremeno mjerenje elektri¢ne vodljivosti i dielektricne permitivnosti tla

primjenom visokofrekvencijske elektromagnetske indukcije

Tlo je heterogene strukture i sastoji se od krutih Cestica, tekuéine, zraka i1 organskih tvari, a
sastav se moze znacajno razlikovati i na manjem podrucju kao $to je poljoprivredno polje.
Mapiranje znacajki tla na nekom podrucju daje vrijedne informacije koje se mogu iskoristiti za
bolje upravljanje tlom u preciznoj poljoprivredi. Elektromagnetski parametri tla (elektricna
vodljivost, dielektricna permitivnost, magnetska susceptibilnost) ovise o fizikalnim i kemijskim
svojstvima tla kao §to su udio vode u tlu i salinitet te se mogu povezati empirijskim 1 teorijskim
modelima. Blizinska ispitivanja tla prikladna su za mapiranje znacajki tla na manjem prostoru
jer imaju visoku vremensku 1 prostornu razlucivost podataka. Elektromagnetski modaliteti
koristeni u ispitivanju znacajki tla su kontaktno mjerenje otpornosti, kapacitivno spregnuto
mjerenja otpornosti, elektromagnetska indukcija i1 georadar. Zbog rada u razli¢itim
frekvencijskim podru¢jima, ti modaliteti se mogu smatrati komplementarnim. Kontaktna
otporna 1 kapacitivna metoda su osjetljive na elektricnu vodljivost (otpornost) tla,
elektromagnetski induktivni senzori su osjetljivi na elektricnu vodljivost 1 magnetsku
susceptibilnost, a georadar na dielektricnu permitivnost i elektricnu vodljivost.

U ovom doktorskom radu istraZzuje se mogucnost istovremenog odredivanja elektricne
vodljivosti 1 dielektri¢ne permitivnosti tla koriStenjem visokofrekvencijske elektromagnetske
indukcije u frekvencijskom podrucju od 3 MHz do 30 MHz. U tom frekvencijskom podrucju
raste osjetljivost na elektriénu vodljivost 1 dielektricnu permitivnost, te je pokazano da je
moguce prijenosnim senzorom tla uz odgovarajuéu geometriju i potiskivanje neZeljene

elektromagnetske sprege odrediti oba parametra na jednoj frekvenciji.
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Glavne hipoteze istrazivanju su: 1.) Visokofrekvencijski elektromagnetski induktivni
modalitet prikladan je za odredivanje elektricne vodljivosti i1 dielektricne permitivnosti tla, i
moze se implementirati koriste¢i geometriju senzora i elektronicku instrumentaciju pogodne za
prijenosnu upotrebu; 2.) Moguce je razdvojiti 1 odrediti utjecaje elektricne vodljivosti i
dielektricne permitivnosti tla usporedbom podataka dobivenih visokofrekvencijskom
elektromagnetskom induktivnom metodom i rezultata modela senzora; 3.) NeZeljeni mehanicki,
temperaturni i1 elektromagnetski utjecaji mogu se kontrolirati i potisnuti prikladnom
geometrijom senzora ili izvedbom elektronicke instrumentacije.

Znanstveni doprinos istrazivanja sastoji se od tri dijela: 1.) Na modelu zasnovana metoda
mjerenja elektri¢ne vodljivosti i dielektricne permitivnosti tla primjenom visokofrekvencijske
elektromagnetske indukcije, 2.) Analiza nezeljene elektromagnetske sprege i tehnike za
potiskivanje smetnji, 3.) Geometrija senzora i elektroni¢ka instrumentacija za istovremeno
mjerenje elektriéne vodljivosti 1 dielektri€éne permitivnosti tla primjenom visokofrekvencijske
elektromagnetske indukecije.

U prvom poglavlju disertacije (Chapter 1 Introduction) opisana je motivacija za
mapiranje tla u preciznoj poljoprivredi upotrebom blizinskih ispitivanja te su definirani
efektivni elektromagnetski parametri tla i njihova veza s fizikalnim i kemijskim svojstvima tla.
Dan je opsezan pregled istrazivanja o elektromagnetskim senzorima tla te su detaljnije opisane
metode kontaktnog mjerenja otpornosti tla, kapacitivno spregnutog mjerenja otpornosti,
elektromagnetskog induktivnog mjerenja i georadara. Takoder, dan je pregled stanja tehnologije
za visokofrekvencijske elektromagnetske induktivne senzore tla. Definirane su glavne hipoteze
istrazivanja 1 znanstveni doprinos disertacije.

U drugom poglavlju (Chapter 2 Analytical model) opisan je analiticki model senzora
izveden iz Maxwellovih jednadZbi i jednadZbi elektromagnetskih potencijala u punovalnom
obliku. Izveden je model vektorskog magnetskog potencijala odaSiljacke zavojnice iznad
dvoslojnog tla (svaki sloj je homogeni 1 izotropni materijal s definiranom vodljivoscu,
permeabilnoS¢u 1 permitivnoséu) 1 induciranog napona prijemne zavojnice u obliku
Sommerfeldova integrala. Model ukljucuje jednu odasiljacku i1 jednu prijemnu zavojnicu
kvadratnog presjeka, a pretpostavljeno je da je odasiljacka zavojnica mala u odnosu na valnu
duljinu pobude te je struja uniformna. Inducirani napon prijamne zavojnice sastoji se od
primarne komponente zbog induktivnog vezanja u slobodnom prostoru te sekundarne
komponente zbog doprinosa tla. Na temelju Lorentzovog teorema reciproc¢nosti i Bornove
aproksimacije pokazano je da osjetljivost omjera sekundarnog i primarnog napona ovisi

linearno s frekvencijom za elektricnu vodljivost, kvadratno s frekvencijom za dielektri¢nu
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permitivnost, dok je za magnetsku permeabilnost neovisna o frekvenciji. Rezultati modela
prikazali su primjenjivost visokofrekvencijske elektromagnetske induktivhe metode za
istovremeno odredivanje vodljivosti i permitivnosti tla neovisno o permeabilnosti.

U tre¢em poglavlju (Chapter 3 Sensor design and electronic instrumentation) opisana je
elektronicka instrumentacija 1 mjerni postav predlozenog senzora temeljenog na
visokofrekvencijskoj elektromagnetskoj indukeiji. Za pobudu i akviziciju signala koriSten je
vektorski analizator mreze spojen na projektirano elektroni¢ko sucelje koje se sastoji od
nekoliko pojacala ukupnog pojacanja 40 dB i niskopropusnog filtra gornje grani¢ne frekvencije
35 MHz. Zavojnice s elektrostatskim oklopom izvedene u tehnologiji tiskanih veza.
Odasiljacka zavojnica ima 3 zavoja, a prijemna zavojnica 4 zavoja, a vanjski promjer obiju
zavojnica je 7 cm. Kako bi se smanjio kapacitet zavojnice koriStene su odabrane dimenzije i
mali broj zavoja ¢ime je postignuta rezonantna frekvencija oko 70 MHz, a uz koristenje oklopa
smanjuje se ispod 40 MHz zbog dodatnih parazitnih kapaciteta. Elektrostatski oklop je
dimenzija 87.5 x 87.5 mm, a postavlja se s gornje i donje strane svake zavojnice te je spojen na
referentni potencijal. Isprobana su 2 razliCita uzorka oklopa cesljaste strukture kako bi se
smanyjila koli¢ina bakra ¢ime se smanjuju inducirane strujne petlje u oklopu i induktivni gubitci.

Laboratorijski mjerni postav se sastoji od baterijski napajanog senzorskog sustava
postavljenog na drvenu konstrukciju ispod koje se postavlja plasticna posuda dimenzija
58.3 cm x 37.2 cm x 28.3 cm. Maksimalni volumen medija u posudi je 61 litra, a koriStena je
deionizirana voda u koju je dodavana sol ili Secer ¢ime se mijenjaju elektromagnetska svojstva
medija. Opisane su postavke simulacije te geometrija modela senzora i laboratorijske
konstrukcije za numericku analizu metodom konaénih elemenata (FEM) koji je koriSten za
usporedbu s laboratorijskim mjerenjima. Opisana je mjerna procedura koriStena u
laboratorijskim i terenskim ispitivanjima. U prvom koraku izmjeren je odziv senzora u zraku
bez prisutnosti medija, a zatim odziv senzora kad je ispod prisutan medij. Odziv senzora u zraku
je primarno induktivno vezanje, a odziv iznad medija superpozicija primarnog vezanja i
sekundarnog vezanja zbog utjecaja medija. Iz tih mjerenja dobiven je omjer sekundarnog i
primarnog napona te je eliminirana prijenosna funkcija instrumentacije ¢ime se rezultati mogu
usporediti s analitickim i numeri¢kim modelom.

U cCetvrtom poglavlju rada (Chapter 4 Analysis of unwanted electromagnetic coupling
and interference rejection techniques) analiziran je utjecaj nezeljene elektromagnetske sprege,
temperature, mehanickog pomaka 1 promjene udaljenosti senzora od tla. Pokazano je da na
viSim frekvencija oklop uspje$no smanjuje kapacitivnu spregu izmedu zavojnica i medija te je

opisana metoda odabira oklopa. Za odabir odgovarajuéeg oklopa razvijena je metoda estimacije
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parametara direktnog vezanja izmedu zavojnica dobivenih iz lineariziranog nadomjesnog
modela senzora i izmjerenog odziva senzora u zraku. KoriStena je Cinjenica se okretanjem
odasiljacke zavojnice mijenja smjer magnetskog momenta i time predznak induktivnog vezanja
dok kapacitivno vezanje ostaje isto. Isprobano je 36 kombinacija razli¢itih uzoraka oklopa i
udaljenosti oklopa od zavojnica te je odabran oklop cesljastog uzorka udaljen od zavojnice
4 mm s obje strane.

Utjecaj visine senzora iznad tla (liftoff) je analiziran koriste¢i analiticki model i
laboratorijski iznad spremnika s razli¢itim vodljivostima slane otopine. U uvjetima konstante
permitivnosti moguce je istovremeno myjeriti vodljivost tla 1 udaljenost od tla. Pokazano je da u
sluc¢aju valjanosti Bornove aproksimacije, utjecaj udaljenosti je neovisan od elektromagnetskih
znacajki tla. Utjecaj temperature analiziran je eksperimentalno u uvjetima konstantne i
promjenjive temperature okoliSa. Terenski eksperiment pokazuje da postoji temperaturni
pomak kad je senzor izloZzen sunfevom svjetlu te postoji potreba za kompenzacijom
temperaturnog pomaka elektronike. Utjecaj mehani¢kog pomaka zavojnica analiziran je
koriste¢i FEM simulacije i pokazano je da su najznacajnija odstupanja u slucaju nagiba
odasiljacke zavojnice i promjene vertikalnog posmaka zavojnica.

U petom poglavlju (Chapter 5 Results) predstavljeni su mjerni rezultati laboratorijskih
eksperimenata i terenskog ispitivanja. U laboratorijskom dijelu istrazivanja, analiziran je odziv
senzora na elektricnu vodljivost 1 dielektriénu permitivnost u rasponu tipi¢nom za vecinu tla
(10 mS/m do 300 mS/m za vodljivost te 1 do 78 za permitivnost). Senzor je postavljen iznad
spremnika napunjenog sa 61 1 deionizirane vode u koju je dodana sol u odredenim koracima
kako bi se promijenila elektri¢na vodljivost homogenog medija. Dielektri¢na permitivnost je
mijenjanja dodavanjem Secera u deioniziranu vodu. S obzirom na potrebnu koli¢inu Secera,
relativhu permitivnost je bilo moguce smanjiti od 78 do 62. U drugom pristupu koriSten je
dvoslojni medij, gdje je promjenom razine vode efektivna permitivnost mijenjana u rasponu od
1 do 78. Rezultati eksperimenta su usporedeni s numerickim rezultatima dobivenim metodom
konaénih elemenata. Rezultati se kvantitativno dobro poklapaju te je pokazano da je moguce
istovremeno odrediti elektricnu vodljivost 1 dielektriénu permitivnost iz mjerenja na jednoj
frekvenciji. U terenskim mjerenjima ispitan je laboratorijski prototip tako da je u prvom
eksperimentu senzor postavljen je na tlo prethodno zalijevano deioniziranom ili slanom vodom.
Rezultati terenskih ispitivanja pokazali su trendove koji se poklapaju s laboratorijskim
ispitivanjima, ali ith nije bilo moguée dodatno kvantitativno interpretirati zbog nedostatka
rezultata iz drugih senzorskih modaliteta. Takoder, identificirani su temperaturni i mehanicki

utjecaji koji nisu bili prisutni u laboratoriju.
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U Sestom poglavlju disertacije (Chapter 6 Conclusions) dani su glavni zakljucci iz svih
poglavlja. Opisani su glavni izazovi u istrazivanju te su iznesena postignuca koja su povezana
sa znanstvenim doprinosima. Takoder, dane su smjernice za nastavak istrazivanja u podrucju
visokofrekvencijske elektromagnetske indukcije za odredivanje znacajki tla.

Frekvencijsko podrucje razvijenog senzora je izmedu klasi¢nih induktivnih senzora na
nizim frekvencijama te georadara na viSim frekvencijama te moze pruziti komplementarne
informacije drugim senzorskim modalitetima. Predlozen senzor je osjetljiv na elektricnu
vodljivost 1 dielektricnu permitivnost u rasponu tipicnom za tla. Pokazano je da je
visokofrekvencijski elektromagnetski induktivni senzor izvediv uz koristenje elektrostatskog
oklopa, ali za terenski prototip je takoder potrebno kompenzirati utjecaj temperature i promjene
visine senzora od tla. Analiticki model te rezultati FEM simulacija i laboratorijskih mjerenja
pokazuju da je moguce istovremeno mjeriti elektricnu vodljivost i dielektriénu permitivnost uz
kalibraciju senzora.

Istrazivanje se moZze nastaviti u vise smjerova. Za uspjesno terensko ispitivanje potrebno
je razviti novu generaciju senzora $to ukljucuje razvoj elektronickog sklopovlja, kompenzaciju
temperature te sklopovlja za pobudu i akviziciju signala. Nadalje, moguce je optimirati
dimenzije zavojnica i oklopa. Takoder, potrebno je implementirati kompenzaciju promjene
visine senzora od tla §to je moguce visefrekvencijskom pobudom ili koriStenjem dodatnog
modaliteta za mjerenje udaljenosti. Razvijeni prototip u kombinaciji s kalibracijom
zasnovanom na analitickom modelu otvara vrata multidisciplinarnom pristupu jer bi se mogao
koristiti u kontekstu geoznanosti i precizne poljoprivrede.

Rezultati ovog rada su obecavajuci te poticu daljnja istrazivanja visokofrekvencijskog

elektromagnetskog induktivnog modaliteta u kontekstu mjerenja i mapiranja znacajki tla.

Kljuéne rijei: elektricna vodljivost, dielektricna permitivnost, visoke frekvencije,

elektromagnetska indukcija, oklapanje, senzor, tlo, precizna poljoprivreda
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Chapter 1

Introduction

1.1 Soil sensing

Soil is an essential component of the environment and has a critical role in sustaining life
on Earth. It provides necessary nutrients and water for plant growth, oxygen for root respiration,
acts as a plant support structure, and is a habitat for many microorganisms and animals that are
vital to the ecosystem [1]. Also, soil acts as a filter for groundwater and provides a foundation
for the built environment. Soil is also a limited resource, and human-induced degradation poses
a major ecological concern [2]. It is necessary to monitor the properties of the soil to improve
agricultural production, preserve natural resources, and manage the soil sustainably [3]. Soil
sensing measures and monitors physical and chemical soil properties such as water content,
salinity, nutrients, pH value, and mechanical density. It is used in research areas such as
precision agriculture, inspecting buried infrastructure, archeology, environmental science, and
humanitarian demining [4]-[7].

Soil properties change over time, and due to soil heterogeneity, they can also vary from
point to point over a relatively small area. Soil sensing approaches differ in spatial and time
data density. Sensing approaches are also classified by measurement distance from the soil into
proximal and remote soil sensing. Remote sensing is non-invasive and done using sensors
mounted on aerial vehicles or satellites, while in proximal soil sensing, sensors operate near the
soil, usually less than 2 meters from the ground [8].

Remote soil sensors map larger soil areas with lower spatial resolution, usually a few

meters and above [9]. Temporal resolution is also low, typically from a day to a few months, as
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they are constrained by price and satellite availability. Remote sensors can be passive or active:
passive sensors measure radiation from natural sources in the visible, infrared, thermal, or
microwave electromagnetic spectrum, while active sensors generate electromagnetic waves and
measure the reflection from the surface, usually using the microwave spectrum, for example,
radar or lidar [10][11]. Passive remote sensors are further classified into multispectral and
hyperspectral imaging modalities. Multispectral modality utilizes selected discrete
electromagnetic bands in the nanometer wavelength region, providing information about soil
degradation or biomass yield. In contrast, the hyperspectral modality captures information over
a wide range of wavelengths, providing more detailed information about changes in the soil
cover, such as leaf area, crop biomass, or leaf nitrogen content [12].

Considering the measurement location, proximal soil sensing (PSS) can be done in the
laboratory or field. Laboratory measurements are carried out on the soil samples obtained in the
field. They give the most accurate results and are used to calibrate other methods. The drawback
is that the soil samples must be transported to the laboratory and prepared for analysis, making
it expensive and time-consuming [13]. Proximal soil sensors in the field obtain real-time
information about soil properties, and depending on the sensor modality, they can be in contact
with the soil or contactless [8]. The proximal soil sensors differ in the spatial density of the
obtained data. They can be point sensors that measure the small volume of the soil, sensor
networks that combine more point sensors over the area, or mobile sensors that can be moved
across the measured field. Laboratory sensors are point measurements as the samples are taken
from arbitrary locations, and field sensors enable all approaches to sensing.

Point measurement is a method for measuring soil properties, where the soil samples are
taken randomly or in predefined locations. Point measurements provide temporal and spatially
sparse information about soil moisture, salinity, pH value, temperature, and physical density.
Soil moisture is determined indirectly with capacitive probes consisting of electrodes inserted
in the soil. The soil between the electrodes is a dielectric, and the impedance is measured at a
high excitation frequency, typically from 5 to 150 MHz [14]. Soil water content and salinity
can be measured using a time-domain reflectometry (TDR) probe. Electrodes are placed in the
ground, representing a transmission line along which rectangular pulses of the frequency
spectrum from 20 kHz to 2.5 GHz are transmitted. The measured signal propagation speed
depends on the permittivity, and the attenuation of the signal depends on the conductivity of the
soil [15]. Electrochemical sensors measure the pH value of the soil and the presence of chemical

elements, the most important of which are nitrogen, potassium, sodium, and calcium.
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Mechanical sensors measure the forces and sounds that occur due to the probe's contact with
the ground and are used to determine the mechanical resistance and compactness of the soil [8].

Wireless sensor networks (WSN) consist of sensor nodes scattered in the field, measuring
soil properties and communicating with each other. The basic components of a sensor node are
a microcontroller, communication module, memory, power source, and sensors. The limitations
of WSNs are energy consumption, processing power, and limited memory for data storage. Each
sensor node is an autonomous unit with limited available energy, typically battery-powered.
The research places a large emphasis on methods to extend the lifespan of sensor nodes. Various
methods of reducing node consumption and collecting energy from the environment (solar,
thermal, wind) are being explored. Most of the energy is consumed by communication between
nodes, making it important to choose the correct communication protocol to optimize
consumption, the amount of data transmitted, and the transmission distance [16]. Sensors can
measure properties related to the soil, plants, and environment. Many prototypes and
commercially available sensor nodes measure multiple features simultaneously [17], [18].
Nodes are scattered over the area of interest in which the properties are measured. While using
more nodes increases the spatial density of data, it is still insufficient for mapping features [19],
and more nodes increase the network cost [20]. The temporal density depends on the
measurement frequency, and more frequent measurements increase energy consumption.
Measuring with sensor networks provides spatially sparse but temporally dense information
[21].

The soil usually has a heterogeneous structure and significant spatial variability over the
given area, so the properties of the soil samples can vary depending on the location where they
are taken. From this fact, detailed maps of soil properties are needed to better utilize the
resources in soil management. Electromagnetic proximal soil sensors are a good option for
mapping electromagnetic soil properties from which the pedological soil properties can be
derived. Their advantage is that they can be contactless as they transmit electromagnetic waves
into the soil, providing fast data acquisition and dense spatial information about the soil. The
cost of surveys is usually less than remote sensing, so the measurements can be conducted as

needed to obtain the trends in changes in soil parameters.
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1.2 Electromagnetic properties of soil

Electromagnetic soil properties (electrical conductivity, dielectric permittivity, magnetic
susceptibility) depend on physical and chemical properties such as salinity, water content,
organic matter content, density, and temperature. Soil consists of different-sized solid particles,
liquid, air and organic matter. Because of the heterogeneous soil structure, the apparent
electrical properties are measured, i.e., the average values across the soil volume determined by
the sensor spatial sensitivity. Also, due to the different polarization mechanisms and various
conductive paths in the soil, the electrical conductivity o, dielectric permittivity & and magnetic
susceptibility 4 are complex, frequency-dependent values represented with real and imaginary

parts as [22]:

o*(w)=0'(w)+jo"(w) , (1)
e*(0)=¢'w)+je"(0) , (2)
p*(w)= o)+ ju'(o) . 3)

The Maxwell’s equation for rotation of the magnetic field H, with the harmonic excitation

exp(jar) can be written as

Vx]?I:(O'*(a))+ja)g*(a)));Z , 4)

considering the complex values of electromagnetic properties given in equations (1), (2) and

(3), this can be rewritten in form of

N

VxH= (0, - jos, )E 5)

with effective values of electrical conductivity and dielectric permittivity Gefr and &efr being

Oy = o'r+we" , (6)
G"
8617 = 5'4—; . (7)

In practice, it is difficult to determine both real and imaginary parts of electromagnetic
properties, so the effective measured properties are defined as real numbers consisting of real
and imaginary parts of 6* and &* [23]. Standard laboratory measurements of prepared samples
obtain direct current (DC) electrical conductivity at lower frequencies Getr, which is dominantly
the real part of electrical conductivity ¢’, and dielectric permittivity at higher frequencies eefr
dominantly affected by the real part of permittivity €. In low-frequency measurements, soil

electromagnetic parameters can also be written in terms of effective alternating current (AC)
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conductivity as the imaginary part of permittivity is in phase with the real part of conductivity
[24]:
O-eff‘ = O-real + a)gimag . (8)

An example of frequency-independent measured electromagnetic property is the apparent
electrical conductivity (ECa), the average electrical conductivity of bulk soil volume. The soil
has 3 distinct conductive paths: through solid particles in direct contact, a liquid pathway via
dissolved solid particles, and a solid-liquid pathway via dissolved ions [25]. Other
electromagnetic properties of the soil (dielectric permittivity and magnetic susceptibility) can
also be considered as averaged across the soil volume.

Empirical relations connect physical and chemical soil properties with the measurements
of its electromagnetic properties. The Archie’s law is an example of an empirical formula that
relates soil porosity and EC; in saturated rocks and sand soils:

EC, =ac, ®", 9
where a and m are empirical constants that depend on specific properties of rocks and fluids, ®@
is the porosity of a medium, and o, pore water electrical conductivity [25], [26].

An extension of Archie’s law is the Waxman-Smits model, which considers the influence of
clay minerals on soil EC, and is given as:

EC, =a(c,+0,)D", (10)
with a and m being geometrical constants, g, pore water conductivity, and o, is electrical
conductivity due to the cation exchange [27]. The Hannai-Bruggeman-Bussian equation
presented in [27] applies to a model of a conductive rock matrix immersed in conductive water.
For low-frequency measurements where the influence of dielectric permittivity is negligible,

the equation is:

m

_%w

EC, =0,@"| — 2|, (11)
1— Gw
EC

where EC, is the conductivity of the mixture, - conductivity of dispersed particles, o
conductivity of the continuous medium, m cementation factor and ® =1 — @, , with O, being
the fractional volume of dispersed particles. In the case of conductive soils, in which the
majority of water conductivity is much larger than the conductivity of solid particles, the
equation can be approximated as

EC,=2mo,(1-d")+D"c,,. (12)
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An example of empirical relation that connects dielectric permittivity with physical
properties is Topp’s equation used for the estimation of soil water content &, as the permittivity
of water (=80) is much larger than soil [28]:

0,=-53-10°+2.92-10°¢-5.5-10"¢* +4.3-10°¢" . (13)
The equation is fitted to laboratory measurements in the frequency range from 1 MHz for four
different soil types but approximates most unsaturated mineral soils well. It is usually used in
time-domain reflectometry and ground penetrating radar (GPR) measurements to estimate
water content and provides good estimation for coarse and medium-textured soils [29].

The frequency characteristics of material dielectric permittivity on a macroscopic scale
can be described by several empirical relations describing polarization mechanisms (resonance
and relaxation), with the most known being the Debye model and the Cole-Cole model, given
as:

f=g' + —;é; w:)’;f_f; : (14)
where €rea0 and &real o are static permittivities at frequencies much lower and higher than the
characteristic relaxation time of the medium t, and a is the polarizability of the material. The
Cole-Cole model can characterize the spread in relaxation times, and in the case of a=0, the
model becomes the Debye model that describes one relaxation time [24].

Magnetic susceptibility y is the soil's ability to become magnetized by an external
magnetic field. Considering the magnetization properties, the material can be diamagnetic,
paramagnetic and ferromagnetic [24]. Diamagnetic materials, such as water and copper, have a
small repulsion from a magnetic source when placed in a magnetic field, resulting in a magnetic
susceptibility that is a small negative number ( y = - 107 SI). Paramagnetic materials, such as
granite, aluminum and magnesium, have a small positive magnetic susceptibility (y=+10 SI)
and are slightly attracted to a magnetic source when put into a magnetic field. Ferrimagnetic
materials, such as iron, nickel and cobalt, can be strongly magnetized.

Due to the different magnetization mechanisms, the magnetic susceptibility of

homogeneous materials is complex and frequency dependent, given as:
r=r=ir, (15)
where x’ is the real part representing magnetizability, and y” is the imaginary part representing

material losses, i.e., magnetic viscosity. Both real and imaginary parts of magnetic susceptibility

of homogeneous material are also frequency dependent:
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) (16)

2"= % - (17)

with yo’ being magnetic susceptibility at zero frequency, and angular frequencies ws and wx

depend on material properties [24].

1.3 Approaches to electromagnetic proximal soil sensing

Electromagnetic proximal soil sensors are instruments used to measure soil properties and
map soil characteristics. They can be in contact with the soil, such as direct current (DC)
resistivity measurement, or contactless, such as capacitively coupled resistivity (CCR)
measurement, ground-penetrating radar (GPR), and electromagnetic induction (EMI). Mobile
proximal soil sensors are handheld devices or devices mounted on a vehicle, making them ideal
for mapping soil properties on a smaller scale, such as agricultural fields or archaeological sites,

which can give detailed maps of soil properties at a finer scale.

1.3.1 Direct current resistivity measurement

Contact measurement of soil electrical resistivity, i.e., direct current resistivity (DC), was
the first electromagnetic sensing method for measuring electromagnetic soil properties [30]. A
direct or low-frequency current is injected into the soil using a pair of electrodes, and the voltage
drop is measured by one or more pairs of receiver electrodes to determine the electrical
resistivity p. The measured soil volume depends on the electrode spacing, and the large
measurement volume reduces the influence of local-scale variability. The electrodes must be in
good physical contact with the soil to mitigate the errors due to the poor galvanic contact,
making this method less reliable on stony or dry and dense soils [25].

For the basic 4-point measurement and soil modeled as homogeneous isotropic half-space,
the apparent electrical resistivity p averaged over specified soil volume is defined as:

U
=—.K 18
P 7 (18)
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where U is the measured voltage, / is the injected current, and K is the geometry coefficient.
The geometry coefficient for the configuration with 2 current electrodes denominated A and B

and 2 voltage electrodes M and N is:

Keq——F——7 1 (19)

with ra4, ¥ms, ¥na, and g as distances between the electrodes.

Several different electrode configurations differ in certain features, including sensitivity
to horizontal structures, sensitivity to vertical structures, probing depth, probing surface, and
signal-to-noise ratio [31]. Wenner's configuration, Schlumberger's, dipole-dipole, pole-dipole,

and pole-pole configurations are most often used, Figure 1.

O

() (V)

\/ o/

v Y Y Y
A M N B e T e —a—>
—a—> <—a——> &—a—> Soil, ECa
Soil, ECa

(a) (b)

Figure 1. Electrode array configuration for DC resistivity: (a) Wenner array, (b) Dipole-dipole array

In Wenner's configuration, the distance between the electrodes is equal, where the outer
pair consists of current electrodes and the inner pair consists of voltage electrodes. In the
Schlumberger configuration, the distance between the outer current electrodes is further than
between the inner voltage electrodes. Changing the current electrodes' spacing makes
measuring the resistance at different soil depths possible. In the dipole-dipole configuration, the
current and voltage electrodes are separated, and it is possible to achieve a greater depth of

examination [31].

1.3.2 Capacitively coupled resistivity measurement

The capacitive coupled resistivity (CCR) measurement is a contactless method in which
the alternating current is injected into the soil by electrodes using capacitive coupling. The
measurement procedure is similar to the direct-resistivity method, but due to the capacitive
coupling of electrodes and soil, the CCR is suitable for measuring stony soils, roads, pavements,
ice, or frozen ground [32]. Sensor electrode configurations are similar to the ones used in DC
measurements, and the dipole-dipole configuration is usually used. The measurement results

can be interpreted using techniques like DC resistivity measurements if the quasi-stationary
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approximation is valid and the excitation signal wavelength is much larger than the sensor
dimensions. Low-frequency excitation signals, up to 50 kHz, are used. Two types of electrodes
are used: line electrodes made with coaxial cables and point electrodes made from metal sheets
galvanically isolated from the soil [33].

The basic case of 4-point capacitive measurement, i.e., electrostatic quadrupole, is
discussed in [34]. The model of the electrostatic quadrupole is shown in Figure 2. The soil is
modeled as a homogeneous half-space, and the poles are in the air. The electrodes represented
by poles Ci and C» carry electrical charges O and —Q, representing the current source, and the
poles P1 and P> measure the voltage. The electrostatic potential of the poles Ci and C in points

P1 and P> is calculated using the electrical images approach.

Soil (g, p)

Figure 2. Quadripole geometry in quasi-stationary approximation. Excitation alternating current / is injected into
the soil through C; and C,. Voltage U is measured across P; and P». The charges in C'; i C'; are mirrored across

the half-space border.

The charge Q in point C is mirrored symmetrically in relation to the half-space border to
the charge Q’ at point C’ (20), where a is the coefficient depending on the properties of the
medium (21).

0'=-aQ (20)
a=2" 21)

The potential of electrode P in the air at the distances » and r’ from the original and mirrored

charge is given in (22).

Up)=—2 (Lﬁj (22)

dmer\r r
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The quadrupole voltage is a superposition of all charge contributions (23), where Co is the
characteristic capacitance of the quadrupole (24), and Ks is the sensor geometry factor that

depends on location and orientation to the ground (25).

0

U==(1-K;a 23
Cb( s@) (23)
B dre,
Co= 11 1 1 @4)
7+ 77777
I/il r22 1/12 7"21

(25)

In the case of harmonic excitation signal where the quasi-stationary approximation is valid for

slow varying charges with time:

1
o) =—1(), (26)
jo
the formulation for potential is:
1
U=—+(1-K;a), (27)
joC,
and the complex permittivity e:
1
E=f,—j—. (28)
PO

The factor a from (21) is then a complex number:

o= a)gop(gr _1)_]
w0ep(e, +1) =)

(29)

Capacitively coupled resistivity measurements have been the subject of scientific studies,
and commercial devices are available. Authors in [35] present the device for soil impedance
measurement based on an electrostatic quadrupole model, consisting of a transmitting dipole
with an excitation frequency of 14.2 kHz and several receiver dipoles that are mutually
galvanically isolated. A device with a similar configuration using excitation frequency from
2 mHz to 100 kHz is presented in [36]. Authors in [37] examine the influence of the distance
between the electrodes and the ground. Small changes in height affect changes in the phase

angle of the impedance. They conclude that it is necessary to know the exact height of the
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electrodes to determine the soil parameters. They use a system consisting of a pair of current
and voltage electrodes and excitation frequency from 100 Hz to 100 kHz. The design of the
active capacitive probe working in a frequency range from 0.1 Hz to 1 kHz is given in [38]. The
theoretical analysis of line electrodes and geometric factors was done in [32] and expanded in
[39]. The commercially available device OhmMapper by Geometrics uses line electrodes and
an excitation frequency of 16.5 kHz. The distances between the transmitter and receiver dipole
are 5,10,15, and 20 meters, and the measurements are taken every 0.5 s. Another commercial
device is CORIM, Iris instruments [40], with plate electrodes consisting of one transmitter and
6 receiver dipoles. The excitation frequency is 12 kHz, the device is towed on the ground, and
the data is sampled at fixed intervals of 0.2 m.

The CCR modality is suitable for 3D mapping and soil depth profiling because it is
possible to deploy sensor geometries with multiple pairs of receiver electrodes at different
distances from the transmitter electrodes. The excitation frequency is in the audio range in
which the electrodes are still dominantly capacitive, and the low-induction number
approximation is valid. The excitation frequency is constrained with the electrode dimensions,
as the inductive effects become dominant with the frequency increase and the low-induction
number approximation, which must be satisfied to use inversion algorithms similar to the DC
method. It is possible to sense dielectric permittivity only when the resistivity is large enough,
such as frozen soils or ice. In other cases, the sensitivity is not high enough due to the soil

conductivity [40].

1.3.3 Ground-penetrating radar

Ground-penetrating radar (GPR) is a contactless method for high-resolution subsurface
exploration and mapping based on electromagnetic wave propagation and reflection [41]. GPR
use is well-documented in various research areas, such as environmental science, geology,
engineering, archeology, and forestry [42]. Some of the main applications are, for example,
determining the composition of layers of soil and rock [43], measuring soil water content [44],
plant root mapping [45], detection of groundwater contamination, and detecting buried objects
and structures [46].

A typical GPR operates in the very and ultra-high frequency range (30 MHz to 2.5 GHz)
and consists of a transmitter antenna transmitting high-frequency pulses into the ground and
one or more receiver antennae that detects the reflected wave, and they can have fixed or

variable separation. GPR can work in the frequency or time domain, with the latter most widely
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used in commercially available devices due to the simpler data acquisition and signal processing
requirements [47].

GPR can determine soil dielectric permittivity and electrical conductivity by measuring
two-way travel times, phase velocity, and attenuation of the electromagnetic waves reflected
from soil heterogeneities. From Maxwell’s equations and constitutional terms, the electrical
field E for sinusoidal excitation and homogeneous isotropic material with A as the maximum

wave amplitude, w angular frequency, @ wave attenuation, and S phase is given as [48]

(B

E(B,1) = Ae_j(v “”)e*aﬂ. (30)

The attenuation term a and phase Sare:

“=w “_‘9{ (1+ 322}1}, (31)
2 Ew

2
LE o
= |[— 1+ +11. 32
d 2 ( &’ J G2
From these expressions, the phase velocity v can be derived as
®
v=—, (33)
B
the skin depth & of the wave as
1
5=— (34)
a
and loss tangent as
tanf=— . (35)
0E

The wave attenuation a and velocity v depend on the soil's electrical conductivity o and
permittivity €, and for most soil cases, the relative permeability is considered 1 [48]. Typical
GPR operates under the assumption of low-loss approximation in which the energy dissipation
due to the conduction currents is small compared to the energy storage due to the displacement
currents [46]. Higher excitation frequency provides better measurement resolution, and the
lower frequencies can penetrate deeper into the soil. Skin depth is decreased in the lossy soil
with relatively large electrical conductivity (above 0.4 S/m), which makes the measurement
unsuitable for clay-rich soils and soils mixed with saline or mineral-rich soils [49].

Estimating volume water content (VWC) is widely used in GPR soil studies, as the

relative permittivity of dry soil particles ranges from 3 to 8, and the permittivity of water is 80,
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so the presence of water represents a significant contrast in permittivity [28], [41]. The standard
approach in acquiring VWC is using GPR, which works in common-offset profiling mode by
measuring wave travel times, where the transmitter and receiver antennae are at the fixed
spacing. This approach is suitable for large-scale mapping, but the reflector is needed at the
known depth, either natural or buried, to estimate the wave travel times [44]. The alternative
approach suggests techniques like common-midpoint and wide-angle reflection and refraction
measurements in which spacing between the transmitter and receiver is varied or multiple

receivers are used, but this complicates the design and signal processing [44], [50].

1.3.4 Low-frequency electromagnetic induction

Low-frequency electromagnetic induction (LFEMI) sensors are used in geophysical,
archaeological and agricultural surveys for measuring electromagnetic soil properties (electrical
conductivity o and magnetic susceptibility ). Precision agriculture applications of LFEMI
include estimating soil salinity, soil texture, water content, and organic matter [51]. They
operate in a low-frequency range, below 300 kHz, as defined by ITU [52].

The sensor consists of a transmitter coil and one or more receiver coils, separated by a
distance, typically up to a few meters. A transmitter coil (TX) is excited by alternating current
that generates the primary magnetic field Hp, which in turn induces the eddy currents in the soil.
The induced eddy currents generate the secondary magnetic field Hs proportional to the
excitation frequency f'and dependent on the soil electromagnetic properties, which then induces
voltage in the receiver (RX) coil. The most common coil configurations are vertical and
horizontal coplanar dipoles [7], [53], but they can also be mutually perpendicular [54].

LFEMI soil sensors operate under the assumption of low-induction number B, in which
the skin depth & of the wave propagating in a homogeneous half-space is much larger than the
sensor's dimensions, defined as the distance when the wave amplitude attenuates to 1/e of the
surface amplitude:

o= [——. (36)
ouc

Low induction number approximation is valid if B<<1, defined as the ratio of transmitter

and receiver coil distance d and skin depth &:

Bzgzd«/a}y . (37)

This can be achieved if the coil separation d is much smaller than skin depth &, and as dis fixed

by sensor design, excitation frequency fhas to be adequately chosen:
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1

<<
/ nucd’

(38)

Under these conditions, the ratio of the secondary and primary magnetic fields for
transmitter-receiver configuration above the isotropic homogeneous medium is:
Z_i: ]wyzadz (39)
where Lo is the permeability of free space, ¢ soil conductivity, and d is intercoil spacing.
The quadrature component of the magnetic field ratio is linearly proportional to the soil's
electrical conductivity, and the in-phase component is proportional to the soil's magnetic
susceptibility. No magnetic coupling exists between the eddy currents induced in different soil
layers, and displacement currents do not affect sensor response[53]. The low-induction number
approximation is valid for excitation frequencies in the kilohertz range for typical sensors with
intercoil separation up to a few meters and typical soils with electrical conductivity below 1 S/m.
Under these conditions, the tested soil volume depends on the sensor geometry, intercoil
separation and orientation [55].

The use of low-frequency EMI soil sensors is widely spread, and there are commercially
available devices [7][56][57][58]. The most used device is the EM-38 manufactured by Geonics
[59]. The basic version of the device consists of a transmitter and receiver coil with an intercoil
separation of 1 m and an excitation frequency of 14.6 kHz. It can be used in a vertical or
horizontal dipole configuration, where the effective depth of exploration is 1.5 m and 0.75 m,
respectively. The newer device, EM38DD, consists of a horizontal and vertical coplanar dipole,
which enables the measurement of soil properties at different depths. Version EM38-MK2
consists of one transmitter coil, and two receiver coils with intercoil distances of 0.5 m and 1 m
from the transmitter, which enables simultaneous effective investigation depths of 0.75 m and
1.5 m for the vertical dipole and 0.375 m and 0.75 m for the horizontal dipole orientations. The
sensor output is given as an in-phase and quadrature component of the ratio of secondary-to-
primary magnetic field and enables the measurement of soil magnetic susceptibility and
electrical conductivity [6], [53], [55].

The EMI devices produced by DUALEM [60] operate at a frequency of 9 kHz and
measure both electrical conductivity and magnetic susceptibility simultaneously. They utilize
sensor geometry consisting of coils in coplanar horizontal dipole and configuration with
mutually perpendicular coils. The standard model DUALEM-1 has an intercoil separation of

I m, resulting in an effective depth of exploration of 0.5 when used in a horizontal dipole
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configuration and 1.5 m when used as a vertical dipole. Additionally, devices with multiple
pairs of dipoles exist, with intercoil separation set at 2, 4, and 6 m, which enables soil properties
to be measured at different depths and profiling. The device GEM-2 made by Geophex [61] is
an example of a sensor with a multi-frequency excitation signal in the frequency range from
90 Hz to 22 kHz. It consists of a transmitter and receiver coil with 1.68 m intercoil separation
and an additional receiver coil used to measure the primary magnetic field and compensation.

The research on electromagnetic induction soil sensors has focused on the development
of new devices [56], [62], [63] and data interpretation [64]-[66]. A device for measuring
electrical conductivity with an exploration depth of up to 10 m for detecting underground
pollution is presented in [63]. It consists of a transmitter coil with a diameter of 32 cm, and two
receiver coils at a 1.5 m and 2.5 m distance from the transmitter. The current probe measures
the transmitter current, and 14 excitation frequencies are used from 2.5 kHz to 250 kHz. The
primary magnetic field is compensated by subtracting the sensor response in the air from the
response above the soil. The analysis of different coil orientations and geometries was done in
[62], and the authors concluded that varying the coil angles improved imaging capabilities.
Standard coplanar configurations have a non-linear sensitivity, and the vertical configuration
where the TX coil is below the RX coil gives a better lateral resolution. A device with multiple
receiver coils and multiple excitation frequencies of up to 250 kHz is presented in [56], with
the transmitter coils located at different heights from the ground to improve primary field
compensation. Authors in [67] describe a device with an inductive source and capacitive
receiver for measuring the electric field and mapping resistive contrast in the soil. The excitation
frequency is 5 kHz, and the transmitter-receiver spacing can be up to 30 m, depending on the
desired exploration depth.

The device presented in [68][69] consists of a transmitter and receiver coil with an
intercoil separation of 7.92 m mounted on a helicopter. Although an excitation frequency range
from 380 Hz to 105 kHz is used, due to the large dimensions and mutual distance of the coils,
the condition of a small inductive number is not satisfied, and therefore, the low-induction
approximation is not valid. The influence of dielectric permittivity and magnetic susceptibility
can be seen in the reduction of the real and the increase of the imaginary component of the
magnetic field, leading to a wrong electrical conductivity estimation. The approach of using the
lowest frequency for measuring magnetic susceptibility and the highest frequency for dielectric
permittivity is proposed in [69], and with these measurements, the electric conductivity could

be estimated on all used frequencies.
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Another use of electromagnetic induction is in well-logging applications to obtain the
properties of subsurface formations and fluids, such as oil, gas, or water, in stones and rocks
[70]. These sensors consist of transmitter and receiver coils that are lowered into the borehole

and measure electrical conductivity and magnetic permeability[71].

1.3.5 High-frequency electromagnetic induction

Increasing the operating frequency of the EMI sensor to a high-frequency range from
300 kHz to 30 MHz would increase sensitivity to electrical conductivity [72]. In addition, the
sensitivity to dielectric permittivity becomes significant, making simultaneous measurement of
the two parameters possible [73]. High-frequency EMI (HFEMI) modality could provide
additional information about the soil properties and fill the gap between low-frequency EMI
sensors working under low-induction number approximation and GPR measurements working
under low-loss approximation [48].

The applicability of HFEMI sensors was analyzed for the detection of low-conductivity
materials in which the response at the lower frequencies is too weak for detection. An example
is detecting explosive devices with a small proportion of metal parts or materials with electrical
conductivity below 0.1 MS/m, such as depleted uranium and carbon fiber objects [74]. Another
application is a spectroscopic or tomographic inspection of biological tissue with conductivity
less than 10 S/m [75], [76]. A theoretical approach to the simultaneous measurement of soil
electrical conductivity and dielectric permittivity in the high-frequency range using EMI was
discussed in [73]. The high-frequency EMI (HFEMI) modality was used for shallow subsurface
profiling and mapping [72], [77]. However, these systems are impractically large for precision
agriculture soil mapping, as they are designed for large and deep targets in the subsurface up to
50 m. Their construction involves multiple coils at different separations and orientations,
making them susceptible to mechanical and temperature effects and potentially leading to
inadequate data quality.

Another direction was proposed in [78] with shorter, fixed coil separation and
construction resembling commercial LFEMI instruments for soil mapping [59]. The analysis in
[78] was conducted at frequencies below 5 MHz, and the results indicated the possibility of
simultaneous determination of conductivity and permittivity. At these frequencies, permittivity
can be dominated by spatial polarization effects, complicating the relationship between soil
water content and permittivity [78]. The device has an intercoil separation of 1.2 m, an

excitation frequency of 1.56 MHz, and the exploration depth of up to 2.5 m. Although the test
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showed good qualitative agreement with a laboratory and contact resistivity measurements,
they could not quantitatively interpret the data.

Another attempt at high-frequency measurements in a similar frequency range was
presented in [79] using off-the-shelf instrumentation. Soil impedance was calculated as the ratio
of the measured electric and magnetic fields. The magnetic field was measured with a receiver
coil, the electric field with an antenna, and the transmitter coil was spaced 4 to 16 m apart. A
device consisting of a loop antenna array spaced 2 to 6 m apart and with an excitation frequency
of 30 MHz is presented in [80]. The system measures the mutual impedance, electrical
conductivity, and dielectric permittivity of ground, mainly river embarkments, but the large coil
separation makes it unsuitable for mobile use. The measurement results were compared with
the direct resistivity method, and the conclusion is that the results agree well.

An HFEMI sensor described in [81], [82] had horizontally overlapped transmitter and
receiver coils to reduce primary coupling. The sensor operation was evaluated in the frequency
range from 10 kHz to 20 MHz using a container filled with sand at varying water saturation
levels as an inspected medium. The results were inconclusive because of the poor sensitivity of
the proposed configuration. Both prototypes of [78] and [82] operate in the lower half of the
high frequency range, and the studies do not consider capacitive coupling effects and
electrostatic shielding of the coils, which is essential at high frequencies [83].

From the review of the state-of-the-art HFEMI sensors, it can be concluded that this
modality is suitable for determining soil electrical conductivity and dielectric permittivity, but
there are still challenges in designing such a device suitable for mobile use. The influence of
both electromagnetic properties on sensor response requires more complicated data processing.
The influential factors, such as mechanical construction, temperature drift and sensor lift-off,
must also be considered as they affect the useful signal. With the increased frequency, the sensor
becomes more sensitive to nearby metallic objects and the surroundings, and the capacitive
coupling between the coils and the soil becomes comparable to inductive coupling. There 1s a
need for mobile and handheld HFEMI sensors designed so that the unwanted coupling with
surroundings is rejected, using adequate electronic instrumentation to measure induced voltage
due to the electrical conductivity and dielectric permittivity, opening a possibility of the method

for simultaneous measurement of these parameters.
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1.4 Summary of the electromagnetic soil sensors in mapping

applications

For mapping the electromagnetic properties of the soil at the field scale, the sensing
modalities must have a volume of sensitivity and mobility to capture within-field soil variability.
The appropriate modalities are direct current resistivity (DCR) measurement, capacitively
coupled resistivity (CCR) measurement, ground-penetrating radar (GPR), and electromagnetic
induction (EMI) measurement. They differ in their sensitivity to the electromagnetic parameters
as they operate in different frequency ranges, but they all are sensitive to the electromagnetic
parameters as averages over the volume of sensitivity, which is spatially dependent [58].

The DCR measurements require good mechanical contact with the soil, making it less
reliable in dry, dense, or stony soils. The CCR technique avoids the contact issue inherent in
the DCR technique while employing identical resistivity inversion algorithms, provided that
the quasi-static approximation holds. The DCR and CCR measurements are only sensitive to
electrical conductivity as the excitation is in the audio frequency range, usually a few hundred
Hz.

GPR can be used to determine soil dielectric permittivity and electrical conductivity. It
operates in the very and ultra-high frequency ranges, measuring two-way travel times and the
attenuation of the electromagnetic waves from the soil heterogeneities. However, its
effectiveness is limited to areas with relatively low electrical conductivity and requires either
laborious data acquisition and processing or the presence of well-identifiable and continuous
GPR reflections[44], [50].

Low-frequency electromagnetic induction (LFEMI) soil sensors operate in the low-
frequency range (below 300 kHz) and are sensitive to magnetic susceptibility and electrical
conductivity. They typically consist of one transmitter coil and one or more receiver coils. The
depth and, consequently, the volume of sensitivity to the soil parameters corresponds to the
intercoil separation, typically less than 2 m. In the low-frequency range, the in-phase component
(relative to the transmitter voltage) of the receiver coil voltage depends on the magnetic
susceptibility and the primary coupling between the coils. The quadrature component is linearly
proportional to the soil electrical conductivity (typically below 1 S/m) but smaller by a few
orders of magnitude than the in-phase component, which can be challenging from an

instrumentation design perspective [84].
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High-frequency electromagnetic induction (HFEMI) soil sensors operate in the frequency
range from 3 MHz to 30 MHz. With the increasing excitation frequency, the sensitivity to
electrical conductivity and dielectric permittivity increases, and the sensitivity to magnetic
susceptibility remains constant. The geometry can be similar to the commercial LFEMI, with
the inspection depth adequate for mapping the topsoil layer. With the increased excitation
frequency, parasitic coupling within the sensor and the environment becomes noticeable, so
special care must be taken in electrostatic shielding. Also, the low-induction number
approximation is no longer valid, and the electrical conductivity affects both in-phase and
quadrature components of the signal, complicating the signal analysis. Nevertheless, increased
sensitivity to conductivity and permittivity allows simultaneous sensing of both
electromagnetic parameters.

Table 1 provides an overview of the contactless electromagnetic soil sensors operating in
the frequency range below 30 MHz, including their most important features, frequency range,
and measured electromagnetic parameters. Contactless modalities are capacitively coupled
resistivity sensors and low-frequency and high-frequency EMI sensors. There are commercially

available CCR and low-frequency EMI sensors, but no high-frequency EMI soil sensors are

available for commercial use.

Table 1. Overview of the state-of-the-art proximal electromagnetic soil sensors operating below 30 MHz.

Reference Status Modality Frequency range Measured Characteristics
parameters
L Point electrodes, 1.5 m separation,
Kuras2002[85] Research CCR 14.2 kHz Resistivity
measurement depth up to 3 m.
Point electrodes, 1 mand 2 m
Flageul2013 [86] Research CCR 122 Hz - 31 kHz Resistivity separation, measurement depth up to
10 m.
OhmMapper[33] Commercial CCR 16.5 kHz Resistivity Line electrodes wzlghrllengt hs of 10 m to
Corim[33] Commercial CCR 12 kHz Resistivity Point electrodes, 1.5 m separation
Low-frequenc One transmitter and 2 receiver coils,
Manstein2015[63] Research EN([]I y 2.5-250kHz Conductivity  intercoil separation of 1.5 m and 2.5 m,
measurement depth up to 10 m.
One transmitter and 2 receiver coils,
. Low-frequency Conductivity, intercoil separation of 0.5 mand 1 m,
EM38.MK2 [39] Commercial EMI 14.6 kHz susceptibility measurement depth up to 1.5 m,
depending on the orientation.
One transmitter and multiple receiver
. Low-frequency Conductivity, coils, intercoil separation 1 to 8 m,
DUALEM[60] Commercial EMI 9 kHz susceptibility measurement depth 0.3 to 8 m,
depending on the configuration.
GEM-2[61] Commercial Low-frequency 90 Hz - 22 kHz Conducﬁlylﬁy, Intercoil separation 1..68_ m, multi-
EMI susceptibility frequency excitation.
. .. Variable intercoil separation between
Stewart1994[72], Research High-frequency 300 kHz - 30 MHz COl’ldL}Ct}V}ty, 0.5 and 5 m, measurement depth up to
[77] EMIo permittivity 10 m
Hich-frequenc Conductivit One transmitter and 1 receiver coil,
Kessouri2014[78] Research g 9 y 1.56 MHz ieuvity, 1.2 m intercoil separation,
EMIo permittivity
measurement depth up to 2.6 m.
Glaser2023[82] Research High-frequency 10 kHz to 20 MHz COl’ldL}Ct}V}ty, Overlapped transmltter and receiver
EMI permittivity coil.
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1.5 Contribution

The research deals with the determination of soil electromagnetic parameters (electrical
conductivity and dielectric permittivity) using electromagnetic induction in the high-frequency
range (from 3 MHz to 30 MHz). Low-frequency EMI sensors operate in the audio-frequency
range and have high sensitivity to magnetic susceptibility and, to a lesser extent, electrical
conductivity. In contrast, on the other side of the electromagnetic spectrum, from higher
megahertz to low-gigahertz range, GPR is used to determine dielectric permittivity and, in rarer
cases, electrical conductivity. High-frequency EMI sensors are sensitive to electrical
conductivity and dielectric permittivity, which could bridge the gap between low-frequency
EMI and GPR sensors, which are considered complementary modalities.

The objective of the research is to develop and experimentally verify a high-frequency
electromagnetic induction method for the simultaneous determination of soil electrical
conductivity and dielectric permittivity. The main research hypotheses are: 1) The high-
frequency electromagnetic induction modality is suitable for the determination of soil electrical
conductivity and dielectric permittivity, and it can be implemented using sensor geometry and
electronic instrumentation suitable for portable use; 2.) It is possible to separate and determine
the effects of soil electrical conductivity and dielectric permittivity by comparison of the high-
frequency electromagnetic induction data and the results of a sensor model; 3.) Unwanted
mechanical, temperature, and electromagnetic effects can be controlled and rejected by
appropriate sensor geometry or the electronic instrumentation design.

The original scientific contribution of the dissertation is:

1.) Model-based method for measurement of electrical conductivity and dielectric
permittivity of soil using high-frequency electromagnetic induction.

2)) Analysis of unwanted electromagnetic coupling and interference rejection techniques.
3) Sensor geometry and electronic instrumentation for simultaneous measurement of soil
electrical conductivity and dielectric permittivity using high-frequency electromagnetic

induction.
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1.5.1 Outline of the thesis

The thesis is structured as follows. Chapter 1 of the doctoral thesis (“Introduction”) gives
an overview of the soil sensing application and motivation. The heterogeneity of the soil is
discussed, together with the relationship between the physical and chemical properties of the
soil and soil electromagnetic properties (magnetic susceptibility, electrical conductivity, and
dielectric permittivity). Extensive literature on the main approaches of electromagnetic soil
sensing modalities for soil mapping is presented. This includes direct current resistivity,
capacitively coupled resistivity, ground penetrating radar, and electromagnetic induction in
low-frequency and high-frequency ranges. The chapter concludes with the objective,
hypotheses, contribution, and outline of the thesis.

In Chapter 2 (“Analytical model”) of the thesis, the analytical model of the high-
frequency electromagnetic induction sensing approach is derived from the governing
Maxwell’s equations. The model includes a horizontal transmitter and perpendicular receiver
coil above the two-layer homogeneous medium with electrical conductivity, dielectric
permittivity, and magnetic susceptibility as parameters.

A design of the proposed high-frequency electromagnetic induction sensor is given in
Chapter 3 (“Sensor design and electronic instrumentation”). For the generation of the excitation
and the acquisition of a signal, the commercial vector network analyzer Keysight N991A was
used. A printed circuit board coils with electrostatic shielding and the mutual perpendicular
geometry were proposed. Furthermore, proprietary analog front-end electronics are described
with the schematic and transfer functions of both transmitter and receiver filtering stages. Last,
the laboratory measurement setup is described, together with the measurement procedure in
which the sensor response was measured with and without the presence of the medium.

The analysis of the electromagnetic coupling, temperature, and mechanical influences
was presented in Chapter 4 (“Analysis of unwanted electromagnetic coupling and interference
rejection techniques”). Different factors were discussed theoretically or shown either
experimentally or using the finite element method (FEM) model. The literature overview for
the lift-off and temperature influences on the commercially available low-frequency EMI
sensors was presented. The influence of the lift-off on the proposed HFEMI geometry was
analyzed by the analytical model and experimentally in the laboratory for different electrical
conductivity values and the lift-off. The influence of the temperature on the proposed HFEMI
sensor was presented for measurements in the laboratory setting with the stable ambient

temperature and for the field experiments when the sensor was under direct sunlight. The
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influence of the mechanical misalignment was analyzed by FEM to obtain accurate small tilt
angle changes and variations in both horizontal and vertical positions for the transmitter and
receiver coil.

In the last part of Chapter 4, the literature overview of electrostatic shielding in high-
frequency EMI applications was given, and the necessity of electrostatic shielding in HFEMI
soil sensing was discussed. The method to evaluate the effectiveness of the electrostatic
shielding of HFEMI soil sensor was proposed and demonstrated for several designs of PCB
shields. The method is based on the fact that the inductive and capacitive coupling are out of
phase. By measuring the primary coupling of the sensor and using a linearized equivalent circuit
model, it is possible to estimate the inductance and the capacitance between the transmitter and
receiver. From this approach, the configuration of a shielded PCB transmitter and receiver was
chosen for further experimental validation.

The measurement results of the proposed HFEMI sensor are presented in Chapter 5
(“Results”). The sensor was evaluated in the laboratory and in two separate field experiments.
In the laboratory part of the study, sensitivities to electrical conductivity and dielectric
permittivity were analyzed for the range typical for soils. A container filled with deionized water
was used, and salt was added to control electrical conductivity. Dielectric permittivity was
varied by adding sucrose to the deionized water in the first experiment and by varying the water
volume in the container in the second experiment.

Additionally, FEM analysis was made to compare the results. The FEM model was similar
to the experimental setup, with the difference that the coils were modeled without the shields.
Both laboratory measurements and FEM results agreed quantitatively and demonstrated the
possibility of simultaneous sensing of electrical conductivity and dielectric permittivity. In the
field part of the study, the sensor was placed on two similar soil patches. One was irrigated with
deionized water and the other with saline water.

In Chapter 6 (“Conclusions”), the conclusions of each chapter were summarized together

with the notes for future work.
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Chapter 2
Analytical model

The analytical model of the high-frequency electromagnetic induction sensing approach

is derived from the governing Maxwell’s equations, in differential form given as:

V-D=p, (40)
V:B=0, 41
B
VxE:—é—, (42)
ot
VxH=J+a—D, (43)
Ot

where E is the electric field intensity (V/m), B is the magnetic flux density (T), D is the
dielectric displacement (C/m?), H is the magnetic field intensity in (A/m), and J is the current
density (A?/m). For the homogeneous, isotropic and linear media, the above equations are

coupled through the constitutive equations:

D =¢E, (44)
B=H, (45)
J=0E, (46)

with g, u, and ¢ being dielectric permittivity, magnetic permeability, and electrical conductivity,
respectively.

The above equations can be solved in the form of magnetic vector potential A. The scalar
potential @ is set to ®=0, as there is no charge accumulation in the source, the characteristic

dimensions of the problem are still much smaller than the wavelength of the excitation
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frequency, and the propagation can be considered instantaneous [87]. The magnetic and electric

field strength can be expressed as:

B=VxA, (47)
oA

E=-—. 48
Py (48)

For the case when the propagation is neglected, the Coulomb gauge is used in which the
divergence of the magnetic potential is zero:

V-A=0, (49)
and E can then be separated by Helmholtz decomposition into the irrotational component Eirx

and rotational component Er as E=EirtE:: with satisfied conditions VXE =0 and

V-E _, =0. The both parts of E are defined as:

E_=-VO, (50)
- A (51)
rot at :

Since the scalar potential is zero, in further discussion, only the rotational part of the E is
considered, i.e. E = Eot.

The wave equation for A is

V’A - ue 62‘3‘ =—uJ, (52)
ot
and for the case without free sources
JZGEZ—G%—?. (53)
In the frequency domain with /0t = jo
V’A+@ ueA = joucA, (54)
VA =K’A, (35)
With £ being the wave number defined as
k* = -’ s+ jous = jou(o + jwe). (56)
The equation in the cylindrical coordinate system is
Ao 2)=Ar+ A p+A.z. (57)

As the coil is circular and symmetrical, there are no r and z components, but only ¢

component, the vector Laplacian V>A(r,¢,z) comes down to scalar form

Dorijan Spiki¢, PhD Thesis 24



Chapter 2: Analytical model

10( 04), 1 0°4 04
V2 A(r, =——|r—\|+==——+—-—. 58
(r:2)¢ r(?r[ ar] rOp* 0z (58)
and the Helmholtz equation is then
2 2
lﬁ[ra—A] %a—era f—szzo. (59)
ror Or) r°0¢p°~ 0z
By introducing the separation of the variables
A(r,2) = R()-2(2), (60)
the equation (59) becomes
1190( orR) 1 10°Z
——|r—|-==—= +k. 61
Rrar[r(‘?r] r Z 0z° 1)
Both sides of the equation (61) are equal to a2, leading to
11 R| 1
11000R 1 _ (62)
Rror\ Or) r
P2 e (63)
Z 07° ’
which, after arranged, becomes
O’R 10R , 1 ]
— +—-——+|a"——|R=0, 64
or*  ror [a : 64)
0°Z
——3Z=0, (65)
0z
with
[ =a’ +k°. (66)
The equation (64) is Bessel’s differential equation, whose general form is
R(ry=A4-J (ar)+B-Y (ar) (67)

where J (ar) and Y, (ar) are Bessel’s functions of the first and second kind, respectively.

The general solution of the differential equation (65) is

Z(z)=C-exp(—Pz)+ D-exp(fz). (68)
By substituting equations (67) and (68) into (60), the expression for magnetic potential is
A(r,z) = C-exp(—fz)+ D-exp(Bz) - J,(ar), (69)

The total solution for A is obtained for each «, which is a continuous variable, and i

denominate material region
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A(r,z,1,,2,) :f D, -exp(Bz)+C,-exp(—Bz) - J,(ar)dc. (70)

For the circular symmetrical coil in the air above the double-layer medium, the problem is

divided into 4 regions, Figure 3.

A AZ
Region 1 X RX
(7 0 ZO) All' Z=Zp
————————— &E—+F--©o---------"-"---"FpF-—————"—---

Region 2 7] Alr

> r z=0

>
Region 3 Laver 1 (os. ps. &)
7 ==

Region 4 Laver2 (G4, L. &)

Figure 3. Analytical model of the transmitter (TX) and receiver (RX) coil above double-layered medium.

The integral solutions of A for each region are

A(r,z) = f C,-exp(—B2)- J,(orr)-da, (71)
0
4,(r,2)= [ C,-exp(—B2)+ D, exp(B2) - J,(ar)-da, (72)
0
A4(r,2) = [ Ci-exp(—=B,2)+ D, -exp(B,2) -J (ar) - da, (73)
0
A,(r,2)= [ D, exp(B,2)-J (ar)-da (74)
0
The coefficients Ci, C2, D2, C3, D3, and D4 are determined from the boundary conditions
nx(H, , —H)=1J, (75)
(B,,,—B,)-n=0, (76)

with 71 =—2 . Combining boundary conditions with (47), (57) gives

va=vX(A¢)=—Z—Af+16(a’”A)
4 r r

2, (77
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and with
B=uH, (78)

provides general boundary conditions equations as

1 94, 104 _{ 0, (79)
po, Oz p 0z |pdS(r—r)8(z—z,)
04, A, 04 4 _, (80)

or 7 or r

The coil is at the boundary 1-2 at the height z = zo with the uniform excitation current, so the
right side of the equation (79) is j4,/0(r —7,)0(z—z,) . The boundary 2-3 is at height z=0, and

3-4 is at height z=—c, and there is no current, so the right side of the equation (79) is 0.

From these, the equations to determine coefficients are:

exp(—0z,)C, —exp(—0z,)C, —exp(fz,)D, =0, (81)
pexp(—0z,)C, — Bexp(—0z,)C, + Bexp(6z,)D, = pplaryJ (o), (82)
C,+D,—C,—D,=0, (83)
pC, —pD, _&Cs +&D3 =0, (84)

Hs Hs
eXP(ﬁgc)Cg —|-6Xp(—ﬁ3C)D3 - eXp(_ﬁ4C)D4 = O, (85)
%exp(@c)C3 — & exp(—5;¢)D; + % exp(—p3,c)D, =0. (86)

The coefficients Ci, C2, D2, C3, D3, and D4 are

€= RD, + 3 oo, exp(iz,), 87)
C,=RD,, (88)
D, = % wolar,J (ary)exp(—pz,), (89)
C3 _ 2#35 ,lL4ﬂ3 _:LL3B4 exp(—Zﬁsc) Dz, (90)
0
D - 2068 w55 + 118, D, 1)
0
p, 40, exp(Q—@c) XP3) o)
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R:£: ,u36_63 ,u4ﬁ3 +,UJ354 + /J3ﬁ+ﬁ3 ,UJ463_,UJ354 exp(—263c) (93)
Q M}ﬁ +63 ,u4ﬁ3 + ,u364 + N3ﬁ_ﬁ3 ,U4ﬁ3 - /1'3[34 exp(—2ﬁ3c) ,

and R is the total reflection coefficient.

In the above expressions, the coil excitation is a delta function for the single » and z
coordinates. A coil with the real cross-section is approximated by the superposition of the delta-
function excitations. The coil with a square cross-section is shown in Figure 4.

Region 1 | .
] ]
] ]

Region 1-2 "o — 1~ — X

Region 2

Figure 4. Square cross-section of the TX coil Transmitter coil.

The current density it is assumed to be constant over the coil dimensions, given as

. NI
" (r, =1 )z, —z) 9

where N is the number of coil turns. As the coefficients depend on r and z, the total coefficient

D> 1s then integrated over r and z, and the D>’ is given as:

n Z

. 1
p,=[[ 35 land (an) exp(— 0z, dr,dz,. (95)
That becomes
! 1 . X(Oél’i 9 Qar; 2)
D, = S Mol = B exp(—0fz,) —exp(—0z,) , (96)

and x(or,ar,) is a finite integral of the Bessel function, expressed as

X(x;,x,) = jﬂl (x)dx = x% Jo(0H, (x) —J,(x)H(x) ;2 ) 97)

with H, denoting the Struve function of the order n [88].
The coefficient Ci becomes C;’

1 x(an,arn)

C, = RD, + — i, =——2= exp(fz,) —exp(—fz) . (98)
2 B a
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The rest of the coefticients from (87) to (93) can be expressed through D»’.
The magnetic potential 41> at the border of regions 1 and 2 is the sum of all sources in the coil,

given that the current through the cross section is uniform:

Alz(r,z):j jjAl r,z,ky,z, drdz, +77A2 YyZ, ¥y, 2, drodzo]da, (99)
0 [P

nog

A, 7z :fRD2 exp(—Bz)J, ar da+
0 (100)

o

Il %w"(o‘ﬁ—o‘) 2 —exp(z,) exp(—3z) — exp(—Bz,) exp(6z) J, ar da.
o [0

The induced voltage U in the coil is obtained by solving a line integral of the electric field E

over the length of the transmitter and receiver coil, respectively:

U:—gSEdl, (101)
and E is
dA
=4 102
” (102)

In the frequency domain, the induced voltage is
U= ja)SfJAdl, (103)
and in the cylindrical coordinates, 4 has only ¢ component, while dl is
dl=7dr+rpde+ zdz. (104)
For the sake of more convenient implementation, the expressions were transformed from
cylindrical to cartesian coordinates, and ¢ component of A was transformed into X and j so

the expression for the induced voltage of the receiver becomes

4 Asi
U:jwqm(— 5P i+ Sm(pdy} (105)

r r

in which 4 depends on the region in which the coil is positioned. The integral is calculated as
the sum of the discrete linear segments which approximate the loop. The induced voltage is
calculated for a single closed loop, and for the multi-turn coil, the total induced voltage is the
superposition of each single closed loop.

The sensor output is expressed as the secondary to primary induced voltage ratio. In free
space, i.¢., in the absence of the soil, the primary coupling between the coils of an EMI sensor

induces the primary voltage in the receiver coil:

UP :ZT]TX :ja)MPITX’ (106)
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where Z is the transimpedance of the transmit-receive pair of coils, Mp is the primary

mutual inductance, and Itx is the transmitter current. In the presence of the soil, the receiver

voltage is a superposition of Up and the secondary component Us due to the coupling with the

soil and the change in the transimpedance AZr:

Us=AZ.1. (107)

It can be shown by using the Lorentz reciprocity theorem that the change AZr due to the
presence of the soil is

AZ, =72 ((,u—yo)HaHb—[g—go+_ianEbj av, (108)

Iixy Jjo

where the integration is over the entire measured soil volume V. In (108), magnetic field

H. and electric field E, are the fields for the case without the soil, i.e., the sensor in free space,

and Hp and Ey are the fields for the case with the soil. Assuming that the electromagnetic

parameters are small enough, the Born approximation can be used to make the assumptions

Hy~ H, and Ey = E,. The spatially dependent p, 6, and & can be replaced with effective or

apparent electromagnetic properties of equivalent homogenous medium efr, Gefr, and &efr,

defined in (6) and (7) . These simplifications and the quasi-stationary relationship between the

electric field and vector magnetic potential, E = —joA, result in

e

From (106), (107) and (109) the ratio of the secondary component to the primary component of

AZ; :j_a)(('ueff /Jo } (109)

2
ITX

the total induced receiver voltage is:

U, AZ 1 H,
_S_T_[(:ueff _ﬂo)j I

2 2

dVv - ]O'effa)J

AV (&4 - j

v

UP ZT MP V1TTX

TX

dV} (110)

The quantities Mp, Ha/ ITx, and A./ ITx are computed for the sensor in free space and are
solely determined by the sensor’s geometry. Being unaffected by the soil properties and the
excitation frequency, they determine the sensor sensitivities to the soil electromagnetic
parameters [89], [90]. Sensitivity to soil permeability (or susceptibility) is frequency-
independent, whereas sensitivities to soil conductivity and permittivity increase linearly and
quadratically, respectively, with the excitation frequency. This distinction is crucial, as high
frequencies render sensitivity to permeability negligible, while it becomes a dominant factor at

lower frequencies.
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2.1 Results of the analytical model

The analytical model results were calculated in Matlab as the induced voltage U of the
receiver coil in the air and above the medium. The characteristic dimensions of the setup, coil
dimensions, and position were chosen to be the same as in the experimental setup explained in
Chapter 3. The results are shown in the complex plane as the secondary to primary induced
voltage Us/Up ratio. The thickness of the first layer (region 3), Figure 3, was set to 5 cm to
obtain the sensor response in the order of magnitude similar to laboratory measurements and
FEM due to the smaller inspected volume, and the second layer (region 4) was set to air. The
electrical parameters of the first layer were in the range of 0.01 mS/m to 300 mS/m for electrical
conductivity and from 1 to 78 for relative permittivity. Electrical conductivity varied in 11 steps,
and dielectric permittivity varied in 10 steps. Each combination of conductivity and permittivity
was calculated for a total of 110 points. The results are calculated for the excitation frequency

of 5 MHz in Figure 5, 20 MHz in Figure 6, and 30 MHz in Figure 7.
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Figure 5. Analytical model results for sensor response Us/Up depending on the conductivity and permittivity at

5 MHz
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Figure 6. Analytical model results for sensor response Us/Up depending on the conductivity and permittivity at
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Figure 7. Analytical model results for sensor response Us/Up depending on the conductivity and permittivity at

30 MHz.

In all cases, red lines show results for constant conductivity with varied permittivity and

blue lines for constant permittivity with varied electrical conductivity. The change in dielectric
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permittivity dominantly affects the real part of the Us/Up for all frequencies. In the case of
5 MHz, Figure 5, the influence of electrical conductivity dominantly affects the imaginary part
of Us/Up. For 20 MHz and 30 MHz, Figure 6 and Figure 7, respectively, the imaginary part of
Us/Up is dominantly changed for low conductivity values (below approximately 100 mS/m).
For higher electrical conductivity values both real and imaginary parts of Us/Up are affected as

the low-induction number approximation is no longer valid.
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Chapter 3
Sensor design and electronic

Instrumentation

The designed sensor system consists of a transmitter and receiver, analog electronic
circuitry for signal amplification and filtering, and a network analyzer Keysight Fieldfox 9913A.
The electronics and the network analyzer are battery-powered and isolated from the ground.
The block diagram of the sensor system is shown in Figure 8. The vector network analyzer
(VNA) is used for generating the excitation signal and the acquisition of the signal, while the

rest of the signal processing was done offline on the PC in Matlab.

PC/MATLAB
ouT Network analyzer IN
o Fieldfox 9913A ®

Transmitter Receiver

-——= [---

TX amplifier RX amplifier

|
I
|
|
I
|
|
[
—1

— — o

Figure 8. Block diagram of the sensor system.
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3.1 Coils and shielding design

The transmitter and receiver incorporate printed circuit board (PCB) coils and a PCB
shield above and below each coil. The thickness of the FR-4 substrate for PCB was 0.8 mm to
reduce coil self-capacitance and maintain the mechanical integrity of both coils and shields.
The transmitter coil has 3 turns, and the receiver coil has 4 turns, Figure 9(a) and Figure 9(b).
The outer diameter of both coils is 70 mm, with the inter-turn spacing of 3.5 mm and the copper
trace width of 0.8 mm. The coil self-capacitance increases with the coil diameter and number
of turns, so the needed resonant frequency and sensor geometry determine the dimensions of
the coils. With a small number of turns, the obtained resonant frequency of both transmitter and
receiver coils is approximately 70 MHz, which is further reduced when shielding is added due
to the coil-shield capacitance.

Two different shield patterns were designed and evaluated: C-pattern and X-pattern,
Figure 10(a) and Figure 10(b). Dimensions of both shield designs are 87.5 mm x 77.5 mm, the
copper trace width is 0.5 mm, and the spacing between traces is 1.5 mm. The shielding patterns
are designed to minimize conductive surface, and the etched PCB traces don’t form inductive
loops, thus reducing the inductive losses while maintaining the ability to reduce capacitive
coupling. All traces have the same potential and are connected to the reference potential of the
coil in a star topology. Depending on the configuration, the spacing between the shields and

coil can be set to 2 mm, 4 mm, or 6 mm using plastic distancers.

RECEIVER COIL
TRANSHITTER COIL
‘Lﬂ" SHIELD CONNECTOR
[

a1

b

e =D

 MIMES =R

(b)

Figure 9. PCB coils: (a) Transmitter coil, (b) Receiver coil.
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"
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Figure 10. PCB shields: (a) C-pattern, (b) X-pattern.

3.2 Electronics design

The electronic instrumentation consists of a proprietary analog front-end circuitry
connected to the transmitter and receiver, a battery power supply, and the network analyzer
Keysight Fieldfox 9913A for signal generation and acquisition. The device is handheld and
battery-powered, so it is fully isolated from the ground, like the rest of the circuitry. The
excitation signal has a square wave shape, and the acquired signal is digitized with the 14-bit
analog-to-digital converter.

The excitation signal from the network analyzer is fed into the transmitter amplifier,
which consists of a 4th-order low-pass filter with a cutoff frequency of 35 MHz and the power
amplifier. The amplifier and transmitter are connected with a coaxial cable of 20 cm in length.
The transmitter low-pass filter filters the square wave excitation signal from the network
analyzer so that the higher harmonics will not saturate the receiver amplifier. The schematic of
the transmitter circuitry is shown in Figure 11, and the transfer function measured with a

network analyzer as magnitude and phase is shown in Figure 12.
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Figure 12. Transmitter circuitry measured transfer function: (a) magnitude and (b) phase angle.

The receiver buffer is connected to the receiver coil through the SMA connector to avoid
the additional cable capacitance that would lower the coil resonant frequency. The schematic of
the receiver buffer is shown in Figure 13. The output of the receiver buffer is connected to the
second and third amplifier stages, which are positioned further from the transmitter and receiver,
as shown in Figure 14 and Figure 15, respectively. The output of the third stage is connected
to the vector analyzer. The transfer function of the receiver chain is shown in Figure 16. The
total gain of the receiver chain is approximately 48 dB with a cutoff frequency of 35 MHz,
ensuring that only the induced coil voltage is amplified and high-frequency interference

suppressed.

Dorijan Spiki¢, PhD Thesis 37



Chapter 3: Sensor design and electronic instrumentation

C4 5p
—
R9 2k
AN
VEE
R7 100
VG LT6228
: AN = R1050 Vout
(—D - -AAN—
o R6 100 ..
N 1= !
p vee
g [
VC VE

Figure 13. Schematics of the receiver buffer board.
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Figure 14. Schematic of the second stage receiver amplifier chain.
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Figure 16. Receiver circuitry measured transfer function Hy: (a) magnitude and (b) phase

The sensor and electronics are mounted on a wooden stationary stand to avoid the
influences of any conductive parts. The intercoil separation, measured from the center of the

transmitter coil to the center of the receiver coil, is set to 37 cm and can also be set to 27 cm.

3.3 Measurement setup

The photograph of the measurement setup is shown in Figure 17. The sensor and
electronics are mounted on a wooden stand to keep everything distanced from the conductive
surfaces. The setup was also fixed in place so that the residual influences of the background
effects could be subtracted from the measurement. The plastic container has dimensions of
58.3cm x 37.2cm x 28.3 cm, filled with up to 61 liters of the medium, emulating soil properties.
It is possible to move the container away from the sensor to obtain measurements for the
response in the air and then position it below the sensor to obtain measurements of the medium.
The container was positioned in the same spot each time to obtain repeatable measurements,

and this was done by using markers on the table and the container.
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Figure 17. Experimental setup: (1) Shielded transmitter coil, (2) Shielded receiver coil, (3) Receiver buffer, (4)
Receiver amplifier, (5) Transmitter amplifier, (6) Battery power supply, (7) Keysight Fieldfox N9913A VNA,
(8) Container.

The photograph of the sensor is shown in Figure 18. The transmitter and receiver are
fixed on a rigid plexiglass board. The transmitter is oriented horizontally, with the magnetic
moment pointing upwards, and it is fixed in place for all measurements. The transmitter is
oriented vertically to the measured medium, with the magnetic moment pointing towards the
transmitter. The coils are mutually perpendicular, with the transmitter coil positioned
horizontally and the receiver coil vertically with respect to the measured medium. The intercoil
separation can be set to 37 cm or 27 cm by moving the receiver coil to pre-drilled spots,
measured from the centers of both coils. A mutually perpendicular configuration was chosen to
reduce the direct inductive coupling between the coils. The transmitter was offset by 2.08 cm
relative to the center of the receiver to obtain a small direct inductive coupling, which gives
stable phase lag when measuring sensor response in the air. When the centers of both coils are
perfectly aligned, the primary inductive coupling is minimal, and the wrapping of the phase
angle complicates the interpretation of measurements. On the other hand, if the primary

inductive coupling is too big, the receiver goes to saturation.
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Figure 18. Shielded transmitter (TX) and receiver (RX) coils. Intercoil separation a is 37 cm measured from the
center of the TX coil to the center of the RX coil. The center of the RX coil is offset for b = 2.08 cm below the

center of the TX coil.

3.4 Measurement procedure

The sensor response to the medium is represented as the complex ratio of the secondary
voltage Us and the primary induced voltage Up, a standard way of interpreting data from LFEMI
soil sensors [53]. The sensor transfer function for the response in the air without the presence
of the medium is Hui; defined as the ratio of the primary coupling Up and transmitter voltage
Urx 1s measured at the output of the front-end circuitry, which has the transfer function Hare:

= Har e (111)
UTX
The transfer function measured with the sensor above the medium is Hmedium, and the receiver
voltage is the sum of the primary voltage Up and the secondary induced voltage due to the
coupling through the medium Us:
H _HAFE’(UP+US)

medium "~ U
X

(112)

By subtracting the sensor response in the air from the sensor response above the medium, we
obtain the ratio of Us/Up and eliminate the effects of the electronics transfer function:
U, H -H

medium air ) 113
T (113)

With this representation, the instrumentation and excitation terms are eliminated, and the
measured sensor response can be directly compared to the results of the FEM analysis and other

numerical models [91].
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3.5 FEM model

The FEM analysis of the HFEMI soil sensors was done in CST studio suite 2022 (Dassault
Systémes Simulia) [92]. The FEM model was designed to be equivalent to the measurement
setup. The sensor geometry has dimensions similar to the experimental setup used for laboratory
measurements. The transmitter coil was modeled with 3 separate loops, the receiver coil had 4
loops, and the total voltage was the superposition of all the transmitter and receiver loops,
respectively, except that the shielding was omitted as the parasitic capacitances were not

included in the FEM, Figure 19.

Figure 19. FEM model of transmitter coil (left) and receiver coil (right).

The container was modeled as a block structure with dimensions of
59 cm x 37.2 cm x 28.5 cm, the container dimensions used in the laboratory experiments. The
domain boundaries were placed 100 cm from the container on each side, with the mesh having
171,068 tetrahedrons and remaining the same throughout all simulations. The homogenous
medium was modeled by changing the electromagnetic parameters of the block structure in a
range from 0 mS/mto 1 S/m for electrical conductivity and from 1 to 78 for relative permittivity,
Figure 20(a). The block structure was divided into 17 horizontal sections for the double-layer
medium case, Figure 20(b). The sections were grouped into two layers: the upper layer was air
(light blue) with the height /.ir, and the lower layer was water (dark blue) with the height /.
With this setup, it was possible to vary the height of each layer in discrete steps while the total
volume was kept constant. In all measurements, the sensor response in the air was modeled

with the medium of zero conductivity and relative permittivity of 1.
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(a) (b)

Figure 20. FEM model of the container: (a) homogeneous medium, (b) double-layer medium.

The FEM model was used to validate the sensor response to electrical conductivity and
dielectric permittivity in the homogeneous case and to evaluate the response to dielectric
permittivity in the double-layer case, discussed in Chapter 5. Also, the effects of mechanical
misalignment were evaluated by FEM in Chapter 4.3, and FEM was used for comparison of the

sensor response in the evaluation of shielding effectiveness in Chapter 4.4.6.
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Chapter 4
Analysis of unwanted electromagnetic
coupling and interference rejection

techniques

Analyzing the influences on the sensor response is important to determine the main
sources of errors and implement techniques for their mitigation. Rejection of unwanted effects
is needed to make the sensor response predominantly dependent on the electromagnetic
properties of the soil. The influences on sensor response can be due to the electromagnetic
coupling, temperature, and mechanical effects. The sources of errors, calibration methods, and
best practices in data acquisition of conventional EMI soil sensors are well documented in the

literature [93]-[98].

4.1 Liftoff analysis

In conventional soil mapping applications using commercially available EMI devices, the
sensors are usually mounted on a vehicle, towed behind, or used as handheld devices. When
mounted on a vehicle, the sensor is typically positioned a few tens of centimeters from the
ground. In the towed case, the sensor is put on a sled or inside an enclosure, so the distance
from the ground is usually a few centimeters [99], and it is not easy to obtain constant liftoff
through the measurements. Information about the liftoff is important because the output of the

commercial instruments, such as Geonics EM-38, is calibrated with the analytical model of the
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half-layer with the height of the sensor on the surface [53]. The measured apparent electrical
conductivity is the weighted average of conductivities across the depth [53], [100], and the
sensitivity curve is a function of the sensor geometry and coil orientations. In the case of both
coils oriented vertically, the sensor response is largest directly above the ground, while for the
horizontally oriented coils, the sensor response is largest when lifted above the ground [99],
[101], [102]. This means the sensor output and measured electrical conductivity change when
liftoff above the ground increases or decreases. The effects of liftoff on the proposed HFEMI

soil sensor were evaluated experimentally and using an analytical model.

4.1.1 Analytical model verification

The liftoff effects were evaluated using the analytical model described in Chapter 2 by
varying the height of both transmitter and receiver coils from 6 cm to 28 cm, measured from
the center of the transmitter coil and the surface of the medium at height z=0. The results were
calculated for the sensor above the infinite half-layer and shown as the ratio of Us/Up in the
complex plane for liftoff and electrical conductivity dependence with fixed relative permittivity
at 5 MHz and 20 MHz. In Figure 21, the relative permittivity was fixed to 1. The sensor
response decreases for given electrical conductivity with the increase in liftoff. The red lines
show Us/Up with constant conductivity and variable liftoff, and the blue lines show variable
conductivity with constant liftoff. The relative permittivity was fixed at 20 In Figure 22, and

the offset in the real part of the Us/Up due to the permittivity also decreases with the liftoff.
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Figure 21. Analytical model results for the sensor response Us/Up depending on the liftoff and conductivity, with
relative permittivity set to 1. The red lines represent constant conductivity, and the blue lines represent constant

liftoff: (a) 5 MHz, (b) 20 MHz.
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Figure 22. Analytical model results for the sensor response Us/Up depending on the liftoff and conductivity, with
relative permittivity set to 20. The red lines represent constant conductivity, and the blue lines represent constant

liftoff: (a) 5 MHz, (b) 20 MHz.

The effects of liftoff on measured permittivity are shown in Figure 23 for 5 MHz and
20 MHz with electrical conductivity fixed at 0.01 mS/m. Red lines represent constant
permittivity with variable liftoff, and red lines are constant liftoff with variable permittivity. A
3D graph of the complex plane at 5 MHz for each pair of electrical conductivity and dielectric

permittivity is shown in Figure 24 for each liftoff.
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Figure 23. Analytical model results for the sensor response Us/Up depending on the liftoff and permittivity, with
electrical conductivity set to 0.01 mS/m. The red lines represent constant permittivity, and the blue lines

represent constant liftoff: (a) 5 MHz, (b) 20 MHz.
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Figure 24. Analytical model results for the sensor response Us/Up at 5 MHz, depending on the electrical

conductivity, relative permittivity, and liftoff.

4.1.2 Experimental verification

The sensor response to changes in liftoff was measured for the proposed sensor geometry
with the perpendicular coils. The sensor was mounted on a stand above the container filled with
water. The experimental runs were done for four different conductivity levels: 60, 118, 180, and
236 mS/m. The liftoff was increased from 9.8 cm to 23.7 cm in 10 points by increasing the
height of the stand while keeping the container fixed. The distance was measured from the
center of the transmitter coil to the water surface. The liftoff of 9.8 cm was the default distance
of the measurement setup. The sensor response in the air was measured for each point of liftoff
to mitigate the effects of any changes due to the coupling with the environment.

The effect of the liftoft is depicted in Figure 25, with the lines of constant conductivity
(blue) and constant liftoff (red) shown in the complex plane measured at 5, 10, 15, 20, 25, and
27 MHz. An increase in the liftoff reduces the sensitivity to conductivity towards zero, making
the perpendicular coil configuration similar to the vertical-oriented coil configuration, as
discussed in [95]. For higher-frequency ranges, e.g., above 10 MHz, the results imply that it is
possible to measure electrical conductivity and the sensor lif-toff simultaneously using one
frequency, provided that the dielectric permittivity is known or constant. This could be

important in towed sensing applications where it is hard to keep fixed liftoff.
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Figure 25. The ratio Us/Up dependent on the liftoff and conductivity. The blue lines represent constant

conductivity, and the red lines represent constant liftoff. Linear interpolation is used between data points: (a)

5 MHz, (b) 10 MHz, (c) 15 MHz, (d) 20 MHz, (¢) 25 MHz, (f) 27 MHz.
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Real and imaginary parts of the sensor response signal, dependent on the liftoff, for
frequencies from 5 MHz to 27 MHz, are shown in Figure 26 and Figure 27. The measurements
above the medium with a low conductivity of 60 mS/m are shown in Figure 26, and the
measurements above the medium with a high electrical conductivity of 236 mS/m are shown in

Figure 27. The change in liftoff influences both real and imaginary signal components for low

and high conductivity.
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Figure 26. Sensor response above the medium with electrical conductivity 60 mS/m depending on the lift-off for

5,10, 15, 20, 25, and 27 MHz: (a) Real part of ratio Us/Up, (b) Imaginary part of ratio Us/Up,
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Figure 27. Sensor response above the medium with electrical conductivity 246 mS/m depending on the lift-off

for 5, 10, 15, 20, 25 and 27 MHz: (a) Real part of ratio Us/Up, (b) Imaginary part of ratio Us/Up.
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The absolute value of the sensor response depending on the liftoff is shown in Figure 28

for the lower conductivity medium (60 mS/m) and higher conductivity medium (236 mS/m).

The magnitude of the signal is higher for the high-conductivity medium, as expected. In both

cases, the magnitude of the signal decay with the increase of liftoff is non-linear.
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Figure 28. Absolute values of ratio Us/Up depending on the liftoff for 5, 10, 15, 20, 25 and 27 MHz above the
medium with electrical conductivity: (a) 60 mS/m, (b) 246 mS/m.

The signal decay was analyzed by dividing the absolute value sensor response at a certain

liftoff by the sensor response at the minimal liftoff when the signal is maximal (114):

Us

1Yebiorr 1009

S

S.C.= (114)

UP liftoff (min)

The ratio of measured signal magnitudes of increased liftoff and minimal liftoft is shown
in Figure 29. Blue lines show signal change above the medium with a conductivity of 60 mS/m,
and the red line shows the medium with a conductivity of 236 mS/m. Results marked with x
show a change when the excitation frequency is 5 MHz, and those marked with “0” show a
change for the excitation frequency of 27 MHz. It is noticeable that the signal change is similar
for the lowest and highest frequencies, suggesting that the change due to the liftoff is frequency-
independent in the measured frequency range. The same conclusion can be drawn from the
expression (110), showing that the geometry influences are independent of the electromagnetic

parameters of the medium. This fact can be useful for the future development of liftoff

compensation.
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Figure 29. Signal change shown as the ratio of different liftoffs and minimal liftoff response.

4.2 Temperature influence

A significant challenge in the EMI measurements is the influence of the temperature on
the sensor response. Temperature effects are researched in the context of commercially
available EMI devices such as Geonics and Dualem. It is noteworthy to discuss and analyze
these effects as it can be expected that they are also present in HFEMI soil sensor applications.
Temperature drift represents variations in the sensor measurements caused by ambient, device,
and soil temperature changes [96], [103]. Temperature drift can manifest as a slow change
during the day or a fast change due to environmental conditions, such as exposure to direct
sunlight. The main research tracks concerning temperature effects are electronic
instrumentation for drift compensation and sensor improvements [94], [104], modeling of
temperature effects [105]-[108], sensor evaluation in laboratory and field conditions [93],
[109]-[111] and calibration techniques [95], [112], [113].

The influence of ambient temperature on drift in commercially available instrument EM-
38 by Geonics is discussed in [94]. The authors found that the high ambient temperature can
significantly influence the sensor readings, especially above 40°C, which was the limit for the
temperature compensation circuitry. Generally, the electronic components also have
temperature dependence, which affects the sensor response. Another issue is the positioning of
the compensation circuitry, which was implemented on the control board far from the coils.
Due to the distance between the transmitter and receiver coils, it is possible that the heating of

the coils is uneven. The suggestion is to put the instrument inside the enclosure, preferably
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made out of wood, to keep the heating of the instrument uniform. The approach using multiple
temperature sensors near each coil and electronics is proposed in [103] so that the temperature
of the coil can be used in the correction model. Field tests described in [93], [94] suggest that
the EMI sensor drifts over a typical survey duration, i.e., 8 hours per day, which can be
significant, especially over low-conductivity soil. It is necessary to calibrate the instrument
multiple times per day during the survey, and it is suggested to avoid measurements during hot
and sunny days [114] or to shade the instrument properly [111]. Another common practice in
field surveys is to run a drift row, which means measuring along the dedicated row in the field
[94], then returning to the same row later in the day and repeating the measurements [93].

The change in soil temperature during the survey affects measured electrical conductivity.
Typically, the sensor response is affected by the changes in temperature of the first 10 cm of
soil during the single-day surveys. This upper layer can have considerable changes in the
temperature, but it decreases rapidly with the depth [110]. When the soil conductivity is
represented as the apparent electrical conductivity EC, used in the conventional EMI soil
sensing using commercial devices such as Geonics EM-38, various empirical relationships were
determined to recalculate the EC, into the EC>s, which is the conductivity at 25°C to enable the
comparison of data from different measurement runs. The exponential relation in [93] where

the Tl is the temperature of the soil in °C in the range from 3°C to 50°C is given as:

T

EC, = EC, -{0.447+1.4034-e[ 26»815]} . (115)

The ratio model useful in the temperature range from 3°C to 47 C is given in [115] with the v
as the temperature slope constant:

EC,

EC, =—F-7"T5— . 116
21+ (T -25) (116)
The cubic relation connecting EC>s and EC, is given in [116] as:
EC,; = EC,-(1-0.20346-T +0.03822-T% —0.00555-T" ), (117)
with the T defined in °C as
T  -25
T=——— 118
10 (118)

These analyses and empirical relationships of temperature influence on conventional
commercially available low-frequency EMI sensors provide an insight into these effects in the

HFEMI sensors for similar use cases and geometries.
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4.2.1 Temperature drift of the HFEMI sensor system

Temperature can significantly influence the sensor response, especially in field conditions
with frequent temperature fluctuations and under direct sunlight. A qualitative analysis of the
temperature drift of the proposed HFEMI sensor was conducted in both laboratory and field
settings. The drift was analyzed for the primary magnetic field coupling H,, assuming that both
transmitter and receiver circuitry heat evenly. The drift in primary coupling affects the data
interpretation as the results are usually shown as the secondary to primary magnetic field ratio.
Observing the temperature effect on the secondary magnetic field Hs is difficult due to the
interaction with other medium physical properties influencing the sensor response to the
electromagnetic soil parameters.

The absolute value of the primary magnetic field coupling Hp measured in the laboratory
is shown in Figure 30 for (a) 5 MHz, (b) 10 MHz, (c) 20 MHz, and (d) 27 MHz. The
measurements were taken at 75 points during the experimental run over 13 h. The laboratory

temperature was fairly stable, around 24°C throughout the measurements.
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Figure 30. Sensor response in the air |[Hp| during the laboratory measurement: (a) 5 MHz, (b) 10 MHz,
(¢) 20 MHz, (d) 27 MHz.
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The change in the signal was calculated as

max(H,)—min(H,)
max(H,)

AH, = 100%. (119)

The measurement of the primary field is stable for all observed frequencies throughout the
experiment. The percentage of signal change from maximum to minimum values is 0.8% at

5 MHz, 0.9% at 10 MHz, 1.2% at 20 MHz, and 1.3% at 27 MHz.

The field measurements were done on two sites over multiple days with different weather
conditions. Measurements shown in Figure 31 were made on the 14th and 18th of October,
2022, on site 1 in Ludbreg, Croatia. Both figures show measurements for (a) 5 MHz,
(b) 10 MHz, (¢) 20 MHz, and (d) 27 MHz. Primary magnetic coupling Hp was measured when
the sensor was positioned 1 m above the ground. Two measurement runs at different times are

shown in Figure 31.

The first measurement run of 24 points (blue line) started around 13h, and the second run
of 22 points (red line) around 16h. Both runs lasted approximately 2 hours. The drift in the
signal is noticeably larger for the first experimental run across all frequencies, as the
measurement was done when the insolation was higher, and there was a more significant
temperature gradient. The measurement setup was shaded from the sun in the second
experimental run. The percentage of change in H,, was calculated as the ratio of the difference
between the first and the last measurement, divided by the first measurement, Table 2. The
change from the first to the last measurement also increases with the increase of the excitation
frequency. Measured primary coupling in the laboratory conditions is stable, and the
fluctuations are not due to the temperature effects. On the other hand, in field conditions, there
is an obvious change in the measured primary coupling due to the temperature influence on the

electronics and coils, especially when directly under sunlight.

Table 2. The percentage of the primary field changes from the first to the last measurement.

|Hp| change [%]

First measurement Second measurement
Frequency [MHz] run (blue line) run (red line)
5 1.72 0.59
10 2.6 0.72
20 2.94 1.33
27 3.72 1.93
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Figure 31. Sensor response in the air |H}| during the first field test for two experimental runs. The first run was

done earlier in the day (blue), and the second run later (red). Circles represent measurements, and dashed lines

least squares fit. Results are shown for (a) 5 MHz, (b) 10 MHz, (c¢) 20 MHz, (d) 27 MHz.

The sensor response in the air and the ambient temperature were measured in the

experimental run that lasted for 2 hours. The HFEMI sensor and temperature sensor were under

direct sunlight from 12h noon to 14h. The ambient temperature was measured with a WTW

3401 electrical conductivity probe placed next to the sensor. The results are shown in Figure 32

for (a) 5 MHz, (b) 10 MHz, (¢) 20 MHz, and (d) 27 MHz. The measured sensor response Hp, 1s

shown with blue circle marks, and the measured temperature is shown with red x marks. The

least squares linear fit was done for both measurements, shown as a blue dashed line for sensor

response and a red dashed line for measured temperature. The trend on all frequencies shows

that the measured sensor response decreases with the increase in ambient temperature.
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Figure 32. Sensor response in the air |H}| (blue circles) and measured air temperature (red x) during the first field

test. Dashed lines are the least square fit. Results are shown for (a) S MHz, (b) 10 MHz, (c) 20 MHz,

(d) 27 MHz.

The measurements in Figure 32 are also shown in Figure 33 as the sensor response in

dependence on the air temperature. Blue crosses represent the measurements, and the dashed

red lines are the least square fit of the temperature dependence. Temperature coefficients at the

shown frequencies for a given temperature range, calculated from the slope of the line obtained
by the least square fitting, are -6.75x10° [°C"!] for 5 MHz, -6.79x10° [°C™!] for 10 MHz, -
9.23x10° [°C!'] for 20 MHz, and -9.79x10° [°C!] for 27 MHz.
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Figure 33. Sensor response in the air |H}| in regards to measured temperature during 2h experimental run. Blue x
marks represent measurements, and the dashed line is the least square fit of data. Results are shown for

(a) 5 MHz, (b) 10 MHz, (c) 20 MHz, (d) 27 MHz.

The second field test was done on the 11th and 14th of September, 2023, at test site
Jazbina, Croatia. Measurements of |Up| done on both days are shown in Figure 34 for (a) 5 MHz,
(b) 10 MHz, (c) 20 MHz, and (d) 27 MHz. On the first day, the experiment was done around
noon, the temperature was 27°C, and the sensor was exposed to direct sunlight. Measurements
were taken in 2 intervals, 50 minutes apart, and 5 measurements were taken for each interval.
On the second day, the temperature was 18°C, and it was a cloudy day. The experiment was
done early in the morning, starting from 7 h in 4 intervals 50 minutes apart, and 5 measurements
for each interval. Measurements in each interval took 10 minutes. Measurements of the first
day are shown with red crosses, and the second-day measurements are with blue circles. On
both days, there is a drift in the signal between each interval, and the measurements during the

same interval are grouped and stable. The trend indicates that the signal decreases with the
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increase in temperature, and it is necessary to calibrate the instrument periodically during the

field trials.
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Figure 34. Sensor response in the air |Hp|. Results are shown for (a) 5 MHz, (b) 10 MHz, (c¢) 20 MHz,
(d) 27 MHz.

4.3 Influence of mechanical misalignment

Mechanical influences such as vibrations or bending can impact the sensor output,
especially in field conditions where the operator holds the sensor in hand or is mounted on a
vehicle. In addition to the discussed liftoff effects, the sensor can also change the angle relative
to the ground surface [96], and the mechanical stress within the sensor can alter the precise
positions of the coils, changing their relative position.

The mechanical misalignment errors of the proposed HFEMI soil sensor were analyzed
by the FEM model. This approach was chosen over the laboratory evaluation in which the

sensor is fixed, as small changes in sensor geometry can be precisely set in the FEM setup. The
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dimensions of the FEM model were chosen equal to the laboratory setup. The primary coupling
Hp was calculated as the sensor response in the air with a medium set to an electrical
conductivity of 0 mS/m and a relative permittivity of 1. The secondary coupling Hs was
calculated above the medium with an electrical conductivity of 60 mS/m and relative
permittivity of 78.

The sensor response was evaluated for the small changes in the transmitter coil height
and distance relative to the receiver coil. Also, the changes in the tilt angles were evaluated for
both transmitter and receiver coils for sensor response in the air and above the medium. The tilt
angles of significance are pitch and roll, as the yaw angle of the coils does not change the
position relative to the inspected medium, Figure 35. The pitch angle for the transmitter coil
varied from -3.75 to 3.75 degrees relative to the medium and reference position, shown in
Figure 35 (a). The variation in roll angle for the transmitter coil was done in both directions
from -3.75 to 3.75 degrees, Figure 35 (b). When the transmitter angles were varied, the receiver
coil was fixed in the reference position, and when the receiver coil angles were varied, the

transmitter coil was fixed in the reference position.

pcopr |

LT

Figure 35. Transmitter coil tilt angles in FEM analysis: (a) pitch angle tilt, (b) roll angle tilt.
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The reference distance between the centers of the TX and the RX coil is set to 37 cm, and
the center of the TX coil is 2.08 cm below the center of the RX coil, which is defined by the
dimensions and requirements of the laboratory setup. The horizontal offset from the reference
distance between the TX and RX coils was varied from -5 mm (TX coil closest to RX coil) to
5 mm (TX coil moved furthest from RX coil) in 1.25 mm steps. The vertical offset from the
reference TX position was varied from -1 mm (TX coil in the highest position) to I mm (TX
coil in the lowest position) in 0.25 mm increments.

The results at 20 MHz are shown in Figure 36(a) for the primary coupling magnitude |Hp|
and the secondary coupling magnitude |Hs| in Figure 36(b). The reference position is marked
with blue “x”, sensor response due to the horizontal offset with red circles, and response due to
the vertical offset with yellow circles. The change in primary coupling is linear with the change
in distance and height, and the geometry is more sensitive to the change in height, Figure 36(a).
The change in the secondary coupling is almost unchanged for small changes in both distance
and height. The different values are due to the numerical errors, as the change in geometry
affects the mesh grid of the FEM simulation, Figure 36(b). The magnitude |Us/Up| at 20 MHz
is shown in Figure 37 for distance and height offset. For all cases, the offset mainly affects the
primary coupling and introduces the error when representing the sensor response as the

secondary to primary coupling ratio.
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Figure 36. (a) FEM analysis of transmitter coil offset from reference position above conductive medium with

conductivity 60mS/m and permittivity 78 at 20 MHz for (a) Primary coupling Hp and (b) Secondary coupling Hs.

Blue x represents the reference position, red lines are horizontal offset, and yellow lines are vertical offset.
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Figure 37. FEM analysis of transmitter coil offset from reference position above conductive medium with
conductivity 60mS/m and permittivity 78 for the ratio of Us/Up for horizontal (red) and vertical offset (yellow) at
20 MHz.

The errors of primary and secondary coupling, relative to the reference position |Hrer| are

calculated as:

HX _HX,ref

ERR:‘ 100[%] (120)

‘ X, ref

with Hx being either |Hp|, |Hs|, or |Us/Up| at 10 MHz, 20 MHz and 25 MHz, Table 3. The
change of primary coupling is the same for all frequencies: The change in secondary coupling
decreases with the frequency for the same offsets due to the sensitivity to the medium below

and changes in the mesh.
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Table 3. Relative distance and height misalignment errors for primary coupling Hp, secondary coupling Hs, and

ratio Us/Up at 10 MHz, 20 MHz, and 25 MHz.

Relative distance error [%] Relative height error[%)]
TX offset [ mm] Hp Hs Hs/Hp || TX offset [ mm] Hp Hs Hs/Hp
5 59 1419 1134 1 499 599 4.97
E 3.75 392 223 1.76 0.75 397 7171 6.27
s 2.5 291 39 2.21 0.5 281  6.77 5.6
- 1.25 1.65 9.07 8.22 0.25 2.18 &.11 7.02
— -1.25 045 7.04 7.29 -0.25 1.03  7.34 791
-2.5 2.56  6.81 8.08 -0.5 1.73 11.74 12.64
-3.75 342 175 18.86 -0.75 2.67 7.88 9.52
-5 528 6.99 9.45 -1 411 1377 15.89
Relative distance error [%] Relative height error[%)]
TX offset [ mm] Hp Hs Hs/Hp || TX offset [ mm] Hp Hs Hs/Hp
5 5.89 5.79 2.62 1 5 1.89 3.85
E 3.75 3.92 2.08 1.91 0.75 397 2.39 2.66
s 2.5 291 2.18 0.98 0.5 2.81  2.07 1.8
= 1.25 1.65 2.93 1.88 0.25 2.18 2.73 1.54
o -1.25 045 1.95 2.28 -0.25 1.03  1.95 2.71
-2.5 2.56  1.51 2.93 -0.5 1.73  3.32 4.64
-3.75 342 4.04 6.05 -0.75 2.68 234 4.59
-5 527 2.01 4.23 -1 4.12 3.7 6.86
Relative distance error [%] Relative height error[%)]
TX offset [ mm] Hp Hs Hs/Hp || TX offset [ mm] Hp Hs Hs/Hp
5 5.89 43 2.62 1 5 1.19 2.44
N 3.75 392 2.02 1.91 0.75 398 1.46 1.98
E 2.5 291 1.86 0.98 0.5 2.81 1.26 1.15
w 1.25 1.65 1.86 1.88 0.25 218 1.8 1.01
« -1.25 045 1.09 2.28 -0.25 1.03  1.04 1.42
-2.5 2.56  1.06 2.93 -0.5 1.74 1.87 2.07
-3.75 342 2.13 6.05 -0.75 2.68 1.38 3.86
-5 527 2.06 4.23 -1 4.12  1.99 3.38

The sensor response for pitch and roll tilt angles is shown in Figure 38 as the primary
and secondary coupling |Hp| and |Hs|, respectively, and for ratio |Us/Up| in Figure 39. The
reference position is shown with a blue circle. The TX coil is in a horizontal position, the RX
coil is vertical, and they are mutually perpendicular. Pitch and roll tilt angles were varied for
TX and RX coil from -3.75° to 3.75°. For each simulation run, one angle was changed while
the rest were fixed to the reference position.

The change of the primary coupling |Hp| is most pronounced for the TX pitch (red circles)
and RX pitch (purple circles) angles as this angle variation changes their mutual orientation, so
they are not perpendicular to each other. The primary coupling increases or decreases linearly
for both TX and RX pitch angles, but the change is not symmetrical due to the TX coil offset
from the center of the RX coil. The small changes in TX roll (yellow circles) and RX roll (green

circles) angles have negligible effects on primary coupling, Figure 38(a). The secondary
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coupling |Hs| is noticeably affected only in the case of TX pitch change, and the changes due to
the other tilt angles do not introduce significant errors. The variations are numerical noise due
to the changes in the FEM mesh, Figure 38(b). Figure 39 shows that small variations in roll
angles for both TX and RX coils change the ratio |Us/Up|, causing errors in the sensor data
interpretation. The change in the TX pitch angle changes the ratio |Us/Up| the most because this

angle changes the mutual orientation of the coils and, consequently, primary coupling.

-3 -5
55 P — ; : : : ‘ : 115 L2
©  Reference position QO Reference position
5 F|—©— TXpich B —&— TX pich
TX roll TX roll
a5k —&— RX pitch i —&— RX piich
—&— RX roll —o— RXroll

3 o 5

2.5
1.05

Exe
15F

1k
0s L L L L 1 . L L L

-4 -3 -2 -1 0 1 2 3 4 -4 3 2 -1 0 1 2 3 4

Coil tilt angle [°] Coil tilt angle [°]
(a) (b)

Figure 38. FEM analysis of transmitter coil til angles from the reference position (blue circle). Primary coupling
(a) in the air and secondary coupling (b) above conductive medium with conductivity 60mS/m and permittivity

78. Results are shown for different tilt angles: TX pitch (red), TX roll (yellow), RX pitch (purple), and RX roll

(green).
2 T T
O Reference position
18 F —&— TX pitch -
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Figure 39. FEM analysis of transmitter coil til angles from the reference position (blue circle) for the ratio of
Us/Up. Results are shown for different tilt angles: TX pitch (red), TX roll (yellow), RX pitch (purple), and RX

roll (green).
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The primary and secondary coupling errors, relative to the reference position |Hrgr|, are
calculated similarly to the previous case using the equation (120) for 10 MHz, 20 MHz, and

25 MHz, as shown in Table 4.
Table 4. Calculated coupling errors for TX pitch, TX roll, RX pitch, and RX roll angles at 10 MHz, 20 MHz, and

25 MHz.
TX pitch error [%] TX roll error [%] RX pitch error [%] RX roll error [%]
anglet[ﬂ Hp Hs Hs/Hp | Hp Hs Hs/Hp Hp Hs Hs/Hp Hp Hs Hs/Hp

E 3.75 80.43  6.76 43.7 0.67 7.08 6.79 40.38 0.92 28.78 0.94 7.88 8.34
> 2.5 53.64  4.65 31.89 | 1.06 7.74 7.22 26.8 0.73 21.25 0.71 2.24 2.61
= 1.25 2695 4.12 21.92 || 0.32 7.44 7.59 13.32 0.55 11.98 0.2 8.75 8.85
-1.25 2724 1029  28.85 0.6 8.41 8.07 14.15 8.25 12.65 0.35 5.18 5.35
-2.5 54.67 1098 100.35 | 0.7 8.61 8.21 27.43 8.09 31.67 0.75 243 1.96
-3.75 81.56 12.56  381.14 | 0.71 7.69 7.25 41.1 7.07 61.91 1.8 7.86 6.84

TX pitch error [%[ TX roll error [%] RX pitch error [%] RX roll error [%]

Tilt angle Hp Hs Hs/Hp | Hp Hs Hs/Hp Hp Hs Hs/Hp Hp Hs Hs/Hp

N 3.75 80.79 4.62 4247 | 0.67 1.75 1.53 40.12 0.62 28.33 0.94 1.85 2.39
E 2.5 53.88 393 3248 | 1.06 221 1.65 26.62 0.38 20.87 0.71 0.5 0.88
- 1.25 27.07  1.66 20.44 | 0.32 1.7 1.83 13.23 0.2 11.69 0.2 222 2.34
« -1.25 2736  3.81 3293 0.6 2.72 2.27 14.07 2.56 14.05 0.35 1.2 1.38
-2.5 54.9 6.03 108.57 | 0.7 3.01 245 27.25 2.52 34.59 0.75 1.02 0.44
-3.75 81.92 7.74 4104 | 0.71 3.02 2.42 40.84 2.6 65.01 1.8 2.94 1.62

TX pitch error [%[ TX roll error [%] RX pitch error [%] RX roll error [%]
.| Titangle Hp  Hs HyHp | Hp aﬁgfe Hp | Hs HsHp Hp a:‘g'lte Hp  Hs
=z 3.75 81.07 4.78 4229 || 0.67 091 1.01 39.92 0.74 28.09 0.94 0.98 1.36
E 2.5 54.07  3.75 32.67 | 1.06 1.26 0.94 26.49 0.44 20.68 0.71 0.36 0.58
« 1.25 27.17 1.7 20.19 || 0.32 0.94 0.94 13.16 0.18 11.57 0.2 1.14 1.24
-1.25 2745  2.69 3431 0.6 1.74 1.27 14 1.6 14.71 0.35 0.62 0.72
-2.5 55.09 5.14 11125 | 0.7 2.05 1.46 27.12 1.62 35.21 0.75 0.77 0.23

The change in the transmitter or receiver height mostly affects the primary coupling,
which is minimal when the horizontal position of the transmitter is in the center of the receiver
coil. The vertical offset of 1 mm from the defined position can change the primary coupling by
6%. The small variations in coil height do not significantly affect the secondary coupling
through the soil. With the small increase in the mutual coil distance, the magnitude of the
primary coupling decreases, but the secondary coupling slightly increases due to the more
inspected volume. The change in a horizontal distance of 5 mm can change primary coupling
by 5%. In both cases, the ratio US/UP is affected due to the primary coupling, and the height
change is more significant than the change in the coil distance.

The change in the transmitter and receiver tilt angles dominantly affects the primary
coupling, which depends on the mutual coil angle. It is minimal when the coils are mutually
perpendicular and maximal in the case of horizontal or vertical coplanar orientations. The
biggest source of error is the change of the transmitter pitch angle, which directly increases
primary coupling in the order of 80% for an angle around 4°. Combined with height offset, it
can sometimes flip the phase of the primary coupling. Overall, small variations in coil angles

do not affect secondary coupling significantly.
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4.4 Electrostatic shielding

The voltage induced in the receiver coil is a superposition of a primary voltage resulting
from the direct inductive coupling with the transmitter and a secondary voltage due to the
inductive coupling through the medium. There is also a capacitive coupling that can be direct
between the coils and through the medium [83]. As the excitation frequency increases, the
capacitive coupling can become comparable to inductive coupling and become an issue in
HFEMI sensors. The capacitive coupling affects the sensor response and complicates data
interpretation. In addition to capacitive parasitics, there is also a capacitive-inductive coupling
between the coils and the medium, but this coupling is difficult to quantify compared to
capacitive effects, as discussed in [83].

Electrostatic shielding is a standard procedure for minimizing capacitive coupling [117],
[118]. Most EMI sensing studies, unrelated to soil sensing, approach this problem from the
practical design perspective. However, limited attention is often given to the effectiveness or
comparison of different shielding techniques and materials once implemented.

For instance, one study developed a magnetic tomography system operating at 10 MHz
to measure the electrical conductivity and permittivity of the biological tissue [119]. The
researchers compared measurements from unshielded coils and coils shielded with copper tape,
finding that shielded coils provided more accurate results of dielectric permittivity. Another
study described a magnetic tomography sensor for biomedical applications using a frequency
range of 400 kHz to 12 MHz, consisting of one transmitter coil and two receiver coils positioned
to minimize direct inductive coupling [120]. Audio cables were wound around each coil, acting
as an electrostatic shield to reduce capacitive coupling. The tomography system in [121] was
developed for the measurement of the electrical conductivity of the tissue using a gradiometer
coil made of printed circuit board (PCB) coils, with the transmitter coil positioned between the
two receiver coils. Patterned PCB shields were used on the top and bottom sides to minimize
the capacitive coupling between the coils and tested objects. A study in [122] developed a
magnetic induction spectroscopy system for bio-impedance measurement in the frequency
range of 156 kHz to 2.5 MHz. Two receiver coils in gradiometer configuration minimized direct
inductive and capacitive coupling, and an aluminum enclosure protected the sensor from
external electromagnetic interference. Capacitive coupling between the sensor and test sample
was mitigated with layers of graphite paint forming a low-conductivity electrostatic shield.

The relevant literature review concludes that no studies in HFEMI soil sensing have

addressed the issue of capacitive coupling and the need for electrostatic shielding. This chapter
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gives a more general analysis of coupling mechanisms in HFEMI soil sensing with a qualitative

description of the main coupling mechanisms using an equivalent circuit model.

4.4.1 Equivalent circuit model
Following the analysis in [83], the equivalent circuit model of the experimental setup was
derived, as shown in Figure 40. The sensor configuration determines the transmitter and

receiver parameters, while the coaxial cable and low-pass filter parameters remain constant.

_______ 1 —F———— —_————r—— =
: Coanxial cable | : Transmitter | ¢ : Receiver | ELo\\' pass filter]|
Urx | I I | | Urx
[ |
—H Le oo | I ‘—'RLP |
Riv | I | | i |
I I I CTX RTX I |RRX CRX | E CLP |
| I Lrx | | Lax | |
| . o S L I |
| I | | I |
| I | |l |
I o | | |

Figure 40. Equivalent circuit model of the experimental setup with shielded transmitter and receiver.

The modeled transfer function H() is derived from the equivalent circuit model, given as

H(a),C,M,k)=U;RX

X

: (121)

where o is the angular frequency, C is the mutual capacitance, M denotes the mutual inductance,
k approximates frequency-dependent losses, and Xy is the cross-impedance defined as:
X, =joM -k . (122)
The transmitter and receiver are weakly coupled due to the intercoil separation and orientation,
so C, M, and k have low values relative to other circuit parameters. As a result, the transfer
function H can be approximated using a first-order Taylor expansion around
(C, M, k)= (0,0, 0):
H(w,C,M,k)=h.(@)C+h, ()M +h (0)k. (123)

In this case, hc, hm, and A are partial derivatives of H with respect to C, M, and k. This
simplification is justified, as computations using typical parameter values from Chapter 4.4.4
show no observable difference between the exact expression for A and its approximation in

(123). Relevant expressions for (123) are given in equations (124) to (131):
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Zy=Ry+joL, (124)
Zy =Ry +joLy , (125)
Zy =Ry + joLy, (126)
Y=R+Zy+jo(C.+Cp), (127)
Zy=Zy (142, )(14 j@CypRyp + Zyy (jCiy + jC,p =@’ CiyCipRy, )) . (128)
hy (0)=22 (129)

ZD
h (@)= , 130
H(@)=—7 (130)

wZ, 7

hc(w)zm _ (131)

ZD

Equations (125) and (126) are transmitter and receiver impedances Zrx and Zrx without
their capacitances Ctx and Crx, respectively. A phase difference between /m in (129) and /4c in
(131), results from the product of Ztx and Zrx. At frequencies above 1 MHz, impedances are
primarily inductive, with the phase close to 90°, meaning that the phase difference between /v
and /c is 180°. This phase difference is independent of the transmitter-receiver separation since

only C, M, and k depend on the separation.

4.4.2 Experimental procedure and model parameter estimation

The sensor transfer function, denoted as H., was measured for two different transmitter
coil orientations, Figure 41. First, the sensor transfer function Heup was measured with the
transmitter coil facing upwards, Figure 41(a). Next, the transmitter coil was flipped downwards,
and the sensor transfer function Hedown Was measured, Figure 41(b). In both cases, the
capacitive coupling remains the same since the relative positions of all conductive surfaces
(such as copper traces and parts of the experimental setup) are unchanged, but the inductive

coupling altered its sign with the change of orientation.
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RN
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Figure 41. Sensor coils orientation: (a) horizontal transmitter coil oriented up, vertical receiver coil, (b)

horizontal transmitter coil oriented down, vertical receiver coil.

The equivalent circuit parameters for calculating sc, im, and s were determined using an
impedance analyzer before measuring the sensor transfer function. C, M, and k values were
estimated by fitting the equation (123) to the measured transfer functions Heup and He down
through linear least-squares regression across the relevant frequency range. For each measured
frequency w, the pair of equations are:

H, () =h (@) C+h,(0)-M+h(0)-k , (132)
H_ (@) =ho(0)-C—hy(0)-M —h(0)-k . (133)
For H.up, the inductive coupling parameters M and & have a positive sign, while for He gown they
have a negative sign. The overdetermined system with 2n equations, where » is the number of
measurement frequencies, is then constructed as:
| Hep(@) ] [ he@)  hy(@)  h(@) ]
H o (@) he(w)  —hy(o) k(@)

= M| . (134)

Hc,up (a)n ) hC (a)n ) hM (COH ) hk (wn)
| Heaon (@) ] | he(@,)  —hy(@,) -h(o,) ]

Since there is a 180° phase difference between /¢ and /wm, the capacitive and inductive

coupling components in (132) have opposite phases, reducing the overall coupling. In the case
of (133), the sign of the inductive coupling changes, causing the capacitive and inductive

coupling components to be in phase, and thus, the overall coupling is increased.
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4.4.3 Summary of the method for electrostatic shielding evaluation

The outlined procedure is suitable for weakly coupled EMI sensors, meaning the
transmitter and receiver coils are positioned far enough apart so that the mutual inductances and
capacitances are significantly smaller than the individual coil inductances and capacitances.
Applications include EMI soil sensors, tomography, and spectroscopy systems. The following
steps provide an overview of the method for assessing electrostatic shielding effectiveness:

1. Develop an equivalent circuit model for a high-frequency EMI (HFEMI) sensor without
the medium under investigation, i.e., the sensor in the air.

2. Linearize the derived model for the inductive and capacitive coupling parameters.

3. Measure the impedance of each shielded coil in the sensor and estimate the parameters
of its equivalent circuit using a laboratory impedance analyzer. The estimated
parameters serve as the parameters of the linearized HFEMI sensor model.

4. Measure the sensor responses for two opposite transmitter orientations. If the transmitter
cannot be reoriented, change the direction of the excitation current instead.

5. Estimate the coupling parameters using the linearized model and the measured sensor

response.

4.4.4 Measurement and estimation of equivalent circuit parameters

Transmitter and receiver equivalent circuit model parameters, Figure 42, for both the
transmitter and receiver are given in Table 5 for each coil and shield combination, as measured

with the Agilent 4294A impedance analyzer.

:-NYY'\_ _=_me_
Rrx Lrx — - Rrx Lrx —
Crx | | Crx | I

(a) (b)

Figure 42. Equivalent circuit parameters model: (a) transmitter and (b) receiver.

The columns in Table 5, Table 7, and Table 8 represent various shield patterns (C or X)
and coil-shield spacings in millimeters. For instance, C-4 indicates a C pattern shield with a 4
mm spacing from a coil. Receiver capacitance (Crx) and transmitter capacitance (Crx) account
for coil self-capacitance and coil-shield capacitance, which are influenced by the shielding

pattern and coil spacing. Receiver inductance (Lrx), transmitter inductance (Ltx), and their
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corresponding series resistances (Rrx and Rrx) are determined by the coil geometry, as well as
the skin and proximity effects in the copper traces of the coils and shields. Table 6 presents the
equivalent circuit parameters for the coaxial cable and low-pass filter. The filter capacitance

(Cvrp) is the sum of the receiver amplifier input and filter capacitance.

Table 5. Transmitter and receiver equivalent circuit parameters

C-2 C-4 C-6 X-2 X-4 X-6
Lrx [pH] 1.101 1.117 1.124 1.084 1.108 1.117
Crx [pF] 12.05 9.78 9.04 11.68 9.58 8.77
Rzx [Q] 0.345 0.351 0.347 0.301 0.29 0.286
Lgx [pH] 1.489 1.517 1.528 1.485 1.519 1.527
Crx [pF] 13.71 10.73 9.47 13.27 10.53 9.24

Rex [Q] 0.399 0.386 0.404 0.428 0.421 0.409

Table 6. Coaxial cable and low-pass filter equivalent circuit parameters

Coaxial cable

Li [nH] 40
Cc [pF] 18.5
Ri [kQ] 716

Low-pass filter

Cvr [pF] 6.9
Rir [Q] 499

The coupling parameters C, M and k are estimated using the procedure in Section 4.4.3
for the measurement data up to 20 MHz to avoid the coil resonance effects. The results are
given in Table 7 for transmitter-receiver separation of 27 cm and in Table 8 for 37 cm
separation. Different sensor configurations were tested (6 x 6, 2 shield patterns and 3 coil-shield
spacings for the transmitter and the receiver) for 36 combinations. Two measurements were
made for each configuration: first, with the transmitter coil oriented up and then oriented down.
For a given transmitter-receiver separation, the mutual inductance M and losses k are similar
for all configurations, which means that the inductive coupling is not significantly affected by
changing the shield pattern and coil-shield spacing. The mutual capacitance C depends on the
configuration. It can be negligible in some configurations (estimated C is zero) but generally

increases as the coil-shield spacing increases.
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Table 7. Estimated model parameters: 27 cm intercoil separation.

Transmitter coil (TX)

C-2 C-4 C-6 X-2 X-4 X-6
C-2 66.63 68.11 67.59 65.67 66.85 67.66
C-4 68.06 68.58 68.24 66.92 67.87 65.25 _
C-6 69.22 69.71 69.58 68.48 69.31 69.68 e}
X-2 62.69 63.83 63.55 61.34 62.68 63.09 s
X-4 65.31 66.02 65.13 64.16 65.5 64.89
X-6 67.83 68.63 68.36 67.24 68.29 68.49
5 C-2 5.1 5.2 5.2 49 5 -
S Cc4 5.2 5.3 5.1 5 5.1 T
S C-6 53 5.4 52 53 54 5.4 §
s X2 4.8 4.8 4.9 4.6 4.8 4.8 i
T X4 4.9 5 5.1 5 5.1 5 =
2 X-6 5.3 53 5.6 5.8 5.4 5.4 =
C-2 0 0 0 0 0 0
C-4 0 0 3.6 13 2.8 8.7 =
C-6 0 2.7 10.3 8.1 14.2 21.2 5
X-2 0 0 3.3 0 2.9 9.8 =,
X-4 0 3.2 10.4 9.8 14.4 23.2 ©
X-6 0 8 18.2 16.4 243 34.7
Table 8. Estimated model parameters: 37 cm intercoil separation.
Transmitter coil (TX)
C-2 C-4 C-6 X-2 X-4 X-6
C-2 19.09 19.39 18.91 18.76 19.23 18.7
C-4 20.02 20.23 20.59 19.75 20.27 20.34
C-6 21.12 21.88 21.32 20.79 21.85 21.3 EQ
X-2 18.03 18.23 19.31 17.82 18.2 19.25 ~
X-4 19.56 19.68 20.21 19.45 19.82 20.19
X-6 21.07 21.26 21.22 20.88 21.44 21.31
5 C-2 0.7 0.7 0.7 0.7 0.7 0.7 -
S Cc4 0.8 0.8 0.8 0.8 0.8 0.8 T
S C-6 0.9 0.9 0.8 0.9 0.9 0.9 %
S X2 0.7 0.7 0.8 0.7 0.7 0.8 o
T X-4 0.8 0.8 0.8 0.8 0.8 0.8 =)
£ X-6 0.9 0.9 0.9 0.9 0.9 0.9 =
C-2 0 0 0 0 0 0.6
C-4 0 1.5 5.7 4.7 6.2 10.3 =
C-6 0.5 5.3 11 10.3 15.3 20.2 z
X-2 0 22 5.4 5 8.4 11 =,
X-4 1.1 5.6 11.4 10.8 15.8 20.5 ©
X-6 2.6 9.7 17.8 16.8 24.6 31
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4.4.5 Effects of shielding on the sensor transfer function

The magnitude and phase spectra of the sensor transfer function H for the
TX C-6/RX C - 6 sensor configuration are shown in Figure 43 for a frequency range from 1
MHz to 35 MHz. The spectra depend on the transmitter orientation (blue for up, red for down)
and the transmitter-receiver separation (A - 27 cm, B - 37 cm). The resonant peak for all cases
in Figure 43 occurs at 32 MHz, primarily determined by the receiver parameters (Lrx and Crx)
and the input impedance of the low-pass filter and receiver amplifier.

In the results, the sensor transfer functions for the intercoil separation appear similar for
both transmitter orientations, up to 13 MHz. Beyond that point, the difference becomes more
pronounced, arising from the inductive and capacitive coupling components, which, according
to the model, are either in-phase or 180° out of phase. When the transmitter is oriented
downwards, the inductive and capacitive coupling components are in phase, leading to an
increased receiver voltage. Conversely, when the transmitter is oriented upwards, the phase
angle of the inductive coupling flips, while the capacitive coupling remains unchanged, causing
the receiver voltage to decrease.

Furthermore, the sensor transfer function magnitude for a 27 cm separation is
approximately 3.5 times larger than that of a 37 cm separation. However, the phase of the
receiver voltage does not noticeably depend on the separation, as shown in Figure 43(b),
indicating that the phase relationship between the inductive and capacitive components remains

constant for the response in the air. The model also supports this observation.

Dorijan Spiki¢, PhD Thesis 72



Chapter 4: Analysis of unwanted electromagnetic coupling and interference rejection techniques

900 T T T T T T

800 | R

700

[wVIV]
[=))
g

500

400

Magnitude |77|,
g

e}
<
=

100

-100

-150

Phase angle, arg (I7) [°]
o
=

=250

-300

_350 1 1 1 1 1 1
0 5 10 15 20 25 30 35

Frequency, f[MHz]
(b)
Figure 43. TX C-6 / RX C-6 configuration: (a) magnitude and (b) phase characteristics of the sensor.
Measurement (full line) and model results (dashed line). Transmitter orientation up (blue line) or down (red line).

Transmitter-receiver separation 27 cm (A) or 37 cm (B).

The dashed lines in Figure 43 show the magnitude and phase spectra derived from the
model using the electromagnetic coupling parameters from Table 7 and Table 8. The model
results and the measurement data agree to up to 20 MHz. Since the model does not consider
resonance damping due to the skin effect of the copper traces and coil-shield proximity effect,

the upper-frequency limit of further experimental analysis is set at 20 MHz.
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The magnitude of the measured and modeled sensor transfer function for 4 of the 36
sensor configurations tested are shown in Figure 44 through Figure 47. In Figure 44, the
transmitter and receiver have C-shields spaced 2 mm apart (TX C-2 / RX C-2 configuration).
There is only a minor frequency-independent difference between the spectra for both transmitter
orientations due to small changes in mutual inductance when the transmitter orientation is
changed manually. The result is a height misalignment between the transmitter orientations. No
other differences are observed, and the estimated mutual capacitance C is zero, Table 7 and
Table 8, resulting in identical modeled transfer functions for both orientations. In Figure 45,
the transmitter has a C-shield, and the receiver has an X-shield, both spaced 4 mm apart (TX
C-4 /RX X-4), in Figure 46, both have X-shields spaced 4 mm apart (TX X-4 / RX X-4), while
in Figure 47, the X-shields are spaced 6 mm apart (TX X-6 / RX X-6).

In contrast to Figure 44, the differences between the magnitudes of the sensor transfer
functions for both transmitter orientations for rest configurations increase with the frequency
and the coupling capacitance C. The lowest coupling capacitance C is found in Figure 45, and
the highest is in Figure 47, Table 7, and Table 8. The capacitive coupling C is lower for higher
capacitances Crx and Ctx, Table 5. Capacitances Crx and Ctx are higher at smaller spacings
and slightly higher with C-shields than with X-shields, Table S. At the lower frequencies, the
difference between the magnitude spectra for both transmitter orientations is dominantly caused
by the small changes in mutual inductance due to the transmitter height misalignment, but this
is overcome by the capacitive coupling that becomes a dominant cause of the difference at a

crossing frequency near 5 MHz.
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Figure 44. TX C-2 / RX C-2 configuration. Sensor transfer function magnitude. Transmitter-receiver separation:
(a) 27 cm, (b) 37 cm. Measurement (full line) and model results (dashed line). Transmitter orientation up (blue

line) or down (red line).
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Figure 45. TX C-4 / RX X-4 configuration. Sensor transfer function magnitude. Transmitter-receiver separation:
(a) 27 cm, (b) 37 cm. Measurement (full line) and model results (dashed line). Transmitter orientation up (blue

line) or down (red line).
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Figure 46. TX X-4 / RX X-4 configuration. Sensor transfer function magnitude. Transmitter-receiver separation:

(a) 27 cm, (b) 37 cm. Measurement (full line) and model results (dashed line). Transmitter orientation up (blue

line) or down (red line).
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Figure 47. TX X-6 / RX X-6 configuration. Sensor transfer function magnitude. Transmitter-receiver separation:

(a) 27 cm, (b) 37 cm. Measurement (full line) and model results (dashed line). Transmitter orientation up (blue

line) or down (red line).
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4.4.6 Validation of shield effectiveness in the presence of the

conductive medium

The shielding effect was demonstrated by measuring the sensor response above the
container filled with 60 liters of saline water with an electrical conductivity of 1 S/m and a
dielectric permittivity of 78, Figure 48. The saline water is used to emulate the soil because it
has similar electromagnetic properties and allows easier control of the electrical conductivity.
First, the sensor response in the air was measured, and then the response above the saline water
was measured. Two different shield configurations were evaluated (TX C-2 / RX C-2 and TX
X-6 / RX X-6). Intercoil separation was 27 cm, and the sensor lift-off above the saline water
was 11 cm, measured from the transmitter. The experimental setup and instrumentation are the

same as described for other experiments.

Figure 48. The photograph of the sensor above the container filled with saline water.

The measurement results were compared with the 3D full-wave finite element method
(FEM) analysis using CST studio suite 2021 software (Dassault Systémes Simulia) [92]. The
FEM model, equivalent to the measurement setup geometry, is shown in Figure 49. The saline
water was modeled as a homogeneous medium with dimensions of 58.3cm x 37.2cm x 28.3 cm,
an electrical conductivity of 1 S/m, and a dielectric permittivity of 78. The medium parameters
were set to an electric conductivity of 0 S/m and dielectric permittivity of 1 to simulate the
sensor response in the air. The boundary of the FEM model was set at 100 cm from the medium.

The mesh grid consisted of 580,133 elements.

Dorijan Spiki¢, PhD Thesis 76



Chapter 4: Analysis of unwanted electromagnetic coupling and interference rejection techniques

Figure 49. Sensor geometry and mesh grid of the medium used in FEM analysis.

The measurement results for the two sensor configurations (TX C-2 /RX C-2 and TX X-

6 /RX X-6) and the FEM results in the complex plane are shown in Figure 50. The

measurements (full line) are compared with the FEM analysis (dashed line) for both transmitter

orientations (blue line for up, red line for down) in the frequency range from 1 MHz (dot) to

20 MHz (cross). An effective shield reduces the capacitive coupling component of both the

primary and secondary voltages so that their ratio is predominantly due to inductive coupling

and, consequently, is in better overall agreement with the FEM model results. It was shown that

the TX C-2 / RX C-2 configuration has negligible capacitive coupling compared to the TX X-

6 / RX X-6 configuration, hence better overall agreement of the former with the FEM model.

This case study demonstrates that the proposed method, summarized in Section 4.4.3, is

appropriate for evaluating the shielding effectiveness.
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Figure 50. Secondary to primary induced voltage ratio: (a) TX C-2 / RX C-2 configuration, (b) TX X-6 / RX X-

6 configuration. Measurement (full line) and FEM analysis (dashed line). Transmitter orientation up (blue line)

or down (red line).

Dorijan Spiki¢, PhD Thesis

77



Chapter 5: Results

Chapter 5
Results

5.1 Laboratory measurements

The sensitivity to electrical conductivity and dielectric permittivity of the HFEMI soil
sensor was evaluated in the laboratory. The laboratory setup is described in Chapter 3.3, and
the measurement procedure is in Chapter 3.4. The measurements are compared with the FEM

model described in Chapter 3.5.

5.1.1 Measurement of electrical conductivity

The sensor response Us/Up was evaluated experimentally and by FEM. The sensitivity to
electrical conductivity was assessed with laboratory measurements by adding the salt to the
container filled with deionized water and then to the sucrose-water solution. The salt was added
to 61.5 L of deionized water in steps ranging from 0.5 g to 8 g, increasing conductivity to
305 mS/m, measured with the laboratory handheld conductometer WTW 4301, Table 9. A
substantially larger amount of salt was used for the experimental run with a sucrose-water

solution to obtain similar conductivity levels, Table 10.
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Table 9. Electrical conductivity of the saline water, depending on the added salt mass to 61.5 L of deionized

water, measured with a conductometer WTW 340i.

Salt [g] Conductivity [mS/m] Salt [g] Conductivity[mS/m]
0 0.49 16 57.6
0.5 1.75 20 70
1 4.72 26 87.5
1.5 6.25 32 104.8
2 9.53 40 128.1
3 13.43 50 159
4 17.57 60 189.8
5 22 70 221
6 25.6 80 251
8 32.4 88 281
10 39 96 305
12 45.2

Table 10. Electrical conductivity of the saline water depending on the mass of the added salt to 61.5 L sucrose

water solution with relative permittivity 62, measured with conductometer WTW 340i.

Salt [g] | Conductivity [mS/m] Salt [g] Conductivity [mS/m] Salt [g] Conductivity [mS/m]
0.7 35 11.8 525 147.1
0.5 0.9 55 18 600 167.4
1 1.16 75 23.8 700 192
2 1.57 100 31.5 800 220
3 1.96 150 46.2 900 245
5 2.54 200 60.2 1000 269
7 3.26 250 74.2 1110 297
11 4.46 300 87.1 1138 300
15 5.75 375 106.8
25 8.89 450 126.6

The real and imaginary parts of the sensor response Us/Up in the dependence on the
electrical conductivity with the frequency as the parameter are shown in Figure 51. The
experimental run with the deionized water with a relative permittivity of 78 is shown in Figure
51 (a) and (c), and the experimental run with a sucrose-water of permittivity 62 is in Figure 51
(b) and (d). The imaginary parts of both runs are more sensitive to the electrical conductivity,
and for frequencies up to 20 MHz, the sensor response increases linearly for the whole range
of measured conductivities. The real part of the sensor response also changes with the
conductivity, shown in Figure 51 (a), indicating that the low-induction number approximation

is no longer valid in the frequency range above 5 MHz.

Dorijan Spiki¢, PhD Thesis 79



Chapter 5: Results

2MHz |
5 MHz
0.1 FromHz
. |
= 15 MHz
L, 02F
o
L
S 03
=
<
o
= 04
[
e
-0.5
0.6 727 MHz
0 50

100 150 200 250 300
Electrical conductivity, o [mS/m]

Imaginary part of U /UP
o o o
+ (=} [=2]

=
to

0 50

100 150 200 250

300
Electrical conductivity, o[mS/m]
(c)

Real part of Ug U,

s
wn

S
>
:

Imaginary part of U /UP
o o o
+ (=} [=2]

=
to

127 MHz

0 50

100 150 200 250 300
Electrical conductivity, o [mS/m]

100 150 200 250
Electrical conductivity, o[mS/m]

(d)

Figure 51. Measured electrical conductivity from 0 to 305 mS/m for 2, 5, 10, 15, 20, 25, and 27 MHz: (a) Real

part of Us/Up, (b) Imaginary part of Us/Up.

The sensor response to the low electrical conductivity values from 0 to 35 mS/m is

shown in Figure 52, (a) and (c) for deionized water, and (b) and (d) for sucrose-water solution.

As conductivity decreases towards zero, the real part of Us/Up converges to the offset value

corresponding to the permittivity of the medium. This can be observed in Figure 52 (a) and (b)

as the offset decreases for the sucrose-water solution when comparing the same frequencies as

the deionized water. For the low electrical conductivity values, the imaginary part of the sensor

response is linear with the conductivity increasing in the whole frequency range. From Figure

52 (b) and (d), the estimated resolution of the measurement is below 2 mS/m for the frequencies

above 20 MHz, 5mS/m for the frequency range between 10 MHz and 20 MHz, and

approximately 20 mS/m for the lower end of the frequency range below 10 MHz.
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The FEM results shown in Figure 53 correspond to Figure 51, and the simulation results
agree well qualitatively with the experimental results. There is a relative discrepancy between
10% and 20%, and the two main sources of this error are the effect of shielding and small coil
misalignment in the experiment, which are not present in the FEM model.

The same measurement results are shown in Figure 54. in the complex plane for
conductivities for 0 to 305 mS/m to illustrate the influence on both real and imaginary parts of
the sensor response. For lower frequencies, sensitivity to conductivity is smaller, but the
response is mainly in the imaginary part of the signal, enabling easier interpretation of the data.
In the higher frequency range, the sensitivity to conductivity greatly increases, but both real and

imaginary components are affected, making the data interpretation more complicated.
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Figure 52. Measured electrical conductivity from 0 to 35 mS/m for 2, 5, 10, 15, 20, 25, and 27 MHz: (a) Real
part of Us/Up, (b) Imaginary part of Us/Up.
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5.1.2 Measurement of dielectric permittivity

The sensor response to dielectric permittivity was analyzed experimentally and by FEM
for two laboratory experiment cases depending on the medium in the container. In the first
analysis, the container was filled with water, and the permittivity was varied by adding sucrose,
making it a homogeneous medium case. In the second analysis, the container was partially filled
with deionized water, and this was a double-layer case as the upper part of the container was
air, and the lower part was water. The double-layered medium has effective permittivity ranging

from 1 to 78 depending on the height of the water layer.

5.1.2.1 Homogeneous medium case

The sensor sensitivity to dielectric permittivity was initially assessed in a laboratory
setting by measuring its response over deionized water, and the permittivity was varied by
adding sucrose to the mixture. The relative permittivity of the sucrose-water solution was

calculated using the empirical formula as in [123]:

£, =& —0226w—[6.75-10" ~1.5-10" (r-25) |w’

Tsucrose water

(135)
—[1.09-10-5+4-10-8(r—25)]w3,

where &sucrose and éewater are the relative permittivities of the sucrose solution and water,
respectively, at the temperature ¢ in degrees Celsius, and w is the weight percentage of sucrose
in the mixture.

The experiment commenced with the container filled with 61.5 liters of deionized water,
and the sensor response was measured for the water's permittivity ((€water = 78). In each of the
12 subsequent measurement sets, 5000 g of sucrose was added to the water-sucrose mixture.
With water having a density of 1 g/ml and sucrose having a density of 1.59 g/ml, the total
volume of the mixture increased to 64.64 litres once the sucrose was dissolved. To maintain a
constant volume, 3,146.65 ml of the mixture was removed. Consequently, the effective amount
of sucrose in the measured mixture was less than the added amount for each measurement set,
as detailed in Table 11.

Calculated sucrose weight percentage w and temperature ¢ are given in Table 12, which
are then used to calculate the relative permittivity of a medium (135). The temperature and the
electrical conductivity of the mixture were measured using a handheld conductometer WTW
3401. In all cases, the electrical conductivity was less than 0.002 S/ m, below the sensor
sensitivity to electrical conductivity. Adding a large amount of sucrose to change the

permittivity increases the height of the medium in the container. Because of this, after the
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dissolution of newly added sucrose, some volume of the mixture was removed before each

measurement step to maintain the height in the container.

Table 11. Parameters of the water-sucrose mixture for each measurement step.

Total Total
Added Water  sucrose  mixture Mass of the Water mass in the  Sucrose mass in the
Meas. sucrose mass mass mass measured measured mixture measured mixture
step [kg] [kg] [kg] [kg] mixture [kg] [kg] [kg]
| 0 61.5 0 61.5 61.5 61.5 0
2 5 61.5 5 66.5 63.265 58.508 4.756
3 5 58.508 9.756 68.265 64.944 55.662 9.282
4 5 55.662  14.282 69.944 66.541 52.954 13.587
5 5 52.954  18.587 71.541 68.061 50.378 17.683
6 5 50.378  22.683 73.061 69.507 47.927 21.579
7 5 47.927  26.579 74.507 70.883 45.596 25.286
8 5 45.596  30.286 75.883 72.191 43.378 28.813
9 5 43.378  33.813 77.191 73.436 41.268 32.168
10 5 41.268 37.168 78.436 74.621 39.260 35.360
11 5 39.260 40.360 79.621 75.748 37.350 38.397
12 5 37.350 43.397 80.748 76.820 35.533 41.286
13 5 35.533  46.286 81.820 77.839 33.805 44.034

Table 12. Sucrose weight percentage, temperature of the sucrose-water mixture, and calculated permittivity of

the medium.
Measurement Sucrose weight Mixture Calculated relative
percentage w [%] temperature ¢ [°C] permittivity &r
1 0% 26.50 78.02
2 8% 25.80 76.54
3 14% 25.20 75.10
4 20% 24.50 73.76
5 26% 23.80 72.48
6 31% 23.50 71.10
7 36% 24.20 69.43
8 40% 23.60 68.26
9 44% 22.90 67.17
10 47% 22.40 66.06
11 51% 22.80 64.79
12 54% 22.40 63.50
13 57% 24.80 62.50

The measured sensor response to the permittivity for excitation frequencies 10 MHz,
20 MHz, 25 MHz, and 27 MHz is shown in Figure 55. Only the real part of the signal is shown,
as the imaginary part is negligible due to the low conductivity of deionized water and the
volume of the medium. The same data is shown in Figure 56 compared to the FEM results for

the permittivity range from 1 to 78. It can be seen that the measurement results agree well with
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the FEM results both in terms of absolute values and sensitivity to the dielectric permittivity. It
can also be inferred that the sensor system at the higher end of the frequency range would be
sensitive to lower values of permittivity, which are more typical for soils. Using sucrose to
reduce water permittivity is useful for the narrow range of permittivity values because a high
mass percentage of the sucrose is needed to decrease the relative permittivity of the
homogeneous medium significantly. For example, relative permittivity values below 60 require

a sucrose mass percentage higher than 60%.
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Figure 55. Real part of the measured sensor response Us/Up for permittivity from 62 to 78, depending on the

excitation frequency. The sucrose-water solution permittivity was calculated following [123].
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Figure 56. Real part of the measured sensor response Us/Up for permittivity from 62 to 78 (crosses) depending

on the excitation frequency, compared to the FEM results (dotted full lines) for permittivity from 1 to 78.
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5.1.2.2 Double-layered medium case

In this analysis, the container has two layers: the upper layer is air, and the lower layer is
deionized water with a height 4. The height of the lower layer is increased from 0 to the total
height of the container /. The spatial sensitivity and the inspected volume determine the sensor
response. The effective permittivity is 1 for 4w=0 cm and 78 for hw=h.

The sensor response was measured in the laboratory using deionized water as the second
layer, whose height was varied from 2.5 cm to 28.5 cm in 17 steps by adding water to the
container. For the first 11 levels of the medium, 5 liters of deionized water was added at each
step, which increased the height to 25.3 cm. For the remaining 6 steps, the amount of water was
gradually reduced to 0.5 liters per step until the final height of 28.5 cm was obtained. This was
done because the sensor sensitivity increases with the height of the second layer. The amount
of water per step was measured using a precision weight scale, assuming that 1 liter equals 1 kg
of water. The amount of added water, the height of the medium, the temperature, and the

conductivity for each step are listed in Table 13.

Table 13. Amount and properties of deionized water in the double-layered medium experiment.

Amount of water . Height of the Temperature T Conductivity ¢

(L] Added weight [kg] mednglm hy [cm] p[°C] [1S/m] '

5 5 2.6 26.2 33

10 5 5 25.7 33

15 5 7.5 25.7 33

20 5 9.9 25.5 34

25 5 12.1 25.3 35

30 5 14.5 24.9 3.8

35 5 16.7 24.8 3.8

40 5 18.9 25 3.8

45 5 21 24.8 3.8

50 5 232 24.8 3.8

55 5 25.4 254 3.8
57.5 2.5 26.4 24.4 3.8

60 2.5 27.5 24.5 3.8

61 1 27.9 24.4 3.8
61.5 0.5 28.1 24.4 3.8

62 0.5 28.3 24.5 3.9
62.5 0.5 28.5 24.5 3.9

In the FEM simulations, the container was divided into 17 layers corresponding to the 17
steps in the experiment. The height of the second layer was increased by switching the material
of a layer from air (&:= 1, 4= 1, 0 = 0 S/m) to deionized water (& = 78, 4 =1, 0 = 0.3 mS/m),

Figure 57.
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Figure 57. FEM geometry for the double-layered medium. In the depicted examples, the lower blue layers of

total height h,, are deionized water, and the remaining light blue layers of total height h—h,, are air. The height of
the dark blue layers is: (a) 0 cm, (b) 5 cm, (c¢) 12 cm, (d) 25.3 cm, (e) 28.1 cm, (f) 28.5 cm.

The sensor response was measured in the frequency range from 1 MHz to 30 MHz in
1 MHz steps, and the results are shown as the ratio of secondary to primary magnetic field for
both real and imaginary parts of the signal. The real part of the signal Us/Up is shown in Figure
58 for 8 excitation frequencies (1, 5, 10, 15, 20, 27, and 30 MHz). The measured sensor
response (red and blue lines) is compared with the FEM analysis for the equal heights of the

medium. The red and blue lines are two sets of experimental runs for the same height of the

Dorijan Spiki¢, PhD Thesis 87



Chapter 5: Results

medium, done to validate the repeatability of the measurement. Because the electrical
conductivity of the second layer is below the sensor threshold, the imaginary part of the signal,
shown in Figure 59, is negligible, and the sensitivity to the dielectric permittivity is observed

in the real part of the signal.
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Figure 58. Real part of the sensor measured response Us/Up for two experimental runs (red and blue circles)
depending on the height of the second layer, compared with FEM analysis (yellow crosses) for excitation

frequencies from 1 to 30 MHz, (a)-(f).
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Figure 59. Imaginary part of the sensor response Us/Up from 1 to 30 MHz: (a) measurement of the first

experimental run (blue) and second experimental run (red), (b) FEM results for the same experimental run.

By comparing laboratory measurements and FEM analysis, it is possible to estimate the
effective relative permittivity of the double-layered container. The comparison of the laboratory
measurements for the higher part of the frequency range of interest is shown in Figure 60. The
real part of the measured sensor response is shown with circles, and the FEM results with lines
for frequencies 15 MHz (blue), 20 MHz (red), 25 MHz (yellow) and 27 MHz (purple). There is
a good agreement between the measurements and the FEM results across the frequency range

of the interest, opening the possibility of estimating the effective permittivity.
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Figure 60. The real part of the measured sensor response Us/Up for different medium heights (circles) for the
higher end of the excitation frequency range of interest, compared to the FEM results (full lines) for medium

heights from 2.5 cm to 28.5 cm.
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The effective permittivity et of the double-layered medium of height 4y is the
permittivity of the homogeneous medium that would result in the same real part of Us/Up as the
double-layered medium. The dependence eesr (4w) was determined using the FEM results for the
sensor response above the homogeneous medium with relative permittivity varying from 1 to
78, which was described in the homogeneous case measurement, Figure 56, and the FEM
results for double-layered medium with the water layer heights of 4w, Figure 60. The real part
of the sensor response above the homogeneous medium with the relative permittivity & and the
maximum height of the medium /4w = /4 is compared to the real part of the sensor response above
the double-layered medium in which the second layer has fixed relative permittivity & = 78,

and the height A is changed from 2.5 cm to 28.5 cm.

Us(&,,h, :h)}:R{US(gr:R,hW)} (136)
U U

P

geff (hw) = 8r | Re|:

FEM, homogenenous FEM, double-layered

P

The FEM analysis data for both homogeneous and double-layer cases was interpolated
using the spline interpolation to obtain more data points, shown in Figure 61, Figure 62, Figure

63, and Figure 64.
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Figure 61. Real part of FEM sensor response data for the homogeneous case (left) and double-layered case

(right) at 15 MHz. Blue circles are FEM data, and the red line is interpolated data.

Dorijan Spiki¢, PhD Thesis 90



Chapter 5: Results

-0.05F 1

-0.1F 1

-0.15 - 1

-0.2F 1

Real part of Us /UP

.
o
o]
o
T
L

2035 . \ \ . . \ .
0 10 20 30 40 50 60 70 80

Homogeneous medium relative permittivity €

-0.05

-0.1

-0.15

Real part of Us P
S
[\

-0.25

-0.3

-0.35
0

L L

5 10 15 20 25
Height of the second layer hw, [cm]

30

Figure 62. Real part of FEM sensor response data for the homogeneous case (left) and double-layered case

(right) at 20 MHz. Blue circles are FEM data, and the red line is interpolated data.
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Figure 63. Real part of FEM sensor response data for the homogeneous case (left) and double-layered case

(right) at 25 MHz. Blue circles are FEM data, and the red line is interpolated data.
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Figure 64. Real part of FEM sensor response data for the homogeneous case (left) and double-layered case

(right) at 27 MHz. Blue circles are FEM data, and the red line is interpolated data.
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The relationship between the effective relative permittivity eefr and the second layer height
hyw is shown in Figure 65. This relationship is independent of the frequency in the analyzed

range.
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Figure 65. FEM analysis of the relationship between medium height and effective relative permittivity for

15 MHz (blue line), 20 MHz (red line), 25 MHz (yellow line) and 27 MHz (purple line).
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Figure 66. The real part of the measured sensor response Us/Up for a double-layered medium depending on the

effective relative permittivity estimated by FEM.
Because the FEM and measurement results are in good agreement, we can use the

relationship from Figure 65 to pair the measured sensor response at a given water height Ay to
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the effective permittivity eerr of the corresponding homogeneous medium. The real part of
measured Us/Up, depending on the eer is shown in Figure 66. The response is linearly
proportional to the eefr, and the results follow the results of the experiments with the sucrose in
Figure 55. Furthermore, the changes in the permittivity range of 3—40, typical for soils, are

measurable by the proposed sensor system.

5.1.3 Simultaneous measurement of conductivity and permittivity

The possibility of simultaneous electrical conductivity and dielectric permittivity
measurement was investigated using FEM and laboratory measurements. The FEM analysis
results are depicted in a complex plane for multiple excitation frequencies in Figure 67, Figure
68 and Figure 69. The conductivity varied from 0.3 mS/m to 300 mS/m, and the permittivity
from 1 to 78. Each blue line represents the sensor response for the conductivity range and a
constant value of the permittivity. Each red line represents the sensor response for the dielectric
permittivity range and a constant value of the electrical conductivity.

The FEM results for the lower part of the frequency range are shown in Figure 67 for
2 MHz and 5 MHz. For these frequencies, the sensor response is dominantly in the imaginary
part of the signal and increases linearly with the electrical conductivity, but the sensitivity is
low. The sensor response to the dielectric permittivity is negligible; the real part of the signal is
by an order of magnitude lower than the imaginary part, and it is not possible to distinguish

different values of medium permittivity as the response is close to the numerical noise floor.
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Figure 67. FEM results for sensor response Us/Up depending on the conductivity and permittivity of the medium
shown for the lower range of frequencies: (a) 2 MHz, (b) 5 MHz. Blue lines represent constant permittivity with

varied conductivity, and red lines represent constant conductivity with varied permittivity.
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The FEM results for the middle part of the frequency range are shown in Figure 68 for
10 MHz (a) and 15 MHz (b). For these frequencies, the sensitivity to dielectric permittivity is
still much lower than the sensitivity to the electrical conductivity. The sensor response is
dominantly in the imaginary part of the signal due to the change of electrical conductivity, and

the small-induction number approximation is still valid [91].
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Figure 68. FEM results for sensor response Us/Up depending on the conductivity and permittivity of the
medium, shown for (a) 10 MHz and (b) 15 MHz. Blue lines represent constant permittivity with varied

conductivity, and red lines represent constant conductivity with varied permittivity.

The FEM analysis for the upper-frequency range is shown in Figure 69 for 20 MHz
excitation frequency. For low conductivity (below 60 mS/m), the change in the sensor response
is dominantly along the imaginary axis of Us/Up. However, both real and imaginary parts of
Us/Up are affected for larger electrical conductivities as the low-induction number
approximation is no longer valid [91]. The change in the permittivity mainly affects the real
part of Us/Up. The results in Figure 69 agree with the theoretical analysis of EMI coupling with
the medium, e.g., [91], [73]. This separation in the complex plane of the contributions of the
electrical conductivity and dielectric permittivity is important as it indicates the possibility of

the simultaneous determination of both soil parameters at a single frequency.
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Figure 69. FEM results for sensor response Us/Up at 20 MHz depending on the conductivity and permittivity of
the medium: blue lines represent constant permittivity with varied conductivity, and red lines represent constant

conductivity with varied permittivity.

The sensor response was measured in the laboratory for four experimental runs: A-B, A—
C, C-D, and E-A. The results for 20 MHz and 27 MHz are shown in Figure 70 and Figure 71,
respectively. The values of electrical conductivity and dielectric permittivity of the medium
corresponding to measurement data points are shown in Figure 72. In the first run (yellow line,
A-B), electrical conductivity was varied by adding salt to the deionized water. The sensor
response was measured starting from A (6 =0.3 mS/m and & =78) to B (¢ =300 mS/m,
& = 78). In the second run (blue line, A—C), the permittivity was decreased by adding sucrose
(5 kg for each of 12 steps) to the deionized water starting from A (¢ = 0.3 mS/m, & = 78) to C
(6 =0.3 mS/m, & = 62). In the third run (red line, C-D), electrical conductivity was varied by
adding salt to the sucrose-water solution starting from point C (¢ = 0.3 mS/m, & = 62) to point
D (6 =300 mS/m, & = 62). In the fourth run, the sensor response was measured for the double-
layered medium, purple line (E-A). The range of permittivity values from 62 to 78 overlaps
with the measurement results using the sucrose-water solution, experimental run C—A (blue).
The sensor response for the effective permittivity eefr of the double-layered medium agrees with
the sensor response for the calculated relative permittivity &: of the homogeneous medium. The
measurement results for all 4 experimental runs in Figure 70 agree with the FEM analysis

because they follow simulated lines of constant permittivity or conductivity, as in Figure 69.
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Figure 70. Measured Us/Up at 20 MHz depending on the conductivity and permittivity of the medium: A
(6 =0.3 mS/m and & = 78), B (6 =300 mS/m, & = 78), C (¢ = 0.3 mS/m, & = 62), D (¢ =300 mS/m, & = 62).

The purple line from E (g.ir= 1) to A (eerr = 78) is the measurement with the double-layered medium.
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Figure 71. Measured Us/Up at 27 MHz depending on the conductivity and permittivity of the medium: A
(6 =0.3 mS/m and & = 78), B (6 =300 mS/m, & = 78), C (6 =0.3 mS/m, & = 62), D (¢ =300 mS/m, & = 62).

The purple line from E (g.ir= 1) to A (ecrr = 78) is the measurement with the double-layered medium.
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point in Figure 70 and Figure 71.

The measured sensor response for the lower part of the frequency range of interest is
shown in Figure 73 for 2 MHz and 5 MHz. The sensitivity to the electrical conductivity is low,
although it is possible to measure different conductivity levels from point A to B and from C to
D. However, it is not possible to distinguish different levels of the medium’s dielectric
permittivity measured in the experimental runs from A to C and from E to A, and there is an
overlap between experimental runs regarding the electrical conductivity. The measured sensor
response is on the order of the measurement system’s noise floor for the real part of the sensor
response Us/Up.

The middle part of the frequency range is shown in Figure 74: (a) 10 MHz and (b)
15 MHz. In this frequency range, the sensitivity to electrical conductivity is improved, and in
the case of 15 MHz, it is possible to distinguish different permittivity of the medium between
experimental runs A-B and C-D. The imaginary part of the Us/Up is dominant over the real part,
and the sensitivity to the permittivity is still much lower for the range of interest from 1 to 78

than the sensitivity to electrical conductivity from 1 mS/m to 300 mS/m.
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Figure 74. Measured Us/Up at (a) 10 MHz and (b) 15 MHz, depending on the conductivity and permittivity of

the medium: A (6 = 0.3 mS/m and &, = 78), B (6 =300 mS/m, & = 78), C (6 = 0.3 mS/m, & = 62), D

(6 =300 mS/m, & = 62). The purple line from E (ecir= 1) to A (g.r = 78) is the measurement with the double-

layered medium.
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5.2 Field trial

The HFEMI soil sensor was tested in a field trial to analyze the response in a more realistic
setting. The field trial was done on the 14th and 18th of October, 2022, in Ludbreg, Croatia,
with the laboratory sensor prototype.

The sensor was stationary and placed on two soil patches with similar properties, each
with an area of approximately 0.5 m?. The sensor response in the air was measured while the
sensor was placed on the wooden stand, approximately 1.5 m above the ground, Figure 75. For
the measurement of the soil, the sensor was placed directly above the ground, and the distance

from the transmitter to the ground was approximately 5 cm, Figure 76.

J k

i 1% s0il patch 2"! soil patch

Setup for the measurement
insthe air

Figure 75. Measurement setup for showing the sensor position when measuring response in the air and the

position of the first and second measured soil patches.

The first soil patch was irrigated with deionized water in 2.5-liter or 5-liter increments,
and the sensor response in both air and above ground was measured after each increment in
order to mitigate the temperature effects and possible signal drift. The second soil patch was
irrigated with saline water in 2.5-liter increments, with an electrical conductivity of 300 mS/m,

following the same measurement procedure.
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Figure 76. Field experimental setup: (1) Network analyzer Keysight Fieldfox N9913A, (2) Shielded transmitter,
(3) Shielded receiver, (4) TX amplifier and filter, (5) RX amplifier and filter, (6) Battery power supply.

The field experiment results are shown as the real part of sensor response Us/Up in Figure
77 and the imaginary part in Figure 78 at 10 MHz, 20 MHz, and 27 MHz, depending on the
added volume of water. The blue lines represent the first experiment with deionized water,
whereas the red lines represent the second experiment with saline water. Adding water increases
the soil permittivity, which increases the magnitude of the real part of Us/Up at 20 MHz and
27 MHz, Figure 77. However, the sensitivity of the real part of Us/Up in Figure 77 to the water
volume is lower for the saline water (red) than for the deionized water (blue). This effect is
visible in the FEM analysis in Figure 69 as well. The change in the real part is less pronounced
beyond 12.5 L of added water, presumably because of the top soil layer saturation. The
magnitude of the imaginary part of Us/Up in Figure 78 increases with the addition of saline
water as it increases the soil's electrical conductivity (red). A significantly less pronounced
increase of the imaginary part when adding the deionized water in Figure 78 (blue) is due to the

mineral dissolution in the soil.
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Figure 77. Real part of the measured sensor response Us/Up in the field experiment at 10 MHz, 20 MHz, and
27 MHz. Soil irrigated with deionized water (blue lines) and saline water with a conductivity of 300 mS/m (red

lines).
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Figure 78. Imaginary part of the measured sensor response Us/Up in the field experiment at 10 MHz, 20 MHz,
and 27 MHz. Soil irrigated with deionized water (blue lines) and saline water with a conductivity of 300 mS/m
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Chapter 6

Conclusions

6.1 Main findings

In precision agriculture, efficient and sustainable soil management relies on mapping the
within-field variability of crop conditions and soil properties. The physical and chemical
properties of the soil, such as water content or salinity, are connected to the soil electromagnetic
parameters of soil (electrical conductivity, magnetic susceptibility, and dielectric permittivity),
and there are empirical and theoretical models that relate soil properties to electromagnetic
parameters.

Proximal soil sensing (PSS) techniques have a high temporal and spatial resolution of soil
data and are better suited than remote sensing for mapping within-field variability. However,
the sensors used for PSS have to be adequate for the handheld or towed operation to map larger
areas, and they need to have a volume of sensitivity larger than soil heterogeneities to capture
information about soil conditions. Electromagnetic PSS modalities that satisfy those conditions
are direct current resistivity (DCR) measurement, capacitively coupled resistivity (CCR)
measurement, ground-penetrating radar (GPR), and electromagnetic induction (EMI)
measurement. They are sensitive to the different electromagnetic parameters because they
operate across different frequency ranges, but all modalities provide averages over a volume of
spatially dependent sensitivity.

DCR measurements encounter challenges in obtaining reliable data in dry, dense, or stony
soil due to the need for good mechanical contact. CCR measurements are contactless and utilize

similar inversion algorithms. Both modalities are sensitive only to electrical conductivity. GPR
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operates in the ultra-high frequency range and provides information on soil’s dielectric
permittivity and electrical conductivity. This modality has constrained effectiveness in areas
with relatively high electrical conductivity and requires well-identifiable reflections in the soil.

Low-frequency EMI soil sensing is a well-established method in precision agriculture.
The sensors operate in the audio frequency range and are sensitive to magnetic susceptibility
and electrical conductivity. They are usually used to obtain maps of soil trends, as their absolute
response depends on sensor geometry. The provided information complements GPR because,
combined, it covers different electromagnetic parameters over a wide frequency range.

High-frequency EMI sensors operate in the high-frequency range (between 3 MHz and
30 MHz, and exhibit higher sensitivity to electrical conductivity, and the sensitivity to dielectric
permittivity becomes significant, positioning this modality between the low-frequency EMI and
GPR. This thesis presents the model-based method for measuring electrical conductivity and
dielectric permittivity using the HFEMI soil sensor, including sensor geometry and electronic
instrumentation of the proposed HFEMI sensor, and the analysis of unwanted electromagnetic
coupling and interference rejection techniques.

The analytical model of the sensor above the conductive half-layer was derived from the
Maxwell equations. In contrast to the low-induction number approximation in LFEMI, the full-
wave approach was used, assuming that the electrical field has only an irrotational part. The
characteristic dimensions of the problem are still much smaller than the wavelength of the
excitation frequency, there is no charge accumulation in the source, and the propagation can be
considered instantaneous. It is shown that the sensitivity to electrical conductivity increases
linearly with the frequency, quadratically for dielectric permittivity, while the sensitivity to
magnetic susceptibility is frequency-independent. The sensor model above the half-layer can
be used to calibrate the proposed HFEMI soil sensor.

The proposed HFEMI soil consists of a mutually perpendicular transmitter and receiver
coil to reduce direct inductive coupling between the coils. The coil centers are slightly offset to
control the magnitude of the primary coupling in order to obtain a stable phase angle when
interpreting the measurements. The coils were made on PCB with a few turns and patterned
PCB electrostatic shields to reduce capacitive coupling between the coils and the medium. The
total capacitance of the transmitter and receiver was kept low enough to obtain a coil resonant
frequency above 30 MHz. The electronic design involves battery-powered proprietary analog
front-end circuitry and a commercial vector network analyzer. The laboratory measurement
setup included a wooden stand and a plastic container filled with a medium to emulate soil

properties. The sensor response was interpreted as the ratio of secondary-to-primary induced
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voltage to allow comparison with numerical models. A measurement protocol was derived in
which the sensor response was first measured in the air to obtain the primary coupling and then
above the medium.

The method to evaluate the effectiveness of electrostatic shielding for the proposed
HFEMI soil sensor geometry was presented. The sensor transfer function was measured in the
air from 1 MHz to 20 MHz for the cases when the magnetic moment of the transmitter points
up or down. The derived equivalent circuit model can approximate the measured transfer
function and estimate the inductive and capacitive coupling. This can be used to evaluate the
effectiveness of the shielding. The method was illustrated on 36 different shielding
configurations, and the results are aligned with the shielding practices, showing that the lowest
capacitance was achieved by reducing the spacing between coil and shields and, to a lesser
degree, by choosing the appropriate shield pattern. The comparison with the FEM model for
the sensor response above the conductive medium corroborated that the shielded coils with the
lowest capacitance have the best agreement with the FEM results.

The sensor liftoff can be a significant source of errors in soil mapping applications. The
variations in the liftoff can become prominent when using the EMI sensors mounted on a
vehicle or as a handheld device on uneven terrain. The influence of the liftoff on the proposed
HFEMI sensor was evaluated in the laboratory by raising the sensor above the conductive
medium and with the analytical model. The sensitivity to electrical conductivity decreases non-
linearly with the increase in height. Perpendicular coil configuration behaves similarly to the
vertically oriented coil configuration. The measurement results show that the sensitivity to
liftoff 1s frequency-independent under the medium's constant dielectric permittivity and
electrical conductivity. It is possible to simultaneously determine liftoff and electrical
conductivity or dielectric permittivity from the measurement at a single frequency. The
interpretation of the measurements is not unambiguous when electrical conductivity, dielectric
permittivity, and liftoff change simultaneously. The results of the analytical model and
laboratory measurements show that the liftoff depends on geometry and distance from the
medium. This means that for simultaneous measurement of both electrical conductivity and
dielectric permittivity in field conditions, techniques of measuring liftoff or using multiple
excitation frequencies should be explored.

The temperature influence on EMI soil sensors presents a challenge in field mapping
applications. From the literature overview about the influence of temperature on commercially
available sensors such as Geonics EM-38, the main highlighted issues are fluctuation in ambient

temperature, device temperature, and topsoil layer temperature, which changes electrical

Dorijan Spiki¢, PhD Thesis 104



Chapter 6: Conclusions

conductivity. The changes in sensor response can manifest as slow drift during the day or as
fast changes due to temperature spikes, such as exposing the sensor to direct sunlight. The
effects can be mitigated by implementing temperature sensors near electronics and measuring
ambient temperature to compensate for the drift. Good practices for EMI soil sensors in field
surveys are turning on the sensor and leaving it to reach working temperature, using the
enclosure that isolates the electronics from outside effects, and avoiding measurements on hot
days and under direct sunlight. The temperature effects in low-frequency EMI soil sensors
translate to HFEMI soil sensors, so the literature overview provides valuable insight for sensor
design.

The temperature influence on the proposed HFEMI soil sensor was evaluated
experimentally in the laboratory and the field by measuring primary coupling over an extended
period. The ambient temperature was kept relatively constant in the laboratory experiment over
the 13h measurement period. The measured primary coupling Hp change was around 1 % across
the whole frequency range and exhibited minimal drift in a controlled environment. The field
experiments showed that temperature fluctuations and direct sunlight exposure could cause
notable drift of Hp For the geometry used, the primary coupling decreases with the increase in
temperature. These findings suggest that temperature compensation mechanisms and
calibration procedures are necessary for field application use.

The mechanical misalignment effects on the proposed HFEMI sensor were investigated
by FEM analysis by varying the intercoil separation, coil height, and tilt angles of transmitter
and receiver coils separately. The primary coupling in the air was evaluated, and the sensor
response above the conductive medium. For small changes in height, separation, and angles,
the secondary coupling through the medium is not affected due to the sensor's characteristic
dimension, which is much larger than mechanical variations. On the other hand, the primary
coupling is notably influenced by these misalignments, showing a linear change in height and
distance. The change of transmitter pitch angle affects the primary coupling the most because
the coupling is minimal for the perpendicular coil geometry, so the angle change increases
primary coupling. This affects the interpretation of sensor results because the ratio of
secondary-to-primary coupling Us/Up is used. These effects can be mitigated by designing the
sensor for field use in which the construction is rigid, the coils are fixed in place, and the sensor
is often calibrated to track any changes in primary coupling.

The HFEMI soil sensor was analyzed quantitatively in the laboratory, with FEM, and
qualitatively in the field experiments. In the laboratory experiments, sensor response to

dielectric permittivity was evaluated using two approaches. In the first approach, sucrose was
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added to deionized water, which reduced permittivity from 78 to 62, making this homogeneous
medium case. In the second approach, the water level in the container varied, effectively
lowering the permittivity as the upper layer was air and lower water, making it a double-layered
medium case. The conductivity was varied by adding salt to deionized water and to sucrose-
water solution. The experiments showed good sensitivity for the range of electrical conductivity
and dielectric permittivity typical for most soil types (10 mS/m — 300 mS/m and 3 — 40,
respectively) in the high-frequency range (15 MHz-30 MHz). The results agree well with the
results of the FEM model. The results demonstrate that each pair of electrical conductivity and
dielectric permittivity can be determined from the in-phase and quadrature signal measurement
at one frequency. The field trials were done to test the sensor in a more realistic setting, and the
measurement results are aligned with the laboratory findings in that the measured trends in soil
when irrigating with water or saline water follow the theoretical analysis.

The frequency range of high-frequency EMI soil sensing is positioned between low-
frequency EMI and GPR soil sensing, and it can provide complementary information to other
modalities about soil. The HFEMI soil sensor proposed and analyzed in this thesis is sensitive
to electrical conductivity and dielectric permittivity in a range typical for soils. It was shown
that the high-frequency EMI soil sensor is feasible, but care must be taken to control the sensor
liftoff, temperature influence, mechanical misalignment, and unwanted electromagnetic
coupling. The laboratory results, the FEM model, and the analytical model show that
simultaneous measurement of the electrical conductivity and dielectric permittivity is possible,

and it requires sensor calibration.

6.2 Limitations and future work

The conducted research can be extended, and several areas have the potential to be further
explored. The existing limitations of the proposed high-frequency electromagnetic induction
soil sensor will be addressed in future work. These can be grouped into improvements regarding
electronic instrumentation, sensor design, and sensor validation in the field conditions.

From the sensor design perspective, a new generation of the proposed sensor prototype
can be developed, which includes the design of excitation circuitry, signal amplification, data
acquisition, and temperature compensation. Sensor geometry, including coil dimensions,

shielding patterns, and coil separation, can be optimized.

Dorijan Spiki¢, PhD Thesis 106



Chapter 6: Conclusions

The sensor liftoff affects the measurement, and the liftoff compensation should be
implemented either by multi-frequency excitation or by using another modality to measure the
distance of the sensor from the ground.

A field-ready prototype combined with analytical model calibration would allow further
evaluation of the proposed high-frequency electromagnetic induction soil sensor and
comparison with other modalities such as direct resistivity, low-frequency electromagnetic
induction sensors, or ground-penetrating radar. Further sensor development opens the
possibility of advanced data processing procedures and a multidisciplinary approach, as the

proposed sensor could become a tool for geoscience and agricultural research.

6.3 Final words

Measuring and mapping soil properties gives valuable information about the soil conditions,
enabling the optimization of resources in the context of precision agriculture applications. The
findings presented in this thesis are promising and encourage further research of high-frequency

electromagnetic modality, either in the context of soil sensing or other applications.
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