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Abstract- One of the scientific challenges in the electronsdig compatibility (EMC) and electromagnetic
field exposure area is the validation, by meansuithble experiments, of the numerical procedumgediat the
estimation of the electromagnetic quantities geeeran a test volume or induced in a human body2]1This
paper describes the arrangement of a first expetahset-up which will allow to compare the measueat of
the electromagnetic field quantities induced insaesimple cylindrical phantom with the same quaetit
estimated numerically.

I. Introduction

An estimated 8 — 10% of the European populationcareying medical implants. At present, they areladed
from receiving a Magnetic Resonance Imaging (MR8rsas no metrics exists to assess the specifitysadks
related to these implants.

With the aim of investigating implant associatesksi, advanced modelling concepts for the evaluatibn
electromagnetic field inside phantoms and humanpeten models [3] are fundamental tools which muest b
validated by experimental comparisons to guaratite@ reliability. To this end an experimental toshs
designed and set up and first comparisons betwesasunements and numerical results obtained thraugh
Boundary Element Method (BEM) algorithm, are presdrin the paper.

Since this preliminary investigation is based osiraple numerical model involving all the physicabacts, a
simplified experimental tool is required as wellb @o that a system made of a cylindrical phantorti \ai
human-tissue liquid, a loop antenna and a 3D @pewgnetic field mapping was set up.

The magnetic source and measuring system shallblee ta generate and detect Radio Frequency (RF)
electromagnetic fields with magnitude and frequesiyilar to the ones exploited by Magnetic Resoranc
Imaging (MRI) devices for diagnostic purposes. Agards the frequency, it shall be comparable with t
isocenter resonance frequency (Larmor frequencyh®fmost used MRI devices. These are characteliyed
frequencies of about 64 MHz, 128 MHz and 300 MHateal to isocenter static magnetic fields of 1.53TI
and 7 T respectively. For these preliminary imgggions the frequency range of interest was utMmAz [3].

As well known from the Nuclear Magnetic Resonarid®R) theory, a rotation of the nuclear magnetic neon
vectors can be impressed by transferring a suitableunt of energy into the anatomy by means ofdaited at
the Larmor frequency. Such coils have to genersermagnetic fields perpendicular to the static metig field
direction. Consequently, a loop antenna was sealecte

Since the aim of this paper is essentially relatmghe experimental set-up, just a synthetic dpson of the
field formulation is given in section II.

In section Il a description of the experimental-gp is given, and some critical items due to thepéfied
model of the loop antenna are pointed out. In paldr, the shield covering the actual loop andahsence of
the earth in the numerical model are argued.

The first comparisons between measured and computeghetic field components were performed along a
vertical and a horizontal line inside the cylindtiphantom, as shown in section IV.

Il. Field formulation

The electromagnetic field problem is described ly Electric Field Integral Equation (EFIE) and Mago
Field Integral Equation (MFIE) under sinusoidal ditions (angular frequency). The integral equations are
solved by the Boundary Element Method, discretizing external surface of the phantom with 2-D suefa
elements. The discretized form the the EFIE andBvEguations are:
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whereJs is the impressed current density of the soutgésthe singularity factorg(= 0.5 on the surface alid=
1 elsewhere) and is the normal unit vector directed outwafdsThe m-th element is the source point while,

during the setting of the matrix, the computatigmaint is the barycentre of tl¢h element. The Green function
is defined as:

e—ik\r—r'\ ) o -
=— withk= -j=1= 2
U] pe— wi wu(s ij w\/ﬁ (2

where r and r’ are the coordinate vectors of thgeokation and of the source points, whilespgnde are the
magnetic permeability, the electric conductivitydahe electric permittivity respectively.

The integrals of the Green function and its grad&e computed by using an adaptive quadraturebased on
Kronrod algorithm, which enables high accuracy ing the computational burden.

Ill. Experimental set-up

Figure 1 shows an overall view of the experimesgatup, including the phantom filled with a yelldiguid (the
human tissue-like liquid), the 3D probe positionisgstem made of dielectric material with low petiwity
(s = 2), the electric (or magnetic) field probe atsl aptical converter, the support for the antenfmasre
antennas are foreseen). The black loop antennbecaaen on the right side of the phantom.
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Figure 1. Experimental set-up
A. Phantom
The phantom consists of a cylindrical containeg(iFé 2 a) made of polymethylmethacrylate whoseedtdt
permittivity (g, = 2,2), much lower than that of the liquid, doest affect the electric field induced in the
phantom. The cylindrical geometry is selected ttuoe the burden of the numerical simulation. It bath an
internal diameter and an internal height equal40 éhm. The liquid, prepared by the Physikalischhirésche
Bundesanstalt laboratories (PTB, Berlin), showstdlal characteristics comparable with human 8ssirigure
2 b) and c) shows the electric permittivity and aactivity versus frequency for different temperatualues.
To reduce the effects of the support material an etectric field behavior around the phantom, felim
columns sustain the container increasing the disté&om the structure supporting the whole system.
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Figure 2. Phantom filled with human tissue-likeuiid| a) frequency behaviour of liquid permittivity &and
conductivity c) at different temperatures.

B. Magnetic field generation system

The magnetic field source shall be able to indunside the phantom, an electric field with a magghé
detectable by the near-field probes employed fig éxperiment. Moreover, the source should not peced
spurious electric fields which are not considerethe numerical procedure.

The selected source for these purposes is a sowgl dntenna, consisting of a single turn of 6 caniter,
inside a balanced E-field shield (Figure 3a).

Through preliminary computations, a magnetic fiaidplitude equal to 1 A/m obtained by a current 6fA is

predicted at 20 mm far from the loop. This valueofscourse lower than the typical magnetic fielduea
generated by the RF imaging coil of the MRI devipgs nevertheless, this is acceptable becausetingose
here is not to cause the nuclear magnetic resorauicto investigate the possible side-effects irdum the
human body during MRI examination. The estimatestteic field induced by such magnetic field is & feens

of volts per meter, enough to be detected by thber
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Figure 3. Sketch of the loop antenna a); sketch@&et-up for the generation of RF magnetic figld
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A first experimental arrangement for the supply astimation of the current flowing in the antensalépicted

in Figure 3 b). The supply system consists of atl®gizer and a 100 W broadband amplifier
(9 kHz to 100 MHz). In order to improve the matahibetween the supply system and the antenna, esseri
capacitorC,, with a rated value of 8 pF, is introduced. Irstiviay it is possible to obtain the required field
without exceeding the maximum power (25 W) of tle(5 resistive load. This load allows to estimate the
current which generates the field. Indeed, throtigh knowledge of the voltage across the resistoa,|
obtained by the measurement of the incident pdRyétris possible to solve the circuital model showrigure

4a and estimate the current that flows in the itmhae L simulating the loop antenna. The parameder
simulates the stray electrical coupling betweenlolo@ wire and its shield. Because of the anterimedsions
and supply frequency, the radiation resistancebeaneglected as well as the Joule losses andrthetal model
can be simplified.

The current flowing in the loop antenna (thus ia thductanceé), I, which generates the magnetic field, can be
directly estimated by knowing the transmitted potedR .4 and the admittancEdefined as

uE Il _om i g= i ©)
Vi| 1_(0) 2 © e +c)
a)res
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The transmitted power is obtained as differencevéen the incident and reflected power values medshy
means of a directional coupler and a power metemRhat, the voltag¥; is easily obtained.
The unknownC; and w,s are extrapolated from the experimental frequenelyalior of T from 45 MHz to
70 MHz by means of a least square algorithm betwleemeasured frequency behavior and the computed o
Assuming that the current is uniform along the krtgrn (i.e.,n1D < A/10, where D is the turn diameter and

the wavelength of the working frequency), the maignfigeld in the loop center ig4 :l_L; then the following
D

system can be written:

Fllw)=pgy =1
hRE
Wes
Fllw)=pgs =2
2]
@es

4)

wherew; andw, are arbitrary angular frequencies chosen in thgead5 MHz to 70 MHz. From a series of
measured valuei(@) evaluated in the same frequency range it is rangextracted a couple of such values

Vi

to solve the system (4) obtaining a series of aaugllvalues Cs.;, ws.). By means of the above cited least
square algorithm between the measuféd) values and the computed ones the optimal couplealues
(Cs, wre9 Were found to be equal to 8,3 pF and 70,6 MHgpeetively. Figure 4b shows the frequency behaviour

of the computed and measurgdoefficient.
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Figure 4. a) Circuital model for the estimationtb& current flowing in the loop antenna. b) Compguéad

measured frequency behaviourTo€oefficient.

The gap on the E-field shield such as a couplirtgvéen the antenna and earth, due to a non-symnseipjaly,
can compromise the comparison between measurememtumerical results. Indeed the two elements dluice
spurious electric components which are not takém account by the numerical procedure. A non symmet
supply for the antenna generates a common elaxgitipling with the earth evidenced by a earth palrelectric
field component which is not foreseen by the modiéle gap problem can be overcome by shielding #pe g
with a metallic strip. The earth coupling disappgeahen the antenna is placed close to the phanitw.
conductivity of the liquid “shields” the antennaiin the earth. The encouraging results shown irfdth@wing

prove the reliability of the assertions.

C. Electric and magnetic field probes

Since the electromagnetic field measurement shbalgerformed in the near-field region, probes wighy
small dimensions are chosen. Moreover, owing tir theage inside the phantom, resistance to orgsolient
must be guaranteed. Their main characteristicsestamed in Table I.
These isotropic probes give the true rms valudefapplied field along the three orthogonal axdsriks to an
electro-optic converter the information can be lgasarried from the probe to the meter which camplaeed a

few meters away from the magnetic source.

The field generation and detection system is autically managed by a Python program which redubes t
measurement time and increases the accuracy gbdwer measurement which requires to reach a thermal

equilibrium.
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Table | — Characteristics of the electric and mégrieeld probes

Electric field Magnetic Field

Frequency 40 MHz to 6 GHz 10 MHz to 600 MHz
(absolute accuracy + 6.0%);
output linearized

Dynamic range 2 V/mto 1000 V/m 0.08 A/m to 40 A/m at 13.56 MHz
0.01 A/mto 5 A/m at 100 MHz

Overall length: 337 mm (tip: 40 mm) 337 mm (tip: 40 mm)

Dlstgnce from probe tip 25 mm 3 mm

to dipole centre

Tip diameter 8 mm (body: 10 mm) 6 mm (body: 12 mm)

IV. Numerical model — measurement comparison

As first comparison between the BEM algorithm arehsurements, two investigation lines were chosire L

is parallel to they axis (Figure 5), 30 mm above it. Since the inducedent effects on the magnetic field at
64 MHz are negligible, the ideal magnetic fieldagrties ony-z plane, sdHx gem cOmponent is null (Figure 6a).
The electric field lines induced in the phantom, aethis frequency, circular with the centresyoaxis, as
depicted in Figure 5; thus, ony; gey is not zero along the investigation line (Figubg.6

magnetic field lines
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Figure 5 Investigation lines inside the phantom arsttetch of the ideal field lines: frontal and eppiew.

Line 2 is parallel t axis and is placed 110 mm from the reference sysentre. Since this line lies on the/
plane which cuts symmetrically the antenna,heey component is nullid, gem shows two peaks (Figure 7a)
in correspondence with the minimum distance betwibenline 2 and the turn of the antenna wiilggey
reaches the peak in correspondence with the lotgnaa axis. The shape of tBg gem component should be
analogous to the shape 8§ gem While E, gem andE; gem are zero (Figure 7b) because of the circular sladpe
the electric field lines.

When performing electric field measurements thesedevel was not always negligible (in the orde2adb 3
V/m). To reduce the noise effects on the measuafigbg, the following expression was employed:

E64MHZ = \' E(otz - Enoise2 (5)

whereEgun; is the electric field corrected for the noiggy is the electric field given by the meter (signalsp
noise) anEise is the mean value of the noise detected wherothye antenna is not supplied.

The magnetic and electric field behaviours showRigure 6 and Figure 7 are obtained by imposingraupit-
current (1 A) flowing in the loop antenna.

The measured magnetic field on both lines satisfdgtfollows the theoretical behavior, The electfield
componeng,_yeas, Which should be zero, appears with a shape sitailE, vess. This means that an offset of
the actual lines alongaxis was introduced, the error positioning ersofoiund to be one of the main sources of
uncertainty in the measurement.
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Figure 6. Magnetic a) and electric b) r.m.s. fieehaviour along line 1 of the three components withnit-
current in the antenna.
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Figure 7. Magnetic a) and electric b) r.m.s. fie&ghaviour along line 2 of the three components withit-
current in the antenna.

V. Conclusions

A description of a first experimental set-up dedote the assessment of the reliability of numericablels for
the estimation of induced electromagnetic fielde i phantom simulating human tissues is preseAtsimple
model of the transmitter antenna with lumped patarsds implemented and an evidence of the effentigs of
the model is given up to about 70 MHz. A first caripon between computation and measurement aloag tw
investigation lines inside the phantom is showne Tasults are encouraging, a probable misalignmest
evidenced from the electric field measurement tes@in improvement on the positioning system aocyis in
progress. The design of a new antenna system g lwkiveloped to increase the value of the magfietit-
strength generated in the phantom. The numericptoagh reliability will be investigated in presenoé
metallic elements simulating medical implants.
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