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ABSTRACT

RF SHIELDING OPTIMIZATION FOR NON PLANAR
SURFACES IN INTERVENTIONAL MRI

Magnetic Resonance Imaging (MRI) is a potential candidate for interventional

cardiovascular procedures since it is ionizing radiation-free and thus safe for human use.

However current devices su�er from mechanical and electrical constraints and face with

safety issues. Interventional MRI devices incorporate RF receiver antenna and long

transmission lines for active visualization purpose are prone to RF induced heating.

Therefore, alternative non-metallic transmission line technologies such as acousto-optic

transmission line has been developed. The ultrasonic transducers used in acousto-optic

transmission lines can couple with local E-�eld changes during MRI scan and generate

noise. This work aims to develop RF shielding coating methodology on non-planar

surface to achieve the highest sensitivity for signal transmission by eliminating , noise

generating factors. For this purpose, a compact housing design was constructed for

the piezoelectric transducer that is coupled with an optical transmission line and a

radio frequency solenoid coil. Also, the cross-talk between the ultrasound transducer

and Magnetic Resonance Imaging scanner's electric �eld aimed to be removed using

di�erent shielding materials. Shielding e�ectiveness simulations were performed by

using CST R© software and measurements were performed within a gelled phantom as

described in the ASTM F2182 standard. RF performances of the antennas and di�erent

shielding materials were measured using a vector network analyzer in terms of the

scattering parameters. Network analyzer results demonstrated that MRI compatible

copper powder-epoxy combination and conductive silver ink are feasible RF shielding

materials because they show similar behavior compare to pure copper material.

Keywords: Interventional Cardiovascular MRI, RF Shielding
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ÖZET

G�R���MSEL MANYET�K REZONANS GÖRÜNTÜLEMEDE
DÜZLEMSEL OLMAYAN YÜZEYLER �Ç�N RF KALKAN

OPT�M�ZASYONU

Manyetik Rezonans Görüntüleme (MRG), iyonize radyasyon içermemesi sebe-

biyle giri³imsel kardiyo vasküler prosedürleri için potansiyel bir adayd�r. Halihaz�rdaki

ayg�tlar�n tasar�m� mekanik ve elektriksel s�n�rlar ve emniyet gerekliliklerinden dolay�

zorlu hale gelmi³tir. Radyo Frekans (RF) al�c� anten ile uzun iletim hatlar� içeren ve

aktif görüntüleme amac�yla kullan�lan giri³imsel MRG cihazlar�, RF kaynakl� �s�nma

e§ilimindedirler. Bu nedenle, metalik iletim hatt� içermeyen alternatif teknolojiler;

örne§in, akusto-optik iletim hatlar� geli³tirilmi³tir. Akusto-optik iletim hatlar�nda kul-

lan�lan ultrasonik dönü³türücüler elektrik alan� de§i³ikliklerinden etkilenerek gürültüye

sebep olabilmektedirler. Bu çal�³ma, gürültüyü olu³turan faktörleri yok etmek ve yük-

sek hassasiyette sinyal iletimi sa§lamak için, planar olmayan yüzeyler üzerinde bir

RF kalkan� geli³tirmeyi amaçlamaktad�r. Bu amaçla, RF alici anten ve optik �berle

bütünle³ik bir ultrasonik dönü³türücüyü içeren MRG uyumlu sinyal iletim hatt� için

tasarlanm�³ kompakt bir RF kalkan� tasarlanm�³ ve üretilmi³tir. Ayn� zamanda, elektro-

manyetik alan ile etkile³iminden koruma amac�yla farkl� materyaller kullan�larak, ultra-

sonik dönü³türücü üzerinde MRG cihaz�n�n elektrik alan�ndan dolay� olu³an gürültünün

giderilmesi amaçlanm�³t�r. RF koruma etkinli§i CST R© program�nda test edilmi³ ve

ölçümler ASTM F2182 standard�nda belirtildi§i ³ekilde haz�rlanan jelle³tirilmi³ fan-

tom içerisinde gerçekle³tirilmi³tir. Farkl� materyaller ve haz�rlanan antenlerin RF per-

formanslar� vektör network analizör ile de§erlendirilmi³tir. Saf bak�r materyali ile

kar³�la³t�r�ld�§�nda benzer davran�³� göstermesi sebebiyle MRG uyumlu bak�r tozu-

epoksi kar�³�m� ve iletken gümü³ün, RF koruma için elveri³li oldu§u gösterilmi³tir.

Anahtar Sözcükler: Giri³imsel Kardiyovasküler MRG, RF Kalkan
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1. INTRODUCTION

Conventional �uoroscopy guidance for interventional procedures require a safe

and e�ective alternative due to the lack of adequate soft tissue contrast and potential

risk in cancer development following the procedure. According to Scienti�c Committee

on Emerging and Newly Identi�ed Health Risks (SCENIHR) "Potential health e�ects

of exposure to electromagnetic �elds (EMF)" report (27 Jan 2015), there is no direct

evidence that human exposure to electromagnetic �elds (EMF) cause brain tumour

or cancer. With this in mind Magnetic Resonance Imaging (MRI) o�ers a safe and

convenient alternative to X-ray �uoroscopy with its real-time and multiplanar imaging

capabilities.

MRI is a promising solution for Interventional Cardiovascular Magnetic Reso-

nance Imaging (iCMRI) procedures when compared to conventional imaging modal-

ities. Currently, MRI compatible interventional devices are still under development

since manufacturing conspicuous, mechanically and electrically convenient devices is

challenging task to meet all the requirements. Also it is a challengng engineering task

to satisfy MR safety requirements while conforming physical dimensions. Interven-

tional procedures used in diagnosis and treatment of the congenital heart diseases (i.e.

ventricular septal defect and atrial septal defect) instead of open surgery [10]. Those

interventions are being made under �uoroscopy, thus have numerous potential hazards

especially to pediatric patients [11]. Interventional procedures under MRI have been

implemented in many di�erent endovascular diseases including the renal artery stenosis

treatment [12], abdominal aortic aneurysms treatment [13], recanalization of carotid

chronic total occlusion [10], atrial septal puncture [14] and transcatheter aortic valve

implantation [15] and electrophysiology mapping for atrial �brillation treatment [16],

[17] and [18]. Active visualization of interventional devices under MRI is quite appeal-

ing for clinicians during real time device tracking under MRI. However, long conductive

transmission lines used in active devices causes RF induced heating. Recently, acousto-

optic transmission line concept has been introduced that replaces the long transmission
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lines with �ber optic cables [97]. The acousto-optic detection method is shown to be

very robust and is widely used for measuring ultrasound �elds for therapeutic and

medical imaging applications and nondestructive testing through ultrasound induced

strain measurements.

In this concept, active devices incorporates a distal loop antenna that is electri-

cally connected to an ultrasonic transducer having a comparable pro�le. The ultrasonic

transducer converts the electrical input from the coil to elastic waves at one end of an

optical �ber with an embedded interferometric detection structure i.e. Fiber Bragg

grating (FBG). The elastic waves over the grating result in acousto-optical modulation

of the grating which is detected by a laser coupled to the proximal end of the optical

�ber that runs along the active catheter shaft and transform to RF signal through a

photo diode.

The purpose of this thesis is to optimize RF shielding coating on non-planar

surfaces so that we can design RF shielding housing on the ultrasonic transducer of an

acousto-optic transmission line to enhance the spatial resolution of the receiver antenna

signal on interventional devices. To develop an active guiding catheter incorporating

acousto-optic transmission line and RF receiver loop antenna, we closely collaborated

with Professor Dr. Levent Degertekin at Georgia Tech. Dr. Degertekin's group de-

signed and implemented the acousto-optical sensor and our receiver coil coupled with

the ultrasound transducer on FBG embedded optical �ber.

1.1 List of publications produced from the thesis

1. Acousto-optic Based Active MRI Marker for Interventional MRI Devices, Y. S.

Yaras, S Satir, C Ozsoy, R Ramasawmy, A E Campbell-Washburn, A Faranesh,

R Lederman, O Kocaturk, L Degertekin, " 25th Annual Meeting and Exhibi-

tion International Society for Magnetic Resonance Imaging in Medicine (ISMRM

2017),Honolulu, HI, USA, Apr. 22�Apr. 27, 2017.
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2. BACKGROUND

Recently there has been an inclination towards interventional catheterization

procedures under MRI guidance since Magnetic Resonance Imaging provides superior

soft tissue visualization, real-time image acquisition and non-ionized radiation. How-

ever, currently there is no completely Magnetic Resonance (MR) compatible device

for the catheter-based interventional cardiovascular procedures. In particular, inter-

ventional MRI had been used for treatment of cardiovascular diseases i.e. atrial or

ventricular septal defects, cardiac rhythm disorders and coarctation of cardiac vessels

[19]. However, because of the continuous motion of aorta, interventional procedures

are complicated rather than the peripheral vessels [20]. Electric and magnetic dipole

moments composed depending on the particle's inherent characteristics i.e. mass, mo-

bility, due to electric and magnetic �elds, and subsequent composed kinetic energy

is distributed with the particle collisions which is the basis of the macroscopic level

"radiofrequency heating e�ect".

According to ASTM International F2503 guidelines, medical devices used dur-

ing MR scanning should be labeled as "MR safe", "MR unsafe", or "MR conditional"

[21], [22]. A medical device is called MR safe if it is unconditionally safe in the MR

environment and MR conditional if it is safe under certain criteria i.e. main mag-

netic �eld strength, maximum magnetic �eld gradient, maximum Speci�c Absorption

Rate(SAR). SAR unit is energy per unit mass in tissue and SAR limit generally de�ned

as stored energy in tissue should not cause temperature rise higher than 1oC [22].

2.1 Conventional Procedures

Magnetic Resonance Imaging modality o�ers a safe, ionized free, functional,

multiplanar and real time imaging [23], while conventional procedures su�er from soft

tissue visualization and ionized radiation. Ionization takes place when a charged par-

ticle has adequate energy (higher than the orbital binding energy) to eject an electron



4

from its orbital [24]. Photons like x-rays and gamma-rays are capable of remove a bound

electron and thus cause ionization however lower energy levels such as microwave and

radio wave levels do not cause ionization. The amount of energy absorbed by matter

(tissue), described by Linear Energy Transfer, which is approximately 3keV/µm for

soft tissue during x-ray exposure. E�ects of X-Ray radiation in the sub-atomic level

can be explained with Rayleigh scattering, Photoelectric absorption, and Compton

scattering. In Rayleigh scattering, incident photons are scattered in a di�erent direc-

tion. In the photoelectric e�ect, incident photon with adequate energy (i.e. required

for ionization), breaks an electron from the outer shell and the free electron's energy

equals to the di�erence between incident photon and electron work function (energy

di�erence between vacuum level and fermi level) energies. In the Compton e�ect, in-

cident photon causes electron ejection and because of the energy loss, wavelength of

the scattered quantum is longer than the incident quantum. While utilizing a medical

imaging modality, radiation biology is a matter of vital importance. What determines

the magnitude of the damage depends on several parameters such as radiation type and

rate and biological matter as well. Radiation has stochastic e�ects which are not re-

lated with the amount of dose, there is one consequence which may occur such as cancer

development and it has deterministic e�ects which occurs related with the amount of

exposed radiation such as skin damages. Dangerous consequences by the interaction of

radiation with tissue explained by Bushberg et.al. [24]. According to National Council

on Radiation Protection and Measurements (NCRP,2009) report, regarding the medi-

cal radiation dose exposure, Computer Tomography (CT) and Nuclear Medicine have

become the leading sources. Conventional and Interventional radiography/�uoroscopy

have become the following sources in recent years [25]. Especially pediatric patients

with congenital heart diseases are exposed to ionizing radiation thus they are more

susceptible to cancer development in the following years [11]. Radiation dose and

number of interventions whether for diagnosis or treatment, increases the severity of

carcinogenic e�ects.
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2.2 Interventional Cardiovascular Magnetic Resonance Imag-

ing

Interventional procedures are being used in cardiovascular disease diagnosis is of

vital importance especially for congenital heart disease diagnosis and treatment as well

[26]. Catheterization is a technique used to reach the cardiovascular system via blood

vessels (vein and arteries). iCMRI devices are categorized as passive, active, semi-active

and also there are optical designs. MRI based catheterization is a ionized radiation

free and conspicuous alternative. However, none of these techniques compromise all

conditions (i.e. kink resistance, pushability, visibility, trackability, safety) in the same

design [27], [26], [28] and [29].

2.2.1 MR-Safety Concerns and RF Heating

Magnetic Resonance Imaging principle is based on alignment of magnetic dipoles

of atoms (magnetomechanical interaction). Therefore, especially when exposed to

strong static �eld, metallic parts, i.e. implantable devices, pacemakers, de�brillators

etc., should be avoided inside the MR room due to ferromagnetic materials acceleration

under static magnetic �eld [30].

Human body due to its nature tend to maintain its temperature with thermoreg-

ulatory system despite environmental factors [31]. Speci�c Absorption Ratio spatially

speci�es the amount of the RF exposure absorbed by the human body during the MRI

procedure. It is related with the electric �eld and the conductivity of the tissue and

expressed as in 2.1 [32]:

SAR = −σE
2

2ρt
(2.1)

where E is the Electric �eld, rho is the mass density and sigma is the conductivity
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of the tissue. Interventional MRI devices have been investigated in terms of potential

heating around metallic devices [33]. Especially long metallic components have the

potential for heating during MRI RF excitation [34, 35, 36, 37, 38] In order to eliminate

the RF heating problem several methods have been developed, i.e. RF chokes [39]

or adding transformers to the transmission line [40], detuning the device during the

RF transmission [41] and modifying the transmit coil to manipulate the electric �eld

distribution around and implant during RF pulse transmission [42] as well.

Previous implementations increase safety of interventional devices by aiming to

eliminate RF heating causes; however, they su�er from mechanical constraints and

elevated average SAR values. Also, an informative transfer function model to predict

the RF heating of metallic wires within the MRI phantom was developed by Atalar et.

al. demonstrated in 2.1 [32], in which tissue speci�c dissipation "Bioheat Transfer" and

metallic wire related power dissipation "SAR Gain" combined as the "Safety Index".

Figure 2.1 Model of RF heating in MRI [32].

Power loss occurring from the radiofrequency (RF) �eld in the metallic com-

ponents and surrounding tissue distinguishes itself in heat energy. There are several

causes for this occurrence, i.e. radiofrequency (RF) �eld composing eddy currents and

currents composing due to the complex impedance di�erence between the tissue and

the metal. Heating mainly occurs due to the dipole antenna behavior of conducting ma-

terials within the MR bore and the schematic can be seen in Figure(2.2) [43]. Electric

�eld generated by the radiofrequency �eld in MRI, can be expressed as,
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−→
E1 =

1

2
ω−→r ×

−→
B1 (2.2)

and induced voltage, current and maximum current i.e. spatially related derived

in [43] accordingly,

V =

∫ l

0

E1 · dl, (2.3)

i =
V

Z
(2.4)

i(z) = i0 cos
2πz

λ
(2.5)

Figure 2.2 Dipole antenna behavior notation of the conductive wire [43].

Tissue surrounding the metallic wire heats due to the conduction current gen-

erated by the electric �eld expressed as
−→
J = σ

−→
E .
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Finally, electrical power loss of the conductive wire and surrounding tissue can

be calculated as in 2.6 and in 2.7 respectively.

Pwire =
1

2
i0

2Rwire (2.6)

Pwire =
1

2

∫ −→
J ·
−→
Ed3r, (2.7)

Table 2.1 provides a guideline for RF Exposure on Speci�c Absorption Rate

(SAR) and heating in human MRI studies prepared by International Electrotechnical

Commission (IEC) and US Food and Drug Administration (FDA) [44].

Table 2.1

International Electrotechnical Commission (IEC) and US Food and Drug Administration (FDA)
guidelines for RF Exposure on Speci�c Absorption Rate (SAR) and heating in human MRI studies

[44].

Limit Whole-Body

Average

Heat Average Head,Trunk

Local SAR

Extremities

Local

IEC (6-minute average)

Normal (all patients)

2W/kg(0.5oC) 3.2W/kg 10W/kg 20W/kg

IEC (6-minute average)

First level (supervised)

4W/kg(1oC) 3.2W/kg 10W/kg 20W/kg

IEC (6-minute average)

Second level (IRB ap-

proval)

4W/kg(>

1oC)

> 3.2W/kg > 10W/kg > 20W/kg

IEC (6-minute average)

Localized heating limit

39oC in 10g 38oC in 10g 40oC in 10g

FDA 4W/kg for

15min

3W/kg for

10min

8W/kg in 1g

for 10min

12W/kg in 1g

for 5min
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2.3 Current Solutions and Limitations

2.3.1 Passive Devices

Passive devices o�er a safe and feasible solution since they do not have electrical

connections but on the other hand they provide poor precision regarding the device

orientation [45]. There are several passive devices aiming visualization and tracking

during the interventional procedures. Due to their magnetic susceptibility e�ect un-

der MRI, ferromagnetic agent used catheters compared with conventional radiography

catheters regarding the ferromagnetic agent concentrations and the orientation depend-

ing on the main magnetic �eld shown in Figure 2.3. Iron doped catheters (Fe-caths)

produce Ferromagnetic Signal Patterns (FSPs) when it is perpendicular to the main

magnetic �eld, on the other hand produce signal voids when it is parallel to the main

magnetic �eld. Orientation changes the size of the FSPs. However Radiology Catheters

(Rad-Caths) produce signal voids on both orientation and the origin of the signal voids

is not possible to discriminate form other possible sources i.e. blood �ow and air. Re-

gardless their visibility when they are perpendicularly positioned to the main magnetic

�eld; since the homogeneous dipole �eld (when placed paralled to the main magnetic

�eld) cause no image distortion, and also create large artifacts at certain orientations

[46], this limitations makes ferromagnetic materials inadequate [47].

Figure 2.3 Signal void comparison between Fe-Caths (white letters) and Rad-Caths (black let-
ters) imaged in a water bath; (A) Catheters oriented perpendicularly to the main magnetic �eld (B)
Catheters oriented parallel to the main magnetic �eld [47].
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Another study used superparamagnetic iron oxide nanoparticles (SPIONs) placed

magnetic beads that increase the surrounding environment T2∗ relaxation time and

thus enhance the image contrast in order to enhance the signal loss due to the strong

background water signal. Microcoils used in order to detect the SPION placed magnetic

beads in this study [48]. Low �ip angles with the use of steady-state free precession

method, o�-resonant spins produce higher signal more than on-resonant spins and cre-

ate positive contrast around the catheter and thus enhance the visibility of the devices

discriminated susceptibility-shifted background. Precise localization and tracking of

the interventional devices during in a procedure is a must. Regardless the e�ectiveness

of the FLAPS visualization technique, because of the slice thickness limitation it is

not possible to dynamically track the device [49]. Also, another interventional device

passive imaging approach (project-reconstruction imaging with echo-dephasing) was

implemented with the use of paramagnetic markers. Despite the method providing

time e�ciency, position accuracy remains a controversial issue [50].

Another paramagnetic compounds implemented catheters create local artifacts

however the main problem is that this method requires additional image processing

steps for especially dynamic regions [46]. Although Gadolinium (Gd) induced o�-

resonance contrast images created due to the bulk magnetization susceptibility fre-

quency shifts of intravascular spins depending on the orientation to the main magnetic

�eld and background water and fat suppression, frequency shifts are highly dependent

on the orientation this method is not repeatable [51]. Iron particles at the tip of the

polymer based guidewires provide a passive device tracking technique due to the sus-

ceptibility artifact during low �ip angle SSFP scans. Although the device position can

be seen, the accuracy especially at high Field of View (FOV) required regions is not suf-

�cient. Also, since the iron particles spread over some distance, false positive contrasts

occurred [52]. Another passive visualization approach uses 19F nuclear magnetic reso-

nance (NMR) su�ers from FOV limitation and clinically uncertain chemical substance

usage [53]. The last but not least passive device imaging method used CO2 �lled

balloon catheters shown in Figure 2.4 with imaging enhanced SSFP sequence again

obstructs tracking because of the low image resolution during catheter movement [54].
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Figure 2.4 Images showing the catheter (arrow) being manipulated in the �ow phantom [54].

2.3.2 Semi-Active Devices

Semi-active devices have become promising since they do not require an ad-

ditional connection to the scanner through an electrical or an optical cable. Hybrid

designs demonstrated that catheter visualization can be achieved using local �eld inho-

mogeneities. In this study, milliampere level currents applied to di�erent solenoid coil

con�gurations i.e. anti-parallel, twisted and separately wrapped wires made by cop-

per in order to actively control the local magnetic inhomogeneity. Twisted pair wire

arrangement and the �rst double helix concept into the interventional devices aiming

to reduce radio frequency (RF) induced currents was introduced nevertheless safety

concerns remained an issue. Figure 2.5 shows the inhomogeneity e�ects which result

in clear visibility of the catheter, even in positions where it is close to the vessel wall

[55].

Generally, excitation of one coil implemented con�gurations are highly depen-

dent on the B1 �eld coupled with RC resonant circuits wounded on the endovascular

catheters. In order to overcome the orientation dependency, they used perpendicularly

decoupled two coils and thus at any orientation catheter tip became visible. However
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Figure 2.5 Artifact of the introducer sheath in the right iliac artery in a pig study in which 5 Fr
double helix catheter is used. (a) No current is applied. (b) 150 mA current is applied [55].

it is clear that active continuous tracking of those catheters was not achieved [56].

Thin copper wire winding around the catheter induce local inhomogeneities

when a current applied. Due to the spin dephasing fast signal loss and thus black

spots framed the catheter. The main problems were related with especially smaller

anatomical regions, image artifacts created by the catheter obscured the anatomy itself

and safety issues due to the energy deposition [57].

In another study, inductively coupled wireless loop coil con�gurations i.e. single-

loop, Gianturco, helix, and solenoid and an external tuning capacitor used in order to

achieve coupling with the main loop surface coil that acts as an RF receiver indepen-

dently of the orientation. Desired quality factors obtained by its dependence on the

transmitter and stent coil magnetic �uxes. Importance of this study is that it showed

the signi�cant decrease in the quality factor is primarily due to loading losses and lower

�ip angle excitations showed a better visualization. Since the shape of the coil alters

during the procedure, resonant frequency was instable, reduced coupling between coils

due to increased distance and also orientation dependency remained an issue [58].

Other studies show wireless inductively coupled catheter design which incor-

porates a single loop coil coupled to the surface coil during RF receive mode based

on the orientation and increases the �ip angle during RF transmit mode. The main
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superiority of this design was that it provided higher �exibility regarding the catheter

orientation to the main magnetic �eld as shown in Figure 2.6. Since active or passive

decoupling mechanisms did not implemented, radio frequency heating due to magnetic

�eld remained a signi�cant concern [1].

Figure 2.6 Variation of excitation �ip angle and resulting changes in instrument to background
signal in vivo. (a) Flip Angle=1o. (b) Flip Angle=18o. (c) Flip Angle=34o. (d) Flip Angle=50o. (e)
Flip Angle=98o [1].

In order to eliminate electronic components which require external power source

for particularly safety reasons, an optical laser for detuning proposed. Based on the

photoresistor working principle, in which resistance decrease with light thus decreasing

the quality factor, current inducing on the coils became adjustable. Nevertheless, the

photoresistor size was inapplicable for the clinical procedures [59].

Aiming to increase inductively-coupled radio frequency coil visualization sensi-

tivity and not losing �ip angle ampli�cation during the RF transmission period with

detuning methods, this method separately obtains catheter and background signals by

means of reversely polarized birdcage coil. The theory primarily based on the discrim-

ination between forward polarization of the excited spins and the linear polarization of

the loop coils. Catheter tracking achieved by using inductively-coupled radio frequency

coils and receive-coupled RF coils reduce heating signi�cantly [60].

Recently, semi-active RF resonant marker has been developed by using novel

microfabrication techniques to visualize catheter tip under MRI as in Figure 2.7. Since

the design does not incorporate long transmission line and bulky electrical components

unlike active devices, it is completely MRI safe and has a comparable pro�le [2].
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Figure 2.7 The RF resonant marker appeared as a bright spot under MRI 1.5 T. RF resonant marker
when placed (a) parallel to the main magnetic �eld B0, (b) oriented 45o relative to B0, and (c) placed
perpendicular to B0 [2].

2.3.3 Active Devices

Active devices incorporate microcoils or RF antennas connected to the MR

channel [61, 62, 63]. Major superiority of active devices is that they provide three

dimensional temporal and spatial information thus increase the procedure success.

2.3.3.1 Microcoils. Tracking of active devices achieved by the further method.

After a nonselective RF excitation, gradient in one direction applied. Since a microcoil

is only capable to sense the very proximate MR signals, frequency peak received from

the coil provides the location information [61]. Change in the magnetic �eld relatively

e�ects the resonance frequency depending on the position. The underlying reason for

using microcoils is that acquiring position dependent peak frequencies. Therefore, in

order to have the three dimensional location information, one would need to apply

gradients in both three directions. In order to overcome magnetic �eld distortions

occuring due to magnetic susceptibility di�erences and thus resonance frequency errors,

several methods have been applied. Oppositely polarized gradients with more than one

excitation (Hadamard Encoding) applied in order to cancel the o�set errors [63] and

phase encoding gradient with frequency encoding gradient (phase �eld �eld dithering)

applied in order to prevent more than desired MR signal occured due to microcoil and

body coil coupling [62].
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2.3.3.2 RF Antennas. One of the main antenna types including active devices

are loop antennas (magnetically coupled). Ladd et.al. developed several antenna ge-

ometries as transmit and receive coils i.e. single loop, center return, crossed loop,

solenoid, and their related magnetic �eld B1 has been calculated according to the

Biot-Savart law which are demonstrated in 2.8 and 2.9. Regardless of the coil geome-

try, signal intensity increased due to the short T1 source within the coil. RF heating

due to magnetic coupling remained problematic and unclear [64].

~B1 = −µ0

4π

∮
I ~dlxr̂

r2
(2.8)

S ∝ B1

I
· ∂M0

∂t
dV =

B1xy

I
M0dV (2.9)

Radiofrequency solenoid coil placed at the tip of a guidewire used as an an-

tenna as solenoid coils resulted a promising signal intensity in the previous study. The

main outcome of this study is that design became orientation independent to the main

magnetic �eld [4].

An active pro�ling needle developed as in Figure 2.8 in order to track the overall

length under MRI by incorporating a loop antenna in the design. Despite the detuning

precaution, because of the metallic components high current density and hence heating

related safety concerns continued [3].

Figure 2.8 Active needle with close-up of tip uncovered (top) and covered (bottom) [3].
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Twisted loop coils used in transmit and receive modes in order to visualize the

overall device length [65].

Helical loop coil was implemented on a vascular guidewire reduce the orientation

dependency to the main magnetic �eld. Loop coil and the body coil images were

overlaid as shown in Figure 2.9. In this study, high contrast images achieved and

entire length of the device could be visualized. The main drawback of the method is

that the signi�cant RF induced temperature increase during body coil transmit [4].

Figure 2.9 (a) Image acquired with guidewire coil. (b) Image acquired with body coil. (c) Overlay
showing excellent position agreement [4].

RF receive coil implemented catheter connected to the fully shielded coaxial

cable showed highest tracking signal peak after Fourier Transform when compared

with the partially shielded and with the twisted pair cable. Although active real-time

tracking achieved in this study, tip tracking instead of overall length remained unsolved

[66].

In order to provide whole shaft visibility with dipole antennas and ful�l their low

tip visibility with loop coils, both are connected in a one design. While solenoid coils

create bright spots at the tip, dipole antenna provides continuous shaft visibility as

in Figure 2.10. Besides its precise visualization, potential heating over long conductor

lines due to electric �eld, prevented by detuning with the use of PIN diodes [5].

Second type of active devices include loopless antennas (electrically coupled).

Thin active devices su�er from physical dimensional limitations due to the fact that

acquired signal from smaller devices decrease as the diameter of the coil decreases

and also signal from the coaxial cable becomes prominent and thus more than one

peak frequencies occur. In this study rod antennas were analyzed in both parallel and

perpendicular to the main magnetic �eld. [67].
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Figure 2.10 Representative MRI. (a) The long solenoid coil creates bright dots (red) at each end;
the shaft is reconstructed on a separate channel (green). (b) Transfemoral guidewire in phantom
aortic arch. Tip (arrow) de�ection does not alter signal. (c) Transfemoral guidewire in vivo in
brachiocephalic artery. Crosstalk is evident with surrounding tissue [5].

Previously since small SNR values provided by short circuited two conductors,

tuning and matching circuits can not be placed far from the vessel in order to not to

increase the noise signal [68] . In this study, in order to reduce the diameter without

adhering to the electromagnetic restrictions, antenna was formed as a wire and thus

higher signal and noise values acquired. In the Figure(2.11), the inner conductor and

the secondary shield act as a dipole antenna while the dielectric material balances the

current and thus no net current �ows outside of the primary shield since the unbalanced

currents e�ect the input impedance. Antenna resonates during the RF excitation and

RF induced heating occurs, thus in order to prevent this e�ect by providing high input

impedance with a pin diode during the RF excitation. An important outcome of this

study was the acquisition of high SNR around the antenna by the signal sensitivity

decrease as the radial distance increase [69].

Figure 2.11 Sectional view of the catheter antenna. A, inner conductor; B, primary shield; C,
secondary shield; D, high εr insulator.
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In order to overcome the narrow and complex structure of the coronary arteries

and motion related image artifacts, together with the surface coils, Nitinol guidewires

including loopless antennas aimed to be used during coronary catheterization proce-

dures with real-time Magnetic Resonance Imaging (MRI) guidance. Loopless antenna

containing guidewire and guiding catheter were distinguished from the surrounding

and were simultaneously visualized using two receiver channels [70].

In this study, although the active device was similar to the previous designs

by incorporating dipole antennas and helical winding at the tip, in order to create

simultaneously accurate images for device tracking purposes, previously maintained

anatomical roadmap acquisition method replaced with true fast imaging with steady

precession (TrueFISP) high frame rate imaging sequence which can be seen in Figure

2.12. With the help of this sequence, and separate receive channels, higher image

resolution and higher control on the imaging parameters achieved respectively. One

of the two major problems was slice thickness adjustment for the active device and

complex anatomical structure visualization at the same time and the other problem

remained unaddressed was the localized RF SAR issue [6].

Figure 2.12 In vivo real-time TrueFISP images (a) active guidewire (red), (b) active catheter (green),
and (c) surface phased array coils as RF receivers. (d) Overlaid image [6].

2.3.4 Optical Transmission Line Solutions

Long metallic cables used for active device signal transmission or detuning prac-

tices during transmission replaced with optical transmission line shown in Figure 2.13

and 2.14 to overcome RF heating related safety issues and design complexity. Pho-

toresistor acts as a switch with its changing resistance by light illumination. Thus
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inductively coupled microcoil and tuning capacitors were detuned by light from the

�ber optic cable [7].

Figure 2.13 Wireless detuning system and schematic of parallel resonant circuits including photore-
sistor and �ber optic cable. Internal signal source consisting of Gd DTPA-doped saline [7].

Figure 2.14 Wireless detuning system and schematic of parallel resonant circuits [7].

Another optical approach was developed by [71] in which laser light coupled to

an optical �ber, di�used light emitted by photo-voltaic cells, and converted to electrical

current in addition to the susceptibility artifacts due to the copper windings. Schematic

of the opto-coil approach can be seen in the Figure(2.15). Resulting image is a negative

contrast image (dark spot) and made explicit by adjusting the laser power.

For direct optical signal transmission rather than inductively coupled resonant

circuits an optical transmission system has been developed. With a resonant cir-

cuit connected to a optical transmitter including a transistor and laser diode as in
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Figure 2.15 Schematic of the Optocoil approach [71].

Figure(2.16), signal was transmitted successfully but with a decreased quality factor

(Q-factor) and thus cause degradation in SNR [72]. In the further study, improvements

were made regarding SNR which is related to the Q-factor of the receiver microcoil and

transconductance (gm) of the transistor [73].

Figure 2.16 Induced voltage times the Q-factor of the resonant circuit produced by the passively
decoupled MR micro-Helmholtz coil, transmitted to the optical modulator, optical receiver, and to
MRI respectively [73].

There are other optical methods aiming to eliminate RF induced heating such

as non-conducting Faraday e�ect position sensor which detects the position and one

orientation angle by using the rotation of the polarization of a light beam relatively

with the applied magnetic �eld applied gradient �elds of MRI in one direction. Major

disadvantages of the design are stress-induced rotation of the polarization of light

which is a misleading factor and inadequate precision in determining the position due

to mechanical instability of the sensor. Also the sensor has no ability to transmit the

signal thus the method is not useful for imaging purposes [74].

RF related heating concerns gave rise to requirement of E-�eld measurements.
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Owing to the fact that antennas are already electrically conductive themselves, they

are not prone those measurements. Hence, optical designs are suitable. Bock.et.al.

aimed to measure the E-�eld and consequently RF heating within the MR by using

an electro-optic (EO) sensing principle (Electric �eld cause change in the polarization

which is then detected by the LiNbO3 crystal including sensor) based on the Pockels

e�ect [75].
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3. THEORY

3.1 Coil Parameters, and Theory

Inductance of a coil relies on the internal coil parameters and the environment

and composed of two components, i.e. internal and external inductance. Those two

components depend on the stored energy due to the external magnetic �eld and coil

itself respectively. Internal inductance decreases as the frequency increases because of

the skin depth e�ect. As the frequency increases current tends to �ow through the

surface of the conductor rather than the inner conductor path. the skin depth formula

shown in 3.1 [76].

δ =
1√
fπµσ

(3.1)

In which δ is the skin depth, µ is the magnetic permeability, σ is the conductivity

of the wire and f is the frequency.

In order to increase the signal-to-noise ratio (SNR) and thus the sensitivity in

the Nuclear Magnetic Resonance (NMR) technique microcoils were the focus since the

size of a coil is inversely proportional with magnetic coupling. Taking into consideration

of direct relationship between the magnetic �ux density (B1) and SNR demonstrated

in 3.2 is a proof of smaller the diameter, better the SNR concept [76].

B1

i
=

µn

d
√

1 + [h
d
]2

(3.2)

Magnetic �ux density and current relationship de�ned in Ampere's Law can be

simpli�ed for the center and both ends of the wire as in 3.3 and 3.4. This is the reason
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why the MR bore is the most sensitive area.

B =
µni

h
(3.3)

Magnetic �ux density in the center of the wire. (while h�r)

B =
µni

2h
(3.4)

Magnetic �ux density in the ends of the wire. (while h�r)

Hand wound coils [77] provides manufacturing simplicity while more sophisti-

cated micro-fabrication methods used for active and semi-active device tracking and

visualization [78].

3.2 MR Microcoils

In Magnetic Resonance Imaging, following the consecutive nonselective RF pulse

and three dimensional gradients, spatially changing receive signal obtained [38]. Since

microcoils have smaller sensitivity when compared with the RF coil, receive signal from

the microcoil obtained as a sharp peak in the frequency domain as demonstrated in

Figure(3.1).

Local magnetic �eld distortions due to the microcoil shifts this peak frequency

thus can be misleading. This is also the reason why copper is being used since its

magnetic susceptibility is similar to water [79].
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Figure 3.1 MR microcoils (A) MR sequence. (B) A catheter with 2 tracking solenoid microcoils.
(C) MR signal received by the microcoil [38].

3.3 Acousto-optic Transmission Line

3.3.1 Optical Fiber Sensors (OFS) and Strain-Optic E�ect

Optical signal transmission method had been described �rst in 1960s and since

then is being utilized in diverse areas. Advantages including robustness and sensitivity

was listed by underlying principle under OFSs is Acoustic Emission or elastic waves,

which can be actively generated by piezoelectric transducers. "The change of refractive

index in a material due to an applied strain is called the strain-optic e�ect." Matri-

ces and relative parameters depicting the strain-optic e�ect shown in the following

equations 3.5, 3.6, 3.7 [80]. Fiber-optic sensors are suitable for various applications

since they are insensitive to external factors such as electromagnetic interference and

mechanical impacts [81].

∆(
1

n2
)i =

6∑
j=1

pijSj (3.5)

Optical indicatrix change is relative to the applied strain in longitudinal axis

demonstrated in 3.6 and strain-optic tensor demonstrated in 3.7.
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Sj =



ε

−νε

−νε

0

0

0


(3.6)

pij =



p11 p12 p12 0 0 0

p12 p11 p12 0 0 0

p12 p12 p11 0 0 0

0 0 0 p44 0 0

0 0 0 0 p44 0

0 0 0 0 0 p44


(3.7)

in which ε is the applied strain in the longitudinal axis and ν is the Poisson's

ratio.

Also, the relationship between the change in the indicatrix and the change in

the refractive index described with 3.8.

∆(
1

n2
)2,3 = −2

∆n

n3
(3.8)

Consequently, refractive index change to applied strain relationship could be

derived as depicted in 3.9.

∆n = −1

2
n3∆(

1

n2
)2,3 = −1

2
n3[ε(1− ν)p12 − νεp11] (3.9)

To be able to detect the strain change with an optical setup, phase and thus
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interference change should be described �rst.

Phase of light φ passing through a L length optical �ber calculated as

φ = β ∗ L (3.10)

In which β is the propagation constant equals to e�ective refractive index times

the wavenumber(2 ∗ π/λ).

β = neff ∗ k0 (3.11)

When we take the derivative of the phase equation and place all the relative

parameters in the new equation, phase change can be described by applied strain as

shown in 3.12.

∆φ = εLβ − εLn3

2
[(1− ν)p12 − νp11] (3.12)

3.3.2 Fiber Bragg Gratings

Fiber Bragg Grating (FBG) is a structure which has a period refractive index

composed by an interference pattern embedded in an optical �ber core. FBG acts

like an optical �lter which re�ects only the Bragg wavelength and allows all other

wavelengths pass. Bragg wavelength λB, is proportional with the e�ective refractive

index ne, and the grating period Λ and can be demonstrated by the following equation.

λB = 2neΛ (3.13)
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To calculate the Bragg wavelength one would need to take the derivation of the

Bragg wavelength equation and after required derivations one would reach the �nal

equation shown in 3.14.

∆λB = ελB −
ελBn

−

2
[p12 − ν(p12 + p11)] = ελB(1− n2

2
[p12 − ν(p12 + p11)]) (3.14)

3.3.3 Piezoelectric Transducers for Ultrasound Applications

Piezoelectric transducers have been a preferred solution especially for ultrasound

imaging applications. Higher electromechanical coupling values should be reached to

enhance the sensitivity. Another important parameter describing the performance of a

transducer is the Acoustic Impedance. The acoustic impedance di�erence (mismatch)

between human tissue (≈ 1.5kg/m2 − s) and PZT (≈ 30 ∗ 106kg/m2 − s ≈ 30Mrayl)

speci�es the performance in other words quality factor of the transducer [82].

In order to obtain acousto-optic signal transmission, a piezoelectric transducer

coalesced with the �ber bragg grating (FBG). Piezoelectric e�ect was discovered in

1880 by Pierre and Jacques Curie and de�ned as electric �eld composition due to an

applied stress to a quartz crystal. Reciprocally electric �eld composition causing me-

chanical deformation in a quartz crystal [83]. Lead-Zirconate-Titanate (PZT) metallic

composition generates a high internal dipole moment thus de�nes them as ferroelec-

tric material and the critical transition temperature de�nes their stability as well.

Figure(3.2) showing properties of di�erent transducers, especially acoustic impedance

for matching, and high piezoelectric coupling factor for energy storage should be taken

into consideration regarding design e�ciency [83]. The thickness of the piezoelectric

transducer is considerably smaller than the length and width, when applied to an ex-

ternal stress, signi�cant amount of displacement occurs only in one direction which

provides high sensitivity. Piezoelectric transducer Strain-Electric �eld relationship can

be written in the following equation:
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S = dE (3.15)

In 3.3 S is strain, d is piezoelectric strain constant and in the polarized direction

it can be expressed as d33 and E is the electric �eld. For the polarized direction 3.3

can be rewritten as:

εe = d33
U

M
(3.16)

In this case, U is the drive voltage and M is the distance between the electrodes

of the PZT.

Since electrical to mechanical and reverse conversion takes place within the

transducer, Strain (S), Stress (T), Charge density (D), and Electric �eld (E) relation-

ships should be de�ned as demonstrated in Figure(3.3). Superscripts in the equations

in Figure(3.3) shows parameters was hold constant and subscripts show the crystal

lattice notations and directions in three dimension.

Figure 3.2 Properties of Di�erent Piezoelectric Transducers [83].

Pressure waves generated on the back and front electrodes of transducers shown

in Figure(3.4) also time dependent reverberations within the transducer takes place.
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Figure 3.3 Piezoelectric constants de�ned by the four related parameters [83].

Frequency of a transducer calculated by the speed of sound divided by the thickness

of the transducer.

Figure 3.4 Schematic of pressure wave generation when applied voltage to a transducer [83].

Taken into consideration above equations expressing the PZT and FBG working

principle, a change in the applied voltage hence the electric �eld result in the strain

change in the PZT and cause refractive index and Bragg wavelength change in the FBG

region in turn. This is also applicable in our design, composed electric �eld in the MR

environment can be measured by recording the refractive index and Bragg wavelength

change in the FBG [84].

3.3.4 Crosstalk between Piezoelectric Transducer and the Electromagnetic

Field

Intermetallic composition of the PZT transducers causes a crosstalk with the

RF excitation and thus electromagnetic �eld composing surrounding the transducer.

This interaction including the acoustic pressure occurring on the transducer derived in
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[85] as in 3.17 and 3.18.

p(t) =
1

2
B0ρsc[∆(

σ

ρ
)]gxQ(t)(Pascal) (3.17)

Q(t) =

∫ t

−∞
E0(t

′)dt′, (3.18)

where ρs is the mass density, c is the speed of sound in saline, gx is the spatial

information and σ is the conductivity.

It should be noticed that E0 is taken only time dependent which due to the

quasistatic approximation. Considering the two equation above and the transmitting

sensitivity of the transducer (Pa
V
) one would conclude the voltage generating on the

transducer. This generated voltage can be seen as noise and need to be shielded since

this would add an additional strain e�ect on top of the desirable measure

3.3.5 RF Transmit Coil and Piezoelectric Transducer Coupling

Underlying principle of electrical signal from the distal loop coil to acoustical

signal generated by the ultrasonic transducer transmission is well-known "Faraday's

Law of Induction" which is expressed in the 3.19 below;

Vind = −N dφ

dt
= −N d(BA)

dt
(3.19)

Induced voltage by Faraday's Law should be multiplied with the Q-factor of the

coil as depicted by [74].
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3.4 RF Shielding Theory and Material Selection

As explained in Section 3.3.4, a cross-talk between RF transmission pulses and

ultrasound transducer occurs during MRI scan and this needs to be eliminated. Un-

derlying principle of radio frequency �eld shielding is based on both re�ection and

absorption mechanisms of shielding materials. Re�ection occurs due to the generated

currents due to varying electric and magnetic �elds. Time varying electric �elds induce

electric displacement current opposing the electric �eld and related Maxwell equation

can be seen in 3.20. Similarly, varying magnetic �elds compose eddy currents which

opposes the magnetic �eld and related Faraday's Law of Induction equation can be

seen in 3.21.

Id = ε0
dΦE

dt
(3.20)

ε = −∆Φm

∆t
(3.21)

Underlying principle of absorption mechanism is the skin e�ect. In conductive

materials, current tends to �ow through the surface which can also be explained by

the skin e�ect. Taking into account the skin depth formula given in 3.26, inverse rela-

tionship between the conductivity, permittivity, magnetic permeability and skin depth

can be seen. In Figure(3.5), shielding mechanism including the re�ection, absorption

and re-re�ections within the material was demonstrated and shielding e�ectiveness

calculation can be seen in 3.22 [9].

SEdB = RdB + AdB +BdB (3.22)

Highly conductive material would be a reasonable choice in order to provide

an e�cient shielding. A preliminary study was performed using a polymer composite
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Figure 3.5 EMI shielding mechanism [9].

which is copper-epoxy mixture to shield the ultrasound transducers used in Ultra-

sound/MRI fusion imaging [86]. The reason for copper as the metallic element is that

its relatively high conductivity and its relatively close magnetic permeability value to

human body and thus creates smaller artifact in the acquired MR image. Also copper

is an abundant and low cost material. However one challenge that complicates the use

of copper is the surface oxidation. This problem can be overcomed by using epoxy

material. Sintered metal particles are constituting the conductive inks and adhesives

which are commonly used in electronics.

One of the most important concern during MR Imaging is the image distortions

and RF safety related issues due to the eddy currents. Thus, eliminating the eddy

current generation and transducer insulation at the same time requires a capacitor like

behavior. Since diamagnetic materials (i.e. silver,copper and gold) are less susceptible

to external magnetic �eld, therefore suitable for MR applications. Aluminum-epoxy

composite was investigated by [87], and it was found that the composite behaves like a

capacitor in such a way that in high frequencies, impedance decreases and thus mate-

rial becomes conductive. Polymer composites like Copper-epoxy or Aluminum-epoxy

composites creating conductive paths in the structure and attenuating the incident

waves are convenient for this application [86, 87, 8].
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3.5 Di�erent Methods for Shielding E�ectiveness (SE) Mea-

surements

Shielding e�ectiveness which represents the re�ectivity and attenuation can be

calculated in 3.23 and can be measured by di�erent methods which can be catego-

rized as Transverse Electromagnetic (TEM) cell methods (ASTM-4935 standardized

SE measurement) and Free space methods including di�erent antenna types [9]. TEM

cell method as described in the ASTM-4935 standard [88], is based on capacitive cou-

pling of the �anged outer conductors and the shielding material, thus �anges of the

outer conductor should not touch each other. The major di�culty is to prepare load

and reference samples in a speci�c thickness and geometry and thus implementation is

di�cult. On the other hand, measurement is not e�ected by the external perturbations.

Coaxial transmission line included measurement setup is demonstrated in Figure(3.6).

A TEM cell and a TEM-t cell can be seen Figure(3.7) with load and reference samples

[8],[9].

SE(decibels, dB) = 10 log
Pi
Po

(3.23)

Figure 3.6 Setup for EMI SE testing in transmission and re�ection [8].

Free space methods are based on antennas with di�erent con�guration used in

transmit and receive modes to measure the shielding e�ectiveness. In these methods,

in order to eliminate the external perturbations, anechoic chambers which absorb the

incident waves can be used similarly to TEM cells which is demonstrated in Figure(3.8).
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Figure 3.7 Demonstration of coaxial TEM cell (ASTM4935-10) and coaxial TEM-t cell [9].

An applicable con�guration including loop antennas and a measurement sample placed

in between can be seen in Figure(3.9).

Figure 3.8 Shielding e�ectiveness measurement in an anechoic chamber [9].

3.6 Antenna Theory and Monopole Antennas

A conductive wire in a particular electrical length acts as an electromagnetic

wave radiating antenna. Quarter wavelength monopole antennas are commonly used
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Figure 3.9 Shielding e�ectiveness measurement with loop antennas and the sample placed in between
[9].

type of monopoles in which antenna length equals to the 1
4
of the wavelength.

Monopole antennas with a circular ground plane can be described with several

parameters i.e. antenna length, antenna radius, and ground plane radius and dielectric

constant and loss tangent of the environment as well. Antenna ground can be selected

as highly conductive metal such as pure copper material and the ground length and

height should be larger than the quarter wavelength. Antenna excitation described

with a time dependent equation exp jwt at a radial frequency w = 2πf ( rad
sec

) and free-

space wavelength λ = c
f
where c is the free-space velocity of light [89]. Loss tangent δ

is calculated by;

tan δ = losstangent(dissipationfactor) = (
σ

ωε0εr
) = (

60λσ

εr
) (3.24)

Radiated power Pr radiated is calculated by;

Pr = (
π

Z0

)

∫ π
2

0

IEθ(r, θ)I
2r2 sin θdθ, (3.25)

"Skin depth δ refers to the depth in earth at which the electromagnetic �eld

has attenuated to 1
e
of its value on the underside surface of the earth." Skin depth δ is
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calculated by;

δs = [(
ω4µr

2εr
2

4c4
) + (

σ2ω2µr
2µ0

2

4
)
1
2 − (

ω2µr
2)εr

2

2c2
]
−1
2 (3.26)

A monopole antenna demonstrated in Figure(3.10) can be thought as if it is

twice as long as a dipole antenna and thus the input impedance of the monopole

antenna equal to one-half of the dipole antenna if the ground is taken as in�nitely

large. In reality, �niteness of the ground plane should be taken into consideration.

In fact, larger the ground plane, smaller the impedance mismatch but give rises to

environmental di�raction which in turn causes distortion of the radiation pattern [90].

Figure 3.10 Monopole on a circular disk [90].

3.7 Phantom Formulation and ASTM F2182-09 Standard

ASTM F2182−09 Standard Test Method for Measurement of Radio Frequency

Induced Heating On or Near Passive Implants During Magnetic Resonance Imaging

[96], is a standard method to test implants in a phantom material that simulates the

electrical and thermal properties of the human body. The phantom material is a gelled

saline consisting of a saline solution and a gelling agent. Gelling agent is required in

order to increase viscosity thus prevent phantom allow convective heat transfer [32].

Phantom container should not be selected as a conductive material and can

be made of i.e. Poly(methyl methacrylate) which is a highly insulating material. Sug-

gested gelled saline mentioned in the related standard can be prepared by using speci�c
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ratios of sodium chloride (NaCl) and polyacrylic acid. By using this formulation close

conductivity (0.47 S/m) and relative permittivity (77) of human tissue can be obtained.

3.8 Wavelength Calculation of Monopole Antennae in Phan-

tom

Wavelength of an EM wave in free space can be calculated as λ = υ
f
in which

phase speed (υ) equals to the speed of light (c = 3 ∗ 108m/s) and f is the frequency of

the electromagnetic wave. If the environment is di�erent than vacuum, then dielectric

constants, magnetic permeability and conductivity of surrounding environment should

be taken in to consideration. Thus a more complicated wavelength calculation as in

3.27 derived in [91]. Electrical and thermal properties of tissue mimicked by a well-

prepared phantom as described in the ASTM F2182− 09 test method [32].

λ =
2π

ω
√

µε
2

√
1 + (1 + σ2

ω2ε2
)
1
2

(3.27)

3.9 Design Concept

In the proposed design, RF induced active device heating and developing a

conspicuous MRI catheter design problems planned to overcome with a clinical-grade

active guiding catheter device that does not need long conductor transmission lines for

active device visualization under MRI. The active guiding catheter design incorporates

a distal loop coil that is electrically connected to an ultrasonic transducer having a

comparable pro�le. The ultrasonic transducer converts the electrical input from the

coil to elastic waves at one end of an optical �ber with an embedded interferometric

detection structure (a �ber Bragg grating). The elastic waves over the grating result in

acousto-optical modulation of the grating which is detected by a laser coupled to the

proximal end of the optical �ber that runs along the active catheter shaft. Therefore,



38

the received RF signal through the distal loop antenna can be transmitted through

using a RF heating free, dielectric transmission line to the MR scanner for device

visualization purpose. The schematic of the test setup demonstrated in Figure(3.11).

Figure 3.11 Schematics of the test setup including the active receiver with coupled acousto-optic
modulator transducer and optical �ber transmission line with FBG.
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4. METHODS

In this chapter simulation and experiment methods will be presented. First,

monopole antennas with ground plane modelled within the phantom environment in

CST R© software. Three di�erent RF shielding materials in planar geometry were

placed between the monopole antennas. Also, one of the monopole antennas was

surrounded by three di�erent shielding materials in cylindrical geometry. Following

the simulation steps, experiment setup was described including the shielding materials

(copper tape, copper powder-epoxy mixture, conductive silver ink) and geometries

(planar and cylindrical), wavelength calculation for monopole antennas, antenna and

ground plane construction, phantom container construction, phantom preparation and

electrical conductivity measurements.

4.1 Simulation Design Methodology

The phantom experiment setup simulations was performed in CST R© (Com-

puter Simulation Technology AG., Dassault Systems) program which is an Electro-

magnetic simulation software. In CST it is possible to design and test electromagnetic

behaviors of designed components. In particular, CST MICROWAVE STUDIO R©

(CST R© MWS R©) "Antennas" tool was used for this high frequency application.

Simulation Parameters and material properties are shown in Table 4.1 and Table

4.2 respectively. Dimensions of the ground plane (made of 0.5 mm thick pure copper

plate) equals to constructed ground plane dimensions which can be seen in Figure(4.9).

Monopole antennas (both for copper made and coaxial cable made) were designed in

CST, inner conductors of the coaxial cables were inserted into the phantom and excita-

tion ports were placed at the both ends of the coaxial cables. Phantom container was

not described in the simulation since it was an insulating polymer material. However,

gelled phantom material with its measured conductivity value and permittivity value

described in [32] was simulated. Finally, di�erent shielding materials including copper
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tape, copper powder-epoxy blend and �exible conductive ink were simulated. Copper

tape was selected from the material library of the program itself, but copper powder-

epoxy mixture relative permittivity value which is approximately 15 was acquired from

the literature [93]. Surface resistivity value is order of magnitude smaller than the

annealed copper, thus the electrical resistivity value of the mixture was inserted as

5 ∗ 10−8. Other properties such as relative magnetic permeability, mass density, ther-

mal conductivity, Young's modulus, Poisson ratio and thermal expansion coe�cients

were hold same as the annealed copper. Conductive silver ink was also selected from

the material library of the program.

In this design, antenna lengths (inner conductor of the coaxial cable) in the

phantom container was chosen as quarter wavelength and the distance between the

antennas was set to 5 cm which is approximately half of the e�ective antenna lengths.

Excitation ports (Port 1 and Port 2) were placed at the end of the outer part of the

coaxial cable as in the experimental set-up. Since the impedance of the coaxial cable

is directly relevant with the thickness of the inner conductor, outer conductor and the

dielectric material(εr = 2.3) in between, we need to know the precise diameters. For

the accurate simulation of the monopole antennas made of coaxial cables (RG-58) their

dimensions were �rst veri�ed with a microscope (Hirox Microscope KH 8700) and the

measured dimensions are shown in Figure(4.1.

Table 4.1

CST Simulation parameters including coaxial cable antenna dimensions, di�erent shielding materials
(copper and silver) and geometries (plane and cylindrical).

Outer ra-

dius(cm)

Inner ra-

dius(cm)

Width(cm) Height(cm) Length(cm)

Inner Conductor - Aluminium 0.04 0 112

Outer Conductor - Aluminium 0.16 0.14 101

Dielectric Material - LDPE 0.14 0.04 101

Phantom (Gelled Saline) 16 8 20

Plane Shielding 0.05 4 14

Cylindrical Shielding 0.25 0.2 14



41

Figure 4.1 Microscopic (Hirox Microscope KH 8700) cross-section view of RG-58 coaxial cable(Lens
MX(G)-2016Z: Normal: X20, FOV: 15163.8 µ m , Resolution: 9.5 µ m ).

3D demonstrations of experiment set-up simulated in CST software are shown

in Figure(4.2) and Figure(4.3).

Figure 4.2 (A) 3D demonstration of phantom with no shield. (B) 3D demonstration of phantom
with plane copper shielding. (C) 3D demonstration of phantom with cylindrical silver shielding.

4.2 Experiment Setup for the Shielding Measurements

To measure the shielding property of di�erent materials, one would need to set a

measurement set-up including antennas radiating electromagnetic waves. S-parameter

(Scattering parameters) matrix is being used to measure the re�ected and incident
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Table 4.2

Electrical conductivity (S/m) and density (kg/m3) de�ned in CST as the material parameters.

Parameters Conductivity

(S/m)

Density

(kg/m3)

Aluminium (lossy metal) 3.56x107 2700

Phantom (Gelled saline) 0.47 1025

Copper (lossy metal) 5.80x107 8930

Silver (lossy metal) 6.30x107 10500

wave voltages. While S11 and S22 indicate the re�ection coe�cients, S21 represents

the forward transmission coe�cient [94]. Thus shielding can be measured using S-

parameters of antennas connected to the vector network analyzer shown in Figure(4.4).

4.2.1 Shielding Material and Geometry

In this study, three di�erent materials which are copper powder-epoxy mixture

(CuPro-CoteTM Coating), silver conductive ink (AG-594 Flexo-Printable Silver Con-

ductive Ink, Conductive Compounds) and copper tape with two di�erent geometries

(plane and cylindrical) were examined as a shield which are shown Figure(4.7). Epoxy

is a widespread and cost-e�ective material in industrial applications and mixing with

conductive particles inhibits the oxidation of the metal particles [95]. Silver has a close

electrical conductivity value as copper. Due to its convenience and being a cost-e�ective

solution, a printible silver conductivity ink including silver particles was selected.

Electrical resistivities (Ω.m) of reference annealed copper (lossy metal), conduc-

tive silver ink and copper-epoxy blend are demonstrated in Table(4.3).
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Figure 4.3 (A)3D demonstration of phantom with no shield. (B)3D demonstration of phantom with
cylindrical copper shielding. (C)3D demonstration of phantom with cylindrical silver shielding.

4.2.2 Wavelength Calculation in Phantom

In theory, for a dipole antenna resonance occurs when the antenna length equals

to the half-wavelength [32] and reactance becomes zero [94]. A complex wavelength

equation as in 4.1 was used to calculate the wavelength while taking into account the

relative permittivity, permeability and conductivity of the phantom. MATLAB code

for the wavelength calculation can be found in the [Appendix A].

λ =
2π

ω
√

µε
2

√
1 + ( σ2

µ2ε2
)
1
2

(4.1)

in which relative permittivity (εr) equals to 77, and conductivity (σ) equals to

0.47 S/m. After substituting the constants in the formula, wavelength was calculated
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Figure 4.4 Rohde and Schwarz ZVB4-Vector Network Analyzer

Table 4.3

Electrical resistivity values of di�erent RF shielding materials (Ω.m)

Shielding Materials Resistivity (Ω.m)

Copper (lossy metal) 1.72 ∗ 10−8

Copper powder-epoxy mixture 5 ∗ 10−8

Conductive silver ink 1.59 ∗ 10−8

as approximately 44 cm.

4.2.3 Antenna and Ground Plane Design and Construction

Monopole antenna can be identi�ed as the half of a dipole antenna. In fact,

length of the monopole antenna equals to λ
4
which is the half of the length of a dipole

antenna. Also, it is important to note that power radiated from the monopole antenna

and the input impedance are half of the dipole antenna. For this project, monopole

antenna was selected for its manufacturing convenience. The common ground plane

was selected as copper since copper has high conductivity. Commercial coaxial cables
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Figure 4.5 Phantom �lled PMMA container including the copper-epoxy plane shield placed between
the monopole antennas connected to Rohde and Schwarz ZVB4-Vector Network Analyzer

(RG-58) were used in construction of monopole antennas. Coaxial cables were arranged

as 100 cm of the insulated part had kept outside of the phantom and after stripping

o� the outer conductor, inner conductor (11 cm length) inserted into the phantom

which is equal to λ
4
. Inner conductors of the coaxial cables which were inserted into

the phantom container is demonstrated in Figure(4.8).

Ground plane was selected from a commercial pure (platethickness = 0.5mm)

copper plate and was cut in order to �t the SMA connected monopole antennas and

its dimensions was adjusted according to the phantom container dimensions as shown

in Figure(4.9). An aperture was left intentionally, this was because of the mold (for

planar shielding placements) at the container base.
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Figure 4.6 Phantom �lled PMMA container including the copper-epoxy cylindrical shield placed
between the monopole antennas

4.2.4 Phantom Preparation

As shown in previous study [96], phantom container should be made of an

insulator material. Thus, for manufacturing convenience and availability, poly (methyl

methacrylate) was used as the phantom container material and monopole antennas

in di�erent con�gurations were measured within this phantom container. Container

dimensions are as following, Length: 15 cm, Width: 15 cm, Height: 10 cm.

RF induced heating and safety tests for MR compatible medical grade devices

are performed within a tissue mimicking gelled saline described in the ASTM standard

[96]. According to the ASTM F2182 � 09, gelled saline (phantom) which has similar

electrical properties as tissue can be made with 10 g/L polyacrylic acid(PAA), 1.32 g/L

NaCl and deionized water. First PAA and NaCl are weighted by Analytical Balance

(Cubisr - Sartorius) for one liter solution. 100 mL deionized water was stirred to

dissolve the 1.32 g NaCl completely and then remaining deionized water was added

and was stirred to mix. 10 g PAA was added to the solution a bit at a time, was

stirred to suspend completely. After each addition, a kitchen grade immersion blender

with a blade was used to distribute and dissolve completely. The blender is turned on
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Figure 4.7 Di�erent shielding materials applied on plane PMMA demonstration. (A) Copper
powder-epoxy mixture. (B) Silver conductive ink. (C) Copper tape.

intermittently for at least 20 min total in order to remove all lumps of any discernable

size. Phantom was put in the dessicator in order to remove the formed air bubbles

during the process as in Figure(4.10). Phantom was ready to use after 24 hours waiting-

period. The appearance of the slurry should be semi-transparent, free of bubbles, and

free of lumps of any discernible size. Conductivity should be veri�ed in the later stage.

4.2.5 Electrical Conductivity Measurement

In order to well mimic the tissue properties, one would need to satisfy the

phantom speci�cations. Thus, one of the most important parameter which is the

conductivity of the prepared phantom according to the ASTM F2182 � 09 should

be between 0.47 ± 10 S/m at 64 MHz and 128 MHz [32, 96]. Conductivity is an

indicator showing the ions within the solution and its unit is S/cm which is calculated

by the Conductance (S) times the cell constant (cm−1). In this study, Lutron CD-

4303HA Conductivity Meter were used for the conductivity measurements. Acquired

conductance values shown in Figure(4.11)are between 4.78 mS and 5.00 mS and S/cm

values are calculated as between 0.478 S/cm and 0.5 S/cm taking into consideration

that the distance between electrodes within the conductivity meter is 1 cm.
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Figure 4.8 Stripped coaxial cables were inserted into the phantom container.

Figure 4.9 Ground plane for monopole antennas made of pure copper plate.
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Figure 4.10 Phantom was put in the dessicator to remove the air bubbles.

Figure 4.11 Conductivity measurement of phantom.
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5. RESULTS

In this chapter simulation and experimental results will be presented.

5.1 Simulation Results

Simulations were performed within the frequency range of 50 MHz to 900 MHz

and S-Parameters were analyzed within this frequency range. S11 and S21 parameters

without any shielding material are shown in Figures(5.1, 5.2), S21 parameters with plane

and cylindrical geometries for both copper (both copper tape and copper powder-epoxy

blend) and silver shielding materials are shown in Figure(5.3, 5.4, 5.5, 5.6, 5.7 and 5.8).

Figure 5.1 S11 parameter demonstrating the antenna behavior without any shielding material (The
Black marker shows that S11 is -11.6 dB at 61 MHz).

Figure 5.2 S21 parameter demonstrating the antenna behavior without any shielding material (The
Black marker shows that S21 is -18 dB at 61 MHz).

Simulation results are summarized as in the Table 5.1.
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Figure 5.3 S21 parameter demonstrating the antenna behavior with plane copper tape shielding
material (The Black marker shows that S21 is -36 dB at 61 MHz).

Figure 5.4 S21 parameter demonstrating the antenna behavior with plane copper powder-epoxy
mixture shielding material (The Black marker shows that S21 is -34 dB at 61 MHz).

5.2 Experiment Results

Experiments were performed in a phantom container as demonstrated in Figure

(4.5) and measurements were taken with Rohde and Schwarz ZVB 4 Vector Network

Analyzer and recorded S-parameters. First, coaxial cables with a common copper

ground plane were inserted in the container and �xed with rubber seal rings in order to

ensure impermeability. Then, phantom gel was poured into the container cautiously.

In Figure(5.9, 5.10), scattering (S11 and S21) parameters of the monopole antennas

are presented. Three di�erent shielding materials including a commercial copper tape,

copper powder-epoxy mixture and conductive silver base ink were measured quanti-

tatively. S21 results of this materials with two di�erent geometrical approaches are

represented in Figure(5.11, 5.12, 5.13, 5.14, 5.15 and 5.16).
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Figure 5.5 S21 parameter demonstrating the antenna behavior with plane silver shielding material
(The Black marker shows that S21 is -35 dB at 61 MHz).

Figure 5.6 S21 parameter demonstrating the antenna behavior with cylindrical copper tape shielding
material (The Black marker shows that S21 is -77.8 dB at 66 MHz).

Experiment and simulation results are summarized as in the Table 5.2, and

Table 5.4.

In the second experiment monopole antennas were constructed with pure copper

wires (wire diameter = 1.5 mm). Copper wires were cut into to quarter wavelength

lengths and they were inserted to the phantom. The vector network analyzer results

are summarized as in the Table 5.3. S21 parameter were measured as -26.6 dB when

there is no shielding material in between or surrounding any of the monopole antennas.
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Figure 5.7 S21 parameter demonstrating the antenna behavior with cylindrical copper powder-epoxy
mixture shielding material (The Black marker shows that S21 is -72.7 dB at 66 MHz).

Figure 5.8 S21 parameter demonstrating the antenna behavior with cylindrical silver shielding
material (The Black marker shows that S21 is -86.3 dB at 66 MHz).

Table 5.1

S21 simulation results were summarized for di�erent con�gurations.

Con�guration S21 results in phantom (dB)

Without any shielding material -18.16

Copper tape plane shield -36.25

Copper powder-epoxy mixture plane shield -34.28

Silver ink plane shield -35.14

Copper tape cylindrical shield -77.77

Copper powder-epoxy mixture cylindrical shield -72.72

Silver cylindrical shield -86.3
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Figure 5.9 S11 results of the monopole antennas in the phantom (The Green marker shows that S21
is -17.8 dB at 61 MHz).

Figure 5.10 S21 results of the monopole antennas in the phantom (The Green marker shows that
S21 is -29 dB at 61 MHz).
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Figure 5.11 S21 results of the monopole antennas in the phantom with a commercial copper tape
shielding in a planar geometry (The Green marker shows that S21 is -35.7 dB at 61 MHz).

Figure 5.12 S21 results of the monopole antennas in the phantom with a copper powder-epoxy
mixture shielding planar geometry (The Green marker shows that S21 is -39.2 dB at 61 MHz).
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Figure 5.13 S21 results of the monopole antennas in the phantom with a conductive silver ink
shielding planar geometry (The Green marker shows that S21 is -36.6 dB at 61 MHz).

Figure 5.14 S21 results of the monopole antennas in the phantom with a commercial copper tape
shielding in a cylindrical geometry (The Green marker shows that S21 is -52 dB at 66 MHz).
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Figure 5.15 S21 results of the monopole antennas in the phantom with a copper powder-epoxy
mixture shielding in a cylindrical geometry (The Green marker shows that S21 is -49.8 dB at 66
MHz).

Figure 5.16 S21 results of the monopole antennas in the phantom with a conductive silver ink
shielding in a cylindrical geometry (The Green marker shows that S21 is -46.6 dB at 66 MHz).
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Table 5.2

S21 simulation and experimental results were summarized for di�erent measurement con�gurations.

Con�guration S21 results in phantom

(dB)

S21 simulation results

(dB)

Without any shielding material -29.13 -18.16

Copper tape plane shield -35.65 -36.24

Copper-epoxy mixture plane shield -39.22 -34.28

Conductive silver ink plane shield -36.57 -35.14

Copper tape cylindrical shield -52.08 -77.77

Copper-epoxy mixture cylindrical shield -49.79 -72.72

Conductive silver ink cylindrical shield -46.63 -86.3

Table 5.3

S21 results for the second experiment performed with the thick copper wires for di�erent
measurement con�gurations.

Shielding geometry Copper tape Copper powder-epoxy Silver conductive ink

Plane shielding -40.3 -34.1 -39.1

Cylindrical shielding -65.7 -51.3 -75.9

Table 5.4

S21 simulation and experimental results were summarized for di�erent measurement con�gurations.

S21 results (dB) in phantom for con�gurations Experiment-1

(Coaxial cable)

Experiment-2

(Copper wire)

Simulation

results

Without any shielding material(61MHz) -29.13 -26.61 -18.16

Copper tape plane shield(61MHz) -35.65 -40.3 -36.24

Copper-epoxy plane shield(61MHz) -39.22 -34.1 -34.28

Conductive silver ink plane shield(61MHz) -36.57 -39.1 -35.14

Copper tape cylindrical shield(66MHz) -52.08 -65.7 -77.77

Copper-epoxy cylindrical shield(66MHz) -49.79 -51.3 -72.72

Conductive silver ink cylindrical shield(66MHz) -46.63 -75.9 -86.3
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6. CONCLUSION

Convenient designs for device tip visualization and tracking during the clinical

interventional procedures is a widely studied topic. This study is a part of a novel

acousto-optic signal transmission line design for MR compatible interventional devices,

which was implemented in collaboration with Prof. Dr. Levent Degertekin and his

research group (The George W. Woodru� School of Mechanical Engineering, Georgia

Institute of Technology) at the National Heart, Lung and Blood Institute (NHLBI,

National Institutes of Health). Acousto-optic active MR marker consists of a coil, a

piezoelectric transducer and a Fiber Bragg Grating (FBG) sensor at the distal end of an

optical �ber. Thus, with this concept, radio-frequency (RF) related heating concerns

due to metallic components under MRI are aimed to be eliminated.

Previous in vitro phantom experiments showed that the acousto-optical trans-

mission line is applicable for RF signal transmission through the optical �ber. However

SNR results of the received RF signals also demonstrated that the sensitivity of the

overall system needs to be improved. While this improvement can be achieved by

optimizing the coil, ultrasound transducer and FBG sensor, interference between the

piezoelectric transducer and MR scanner is also another factor reducing the SNR.

Conventionally RF shields are made of bulky metal cages thus a more convenient

method is needed. Conductive inks and adhesives are commonly used in electronic de-

vices since they have close conductivity values as the conventional conductive materials.

Also they are cost-e�ective, abundant and �exible solutions for especially small target

areas. The requirement of small pro�le for interventional cardiovascular devices made

coating solutions compulsory.

This thesis study covers simulations and phantom experiment for the shielding

e�ectiveness measurements. With this measurement setup, shielding e�ectiveness of

three di�erent materials including a copper tape, a copper powder-epoxy mixture and
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a conductive silver ink was measured. Monopole antennas were constructed aiming to

measure the scattering parameters and thus shielding e�ectiveness was evaluated. for

construction convenience (also for the convenience of gelled phantom and container con-

struction), quarter wavelength antennas (the overall length is equal to approximately

1.2 meters) were constructed from commercial coaxial cables instead of constructing

the antennas at the overall wavelength in air at 1.5T MR frequency (for 63.66 MHz

frequency, one wavelength in air equals to approximately 4.8 meters). Also, the use of

coaxial cable which has a 50 ohm characteristic impedance value, matches with the vec-

tor network analyzer input impedance and therefore increased the antenna e�ciency.

Regarding the monopole antenna design, copper wires were selected because of their

higher conductivity and better performance as an antenna. Although thick copper wires

have a better quality factor when compared to the coaxial transmission line, frequency

sensitive design is essential for an accurate shielding e�ectiveness measurement.

Before conducting an experiment, in order to optimize the design to �t the re-

quirements and saving materials and time, it is very important to make the simulations

at the beginning. Thus simulations were made in a commercial electromagnetic sim-

ulation program CST R© (Computer Simulation Technology AG., Dassault Systems).

Regarding the con�guration of the monopole antennas within the phantom without

any shielding material in between or surrounding one of the monopole antennas, sim-

ulation results showed a di�erent behavior regarding the scattering parameters(S21).

This di�erence was mainly due to the experiment set-up preparation related imperfec-

tions such as inherently imperfect RG-58 coaxial cable, imperfect soldering of the thick

copper wire to the SMA connector or the inhomogeneity of the gelled saline (phantom

gel). According to the experiments, monopole antenna transmission coe�cient (S21),

was di�erent then the simulation results being -29.13 dB (monopole antennas made

of the coaxial cables), -26.6 dB (monopole antennas made of thick copper wires) and

-18.16 dB (simulation result in CST) respectively.

Regarding the planar geometry shielding (for both copper tape, copper-epoxy

mixture and conductive silver ink materials), simulation results and experimental re-

sults were similar. In fact, simulations demonstrated that for the planar geometry,
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there is no signi�cant di�erence between a copper and a silver shielding. According

to the experimental results, �rst experiment showed that among three di�erent shield-

ing materials copper powder-epoxy blend has a better performance. In the second

experiment, conductive silver ink followed closely the copper tape.

On the other hand, cylindrical geometry showed a better performance when

compared to the planar geometry. Since the electromagnetic waves are being radiated

through all directions, those results were as expected. Di�erences between the simula-

tion and experiment results were mainly due to the reason that materials like copper

and silver were perfectly de�ned in the material library of the simulation program.

It was demonstrated that the electromagnetic radiation interference can be pre-

vented using MR compatible shielding materials. Since copper has a magnetic per-

meability close to the human tissue, a discernable image artifact during MRI is not

predicted. With the simulation design, it was successfully demonstrated that shielding

properties of metals with di�erent thickness values, geometries and dimensions can

be predicted before conducting the experiments. The measurement set-up including

the monopole antennas, phantom container, di�erent shielding geometries (planar and

cylindrical) and their connections were successfully implemented and experiment re-

sults were compared to the simulation results. It was also acknowledged that antennas

need to be optimized for a speci�c frequency range. It may be bene�cial to improve

the antenna in terms of the radiated power and antenna gain.

In the future studies, it is planned to optimize further the shielding geometry.

Frequency selective surfaces, with the intention of creating a bandpass �lter for the

concerned frequency range, will be designed and implemented for di�erent MR com-

patible shielding materials. Also, for the future evaluations, the new shielding material

coated housing design for the piezoelectric transducer of an acousto-optic transmission

line will be tested under MRI and the improvement on the SNR of the received signal

will be evaluated.
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7. APPENDIX

7.1 Appendix A

MATLAB Code for the wavelength calculation:

pi = 3.14;

f = 63.66e6;

w = 2 ∗ pi ∗ f ;

u = 1;

u0 = 4 ∗ pi ∗ 1e− 7;

e = 77;

e0 = 8.854 ∗ 1e− 12;

conductivity = 0.47;

lambda =

(2∗pi)/(w∗sqrt(u∗e∗u0∗e0/2))/(sqrt(1+sqrt(1+(conductivity2/((w2)∗((e∗e0)2)))))

lengthmonopole = lambda/4
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