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Abstract

Intravascular MR antennas hold potential to enable tracking of guidewires and catheters through
blood vessels and to obtain high-resolution images of vessel walls. Previous research on intravascular MR antennas describes several promising designs for these applications. To quantitatively
compare and optimize these and new intravascular antenna designs, a numerical model is very
useful. It allows easy adjustments of the design variables to satisfy requirements of different
applications (e.g. imaging and tracking), without the need for manufacturing and testing. During this project, a static numerical model is developed and verified. The sensitivity patterns
of intravascular MR antennas of interest were determined, in order to select promising designs.
The selected designs, e.g. center return, triple-loop, and dual-opposed solenoids antennas were
developed and tested in vitro. The practical results correspond to the results obtained with the
static numerical modeL
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Chapter 1

Introduction
In the western world, heart and vascular diseases are a frequent problem. Nowadays many of
these problems can be treated minimally invasive; interventional instruments to perform the
treatment with, are inserted via a small aperture into the vascular system. The present common
imaging technique to guide these kind of interventions is X-ray examination (fluoroscopy). However, this technique has a few disadvantages, including the use of ionizing radiation. In addition
to the fact that magnetic resonance imaging (MRl) does not employ ionizing radiation, MRl
offers advantages like the ability to acquire images in any orientation, the adjustable contrast
between soft tissues and the possibility to obtain functional information. Because of these advantages and the progress in MR systems, the possibilities are explored to perform intravascular
interventions under guidance of MRI.
Applying MRI for interventions requires considerable efforts. For instance, instruments and
devices will have to be developed to guide and monitor interventions. We are especially interested in intravascular interventions during which the visualization of, for example, guidewires
and catheters are important. The presence of catheters during these interventions yields the
possibility to mount antennas on these catheters. With these antennas it should be possible
to receive the MRI signal in the blood vessels with a higher signal-to-noise ratio than achieved
with surface or body coils. This improvement of the signal-to-noise ratio could be used to gain
faster acquisition or to achieve a higher resolution in the MRI information and images. During
treatment, obtained additional information, for example the amount of blood flow, could be
used to follow course and the result of an intervention.
The purpose of this project is to select and develop intravascular MRI antennas for different
applications. To achieve this, different antennas are analyzed, designed, and tested. The intravascular antennas will have to meet many requirements to make clinical use possible in future.
These requirements are investigated for different applications, such as tracking of the catheter
and imaging of the vascular wall. According to the literature, different concepts for antennas
have already been investigated. However, most comparisons of antennas are qualitative and/or
comprise only a few designs. Therefore, we developed a numerical model to quantitatively analyze the suitability of multiple antenna types for different applications. Because this numerical
model simplifies reality by assuming frequency independence, the validity of the model is verified
with a well-known antenna modelling program for the specified purpose. Different antennas are
analyzed with the static numerical model. The obtained results enable selection of the best antennas for the different applications without the need for trial and error. The selected antennas
are designed and subsequently tested in an MR system with the use of phantom settings. The
practical results correspond to the results obtained with the static numerical model.

1

In this report, we first compare the qualities of MRI with other imaging techniques and describe
the recent progress in MR systems (Chapter 2). Next, the basic principles of magnetic resonance
imaging are introduced in Chapter 3. The requirements for different applications are discussed
in sections 4.1 and 4.2. An overview of antennas discussed in literature (section 4.3), combined
with the previously discussed requirements for the applications, leads to a first selection of
antennas suitable for further analysis (section 4.4). In addition to this, design rules of thumb
are discussed. To analyze antennas quantitatively, a numerical model is developed and verified
in Chapter 5. Results obtained with this model are presented and discussed in Chapter 6. These
results yield a selection of antennas to design. The development of antennas and the in vitro
tests, performed in phantom settings are regarded in Chapter 7. The results from these in vitro
tests are illustrated and compared with the simulation results. The project is summarized and
discussed in Chapter 8, resulting in conclusions and recommendations for further research.
As a result of performing this project in a cooperation of two different orientated institutes,
this report is written with the intention to interest readers with different perspectives. This
immediately implies that sections will be of different interest for different readers. Although
reading the total report is recommended, a brief overview of the project can be obtained by
reading sections 4.4 and 5.5, followed by Chapters 6 and 7. Chapter 2 to section 4.3 give more
background information on medical imaging techniques and the conditions for intravascular
MRl antennas. Sections 5.2 to 5.4 are especially recommended to readers with interest in
electromagnetics.
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Chapter 2

Context of the project
As indicated in the introduction, this project concerns the development of intravascular antennas
to expand applications of magnetic resonance imaging (MRI). In the medical world, many different imaging techniques are used both for therapy and for intervention. The efforts to extend
the applications of MRI are based on the advantages in comparison to other medical imaging
techniques, which are explained in section 2.1. After the explanation of the qualities of MRI,
present and future applications of MRI are regarded, paying special attention to the use of local
receiver coils in interventional MRI.

2.1

Medical imaging techniques

Medical images can be produced by the interaction of biological tissue with a number of different
types of electromagnetic radiation. This electromagnetic radiation forms the connection between
the tissue and the signal of the receiver. Biological tissue is generally opaque to intermediate
wavelength radiation, in general frequencies above 150 MHz (.\ < 2 m) and energy below 20
keY (.\ > 6.2 1O-1l m) [35]. However, the body is relatively transparent to short-wavelength
and to long-wavelength radiation. Short-wavelength radiation interacts with atomic electrons
and low-frequency radio waves interact with atomic nuclei [35]< These properties are used, in
different ways, by the existing medical imaging techniques as shown in Figure 2.1 and Figure
2.2<
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Figure 2.1: Transmission of electromagnetic radiation through 25 cm of soft tissue. (after [45])
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Radiographic techniques, for example conventional X-ray or X-ray computerized tomography
(CT), produce a shadow image resulting from the attenuation of X-ray photons by the body.
Disadvantages of these techniques are that the contrast is based on variations in tissue density, which is often very small. Therefore, overlapping structures are indistinguishable unless an
alternate imaging angle is available as in CT. Furthermore, the use of ionizing radiation may
involve unacceptably large doses when the need for serial monitoring is indicated.
Images can also be produced using ultrasound (US), where the signal brightness is the result of
the relative amount of reflected signal. Ultrasound techniques avoid the use of ionizing radiation,
but offer relatively poor spatial resolution. This spatial resolution diverges with the depth of
the tissues to be visualized.
Magnetic resonance (MR) images do not employ ionizing radiation and rely on a different principle for image production (see Chapter 3). An MR image represents the relative response of
specific nuclei to absorbed radio frequency energy. Although any isotope that has nuclear spin
and occurs in the body can be used for imaging, 1 H, the proton of hydrogen, is usually chosen for
imaging of humans by MR. This is explained by its natural abundance in the body, its relative
sensitivity and its specific gyromagnetic ratio, a property of isotopes which will be explained in
section 3.2.1. These properties are listed in Table 2.1 for the common isotopes found in biological tissues in order of their natural abundance. Sensitivity is usually presented relative to 1H
sensitivity, since the bare proton is the most sensitive nucleus in NMR.
Because of these qualities of the hydrogen proton, MRI can be applied to obtain anatomical images of all parts of the human body that contain hydrogen, for example soft tissue, cerebrospinal
fluid and edema. Like radiography or ultrasound, this image is a function of density, in this

Isotopes with
spin
H
31p

13C
2 3 Na

17

0

19F

Molar concentration
[mol/I]
99.0
0.35
0.1 [35]
0.078
0.031
0.0066

Relative sensitivity

Gyromagnetic ratio

[MHz/T]
1.0
0.066
0.016 [35]
0.093
0.029
0.830

42.58
17.25
10.71 [17]
11.27
-5.77
40.08

Table 2.1: Concentration in biological tissue, relative sensitivity and gyromagnetic ratio of
isotopes with spin. [12]
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case, the distribution of the nuclei being observed. However, image contrast is also influenced
by other physical factors, including differences in the ability to re-emit the absorbed radio frequency signal (relaxation), but also by flow phenomena.
MR offers the ability to acquire images in any orientation, without repositioning of the patient.
Furthermore, it provides chemical information which is not measurable with conventional radiography or ultrasonography. The soft tissue contrast, for example, is high and MR has the
ability to provide functional information, such as flow velocity or flow volume per unit time,
temperature, perfusion and diffusion all together with morphologic information.
As MRI is a relatively recent medical imaging modality, the development of the system is still in
progress. In diagnostic imaging MR replaces other conventional imaging techniques, like X-ray,
more and more. Now that the demand for minimally invasive procedures increases, the possibilities are explored to use MRI not only for diagnostic purposes but for therapy and intervention
as well. Especially the absence of exposure to ionizing radiation makes it a less harmful imaging
technique during interventions, for both patients and clinicians. However, applying MRI for interventions requires considerable efforts. For instance, instruments and devices will be required
to guide and follow interventions. Because most tools which are used for interventions with the
use of conventional imaging techniques are not MR compatible, new instruments and devices
will have to be developed.

2.2

Recent and new applications of MRI

Magnetic resonance imaging has traditionally been used exclusively for patient diagnosis, as it
has been considered as a relatively time-inefficient diagnostic imaging modality. Today, the temporal efficiency and image quality of MR systems has improved considerably through technical
evolutions of the magnets, gradient systems, RF systems and computer hardware and software.
Special sequences have been developed for blood vessel imaging, functional imaging, perfusion
and diffusion imaging. MRI systems can now provide high-quality near real-time images that
facilitate a variety of image-guided procedures.
Interventional MRI (iMRI) occupies a special place within the new applications of Mill as the
MR system is used as a fluoroscopic device, not with diagnostic imaging as aim, but providing
real-time images during surgery or therapy. This enables the surgeon to follow the surgical instrument during its manipulation. This instrument can for example be a biopsy needle, a probe
for cyst drainage or a catheter to administer antibiotics. We are especially interested in intravascular interventions during which the visualization of, for example, guidewires and catheters is
important, but other tools like balloons and stents may have to be displayed as well.
Nevertheless, to successfully guide and monitor the interventions with MRI, new instruments
and devices will have to be developed as well as new imaging techniques. For some applications,
like plaque imaging, the signal-tcrnoise ratio (SNR) that is obtained with standard receiver coils
is not high enough for the desired resolution, hence a significant increase in sensitivity is needed.
Field of view (FOV) and noise volume reductions are necessary to achieve high resolution with
adequate SNR within a reasonable amount of scan time. An increase of SNR can be achieved by
inserting coils for Mill into the body. In this way the receiver coil is placed close to its target,
which reduces the field of view and noise volume and thus improving the signal-to-noise ratio.
Internal access for such small local coils may be gained via natural orifices or minimally invasive
surgery, depending on the different applications. It is likely to require a dedicated coil design
with particular specifications for power limitation, sealing, sterilization, and physical robustness
for each application. For every design of an intravascular antenna, it is important to be careful
5

with the use of conducting wires as it has been shown that the combination of electrical leads
with the RF field can produce hot spots, which may cause skin burns.

2.2.1

Local receiver coils

Local receiver coils may be used for merely diagnostic purposes in which case they will usually
be inserted in natural orifices. However, intravascular local receiver coils can be used during
interventions for tracking, imaging, and more applications, as will be explained in section 4.1.
The feasibility and usefulness of intravascular receiver coils depends on the presence of catheters.
However, considering the fact that catheters are present in the case of intravascular MRI, the
possibilities of iMRI are expanded as additional information can be gained without additional
surgery.
Local receiver coils for diagnostic purposes have been developed to obtain more information from
different parts of the body than is possible with surface coils. Endorectal coils, for example, can
be used to image the prostate, allowing recognition of prostate cancer, by detecting malignant
nodules [10]. Coils may be inserted endoanally for imaging the anal sphincter. A wide variety
of pathology in adults and children may be detected, including infection, trauma, tumour, and
congenital malformations of the anal sphincter. These may be caused by perineal surgery, such
as haemorrhoidectomy, or by childbirth.
High resolution images of the cervix can be obtained by an endovaginally inserted coil and are
particularly important in defining tumours of less than 1 cm3 volume, because definition of their
extent has a significant impact on clinical decision-making. Further normal anatomy is identified
and mural thickening ascertained [10].
Receiver coil designs for an endourethral insertion have been developed [38] to obtain detailed
anatomic information about the female urethra and pelvic floor, which is currently unavailable
by any diagnostic imaging technique. This information would provide a significant contribution
to the understanding of urinary incontinence and other urethral abnormalities, and would be a
valuable aid in surgical planning and therapeutic regimens.
The feasibility of tracking a nasogastric tube using a local coil has been investigated as well
[14, 10]. The esophagus was tracked throughout its length in experiments, demonstrating possibilities for tracking catheters in MR enteroclysis and in performing interventional tract radiologic
procedures under MR guidance. With the help of the images made with this coil mural thickening is assessed and the extent of tumour involvement defined.
Intravascular antennas can be used to collect anatomic detail and to detect areas of stenosis,
aneurysm, dissection, or other vascular pathology. Since the placement of such intravascular
coils requires arterial puncture, their use appears to be practical only in combination with an
endovascular intervention. The antenna can be mounted on top of a catheter to receive the MRI
signal in the bloodvessels. Potentially important diagnostic information about atherosclerosis
can be obtained by using these intravascular MRI and spectroscopy techniques. However, the
development of intravascular MRI local receivers is especially worthwhile as besides diagnostic
imaging, additional information can be obtained during treatments, for example the amount of
the blood flow. This information can be used to follow course and the result of an intervention.
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Chapter 3

Magnetic Resonance Imaging
The basic principles of magnetic resonance and the required hardware of an MRI system are
introduced in this chapter. Subsequently, the process from signal detection to image formation
and properties contributing to the image quality are discussed. For this chapter, extensive use
is made of material found in [35], [17] and [45].

3.1

The history of magnetic resonance imaging

Magnetic resonance imaging (MRI) is a relatively recent medical imaging modality. The physical
phenomenon of nuclear magnetic resonance (NMR) has been known since the early forties. It wa..'l
discovered that many nuclei possess an angular momentum and a magnetic moment. It was then
demonstrated that the precise frequency at which magnetic resonance occurs is a function of the
specific chemical environment of the nuclei. This behavior enables the use of nuclear magnetic
resonance measurements as a nondestructive examination of chemical structure. Through the
1950's and 60's, NMR was primarily an analytical tool for chemists and physicists examining
chemical structure, configuration and reaction processes.
Its practical application to the field of medical imaging was only realized in 1973 when Lauterbur
made the first NMR image. From that beginning, the development of clinical MRI has been rapid
and the first live human images were reported in 1976. After creation of the first superconducting
whole-body imager, it was quickly recognized that an MR system could produce images with soft
tissue contrast superior to that obtained by other imaging techniques. By 1983, the continuous
improvement in MR hardware and software resulted in whole-body imaging systems that were
capable of producing high contrast images with spatial resolution of under 1 mm, in total imaging
times of only a few minutes. Today, efforts are made to increase the strength and homogeneity
of the magnetic field to obtain stronger contrast and progress in software results in decreasing
imaging times. Increased patient access with maintenance of strength and homogeneity of the
magnetic field will improve the possibilities of interventional MRI.

3.2

Physical principles of magnetic resonance

In essence, MRI measures magnetic properties of tissue, which are subsequently rendered into
an image. To understand the operation and possibilities of MRI, the magnetic properties of the
nuclei will be explained in this section. However, it should be noted that the described model
is based on classical principles and, as such, it cannot explain the finer details of NMR spectra,
since these are typically due to complex quantum effects.
7

3.2.1

Magnetic properties of nuclei

The core of all atoms is the nucleus, a collection of positively charged and neutral particles,
respectively protons and neutrons, that account for the bulk of the atomic mass. Certain nuclei
possess a property known as spin, which may be imagined as a rotation at high speed around
its axis. Since the nucleus has mass, the rotation generates an angular momentum and since
the nucleus is charged, the rotation induces a magnetic field. This magnetic field has an axis
corresponding with the axis of spin and its magnitude and direction may be represented by the
magnetic moment (/-l), see Figure 3.1.
Normally, the magnetic moments in a collection of nuclei will
be randomly oriented. When a static magnetic field (Bo) is
applied, these magnetic dipoles tend to align with B o as they
assume discrete orientations, either with (parallel) or against
(antiparallel) the direction of the applied field. These orientations correspond to quantum mechanical energy states.
As shown in Figure 3.1, the alignment of the magnetic moment
with the applied field is not perfect. In the presence of an applied magnetic field, the spin vectors of the nuclei experience a
torque, which causes them to rotate around the axis of the applied field with a precise frequency. This cone-shaped rotation
is called Larmor precession and is the basis of magnetic resonance. The rate of precession is dependent upon the specific
physical characteristics of the isotope involved and the strength
of the applied magnetic field. This relationship is expressed as
W

= 'YBo,

(3.1)

Direction of applied
magnetic field

Figure 3.1: Precession of a
spinning nucleus around the
axis of an applied magnetic
field.

where w is the Larmor (angular) frequency in MHz, 'Y is a constant of proportionality (gyromagnetic ratio) which is specific to the nucleus involved, and Bo
is the magnetic field strength measured in tesla (T). In a magnetic field of 1.5 T the Larmor
frequency of proton of hydrogen is about 64 MHz (see Table 2.1). The Larmor frequency is also
the frequency at which energy can be most efficiently transferred to the system.

3.2.2

Bulk magnetization

The physical properties discussed up to now are those of individual nuclei. However, in imaging,
each volume element (voxel) is still large enough to contain a huge amount of nuclei, each
nucleus having its own spin with its magnetic moment. The individual magnetic moments of
the ensemble of spins add up to a macroscopic magnetic moment. In the absence of an applied
magnetic field, the individual precessing magnetic moments are randomly oriented due to the
motions produced by thermal energy, thus the macroscopic magnetic moment (M) is zero.
When an external magnetic field is applied to a collection of nuclei, the spins tend to align
with the magnetic field, assuming one of the discrete orientations. Since the energy difference
between these orientations is small relative to the thermal energy at room temperature, it can
be shown that the probability of occupying either orientation is nearly identical. However, the
chance that the low-energy (i.e., parallel) orientation is occupied is slightly higher. This small
imbalance creates a net magnetization oriented parallel to the applied field, large enough to
measure as a result of the large number of nuclei involved. No measurable transverse component
exists because the individual precessing nuclei are still randomly oriented with respect to the
phase of their precessional motion. The strength of the net magnetization is a function of both
8

temperature and the strength of the applied magnetic field. The higher the temperature, the
smaller the net magnetization will be and the larger the external magnetic field, the larger the
net magnetization vector will be.

3.2.3

Larmor precession

Imagine the net magnetization (M) as being composed of two vector components: M z in the
longitudinal plane and M xy in the transverse plane as indicated in Figure 3.2.
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Figure 3.2: The two components of the net magnetization, M z in the longitudinal direction and
M xy in the transversal plane. (a) In equilibrium the magnetization aligns with the z-axis, only
M z contributes to the magnetization. (b) After excitation with a small flip angle 0 the transverse
component of the magnetization (l\!Jxy ) has become non-zero.

In its equilibrium state, the net magnetization vector is static and it only has a component in the
longitudinal plane (Mz ). Since only a dynamic magnetic field can induce current in a receiver
coil and only the component in the xy-plane can be detected, no information of the nuclei is
received in the equilibrium state. To attain a dynamic magnetization vector, the spins must be
perturbed or excited. This can be achieved by irradiating the spin system with an RF pulse.
This frequency will have to match the Larmor frequency of the nuclei of interest because the
transfer of energy is most efficient at this frequency. As a result the net magnetization will move
away from its equilibrium orientation, creating a component l\!Jxy , and precess around the main
magnetic field with the Larmor frequency. Now, both conditions to receive information of the
spins, a dynamic magnetic field and a component of the magnetization in the transverse plane,
are fulfilled.
The angle between the net magnetization (M) and the main field (Bo) is a function of the
amplitude and duration of the applied RF pulse, as described by the following equation
(3.2)
where 0 is the angle of rotation, B l is the vector of the RF pulse,

"y

is the gyromagnetic ratio, and

t is the duration of the RF pulse. The angle of rotation, 0, is commonly referred to as the RF flip

angle or RF pulse angle. The maximum MR signal is achieved when the amplitude and duration
of the RF pulse are adjusted to cause the magnetization to flip by 900 from its equilibrium state,
yielding the largest possible component in the plane of detection, the xy-plane.
To simplify visualization of these complex motions a rotating frame of reference is used. This
coordinate system rotates around Bo with the Larmor frequency. In this rotating frame, the RF
excitation pulse can be represented by an additional magnetic field, B l , which is perpendicular
to Bo and is switched on for a short period of time. The effect of applying Bl is that the
magnetization precesses around this second field, and hence rotates away from the vertical
direction, toward the transverse plane. This is represented in Figure 3,3.
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Figure 3.3: Precession of magnetization of a stationary magnetic field B o and an oscillating field
B 1 during a 9rr pulse (a) in the laboratory system and (b) in the rotating system.

3.2.4

Relaxation processes

In an MR measurement, the application of a 90 0 excitation pulse causes the net magnetization
vector (Mo) to rotate to the xy-plane, inducing a signal in an RF detection coil. This exponential signal, which is a result of the free precession of the net magnetization in the transverse
plane, is called the free-induction-decay (FID) signal, as shown in Figure 3.4.
This process is called relaxation and commences at the termination of the RF pulse. During the relaxation process,
both the longitudinal (Mz ) and transverse (Mxy ) components of the net magnetization return to their equilibrium
values because the nuclei loose energy by emitting electromagnetic radiation and by transferring energy to the lattice
or between themselves.

t'. '.

Signal
alll>litude

•••••

Time

Figure 3.4: Free-induction-decay
Immediately after excitation, the spins precess in phase (phase
signal.
coherence), creating a transverse component of the magnetization (Mxy ). However, due to their mutual field, individual
spins create random local magnetic field variations which, in turn, cause fluctuations in the
precessional frequency of the individual nuclei. As a result, the spins gradually and randomly
dephase (lose coherence), causing a decay in the magnitude of the transverse component of
the net magnetization. This reversion from coherent precession to random precession is called
transverse relaxation or spin-spin relaxation. The spin coherence is also affected by the inhomogeneities in the external fields, which exist even in the most homogeneous external fields that
can be generated today. These inhomogeneities accelerate the decay of the FID.
Longitudinal relaxation is the process that the net magnetization restores to its original magnitude (Mo). This is caused by transfer of energy, which results from the interaction of an excited
nucleus with the oscillating lattice fields created by surrounding magnetic nuclei. This process
is also called spin-lattice relaxation.
These relaxation processes influence the transverse and longitudinal magnetization components
independently. In fact, the transverse magnetization can disappear long before the longitudinal
magnetization is restored. While both relaxation processes occur exponentially, the relative
rates of relaxation are a function of the specific molecular structure, its physical state and temperature. The contrast in MR images results from these dependencies which are different for
every tissue.
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3.3

Hardware of MRI

This section summarizes the main hardware components necessary for a basic MRI experiment.
As illustrated in Figure 3.5, the key components in an MRI system include a main magnet, a
set of gradient coils, an RF coil, a transmitter, and a computer.
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Figure 3.5: Block diagram of an MRI system. [17]
The magnet is used to generate a static magnetic field, Bo, which should be uniform over the
volume of interest. Currently, the maximum field strength used for clinical purposes is 3 T.
For comparison, the earth's magnetic field varies between 20 and 70 f..lT. The gradient coils
create a gradient which is superimposed upon the main field to encode spatial information on
the nuclei within a tissue sample. The gradient amplifier and gradient pulse are the other
components which enable spatial selection and encoding. This method of image formation will
be explained in section 3.5. As we have seen in section 3.2, RF pulses are necessary to irradiate a
tissue sample with an RF field (Bl) in order to tip the magnetization away from its equilibrium
position and generate a detectable MR signal. These RF pulses are applied through a radio
frequency pulse generation system, generally consisting of a transmitter and an RF coil. The
transmitter is responsible for pulse shape, duration, power and timing. The RF transmit coil
excites the nuclei of the sample with the energy generated by the transmitter. The RF receive
coil detects the re-emitted signal from the nuclei. Notice that this will also be the function
of an intravascular antenna. If such an antenna is used, the common RF receive coil will be
out of duty. Both the transmit and receive coils are designed for optimal performance at the
same Larmor frequency so they may efficiently tip the magnetization and detect the resulting
signal, respectively. A separate coil may be used for transmission and reception, or the coils may
electronically and physically be integrated. Amplifiers and an analog-to-digital (AD) converter
reduce noise, demodulate the signal and transport it to a computer system for reconstruction by
digital processing and image display, but also for patient administration, scan control, archiving
et cetera. The RF shielding protects the system from external RF interferences and vice versa.
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3.4

Signal detection

The detection of the MR signal is based on the discovery of Faraday that a time-varying magnetic
field produces an induced voltage in a closed electrical circuit, which causes a flow of current.
This principle is shown in Figure 3.6.
80
RFcoil

The induced voltage, the electromotive force, in any
closed circuit is equal to the time rate of change
of the magnetic flux environment. This is called
Faraday's law of induction
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Figure 3.6: Signal detection. The dynamic
magnetic field in the xy-plane induces a
voltage in the RF coil. This causes a current to flow in the closed circuit.

= -N di ,

(3.3)

where N is the number of turns in the circuit and
<p is the flux through each turn,
<p =

1

B· dS.

(3.4)

coil area

The currents induced in a conducting loop by the changing flux produce a field which opposes
the changes induced by the external field. In order for the induced voltage to be non-zero, not
only the flux must change in time, as a static magnetic field produces no current flow, but the
coil will have to be situated in a way that the changing flux can be enclosed as well. For MR
applications this indicates that the coil must be perpendicular to the xy-plane.
The signal of MR is detected using these principles. An RF coil is placed near a body in which
the magnetization is changed as a result of an RF pulse. Once the magnetization has a transverse
component, the precession around Bo will be the time-varying magnetic field to be detected.
This will induce an electromagnetic force in the receive coil, either the RF receive coil of the MR
system or the intravascular MR antenna. As this will be a closed circuit, the induced voltage
causes a time-dependent current, which carries the information that is eventually transformed
into an image of the sample.

3.5

Image formation

In order to reconstruct an image, it is necessary to encode the emitted signal so that its components can be related to the spatial position of the nuclei from which they originate. Without this
encoding, the nuclei within the area covered by the detection coil resonate at the same frequency
and the signal contains no information on spatial distribution. To achieve an image with spatial
information, the imaging process can be divided into two fundamental operations. First, an
image slice or volume is selected, subsequently the magnetic resonance signal originating from
this slice or volume is spatially encoded.
Both slice selection and position encoding are achieved on the basis that the frequency at which
a nucleus resonates, its Larmor frequency, is a function of the strength of the static magnetic
field in which it is located. The strength of the applied magnetic field is made position dependent by superimposing a weak magnetic field, that changes linearly in either the X-, y-, or
z-directions, onto the main static field. Every slice of the object now resonates at a different
Larmor frequency (Figure 3.7).
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Figure 3.7: Magnetic field gradient to perform slice selective excitation.
To excite the nuclei within the slice, the object is irradiated with an RF sinc pulse whose frequencies match the frequencies of the nuclei within the slice. As only those nuclei whose Larmor
frequency matches the frequencies of the RF pulse, will actually absorb the RF energy, only
nuclei in the slice are excited and those outside the slice are not affected. This process is called
slice selective excitation. The slice thickness is thus controlled by two factors: the amplitude of
the magnetic field gradient and the bandwidth of the radio frequency pulse.
The slice has to be spatially resolved to generate an image. Different methods exist to do this,
making use of frequency and/or phase encoding gradients to distinguish different nuclei at the
right positions. The received signal is time-dependent. To generate an MR image this signal
has to be transformed from time to frequency domain, which is the domain of imaging.

3.6

Image quality

Several properties contribute to an optimal image quality:
• High signal-to-noise ratio.
• High spatial resolution. This refers to the ability to visualize (anatomic) detail.
• Excellent contrast, which means a large difference in signal between different tissue types.
• No artifacts.
However, trade-offs are required to achieve optimized imaging conditions, as illustrated in Figure
3.8.

Figure 3.8: Optimizing imaging conditions requires a balance between the different aspects of
image quality.
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To explain which parameters influence the different properties in what way, one should know
that an image is composed of a matrix of pixels and represents a slice of tissue. Each pixel in an
image represents a volume element of tissue, referred to as a voxel. The actual volume of each
voxel is determined by the field of view, the matrix size and the slice thickness selected. The
voxel size can be decreased by decreasing slice thickness or increasing matrix size.
The signal-to-noise ratio is a function of both operational parameters, such as voxel size, pulse
sequence timing, magnetic field strength and RF coils, and data processing parameters. While
data processing procedures affect the signal-to-noise ratio, they are never as effective as reducing
noise collection or increasing the relative signal in the first place.
The intrinsic signal-to-noise ratio is inversely proportional to the dimension of the coil, as detection coils are sensitive to noise from surrounding tissue. The magnitude of the noise is related
to the detection volume; while only the nuclei in the imaging slice are excited during an MR
measurement, a much larger volume of the body is actually present in the detection volume of
a coil, contributing to the noise. The volume of a body coil and its distance from the patient
causes a much greater contribution of noise from outside the selected slice than surface coils or
local receiver coils. These provide a higher ratio of signal relative to background noise because
of their smaller sensitive volume and close proximity. In this line of reasoning, intravascular antennas are being developed in an attempt to increase the signal-to-noise ratio while maintaining
short imaging times.
For an image to be diagnostically useful, anatomic features within the image must be distinguishable from each other, in other words, high spatial resolution is required. Field homogeneity
and the steepness of the gradients employed control the spatial resolution. The spatial resolution
is related to the voxel size. Large image matrices can be used to improve spatial resolution, but
this results in smaller voxels and an increase of the total imaging times. However, the voxels
can become so small that the signal-to-noise ratio becomes the limiting factor because a smaller
voxel will yield a smaller signal, since fewer protons are present in a smaller voxel than in a
larger voxel. But background noise, for comparison, is independent of voxel size. This results in
a lower signal-to-noise ratio (SNR). Neither are long imaging times desired as the risk of patient
movement during acquisition is increased causing blurring of image detail.
This explains the compromise which will have to be reached between SNR and spatial resolution.
If imaging parameters, such as matrix size, are altered to improve the resolution, SNR is lost,
and the other way around. Further, improvements of the spatial resolution and SNR generally
result in longer imaging times. A balance between these three parameters will have to be found
to optimize imaging conditions.
Magnetic resonance signals depend on several tissue and acquisition parameters. The tissue
parameters include proton density, relaxation times, chemical shift, and motion. Therefore, the
MR signal of different tissue types can be given different contrast by controlling the relative
contribution of each parameter. This is done by adjusting the RF pulses and gradients applied,
the artifact reduction techniques, and the timing of the data acquisition. The selection of these
acquisition parameters, set in the so-called pulse sequence, is used to find the most appropriate
balance for optimizing image quality and imaging speed.
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Chapter 4

Intravascular MRI antennas
The applications for which intravascular MRI antennas are intended involve stringent requirements for the design of the antennas. These are highlighted in the first two sections of this
chapter. Within the restrictions of these requirements, different antennas have been developed
in the past. An overview of those discussed in literature is given in section 4.3. In the end, the
purpose is to design and develop antennas for some of the possible applications. A discussion of
the outcome of the literature search results in section 4.4 in a decision of which applications to
focus on. In addition, design aspects are derived, which could be useful to design and improve
antenna designs.

4.1

Applications

Intravascular coils are interesting because of the high signal-to-noise ratio (SNR) compared to
surface coils, especially at sites too deep for effective use of surface coils. Intravascular coils
can be placed near the target and this results in a higher SNR. In principle, an intravascular
coil can be used for the same applications as a regular surface receiver coil, including imaging,
spectroscopy, and flow measurements. These applications can be used to guide and evaluate
treatments, like PTA (balloon angioplasty). Information obtained by local receiver coils are
also useful in decision making or guidance and evaluation during stent placement or thermal
treatment with a hot-water balloon.
It is important to realize that intravascular coils should generally not be used as a diagnostic
tool, but as best during the intervention. There will always be a risk of formation of thrombus,
vascular spasm, or rupture of an existing plaque. Therefore, a catheter should not be inserted
for diagnostic purposes only. However, if a catheter will already be present in the vasculature,
a catheter-mounted coil can give additional information. Applications of intravascular receiver
coils that are specifically related to catheters, are for example tracking and profiling. In case
that the intravascular coil can be used both as a transmitter and a receiver spin tagging and
labeling should be possible too, opening the field for perfusion methodology. In this paragraph
we will briefly describe the applications of the intravascular antennas.
j

4.1.1

'!racking

Tracking and depiction of the interventional device or tool to the target tissue is a central
requirement for future image guided procedures. Usually, the vascular system is accessed via
the femoral artery. A small incision is made in the groin and the artery is punctured. A sheath
is then inserted for vascular access. With the aid of a guidewire, a catheter can be manipulated
to the area of interest. The guidewire is then removed, and either a therapeutic device (e.g.,
balloon, stent, coil) is inserted with an appropriate delivery device, or a therapeutic drug (e.g.,
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embolizing agent, anti-vasospasm agent) is injected through the catheter. In either instance, the
catheter functions as a conduit to ensure the accurate and localized delivery of the therapeutic
device or agent. Once the device or agent is in place, the catheter is withdrawn, the sheath
removed and the incision closed. To perform these interventional procedures under guidance
of MR, tracking of the different devices is essential. However, the development of MRI-guided
endovascular therapy is limited by the difficulty in imaging endovascular devices, almost all of
which (e.g., catheter and guidewire) cannot be visualized by clinical MRI equipment. In short,
they emit no detectable MR signal over the background. Besides the reliable visualization
of catheters and guidewires in relation to the vascular system and surrounding tissues during
interventions, target navigation is important during interventions. Next, the determination of
the orientation and bending of the catheter are required.

4.1.2

Imaging and spectroscopy

An imaging method capable of providing detailed qualitative and quantitative data on the
status of vascular walls at the time of intervention could favorably influence patient outcomes
by enabling clinicians to select the best intervention method and provide precise guidance for
various forms of local therapy. Because critical vessels such as the aorta, coronary arteries and
renal arteries are not near the surface of the body, surface coils are not adequate to increase the
data quality to desired levels. Furthermore, non-invasive MR coronary vessel wall and plaque
imaging is particularly challenging due to cardiac and respiratory motion, small coronary vessel
wall thickness and low contrast-to-noise ratios between the vessel wall and the surrounding
epicardial fat, coronary blood and myocardium. The ability to introduce an RF coil mounted
on a catheter presents the opportunity to obtain high-resolution images of the vessel wall to
improve imaging and spectroscopy. With the use of these intravascular MRI antennas areas of
stenosis, aneurysm, dissection or other vascular pathology can be detected. Since the risk for
thrombosis is more dependent on plaque composition than on the degree of luminal narrowing
[39], the radiological assessment of atherosclerosis should extend beyond mere depiction of the
arterial lumen. High-resolution MRI of the vessel wall can provide important information about
the individual makeup of atherosclerotic plaques [52], potentially enabling early detection and
characterization of lesions before narrowing of the vessel lumen occurs. A stent antenna can be
used to guide the placement of the stent [39]; it might also be used for repeated imaging postplacement to monitor the development of endothelial hyperplasia, which can lead to restenosis or
even occlusion of the stent. More examples of imaging with use of local receivers are mentioned
in subsection 2.2.1.

4.1.3

Functional information

Functional information can also be obtained with an intravascular receiver. Regarding the
vasculature, important physiological parameters are the blood flow, oxygen level, temperature,
perfusion and diffusion but also the elasticity of vessel walls [4]. It is believed that the mechanical
features of the atherosclerotic lesion influence the probability of plaque rupture, which can cause
a stroke. Measuring the quantitative flow with an intravascular coil would have the advantage
that, in principle, the measurement can be performed faster, because of the high SNR. However,
the required switching of the gradients to encode the flow limits the decrease in scan time.

4.1.4

Spin labelling and tagging

If a catheter-mounted coil can be used both as transmitter and receiver, it can be exploited to

excite spins locally. This excitement can be used to label flowing spins, allowing applications like
Arterial Spin Labelling (ASL). This is a perfusion MR imaging technique based on the physics
governing the behavior of flowing magnetic spins. Notice that to use an intravascular coil as
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a transmitter, the geometrical design and transmit sensitivity of the coil are very important.
This requires a very careful design of the transmitting coil to meet well-described features. An
additional point of attention for the design of a transmitting intravascular coil is the safety,
regarding power deposition and the risk of resonant heating, if long conducting wires are used.

4.2

Requirements

For the success of an intravascular MR imaging concept, the design of the imaging coil needs to
fulfill various safety and image quality requirements. The purpose is to develop an intravascular
receiver coil which can be used for the same applications as surface coils. The risks using an
intravascular receiver instead of a surface coil are higher, all the more, safety will have to be
guaranteed at any time. These risks will only be taken when the image quality of the images
obtained with an intravascular receiver outperforms the images received with a surface coil.
Consequently, high image quality will be one of the main requirements an intravascular MRI
receiver will have to satisfy.

4.2.1

Mechanical construction

An intravascular receiver will be inserted in the vascular system. A small diameter of the receiver
coil system is required, limited by the size of the orifice through which it will be inserted and the
vessels through which it will reach the target area. A non-rigid, flexible catheter-based design
has to be considered an essential prerequisite for easy insertion into small vessels and bringing
the coil in position through the highly tortuous vessels. The coil outlines are often cylindrical,
because of anatomical considerations for coil insertion, so that windings are either short circular
loops around a cylinder whose sensitivity is along the axis of the cylinder or rectangular loops on
cylindrical surfaces whose sensitive axes are radial to the cylinder. Furthermore, the design will
have to be mechanically solid, to make sure nothing gets loose. Unless these insertable devices
are cheap enough to be discarded, it is necessary to consider the requirements for cleaning and
sterilization, so that the device can be reused. The material of the antenna has to be MR
compatible and the biocompatibility of materials exposed to tissues is also important.

4.2.2

Safety

Patient safety is a key requirement and thus a very important aspect concerning the design
of intravascular receiver or transmission probes. Like all materials and instruments used in
the MR room, the intravascular receiver antennas will have to be MR compatible. Currently,
safety is a limitation of interventional MR. Especially the interfacing and connection have to
be carefully designed. It is well known that the connection wires between the intravascular
coil and receiver channel may act as linear antennas, especially when the coupling between
the transmitter coil, often the body coil, and wires is large. Potential risks exist also from
the formation of conducting loops. Therefore, interaction with high frequency energy, gradient
switches and electromagnetic influences have to be regarded. High frequency energy and gradient
switching can for example induce a potentially dangerous electric current in these structures [20].
This can cause a heating effect, which is also seen by other long conducting structures. Especially
at sites with concentrated electric fields, such as the tip of the wire, the heating of the tissue can
be significant [23]. Some reduction can be obtained if resonant lengths are avoided or coaxial
chokes are used [25], but in principle this is not an inherently safe solution. A safe solution to this
problem is the use of fiber optic interfacing. Because optical fibers can transport information
with no interaction with the environmental magnetic field, they are a very good candidate for
MR compatible devices. Insulation of conductors is also important. The insulating layers around
17

the conductors must be sufficiently thick (up to 2 mm in some designs) to reduce local electric
and magnetic fields within the adjacent tissue to insignificant levels [10].

4.2.3

Resolution

Both the spatial and temporal resolution that can be obtained are important requirements.
Spatial resolution defines the ability to resolve closely spaced anatomic detail,>. Since radio
frequency signals from nuclei in a voxel are averaged, details within a voxel are lost during
image acquisition and reconstruction. The larger the voxel dimensions the greater the amount
of unresolved fine detail, thus small voxel dimensions are necessary. High spatial resolution
imaging of blood vessels requires coil designs which provide high SNR to compensate for this
small voxel dimensions. Usually, an intravascular receiver provides a high SNR and therefore it
can image with a higher spatial resolution than a surface coil, in the same time. A high contrastto-noise ratio is also required. The required minimal resolution depends on the application. In
case of plaque identification, an in-plane resolution of about 100 /.Lm should be reached, which
is quite a stringent requirement [1, 29, 52].

4.2.4

Coil orientation

Because of the tortuous vessels, it is for most applications preferable to have a receiver with
insensitivity to the direction of Bo. After all, moving through the vessels, the antenna will change
its orientation relative to the main field. Furthermore, new MR equipment is being developed
to improve the patient accessibility. The direction of B o can be changed in these designs. The
intravascular antennas can be used in this equipment as well, if they are insensitive to the
orientation of the main magnetic field. This problem may be minimized by using multiple coils
with various orientations. At least one coil must be transversal to the main field to be capable
of detecting excited signals. An array of three orthogonal windings, although hard to implement
in a small unit, ensures signal detection irrespective of coil orientation [10].

4.2.5

Signal sensitivity pattern

The requirements concerning the signal sensitivity pattern of the intravascular coil depend also
on the application. Good signal penetration depth throughout the vessel under investigation is
often desired. The sensitivity profile of a small internal coil results in very high signal adjacent
to the coil surface and obscures image detail in this region. A correction algorithm can therefore
be applied to the images to optimize their interpretation. Such an algorithm is available as
standard software on most scanners. Ideally, the known sensitivity profile of each receiver coil
should be used to generate a specific correction [10].
Tracking

For this application the device should provide a high-contrast instrument signature, making it
easy to pick out the instrument in the MR image. The greatest challenge with respect to tracking
relates to the generation of adequate instrument contrast within the constraints of positional
accuracy and temporal resolution required to guide vascular interventions in real time [26]. To
improve positional accuracy, a very localized sensitivity would be best. Preferably with a less
homogeneous and less well-defined sensitivity profile, to make a clear distinction between the
device and the surrounding tissues.
Imaging

To perform well at imaging the surrounding arterial wall, an intravascular coil should have several
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properties. The focus should be on 'inside-out' antennas, receivers with a high sensitivity outside
the coil. A minimized sensitivity fall-off improves the signal penetration depth which makes it
possible to visualize a larger area. The interpretation of images is simplified by a homogeneous
response to objects radially or axially equidistant to it. Additionally, high SNR is necessary and
as mentioned before, insensitivity to the main magnetic field is a benefit. Sufficient longitudinal
coverage is preferable for multi-slice imaging, as the receiver can maintain its position.
Functional information
For flow measurements to be reliable, the intravascular receiver should be very small as not to
obstruct the blood flow.
Spin labelling and tagging
The transmit-receive variant of the coil must exploit excellent field uniformity and produce high
quality images with minimal RF exposure of other tissues.

4.3

Overview of possible designs

In literature, attention has been paid especially to antenna designs for tracking and imaging.
This section gives an overview of developed antennas. Additionally, an indication of the suitability of the antennas for the considered application is derived by considering which requirements
have been satisfied.

4.3.1

Antenna designs for tracking

A number of approaches have been developed for depicting vascular instruments and guiding
interventional devices to the target tissues in an MR environment. They can be broadly grouped
into two categories: passive and active tracking.
Passive tracking involves the direct interaction between the physical properties of the interventional device and the tissue or imaging system. That is, some physical property of the device
interacts with the imaging system or tissue to permit visualization of the catheter. The material
properties of the instrument are manipulated so that the instrument appears with sufficient
contrast in the image itself. These passive techniques are familiar from ultrasound, X-ray fluoroscopy and CT. No additional hardware or instrument modifications are required.
The active techniques rely on additional hardware and post-processing to achieve instrument
localization. Generally, active systems require some electrical connection to the MR imager or
an external power source. The direct signal of the added hardware, for example a mounted
sensor, is used to locate the catheter.
A few hardware methods are difficult to categorize as either active or passive. Instead of direct
capacitive electrical connection to the Mill system, wireless inductive coupling is used. Potential
problems associated with development of standing waves along electrical leads, as experienced
in active methods, are avoided in these methods. These methods are referred to as semi-active
tracking.
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Passive tracking
One of the designs for passive tracking consists of the placement of dysprosium oxide rings along
an otherwise conventional catheter [2]. These markers have a different magnetic susceptibility
(X, related to the permeability as /.l = /.lo(l + X)) than the surrounding tissue, the dysprosium
is paramagnetic (X > 0) while tissue is diamagnetic (X < 0). These differences in magnetic
susceptibility create local areas of signal loss that are easily observed and followed during catheter
insertion. Unfortunately, these signal losses are most often accompanied by geometric distortion
of the underlying vascular anatomy. Not only catheters and guidewires for vascular interventions
are visualized in this way but also needles for MR-guided biopsies [25, 26].
Another approach is to fill catheters with T1-shortening contrast agents, for example 4-6% GdDPTA [46]. Under these conditions, the catheter doped water protons have faster longitudinal
relaxation and more signal per repetition time (TR) than surrounding tissue. This will make
the instrument appear brighter than its surroundings.
In other research [16], the polyethylene (PE) surface of catheters was modified so that they
were visualized by MRI and thus suitable for endovascular interventions. MR signal enhancing
coating materials were prepared by chemical procedures to the surface of the catheters. The
coated samples showed a strong MR signal and a clear contrast between the coated material
and the background.
Semi-active tracking
An example of a semi-active tracking device is a small resonant circuit mounted around an
inflatable balloon along the catheter. This provides a local gain of the Bl field used for excitation,
as well as local gain from the nearby tissue as a result of the increased Bl receive sensitivity of
the local coil. Signal enhancement at the location of the coil is provided in this way. Methods
to detune the coils during transmission are required to ensure either a uniform Bl excitation
field or to prevent potential heating in the coil due to a resonant circuit during transmission [8].
A similar method to achieve inductive coupling with coil detuning and no capacitive connections,
is to place a small resonant coil in the tip of the catheter [49]. In addition, a PIN-photodiode
or photoresistor is placed in parallel to the coil. In this or alternative ways, the advantages
of completely wireless signal reception and decoupling via inductive coupling and fiberoptic
technology are provided.
Active tracking
Active catheter tracking can be grouped into four classes of methods
• locally (and potentially dynamically) affecting field inhomogeneity and hence local signal
• detection of the location of the tip of the catheter
• tracking the location and orientation of the catheter
• visualization of the length and curvature of the receiver.
Active catheter tracking by local signal suppression via controlled inhomogeneity is done by
small wires that traverse the length of the catheter, in one of a variety of patterns, such as the
antiparallel, double helix and opposed double helix wire loop [11], as shown in Figure 4.1.
During imaging, small amounts of direct current flow through the wires to locally disturb the
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Figure 4.1: Wire antennas: Antiparallel, double helix, and opposed double helix.

magnetic field inhomogeneity, much like susceptibility differences do with the passive method.
The advantages of these designs are the flexibility, the small diameter of the receiver and the
depiction of the catheter in its entire length. However, the design of wires is inherently unsafe
because of the possible heating along the conducting wires due to the direct current and to
induced RF energy. A comparable design is the twisted-pair coil of Burl [7]. This coil is shaped
by twisting a wire loop to form an extended twisted pair and connecting the free ends to tuning
and matching points.
The location of the tip of the catheter is detected by placing a small resonant coil at the tip of a
catheter with electronic leads connected to the MR receiver [48, 9]. By applying gradients along
three orthogonal axes and using the received MR signal, followed by a peak detection algorithm,
the position of the coil can be determined in 3D. For this, a series of three 1-D projections
are acquired so that the tip location can be superimposed on a previously acquired 'road map'
image. This method can facilitate many image-guided intravascular procedures. Challenges for
this technology result from potential heating due to standing waves along the electronic leads
and potential changes in the baseline position of the patient, thereby affecting the integrity
of the road-map images representation of the current position of the vascular system. Aside
from the instrument complexity, this technique has one considerable drawback: it provides the
position of merely a single point on the catheter. The orientation remains undetermined.
To improve this, a thTee element coil is designed allowing the tip location and catheter orientation
to be determined [50, 51]. Three dual-opposed solenoids are placed around the catheter providing
three locations of high signal from the catheter coil. Due to the unequal distance between coil
elements, peaks in the projection signal can be directly related to the coordinates of each coil
element. Hence, three positions along a catheter are identified. The tip position and catheter
orientation are determined, thereby allowing the imaging slice to follow the catheter and remain
at a fixed orientation to it. Further, if the location of a target tissue is defined, a scan plane
could be automatically defined which was guaranteed to include the catheter tip and the target
tissue throughout device insertion, since three points define a plane.
The guidewire antenna is based around the idea that virtually all catheters are inserted over
a small guidewire, which, if designed appropriately, can serve as a receive antenna for the MR
procedure [34]. This antenna contains a dipole antenna portion. A piece of conducting wire
serves as one of the poles. The second pole is constructed over the outer surface of a thin coaxial
cable that carries the MR signal to the matching tuning, and decoupling circuit. The whole
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dipole antenna and part of the coaxial cable are inserted into the blood vessels. Although the
radial sensitivity is limited because of the small size of the antenna, this guidewire may also be
used for vessel wall imaging.

4.3.2

Discussion of antenna designs for tracking

The most important properties of the designs to discuss for tracking are summarized in Table
4.1.

Requirements for tracking
Mechanical
construction

Safety

Signal sensitivity
pattern

Coil
orientation

Desired

Small and flexible

Safe

Well-detectable:
less homogeneous
and very localized

Insensitive to
orientation
of B o

Passive methods
Dysprosium rings

Small and flexible

Safe

Distinguishable:
rather homogeneous
but localized

Sensitive

Contrast agents

Small and flexible

Safe

Well-detectable:
less homogeneous
and very localized

Insensitive

Semi-active methods
Resonant circuit

Small and flexible

Safe

Well-detectable:
less homogeneous
and very localized

Sensitive

Active methods
Antiparallel wire loop

Small and flexible

Not safe

Distinguishable:
rather homogeneous and
not very localized

Sensitive

Double helix loop

Small and flexible

Not safe

Distinguishable:
less homogeneous but
not very localized

Insensitive

Opposed double helix
loop

Small and flexible

Not safe

Well-detectable:
less homogeneous
and very localized

Insensitive

Guidewire

Small and flexible

Not safe

Distinguishable:
rather homogeneous and
not very localized

Sensitive

Three dual-opposed
solenoids

Rather small and
flexible

Not safe

Well-detectable:
less homogeneous
and very localized

Sensitive

Table 4.1: Qualitative comparison of properties of intravascular devices for tracking.
Comparison of these different methods for tracking shows that with passive tracking methods
electrical heating is not a concern. The passive techniques are confronted with the challenge of
22

generating sufficient contrast between the instrument and its surroundings without distorting
the anatomic information. Although a large artifact is required for easy detection of the instrument, the same large artifact intrinsically distorts the local anatomy and reduces the obtainable
targeting accuracy. Unlike some active methods, passive methods do not support high-resolution
vessel wall imaging.
For all passive susceptibility methods, field distortion is determined by the composition of the
markers. Field strength, device orientation to field, and pulse sequence parameters determine
local effects. Hence, once the catheter with passive markers is designed, there is no mechanism
to dynamically alter the local signal loss as might be necessitated due to the orientation of the
catheter along tortuous vessels or as different pulse sequences are applied throughout the procedure. To achieve this property an active method, such as the concept of wires traversing the
catheter, should be considered.
The passive methods all cause a visible pattern, which can be used to locate the catheter. However, it will often be necessary to make several images to draw the right conclusion about the
location and orientation of the catheter. Currently, one major limitation in MRI is the speed of
acquisition if a specific spatial resolution is required. With the active methods the direct signal
from the intravascular device can be used to obtain information on the location of the tip of the
catheter. Less images have to be obtained and therefore these methods are less time consuming
and thus better suitable for interventional use. Another drawback for the passive methods is
that usually the different images obtained will be compared by using subtraction techniques.
Therefore, these methods are more sensitive to undesired motion- and flow artifacts than the
active methods.
Comparing the antiparallel, double helix, and opposed double helix wire loop shows that the opposed double helix wire loop is the best design. It gives a typical, well-detectable inhomogeneity
pattern and has a small sensitivity to the orientation of the main field just as the double helix
wire loop. However, the pattern of this latter design is less well-detectable. The antiparallel
wire loop is very sensitive to the orientation of Bo, any deviation from the ideal positioning
of the catheter, in the center of the slice and untilted along any axis, would yield in smaller
artifact sizes. Therefore it is not very suitable. As mentioned, the advantages of these designs
are the flexibility, the small diameter of the receiver, and the depiction of the catheter in its
entire length. The major objective against traversing wires or guidewires used for tracking still
is the unsafety because of the conducting wires.
The designs with one or more coils mounted on the catheter are very commonly used as tracking probes. They have an inhomogeneous, but clearly distinguishable sensitivity pattern. The
technique to determine the position of the catheter by obtaining three coordinates by attaching
one solenoidal coil to the catheter has one considerable drawback: it provides the position of
merely a single point on the catheter. The orientation remains undetermined. To derive more
information about the orientation of the instrument, multiple coils need to be incorporated, as
done in the design with the three dual-opposed solenoids.

4.3.3

Antenna designs for imaging

As explained in section 4.2, there are many requirements for antennas for intravascular imaging.
The properties of different antenna designs have already been explored. As they have to match
many requirements, it is sometimes hard to compare them with each other, often they are only
compared with each other for one aspect. Because of this, it is hard to determine which antenna
is best suited for this application. This section gives a view on the possibilities for the design of
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antennas for intravascular imaging as they are currently known. It will be useful to take this as
a start to explore more designs and define their properties, to finally create optimized antennas
for intravascular imaging. We start with an overview of the basic concepts. These basic concepts
are often very promising, but adjustments have to be made to fit the properties better to the
requirements. Some designs are already adjusted and a brief view on this is given next.
Single-loop

One of the most basic designs of an intravascular antenna is the single-loop concept [15, 24, 37,
38], which consist of a loop placed aligned with the axis of the catheter, see Figure 4.2.
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Figure 4.2: Single-loop, double-loop, and triple-loop coil.
This design is mainly investigated because of the simplicity of construction. Additionally, compared to other designs the single-loop coil can be designed with a very small diameter for insertion
into small vessels and with a longitudinal extent over several centimeters for multi-slice imaging.
The longitudinal signal distribution is homogeneous over almost the full length. Compared to
the design with opposed solenoid coils, which will be considered below, this antenna has an
extended longitudinal coverage but it displays lobed radial coverage. Therefore, the catheter
coil would have to be rotated about its axis or postprocessing (with use of the known sensitivity
pattern) is necessary, to equally image the entire annular region, the vessel wall. The single-loop
is very sensitive to the coil orientation with respect to the main field because of the inhomogeneity of the signal sensitivity pattern.
Single-loop multi-turn coil

A variation on the single-loop design, is the single-loop multi-turn coil [21, 22], which is less sensitive to the orientation of the main field. A larger, more rigid construction however is the price
to be paid for this. The radial sensitivity of this coil design is still angularly asymmetric, but it
provides inherently better SNR and slightly better longitudinal coverage for multi-slice imaging
than the opposed solenoid coils [21]. Because of loading conditions, the increase in sensitivity is
not simply additive. This antenna type differs from the double-loop and triple-loop, which are
discussed next, in that no special attention is paid to the positioning of the loops.
Double-loop and triple-loop coil

The radial sensitivity of the single-loop multi-turn coil design is still angularly asymmetric.
However, arranging similar loops as in the single-loop coil positioned at the right distances with
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respect to each other, causes the pattern to become more and more symmetric, as shown in the
double-loop and triple-loop design of Matschl [32] (Figure 4.2). The higher the number of loops
in these designs, the better the desired radially symmetric magnetic field distribution can be
approximated.
Dipole antennas
To overcome the limitations in physical dimensions and electromagnetic properties inherent in
catheter coils with loops, dipole antennas are designed [34]. In principle this type of intravascular receivers are elongated structures, which can be straight or helically turned. This makes
the catheter antenna practical for intravascular procedures. The dipole antenna showed good
performance in terms of longitudinal coverage and angular homogeneity. Compared with volume
coil designs, however, the SNR remained limited in the near field of the dipole, corresponding
to the region of interest for vessel wall imaging. The sensitivity area is only a few coil diameters
as the receiver has a rapid fall-off in radial direction. Because of the geometry of the wire, the
longitudinal homogeneity is high. Besides this, linear antennas have some limitations, like poor
mechanical properties, orientation dependence, and signal loss when covered with insulating
dielectric [27]. Concerning these limitations a helical open loop has some better properties.
Twin lead
A variation of these loop and dipole antennas is the twin lead [1], which is made by shortcircuiting one end of a two-conductor transmission line. Both the signal and noise received by
these catheter coils are very small. Hence, the noise that is generated by the cable connecting
the catheter coil to the tuning and matching circuit may reduce SNR significantly. Generally, it
has the same advantages as other wire antennas, its small size, its capability to operate at any
orientation with respect to the main magnetic field, its flexibility, and its extended field of view
(FOV) along the long axis of the coil. The drawbacks of this type are that it is inherently unsafe
because of the possible heating if other transmitters are used during the imaging and the small
separation between the conductors. Although this type allows easy insertion into small vessels,
it is limited by the achievable SNR. The reason for this is that the limited radial sensitivity
restricts the volume from which signal is received, while a large volume still contributes to the
noise.
Dual-opposed solenoids
A very commonly used design is the solenoid [24] (Figure 4.3), which is almost merely used as
a tracking probe (to receive the MR signal). The sensitivity pattern, which is inhomogeneous
and rather insensitive to transversal signal if the catheter is aligned with main magnetic field,
is sometimes suitable for tracking but is rather useless for the purpose of imaging.
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Figure 4.3: Solenoid and dual-opposed solenoids.
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A better design, suitable for imaging, appears to be the dual-opposed solenoids, which is widely
used for intravascular imaging for in vitro tests [15, 29, 30, 4:1.]. This design is based on two
solenoids, wound in opposite direction, separated by a gap. The region between the two solenoids
experiences a large flux extrusion and therefore a high sensitivity to the transversal signal. The
distance between the two coil elements determines the longitudinal sensitivity [42], which is
limited. Because of this limited extent of the longitudinal sensitivity area, the design is best
suited for the use of transversal imaging of the vessels and only single slice imaging is possible. Besides, although the radial homogeneity is good, the longitudinal homogeneity is very
poor. Furthermore, this design is highly sensitive to motion and flow effects, mainly due to the
inhomogeneous sensitivity pattern. The spatial inhomogeneity indicates also that the opposed
solenoids is only appropriate as a receiver coil, and not as a transmitter. Still this is considered to be a promising design, because of the homogenous radial sensitivity profile between the
solenoids. Special attention has to be paid to the positioning of the return wire to maintain this
homogeneity.

Saddle coil
Many of the designs mentioned before offer a high signal-to-noise ratio over a restricted view. The saddle coil, Figure 4.4, is proposed
to optimize this factor. This design attains sensitivities comparable
with those of the dual-opposed solenoids design with a larger FOV
[6] but exhibits additional limitations. It does not provide circular
symmetry in planes perpendicular to the axis of the coil, thus making
image interpretation more difficult [30]. However, small saddle coil
designs achieve a sufficiently high degree of homogeneity to overcome
the need for more complex structures, such as the birdcage resonator
used in whole body systems [10].
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Figure 4.4: Saddle coil.

Center return
The center return consist of a cylindric array of coil windings with current flowing in one direction along the central axis of the cylinder and numerous evenly spaced return lines on its
outer surface running parallel to the axis of the cylinder, as shown in Figure 4.5. This type of
coil geometry is limited by a rapid reduction in sensitivity radially distant from the coil and
regions ofzero sensitivity external to the coil [15, 24], which makes it unsuitable for intravascular
imaging. Beside this, it is a rather complicated design to manufacture on a catheter, because of
the limited physical extension and the possible mutual induction between the loops.
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Figure 4.5: Center return and birdcage coil.

Birdcage
The geometry of the birdcage design [15, 24, 33] is similar to that of the center return design, but
rather than having central return lines, the current winds up and down at evenly spaced intervals
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on the outer surface of the cylinder (Figure 4.5). The sensitivity pattern of the birdcage is also
comparable to that of the center return coil, providing reasonable sensitivity radially distant
from the coil, provided that the number of elements is limited to four or six. The response to
radially equidistant objects is dissimilar. Increasing the number of conductors enhances angular
homogeneity, but also gives a more rapid radial fall-off. The distributed capacitance, which is
required in this design, can be very difficult to achieve in coils with diameters appropriate for
intravascular applications [30].

Quadrature coil
Efforts are made to reduce, if not eliminate, the problem that a catheter coil would have to be
rotated around its axis to image the entire annular region equally. The quadrature coil (Figure
4.6) is a possible design to achieve this.
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Figure 4.6: Quadrature coil.
This receiver has a homogeneous longitudinal signal distribution over almost the full length,
which allows multi-slice imaging. However, mechanically it is quite complex to achieve a quadrature mode. Either two channels in the catheter will have to be used combined with a phase shift
outside the catheter or a phase shift has to be applied immediately after the receiver to be able
to use one channel through the catheter. Further, reduction of the mutual inductance between
the two coils may be necessary. This can be achieved by introducing a metallic paddle to steer
the flux between the coils [38], however, this complicates the design even more. Although this
design is mechanical complex, further study of this concept for potential clinical applications
is done because of the better performance of this design compared to the single-loop coil with
regard to axial signal homogeneity, SNR, and signal penetration depth into the tissue.

4.3.4

Discussion of antenna designs for imaging

This overview on imaging devices shows that many efforts are already made to design an antenna
suited for intravascular interventions. The properties of these devices are summarized in Tables
4.2 and 4.3.
In the current designs, there is always a trade-off in properties. For example, a homogeneous
signal sensitivity pattern in all directions is hard to achieve in combination with a large sensitivity
area and just as well, a small and flexible design often is very sensitive to the orientation of the
main field and to motion and flow. In an attempt to try to meet as many requirements as possible
in a single design, some of the basic designs mentioned before have already been adjusted.
Motion of the coil in the pulsatile blood stream was identified as the major challenge to good
image quality in in vivo experiments [36]. Efforts are made to reduce these artifacts, for example
by using a balloon-inflatable single-loop receiver for intravascular imaging [36, 52]. In this way,
the receiver coil is placed against the vessel wall, thereby reducing the influence of motion and
flow of the blood. This method should not be used during determination of the flow. As the
time to acquire images with high resolution can be several minutes, this approach of complete
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Requirements for imaging
Mechanical
construction

Signal sensitivity pattern

Coil
orientation

Desired

Small and flexible

Homogeneous and extended sensitivity

Single-loop

Small and rather
flexible

Insensitive to
orientation
of B o
Very sensitive

Single loop,
multi-turn

Radial
Moderately favorable
homogeneity (lobed
coverage) and
limited penetration
depth

Longitudinal
Homogeneous
and extended

Too large for
small vessels,
rather rigid

Limited sensitivity
and angularly
asymmetric

Moderately
sensitive

Sensitive

Double-loop

Small and rather
rigid

Rather homogeneous
and limited
penetration depth

Homogeneous
and extended

Sensitive

TripIe-loop

Not really small
and rather rigid

Homogeneous,
limited penetration
depth

Homogeneous
and extended

Sensitive

Dipole

Small and flexible,
chance for kicking,
folding and
mechanical failure

Homogeneous but
limited axial
sensitivity

Homogeneous
and extended
sensitivity

Sensitive

Twin-lead

Small and flexible

Rather homogeneous
but limited
sensitivity

Rather
homogeneous
but limited
sensitivity

Sensitive

Table 4.2: Qualitative comparison of properties of intravascular devices for imaging.
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Requirements for imaging
Mechanical
construction

Signal sensitivity pattern

Coil
orientation

Desired

Small and flexible

Homogeneous and extended sensitivity

Dual-opposed
solenoids

Small and rather
flexible if
small enough

Radial
Homogeneous
and reasonable
sensitivity

Longitudinal
Rather homogeneous
and limited
sensitivity

Insensitive to
orientation
of B o
Sensitive

Saddle coil

Small but rather
rigid

No circular symmetry
but reasonable
sensitivity

Homogeneous
and extended
sensitivity

Center ret urn

Not really small,
rather rigid,
complex mechanical
design

Moderately favorable
homogeneity, rapid
reduction in
sensitivity

Sensitive

Birdcage

Not really small,
rather rigid,
complex mechanical
design

Moderately favorable
homogeneity and
reasonable
sensitivity

Sensitive

Quadrature
coil

Complex mechanical
design to make
small, rather
rigid

Moderately favorable
homogeneity (lobed
coverage) and
moderate penetration
depth

Homogeneous
and extended
sensitivity

Sensitive

Sensitive

Table 4.3: Qualitative comparison of properties of intravascular devices for imaging.
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occlusion of the blood flow is unsuitable for especially supplying vessels such as the carotids
and coronary arteries. As an alternative, an autoperfused balloon catheter [36] is used, similar
to those used for PTCA, allowing blood flow through the catheter as the guidewire lumen is
perforated with many small openings proximal to the balloon. With this technique, blood flow
can be maintained, albeit at a considerably reduced level. The image quality improves when
the loop is closer to the vessel wall, as the signal sensitivity of the single-loop decreases rather
rapidly. However, for insertion the loop should be as small as possible. To combine these
required qualities an expandable coil is investigated [31].
A bullet tip on top of dual-opposed solenoids reduces the influence of motion [30], however, this
makes the design too big for many vessels. The rigidity and large mass of the resultant device
make it impractical in a clinical setting. Furthermore, this concept requires the antenna to be
situated opposed to the blood flow, not in the same direction.
Even with the adjustments made and in some cases improvements, no ideal antenna design has
been found yet for intravascular MR imaging of the vessel wall.

4.4

Discussion of the development of intravascular antennas

The surveys of intravascular tracking and imaging antennas as listed in Table 4.1 to Table 4.3
are used to determine the application we will focus on. Subsequently, a first selection is made
of antennas which are promising and accordingly the sensitivity patterns of these antennas will
be examined in Chapter 6.
The visualization of devices is not the main problem with the passive methods as a clear view
of the catheter can be obtained by the passive tracking designs. However, these methods are
considered to be time inefficient. Therefore, the main challenge in tracking devices for intravascular procedures can be found in the active devices. These can be ameliorated by replacing the
electrical transmission lines. Optical devices may be suitable for this purpose. Little progress
can be made merely in antenna design and this implies that the focus of this project will not be
on tracking.
The efforts and results found in literature clarify that for the purpose of intravascular imaging
improvement can be gained by optimizing the properties of the antenna design. Therefore, this
project is emphasized on intravascular antennas for imaging. A first selection of antennas will
be examined further. Subsequently, the results of these examinations will be used to adjust
properties or combine designs to finally realize a suitable intravascular imaging antenna.
First of all, although the quadrature coil is proposed as improvement of the single-loop coil, we
do not consider this design as a reasonable possibility, regarding the facilities and time to come
to an acceptable design, because of its mechanical complexity. On the contrary, it appears that
improvement of the single-loop can be found in the double-loop or triple-loop design without
mechanical difficulties. The homogeneity of the sensitivity patterns of these coils should be
optimized by choosing the right angles and distances between the loops.
The dual-opposed solenoids is one of the most used concepts for intravascular imaging, but it
seems hard to fulfill the requirements. However, optimization of the design might be possible
and at least it will be a good comparison for the other designs.
Little information is available about the saddle coil. However, only positive features are mentioned in literature, making it a promising design, worthwhile to investigate.
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The twin-lead and dipole antenna comprise the danger of standing waves along the conducting
wires, which are difficult to avoid, even with optical transmission, as they are inherent aspects
of these designs. Apart from the diameter of the antenna, few adjustments can be made to these
antennas. These antennas are therefore not considered for further investigation.
Birdcage coils are commonly used to image tissues that are inside the coil, for instance as surface
coil for the head, as this design has a high sensitivity inside the coiL However, some results
show that it should be possible to use it as 'inside-out' coil as well [33]. As the center return has
a comparable signal sensitivity pattern according to the literature, the sensitivity outside this
coil will also be investigated, to find its possibilities as 'inside-out' probe.

4.4.1

Design aspects

In an attempt to improve the listed basic designs, a few aspects should be kept in mind:

• The sensitivity of loop antennas is proportional to the diameter of the antenna, so the
ideal antenna should be made as large as possible within the constraints of vessel size to
optimize performance. In general, the wires of intravascular coils should be arranged close
to the surface of the catheter to ensure maximum influence.
• The orientation dependence of the antennas can be ameliorated by using shapes other than
cylindricaL Spherical objects, for example, show less dependence due to their symmetry.
• If multiple loops are used or the length of the solenoids is extended, the sensitivity is a sum
of the sensitivities of the individual loop pairs but obtained at the expense of increased
coil dimensions and noise.

• Increasing the number of loops in for example center return, birdcage and quadrature
configurations increases angular homogeneity, but with the unfavorable consequence of a
more rapid radial fall-off. The other way around, a larger wire separation results in greater
penetration depth, but accompanied by decrease in homogeneity.
Notice that transmission of the received signal along the catheter to the MRI scanner is necessary for imaging. This can cause heating effect due to RF energy along the transmission
lines. Therefore, non of the mentioned techniques are safe, to achieve this, other methods for
transmission of the received signal have to be explored. This subject is beyond the scope of this
research project.
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Chapter 5

Model generation
The comparison of the different antenna designs presented and discussed in Chapter 4 is based
on the results found in literature. However, in most articles only a few of these antennas were
compared with each other. This makes it difficult to draw an overall conclusion about the
suitability of the different antennas for intravascular tracking and imaging. In order to make a
well-founded selection of the best antennas, which will be developed and tested, the sensitivity
patterns of the presented and newly conceived designs are determined for quantitative comparison.
In the first section of this chapter, basic principles of antennas and propagation are discussed.
Next to this, the reciprocity theorem is derived. As a result of this theorem, which states that
the receiving radiation pattern of a passive antenna is identical to its transmitting pattern, the
antennas are regarded as transmitters instead of receivers in the determination of the sensitivity
patterns.
In the remaining sections of this chapter, a numerical model for the determination of the sensitivity pattern is developed and verified. First, the static situation is considered, as in literature the time-harmonic magnetic field is often approximated with a frequency-independent
model, however, usually without verification. In section 5.3, a static numerical model, based on
Biot-Savart's law, is developed. Section 5.4 explains the dynamic numerical model used in the
Numerical Electromagnetics Code, which is a well-known antenna modelling program. Results
obtained with this program are used in section 5.5 to verify the use of the static numerical
model.

5.1

Antennas and propagation

The field of electromagnetics is very comprehensive and, within this field, antennas and propagation is still an extensive subject. Therefore, only a few essential properties of antennas and
propagation are highlighted in this section. In subsequent sections, the model for the analysis of
intravascular MR antenna structures is developed, which includes a more elaborate explanation
of aspects which are specifically required for the design and development of these antennas. In
section 7.2, attention is paid to the transition of the antenna to the transmission line. This is
important for the transmission of the signal from the antenna to the MR system.

5.1.1

Basic principle of an antenna

An antenna is a means for radiating or receiving radio waves. In the receiving situation, a
current is induced on the antenna by the incoming electromagnetic waves. This current signal is
transferred to the receiver via a transmission line. The other way around, this is the transmitting
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situation, an excitation will cause a current to flow from the generator along the transmission
line to the antenna. Varying currents on the antenna causes radiation of electromagnetic waves
in the surrounding space. This demonstrates that an antenna forms the transition between
guided and unguided waves.

5.1.2

Electromagnetic fields and waves

In static electromagnetic fields, electric and magnetic fields are independent of each other. Radiation is a phenomenon inherent in the functioning of antennas. For the propagation of electromagnetic waves, time-varying electric and magnetic fields are required. These are created
when time-varying currents exist, or charges are accelerated. A change of the magnetic field
(or flux density) produces a change of the electric field. The subsequent change of the electric
field produces a change of the magnetic field through the displacement current (Id = J 88~ . dS),
and so on. Or in other words, electric fields are generated by time-varying magnetic fields, and
time-varying electric fields produce magnetic fields. This interaction of the time-varying fields
leads to propagation of electromagnetic waves.

5.1.3

Reciprocity theorem

In the analysis of radiation problems, the sources are often known and the fields radiated by the
sources are to be determined. This is in contrast to the problem under consideration, where the
radiated fields are specified, the desired sensitivity pattern, and we are looking for the response,
given by the currents at the receiver input. By means of the reciprocity theorem it is shown that
no distinction needs to be made between the transmitting and receiving functions of an antenna
in the analysis of radiation characteristics. This justifies the analysis of the electromagnetic
fields from the transmitting instead of the receiving viewpoint.
To derive the reciprocity theorem, consider two volumes with sources,
V l and V2, situated in a volume V (Figure 5.1). Only electrical currents are assumed as sources. The sources in volume Vl excite the
fields E l and H l ; the sources in volume V2 cause the fields E 2 and
H 2.
The fields inside and outside the volume V satisfy Maxwell's equations,
Figure 5.1: Volume V contains the two source volumes "Vi and V2 ·
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To calculate
(5.5)
we use the vector identity

V· (A x B)

= (V x A) . B - (V

x B) . A,

(5.6)

which yields

(V x E l ) . H 2
(V x E 2 ) . H l
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Substitution of equations (5.1) to (5.4) into equation (5.7) results in
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The left and the right term of equation (5.8) are integrated over volume V,
(5.9)

By applying the divergence theorem,

l

\7 . G dV =

is

G . dS,

(5.10)

the following equation is obtained
(5.11)
Expanding the volume V to Voo , implies that the waves transmitted by the sources become
transverse electromagnetic (TEM) waves. These are electromagnetic waves which have no electric or magnetic field components along the direction of propagation, both E and H fields lie in
a plane that is transverse or orthogonal to the direction of wave propagation. For these waves
apply

Hl
H2

1
- er x E l ,
Zo
1
- er x E 2 ,
Zo

(5.12)
(5.13)

where e r is the unit vector in the direction of wave propagation and Zo is the characteristic
impedance of free-space.
By substituting equations (5.12) and (5.13) into equation (5.11), the left-hand term of this
equation becomes zero. It is allowed to restrict the volume integral in the right-hand term to
volume integrals over the volumes with sources, VI and V2, because Jl = 0 outside volume VI
and J2 = 0 outside volume V2. This transforms equation (5.11) to
(5.14)
To make a connection to the considered antennas, assume the antennas to be electrical dipoles
with constant current densities according to

hdl,
hdl.

(5.15)
(5.16)

Substitution of these equations in equation (5.14) results in
(5.17)
which can be written as
(5.18)
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where Vioe is the potential difference over the terminals of antenna 1 in case of an open circuit
(oc) as a result of the electric field E2, created by antenna 2. V20 e is the potential difference over
the terminals of antenna 2 in case of an open circuit (oc) due to the electric field El, created
by antenna 1. By dividing both terms of equation (5.18) by hh,

V10 e

V20 e

h

h'

(5.19)

is obtained.

Figure 5.2: Linear system of two antennas.
Imagine a system of two antennas as a linear system as indicated in Figure 5.2. For an arbitrary,
linear system with two input terminals can be written

Vi
V2

Zl1h
Z21h

+ Z12h,
+ Z22h.

(5.20)
(5.21)

The mutual impedances are given by
(5.22)
(5.23)
Because Vi = V 10 e and V2 =

V2oe ,
(5.24)

is obtained by substituting equation (5.19) in equations (5.22) and (5.23).

(b) Antenna 2 is excited with current I.

(a) Antenna 1 is excited with current I.

Figure 5.3: Different excitations of the linear two antenna system.
Assume that antenna 1 is excited with a current I like in Figure 5.3a. The voltage on the
terminals of antenna 2 is found using equation (5.23)
(5.25)
With the same current source I as excitation of antenna 2 (Figure 5.3b), the voltage on the
terminals of antenna 1 is obtained with equation (5.22)
(5.26)
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As

Z12

=

Z21

=

Zm

is valid, according to equation (5.24), it can be derived that
(5.27)

which indicates that using the same current as excitation, causes the same voltage on input
terminals, regardless of which terminal is excited. This is the reciprocity theorem. It states that
the response of a system to a source is unchanged when source and receiver are interchanged.
We apply this on the system of two antennas to prove that the changing the situation of an
antenna from receiver to transmitter has no influence on the radiation pattern. First, assume
that antenna 1 is excited with a current II, antenna 1 is a transmitter. Antenna 2 moves on a
constant distance r of antenna 1. Voltage "'2oC is measured as function of the angle ((),¢) and r
satisfies the far-field condition. This situation is illustrated in Figure 5.4.
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(a) Anterma 1 is a transmitter, excited
with current I].

(b) Antenna 2 is a transmitter excited
with current h.

Figure 5.4: Antenna system in free-space.
The voltage for an open circuit on the terminals of antenna 2 is given by equation (5.25), The
mutual impedance Z21 (()J ¢) becomes
(5.28)
in which current II is constant; V20C indicates the relative variance of the radiation of antenna
L This implies that Z21 ((), ¢) is the radiation pattern of the transmitter.
Imagine the same situation, but now antenna 2 is excited and the voltage on the terminals of
antenna 1 is measured, as shown in Figure 5.4b. The voltage for an open circuit on the terminals
of antenna 1 is obtained with equation (5.26), resulting in the mutual impedance Z12(()J ¢)
(5.29)
For this situation, Z12((), ¢) is the radiation pattern of the receiver. Because Z12 = Z21, the
receiving radiation pattern of a passive antenna is identical to its transmitting pattern. A passive
antenna is an antenna without active electronic components, like diodes, transistors etc.
As a result of this theorem, the actual situation in which the electromagnetic field of the MR
system causes a time-varying current to flow in the antenna can be interchanged with the
situation where the antenna carries a time-varying current, which will cause the propagation of
electromagnetic waves.
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5.1.4

Sensitivity pattern

To enable the analysis of the performance of an antenna many parameters are defined. Not all
existing parameters need to be specified for description of the antenna performance. An important antenna property for the design of intravascular MR antennas is the sensitivity pattern, a
variation on the common radiation pattern.
The radiation pattern is a measure for the optimization of the radiation energy in some directions and suppression of it in others. This is useful, as often the antenna must serve as a
directional device. The radiation pattern is usually defined for free-space applications and relates to the far-field region (section 5.2). The free-space radiation pattern is not suitable for the
comparison of intravascular MR antennas as these will be surrounded by blood and the region
of interest is the near-field region (derived in section 5.2). Next to these differences, the antenna
will be required to be nearly omnidirectional for several applications. For example, the main
objective for imaging is to equally image the encircling bloodvessel wall in all directions, thus
for this application the antenna must be near omnidirectional. To still enable the comparison of
the directed radiation of different antennas, the sensitivity pattern is defined, which expresses
the sensitivity of the antenna to the magnetic field in different directions. The quality of the
sensitivity pattern will be expressed in qualitative terms only, e.g. it can be homogeneous or
inhomogeneous, and limited or extended with respect to the distance from the antenna.
Various types of antennas are being used for different purposes. Aperture antennas, reflector
antennas, lens antennas, and array antennas are examples of directional devices. Straight wire
antennas like the half wave, whole wave, and multiple wave dipole antennas as well as the single
loop antenna have the property to radiate energy in multiple directions. For the design and
construction of intravascular MRI antennas, wire antennas are most appropriate because of the
limitations intrinsic to the purpose. These limitations are implied by the frequency range of operation, the desired dimensions of the antenna, the required MR compatibility, and the desired
sensitivity patterns.
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5.2

Analytical model

For a circular loop of wire carrying a direct current I, situated perpendicular to the z-axis as
shown in Figure 5.5, the field strength at arbitrary points on the axis of the circular loop can
be analytically determined by solving the following expression [40]

(5.30)

B = J.l 2(a 2 + zf)3/2 '
in which B is the magnetic flux density, J.l is the magnetic permeability,
1 is the direct current flowing along the circle, a is the radius of the
circle, and Zl is the distance from the point of consideration to the
center of the circle along the axis of the circular loop. In contrary to
the points on the z-axis, it is difficult or even impossible to calculate the
field strength with the use of analytical expressions at any arbitrary
point in or around an antenna [40]. The determination of the field
strength at these points for different antennas requires a numerical
method.
For radiation, thus for operation of an antenna, a time-varying current
or an acceleration (or deceleration) of charge is necessary [3]. This
agrees with the fact that in MR operation an alternating current is
induced in the antenna by the alternating magnetic field from excited
spinning nuclei in the body.
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Figure 5.5:

When this dynamic situation is regarded, instead of the static situation considered before, the
analysis becomes even more complicated. Both the electric and the magnetic field components
will have to be determined and propagation effects will have to be considered.
For the dynamic situation, consider again the loop antenna in Figure 5.5, now carrying a uniform
current, 10 cos wt. Although a single loop is shown in Figure 5.5, we allow the existence of
multiple loops. If this is an antenna whose overall length (number of turns times circumference)
is less than about one-tenth of a wavelength, it is usually called a small loop antenna [18], which
is a suitable model for the intravascular antennas of interest. The electric and magnetic field
components in polar form at a point P at a distance r from the center of the loop making an
angle f) with the z-axis can be derived as [43]
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(5.33)

E<jJ

Hr
He
H<jJ

(5.34)
(5.35)

j

where S = N7l"a 2 is the loop area for a loop with N turns, with a « A, ,6 =
u = 1/#, and f] = ,6lwe = J J.lle, the intrinsic impedance of the medium.

(5.36)
W

lu = 27l" I A,

with

The expressions for the electric and magnetic fields, as given by equations (5.31) to (5.36), are
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valid everywhere, except on the source itself. These expressions comprise terms varying as 1/ r 3 ,
1/r 2 and l/r. Increasing the distance to the antenna causes the dominance of one (or more)
of these terms. The distances at which a term becomes more dominant than another form
the boundaries of the so-called field regions. Generally two field regions are distinguished, the
near-field region, determined by

(3r

«

1 or r

,X.

« -,
271"

(5.37)

and the far-field region, defined by the inequality

(3r» 1 or r

,X.

» -.
271"

(5.38)

In accordance with the fact that differences exist between the two regions, but no abrupt changes
in the fields mark the boundary, the expressions (5.37) and (5.38) draw no sharp boundary
between the near-field and the far-field. This observation is strengthened by the fact that
different boundaries are being used to identify the regions [3], mainly depending on the overall
size of the antenna. A well-known condition is

r>

2D 2

----:X'

(5.39)

in which D is the maximum dimension of the antenna. This condition and the reason to consider
condition (5.38) instead, are explained in Appendix A.

Combining the equations (5.31) to (5.36), and (5.37), reveals that very close to the antenna
surface, the term 1/r 3 is dominant for the magnetic field, as indicated in equation (5.40) to
(5.45)[3]
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(5.41)

O.

(5.45)

(5.42)
(5.43)
(5.44)

This region of the near-field, usually referred to as the reactive near-field, extends only over a
short distance. Increasing the distance to the antenna, the radiating near-field region starts,
which is characterized by the dominance of the term 1/r 2 while the term 1/r 3 vanishes. The
field of the radiating near-field is predictable from the Biot-Savart law (section 5.3.1).
At a distance 271"r » ,x. , the l/r term is the only term that remains of significant infl.uence,
indicating the far field. Inserting this condition in equations (5.31) to (5.36), results in the
far-field the electric and magnetic field components

Er
Ee
Erj>
Hr
He
Hrj>s

0,

(5.46)
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(5.48)
(5.49)
(5.50)
(5.51)

Often one is interested in the far field. In those situations, it is valid to simplify the equations
by approximations for the r-dependence in the amplitude and phase terms [44]. This makes it
relatively easy to arrive at a solution. However, we will illustrate here that we are interested
in the near-field region for the application of intravascular MR antennas, in which case the
approximations referred to are not valid.
The frequency of interest (J) is 64 MHz as the field strength of the MR system to be used is
1.5 T (section 3.2.1). The medium surrounding the antenna will be blood for which the relative
magnetic permeability (J.-lr) is approximately 1 and the relative permittivity (cr) is approximately
80. This implies a wavelength (oX) of
8

oX = c / y!'ii;E; = 3.10 /J86 = 0.52 m
'
f
64.106

(5.52)

with c the speed of light in vacuum [m/s]. Thus, according to the near field condition, 21fT « oX,
the region of interest is the near field if the distance of the observation point to the antenna
surface is much smaller than 0.52 m / 21r = 82.8 mm. As the objective is to enable tracking and
imaging in bloodvessels with a diameter of approximately 6 mm, it is concluded that the region
of interest, the bloodvessel wall, will be in the near-field region of the electric and magnetic field.
This implies that commonly used far field approximations can not be used in the determination
of the sensitivity pattern of the intravascular MR antennas. Since analytical expressions for the
near-field are not readily available, numerical models will be used for this purpose.
Preferably, the use of a numerical model would result in the sensitivity pattern of a full-scale
antenna model, which has a radius of approximately 1 mm and a length of 1 cm, at the frequency
to be used, 64 MHz, and with blood as the surrounding medium. In addition to these parameters,
the wire diameter and mutual interaction between the wires should be included if possible. It
would also be convenient if the model enables computerized optimization of the antenna models.
Two numerical models were used, as it turned out that not all these requirements could be
included in one model. The reason for this will be discussed in the remainder of this chapter.

5.3

Static numerical model

As mentioned in section 5.2, Biot-Savart's law can be used to determine the static magnetic field
of the antenna structure. This method thus approximates reality by assuming direct current
to flow in the antenna instead of alternating current. Additionally, mutual interaction and the
gauge of the wire are neglected. Since the frequency is extremely low, meaning that the antenna
structure is much smaller than the wavelength used, in first order approximation we may consider the current to be non-varying (DC).
The static numerical model is suitable to easily generate and analyze antennas made of conducting wires. In the model these wire conductors are composed of straight wire segments with
radius zero. To determine the magnetic field at an arbitrary point the influence of each segment
of the conductors is determined. This involves the integration of the Biot-Savart's law, which is
performed according to the algorithm described by Letcher [28], which is explained in Appendix
B. This yields the magnetic field in the X-, Y-, and z-direction caused by a single segment.
The total magnetic field in each direction (respectively B x , By, and B z ) for the observation
point considered, results from the addition of the contribution of all segments. Suppose that
the main-field of the MR-system is aligned with the z-direction, then only the contributions in
the x- and y-direction can be detected. Thus the total detected magnetic field at this point is
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obtained by
(5.53)
Applying this algorithm for multiple points results in the total magnetic field around the antenna
under investigation. This magnetic field related to the current will be called the sensitivity
pattern.
The way the computer routines are built up simplifies the export to different programming
languages to achieve acceleration of the calculation. This could be necessary in future to analyze
sophisticated designs. Because of the assumptions made and the resulting simplicity of the
model, it should be possible to relatively easy expand this model to an optimization method.
Preferably, a numerical model should be used to optimize the design, rather than improving the
design through trial and error. However, the assumption of frequency independence will have
to be verified. For this reason, a dynamic numerical model will be regarded after an elaboration
on Biot-Savart's law and an example of results obtained with the static numerical model.

5.3.1

Biot-Savart's law

This law describes how the magnetic field, caused by a direct current, is calculated. It can also
be applied to determine the magnetic field from a system of direct currents. Consider a small
line element of length dl carrying a current I located at a point in space defined by a vector ro
from an arbitrary origin, as illustrated in Figure 5.6. The magnitude of the magnetic field at an
arbitrary point P, with its location defined by a vector r from the origin, is [40]

d () = I(ro)dl sin 0:
H r

(5.54)

41rR2'

where R = Ir - ro I is the distance from the current element to the point of observation. The
angle 0: is that between the direction of the current element dl and the vector R = r - ro from
the current element to the point of observation. The cross product is defined as,

A x B = ABsinOABan ,

(5.55)

where an, is a vector normal to the plane containing A and Band
and B. This can be used to
write equation (5.54) in vector form as

oAB is the angle between the vectors A
dH(r) = I(ro)dl x

aR

= I(ro)dl

41rR2

Figure 5.6:
Magnetic
field dH at P due to current element I dl.

x R
41rR3'

(5.56)

in which aR = R/ R, the unit vector along the line from the current
element to the point of observation. To obtain the total magnetic
field of one or more current elements, equation (5.56) is integrated
over the current path

H(r) =

J

I(ro)dl x R.
41rR3

(5.57)

This law applies to static magnetic fields, time-varying problems require a more complete formulation. A derivation of Biot-Savart's law is found in [43] and its implementation is illustrated
in Appendix B.
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5.3.2

Example

As an example of results, which may be obtained with the static numerical model, the sensitivity
pattern of a double helix antenna (Figure 4.1) is shown in Figure 5.7 for three different crosssections through the antenna. The radius of the antenna is 1 mm and the height is 1 em. For
this example, the antenna consists of 4 turns in upward direction and 4 turns winding down.
Each turn is approximated with 8 straight segments. The resolution of the observation points
is 0.25 mm for all presented figures in this report.
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5.4

Dynamic numerical model

The previously described model is static; it assumes frequency independence for a dynamic configuration. A dynamic model is used to verify the results obtained by this model. A well-known
antenna modelling program, Numerical Electromagnetics Code (NEC), has been used for this
purpose (section 5.4.3). This program determines the electric and magnetic field caused by timevarying currents flowing along the wires (or surfaces) of an antenna. Similar to the situation of
the static model, the wires of the antennas are modelled by straight segments. Restrictions with
respect to the segment length l relative to the wavelength A should be considered if segmentation
is used to avoid numerical inaccuracy.
The program is more extensive than the static model because the influence of mutual interaction,
caused by the interaction of current carrying wires, is included. Also, the gauge of the wires
is integrated in the model, although within restrictions, which will be discussed in subsection
5.4.3, next to the influence of other restrictions. First, the theoretical context and the numerical
techniques used by the Numerical Electromagnetics Code will be discussed. We have restricted
this to the solution of wire structures, as conducting patches are not used in this project.

5.4.1

Integral equation

For very thin wires, the current distribution is usually assumed to be of sinusoidal form [43].
For finite diameter wires, this sinusoidal current distribution is representative but not accurate.
To find a more accurate current distribution on a cylindrical wire, the integral equation used
for antennas is derived from Maxwell's equations. This integral representation
(5.58)
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expresses the scattered electric field ES as an integral over the current distribution J e· This
expression can be solved, for example, with the Moment Method as discussed in section 5.4.2.
Assuming that all field components are harmonically time-dependent with an angular frequency
w, Maxwell's equations in free-space, assuming only electric sources, are given by
\7 x E(r)

-jw/-LoH(r) ,

\7 x H(r)

jwcoE(r)

(5.59)

+ Je(r),

(5.60)

\7 . B(r)

0,

(561)

\7 . D(r)

Pe·

(5.62)

In these equations E is the electric field strength [V /m], B the magnetic flux density [Wb/m 2 ],
H the magnetic field intensity [A/m], J e the volume current density [A/m 2], D the electric
flux displacement [C/m 2 ], and Pe the electric volume charge density [C/m 3 ]. The constitutive
relations B = /-LoH and D = coE apply.
Even if it is possible to calculate the electromagnetic fields directly from the sources, it is common
to introduce vector potentials to simplify the solution of the problems. For convenience, the
notation (r) will be omitted henceforth, if no confusion is caused by this. From equation (5.61),
a vector potential A can be defined, which satisfies A = A e + \7 ¢e, with ¢e an arbitrary scalar
potential. With this vector potential A the magnetic field intensity H can be expressed as
1

H = -\7 x A e

(5.63)

/-Lo

Substituting equation (5.63) into equation (5.59) leads to
\7 x E = -jw\7 x A e ,

(5.64)

which can also be written as
\7 x [E

+ jwAeJ

=

(5.65)

O.

From the vector identity
(5.66)
and equation (5.65), it follows that

E = -jwA e - \7¢e.

(5.67)

The scalar function ¢e in this equation still represents an arbitrary electric scalar potential which
is a function of position.
Substitution of equation (5.63) and (5.67) in equation (5.60), yields
\7 x \7 x A e

jWEOf.LoE + /-LoJe
A e - j WE O/-Lo\7¢e

k6

where

k5 = W2co/-LO

+ /-LOJe,

(5.68)

The vector identity
(5.69)

is used to write equation (5.68) as
(5.70)
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Subsequently, ¢>e is chosen according to
(5.71)

\7 . A e = - jWEO/-LO¢>e,
which reduces equation (5.70) to
\72 A e

+ k6 A e =

(5.72)

-/-LoJ e ,

which is known as the vector Helmholtz equation. The particular choice of equation (5.71) is
known as the Lorentz gauge. Equation (5.62) has to be satisfied as well. This results in

\7. (EoE) = -jWEo\7· A e

E0\7 2 ¢>e = Pe'

-

(5.73)

From substitution of equation (5.71) follows

+ k6¢>e =_ Pe ,

\72 ¢>e

(5.74)
EO
the scalar Helmholtz equation. These results for a point source in the origin can be generalized
to the vector potential resulting from an arbitrarily aligned electric dipole with dipole moment
lol in an arbitrary point ro as [44]
/-Lo e-jkalr-rol

Ae(r) = lol(ro)- I
411'

r -

ro

(5.75)

I'

with
Ir - rol = J(x - xO)2

+ (y - yo)2 + (z - zo)2.

(5.76)

Using the principle of superposition [43], this results in the vector potential A e and scalar
function ¢>e for an arbitrary electric current density J e in a volume VO,
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(5.78)

By combining equations (5.63) and (5.67) with equation (5.71), it is possible to express the
electric field E and magnetic field H in the vector potential A e ,
1
-\7 x A e ,

H

(5.79)
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.
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(5.80)

After substitution of the vector potential A e , as expressed in equation (5.77), and the introduction of the Green's function,
e-jkalr-rol

Ir - ro I'

G(r,ro) =

(5.81)

equation (5.80) is written as
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jW/-LO ~
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(5.82)

with So the surface of the antenna.
As explained, an integral equation has to be determined to find an accurate current distribution
induced on the antenna surface So. For any point in space the total electric field is the sum of
the induced and scattered fields, or

(5.83)
where Etot (r) is the total electric field, E i (r) represents the induced electric field, and E S (r) is
the scattered electric field. When the wire is perfectly conducting, the total tangential electric
field vanishes on the surface of the wire, or

(5.84)
where en is the unit normal vector on the surface. An integral equation for the current induced
on So by the field E i can be obtained from combining equation (5.80) applied for E S and the
boundary condition in equation (5.84),

en

X
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X
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[V (V. JJJe(ro)G(r,ro) dSo)] .

(5.85)

Thus, the integral equation which relates the scattered electric field to the current distribution
is,
-jwf.-LO

JJ

Je(ro)G(r, ro) dSo -

L {J e(XO, Yo,

Vc~rOV. JJ

Je(ro)G(r, ro) dSo)

zon ,

(5.86)

where L is the linear operator, working on the source distribution Je(ro).

5.4.2

Moment Method

In solving the electric field integral equation (EFIE) (equation (5.86)), the current distribution
on the antenna is determined. For this purpose, a numerical technique, called the Moment
Method, is used. This is a general procedure for solving linear equations of the form

9 = L{f},
where L is a linear operator, 9 is the source or excitation, this function is known, and
field or response, which is the unknown function to be determined. This is applied on

(5.87)

f

is the

(5.88)
The Moment Method requires the unknown function Jo(xo, Yo, zo) to be expanded in a series of
functions as
N

Je(xo, Yo, zo) =

L

anJen(XO, Yo, zo),

(5.89)

n=l

where an are unknown constants and each function Jen(XO' Yo, zo) is a known function usually
referred to as a basis or expansion function. In principle, the expansion should contain an
infinite number of expansion functions to be exact, N T 00. For practical reasons, the number
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of expansions is limited to N. Using the linearity of the operator L, substitution of equation
(5.89) in equation (5.88), yields
N

ES(x,y,z)

N

= LanL{Jen(xo,YO,zo)} = LanE~(x,y,z).
n=l

(5.90)

n=l

The choice of the basis functions Jen(XO, Yo, zo) is very important for an efficient and accurate
solution of each L {Jen (xo, Yo, zo)}. The only task remaining now is to find the an unknown
constants. Expansion of equation (5.90) leads to one equation with N unknown constants an,
To determine the N constants, it is necessary to have N linearly independent equations. This
can be accomplished by evaluating equation (5.90) at N different points. This can be done by
applying boundary conditions. This is referred to as point-matching (or collocation).

Point-matching
To come to the integral equation (5.86), we used the boundary condition
(5.91)
which can be transformed to
N

en

X

[L anE~(x, y, z)

+ Ei(x, y, z)]

=

0,

n=l
N

en

X

LanE~(x,y,z) = -en

X

Ei(x,y,z),

(5.92)

n=l

and is valid on the surface of the antenna So. The system of N linearly independent equations,
required to determine the constants an, can be obtained by choosing N sample-points
N

en

X

L

E~(x, y, z) with m = 1,2, ... , N,

anE~(x, y, z)

-en

anE~(x,y,z)

-E~(x,y,z) with m=1,2, ... ,N.

X

(5.93)

n=l
N

L

(5.94)

n=l

The fields E~(x, y, z) and E~(x, y, z) are known because E~(x, y, z) is the imposed excitation
and E~(x,y,z) are the expanded basis functions. Therefore, equation (5.94) can be solved for
the constants an, Usually, matrix inversion techniques are used for the solution. Equation (5.94)
can be expressed in matrix form as
(5.95)
where
E~(x, y, z),

an,

(5.96)

-E~(x, y, z).

The unknown coefficients an can be found by solving equation (5.95) using,
(5.97)
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Weighting functions
The point-matching method is a numerical technique whose solutions satisfy the electromagnetic
boundary conditions, in this case the vanishing tangential electric fields on the surface of the
antenna, only at discrete points. Between these points the boundary conditions may not be
satisfied. The objective is to achieve that the boundary conditions are satisfied as well as
possible over the entire surface of the structure. First, the deviation from the boundary condition
is defined as the residual
N

R(x, y, z) = en x [L anE~(x, y, z)

+ Ei(x, y, z)].

(5.98)

n=l

Preferably, R(x, y, z) = 0 is valid everywhere on the surface of the antenna, however, as stated
above, this is only the case at the sampling-points. To achieve a residual, with an overall average
over the entire structure approaching zero, the residual is weighted with weighting (testing)
functions,

(R, wm) =

1f

R(x, y, z)· wm(x, y, z) dS = 0,

(.5.99)

Sm

with W m a weighting function unequal to zero over the surface Sm' This technique does not lead
to a vanishing residual at every point on the surface of a conductor, but it forces the boundary
conditions to be satisfied in an average sense over the entire surface. Substitution of equation
(5.98) in equation (.5.99) results in

1f

Sm

N

Lan
n=l

11r

Sm

N

[LanE~(x,y,z) +

Ei(x, y, z)] . wm(x, y, z) dS = 0,

n=l

E~(x, y, z) . wm(x, y, z) dS +

11r

Ei(x, y, z) . wm(x, y, z) dS = 0,

Sm

N

+

L an(E~(x, y, z), wm(x, y, z))

(Ei(x,y,z),wm(x,y,z)) = O.

(5.100)

n=l

with m

1,2, ... ,N.

This set of N equations is written in matrix form as

[Zmn][In] + [V~]

(5.101)

= 0,

in which
(E~(x, y,

z), wm(x, y, z)),
(5.102)

(Ei(x, y, z), wm(x, y, z)),
and thus

[Zmn] =

[

(El(x,y,z),wl(x,y,z))
(E~(x, y, z), Wl(X, y, z))

(El (x, y, z), W2(X, y, z))
(E~(x, y, z), W2(X, y, z))

]

(5.103)

(5.104)

The solution [In] of this matrix equation is to be substituted into equation (5.89), to obtain the
required current distribution.
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5.4.3

Numerical Electromagnetic code

The Numerical Electromagnetic Code [5] uses an electric-field integral equation (EFIE) for
thin-wire structures of small conductor volume, similar to equation (5.86) and for the solution
the Moment Method is used. This program needs several input parameters, like the antenna
structure, the frequency of operation, and the excitation, in our case the imposed voltage (E i )
at the feed terminals of the antenna. Subsequently, the current distribution is obtained. Finally,
from these variables determined, the input impedance and radiation pattern can be obtained.

Basis functions
In the explanation of the Moment Method, the importance of a proper choice of basis functions
was stated. A set of basis functions is selected on the ability to represent the unknown function
with minimal computational effort. Often used basis functions are piecewise constant, linear
or sinusoidal subdomain functions, as explained in [3]. Subdomain functions are nonzero only
over a part of the domain of the unknown function (Jen(XO,YO,zo)), the surface of the antenna.
Entire-domain functions form another class of basis functions. These functions exist over the
entire domain of the unknown function. These functions can be very useful if the unknown
function is expected to follow a known pattern.
In NEC, a solution for Jen(XO' Yo, zo) is restricted to a localized subsection of the surface near
ri, with {rd a set of points on the conducting surface. This avoids the coincidence of source
and observation points, simplifying the evaluation of the integral. As previously mentioned for
equation (5.89), the sum of Jen(XO' Yo, zo) cannot exactly equal a general current distribution
because a finite number N is used. To obtain a good approximation, the functions Jen(XO, Yo, zo)
are chosen to have similarity with the actual current distribution. This results in a current
represented by three terms, a constant, a sine, and a cosine term, on each short straight segment.
The amplitudes of the constant, sine and cosine terms are related such that their sum satisfies
the boundary conditions. The total current on segment number j in NEC has the form

Ij(s)

=

Aj

+ B j sinko(s

- Sj)

Is -

5jl

+

Cjcosko(s - Sj),

(5.105)

~j

< 2'

where ko = wv/J.Loco, 5 indicates the position on the segment, Sj is the value of 5 at the center
of segment j, and ~j is the length of segment j. Of the three unknown constants A j , B j , and
Cj, two are eliminated by local conditions on the current, e.g. discontinuities in the current
distribution are avoided at the transition of segments, and current can not disappear at free
wire ends. This leaves one constant, related to the current amplitude, to be determined by the
matrix equation.
The solution of this equation requires the evaluation of the electric field at each segment due
to this current. Different approximations are made in NEC, depending on the ratio of the wire
radius a to the wavelength ,\ and the ratio of the wire radius to the length of the segment l.
More information about these approximations can be found in the Program Description [5].

Weighting functions
The point sampling method is also used in NEC. Various choices are possible for the set of
weighting functions {Wi}. The choice when the weighting functions and basis functions are the
same, Wi = J en (xo, Yo, zo), is known as Galerkin's method. This technique often simplifies the
computation to come to a solution. In NEC the basis and weight functions are different, Wi
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being chosen as a set of delta functions
(5.106)
This choice of the weighting functions also simplifies the solution and limits the computation
time.
Matrix solution
To solve the resulting matrix equation

[Zmn][In] + [V~] = 0,

(5.107)

the matrix Zmn is transformed into the product of an upper triangular matrix U and a lower
triangle matrix L where
(5.108)
[Zmn] = [L][U].
The matrix equation (5.107) becomes

[L][U][In ] + [V~] = 0,

(5.109)

from which the solution. [In], is computed in two steps as

[L] [F]

+ [V~] = 0,

(5.110)

and

[U][In ] = [F].

(5.111)

Equation (5.110) is first solved for [F]' and next equation (5.111) is solved for [In]. Then, all
variables, necessary for the determination of the electric field, are known. The benefit of using
LU decomposition is that the solution of a triangular set of equations, created by breaking [Zmn]
up in [L] and [U], decreases the number of operations required to obtain the solution, resulting
in faster computation. Additionally, this technique is memory efficient as large parts of the
matrices consist of zeros, which do not have to be stored.
It should be noticed that the explanation of the program is focused on used techniques in this
project. Just as well, the magnetic field can be determined or an inc,ident field can be used as
excitation.

Restrictions
Next to all the possibilities offered by the Numerical Electromagnetics Code, there are also some
restrictions. The most important ones are discussed here. First of all, NEC is limited to freespace applications. This means that the wavelength, derived from the frequency input, is the
free-space wavelength. Therefore, the wavelength corresponding to the frequency of 64 MHz, is

A=

c

7=

3.108
64.106

= 4.69 m,

(5.112)

whereas the wavelength in blood is 0.52 m as stated in equation (5.52). For most aspects
considered, the wavelength in relation to the antenna size is of importance, rather than the
frequency. Scaling the frequency up to 572 MHz will give a 'blood equivalent situation' in
free-space,
c
3· 10 8
(5.113)
f = - - = - - = 572 MHz.
Ablood
0.52
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Instead of increasing the frequency to account for the free-space configuration, the structure
could be enlarged. If the same scaling factor is used, the result is the same.
As in using the static model, the wires of the antennas are modelled by straight line segments.
The coordinates of the start and the end of the segments have to be given as input. It is
recommended to use an additional program to generate these coordinates. Each straight segment
can be divided in even more segments. Restrictions of the segment length l relative to the
wavelength .x should be regarded to avoid numerical inaccuracy. The gauge of the wires is
integrated in the model, but also within restrictions. The mentioned restrictions are related to
each other.
Unless the wire radius a, related to the wavelength as 21ral.x, is much smaller than 1, the validity
of approximations made in the model should be questioned. The accuracy of the numerical
solution for the current is also dependent on the ratio of segment length l to the wire radius,
l I a. According to the Program Description [5], reasonable current solutions are to be obtained
for II a down to 0.5. Segments with smallli a should especially be avoided at bends. Generally,
l should be less than about 0.1 .x at the desired frequency because conditions are satisfies at the
center of a segment as a result of the used weighting functions. If the segment becomes very
long, the deviation of the solutions for points far from the center of the segment will increase.
Extremely short segments, less than about 10- 3 times the wavelength, should be avoided since
these can lead to numerical inaccuracy.
These restrictions of NEC and what they involve when this program is applied for the design of
intravascular MR antennas is summarized in Table 5.1. The consequence of the restriction l I a 2:
0.5 is not filled in, since this requirement is accounted for by imposing the previous restrictions.

Free-space

.x =
Requirement segment length
0.1 .x > l > 0.001 .x
Requirements wire radius
21ral.x « 1
lla 2: 0.5

4.69 m

0.47 m > l > 4.69 mm

a

«

0.75 m

'Blood equivalent situation'
in free-space
.x = 0.52 m

0.05 m > l > 0.52 mm

a

«

0.08 m

Table 5.1: Requirements of NEC concerning the segment length l and wire radius a in relation
to the wavelength .x.
The requirement of the minimum length of the segment length makes it difficult to use a fullscale model at the right frequency. In free-space, segments of less than 4.69 mm should be
avoided, while the radius of a desired antenna is not more than 1 mm. This requirement of the
minimum segment length is relaxed in blood down to 0.52 mm, enabling the analysis of some,
but not of all antennas at their actual size. To circumvent inaccuracy, the antennas are scaled
in the simulations to a size satisfying the requirements.

5.4.4

Example

The Numerical Electromagnetics Code yields ASCII files of the required parameters as result.
We have transformed these values to illustrations, comparable with those of the static numerical
model, for comparison reason. Figure 5.8 shows the signal sensitivity pattern for a dual-opposed
solenoid (Figure 4.3) with the two coils both composed of 15 turns with a radius of 2 mm divided
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over a length of 6 mm. Each turn is approximated with 8 segments. The two counter winded
coils are connected with a wire of 6 mm, which makes the total height of the antenna 1.8 em.
x=

0,00025

m

X 10-9

0.015

0.045

0.035

IN

~

0.03
0.025

0.04

00'

0.035

0.005

0.03
-0.005

0.025

-0.D15 -0.01 -0.005

0
X[m]

0.005

0.01

0.Q15

0.02

-0.01

0.015

-0.015
-0.Q15 -0,01 -0,005

0
Y[m]

0.005

0.01
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-0.Q15 -0,01 -0.005

0
0,005 0.Q1
X[m]

0.015

Figure 5.8: The sensitivity pattern of a dual-opposed solenoid in the XZ-, yZ-, and xv-plane
(from left to right) determined with the Numerical Electromagnetics Code [T/ A .10- 5 j.
These results demonstrate that the dual-opposed solenoid is sensitive in radial direction for a
limited longitudinal region.

5.5

Comparison and verification of the numerical methods

Former sections discussed the possibilities and limitations of the static and dynamic numerical
models. In Table 5.2 advantages and disadvantages of the models are summarized.

Static model

Dynamic model

Advantage
- Easy to generate antenna structure
- Full-scale model of antenna
- Possibility to expand to
optimization model due to easy to
understand model
- Frequency dependent
- Gauge of wire included
- Mutual interaction included

Disadvantage
- No frequency dependence
- Mutual interaction neglected
- Gauge of wire neglected

- Full-scale model of antenna
not possible
- Free-space model

Table 5.2: Comparison of the static and dynamic numerical model.
In both models the sensitivity pattern of the considered antennas can be determined. However,
the different qualities of these models involve that in both models approximations are made.
Because of practical considerations, the static numerical model is preferred. The objective is to
verify the results obtained with this model and to define whether it is valid to use this model
to determine the sensitivity pattern of the considered antennas. For this purpose, the static
numerical model is verified with the use of analytical results and with results of the dynamic
numerical model.
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5.5.1

Verification of static numerical model with use of analytical results.

The solution of the analytical expression
(5.114)
for the circular loop shown in Figure 5.5 is compared with the solution obtained by the static
numerical model. This comparison is used to verify the latter model. The deviation between
the numerical and analytical solution is defined by
static numerical solution - analytical solution \. 100%.
analytical solution
I

(5.115)

The number of straight segments used by the static numerical model to approximate a structure,
in this case a circle, the radius of the structure, and the distance from the point of observation
to the antenna surface influence the accuracy of the solution. These influences are considered
in this verification process. A circle is considered in this case, however, this could be extended
to a solenoid, which is basically a chain of circles.
First, for a fixed radius of the circular loop of wire, the deviation between the static numerical
and analytical solution is determined at a distance from the center of the circle at the axis
of the loop. This deviation is obtained at a distance of ZO = 0, 2, 4, and 6 mm along the
z-axis. At these points the magnetic flux density excited by the direct current flowing along
the circular wire loop is determined both with the analytical model and numerical model. In
the numerical model the circle is approximated with different numbers of straight segments (N).
The condition used for this approximation is that all segments have length l and the total length
of the segments is equal to the circumference of the circle, thus Nl = 21rr, with r the radius of
the circle. The results for circular loops with a radius of 1 mm and 2 mm are shown in Figure
5.9.
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Figure 5.9: The deviation of the solutions of the analytical and static numerical model is dependent on the number of straight segments used in the numerical model to approximate the circular
loop. This deviation is determined at 4 distances along the z-axis.
These results show that, as expected, the more segments are used, the smaller the deviation
between the solution of the static numerical and analytical models. This increase of the number
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of segments results in a decrease of the deviation to approximately 1 % for the case that 20
segments are used. This deviation approaches to 0 % if the number of segments is further
increased, as illustrated in Figure 5.10. Thus, the results ofthe static numerical model are nearly
identical to analytical results, if the number of segments to approximate the circumference of a
structure is increased.
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Figure 5.10: The dependence of the deviation of the solutions of the analytical and static numerical model on the number of straight segments used in the numerical model to approximate the
circular loop. This deviation is determined at 4 distances along the z-axis for a large number of
segments.
These conclusions are obtained for circles with a radii of 1 and 2 mm. In Table 5.3 the results
for circular loops with other radii are summarized.

Radius of
circular loop
[mm]
0.5
1.0
1.5
2.0
2.5
3.0

Minimum number
of segments
required for a
deviation :S 10 %

Minimum number
of segments
required for a
deviation :S 5 %

Minimum number
of segments
required for a
deviation < 1 %

6
6
6
6
6
6

9
9
9
8
8
8

19
19
18
18
18
17

Table 5.3: The minimum number of straight segments required in the approximation of circular
loops of different radii to obtain a deviation of less than 10 %, 5 %, or 1 % at distances up to
10 mm along the z-axis.
The achieved accuracy of 1 % is not necessary to analyze the field pattern caused by an antenna,
especially not if this is at the expense of the speed of calculation, because it is not expected
that we will be able to reproduce measurements with a deviation of 5 % or less. To be on the
safe side, we choose to maintain the deviation at 5 %, as results with a deviation of 10 % are
considered to be inaccurate.
From the presented results, it can be derived that for a circle with a radius larger than 0.5 mm
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and smaller than 3.0 mm, 6 straight segments can be used to approximate a circle and obtain a
solution with a deviation of less than 10 %. To obtain an deviation of 5 % or less, this number of
segments should be increased to 9 for circles with a radius smaller than 2 mm. For larger circles
8 segments are sufficient because the deviation between the analytical and numerical solution
decreases faster with the number of segments for a circle with a larger radius than for one with
a smaller radius. For observation points on the axis it can thus be concluded that 6 segments
are acceptable to use for a fast simulation. For more accurate solutions, the number of segments
should be increased to at least 8 and preferably more segments for smaller circles.
The influence of the radius of the circular loop on the accuracy is shown in more detail in
Figure 5.11. For 4 circular loops, each with a different radius, the deviation between the static
numerical and analytical solution is determined at a distance of 0 mm, 2 mm, 4 mm, and 6 mm
on the axis of the loop. In this second test, the variance of the first is included, as circles with
radii of 1 mm and 2 mm are also regarded.
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Figure 5.11: For 4 radii of the circular loop, the dependence of the deviation of the solutions of
the analytical and numerical model on the number of straight segments used in the numerical
model to approximate the circular loop is determined.
55

Figure 5.11a shows that the radius of the circular loop has no influence on the accuracy in the
center of the circular loop. Only the number of segments influences the deviation between the
static numerical and analytical solution. In the other figures it is demonstrated that at larger
distances along the axis from the circular loop, the deviation between the solutions obtained by
the static numerical and analytical model is larger for smaller radii. The difference in accuracy
becomes smaller as the distance to the circular loop increases. The larger the radius of the
circular loop, the faster the deviation between the solution of the static numerical and analytical
model decreases with the number of straight segments used.
With the increase of the number of segments used to approximate the circular loop, the accuracy
increases. The use of 20 segments, or more, results in less than 1% deviation between the
solutions of the static numerical and analytical methods. Table 5.4 shows the minimum number
of segments to be used to obtain a deviation of less than 10 %, 5%, or 1 % for different distances
from the circular loop. This minimum number is selected to be sufficient for all radii of the
circular loop.
Distance
along z-axis
[mm]
0.0

Minimum number
of segments
required for a
deviation::; 10 %

Minimum number
of segments
required for a
deviation ::; 5 %

5

1.0

6

7
7

2.0

6
6

8
8

6
6

9
9
9
9
9
9
9

3.0

4.0
5.0
6.0

6
6

7.0
8.0
9.0

6
6

10.0

6

Minimum number
of segments
required for a
deviation::; 1 %
13
16
18
18
18
18

19
19
19
19
19

Table 5.4: The minimum number of straight segments required in the approximation of circular
loops with radii up to 3 mm to obtain a deviation of less than 10 % or 5 % at different distances
along the z-axis.
From these results, it can also be concluded for observation points on the axis that 6 segments
are acceptable whenever a deviation of 10 % is acceptable. This enables a fast simulation. For
solutions with higher accuracy, the number of segments should be increased to at least 7 at a
close distance up to 9 when the magnetic flux density is to be determined at larger distances
from the circular loop.
These results prove the static numerical model to be a valid model to determine the magnetic
flux density caused by a circular wire loop carrying a direct current, especially when 20 or more
straight segments are used to approximate the circular loop. At least 6 straight segments should
be used to obtain a deviation of less than 10 %. Decreasing the number of straight segments,
increases the speed of calculation. These results are assumed to be valid for other structures
carrying direct current as well.
The given results and the discussion, show the suitability of the static numerical model to
determine the magnetic flux density for antenna structures carrying direct current. However,
the sensitivity pattern of antennas carrying alternating current have to be modelled. To verify

56

the application of the static numerical model to determine the magnetic field in the region of
interest, that is for observation points not lying on the axis, results obtained with the dynamic
numerical model are analyzed in the following section.

5.5.2

Verification of static numerical model with use of results of dynamic
numerical model.

As illustrated in the former section for observation points lying on the axis of the coil, the static
numerical model is valid to determine a static magnetic field. The objective of this section is to
demonstrate that it is justified to approximate the time-harmonic magnetic field in the region of
interest with the static model. Several aspects of the results obtained with both the static and
dynamic numerical model will be used for this purpose. For this verification, the results from
NEC are considered to be valid, within the restrictions and adjustments involved with the use
of this model, as the dynamic numerical model is a well-known antenna modelling program.
The first aspect to be considered, is the dependence of the field on the distance from the antenna surface. As stated in section 5.2 and further elaborated in subsection 5.3.1, Biot-Savart's
law is valid to determine a field that is dependent on the distance from the antenna surface R
as 1/ R 2 . The magnetic field should, in general, also be dependent on the distance from the
antenna surface as 1/ R 2 to permit the application of a model based on this law, like the static
numerical model, to determine the magnetic field. This can be expected if the part of the field
to be determined is in the radiating near-field (also known as the inductive field region).
To show that the field is dependent on the distance with 1/ R 2 , results obtained with NEC are
used. More specifically, the sensitivity pattern of a double-loop antenna (Figure 4.2) is determined. The antenna has a radius of 2 mm, a length of 2 em, and the used frequency is 572 MHz
to simulate the wavelength in blood. Two cross-sections of the sensitivity pattern are depicted
in Figure 5.12, both transect the antenna at z = 3 mm, which is the middle of the antenna,
closely aligned along the x- or y-axis. In the static numerical model field points on the line
segments should be avoided [28] and Appendix B. Often the wires of the antennas are aligned
along the x- or y-axis. Therefore, these points are avoided as field points.
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Figure 5.12: Cross-sections of the sensitivity pattern of the double-loop antenna at half the
antenna height.
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The region of interest is the area from the antenna surface to the vascular wall. As scaling has
been performed, the surface of the antenna is situated at R = 2 mm (respectively X = 2 mm
and Y = 2 mm), and the blood vessel wall can be imagined at distances varying from R = 4
mm up to R = 6 mm, dependent on the size of the blood vessel. The theory in section 5.2
explained that the field can be dependent on the distance as 1/ R, 1/ R 2 , 1/ R 3 , or a combination
of these terms. To analyze the dependence of the field on the distance, the magnetic field of
the double-loop antenna outside the antenna surface is compared with these relationships. This
comparison is depicted in Figure 5.13 for the decreasing transversal magnetic field outside the
antenna.
x 10.4

X 10. 5 Double-loop (Z: 0.03 m I X : 0.0003 m)
6 r---r~:--r---r--r=~,~e;:;;;alne;;::;;w~:;:;::;l

DOUble-loop (Z: 0.03 m I Y : 0.0003 m)

3 ~-:-;-'----:-:'----:-:'-----;=~,e;';::;o;';..;;n;J;;;;;;;;:;;:;:::;:J
. _. 1IR dependenC4l
11R 2 dependence
_ _ 11R 3 dependence

f,
2.5

(

._
11R dependenC4l
11R' dependenC4l
. _ _ 1fR3 dependence

5

t

_

e.ai

2

1.5

"

I·

t:.

:1'.
..... 1··..
\'.
.

(/)

«

I

........

,

.,

\'.
\

ai

"

3

'.

(/)

":--

.

4

.

2 .

.

\

0.5

,

I..

o L~_~=--.::c=--=-~:"=====:±:==d
o 0.002 0.004 0.006 0.008 0.01 0.012 0.014

O'-----~-~-~-~-~-=-==-==.J

o

0.002

0.004

0.006

0.008

0.01

0.012

0.014

Y[m]

X[m]

(a) The sensitivity pattern as fllllction of the
distance from the antenna surface at the xaxis.

(b) The sensitivity pattern as function of the
distance from the antenna surface at the yaxis.

Figure 5.13: The relationship between the field strength and distance from the antenna surface
at cross-sections of the sensitivity pattern at half the antenna height.
It can be concluded that in the defined region of interest, the value of the field strength is
dependent on the distance as a combination of 1/ R 2 and 1/ R 3 . Based on these results, the
determination of the field in this region may be performed by the static numerical model, which
assumes a 1/ R 2 dependence.

The difference between the results obtained with the static numerical model and dynamic numerical model is another indication of the correctness of the static numerical model. Therefore,
the sensitivity pattern of the triple-loop model (Figure 4.2) is generated with both models and
these patterns are compared. In the static numerical model, the radius of the antenna is 1 mm,
the length 1 em, and the distance between the loops is 0.66 mm. The sensitivity pattern is shown
in Figure 5.14 for 3 cross-sections, the XZ-, yZ-, and xy-plane at the middle of the antenna.
A scaling factor of 2 is applied in the dynamic numerical model, resulting in a radius of 2 mm,
a length of 2 em, and a distance between the loops of 1.22 mm. The frequency is again adjusted
to the wavelength of blood, f = 572 MHz. The results for the same cross-sections as above are
shown in Figure 5.15.
Comparison of Figure 5.14 and Figure 5.15 demonstrates that the sensitivity pattern as determined by the different models is globally the same. To obtain more certainty about this observation, the resulting fields are subtracted from each other, with the scaling factor regarded,
resulting in the fields illustrated in Figure 5.16.
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The results obtained indicate that the application of both models result in approximately the
same sensitivity patterns. Increasing the distance from the antenna surface decreases the difference between the two models. This confirms the suitability of the static numerical model for
the determination of the magnetic field in the region of interest.
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Summary

To this point, several aspects have been discussed, which verify the use of the static numerical
model for the determination of the sensitivity pattern of intravascular MRI antennas; the region
of interest is situated in the near-field, the field is dependent on the distance from the antenna
as 1/ R 2 , and the results obtained with this model are comparable to the results obtained with
the Numerical Electromagnetics Code. This is considered to be sufficient prove of the validity
of the static numerical model for this project to continue the application of it.
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Chapter 6

Results of simulations
In chapter 5 the use of the static numerical model based on Biot-Savart's law was discussed and
verified In this chapter we will show and discuss the sensitivity patterns obtained with the use
of this model for designs discussed in chapter 4 and newly conceived designs. The antenna types
which have already been introduced are divided in antennas for the purpose of active tracking
and antennas which are expected to be suitable for intravascular imaging. New designs are
presented and discussed after the results for the known antennas are presented.

6.1

Antennas for active tracking

In section 4.4 we stated that visualization of devices to enable intravascular procedures under
guidance of MRI is already possible as passive methods enable tracking. However, the time inefficiency of these methods is also remarked and, because of thiti, active tracking will be worthwhile
investigating. 'vVe will regard the requirements for active tracking to select the best antenna
types to use for this purpose. Real implementation, of course, will only become feasible when
the active tracking procedure has become safe.
For the detection of the position of the catheter it is important that coil is distinguishable within
its surrounding environment of body tissue. This can be achieved with a very localized or a
inhomogeneous pattern. The created pattern needs to be distinguishable with the antenna operating in its surrounding environment of body tissue. Besides this requirement, the mechanical
construction should be small and flexible and preferably the distinction of the antenna in its
surroundings should remain when the coil orientation is changed with respect to the main field.
The favorable mechanical construction of the anti parallel wire loop, double helix loop, and
opposed double helix loop have already been mentioned in section 4.3.1 in relation to the possibilities of active tracking. The center return was rejected as a possible design for intravascular
imaging in literature [15, 24]. As the results obtained with the numerical models showed a very
strong, localized sensitivity pattern, it was decided that this antenna type was indeed not suitable for imaging, but that it had to be included in the comparison of antennas for the purpose
of tracking. The dimensions used in the static numerical model to obtain the results shown in
Figures 6.2 to 6.5 are summarized in Table 61.
It should be noted that the color scales in Figures 6.2 to 6.5 are chosen independently and therefore are different for each figure. Without this adjustment, details of some sensitivity patterns
become invisible. The current is maintained at 0.01 rnA as this was expected to be a realistic
val ue and the units of the color scale are in [T/ A . 10- 6 ].

Compared to the other antennas, the sensitivity pattern of the antiparallel wire is not very 1061

calized. The sensitivity patterns of the other antennas have a rapid fall-off outside the antenna
surface, whereas the anti parallel wire antenna remains sensitive. The sensitivity of the double
helix loop and of the opposed double helix are comparable. Both antennas possess localized
sensitivity of comparable strength, however, the double helix loop has a more distinguishable
pattern. This is in contradiction with the results found in literature [11], which considers the
pattern of the opposed double helix to be more recognizable. This distinction is dependent on
the number of wires spread over the same distance. With more wires, a higher sensitivity is
obtained, at the expense of a more homogeneous sensitivity pattern. The signal obtained with
the center return antenna is higher than the signal of any of the wire loops. Because of the
return wires in the middle of the antenna, the signal is very localized. To simplify comparison,
cross-sections of the signal sensitivity pattern of these antennas are given in Figure 6.1, in which
the solid lines indicate the surface of the antennas.
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Figure 6.1: Cross-sections of the sensitivity patterns of 4. antennas faT tracking with a radius of
1 mm show the favorable qualities of the center return. The sections transect the antenna at half
the height.
These figures show that the sensitivity of the double helix loop and opposed double helix loop
are very similar, which results in two coincident lines. The cross-section at the y-axis visualizes
that the sensitivity pattern of the antiparallel wire loop is less localized. The strong sensitivity
of the center return in comparison to the different wire loops is evident. It is also clearly visible
that the pattern is very localized. Because of the combination of these qualities, the center
return is considered to be the best antenna for active tracking.
Antenna

[mm]

[mm]

Antiparallel wire loop

1

10

Number of
segments to
approximate
circumference
8

Double helix loop
Opposed double helix loop
Center ret urn

1
1
1

10
10
10

8
8
8

Radius

Height

Specification

Distance between the two
parallel wires is 2 mm.
4 turns up and 4 turns down.
4 turns up and 4 turns down.
4 wires.

Table 6.1: Dimensions of antennas for active tracking used in the static numerical model.
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6.2

Antennas for intravascular imaging

As described before, an intravascular antenna for imaging should have a homogeneous and
extended sensitivity in the radial and longitudinal directions. Note that these requirements are
opposite form those for tracking. Additionally, this sensitivity pattern should be insensitive to
the orientation of the coil with respect to the main field of the MR system. Regarding these
requirements, it was concluded in section 4.4 that from the antenna types found in literature,
the single-loop, double-loop, triple-loop, dual-opposed, saddle coil, and birdcage are worthwhile
investigating for intravascular imaging. These geometries are examined in this section.
Table 6.2 is a summary of the dimensions used in the static numerical model for the antennas,
which are assumed to be suitable for intravascular imaging. The obtained results are shown in
Figures 6.6 to 6.11. The color scale in these figures is the same as these figures contain similar
dynamic ranges. Again, the results are obtained for excitation with constant current of 0.01
rnA.
Antenna

Radius

Height

Single-loop
Double-loop

[mm]
1
1

[mm]
10
10

Number of
segments to
approximate
circumference
not applicable
not applicable

Triple-loop

1

10

not applicable

Dual-opposed solenoids

1

9

8

Saddle coil

1

10

8

Birdcage

1

10

not applicable

Specification

Distance between the two
loops is 1.32 mm.
Distance between two loops
is 0.66 mm.
Each solenoid is 3 mm high
with 15 turns, the
connection wire is 3 mm
(=gap).
Separation between the two
parts is 0.8 mrn.
4 wires.

Table 6.2: Dimensions of antennas for intravascular imaging used in the static numerical model.
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The results of the simulation of the single-loop. double-loop, and triple-loop are best discussed
together. These three antenna types all have a homogeneous and extended sensitivity pattern in
the radial and longitudinal direction. With the increase of the number of loops, these qualities
improve. These loop designs are all easy to construct, from which it can be deduced that the
triple-loop is the best loop design for intravascular imaging.
The sensitivity pattern of the dual-opposed solenoids is less extended in longitudinal direction
than the loop antennas, because the highest and most extensive sensitivity is obtained in the
region in between the two coils only. The radial sensitivity in this region is more extensive than
the radial sensitivity of the loop antennas. It can thus be concluded that the dual-opposed
solenoids antenna is a competitive design for the triple-loop antenna.
The saddle-coil is less sensitive than the triple-loop and dual-opposed solenoids. The homogeneity of the sensitivity pattern and the extension in longitudinal direction are favorable. However,
for imaging an extended sensitivity in radial direction is required, whereas the sensitivity in
radial direction of the saddle-coil is limited. An other disadvantage of this antenna is that the
construction of the structure is difficult.
The birdcage antenna should be easy to manufacture and the resulting sensitivity of the birdcage coil verifies the statement of [33], that it should be possible to use the birdcage 'inside
out'. Its sensitivity pattern is less centered in the middle than the application as surface coil
would suspect. The sensitivity is remarkably similar to the sensitivity of the double-loop when
it is rotated 90 0 around the z-axis, as illustrated in Figure 6.12. However, this also implies
that compared to the triple-loop and dual-opposed solenoids, the sensitivity is neither high, nor
extensive enough.
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Figure 6.12: Cross-sections of the sensitivity pattern of the birdcage and double-loop with a
rotation of 90 0 around the z-axis at half the antenna height show the similarity between the
sensitivity pattern of the birdcage and double-loop.
In Figure 6.13, cross-sections of the signal sensitivity pattern of the 4 best antennas for imaging
are shown The depiction of the double-loop is preferred above the birdcage in this figure because its orientation is similar to the orientation of the triple-loop, which simplifies comparison.
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In these figmes the circumference of the antennas is depicted by solid lines. A typical minimum
distance at which the vascular wall might be situated, is depicted by dashed lines.
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Figure 6.13: Cross-sections of the sensitivity pattern of the 4 best antennas for imaging at haU the
antenna height. Close to the antenna surface, the sensitivity of the triple-loop is high. At larger
distances, where the vascular wall is expected, the dual-opposed solenoids antenna outperforms
the other antennas.
The results show that at distances smaller than where a vascular wall might be situated, the
triple-loop outperforms the other antennas because of a high signal sensitivity. At the minimum
distance where the vascular wall might be situated, the dual-opposed solenoids antenna exceeds
the sensitivity of the other designs. However, combined with an unfavorable inhomogeneous sensitivity pattern (see Figure 6.14b). The triple-loop antenna has a more homogeneous sensitivity
pattern at this distance. For all presented designs, a larger distance from the antenna surface
results in a more homogeneous sensitivity pattern (Figure 6.14c). The polar sensitivity plots
shown in Figure 6.14 illustrate the sensitivity for field points in a transversal plane at a constant
radius r from the z-axis. The dual-opposed solenoid design is considered to be the best design
at larger distances and the triple-loop at distances close to the antenna surface. Because of this,
both antennas are constructed to test these conclusions. The situation where the antenna is
positioned asymmetrical in the blood vessel is not regarded in this project. However, it is expected that this will decrease the quality of vascular imaging, regardless whether the triple-loop
or dual-opposed solenoids is used. The influence of rotating the antennas with respect to the
main magnetic field is considered in section 6.4.
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6.3

New antenna designs

In the former results, the sensitivity patterns were shown of antenna types which were all known
from literature. However, it is also known that in vitro tests have shown that no antenna has been
found yet which satisfies all requirements of tracking or imaging. Therefore, new antenna designs
have been conceived and considered, including a sphere, spiral coil, two-fold spiral coil, rectangle
coil, two-fold rectangle coil, triangle-coil, and twisted loop coil. The schematic depictions of these
antennas can be found in Figmes 6.15 to 6.21, together with the results obtained with the static
numerical model. The dimensions which are used, are shown in Table 6.3.

Antenna

Sphere
Spiral coil
Two-fold spiral coil
Rectangle coil
Two-fold rectangle coil
Triangle-coil
Twisted loop coil

Radius

Height

[mm]
1
1
1
1
1

[mm]
not applicable
10
10
10
10

Number of
segments to
approximate
circumference
16
24
24
24
24

1
1

10
10

24
24

Specification

6 spirals.
6 spirals.
3 rectangles.
4 rectangles overlapping
4 rectangles.
8 triangles.
3 loops.

Table 6.3: Dimensions of new antenna designs used in the static numerical model.
Large difference in the sensitivity of the antennas results again in independent color scaling for
Figures 6.15 to 6.21. Because of the geometrical symmetry of these designs, it is sltfficient to
show cross-sections of the sensitivity patterns in the yz-plane and xy-plane.
The results show that, with exception of the twisted loop coil, the antenna designs hold no
potential for further development and application because of their resulting sensitivity pattern.
The radial sensitivity of these designs, required to be extended for intravascular imaging, is
too limited. Although the sensitivity pattern of these antennas is very localized and would
therefore be suitable for tracking, the intensity is not high enough to compete with the center
return. Especially, as these antennas have a more complex mechanical construction, they are
not yet considered to be of practical value. This is also a drawback for the development of
the twisted loop coil. Although the radial and longitudinal sensitivity pattern are homogeneous
and extended, the added value in comparison with the triple-loop is insufficient to compensate
complex construction.
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Figure 6.15: Schematic depiction of the sphere and its sensitivity pattern [T/A ·10-'5] for a yzand xy-plane (from left to right).
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Figure 6.16: Schematic depiction of the spirals coil and its sensitivity pattern [T/ A 10- 51
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Figure 6.17: Schematic depiction of the two-fold spirals coil and its sensitivity pattern
[T/ A .10- 5] for a yz - and xy-plane (from left to right).
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Figure 6.18: Schematic depiction of the rectangles coil and its sensitivity pattern (T/ A .10- 5/
for a yz- and xy-plane (from left to right).
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Figure 6.19: Schematic depiction of the two-fold rectangles coil and its sensitivity pattern
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Figure 6.20: Schematic depiction of the triangles coil and ds sensitivity pattern (T/ A .10- 5/
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Figure 6.21: Schematic depiction of the twisted loop coil and its sensitivity pattern (T/ A .10- 5/
for a yz- and xy-plane (from left to right).

74

6.4

Rotation

The conclusion of the results shown in this chapter is that we proceed with the development
of the center return to test the possibilities for active tracking, and the triple-loop and dual
opposed solenoids are developed for the purpose of intravascular imaging. For the in-vitro tests
the influence of the rotation of the antennas with respect to the main field is of high importance.
Therefore, the dependence on orientation is determined for these three designs. The implementation of rotation dependence in the static numerical model is illustrated in Appendix B.
The center return and triple-loop have the same dimensions as before. The dimensions of the
dual-opposed solenoids are adjusted to the developed dual-opposed solenoids antenna. It consists of 9 turns per solenoid. The height of each solenoid is 3 mrn and they are connected with
a wire of 3 mm.
The results for the center return (Figure 6.22) show a very localized signal, which decreases
when the angle of rotation increases. The signal is smallest at the rotation of 90 ° with respect
to the main field.
The sensitivity pattern of the triple-loop, as shown in Figure 6.23, is homogeneous in radial direction. The homogeneity decreases with an increasing angle of rotation, resulting in a pattern
with four lobes for a rotation of 90 0.
The cross-section of the sensitivity pattern of the dual-opposed solenoid transects the gap between the two solenoids. The results in Figure 6.24 show a circular homogeneous sensitivity
pattern. Rotation of the antenna hardly effects the radial sensitivity up to an angle of 45 o. At
an angle of 90 ° the sensitivity pattern consists of two lobes.
From these simulation results, it can be concluded that tracking with the center return can be
performed at large angles with respect to the main field, although best performance is expected
for angles up to 45 o. The triple-loop and dual-opposed solenoids are both not suitable for
imaging at large angles because of inhomogeneous sensitivity patterns.
Although simulation results are used to obtain some rules of thumb for the optimization of the
selected antenna designs, optimization is discussed in the next chapter.
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Chapter 7

In vitro testing
This chapter is dedicated to the in vitro testing of the center return, triple-loop, and dualopposed solenoids antennas. A description of the development of the antennas is also included.
With development we mean the process of selection of the configuration and materials, construction of the wire structures, and finally the tuning and matching of the antennas. The antennas
are tested in an MR system with the use of phantom settings.

7.1

Optimization

Within the time-frame of the project it was not possible to implement a computer program for
the optimization of the antenna structures. For the moment, suboptimal configurations were
obtained by trial and error simulations. To obtain a few rules of thumb for the design aspects
of the selected antenna designs, the variables in these designs have been varied. The radius and
height of the antenna are remained constant as they are determined by the artery dimensions
and the required field of view respectively. Comparison of the different results obtained in this
way, led to a few rules considering design aspects which will help to achieve a good result:
• Center return: as many loops as possible should be used because this increases the signal
intensity. Preferably, these wires should be divided symmetrically over the circumference.
• Thple-loop: one loop should traverse the middle of the antenna, this implicates that the
two vertical wires of this loop are separated by a diameter. The other two loops have to
be positioned at equal distances on both sides of this loop, each having a minimal distance
to the center loop of 0.5 r, with r the radius of the antenna.
• Dual-opposed solenoids: the turns of the coils should be positioned closely. The coils
should have an equal number of turns, similarly divided, but counter winded. The length
of the connection wire between the solenoids should be approximately half the height of a
coil, to obtain both satisfying longitudinal and radial sensitivity.

7.2

Interfacing

For a proper design of the interfacing of the antenna two qualities are of great importance.
First, the antenna will have to be resonant at the desired frequency to optimally receive the
signal. As explained before, this resonance frequency is 64 MHz for this application with blood
as the surrounding medium. The antenna is merely a copper wire (0.25 mm diameter Cu, Povin
coating) wounded around a perspex coil former, which makes it from an electrotechnical point of
view an inductance with internal resistance. Placing a capacitor parallel to the coil is sufficient
to tune the circuit at the required frequency of 64 MHz.
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Second, the connection of the transmission line and the antenna will have to be properly matched.
The transmission line is used for the power transmission between the load and the source,
respectively the antenna and the pre-amplifier connected with the MR system. If no special
arrangements are taken care of, small antennas, like the intravascular antennas considered, are
badly matched to the transmission line. This means that the transfer of signal power between
the antenna and the transmission line is very low.
Impedance matching is a method to obtain maximum power transfer and minimum reflection.
Two properties of the antenna-transmission line system are important for this method, the input
impedance of the antenna and the characteristic impedance of the transmission line. These
properties will be discussed after which the method of impedance matching will be explained.
The input impedance
and is given by

Zin

of the antenna is the impedance seen at the terminals of the antenna
Zin

=

R in

+ jXin ,

where Zin is the antenna impedance in Ohms, R in is the antenna resistance in Ohms, and
is the antenna reactance in Ohms, all at the considered terminals.

(7.1)
X in

In general, a loaded transmission line will be subject to two waves, a direct and a reflected wave,
propagating in opposite directions. The characteristic impedance Zo of a transmission line is
the ratio of voltage to current for a single one of the travelling waves at any point of the line at
any instant [40]. For this, the equation

Zo =

R+jwL
.
. C = R o + JX o·
+Jw

G

(7.2)

is valid, where R o and X o are the real and imaginary parts of Zoo It is customary and convenient
to describe a transmission line in terms of its line parameters, which are its resistance per unit
length R [O/mJ, inductance per unit length L [Him], conductance per unit length G [O-l/m],
and capacitance per unit length C [F 1m]. The formulas for calculating the values of these line
parameters for a coaxial line can be found in [43]. Of more practical importance is that a coaxial
line is normally designed in such a way that the characteristic impedance is 50 O.
Maximum power transfer from the source to the load is obtained when the circuit is adjusted for a
conjugate-impedance match. The transmission line is loaded by the conjugate of its characteristic
impedance,
(7.3)
Usually this will not be sufficient for a good adjustment because the interference between the
propagating waves creates standing-wave patterns of voltage and current. These standing waves
are reduced when the line is terminated in its characteristic impedance,
(7.4)
This second condition eliminates the reflected wave on the line, which minimizes the energy
storage capacity of the line. If both conditions of equation (7.3) and equation (7.4) are met, the
system is a matched system. This is a system that is matched both on a conjugate-impedance
basis and on a characteristic-impedance basis. Since the characteristic impedance of the line is
real, this condition is met if equation (7.4) is fulfilled.
The input impedance of the antenna is a function of frequency. The antenna will be matched to
the transmission line within a bandwidth around the desired resonance frequency. In addition,
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the input impedance of the antenna depends on many factors including its geometry and the
surrounding medium, we are interested in body tissues and blood. Because of these dependencies,
the input impedances of the different antennas have been determined experimentally.
Usually, it is possible to make a better adjustment by enlarging the length of the antenna with
respect to the wavelength, i.e. enlarging the radiation resistance. One of the requirements for
intravascular MRI antennas, however, is a small size. Therefore, this method is not suitable for
this application, but it is convenient to use inductors and capacitors for the matching network.
A measure of mismatch at the load junction is the voltage reflection coefficient (at the load)
fL =

ZL - Zo

-----=-

(7.5)

ZL+ZO

fL is the ratio of the magnitude of the reflected wave to that of the incident wave at the load. No

reflection is most desired in practice, thus a voltage reflection coefficient (f L) of zero is desired.
Equation (7.5) indicates that to accomplish this, the input impedance of the antenna (Zin) will
have to equal the characteristic impedance of the transmission line (Zo) at the resonant frequency
to transfer the maximum power and minimize reflection. Therefore, the input impedance of the
antenna will have to be 50 n at 64 MHz.

7.2.1

Implementation of impedance matching

The impedance and resistance of the antenna are measured with a microwave impedance meter
at the desired frequency of 64 MHz. For this purpose the coil is surrounded by water as the
permittivity (c) of this is comparable with that of blood. This provides a value for the resistance
R m and angle <p which relate to the impedance
(7.6)

for which can also be written

Z = Rl

+ jwL.

(7.7)

This implies

R l = Re{Z} = R m cos<p
wL = Im{ Z} = Rm sin <po

(7.8)

For the tuning and matching the circuit will have to be extended
with two capacitors, capacitor Cl parallel to the inductance, and
capacitor C2 in series to this circuit. Experience learned that tuning and matching was not possible with one capacitor. Together,
these introduce an additional resistance, indicated with resistance
R2· For the left part of the circuit in Figure 7.1, consisting of L,
Rl, and Cl, the following impedance relation holds

_

Zp-

jwL+R l
I - w2LCl + jwR1Cl

(7.9)

R,

C

R

2
2
_-e::J--.----ti~

L

z

p

~-

Figure 7.1: Electrical circuit to achieve tuning and
matching of antenna.

The input impedance for the whole circuit is then
1

+ JW
---:--0 + R 2
2
jwL + R l
1
----;~::---.;=----- + ---:--0 + R 2 =
1- w2LCl + jwR1Cl
JW 2

Zp
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X

+ jY,

(7.10)

which will have to satisfy the requirement for resonance, Y = Im{ Zin} = 0 0, and the requirement for minimal reflection, X = Re{ Zin} = 50 O. An elaboration on these requirements for
this input impedance is included in Appendix C.
Satisfying the requirements, yields two equations (equations (C.7) and (C.8)) with three unknown variables, C1, C2, and R 2. Therefore, one can be chosen freely. A common choice is to
take the resistance R2 = 0 O. The expressions for, and subsequently the values of, the capacitors
C1 and C2 are obtained by solving the equations of the requirements.

7.2.2

Thning and matching in practice

As explained before, optimized antenna structures have not been determined. Neither allow the
available materials and techniques the construction of antennas with a size suitable for clinical
application. Therefore, the dimensions of the antennas used for in vitro tests originate from the
available materials.
The center return consists of 4 wires, symmetrical divided over the circumference. The lumen
of the coil is filled with a contrast agent, diluted gadolinium, because the sensitivity pattern is
focussed inside the coil. If the coil would be solid, i.e. without a hole in the center, no signal
could be excited inside the coil and therefore no signal could be received by the center return.
The radius of the center return is approximately 4 mm and the height 1.6 cm.
The triple-loop has a radius of approximately 2.5 mm and height of 1.6 cm. One loop traverses
the middle of the coil, the separation with the other two loops is approximately 2 mm. A coil
former of perspex is used, the lumen is filled with silicone gel to avoid artefacts of air cavities.
Each coil of the dual-opposed solenoids antenna consists of 9 turns, divided over 3 mm. The
separation between the two coils is approximately 3 mm. With these dimensions the actual
antenna is 9 mm high and the radius is approximately 4 mm. The coil former has a height of
1.6 cm, causing the return wire to have a length of 1.6 cm. The lumen of the coil former is again
filled with silicone gel. A coating is applied outside all antennas to avoid contact between water
and the electrical components and to obtain a solid structure.
The real and imaginary part of the inductance are measured with an impedance meter for a
frequency range from 45 MHz to 90 MHz. From the results for the desired frequency of 64 MHz,
the required capacitors have been determined in the previously explained way. Table 7.1 states
the measured inductance for the antennas used in in vitro tests, with R m the real part and <p the
imaginary part. The resistance R2 is consistent chosen to be 0 0 for the tuning and matching.
The resulting capacitor values are also listed in Table 7.1.

Antenna
First triple-loop1
First triple-Ioop2
Center return
Dual-opposed solenoids

R m [0]
44.9
74.1
67.2

(*)

[0]

89.3
89.0
89.8

C 1 [pF]
49
39
40

C2 [pF]
6
5
2

(*)

(*)

(*)

<p

Table 7.1: Measured induction and resistance of coil and determined capacitor values to achieve
tuning and matching. (*) The measurements for the dual-opposed solenoid were not reproducible.
As indicated with the asterisk the measurements of the inductance of the dual-opposed solenoids
were not reproducible. Subsequently connecting the coil to arbitrary capacitors, repeatedly re80

sulted in a resonance frequency of approximately 350 MHz instead of the desired frequency, 64
MHz. In Appendix D we derive that this behavior might indicate the presence of a short circuit.
This might have been created during the development of the coil. In contrast to expectations,
this antenna was difficult to develop, forcing bending and rewinding of the wires. The insulation
of the wire may be damaged in this process, creating the short circuit. It was decided to connect
the dual-opposed solenoid without matching and tuning circuit to the coaxial transmission line.
This enabled us to detect the signal sensitivity pattern during in vitro tests, however, at the
expense of sensitivity of the signal.
The resonance frequency and the real and imaginary input impedance, obtained with the previous, measured circuits are noted in Table 7.2. The input impedance is measured at the achieved
resonance frequency.
Antenna
First triple-loop
Second triple-loop
Center return
Dual-opposed solenoids

f res [MHz]
74.6
71.5
63.0
217.5
and 446.3

Re{Zin} [0]
48.6
61.5
6.2
33.8
47.93

0.03
7
32.5
-20.8
26.4

Table 7.2: Measured resonance frequencies and input impedances after construction at the
attained resonance frequencies.
The first triple-loop was well adjusted, however, the resonance frequency was high. The resonance frequency of the second triple-loop was lower, although not perfect, but the matching
to the transmission line was worse. The same, but to a larger extent, was recognized for the
center return. The resonance frequency of the center return was good, but the adjustment was
poor. No tuning or matching was performed for the dual-opposed solenoids. The results for this
antenna are noted for the completeness.

Figure 7.2: The white dotted circle marks the artefact caused by the capacitors of a triple-loop.
The antenna is situated above this artefact, the black object below the artefact is part of the
phantom setting.
The capacitors, required for tuning and matching, should carefully be selected. Small amounts
of material with a large susceptibility can already cause large susceptibility artefacts in the MR
image. Copper and aluminium are examples of materials which can be used, whereas nickel
and iron are examples of materials which should be strictly avoided. An example of an artefact
caused by capacitors is marked in Figure 7.2. This is an image of the triple-loop we used. The
artefact does not disturb the sensitivity pattern, but the fact that even with these carefully selected capacitors artefacts are generated, stresses the urgency of employing suitable capacitors.
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This section shows that the development of the antennas is a complicated process, influenced
by many objectives. The results could be improved by other techniques for the manufacturing
of the coils. A suggestion for the dual-opposed solenoids is to first cut the position of the wires
in the coil former and subsequently wind the wires. Production of coils using laser techniques
employed on a plastic cylinder coated with copper are being investigated at the moment [47].
The tuning and matching would benefit from a more accurate determination of the impedance.

7.3

In vitro tests

The aim of these tests was to verify whether the sensitivity pattern measured in an MR system,
confirms the sensitivity pattern as determined with the static numerical model. The tests are
performed in phantom settings of perspex. As surrounding medium a solution of manganese
chloride (MnCI 2 ), approximately 2 mg/l water, is used. The relaxation times of this solution
are comparable to those of blood, Tl = 1030 ms and T2 = 300 ms.

Figure 7.3: Re8ult8 of MRI mea8urement8 of the 8en8itivity pattern of a center return antenna
obtained with in vitro te8t8. The 8lice thickne88 for the rotation of 0 a i8 'l mm (left figure), the
8lice8 for rotation8 of 45 a and 90 a are 15 mm thick (re8p. middle and right figure).

Figure 7.4: Re8ult8 of MRI mea8urement8 of the 8en8itivity pattern of a triple-loop antenna
obtained with in vitro te8t8. The rotation (from left to right) i8 0 0, 45 0, and 90 o. The 8lice
thickne88 i8 'l mm for all rotation8.
The results of in vitro tests for the center return, the second triple-loop, and dual-opposed
solenoids are shown in Figures 7.3 to 7.5. All results are obtained in the transversal plane with
similar scan sequences. The selection of the slice thickness determines the amount of signal
received. A thicker slice results in a higher SNR per voxel as the noise is mainly generated by
electronics in the receiver, while the signal is created in the tissue. Increasing the slice thickness,
increases the signal strength. This slice thickness is chosen independently and is given in the
caption of the figures.
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Figure 7.5: Results of MRI measurements of the sensitivity pattern of a dual-opposed solenoids
antenna obtained with in vitro tests. The rotation (from left to right) is 0 0, 45 0, and 90 0. The
slice thickness is 7 mm for all rotations.
The results for the center return obtained in the MR system (Figure 7.3) are comparable with
those resulting from the static numerical model (Figure 6.22). The signal is very localized, as
expected, and decreases when the angle of rotation increases. The signal is smallest at the
rotation of 90 ° with respect to the main field. This signal is not only caused by the wires but
also by the contrast agent in the center of the antenna. This effect was not included in the
simulation results.
The sensitivity pattern of the triple-loop as shown in Figure 7.4 was well determined by the
numerical results of Figure 6.23. The sensitivity pattern is indeed homogeneous in radial direction. The black dots in the figure of a rotation of 45 ° are not expected based on the simulation
results. The homogeneity decreases with an increasing angle of rotation, resulting in the distinct
pattern with 4 lobes for a rotation of 90°.
Table 7.2 already illustrated that the resonance frequency of the dual-opposed solenoids antenna was very high and that the matching was poor. This is recognized in the results of Figure
7.5. These figures are enlarged half as much as the results of the center return and triple-loop.
The expected circular homogeneous sensitivity pattern (Figure 6.24) is visible, especially when
a thicker slice is selected, which results in the picture of Figure 7.6. Rotation of the antenna
hardly affects the radial sensitivity up to an angle of 45°. At an angle of 90 ° the signal becomes
almost invisible.

Figure 7.6: Signal sensitivity of the dual-opposed solenoids for a slice of 30 mm for a rotation
of 0°.
In practice, these results indicate that with increasing rotation of the center return, the strength
of the signal decreases rapidly, causing difficulties for tracking. Rotation of angles more than
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45 0 with respect to the main field causes inhomogeneity of the sensitivity pattern of the tripleloop or dual-opposed solenoids antennas. Therefore, it is not advisable to perform imaging with
these antennas in bloodvessels with angles of more than 45 0 with respect to the main magnetic
field. Previous examples show that the static numerical model determines the sensitivity pattern
well, also for rotated antennas.
Cross-sections of the transversal sensitivity patterns at a rotation of a 0, show the signal intensity
measured in the MR system for these antennas (Figures 7.7 to 7.9). The sensitivity is expressed
in arbitrary units (a.u.) as in the image, the signal is scaled to it maximum and minimum value.
This implies that the sensitivity values in these figures may not be compared with each other.
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Figure 7.7: Signal sensitivity of the center return in a cross-section of the transversal plane for
a rotation of 0 o.
Figure 7.7 shows the very localized signal of the center return, which is comparable with the
simulated cross-section shown in Figure 6.1.
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Figure 7.8: Signal sensitivity of the triple-loop in a cross-section of the transversal plane for the
rotation is 0 o.
The two peaks in the sensitivity pattern of Figure 7.8, resemble the peaks of the sensitivity
shown in Figure 6.13b. The dip in between these peaks was expected to be less deep. The
occurrence though of this 'deep-dip' might be explained by the fact that the triple-loop antenna
is filled with silicone gel, therefore, little signal can be detected inside. This difference in media
is not considered in the numerical model, where signal was received in between the loops. The
fall-off of the sensitivity outside the antenna is as expected.
Figure 7.9 shows that the sensitivity pattern of the dual-opposed solenoids antenna is hard to
recognize. Because of the the poor adjustment to the transmission line and the deviating reso84
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Figure 7.9: Signal sensitivity of the dual-opposed solenoids in a cross-section of the transversal
plane for the rotation is 0 o.
nance frequency, the signal-to-noise ratio is poor..
The previously discussed results show the performance of the intravascular antennas in comparison with each other and with the results obtained with numerical models and give an indication
of the performance of the antennas. It is obvious from performed in vitro tests that the antennas
will have to be improved to be able to visualize details. Additionally, an intravascular antenna
will have to outperform a surface coil of the MR system to become interesting for clinical use.
Therefore, the signal to noise ration (SNR) of the center return and triple-loop antennas is
compared with the SNR of the body coil in similar conditions. The results of this comparison
are stated in Table 7.3. The dual-opposed solenoid is not considered as the discussed results
already show that the sensitivity of this antenna is insufficient.
Antenna

Center return
Body coil
TtipIe-loop
Body coil

Mean of signal

Mean SNR

[a.u.]
0.7
13.1

Deviation
of noise
[a.u.]
31.8
16.1

5.9
26.8

4.0
19.5

511.2
46.0

Mean of noise

[a.u.]
14597
14859

Deviation
of signal
[a.u.]
14144
9645

3016
1234

999
45

[a.u.]
20852.9
1134.3

Table 7.3: The signal to noise ratio of intravascular MR antennas compared to the signal to
noise ratio of the body coil.
According to these results, tracking with the center return improves the mean of the SNR with
a factor of about 18, and imaging with the triple-loop improves the mean of the SNR with a
factor of about 11. These results are very promising, however the large deviations of the signal
should be noticed. The mean of the signal highly depends on the selected area to determine the
signal and noise. If an area is chosen which only contains the highest signal, the mean of the
signal will be high and the deviation low. On the contrary, if a larger area is chosen, the mean
of the signal will decrease and the deviation will increase. The large difference in the signal of
the center return and the triple-loop can be explained by the presence of the diluted gadolinium
solution in the center return coil, which generates a high signal.
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Summary

In this chapter we demonstrated the urgency and results oftuning antennas at the right frequency
and matching them to the input impedance of the transmission line. The developed antennas are
tested in vitro which resulted in sensitivity patterns comparable with those previously obtained
with the static numerical model. These models show that the center return can be used for
tracking up to an angle with the main field of 45 o. The sensitivity pattern of the triple-loop
and dual-opposed solenoids also meet the expectations, but will have to be improved for imaging.
The angle of rotation of these antennas will have to be restricted to 45 ° because of decreasing
homogeneity for an increasing angle of rotation.
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Chapter 8

Conclusions and recommendations
The results of this project contribute to the design of intravascular MR antennas. Future design
is simplified with the present availability of the developed static numerical model. First results
with constructed antennas are promising and hold potential for further development. These
first results are achieved by the analysis and elaboration of different aspects of the selection and
development of intravascular MR antennas for different applications. The main conclusions of
this project are discussed in this chapter, followed by recommendations for further research.

8.1

Conclusions

The development of intravascular MR antennas for different applications originates from the fact
that optimization of MR images requires a trade-off between the signal-to-noise ratio (SNR),
the imaging speed, and spatial resolution. Local receiver coils are developed to improve the
signal-to-noise ratio, without a compromise in imaging speed or spatial resolution. During intravascular interventions, MR antennas will be used for different applications, like tracking and
imaging. Several requirements will have to be fulfilled to enable this. For all applications, the
mechanical construction needs to be simultaneously small, flexible and solid. Used materials will
have to be MR compatible and, for clinical use, biocompatible. With respect to the safety of the
antennas, MR compatibility and insulation of conductors, avoidance of electrical wires will have
to regarded. A high spatial and temporal resolution are required and the coil orientation should
be insensitive to the orientation of the main magnetic field. The prescribed sensitivity pattern
is the most important requirement. For tracking a local sensitivity with high contrast between
instrument and background is desired. The signal sensitivity pattern for imaging is desired to
be homogeneous and to extend well beyond the volume of the coil, with minimized sensitivity
fall-off. Longitudinal coverage is also favorable.
Efforts and results found in literature clarify that the visualization of devices is possible with
passive methods as a clear view of the catheter can be obtained by passive tracking designs.
However, these methods are considered to be time inefficient. Therefore, the main challenge in
tracking devices for intravascular procedures can be found in the active devices. The antenna
designs will have to be optimized and electrical transmission lines will have to be replaced to
make the application of these devices safe. For the purpose of intravascular imaging, improvement can be gained by optimizing the properties of the antenna design.
The selected method to achieve this optimization was accomplished by determination of the
sensitivity patterns of different antenna designs and subsequent comparison with the defined
requirements. Numerical models are required for the determination of the field strength at arbitrary points for different antenna structures. The considered static numerical model has the
advantage that the magnetic field for a full-scale model of the considered antennas can deter87

mined. Next to this, it offers easy generation of antenna structures and the possibility to be
expanded to an optimization model since the model is easy to implement and results in fast
computation times. A disadvantage of this model is that frequency dependence is not regarded.
Neither are mutual interaction between the wires nor the gauge of the wire under consideration.
These disadvantages do not apply to the dynamic model. However, this model is a free-space
model and the analysis of a full-scale model of the considered antennas is not possible in this
model. In both models, the conducting wires are approximated by straight line segments. Regarding the radius of a circle loop and the distance from an observation point on the axis of the
loop or coil, it is concluded that a deviation of less than 5 % between the solution of the static
numerical and analytical model is generally obtained by using 8 segments for the approximation
of the circumference of a circular loop. For observation points lying on the axis of the coil, it is
concluded that the static numerical model in combination with a piecewise linear approximation
of the loop is valid to determine a static magnetic field, as verified with analytical results.
The use of the static numerical model to determine the time-harmonic magnetic field in the
region of interest for intravascular MRI antennas, i.e. the near-field, was verified. Numerical
models were used since analytical expressions for the near-field are not readily available. It
was verified that the field in the region of interest is dependent on the distance to the antenna
surface as 1/ R 2 , which corresponds to the assumed dependence in the static numerical model.
The results obtained with the static numerical model are comparable to the results obtained
with the Numerical Electromagnetics Code, which justifies the use of the static numerical model
in the near-field.
Simulation results obtained with the static numerical model were used to yield a selection of
antennas for construction and in vitro testing. The center return has a very localized and strong
sensitivity pattern and is therefore considered to be the best antenna for active tracking. At
distances close to the antenna, the triple-loop outperforms other antennas regarded for imaging
because of a high sensitivity. At a distance of 1 mm from the antenna surface, the dual-opposed
solenoids antenna exceeds the sensitivity of the other designs considered for imaging, however,
combined with an unfavorable inhomogeneous sensitivity pattern. The triple-loop antenna has
a more homogeneous sensitivity pattern at this distance. From this, the dual-opposed solenoids
antenna is considered to be the best design at larger distances and the triple-loop at distances
close to the antenna surface. Because of this, both antennas were constructed to test these
conclusions.
Newly conceived antenna designs, like a sphere, spiral coil, two-fold spiral coil, rectangle coil, twofold rectangle coil, triangle-coil, and twisted loop coil, were also regarded. However, simulation
results showed that these antennas hold no potential for further development and application.
This was concluded because these antennas combine a restricted sensitivity pattern with more
complex mechanical constructions.
Considering the practical use of MR antennas, the influence of rotation with respect to the main
magnetic field has to be regarded. From simulation results, it was deduced that rotation with
respect to the main magnetic field influences the sensitivity patterns of the selected antennas.
Increasing rotation decreases the localized signal of the center return. The signal becomes very
small for a rotation of 90 ° with respect to the main field. This indicates that the center return
can be used for tracking up to an angle with the main field of about 45 o. The angle of rotation
of the triple-loop and dual-opposed solenoids will have to be restricted to 45 ° because of a decreasing homogeneity for an increasing angle of rotation. An increasing angle of rotation causes
a sensitivity pattern with four lobes for the triple-loop. The dual-opposed solenoids antenna has
a circular homogeneous sensitivity pattern for rotations up to an angle of 45 o. Larger angles re88

suIt in a less homogeneous sensitivity pattern. At an angle of 90 ° it consists of two lobes. Thus,
tracking with the center return can be performed at large angles with respect to the main field,
although best performance is expected for angles up to 45 o. The triple-loop and dual-opposed
solenoids are both not suitable for imaging at large angles because of inhomogeneous sensitivity
patterns.
The objective was to select and optimize MR antennas. For the three selected antennas, i.e. center return, triple-loop, and dual-opposed solenoids, general rules of thumb for the optimization
are formulated. For the center return as many loops as possible should be used to increase the
signal intensity. Preferably, these wires should be divided symmetrically over the circumference.
In the triple-loop design, one loop should traverse the middle of the antenna. The other two
loops have to be positioned at equal distances on both sides of this loop, each having a minimal
distance to the center loop of 0..5 r, with r the radius of the antenna. The turns of the coils of
the dual-opposed solenoids should be positioned closely. The coils should have an equal number
of turns, similarly divided, but counter winded. The length of the connection wire between the
solenoids should be approximately half the height of a coil, to obtain both satisfying longitudinal
and radial sensitivity.
Development and testing of the selected antennas involved many aspects, e.g. interfacing of the
antenna. The performance of the antenna highly depends on tuning the antenna at the desired
frequency of 64 MHz and on matching to the input impedance of the transmission line. Additionally, materials with a small susceptibility should be used in the construction of antennas to
avoid susceptibility artefacts. Practical efforts resulted in a center return, triple-loop and dualopposed solenoids antenna for the purpose of in vitro tests. The results of these tests confirm
the results obtained with the static numerical model. The sensitivity patters of the triple-loop
and dual-opposed solenoids meet the expectations but will have to be improved for detailed
imaging.

8.2

Recommendations

Although considerable progress in the design of intravascular MR antennas has been made,
clinical use of these antennas is not to be expected in the near future. Different challenges
regarding intravascular MR antennas need to be dealt with first. In this section recommendations
are given for continuation of this project.
General rules of thumb for the optimization of the selected designs were formulated. In future,
a computer program for the optimization of antenna structures to the requirements should be
implemented. Short consideration of this objective revealed that Genetic Algorithms [19] could
be very useful for this purpose.
Surface coils are already clinically used to improve the detection of the signal compared to the
use of the body coil. To justify clinical application of intravascular MR antennas, the obtained
image will have to outperform the results obtained with the surface coils significantly. To verify
this, results of in vitro tests with intravascular MR antennas should be compared with results
obtained with surface coils in similar settings.
The constructed antennas are suitable to use in phantom s€ttings. For ex vivo they could
satisfy as well, but for in vivo experiments and subsequently clinical use, miniaturization of the
antennas is required. To achieve this, development of antenna structures with the use of other
techniques will have to be considered. Mechanical qualities of catheters, like flexibility, should
be characteristic of intravascular MR antennas as well. With extended techniques, it might also
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be possible to construct small phase-shifts, which enables the construction and use of quadrature
coils.
This project considered antennas for intravascular tracking and imaging. It would be interesting
to consider antenna structures for functional information and for spin labelling and tagging as
well. Especially when the requirements for imaging are satisfied, it should be possible to extend
the possibilities as the requirements for the mentioned applications are comparable.
Intravascular MR antennas are investigated, starting from the assumption that the application
is safe. To achieve this, techniques for the transmission of the signal other than by wire will
have to be investigated. Optical transmission should be considered.
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Appendix A

Far-field condition
As previously mentioned in Chapter 5, different boundaries for the different field zones are in
use. As condition for the far-field of the intravascular MR antennas, we applied
A

r» -.

(A.l)

21f

A more specific and well-known boundary between the near and the far zones is given by [3]
2D 2

(A.2)

r=--

A'

where D is the largest dimension of the antenna. This criterion is commonly used for antennas
with larger dimensions, like antennas of the aperture type. In that case, D is the largest
dimension of the aperture.
For the derivation of this condition, the vector potential from equation (5.77) is combined with
equation (5.79) [44]
(A.3)

for which c.p is defined as
1 e-jko\r-rol

c.p(r, ro)

= -4'
1f r

- ro

I'

(A.4)

where r denotes an observation point and ro denotes a source point. and the operator \7 r x
operates on the field point r. Using the vector identity
\7 x (VA)

= \7V

x A - V(\7 x A),

(A.5)

the integral term can be written as
(A.6)

Next to this, apply
(A.7)

and
\7c.p(r, ro)

=

J..-e-jkolr-rol\7 (
1
)
41f
Ir - rol

+

1
\7
41f lr - rol

(e~jkolr-rol)

.

(A.8)

With the help of the relations
\7 (
Ir

1
) _ _ r - ro
- ro I Ir - ro 13
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the magnetic field can be expressed as

(A.H)
in which the coordinate rd is introduced according to rd = r - ro with rd = Irdl and the unity
vector in the direction rd is given by e rd = rd/rd'
Starting from this expression, an approximation for H, valid only in the far-field, is derived.
The distance rd between the observation point P with the coordinates (x,y,z) and the source
point Q with coordinates (XO,YO,zo) is given by
(A.12)
which can also be written as

rd = J(r 2 - 2(xxo + YYo

+ zzo) + (x6 + Y6 + z5)),

(A.13)

with r 2 = x 2 + y 2 + z2. In the far-field, xo, Yo, and Zo will be small with respect to r. Therefore,
a binominal expansion can be derived for r d according to

r[1+~(-:2(Xxo+YYo+ZZo)+x6+;~+z5)

rd

2
x6 + Y5 + z5 ) 2
"81 ( - r2(XXO
+YYo + zzo) +
r2
+ ... ]

1

r [ ~

xxo + YYo
r2

xxo + YYo

+ zzo

+

x6

+ Y5 + z5
2r 2

-

(xxo

+ YYo + zzO)2
2r4

+ ...

]

+ zzo

r-------=--'---r
r - (e r , ro),

(A.14)

with e r = r Jr. The approximation above, is justified if the term xS+~~+z6 is small enough. This
will cause the corresponding exponential factor to approximate 1. A common criterium is
(A.15)
Assume, the maximum dimension of the antenna is D and the origin of the coordinate system
is approximately in the center of the antenna system, thus

~

=

Jx6 + Y6 + z6·

(A.16)

Under these assumptions, condition (A.15) transforms to the far-field condition
(A.17)
The choice for this condition is related to the accuracy of phase measurements in former days.
These could be performed with an accuracy of about 22.5 degrees. With the distance R = .\/16
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at the boundary condition, and the phase term expressed as koR, the maximum phase error
allowed, is
2'IT A
'IT
0
koR = - - = - = 22.5 .
(A.18)
A 16

8

Combining this knowledge, with the fact that the condition kor » 1 will always have to be
satisfied to be in the far-field, the dimensions of antennas for which condition (A.17) apply can
be derived

A

2D 2

2'IT

A
A

D

..j1r

2 'IT

(A.19)
~ 0.28A.

(A.20)

As the wavelength in blood is 0.52 m, this implies that the considered antennas should have a
maximum dimension of
(A.21)
0.28A = 0.28· 0.52m = 0.15m,
to justify application of the far-field condition R > 2L 2 / A. Intravascular MR antennas will
have to be much smaller, therefore, far-field condition kor » 1 is applied. In literature, it is
recommended that this condition is used for antennas with dimensions related to the wavelength
as L < O.lA.
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Appendix B

Method of solution of static
numerical model
Imagine a wire structure to be composed of straight segments, starting in point (XI,YI,ZI) and
with the end at point (X2,Y2,Z2). The purpose is to determine the magnetic field intensity at a
point (XO,YO,zo), which is not on the line extending between (XI,YI,zd and (X2,Y2,Z2) [28].
This line l can be expressed in terms of a single parameter t as

and the infinitesimal segment dl of Biot-Savart's law (equation (5.57)) as
(B.2)

The vector R . the vector between the infinitesimal conductor line element dl and the observation
point P can in similar way be written as
R(t)

= i[(XI - xo) + (X2 - xdt] + j[(YI - YO) + (Y2 - ydt] + k[(ZI - zo) + (Z2 - Zl)t].

(B.3)

With these expressions Biot-Savart's law can be rewritten. The numerator becomes

dl x R =

(X2 - xI)dt
(Xl - Xo) + (X2 _. xdt

J

k

(Y2 - YI)dt
(YI - YO) + (Y2 - ydt

(Z2 - zddt
(Zl - Zo) + (Z2 - .Zl)t

(B.4)

and the denominator

R3 =

{

[(Xl -- Xo)

+ (X2

- xdt] 2

+ [(YI

- YO)

+ (Y2

- YI)t] 2 + [(Zl - Zo)

+ (Z2

~

Zl)t] 2}3/2 .
(B.5)

This produces a relatively simple equation of the form

fW

dl x r

0

=

I

f

Dxdt

(A

0

+ Bt + Ct 2)3/2 + J

f

Dydt

(A

+ Bt + Ct 2)3/2 +

k

f

Dzdt

(A

+ Bt + Ct 2)3/2'

(B )
.6

where

+ (YI

+ (Zl

A

(Xl -- XO)2

B

2[(XI - XO)(X2 - Xl) + (YI - YO)(Y2 - yd
(X2 - xd 2 + (Y2 - yd 2 + (Z2 - ZI)2,

C

- YO)2

(Y2 - YI)(ZI - Zo) - (Z2 - ZI)(YI - yo),
(Z2 - Zd(XI- Xo) - (X2 - XI)(ZI - ZO),
(X2- XI)(YI - yo) - (Y2 - YI)(XI - XO)·
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(B.7)

- ZO)2,

+ (Zl

- ZO)(Z2 - Zl)],

(B.8)
(B.9)
(B.10)

(B.ll)
(B.12)

The parameter t is integrated from 0 to 1, as in this way the integral along the line segment is
performed.
In the static numerical model, written in MATLAB, this transforms to

MU = 4.0E-7;
NUM = 4*pi;
for i=l: Nmax,
DX21(i) = X2(i)-Xl(i);
DY21(i) = Y2(i)-Yl(i);
DZ21(i) = Z2(i)-Zl(i);
C(i) = DX21(i)-2+DY21(i)-2+DZ21(i)-2;
end

for k=l:kmax;
for i=1:1max;
for m=l:mmax;
for j=l:Nmax;
DX01(k,i,m,j) = XO(k)-Xl(j);
DY01(k,i,m,j) = YO(i)-Yl(j);
DZ01(k,i,m,j) = ZO(m)-Zl(j);
A(k,i,m,j) = (DX01(k,i,m,j)-2)+(DY01(k,i,m,j)-2)+(DZ01(k,i,m,j)-2);
B(k,i,m,j) = -2*(DX01(k,i,m,j)*DX21(j)+DY01(k,i,m,j)*DY21(j)+ ...
DZ01(k,i,m,j)*DZ21(j));
DBX(k,i,m,j)
DBY(k,i,m,j)
DBZ(k,i,m,j)

=
=

=

DY21(j)*DZ01(k,i,m,j)-DY01(k,i,m,j)*DZ21(j);
DX01(k,i,m,j)*DZ21(j)-DX21(j)*DZ01(k,i,m,j);
DX21(j)*DY01(k,i,m,j)-DX01(k,i,m,j)*DY21(j);

WN(k,i,m,j) = -2*B(k,i,m,j)*sqrt(A(k,i,m,j)+B(k,i,m,j)+C(j))* .
(4*A(k,i,m,j)*C(j)-B(k,i,m,j)-2)+ (2*B(k,i,m,j)+4*C(j))* .
(4*C(j)*A(k,i,m,j)-(1.5)-sqrt(A(k,i,m,j))*B(k,i,m,j)-2);
WD(k,i,m,j) = (4*A(k,i,m,j)*C(j)*sqrt(A(k,i,m,j)+B(k,i,m,j)+C(j)) ...
-B(k,i,m,j)-2*sqrt(A(k,i,m,j)+B(k,i,m,j)+C(j)))* ...
(4*C(j)*A(k,i,m,j)-(1.5)-sqrt(A(k,i,m,j))*B(k,i,m,j)-2);
T(k,i,m,j) = (MU*I/NUM)*WN(k,i,m,j)/WD(k,i,m,j);
BX(k,i,m,j)
BY(k,i,m,j)
BZ(k,i,m,j)

= DBY(k,i,m,j)*T(k,i,m,j);
= DBZ(k,i,m,j)*T(k,i,m,j);

BXL(k,i,m)
BYL(k,i,m)
BZL(k,i,m)

BXL(k,i,m) + BX(k,i,m,j);
BYL(k,i,m) + BY(k,i,m,j);
BZL(k,i,m) + BZ(k,i,m,j);

=

DBX(k,i,m,j)*T(k,i,m,j);

end

S(k,i,m)
end

sqrt(BXL(k,i,m)-2+BYL(k,i,m)-2);

end
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end
In this routine the number of observation points in x-direction (length( XO)) is indicated with
kmax, lmax the number of observation points in y-direction (length(YO)), and mmax the number of observation points in z-direction (length(ZO)). This yields the magnetic field components
BX, BY, and BZ in the point (XO,YO,ZO) for a current flowing from a point (Xl,Yl,Zl) to
(X2,Y2,Z2). The magnetic field produced by a system of straight line segments is the sum of
the fields which are calculated for the line segments separately. Therefore, through multiple
calls, equal to the number of straight line segments used (Nmax), to this routine the three
components of the magnetic field of an antenna of arbitrary shape can be calculated. Only the
signal in the transversal plane will be received, therefore the sensitivity S = v' BX2 + By2 j I

[TjA].
To incorporate the influence of rotation also in this routine, the last part of this routine is
changed in

BXLOr(k,i,m)
BYLOr(k,i,m)

BXL(k,i,m)*Rxx + BYL(k,i,m)*Rxy + BZL(k,i,m)*Rxz;
BXL(k,i,m)*Ryx + BYL(k,i,m)*Ryy + BZL(k,i,m)*Ryz;

S(k,i,m) = sqrt(BXLOr(k,i,m)-2+BYLOr(k,i,m)-2);
end
end
end
and a rotation matrix is included,

phi = pi/2;
psi = 0;
theta = 0;
Cph
Sph
Cps
Sps
Cth
Sth

=

cos(phi);
sin(phi);
cos(psi);
sin(psi);
cos(theta);
sin(theta);

Rxx
Rxy
Rxz

Cth*Cps;
Cps*Sth;
-Sps;

Ryx
Ryy
Ryz

-Cph*Sth+Cth*Sph*Sps;
Cth*Cph+Sth*Sph*Sps;
Cps*Sph;

Rzx
Rzy
Rzz

Sth*Sph+Cth*Cph*Sps;
-Cth*Sph+Cph*Sth*Sps;
Cph*Cps;

where phi, psi, and theta are the rotation around respectively the x-, y, and z-axis.
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Appendix C

Conditions for tuning and matching
The equation to start with is
R1
Zp

C2

R2

.....--e::::J--r--t1 t----e:J--

1

+ JW
--:----C + R2
2

L

jwL+Rl
--;;-...,,-------".2
1 - w LCl + JwR l Cl

+

1
-.JWC2

+ R2·

(C.1)

zp ~-

These term,; will have to be transformed to an expression like

Zin = X

+ jY,

(C.2)

to easily find the solution for the requirements
X

Re{ Zin} = 50 0,

Y

Im{Zin}

Figure C.1: Electrical circuit to achieve tuning and
matching of antenna.

(C.3)

= 0 O.

(CA)

jwL + R l
--".-...,,-------+ -1- + R 2
1 - w 2LC l + jwRl Cl
jwC2
'
2
-w L(C2 - C l - LR2C l) + 1 + R 2 + jw(R l R 2Cl + R 2C2 + R l C2 + RlCt} .(C..5)
-w2RlClC2 + jW(C2 - w2LClC2)

To distinct the real and imaginary part of the input impedance, the numerator and denominator
are both multiplied by
(C.6)
_w 2R l Cl C2 - jw( C2 - w 2LCl C 2),
after variables have cancelled each other out, this yields the following requirements,
X

Re{Zin}

-RlCl (1

+ R2 -

w 2L(C2 + Cl + R2Cl)) + (1- w 2LCt} (RlC2 + RlCl
w4 £2CrC2 + w 2RiCrC2 - 2w 2LC l C2 + C2

+ RlR2Cl + R2C2)

500,

(C.7)

and

Y

Im{Zin}
-(1- w 2LCt} (1

+ R2 -

w 2L(C2 + C l + R2Ct}) - w2RlCl(RlC2 + RlCl
w 5L2CrC2 + w 3RiCrC2 - 2w 3LCl C2 + WC2

00.

+ RlR2Cl + R2C2)
(C.8)
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Appendix D

Short circuit
Consider the circuit of Figure C,l to be changed in the circuit of Figure D.1

1
Zin

1
1
- =jwC+ Zp
R

1

+jwL
-

-w 2 LCR + jwL
jwLR

+R

(D.1)

Thus

Zin

jwLR
R(l - w 2 LC) + jwL
jwL
(1 - w 2 LC) +

¥.

(D.2)

Suppose R 1 0, as is the case if a short circuit exists. The influence of the
inductance L becomes dominant, after all jwL/ R T00. The term (1 - w2 LC)
becomes negligible in comparison to this term and this is the only term incorporating the capacitor C. This could explain why a shift of the resonance
frequency was not achieved by connecting a capacitor, regardless the size of
the capacitor.
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