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Abstract

This work describes the study of coil for Magnetic Resonance Imaging (MRI)
application. Concretely, the principal objective is the design of a birdcage coil
(RF coil) to use in a 7 Tesla scanner.

More strength field has a better SNR and increased chemical shift effects,
improving spectral fat suppression and spectroscopy. Moreover, a better SNR
increases the spatial resolution or reduces the imaging time. For this reason, it
is interesting research with high fields.
The birdcage coil achieves circular polarization and generates a high
homogeneous radio frequency magnetic field under many conditions. In this
project is designed a Birdcage coil for a 7T to obtain images from small
animals (like a mouse). It opens the door to design and construct a Birdcage
coil for a 7T to obtain human brain images.

In this project thesis, for obtain the design, a study is carried out firstly using
the computer program BirdcageBuilder (developed by the Penn State Hershey
collage of Medicine). Secondly, the results obtained with this simulator are
introduced to the CST Microwave Studio, creating a 3D model and generating
a simulation. In this step, finally the parameters are readjusted to obtain our
desired Larmor frequency (298,2MHz) for a correct operation in 7T. These
simulations demonstrate the theoretical results from our design and it shows
the designed antenna behaviour.
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INTRODUCTION

Magnetic Resonance Imaging (MRI) is a medical non-invasive technique used
to obtain high quality images of the internal tissues (inside of the human body or
animal body). Thus, MRI uses the nuclear magnetic resonance property (NMR)
to produce images from the nuclei of atoms inside the body. NMR phenomenon
has become an indispensable tool in the field of chemistry, biochemistry and
structural biology. This is because, NMR can be used not just to image anatomy
and pathology, it helps to investigate organ functions, to prove chemistry and
even to visualize the brain thinking.
At the beginning the imaging technique was called nuclear magnetic resonance
imaging (NMRI) but for the negative connotations associated with the word
“nuclear” (nuclear weapons) the name was changed for magnetic resonance
imaging (MRI). The first NMR signals were observed in the 1946 by two
research groups: Bloch, Hansen and Packard from Stanford and MIT University
and Purcell, Torrey y Pound from Harvard University. In 1952, Bloch and Purcell
received the Nobel Prize in Physics for their discoveries in this field. Ultrasound
was developed in the 1950’s following the development of SONAR in World
War II and it offered a no ionizing radiation and the possibility of safe and noninvasive imaging. In the period between 1950 and 1970, NMR was developed
and used for chemical and physical molecular analysis. In 1959, J.R Singer,
from University of California, proposed that NMR could be used as a noninvasive tool to measure in real time blood flow. In 1970, was introduced in the
market the first commercial spectrometer working with Fourier transform (FT). In
1971, Raymond Damadian demonstrated that the nuclear magnetic relaxation
times of tissues and mouse tumours are different; this fact increased the
interest to consider magnetic resonance for detection of diseases than
ultrasound and x-ray technologies. In 1973 Hounsfield and Cormack introduced
the x-ray-base computerized tomography (CT), this technique was unique in
producing tomography images or slices of the living human body for the first
time and with a higher contrast than with conventional planar techniques (they
earn the Novel Prize 1979). Moreover, in the same year 1973, Paul Lauterbur
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(Nobel Prize in 2003) demonstrated on a small test tube the first magnetic
resonance imaging and proposed to use magnetic field gradients to orientate
NMR signals originating from different locations. In 1975 Richard Ernst
proposed to use the phase and frequency encoding and the Fourier transform.
At this point, with the production of more stable permanent magnets the
investigations went to generate high resolution images with less time. MRI is a
young and growing science field.

In this project, the principal objective is the design of a birdcage coil (RF coil) to
use in a 7 Tesla scanner. The clinical systems usually operate in the range of
0.2-3T. A more strength field has a better SNR and increased chemical shift
effects, improving spectral fat suppression and spectroscopy. Moreover, a
better SNR increases the spatial resolution or reduces the imaging time. For
this reason, it is interesting research with high fields.
The birdcage coil was introduced two decades ago and even it is a popular coil
used in MRI because of its ability to achieve circular polarization and generate a
high homogeneous radio frequency magnetic field under many conditions. In
this project is designed a Birdcage coil for a 7T to obtain images from small
animals (like a mouse); it opens the door to design and construct a Birdcage
coil for a 7T to obtain human brain images. The results of the simulations
indicate that the design of our RF coil works in the correct Larmor frequency to
work in 7T.

The next pages are divided in: first is present to the reader the basics of MRI,
explain the birdcage coil theory, next show the design and simulations done and
finally the conclusions obtained.
[4][7][9][19][20]
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1. Physical Principles of Nuclear Magnetic Resonance
In this chapter is given a brief introduction to the Physical Principles of nuclear
Resonance. The MRI (Magnetic resonance Image) is based on the physical
principles of nuclear magnetic resonance (NMR), this describe the behaviour of
certain nuclei in an applied magnetic field. The description below is based on a
classical mechanical model, although NMR can be more accurately treated by
quantum mechanics.
For more detailed information and expression demonstrations is recommended
look the bibliography references.

1.1 Nuclear Spin and Properties
Some atomic nuclei has a property known as spin (angular momentum), this is
the base of the NMR. The spin can be considered as an outcome of rotational
or spinning motion of nucleus about its own axis (figure 1.3). For this reason,
nuclei having spin angular momentum are often referred to as nuclear spin. The
spin angular momentum of a nucleus is defined by the spin quantum number p

(1.1)

Where h is Planck’s constant 6.626 × 10−34. The value of spin quantum
number depends on the structure of nucleus (the number of protons and
neutrons). In Table 1.1 we can observe the spin quantum number of some
nuclei. The most receptive to NMR experiments is Hydrogen (H, with I=1/2)
because is the most abundant element in the nature and in the body,
concretely, the body is about 60-70% water (H2O) and hydrogen (H) nuclei (i.e.
proton) in water are the most abundant feature of soft-tissue. On the other
hand, the most common isotopes of carbon (12C) and oxygen (16O cannot be
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observed by magnetic resonance experiments because it have a nuclei with
I=0.
We can imagine a proton like a small sphere of distributed positive charge that
rotates at a high speed about its axis; and this rotation produces an angular
momentum. Moreover, particles also associated with their orbital motion have
an angular momentum. Then, considering the proton like a small sphere with a
distributed charge appear some net charge circulating about its axis. Thus, this
current produces a small magnetic field. Neutrons can also be thought of as a
sphere of distributed positive and negative charges. But this charges are not
uniformly distributed, for this reason, the neutron also generates a magnetic
field when it spins. These small magnetic fields are called “magnetic moments”
symbolized by µ. The relationship between the angular momentum J and the
magnetic moment µ of a nucleus is given by:

(1.2)

Where

is called gyromagnetic ratio, it is characteristic of a particular nucleus

(Table 1.1) and it is proportional to the charge-to-mass ratio of nucleus. Note
that both μ and p are vector quantities having magnitude and direction.
[1][4][16]

NMR Properties of some selected Nuclei
Nucleus

Nuclear Spin

Gyromagentic

Natural

Relative

Ratio (MHz/T)

Abundance

Sensitivity*

(%)
1H

½

42.58

99.98

1

13c

½

10.71

1.11

0.016

19f

½

40.05

100

0.870

31p

½

17.23

100

0.066

23Na

3/2

11.26

100

0.093

*calculated at constant field for an equal number of nuclei
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Table 1.1 This table shows the nuclear spin, the gyromagnetic radio, the natural
abundance and the relative Sensitivity from different nucleus. Table from [1].

[1][3]

1.2 Behaviour of nuclei in an external magnetic field
In the absence of an applied external magnetic field all the nuclei of the material
are oriented in random directions. When an external uniform magnetic field
(B0) influences to a group of protons, the interaction between the magnetic
moment µ and the field B0 tries to align the two.

Figure1.1
In the figure it is appreciate the difference between nuclei behaviour when it are
affected by an external magnetic field (B0) and when not. Image from [10]

The proton may assume one of two equilibrium positions: either with “parallel” to
or against “anti-parallel” to the direction of the applied field. The two states are
considered stable, although the energy associated with the parallel state is
clearly lower than the antiparallel state (higher energy state). The difference in
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energy, ∆E, between the two states is proportional to the strength of the
magnetic field B0 and it is given by the expression:

(1.3)

Figure 1.2
This image shows the different energy levels and the difference between them.
Image from [1]

It is important observe that in the presence of an applied magnetic field Bo, the
spinning nuclei experience a torque figure 1.3.
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Figure 1.3
It is observed the spin; each charged nucleus induces a magnetic moment µ
due to spinning and it is observed the torque; in the presence of an applied
magnetic field B0 the spinning nuclei experience a torque. Picture from [2].
[1][2][9][10][16]

1.3 .The Larmor frequency
Spin is in lower energy state when nuclei are aligned in the same direction of
external field and they are in higher energy state when they are aligned in the
opposite direction. The especially useful quality of particles with spin is that they
can undergo transitions between the energy states by absorbing or emitting
photons with energy. A photon with precisely the right energy can strike a
nucleus and flip its magnetic dipole from its lower to higher energy state.

Generally, resonance is a phenomenon that occurs when an object is exposed
to an oscillating perturbation that it has a frequency close to its own natural
frequency of oscillation. Rabin used this resonance phenomenon to make
precise measurements of the magnetic dipole moments of nuclei.
The electromagnetic wave frequency that achieves the energy transition is the
“resonant” or “Larmor” frequency. It depends only on the nuclear constituent we
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want to excite and the external magnetic field strength applied to the tissue
sample. The Larmor equation is:

(1.4)

Where the constant

is the gyromagnetic ratio of the proton. The gyromagnetic

ratio of a particle or nucleus is the ratio of its magnetic dipole moment (μ) to its
spin angular momentum (

). W0 is in units of radians/second and

is

in units of radians/sec/T and this value depends on the element (in the
hydrogen case is about 42,6MHz/T). Larmor equation is one of the most
important equations in MRI. It informs about the precise frequency of
electromagnetic radiation that must be sent into the tissue to excite hydrogen
nuclei, and it tells us the electronic frequency we must “listen to” to measure the
MRI signal emitted from the body. For example, using hydrogen nuclei as the
source of MR signal at 1.5 T, usual in medical scanners, the resonant frequency
is:

(1.5)

In our case we’ll use 7T:

(1.6)

At 7T the Larmor frequency of hydrogen is 298,2MHz.

[3][5][16]
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1.4 Effects of Radiofrequency Pulse

Considering the large number of protons the magnetization vector is defined as
the sum of all individual magnetic moments. The magnetization vector (M) is the
one-to-one correspondence between the proton magnetic moment and its spin
states; M is referred like the spin density of the system. This magnetization
vector M in equilibrium precesses around the external magnetic field. Therefore,
M would only have a longitudinal component and it will not produce a detectable
signal.
It is necessary perturb the signal from its equilibrium state and get M to precess
about B0. This is done by applying a radiofrequency (RF) pulse that precisely
needs the Larmor frequency of the nuclei of interest. This RF pulse generates a
second magnetic field called B1. Thus, B1 is perpendicular to B0 and rotates
about B0. The RF magnetic field B1 may be written as:

(1.7)

(1.8)

(1.9)

The B1 field is applied over the xy axis and its strength depends on the power
transmitted per time value. The RF field B1 is added at the Larmor frequency
and it breaks the equilibrium of the tissue net spin, as a result, the
magnetization is tipped away from the z direction at an angle of certain degree.
The magnetization will rotate about the z direction at the Larmor frequency and
hence spirals away from the longitudinal direction, towards the transverse plane

10

(Figure 1.4). Eventually it can comes back to the equilibrium state (this
phenomenon is called relaxation). This is because the applied radiofrequency
corresponds to a photon energy that exactly equals the energy needed to cause
the hydrogen dipole to flip from pointing along B0 (high energy state) to pointing
opposite B0 (low energy state).

Figure 1.4
Rotating B1-field causes an RF flip angle θ of the macroscopic magnetization
M. Figure from [2].
[2][11][16]

1.5 Relaxation
Relaxation is the process by which the protons release the energy that they
absorbed from the RF pulse and goes back to equilibrium. This phenomenon
combines 2 different mechanisms: the longitudinal relaxation corresponds to
longitudinal magnetization recovery and the transverse relaxation corresponds
to transverse magnetization decay.

This recovery process of the magnetization along the z axis is called
longitudinal magnetization (Mz) or “spin-lattice relaxation time” and is
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characterized by an exponential curve with a time constant T1, this is the time
interval needed for the longitudinal magnetization to recover to a value of 63%
of the equilibrium value M0. On the other hand, the decay process along the xy
axis is called the transverse magnetization (Mxy) or “spin-spin relaxation time”
and is represented by the time constant T2, it is the time that the transverse
magnetization takes to decay to 37% of its initial value M0 figure. The
longitudinal and transversal magnetization can be written as:

(1.10)

(1.11)

The relaxation process is a fundamental process in MR, it provides the principal
mechanism when it is calculated the contrast between tissues with different T1
values and when it is determined which imaging method can obtain the greatest
signal-to-noise ratio (SNR).

The relaxation times T1 and T2 are determined by the molecular environment
and, for this reason, are depends on the sample. In general T2 is greater for
liquids than for solids (Canet 1996). For pure liquids T1=T2 and for biological
samples T2<T1. For tissues in the body, the relaxation times are in the ranges
250 msec<T1<2500msec and 25msec<T2<250 msec and, usually, 5T
2<=T1<=10T2.
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Figure 1.5
In this figure is possible to appreciate the T1 and T2 curves.
[2][3][5]

1.6 Magnetic field gradients
It is possible show the signal created by tipping the magnetization vector from
its initial equilibrium position. But if the objective is to generate an image from
this signals it is necessary a more refined signal. The RF receiver coil receives
signal from different parts of the analyzed sample simultaneously. This fact
makes impossible to set one to one correspondence between the signal and the
origin. So it’s necessary to have a method able to detect how much signal is
generated in a specific position in the sample. For resolve this problem it is
used linear field gradients on a main static field one can generate projection of
an object from which the image can be reconstructed (Lauterbur 1973).
The linear variation in the gradient field is required for accurate spatial
encoding; on the contrary, nonlinearity on an image produces a misplaced
signal and a geometric distortion

A magnetic field gradient is an additional magnetic field, superimposed on the
main magnetic field, in the same direction as B0, whose amplitude varies
linearly with position along a chosen axis. This magnetic field allows spatial
information to be obtained from analysis of the MR signal; it makes it by

13

introducing deliberate inhomogeneities into the B0 field. The magnetic field
gradients in the x, y, and z directions required for an imaging study are
produced by three sets of orthogonally positioned coils; it is represented in the
next schematic picture of an MRI scanner Figure 1.6. The main magnet
generates substantially uniform and a strong magnetic field with a strength of a
few Tesla (T), (chapter 2.1), In contrast, the gradient fields are normally
expressed in millitesla per meter (mT/m).

Figure 1.6
Schematic of an MRI scanner with the different gradient coils. Picture from [2]

Apply the field gradient causes the magnetic field strength to vary according to,
for example in the gradient Gx in the x direction:

(1.12)
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The magnetic fields are produced by combining the fields from the magnetic
homogeneous B0 field and a smaller magnetic field directed along the z axis.
Therefore, a secondary magnetic field is produced by the gradient coils.
The strength of a gradient coil is produced linearly along a certain direction.

When this field is superposed on the homogeneous field B0, it either reinforces
or opposes B0 to a different degree, depending on the spatial coordinate. This
results in a field that is centred on B0. It is important to note that the total
magnetic field is always along the B0 axis (z axis, for convention). The gradient
system incorporates three spatially independent (x, y or z) and time controllable
gradient fields. For this reason, by powering the gradient coils in combination, it
is possible to generate magnetic field gradients in any direction.

Figure 1.7
It is possible observe the main magnetic field (up), the magnetic field gradients
(down), and the result magnetic field (right). Picture from [1]
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The gradient coils oriented in x, y and z, together with the change in time of the
gradient of the field, effects the precession frequency. The gradient coils have
three important functions for the reconstruction of images:
• Select a slice;
• Location by use of frequency encoding;
• Location by use of phase encoding.

1.6.1 Frequency encoding
Lauterbur (1973) proposed the frequency encoding, it consist in add a gradient
field along an arbitrary line "r" in the space, with this, is possible establish a
relationship between spatial information along r and the frequencies of the MR
signal. In this case, the Larmor frequency at r is:

(1.13)

Where the

is the frequency-encoding gradient defined by

. Without considering the T2 effects, removing the centre frequency
and the coil sensitivity effects the following expression is obtained:

(1.14)

1.6.2 Phase encoding

To generate a multidimensional image is necessary to use the phase encoding.
The phase encoding method encodes the especial location with different initial
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phases. A gradient field along a line “r” is turned on for a short period of time,
and then turned off. The signal after a period (TPE) is

(1.15)

Where the carrier signal exp(-

) is removed after signal demodulation

[1][2][3][11][16]

1.7 Image construction
There are some methods to obtain the images from the data obtained in the
receptor. These methods are based in the RF pulse shapes and repetitions
(encoding). Combining the frequency and phase encoding methods we can
reconstruct images in 2D and 3D space. The processing methods have different
characteristics one from another, the principal are the data acquisition and the
image reconstruction velocity. This project doesn’t enter in the signal processing
design, for this reason if the reader is interested in MRI processing image can
consult the bibliography [1]

1.8 Tissue Excitation example (resume)
When a human is placed in a scanner with a magnetic field a collective effect of
numbers of hydrogen nuclei produces a net tissue magnetization (A in figure
1.8). For measure this tissue magnetization from the hydrogen nuclei it is
necessary a strong magnetic field B0. This is because the hydrogen nuclei can
be in two different energy states, the difference between the two states depends
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only on the nucleus’s magnetic dipole strength γ, and the strength of the
external field B0.(equation ∆E=γB_0)

A tissue magnetization along the static magnetic field B0 rotates into the
transverse plane by applying a radiofrequency (RF) pulse (B in the figure1.8).
This RF pulse requires the Larmor frequency of the nuclei of interest. In this
case to excite hydrogen nuclei in tissue in a 7T scanner, the RF wave oscillating
at 298.2MHz.

Figure 1.8
The process responses from a tissue in the B0 field, B1 field applied at Larmor
frequency and precession.

This radiofrequency corresponds to a photon energy that exactly equals the
energy needed to cause the hydrogen dipole to flip from pointing along B0 (up)
to pointing opposite B0 (down). The RF pulse is applied to all tissues in the
centre of the magnet. The RF pulse strength and duration determine how much
tipping of tissue magnetization occurs (“the flip angle”). In most MR scanners,
the duration is fixed and the strength is varied to flip tissue magnetization from a
few degrees relative B0 up to 180º from the longitudinal direction. The
maximum signal is measured when the longitudinal magnetization is tipped into
the transverse plan (flip 90º exactly).
At the Larmor fixed frequency the tissue magnetization, once rotated into the
transverse plane, is frequency-encoded at this specific frequency, making it
easier to measure (c in the figure 1.8). Applying a magnetic field gradient it is
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possible modify the precessional frequency as a function of position to know the
MR signal source.
At this moment, the RF transmit is turned off for none create interferences and
the tissue magnetization can be measured.
[4]

2. Hardware of Magnetic Resonance Imaging

Figure 2.1
Basic diagram of a transmitter and receiver in an MR system. Figure from [4]

2.1 The main magnet
The magnet is the heart of the NMR system. In all the experiments is necessary
to generate a strong magnetic field B0, which is uniform over the volume of
interest. The main field may point horizontally or vertically depending on
whether the magnet is ‘closed’ or ‘open’ bore (the bore is the opening where the
patient goes). In diagnostic systems the closed systems are more common.

The most important for the main magnet is that its field be uniform. Due to
design constraints the static magnetic field is no uniform and its homogeneity is
optimized by a process known as "shimming", this method consist in introduce
pieces of steel and/or electrical coils into the magnet to improve the uniformity.
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The shim coils are a set of coils designed to produce a polarized field in the
same direction as the main field, if the main magnet’s non-uniformity is known
the shims can be set to carry gradients which cancel (by superposition) the
inhomogeneous components of the main field.

It is interesting that the main field be as strong as is economically possible. This
is interesting because, with a high field, provides a better SNR and better
resolution in the spatial and frequency domains. The only problem is when the
main field is so strong that it requires a RF radiation of a frequency high enough
to interact undesirably with the subject under test. But, NMR spectroscopic
systems with very high fields, usually, tend not to be limited by this since these
systems, because it typically has very small sample sizes, which diminishes the
importance of the RF interaction phenomena at high frequencies. This allows
the RF coil to be very close to the majority of the sample volume, enhancing its
sensitivity.
The clinical imaging systems usually operate in the range of 0.2-3T. For
example in spectroscopy is generally performed at 1.5T and above. But some
functional MRI systems have 3T or 4T main magnets, and research systems
are developed with higher fields strengths. NMR systems are available with field
strengths as high as 17.5T.

The principal types of magnets used in MRI are:


permanent magnets



resistive and electromagnets



superconducting magnets

Permanent magnets use materials in which large magnetic fields are induced
during manufacture. They have maximum field strengths around 0.2–0.3 T, it
is a very weak fringe fields, for this reason, the apparatus does not need to be
heavily shielded to avoid unwanted interactions that might result from a
magnetic field extending outside of the room of the experiment. Permanent
magnets may also be very small, and it has interest in their possible use in
micro fluidic NMR spectroscopy, where very small samples are used.
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Installation and running costs are low. In contrast, the temperature changes in
the magnet is a problem because RF frequency is not modified by some
system, therefore not remain at the Larmor frequency if the temperature
changes after calibration. It should be remembered that permanent magnets
cannot be ‘switched off’. A modern commercial permanent magnet system
typically has a field strength of 0.2 T with homogeneity of 40 ppm over a 36-cm
DSV and weighs around 9500 kg.

Resistive magnets are based on the principle of the Helmholtz coil pair. They
use currents in “imperfect” conductors to produce magnetic fields. It consist in
an electric current passed through a large coils made by copper or aluminium
generating a magnetic field. Resistive magnets were used for the first
generation of MRI systems. The power required is around 40-100Kw to
generate a field about 0.2T. Thus, resistive magnets are extremely inefficient.
In contrast, they are easy and inexpensive to fabricate and maintain, and can
be easily turned off. MRI systems using resistive magnets typically have field
strength from 0.05 to 0.6T. The homogeneity is moderate (50–200 ppm over a
50-cm DSV), and the limitation is associated with heat dissipation. To resolve it,
usually cooling systems are used to dissipate the heat.

Electromagnets use coils wound around soft iron pole pieces. When an
electric current flows through the coils the iron becomes a magnet (the base of
electromagnets). Thanks to use an iron core, this system has a higher magnetic
field than an air-cored magnet. The electromagnets have around 0.6T strength
and homogeneity is typically 5 ppm over a 20-cm DSV.
The principal disadvantage in these magnets is that they tend to be quite heavy
due to the large mass of iron required.

Superconducting magnets are becoming very used in MRI and high
resolution NMRS applications.
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Superconducting magnets use the special properties of certain materials, which
at temperatures approaching absolute zero (-273.16ºC, 0 K) have zero
electrical resistance. Thus, an electric current introduced in a loop made with
Superconducting wire, held below its transition temperature, will tend to
continue to circulate indefinitely.

The coil windings, made from an alloy such as niobium-titanium, needs liquid
helium to be used as a cryogenic cooling fluid, it have temperatures below 12K
and its boiling point is 4.2K. In normal operation, some helium ‘boils off’ and are
released into the atmosphere outside. This helium is very expensive and its
necessary maintain it in the appropriate level. In addition, in an emergency (if it
gets to hot) a quench can be initiated deliberately. Despite their high cost and
complexity, these types of magnets are necessary because any desired field
strength over 0.6T practically requires the use of superconducting magnets. The
fields produced by a properly designed superconducting magnet can be very
strong, up to approximately 8 T whole body and considerably higher for smaller
bores, with high homogeneity e.g. 5 ppm over 50 cm DSV at 1.5 T, and stability,
e.g. <0.1 ppm

and 1000 ppm

. A modern superconducting magnet

typically weighs 3000–4000 kg inclusive of the cryogens. [4]

[4][9][16]

2.2 Gradient coils
All the MRI modalities and many spectroscopic techniques require deliberate
inhomogeneities to be introduced to the B0 field. The localization of the MR
signals in the body to produce images is achieved by generating short-term
spatial variations in magnetic field strength across the patient. The
inhomoigieneities can be used to frequency encode spatial information about
the returned signal (see chapter 1). For generate images, applied gradient must
not be dominated by the unknown, undesired fluctuations in the field produced
by the main magnet. Many clinical imaging systems are capable of producing
10mT•m-1 gradient to this end. It is important know that use strong gradients
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permits smaller anatomical features to be seen in the images, and enables
faster scanning.

Some imaging techniques require gradient pulsing. Gradient coils cannot be
switched on or off instantaneously because it has a natural self-inductance. For
this reason, the switching of gradient coils induces undesirable eddy currents in
the surrounding structures, especially the magnet, which may distort gradient
uniformity. To compensate for this, so-called “pre-emphasis” pulse shaping may
be used or some form of passive or active shielding may be employed.
The gradient fields are produced by three sets of gradient coils, one for each
direction, through which large electrical currents are applied repeatedly in a
carefully controlled pulse sequence.
Notice that, although the variation of the field may be in the transverse plane,
the only component of interest in the produced field is oriented in the axial
direction since this is the direction of the main field. The gradient coils are built
in to the bore of the magnet. The gradient coils generate a loud tapping, clicking
or high pitched beeping sound during scanning, like a loudspeaker.
The cumulative effect of all three gradients can be so loud that ear protection is
required. Generally the acoustic noise level is worse for high field strength
systems with high power gradients.
[2] [9] [16] [19]
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Figure 2.1
Block diagram of a radio digital transmitter and receiver. Where DAC denotes
digital to analogue converter, ADC analogue to digital converter and DSP digital
signal processor.

2.3 The transmitter
Like is explained in chapter 1, the transmitter has to irradiate the sample under
study with an RF field (B1) with the appropriate frequency, bandwidth,
amplitudes and phases, for generate a detectable NMR signal.

The centre frequency of the pulse determine the slice position, the bandwidth
controls the thickness of the slice, the shape and duration of the RF pulse
envelope determines the bandwidth ,finally, the amplitude of the RF pulse
controls how much the magnetization is flipped by the pulse ,whilst the phase
controls along which axis the magnetization is flipped.

The RF transmitter consists of a digital-to-analog converter (DAC), a mixer,
conditioning amplifiers, a digital attenuator, a power amplifier, and a RF coil.

After analog-to-digital conversion it is generated a RF pulse, the transmitter first
uses a frequency synthesizer, next, the signal has to be amplified or attenuated
before being sent to the power amplifier and mixed up to the necessary
frequency.
Then a waveform generator creates a user-defined pulse shape which is
subsequently mixed (multiplied) with the pure tone; finally, the RF pulse is
created. Then, the pulse, or a sequence of various pulses, is repeated at a
user-defined repetition rate.
Modern transmitters use digital pulse shape generators. As such, their minimum
time resolution may be an important consideration.
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Using a digitally controlled switch the same oscillator was used for both transmit
and receive. If the power amplifier has a fixed gain so signal conditioning has to
be performed before the amplifier.
In NMR there are two types of pulses: ‚“hard” and “soft” pulses:

Hard pulses are rectangular pulses which are broadband. The name refers to
the lack of frequency selectivity employed with this type of pulse. In fact in order
to get the spectrum of the pulse to be uniform over the range of interest, one
must, often shorten the pulse, which further extends the bandwidth.

Soft pulses are sinc-shaped (or more complicated pulses) in order to provide
frequency selectivity. This is desirable in imaging and localized spectroscopy
techniques. But, a good sinc shape requires some ‚”lead-in” time before the
peak of the pulse. For this reason, this may be a limiting factor in how selective
the pulse can be. Moreover, it is important have the centre frequency close to
the actual Larmor frequency of the system. Since such a pulse is usually
narrowband, one may lose a good deal of efficiency from a relatively small error
[4] [9] [16]

2.4 The receiver
The receptor allows receive the signal emitted by the sample with the RF coil
and retrieve or demodulate this signal, in other words, eliminate the highfrequency carrier. The MR signal only contains a narrow frequency range of
interest, typically -16 kHz.

Initially, linear analogical detectors and single channel digitizers were used.
Actually all modern MR replaced it with systems performed digitally to minimize
image artefacts.

The first stage of the receiver is the low noise amplifier (LNA, the preamplifier in
figure 2.1) it is used to amplify the weak signal and reduce the noise effect.
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The second step is the use of ADC's or digitizer. The third stage of the receiver
is a transmission line to carry the RF signal from the RF coil to a remote
location where it is more convenient to have bulky circuitry. The rest of the
receiver is often a superheterodyne circuit used to demodulate the signal from
the RF band into a low frequency band which the ADC or other data analyzing
equipment can handle.

If the sample of study extends outside the chosen field of view then signals with
frequencies outside of ±16MHz range will also be present. These signals will be
under sampled in the reception process and will appear as aliasing or image
wrap artefacts in the frequency-encoding direction. Therefore, it is necessary
filter to suppress these unwanted frequencies.
[4] [9] [16] [19]

2.5 The RF coils
Depending on the design it is possible use one transmission RF coil and one
reception RF, other option is use only one RF coil to realize the transmission
and the reception.

A RF coil may also be used to receive signals, but is

necessary add an appropriate transmit/receiver switch system to protect the
receiver from the very high voltages applied during the transmission, moreover
prevents the small NMR signal from the noise generated by the transmitter even
it is off state.

The RF transmitter coil is used to excite the nuclei (as described in chapter 1)
and it has to be capable of transmitting at the Larmor frequency of hydrogen.
Just as it is important to have a uniform main magnetic field, it is important to
produce a uniform field B1, for this reason, usually transmit coils are large to
optimize their uniformity. One of the most typically transmitting coils is the body
coil, which surrounds the entire patient. This is usually built into the scanner,
this coil is large and it has a very uniform transmission field but it isn't so
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sensitive. For more specific antennas for study the heard or knee is required
less power but the uniformity is reduced.

The RF reception coil measures the signal emitted from excited tissue and it
must be tuned to receive maximum signal at the Larmor frequency (chapter1.3).
It is used to maximize signal detection, whilst minimizing the noise. Usually the
most of the noise is from the patient's tissue, to minimize the noise and
maximize the SNR, it is necessary to minimize the coil dimensions. For this
reason, it is essential find a compromise between the adequate RF
homogeneity and the SNR. Receiver coils can also operate in quadrature for
add the signal constructively and have the noise from each coil uncorrelated,
with this technique it is possible a 2 improvement in SNR. Basically, there are
two types of receiver coils: volume and surface coils.

Volume coils completely envelop the study area of the patient and often
combined transmit and receive coils. This coils type are bigger than surface
coils and offers a more homogeneous B1 field and a high penetration depth

Surface coils usually are used to receive only, because of the inhomogeneous
reception field. However this type of coils is good for detecting signals near the
surface of the patient. Surface coils have the advantage that they are smaller
and can be made of various shapes to fit the contour of the sample to be
imaged. Thus, the SNR of the surface coil measures will be higher than in
volume coil, since the surface coil is in close proximity to the sample. The
disadvantage of surface coils is that the sensitivity falls of quickly and it has a
low penetration depth as compared to volume coils. [3][4]
[4][9][16][19]
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3. Analysis and Design of RF Coils: The birdcage coil
Such as is showed in chapter 2.5, the use of the RF coil look for two
objectives, the first is to generate RF pulses at the Larmor frequency to excite
the nuclei in the sample that to be imaged, in this case is an RF transmission
coil. The second, is to pick up the RF signals emitted by the nuclei at the same
frequency, in this case is an RF receive coil. In this chapter we analyse the
birdcage coil and design, for understand it the reader need to know the basic
antennas principles, the reciprocity of electromagnetic fields and electronics.

In MRI volume coils are preferred to use for brain analyse in contrast to surface
coils, because, volume coils have a bigger field, are able to produce a
homogeneous B1 field and have a high penetration depth. These are important
characteristics for this application.

The birdcage coils physically consist of multiple parallel conductivity segments
equally spaced that are parallel to z axis. These parallel conductive segments
are called legs or rungs. And two circular end rings to denote the end loop. The
birdcage coil has a high homogeneity and improves the homogeneity over
saddle coil and improving the approximation to the theoretical ideal of a
sinusoidal distribution of current around the circumference.
[12][16]

Figure 3.1
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Saddle coil scheme, (figure modified from[4])

Depending on the position of the elements there are 3 birdcage coils types:
highpass, lowpass and hybrid.

Figure 3.2
In the number 1 is represented a lowpass birdcage coil, in number 2 is
represented a highpass coil and in number 3 is represented a hybrid coil

The number of legs effects directly the field homogeneity, more legs the
birdcage coil has, more homogeneous the field is (figure3.3). Although, with
more legs the design is more expensive and complicate to produce. For this
reason the number of legs represents a compromise between B1 homogeneity
and complexity of realization.
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Figure 3.3
In this figure is represented the field B1 produced for different birdcage coils
with different number of legs.

3.1 Highpass Birdcage coil
In the figure 3.2 number 2 it is possible observe the highpass birdcage coil
scheme. This coil is made of several equi-spaced conductors (it can be wires or
strips) creating conductive loops and it has capacitors between adjacent legs. A
high-pass birdcage has this name because as the high frequency signals will
tend to pass through capacitive elements in the conductive loops because at
high frequency the capacitors will present low impedance compared to
inductors, which will give high impedance. Conversely, low frequency signals
will be blocked by capacitive elements that will give high impedance and
shorted by inductive elements as they will give low impedance.

In the figure 3.4 it is possible observe the equivalent circuit, by modelling the
conductors as inductances the highpass birdcage coil can be modelled by a
highpass ladder network.
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Figure 3.4
Electronic equivalent scheme for the highpass birdcage coil.

In the figure Mi,j describes the self-inductance of the jth leg, Cj denotes the
capacitance of the capacitor connected between the jth (j+1)th legs and Li,j
denotes the self-inductance of the conductors used to connect the capacitor.
Although it is possible denote the mutual inductance between the jth leg and the
kth leg as Mj.k or Mk,j, the mutual inductance between the conductor
connecting the jth capacitor and the conductor connecting the kth capacitor in
the same end ring as Lj,k or Lk,j and the mutual inductance between the
conductor connecting the jth capacitor and the conductor connecting the kth
capacitor in the different end ring as Lj,k or Lk,j or with the values for the
inductance and capacitance.

First of all is easier do a general analysis in a simplified case where we neglect
the

mutual

inductance

and

consider

C1=C2=…=C,

L1=L2=…=L,

M11=M22=…=M and N is the number of legs.
In accordance with Kirchoff’s law, for the loop consisting of the jth and (j+1)
capacitors we have:
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(3.1)

Where lj denotes the current in this loop, the above equation can be rewritten
as:

(3.2)

Because of cylindrical symmetry, the current lj must satisfy the periodic
condition lj +N= lj. As a result, the N linearly independent solutions (or modes)
have the form:

(3.3)

Where

denotes the value of Ij in the mth solution. The current in the j th leg

is then given by:

(3.4)

To find the resonant frequencies or modes substitute equation 2.3 into the
equation 2.1, and the result is:

(3.5)
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In this equation m=0 gives the end-ring mode, this mode has a constant current
in the end rings and no current in the legs, and the highest resonant frequency.
The value m=1 gives the dominant mode and the second highest resonant
frequency. When the cumulative phase shift around the loops equals 2

a

standing wave resonance is created (Hayes).

The mode when the coil has a standing wave is called the dominant mode. The
current in the legs is approximate a sinusoidal current distribution sin(θ) at the
resonant frequency. The higher order modes have a null at the centre and are
created when the cumulative phase shift around the network equals 4

radians;

the current in the wire is proportional to sin 2 . It can be shown that there is a
z-directed surface current on the coil legs then it creates an increasingly
homogenous field in the transverse plane.

Considering a more general case, including the mutual inductance effects,
according with Kirchoff’s law obtain the next expression:

It is possible rewrite this like:
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Where

=1/w^2

Working in this expression we can write this expression in matrix form:

Where

denotes a column vector given by

and

and

are both NxN square matrices, whose elements are given by:

(3.8)

(3.9)

Where

denotes the Kronecker delta defined by

for j=k and

for j=/k. Where K is a symmetric matrix and H is a diagonal matrix.
To have a nontrivial solution, the determinant of the matrix [K-

H] must vanish,

that is,

(3.10)

Since this determinant is a polynomial of degree N, it has N solutions ( 1,
2…

N), which correspond to N resonant frequencies. These N solutions are

called the eigenvalues or characteristic values. For each lambda, it is possible
find a solution for{I} which can be denoted as {I}m. Therefore, for N solutions of
lambda, we have N solutions for {I}:{I}1, {I}2…{I}N and these are called
eigenvectors or characteristic modes. It is possible to obtain {I} N efficiently
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using some programs. Then it is possible calculates the magnetic field
corresponding to each mode using Biot-Savart’s law.
[16]

3.2 Lowpass birdcage coil
In the figure 3.2 in the number 2 it is possible observe the lowpass birdcage coil
scheme. This coil is made of several equi-spaced conductors creating
conductive loops, like the high pass birdcage coil; in contrast it has capacitors in
the middle of each leg or run. The capacitors are situated at the centre of the
leg because the voltage at the centre of leg is zero.

The birdcage coil (fig 3.2) can be transformed in the equivalent circuit showed in
the fig 3.4.

Figure 3.4
Electronic equivalent scheme for the lowpass birdcage coil.

The nomenclature is the same like in the figure 3.3
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Like in the highpass birdcage analysis, neglecting the mutual inductance and
considering C1=C2=…=C, L1=L2=…=L, M11=M22=…=M and N is the number
of legs. It is possible obtain:

(3.11)

And with the equation we can obtain the resonant frequencies expression：

(3.12)

In contrast to the highpass birdcage, in this case, the end ring resonant mode
(m=0) has a resonant frequency of zero and the mode of m=1 have the second
lowest resonant frequencies.

The solution including the mutual inductance, it is like in the case of the
highpass birdcage coil equation 3.10 except that is now a tridiagonal matrix
given by：

(3.13)
[16]

3.3 Hybrid Birdcage Coil
In the figure 3.2 in the number 3 it is possible observe the hybrid birdcage coil
scheme. This coil is made of several equi-spaced conductors creating
conductive loops, like the highpass and lowpass birdcage coil, but in this case it

36

has capacitors in the middle of each leg and between legs on the end rings; it’s
like a mix between highpass and lowpass birdcage coils. In the figure 3.5 it is
represented the equivalent circuit and the resonant frequencies expression is
represented in the next equation:

(3.14)

Apparently, the resonant frequency for the end-ring resonant mode is
. Furthermore, the resonant frequencies for the modes of m=1 are not
necessarily the second lowest or second highest.

Figure 3.5
Electronic equivalent scheme for the hybrid birdcage coil.

The nomenclature is the same like in the figure 3.3 and 3.4

A general analysis including the mutual inductance, give the same matrix like eq
3.13 but [H] now is the next tridiagonal matrix:
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[16]

4. The design
4.1 Objectives
The objective of this project is design and simulates a birdcage coil prototype.
The use of this prototype would be to obtain NMR images from small animals.
In concretely the interest is in to obtain brain images from these animals.
Moreover, this is the first step to design a RF birdcage coil for obtain images of
the human brain.

At the beginning, it is necessary to consider some information for specify our
antenna：


The objective is design a RF coil for use in a 7T scanner (B0).



The birdcage to design is a Lowpass birdcage coil. The election is because
this type of antenna has less connections and elements than the others.
This is an important aspect for produce the prototype, because it is less
complex to construct and the cost is inferior than the other birdcage models
(less capacitors are necessary).



For reduce the price is interesting use standard capacity values. If it is
necessary create the capacitors it increase the prototype price.



The coil dimensions for the design are the necessary to scan a small animal
(like a mouse).



The number of legs choosed for the prototype is the 8 for have a no so
complicated coil.
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4.2 Prototypes design
To calculate the necessary capacitors in function of the coil dimensions we
used the BirdcageBuilder.

According with the objectives we used the simulator for obtain the correct
dimensions to be possible scan a small animal and, at the same time, have a
standard capacitance values (annex2).

4.2.1 Brief description about the BirdcageBuilder simulator

The computer program BirdcageBuilder was developed by the Penn State
Hershey collage of Medicine, a centre for NMR Research for NMR practitioners.
It can be used to calculate the capacitances of Birdcage coil of given geometry.

To download birdcage builder v 1.0:
http://www.pennstatehershey.org/web/nmrlab/resources/software/javabirdcage

This program encapsulates the details of effective inductance and capacitance
calculations with auser-friendly interface and provides a simple and efficient
solution for birdcage coil design. The program is written in Visual basic.
In the program its necessary specify the Number of legs, Type of ER,
resonance Frequency, Leg length, Leg Width, Coil Radius, RF shield radius
with this values the program calculates the Capacitance, the Leg self
inductance, the Er seg self inductance, and the current distribution in the legs.
[14][17]

4.2.2 The results obtained with the BirdcageBuilder

The objective with this program is obtains a first approximation design, with the
requested specifications in point 4.
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In the figure 4.1 it is possible to observe one design which accomplishes our
demands; this design has the next specifications.

Figure 4.1
Captures of the results obtained with BirdcageBuilder

Type of leg

Rectangular

Number of legs

8

Type of ER

Tubular

Frequency

298.2MHz

Leg length

16.4

Leg Width

0.5

Coil Radius

9

RF shield radius

10

Capacitance

1pf

Leg self inductance

153.62nH

Er seg self inductance

46.44nH
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Table 4.1
Results obtained BirdcageBuilder

Using Matlab, the partial BirdcageBuilder results and the equation 3.12 it is
possible obtain de capacity value (Table 4.2) (it is important notice that these
solutions are without RF shield, for this reason the values obtained are so
different than the values obtained with the software simulator).

N

C (F)

Commercial C (F)

0

0

0

1

3.6023e-011

39e-12

2

5.6211e-011

56e-12

3

6.2191e-011

68e-12

4

6.3592e-011

68e-12

Table 4.2
Capacity Results obtained with Matlab without shield.

In figure 4.2 we have another design which accomplish the specifications but
with tubular legs. In the annex 1 the reader can observe some designs and
proves that we made with this simulator.
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Figure 4.2
Captures of the results obtained with BirdcageBuilder

Type of leg

circular

Number of legs

8

Type of ER

tubular

Frequency

298.2MHz

Leg length

20

Leg OD

0.5

Coil Radius

9

RF shield radius

10

Capacitance

1pf

Leg self inductance

173.01nH

Er seg self inductance

46.44nH

Table 4.3
Results obtained BirdcageBuilder
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Like in the other case, using Matlab, partial BirdcageBuilder results and the
equation 3.12 it is possible to calculate the capacitance without the RF shield
effects.

N

C (F)

Commercial C (F)

0

0

0

1

3.3917e-011

33e-12

2

5.1245e-011

47e-12

3

5.6168e-011

56e-12

4

5.7309e-011

56e-12

Table 4.4
Capacity Results obtained with Matlab without shield.

5. Simulation results
5.1 Brief description about the CST Studio Suite
CST studio suite is an accurate and efficient computational solution for
electromagnetic designs. It allows to design and to optimize devices operating
in a wide range of frequencies (from static to optical frequencies). Moreover, it
can analyse the thermal and mechanical effects, as well as, circuit simulation.
CST design facilities multi-physics and co-simulation.
CST Studio Suite comprises a group of modules: CST Microwave Studio, CST
EM studio, CST Particle Studio, CST Cable Studio, CST PCB Studio, CST,
Mphysics Studio, CST Design Studio.

Concretely, in this project is used the CST Microwave Studio, it is a tool for an
accurate 3D simulation of high frequency (HF) devices and it is used by a lot of
R&D departments. It enables a fast and accurate analysis of antennas, filters,
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couplers, planar and muli-layer structures… CST MWS offers the time domain
solver and the frequency domain solver; moreover, it offers solver modules for
specific applications. It has filters for the import of specific CAD files and the
extraction of SPICE parameters. The CST MWS use a mesh system to analyze
the 3D models and obtain the simulations. In addition, it is embedded in various
industry standard workflows.

[18]

5.1.1 The results obtained with CST Studio Suite
For simulate the birdcage coil we introduce the 3D model in the CST Wave
Studio with the specifications obtained in the BirdcageBuilder simulator figure
5.1.
The following plot shows the structure investigated.
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Figure 5.1
3D birdcage coil model with CST wave studio

CST MWS works with a mesh system like it was commented, in particular for
realize the following simulations it was used the hexahedral mesh. For obtain
good simulation results it was necessary adjust the mesh to the design. It is
possible realize it in: Mesh/Global Mesh properties. The defined parameters are
listed in the table below.

Parameter

Value

C

.000000000001
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CL

.2

L

20

R

9

R0

10

RM

.5

Table 5.1
Parameters introduced in the simulation

In the next graphics is possible observe the obtained results:

The following plot shows the S-parameters as a function of frequency

Figure 5.2
S-parameters graph obtained with the simulation with CST wave studio.

The following plot shows the time signals which describe the mode amplitudes
at the waveguide ports.
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Figure 5.3
Time signal graph obtained with the simulation with CST wave studio.

We can observe that the simulation result is a bit different that the expected.
The resonant frequency is 344.07MHz and it is not the desired Larmor
frequency, concretely it has 45.87MHz error. For verify this error between the
two simulators we cheeked some designs with different characteristics (circular
leg, square leg, 8 legs, 16 legs…) for compare the different errors (Annex 1 ).

With the idea of solve the error in mind and obtain the Larmor frequency in the
design, considering the equation 3.12, and the capacity commercial values, we
adjust our design.

If the capacity increases the resonant frequency increases, and increasing the
length coil the resonant frequency decrease. To obtain the Larmor frequency in
the design it is necessary to readjust the capacities and the coil length. Finally,
we obtained the result showed in figure 5.4. Where it is possible observe that
the resonant frequency is so near to the resonant frequency obtained in eq. 1.6.
The defined parameters are listed in the table below are the modifications in our
design to reduce the error.
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Parameter

Value

C

.0000000000018

CL

.2

L

19.65

R

9

R0

10

RM

.5

Table 5.2
New parameters introduced in the simulation

In the next graphics it is possible observe the results obtained in the time
domain solver.

The following plot shows the S-parameters as a function of frequency and the
resonant frequency on the marker.

Figure 5.4
S-parameters graph obtained with the simulation with CST wave studio.

The following plot shows the time signals which describe the mode amplitudes
at the waveguide ports.

48

Figure 5.5
Time signal graph obtained with the simulation with CST wave studio.

The following plot shows the radiation power in the resonance frequency.

Figure 5.6
Radiated Power in the Larmor frequency obtained with the simulation with CST
wave studio.
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Figure 5.7
In this figure are the different H-field representations, A: in X, B:in y, C:in z,
D:abs, E:normal and F: tangential.

The

maximum

return

loss

within

the

simulated

frequency range

is

1.23349630832672 dB.
To construct the birdcage coil an accurate calibration will be necessary using a
capacity in the feeding port. Adjusting this capacity could calibrate the
frequency. It will be necessary because the real components will not have the
exactly calculated values (for example the capacitors have a tolerance value,
annex 2) and this capacity could give the option to compensate this
imperfections.

At this point, it is so interesting obtains the simulation with the frequency domain
solver. The CST 2012 version has improved the frequency domain solver and
for this reason we decided try it with this version. For use this solver method we
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changed the hexahedral mesh for tetrahedral mesh. It is possible to observe in
figure 5.8 how it looks the 3D design using the tetrahedral mesh. It is possible
change the mesh type in: Mesh/Mesh types. Our birdcage coil has a circular
form, in this case is interesting modify some parameters to adjust the Mesh to
the 3D model; Mesh/Tetrahedral/specials/curved elements and increase the
defect value to 2, in the surface general is interesting to modify the surface
smoothing.
The following plot shows the structure investigated with the mesh view option in
CST using a tetrahedral mesh.

Figure 5.8
3D birdcage coil model with CST wave studio using tetrahedral mesh.

The defined parameters are the same like in the before simulation table 5.2
The following plot shows the S-parameters as a function of frequency.
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Figure 5.9
S-parameters graph obtained with the simulation with CST wave studio.

The maximum return loss within the simulated frequency range is 1.72356227825768E-02 dB.
The resonant frequency coincides with the frequency simulated in the time
solver and the calculated Larmor frequency. But the magnitude is so different
than in the time domain simulation. One possible problem with this simulation is
that the usual use of this option in CST is for simulate resonant cavities, and the
birdcage coil it is not a close element. Maybe this simulation is a bad simulation.
For resolve this problem, we decided to simulate the model in the Ansoft HFSS
software. But the HFSS v13 (the available version in the laboratory) cannot
work with lumped elements. And this idea was paused since obtain the new
program version.

6. Conclusions
In this project we obtain the first design to construct a birdcage coil for observe
animals in a 7T scanner.
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We obtain a prototype with the necessary resonance frequency the Larmor
frequency for 7T (298,2MHz).

We designed the birdcage using the BirdcageBuilder and simulate it with the
CST design. The first simulations results had an error and we readapted the
design obtained with the BirdcageBuilder simulator to obtain the desired.

Larmor frequency. Finally using the time solver and the frequency solver we
obtained the Larmor frequency. But we obtained a non clear results using the
frequency mode solver, for this reason, the power level in parameters S in the
graphs could be inconsistent.

Moreover we create a first simulation to obtain a future birdcage coil for
generate images from human brain.

Future research aspects

Use the new version Ansoft HSS to compare the CST results.

It could be so interesting realize a simulation with the CST software using voxel
(this is a human model) and observe the radiation effects and the thermal
effects in the body. For use it is necessary a special licence with an extra
password.

Other interesting step is export the CST design to the Jemmris simulator and
observes the results to obtain a scanner images with our design.

The last step is to produce it and check the theory results.

Later the objective is to realize a big scale coil to obtain MRI brain human
images.
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Modify the feeding (using two ports), when power is fed at multiple ports the
performance of the coil improves.
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8. Annexes

Annex 1, different simulations
The annex 1 is an inform about different simulations realized with Birdcage
Creator, CST Design Suite

and a Matlab calculation. The objective was

compare the different results obtained.

Inform
Standard capacitors values

1.0, 1.2, 1.5, 1.8, 2.2, 2.7, 3.3, 3.9, 4.7, 5.6, 6.8, 8.2, 10, 12, 15, 18, 22, 33, 39,
47, 56, 68, 82, 100 (pF)

Square diameter 1

Pennstate Hershey Birdcage builder
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Type of leg

rectangular

Number of legs

8

Type of ER

tubular

Frequency

298.2MHz

Leg length

14.5

Leg Width

0.5

Coil Radius

7.5

RF shield radius

15

Capacitance

1pf

Leg self inductance

132.25nH

Er seg self inductance

36.55nH

CST studio suite simulation (CST microwave studio)

Freq= 250MHz
Error: 47.88MHz

Matlab results
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C=

0

C = 7.3185e-011

C = 4.3751e-011

68e-12

47e-12

C = 7.4710e-011

C = 6.6621e-011

68e-12

68e-12

Square diameter 2

Type of leg

rectangular

Number of legs

16.4

Type of ER

tubular

Frequency

298.2MHz

Leg length

16.4

Leg Width

0.5

Coil Radius

9

RF shield radius

10

Capacitance

1pf
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Leg self inductance

153.62nH

Er seg self inductance

46.44nH

CST studio suite simulation (CST microwave studio)

Freq= 454.22MHz
Error: 156.02MHz

Matlab results

C=

0

C = 3.6023e-011

39e-12

C = 5.6211e-011

56e-12

C = 6.2191e-011

68e-12

C = 6.3592e-011

68e-12
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CST studio suite simulation with Matlab result (C=39e-12)

Square 16 legs

freq=61MHz

61

Type of leg

rectangular

Number of legs

16

Type of ER

tubular

Frequency

298.2MHz

Leg length

12.6

Leg Width

0.5

Coil Radius

6

RF shield radius

7

Capacitance

1pf

Leg self inductance

97.35nH

Er seg self inductance

10.3nH

CST studio suite simulation (CST microwave studio)

In the simulations generated with 16 legs, the legs are so close one with each
other and the CST has problems to difirenciate the coil elements. For this
reason, to resolve this problem was introduced some square plans maded by
vacum in the 3D model. With this “trick” the CST program can mesh the coil
correctly and generate the simulation.
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Frequency: 524.25MHz
Errror: 270MHz

Matlab results

C=

0

C = 8.4862e-011

C = 1.0878e-010

C = 1.0446e-010

C = 1.0971e-010

Circular legs “diameter”

Type of leg

circular

Number of legs

8

Type of ER

tubular

Frequency

298.2MHz

Leg length

20

Leg OD

0.5

Coil Radius

9

RF shield radius

10
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Capacitance

1pf

Leg self inductance

173.01nH

Er seg self inductance

46.44nH

CST studio suite simulation (CST microwave studio)

Freq= 347.53MHz
Error: 49.33
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C=2e-12F
Freq=286.16MHz
Error: 12.04MHz

C=1.7e-12
Freq=300MHz
Error: 1.8MHz
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Next test 1.8-> length modifications

Matlab results:

C=

0

C = 5.6168e-011

C = 3.3917e-011

56e-12

33.9e-12->33e-12

C = 5.7309e-011

C = 5.1245e-011

56e-12

47e-12

Circular with radius

Type of leg

circular

Number of legs

8

Type of ER

tubular

Frequency

298.2MHz

Leg length

15
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Leg OD

0.25

Coil Radius

8

RF shield radius

9

Capacitance

1pf

Leg self inductance

141.92nH

Er seg self inductance

48.51nH

CST studio suite simulation (CST microwave studio)

Freq: 424,28MHz
Error: 126.18MHz

Matlab results
C=

0

C = 3.6566e-011
39e-12
C = 5.9054e-011
56e-12

C = 6.6020e-011
68e-12
C = 6.7674e-011
68e-12
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CIRCULAR 16 LEGS

Type of leg

circular

Number of legs

16

Type of ER

tubular

Frequency

298.2MHz

Leg length

12.6

Leg OD

0.5

Coil Radius

6

RF shield radius

7

Capacitance

1pf

Leg self inductance

97.35nH

Er seg self inductance

70.05nH
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CST studio suite simulation (CST microwave studio)

Freq:500
Error:201,8MHz

Matlab results

C=

0

C = 3.3418e-011
C = 6.7178e-011
C = 8.1264e-011
C = 8.4953e-011

Organització del treball
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C = 3.3418e-011

Conclusions:





The results in the Pennstate Hershey Birdcage builder introduced in the
CST simulator have a 50MHZ error or more.
Using the approximate equation and the admittance results in the
Pennstate Hershey Birdcage builder we can observe that the results
obtained in Matlab are so different (calculations without the shield).
Following the expression and modifying the parameters we can obtain a
better result.

Next steps


Modify the frequency and some lengths to obtain the Larmor frequency
298.2MHZ.

Organització del treball

Annex 2, Capacitors datasheet
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Organització del treball
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Organització del treball
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Organització del treball

For more details see the complet datasheet.
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Organització del treball
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Annex 3, RF birdcage coil for human brain RMI
Simulation with 1.5pF standard capacitance
The defined parameters are listed in the table below.

Parameter

Value

C

.0000000000015

CL

.2

L

25

R

15

R0

16

RM

.5

2. Simulation Time Signals

The following plot shows the time signals which describe the mode amplitudes
at the waveguide ports.

Organització del treball

3. S-Parameter Results

The following plot shows the S-parameters as a function of frequency.

4. Remarks

The maximum return loss within the simulated frequency range is
1.66927671432495 dB.

Simulation with 1.2pF standard capacitance
1. Structure Visualisation
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Organització del treball
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The defined parameters are listed in the table below.

Parameter

Value

C

.0000000000012

CL

.2

L

25

R

15

R0

16

RM

.5

2. Simulation Time Signals
The following plot shows the time signals which describe the mode amplitudes
at the waveguide ports.

3. S-Parameter Results

Organització del treball
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The following plot shows the S-parameters as a function of frequency.

4. Remarks
The maximum return loss within the simulated frequency range is
1.77512395381927 dB.

With these values, we can observe that the resonance frequency is near to the
Larmor frequency. The next step is to adjust the coil dimensions to obtain the
Larmor frequency.

