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ABSTRACT
MRI is one of the major imaging techniques in the daily clinical routine. A major
trend in clinical and research MRI systems is the increase in resolution through using
higher static magnetic fields. The static

magnetic field strength of clinical scanners

ranges from 0.5 to 3 T, and the corresponding RF signal frequencies (proportional to the
magnetic field,

) for protons are 21 MHz and 128 MHz, respectively. Penn State has a

14T and 20T system with operating proton frequencies of 600 MHz and 850 MHz,
respectively. By moving toward the higher frequencies, the design of MRI detectors
called RF resonators become more challenging.

In this work RF resonators for high-field MRI applications operating at 600 MHz
and 850 MHz are designed and constructed. Simulations using a commercial finitedifference-time-domain code CST (Computer Simulation Technology) are acquired to get
the circuit capacitance values and the

field generated coil. RF resonators are

comprised of capacitors and inductive coils. The capacitors provide matching and tuning
functions so that the resonant frequency of the loaded coil remains at the Larmor
frequency of 600MHz and 850 MHz. The coils are used for imaging after they are
successfully fabricated.
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Chapter 1
Introduction

1.1 MRI VS. Other Imaging Modalities

Magnetic resonance imaging (MRI), nuclear magnetic resonance imaging
(NMRI) or magnetic resonance tomography (MRT) is a medical imaging technique to
visualize the inside body structure in vivo (Figure 1-1). There are also other medical
imaging techniques such as Computed Tomography (CT) and Ultrasonography.
Compared to CT, one of the greatest advantages of MRI, besides the noninvasiveness, is
the excellent soft tissue contrast. Thus, MRI is versatile and is used to examine a large
variety of medical conditions. Although MRI images are less detailed compared to CT
images of bony structures, it provides higher resolution in the soft tissue such as tumors
due to the increased contrast. Therefore, for purposes of tumor detection and
identification MRI is superior. CT is enhanced by the use of contrast agents containing
elements of a higher atomic number than the surrounding tissue (iodine, barium). During
the imaging process, the patients are exposed to the radiation, which may manifest in cell
death, cancer and other health conditions, especially for high-sensitive groups like
children. Unlike CT, MRI uses a magnetic field instead of ionizing radiation.
Ultrasonography imaging is another essential clinical technique. It does not rely on
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radiation. However, compared to CT and MRI, the penetration depth of ultrasonography
is usually limited for certain parts of the body.
In addition to medical imaging, MRI has a variety of different applications e.g. in
mining and geoscience research, in the food industry, in elemental spectroscopy, in the
textile industry and so on.

Figure 1-2. a) CT-Scanner. b) MRI Machine. (CT Scan vs MRI)
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1.2 Principle of MRI

The structure of an atom is essential to the understanding of MR. Atoms consist
of three fundamental particles: protons, neutrons and electrons. The protons and neutrons
are located in the nucleus or core of an atom; thus the nucleus is positively charged. As
fundamental particles, protons are associated with a property called spin. The spin of
different protons may be added together, resulting in an overall spin (nucleus spin). As a
moving, charged particle, each proton is associated with a tiny magnetic field called a
magnetic moment. The proton is called a magnetic dipole. Inside a magnetic field, a
proton precesses at a frequency

which is proportional to

as expressed by the

Larmor equation:
(1.1)
Where
tesla (T), and

is the Larmor angular frequency,
is the gyromagnetic ratio in

is the magnetic field strength in

. Values for

and

are available in

Table. 1. For the nucleus, the spin depends on the atomic number and atomic weight. The
concept applies to all nuclei with spin. Most imaging experiments visualize the
(proton) nucleus of the water molecule due to its high abundance in vivo. Therefore, the
description in this thesis focuses on

in water but also in lipids.

In general, it is convenient to consider similar spins as a single entity rather than
individual spins. According to both classical and quantum mechanics, proton spins are
randomly aligned in the absence of a magnetic field, hence giving a spherical distribution
of spin orientations as shown in Figure 1-2.

4

Figure 1-2. The left picture shows the nuclei spins are randomly distributed with the absence of
magnetic field. The spins could be considered as a single sphere entity as shown in the right
picture in T1 time (Hanson LG)

As shown in Figure 1-3 (left), a longitudinal equilibrium magnetization (large
vertical arrow) will form with respect of time as the distribution is skewed slightly along
the magnetic field direction when the polarizing magnetic field

is applied. The net

magnetization (

( is known as the

of the protons is proportional to

.

magnetic susceptibility).
A low-power radio frequency (RF) field is applied at the Larmor frequency, and
the bulk net magnetization vector (

) flips away from its equilibrium position. The net

magnetization rotates around the

field direction. For better understanding, two

orthogonal components are introduced: a longitudinal Z axis along the magnetic north
and a transverse component lying on the XY plane.
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Figure 1-3. In the left picture, spins gradually form a stationary longitudinal equilibrium
magnetization toward magnetic north. The right picture shows how the spin distribution rotates in
an RF field (Hanson LG)

With the only external magnetic field

, the net magnetization of the spin system

lies along the positive Z axis. The RF linear polarized oscillating electromagnetic field
(
the

is provided by the RF coil. As
field with the duration of

rotates to the XY plane during the application of
, coherent magnetization (transverse magnetization)

in the XY plane arises.
(1.2)
After this so called RF excitation, the net magnetization will tend to return to the
equilibrium. The transverse magnetization is detected by the RF coil is the detectable MR
signal called free induction decay (FID). The net magnetization vector is the combination
of

and

. The net magnetization vector is aligned with

initially before a RF

pulse is applied. The degree of rotation of the net magnetization vector towards the XY-
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plane is the flip angle. The flip angle is related to the gyromagnetic ratio ( ), magnetic
radiofrequency field (

), and pulse duration time (τ).
(1.3)

RF pulses can be applied at any time, and theoretically any net magnetization
vector direction is possible. A certain flip angle fits for certain application. For example,
low flip angles (2 to 40 degree angles) are used in the gradient echo sequence, a standard
MRI acquisition technique.90 and 180 degree pulses are used in the spin echo sequence
(Ridgway).

Figure 1-4. Net Magnetization, RF pulses and flip angle. [a) At equilibrium, the net
magnetization
is at equilibrium, aligned along the Z-axis. b) When an RF pulse is applied,
makes an angle with the Z-axis, known as the flip angle, and rotates around the axis in the
direction of the curved arrow. At any instant the magnetization can be split into two components,
and
. The rotating
component generates the detectable MR signal. c) The maximum
detectable signal amplitude after a single RF pulse occurs when
lies entirely in the plane of
the x and y axes, as this gives the largest
component. This pulse has a
flip angle and is
referred to as a
RF pulse or saturation pulse. d) A
RF refocusing pulse is usually
applied while there is transverse magnetization already rotating in the x-y plane and is used to
instantaneously flip the transverse component of magnetization through
about an axis also
rotating in the x-y plane. D) A
inversion pulse is usually applied at equilibrium and is used
to rotate the net magnetization through
from the positive to the negative z axis. This is also
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known as a magnetization preparation pulse and is used in the preparation scheme for black blood
imaging techniques.] (Ridgway)

1.3 MRI Machine Components
The three major physical parts of a MRI machine are the main magnet, a gradient
set and a RF resonator. Many additional components like amplifiers, mixers, frequency
generators, and an acquisition computer are required for signal acquisition and image
processing. Separate RF coils could be employed as RF transmitters (producing RF signal)
and receiver coils (detect MR-magnetic resonance signal). Sometimes, a RF coil can both
transmit RF and receive the MR signal and is often called a transceiver. The main magnet
is essential in the MRI machine design since it is the source to create the

field. In

order to create a strong enough static magnetic field, a large current is carried by
superconducting wire, which must be immersed in vessels containing liquid helium at an
extremely low temperature

.. The vessel is sometimes surrounded by vessels

containing liquid nitrogen.

Figure 1-5.The major parts of MRI machine.
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In addition to the

main magnetic field, the gradient coils are responsible to

produce linear variations for the magnitude of the static magnetic field intensity in all
three orthogonal directions. Since the Larmor frequency is proportional to the intensity of
the eternal magnetic field (

), this variation modifies the resonance frequencies. For

example, if the field gradient in Z direction (

is on,

is slightly different at each

location along Z (Figure 1-6).

)

(1.4)

This variation in the Larmor frequency also causes a variation and dispersion of
spin phases.

Figure 1-6. Resonant frequency at each on Z axis is different due to the magnetic field strength
gradient (Class Slide)

The radio frequency system comprises the set of components for transmitting and
receiving the radiofrequency wave involved in exciting the nuclei, selecting slices,
applying gradients and in signal acquisition. Coils are a vital component in the
performance of the radio frequency system. In transmission, the goal is to deliver uniform
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excitation throughout the scanned volume. On reception, the coils must be sensitive and
have the best possible signal-to-noise ratio.

1.4 Tissue Relaxation Properties

In a three dimensional Cartesian coordinate, the net magnetization could be
broken into a longitudinal component (along Z axis and

) and a transverse component

lying on the XY-plane.
Longitudinal relaxation also called spin lattice relaxation is the return of proton
magnetization to equilibrium. The longitudinal relaxation is characterized by a time
constant T1 which is a tissue-specific time constant. In MRI, the T1 relaxation time
contrast is used to distinguish between tissue types. For example, protons in water nuclei
do not recover as quickly as protons in fat.
T1 describes the return of the equilibrium (longitudinal) magnetization after an
applied RF pulse. Energy is transferred from the nuclei spins to the surrounding lattice.
When the RF coil is on, the net magnetization vector will tip down when the RF
coil is on. When the RF coil is off at a certain flipped angle, the longitudinal starts to
recover. T1 constant is the time longitudinal magnetization needs to return to 63% of its
final value immediately after a

RF pulse. The longitudinal magnetization recovery

rate follows an exponential curve and is characterized by:
(1.5)
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Figure 1-7. [Diagram showing the process of T1 relaxation after a
RF pulse is applied at
equilibrium. The z component of the net magnetization
is reduced to zero. But then recovers
gradually back to its equilibrium value if no further RF pulses are applied. The recovery of
is
an exponential process with a time constant T1. This is the time at which the magnetization has
recovered to 63% of its value at equilibrium.] (Ridgway)

Transverse relaxation is the return of protons to equilibrium. Unlike longitudinal
relaxation, transverse relaxation does not reflect the absorption or dissipation of energy.
Instead, it is related to the amount of randomness in the movement of nuclei in the XY
plane. The rate of transverse relaxation is characterized by another time constant, T2.
T1 values for different tissues are about 200 to 3000ms. The T1 constants of the
same tissue are also varied based on the

field strength. T2 constant is always smaller

than T1. For example, in 1.5 Tesla, the T1 constant of the kidney is 650ms, and the T2
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constant is 58ms. Unlike tissue, they are both relatively long in pure water. However, T2
is independent of

. T2 is defined as the transverse magnetization decay which is also

an exponential curve. T2 is the time at which the transverse signal has decayed to 37% of
its initial value (

) immediately after the

RF pulse.
(1.6)

The second cause for the loss of coherence (de-phasing) relates to local static
variations (inhomogeneity) in the applied magnetic field.

is constant in time but might

vary between different locations inside a sample. Therefore, the Larmor frequency varies
at different locations. The different rotate rates cause further de-phasing thus the signal
decays more rapidly. As a result, it is necessary to distinguish T2 from the related
parameter T

. As transverse magnetization decays, the FID signal disappears at the

same rate. This rate is characterized by a time constant T . T
exponential process with a time constant T

relaxation is also an

but shorter due to the inhomogeneity inside

the sample.
T1 and T2 vary for different types of body tissues, providing us with a basis for
generating MR images for these tissues. Two of the most common types of MR images
are T1-weighted and T2-weighted images. T1 weighting is performed to produce images
in which the contrast between tissues reflects differences in T1. Similarly, T2 weighting
produces images that reflect differences in T2.
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Figure 1-8. Transverse (T2 and T ) relaxation processes. [A diagram showing the process of
transverse relaxation after a
RF pulse is applied at equilibrium. Initially the transverse
magnetization (red arrow) has the maximum amplitude as the population of proton magnetic
moments (spin) rotate in phase. The amplitude of the net transverse magnetization (and therefore
the detected signal) decays as the proton magnetic moments move out of phase with one another
(shown by small black arrows). The resultant decaying signal is known as the Free Induction
Decay (FID). The overall term for the observed loss of phase coherence (de-phasing) is T
relaxation, which combines the effect of T2 relaxation and additional de-phaseing caused by local
variations (inhomogeneities) in the applied magnetic field. T2 relaxation is the result of spin-spin
interactions and due to the random nature and molecular motion, this process is irreversible. T
relaxation accounts for the more rapid decay of the FID signal, however the additional decay
caused by field inhomogeneities can be reversed by the application of a
refocusing pulse.
Both T2 and T are exponential process with times constants T2 and T respectively. This is
the time at which the magnetization has decayed to 37% of its initial value immediately after the
RF pulse.] (Ridgway)
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1.5 Improve Image Quality through RF System

The quality of an MR image commonly depends on three characters:
Image contrast
Spatial resolution
Signal to noise ratio (SNR)
Image contrast is the difference in the brightness between regions of an image.
For an MR image, bright pixels equal high signal intensity, dark pixels equal low signal
intensity. Spatial resolution is the clarity with which different areas of the image are
distinguished. Spatial resolution depends on the size of the matrix used for imaging (a
higher matrix has more pixels). Signal to noise ratio is the primary focus of this study; it
is the proportion of RF signal used to construct an image, relative to the amount of
background random noise. Therefore, a high SNR represents increased image quality.
The signal to noise ratio (SNR) depends on some factors that are beyond the
operator’s control and other factors that the user can change. In all of those factors, the
RF resonator is the main hardware device that can be used to increase the

field and

improve the image quality.
(1.7) (D. I. Hoult)
Those proportional relations defined in Equation 1.7 are only for a solenoid
coil.

is the coil resistance.

(similar to the filling factor) is the sample volume which

measures the geometrical relationship of the RF coil and the object being studied.
General, in the same magnetic field the smaller the coil is, the better the signal to noise
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ratio will be. The coil resistance also affects the SNR ratio. Therefore, designing a fitted
RF coil at high field intensity is crucial for reducing SNR.

1.6 RF Coil

The RF coil is recognized as a critical part in MRI for obtaining maximum SNRintensity. Therefore, many papers have appeared on this subject discussion. However, the
vast majority of MRI RF coil have focused on large coils in relatively low frequency
range. Fewer researchers have addressed the high frequency range (F. David Doty).
Types of MRI RF Coils include surface coils, solenoid coils, paired saddle coils,
loop gap coils and bird cage coils. Surface coils are the simplest RF coil designs since
they consist mostly of a single loop of wire. During the imaging process, the surface coil
is placed over the region of interest. The depth of the image of a surface coil usually does
not exceed the radius of the surface coil due to the field property,. The paired saddle coil
is widely used as RF and gradient coils. The paired saddle is a crude approximation by
locating two identical current wires on each half shell. The longitudinal wires carrying
the same source of current I/2 are connected in series. If

is the angle between two wires

of same current direction, the best RF field homogeneity is obtained when

is equal to

. In the optimum case, the amplitude and homogeneity of the RF field also depend on
the resonator length. The maximum magnetic field amplitude at the center is obtained
when

,

but

the

optimum

homogeneity over the coil volume is obtained for a larger ratio l/d of 1.661. This type of
coil provides better homogeneity of the RF field in the area of interest and is used as a
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volume coil. However, at frequencies above 100MHz, the high coil impedance due to the
wire length may become a problem (Mihaela Lupu). Therefore, for higher frequencies,
the coil should be replaced by other designs.
The loop gap resonator covers almost all the NMR frequencies. It is a cylinder
having one or multiple slits along the generator. The gap plays the role of a tuning
capacitor. The loop gap may have a better field homogeneity as compared to the solenoid
(Mihaela Lupu). However, for small sample at high frequency, the small impedance of
the loop gap no longer dominates the resistance of the tuning. In this case, the Q factor of
the loop gap configuration drops dramatically, and the solenoid configuration is
preferred.
The birdcage is a linear network of identical filter cells connected together in such
a way that the last one is identical to the first (Mihaela Lupu). From the spatial point of
view, each cell contains a straight rung conductor (or leg) that contributes to the magnetic
field. The rung conductors are arranged parallel to the cylinder generator, equally spaced.
When excited by a current source, “waves” are propagating along the network. For some
frequencies, the waves combine constructively to create stationary states, corresponding
to resonant modes of the ladder network. For one particular stationary state of the
network, the ideal cosine current distribution is obtained. Hence, the magnetic field
distribution created by the birdcage is expected to reach the ideal homogeneity.
Consider a 2N rungs ideal birdcage. The current amplitude on each leg follows
the cosine relationship, could be written as (Mihaela Lupu)
(1.8)

16

Where n and k are the leg number and frequency mode, respectively. The spatial
phase factor

is
(1.9)

The birdcage design can be described by a complex network of lumped RLC
elements. Based on the RLC elements, there are low-pass, high-pass, band-pass and
hybrid birdcage circuits. The resonant frequencies depend on the type of circuit. In the
basic network, the resonant frequencies for low-pass and high-pass are given by
(low pass)
(high pass)

(1.10)
(1.11)

Tuning the homogeneous mode of the birdcage resonator to the required
frequency needs an accurate estimation of the capacitances. Generally, the birdcage is
pre-tuned by fixed capacitors, and the final adjustment is made by the distributed
capacitances between the legs and some moveable piece of copper foil. The fixed
capacitance efficient calculation approach is employed in the Birdcage Builder software
from the Penn State University that has been proven to give valuable results. The bird
cage coil provides the best RF homogeneity of all the RF coils (Mihaela Lupu). The price
to be paid is an increased complexity in tuning the resonator and a greater dependence of
the RF magnetic field homogeneity to the coil design. Another difficulty will be
encountered in multiple tuning the resonator.
In summary, some coil types may produce great field intensity and homogeneity,
but the complex configuration is not suitable in the small MRI coil chamber. Considering
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the RF field map, the usability and fabrication difficulty, solenoid RF coils are chosen to
image phantoms on the 14T and 20T MRI machine. A solenoid is a coil wound into a
tightly packed helix. The magnetic inside the coil follows the “right hand rule”, and
depends on the number of loops, material in the core and the current. Solenoid coil is
easy to build and provides better homogeneous field than surface coil. Optimization of
the coil design has been the subject of numerous works since the early days of radio until
the most recent works on the design of micro-electronic circuits. Therefore, there is a
significant amount of useful information and experience that can be found from the
previous literatures.

Figure 1-9. Several types of coils have been built in our MRI lab based on the imaging phantom
size and
field strength of the MRI machine.
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Chapter 2
RF Coil Design and Simulation
Values for

static magnetic fields in MRI experiments are in the range from 1 to

21 Tesla, corresponding to Larmor frequencies from 42 to 900MHz. For this study
solenoid resonators for 600MHz and 850MHz will be designed, simulated, constructed
and tested. In this frequency regime, all the factors of loss (coil, capacitor, sample, shield
and transmission lines) are essential.

Figure 2-1. A finished RF coil 3D model in CST. The 3D model contains devices such as coil
inductor, film capacitors and coax cable. Those devices are connected by the copper transmission
lion on a dielectric substrate.

The electromagnetic performance of coil is explored with full-wave 3D EM
software (Microwave Studio by Computer Simulation Technology CST). The CST
software is based on a discretized solution of the integral formulation of Maxwell’s
Equations; hence the method is referred to as Finite Integration Technique (FIT). Recent
tests of frequency-domain solver indicate that CST is both faster and more accurate for
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high-Q coil problems. The mode frequencies are usually calculated within 2% of the
experimental values and the calculated

magnitude often agrees within 5% with the

MR experiment. In most evaluations, CST is better suited and more accurate than the
other software (HFSS by Ansoft, and XFDTD by REMCOM) (F. David Doty).

2.1 Solenoid Coil Design

As mentioned in Section 1.2, the nuclear precession motion is excited by a RF
pulse from RF Coil at the Larmor frequency. The pulse is actually a magnetic flux
generated by wire loops of the RF Coil. When a current is passing through the wire loops
during a limited time period (τ), the proton precession direction will be tilted by the RF
pulse by an angle (θ). The pulse length and the radio frequency amplitude are related by
the equation (1.3).

(1.3)

Where

is the gyromagnetic ratio and is the RF pulse duration time.

When designing the solenoid loop for a RF Coil, the first factor should be taken
into consideration is the inductance. The RF Coil can be considered as an electrical
inductor, and the inductor is connected to external capacitors for matching and tuning. In
general, the factors related to the inductance of a solenoid coil are the number of turns
(N), magnetic permeability (μ), area of coil (A) and coil length ( ).
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(2.1)

However, in reality, the inductance of the solenoid coil cannot be calculated out
accurately by using this equation.

Figure 2-2. Coil loop in CST, l=3.15mm (volume length of solenoid), N=3(number of turns),
r=0.35mm (wire cross section radius), d=4.7mm (coil cross section inner diameter).

The inductance of the solenoid also can be estimated with a good accuracy using
the formula obtained by L. Lorentz (1879).
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(2.2)

(2.3)

Where K(k) is the complete elliptic integral of the first kind, E(k) is the complete
elliptic integral of the second.

At high frequency, the current does not penetrate inside the conductors but
circulates within a thin layer near the wire surface. The skin depth

is given by

(2.4)

Where

is the permeability of the wire (

its conductivity,

for copper) and

is the working frequency. For Cu,

is about 2.67

is

at 600MHz

[Jordan]. The wire resistance is

(2.5)

Where

is the length of straight isolated conductor,

is the section of the thin

sheet current

(2.6)

And

is the wire diameter. The length of the wire is given by
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(2.7)

Where

is the mean diameter of the solenoid coil (

) and n is the

number of turns. Then the resistance of a three turns coil can be roughly calculated

The proximity effect (the current in alternative conductors crowding effect)
results in a non-uniform current distribution around the wire, the resistance given by
equation (2.5) is corrected by a “proximity factor” . The “proximity factor”

may

increase the resistance by a factor of 10. Consequently, the resistance of the solenoid coil
may be written as

(2.8) [Mihaela Lupu]

k is the ratio of the distance s between the two adjacent wire centers. The
calculation of

is complex since it depends on k, frequency, conductor diameter,

temperature and many other factors.

The inductance of a solenoid RF coil can be expressed as following

(2.9) [Mihaela Lupu]
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For the inductors,

is equal to the ratio of the reactive and resistive parts of the

inductor impedance

(2.10)

Hence, one obtains

(2.11) [Mihaela Lupu]

At this point, there is no need to calculate the inductance and Q factor accurately.
However, with the equations above, the factors need to be considered are obtained. The Q
factor does not depend on the number of turns. Furthermore, it increases with the ratio of
d/l for a long solenoid. When the solenoid is used as a coil, its diameter d is firstly
determined according to experimental constraints. In this case, the coil diameter is chosen
to be 3.9mm. Secondly, its length depends on the desired homogeneous volume. The
magnetic field produced inside a solenoid coil is uniform when it is infinitely long.
However, in accordance with an optimum Q value, the ratio of length to diameter l/d may
be chosen between 0.5 and 1.5. Although, Kan demonstrated that a ratio of 0.41 is the
optimum value [Kan, S., and Gonord, P., 1922], considering the
the actual l/d ratio in this RF coil project is

field homogeneous,

(a larger coil length provides a

more homogeneous field). If the winding are close together, k (the ratio of the distance s
between the two adjacent wire centers) has the lowest value 1. However, the proximity
effect increases the resistance dramatically (equation 2.8). On the other hand if the
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winding steps s increases, k increases, but Q factor and

tend to diminish accordingly.

The optimum wire spacing between turns has to be found to be equal to the wire radius.
The Q factor of solenoid coil does not depend on n and, on a first approximation, does
not depend on the coil diameter. It mainly depends on the wire diameter. This is verified
by experience as far as the length of wire is much smaller than the wavelength (at least
than a tenth). In addition, from the frequency dependent skin depth (Equation 2.4) and
Equation 2.10 it is apparent that there is a quadratic dependence of Q on the frequency.
If the solenoids all wound in the same manner with the same overall dimensions,

Which clearly reconciles the plot of Figure 2-3.

Figure 2-3. The Q of a set of solenoids. The dimensions of each solenoid are the same, but the
number of turns varies with frequency. The winding geometry is shown in the inset, and gives the
optimum Q. For many turns, and well below the self-resonant frequency
(D. I. Hoult)
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Based on the equation

(2.13)

The wave length at 850MHz is 0.353m. The wire length is

.

Therefore, the solenoid coil satisfies the condition that wire length is much smaller that
the wave length. In summary, considering all of the factors above, the 3 loops solenoid
coil with a l/d ration 0.685 should be the best option.

2.2 Capacitors

In a coil circuit, the inductance is fixed, and the capacitor’s value is variable.
Based on formula 2.14,

(2.14)

The working frequency is in inverse proportion with capacitance when the inductance is
fixed. By using equation

(2.15) [Xtal Set Society]

The coil inductance is roughly calculated. Where r is the coil volume cross section radius,
N is the number of turns, p is the distance between the center of one turn and the next.
The inductance is 0.03μH by using equation 2.15 (
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, and the total capacitance should be around 2.29pf at 600MHz and 1.14pf at
850MHz ideally through equation 2.14. The capacitance mentioned here is the tuning
capacitor. The matching capacitor value will be discussed later in this section. Variations
in size and tissue composition of the phantom in the coil affect the signal strength and the
resonant frequency. If the RLC circuit is not matched properly, there is not enough power
transferring from the coil to the sample which means the

field is not strong enough.

The FID signal will be weak and leads to a SNR does not meeting the imaging
requirement. For these reasons, two types of adjusting capacitors are entailed on the RF
coil to adjust the resonant peak of the coil. One capacitor is called the matching capacitor
(in the series with the coil) and the other the tuning capacitor (in parallel with the coil).
The task of the matching capacitor is to match the impedance of the coil and phantom
system to the external electronics. The tuning capacitor is moving the peak to the
frequency of interest.

When an inductor and a capacitor are connected in series (Figure .2-4), the
impedance

of the circuit is

(2.16)

27

Figure 2-4. Series RLC circuit

In a parallel configuration (Figure 2-5), the impedance of the circuit is given by

(2.17)

Figure 2-5.Parallel RLC circuit

Power delivered to a load is maximum when the load impedance
the source

is equal to

. Usually the source is a standard impedance value 50 Ω. In the experiment,

the resonant frequency of the coil should be first adjusted so that the real part of the
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impedance should be equal to

=50Ω at the spectrometer frequency

adjusting the matching capacitance

. This is done by

(Figure 2-6).

(2.18) [Mihaela Lupu]

Where

and X

=

.

By solving the equation (2.18), one obtains

(2.19)[Mihaela Lupu]

Where, the Q value of a coil inductor decreases with frequency increasing.

(2.20) [Mihaela Lupu]

(2.21) [Mihaela Lupu]

(2.22) [Mihaela Lupu]
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Figure 2-6.Series capacitive matching network

The matching capacitor

is

(2.23) [Mihaela Lupu]

Where A is given by Eq. (2.21).

Typically, a capacitor of 10pf made with a ceramic dielectric has an intrinsic Q
value over 1000 around 1MHz. However, the Q value decreases to around 250-1000 at
500MHz 0.(Mihaela Lupu)

value of a solenoid RNM coil range from about 50 to 500.

If a coil designed to work at 600MHz, the coil has an inductance of 0.03μH and a Q
factor of 100. Then
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The value of the matching capacitor is 0.354pf and tuning capacitor is 2.00pf. In
summary, the combination of

and

are equal to the capacitance required to tune the

coil resonance at the spectrometer frequency.

Because the exact Q value is unknown before the RF Coil is fabricated, the values
of

and

for the resonant frequencies of 600MHz and 850 MHz are also unknown.

So CST provides the necessary simulation tool to determine the capacitance combination
(matching and tuning capacitance) for the target frequencies.

Figure 2-7.Two single layer capacitors on Rogers3003 substrate as simulated in CST
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In the CST model, there are two single layer capacitors (Figure 2-7) which
correspond to the matching and tuning capacitors. The capacitor includes two 1mm side
length square copper plate and a 1mm side length cube filling material. The capacitance
could be changed by putting different dielectric constant numbers in the material
parameter window base on equation 2.24 (Figure 2-8).

(2.24)

Figure 2-8. Material parameters window in CST
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2.3 Circuit Substrate

Rogers 3003 circuit materials have the features of low dielectric loss (dissipation
factor = 0.0013) and excellent mechanical property (copper peel strength = 3.1 N/mm).
Since Q factor is essential in MRI RF Coils, Rogers 3003 laminate will be the perfect
choice as a circuit substrate (Figure 2-7). The good mechanical property also benefits the
future fabrication process. In CST, there is a ready Rogers3003 option in the materials list
(Figure 2-9).

Figure 2-9. Rogers3003 can be found in CST Material Library
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2.4 Coax Cable and Waveguide Port

Non-magnetic SMA connectors are used to connect the RF Coil and the
oscilloscope in experiment. In CST simulation model, there should be a coax cable
connecting the RF Coil and the input wave port. Most microwave hardware is specified
to run in a 50Ω system. The standardization of 50Ω of the coax cable can be gained by
the formula

(2.25)

Where D is the inner diameter of the copper shell, d is the diameter of the copper
wire, μ is the magnetic permeability of free space,
material.

Figure 2-10. A coax cable built in CST

is the dielectric constant of the filling
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In this case, the filling material between two copper solids is Teflon. The
dielectric constant of Teflon is 2.1. Thus, D=3.36mm and d=1mm (Figure 2-10), and then
the waveguide port could be put on the bottom side of the coax cable (Figure 2-11).

Figure 2-11. Waveguide port on coax cable, arrow indicated the wave propagation direction

2.5 Boundary Condition and Mesh

A computer is only capable of calculating problems that have finite expansions,
thus the boundary conditions need to be specified before the simulation starts. There are
several types available. Considering the RF Coil operate in a free space like environment
Open (add space) boundary condition which is recommended for antenna problems
(Figure 2-12).
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Figure 2-12. The open (add space) on the faces of the project’s bounding box

After the model is geometrically set up, and boundary condition is assigned, it has
to be translated into a computer accessible format. As already mentioned above, the
foundation of CST is Finite Integration method. Thus, the calculation domain has to be
subdivided into small cell on which Maxwell’s Grid Equations must be solved. Those
mesh influences the accuracy and speed of the simulation.

An essential part of getting accurate simulation result relies on reasonable mesh
sizes for several different materials, especially when the model contains both lossy metal
and dielectric materials. The expert system in CST uses lots of parameters controlling the
mesh generation, having either local or global influence on the mesh. However, there are
a few settings that are modified in order to obtain highly efficient meshes (Figure 2-12).
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The most essential global one is “Lines per Wavelength” which defines the minimum
number of mesh lines in each coordinate direction based on the highest frequency of
evaluation. For example, the simulation frequency range in this study ranges from
0.4GHz to 1GHz, the mesh lines will be based on 1GHz.

The Lines per Wavelength parameter describes the spatial sampling rate of the
field. A Lines per Wavelength setting of 10 means that a plane wave propagating along
one of the coordinate axes is sampled at least 10 times. The reduction of the wavelength
when propagating through dielectric materials is taken into account here. Due to the RF
Coil model is relatively small in size, the value of is placed 50 in the parameter box
(Figure2-12).

Figure 2-13. CST Mesh property window
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For the small and complex parts in this model, a local mesh is necessary to
acquire an accurate result. For example, as the most essential component in the RF coil,
the appropriate mesh of the sinusoid loop is essential. CST recommends using at least 1-2
mesh lines across the diameter of the helix’s cross-section. Furthermore, 3-5 mesh lines
should be used along the helix’s axis in between the turns. Without the local mesh, there
will not be at least one entire mesh line inside the cross-section (Figure 2-14). In the local
mesh dialog, the mesh could be refined in the model’s volume through putting different
values for three spatial directions in the Maximum Mesh Step Width Frame (Figure 215). With the Local Mesh Properties set up, there are more than 4 mesh lines across the
diameter of the helix’s cross-section (Figure 2-14). Therefore, the simulation should
produce reliable results.

Figure 2-14. Solenoid coil cross section with mesh lines. A) Too few mesh line inside the wire
cross section. B) An appropriate mesh line set up.
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Figure 2-15. CST local mesh property window

2.6 CST Simulation Result

As mentioned previously, the waveguide port is where the wave can propagate
into or out of the structure. At the waveguide port, voltages that are monitored indicate
the input and output signals of the structure. According to the signals, the scattering
parameters (S-parameters) are calculated. In general, only the

(Input port voltage

reflection coefficient) is calculated for the MRI RF coil experiment. However, this is
already enough to find the resonance peak.

(2.26)
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is usually plotted in 20dB scale. For example, if the

is -22.646 in dB at

0.6GHz, it will be 0.0737 in linear scale, which means the reflected voltage is 7.37% of
the input voltage. The S-parameter’s drop at certain parameter indicates the RF Coil is at
resonance since the power is transferred into the magnetic field and gathered in the coil
loops.

Figure 2-16. CST S11 result and capacitor values for 600MHz.

After several simulations with varying parameters, a 600MHz frequency result is
obtained (Figure 2-16). Based on the equation 2.24 (
capacitances for 600MHz are

and

The corresponding
. The simulation values

are close to the calculation values achieved in the previous section

and

(when Q=100). The copper strip and inductor self-capacitance may
contribute to the small difference. According to Figure 2-16, at 600MHz, the RF coil
provides a magnetic field that follows the right hand rule. That field is the

field
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discussed earlier. In this specific case, it has maximum magnetic field strength of 1354
A/m (Fig 2-17). A 850MHz peak is also obtained in the latter simulation (Figure 2-18).

Figure 2-17. RF coil provides a magnetic field that follows the right hand rule.

Figure 2-18. CST S11 result for 850MHz.

1

Chapter 3
Coil Fabrication & Optimization

3.1 Fabrication

Based on the simulation design model, the whole RF resonator is constructed
from an RF coil, copper strip circuit, capacitors and coax cable. The copper strip circuit
connects all other three components together. Due to mechanical properties requirement,
the copper strip circuit should be adherent to a dielectric substrate. Therefore, the copper
strip and substrate combination is actually a printed circuit board fabricated using
RO3003 laminate. The RO3003 laminate exhibits excellent copper peel strength (12.7
lb/in) and the elastic modulus (900 MPa) which makes the circuit mechanically stable in
the further fabrication and debugging process. Another reason why RO3003 was chosen
is the low dissipation factor (

which is propitious to high frequency

signal transmission.

Figure 3-1. RO3003 High Frequency Laminates (top view showing the copper foil on the Rogers
RO3003 dielectric substrate.
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RO3003 is actually a dielectric board covered by copper foil on both sides. To
make the electrical conductor pattern the same as the simulation model, the RO3003
laminate is cut into 1X2cm2 pieces. The small RO3003 piece is covered by plastic tape on
one side of the RO3003. A Universal

Laser is used to cut the tape as according to the

designed patter. The circuit patterns geometry is generated by AutoCAD or the laser’s
software.

Figure 3-2. Universal

Laser Cutter (Universal Laser Systems)

The RO3003 would then be put into the Ferric Chloride etchant solution. The
copper area without the coverage of tape will be etched off and the electrical conductor
pattern will be prevented from etching after about 1 hour etching process (Figure 3-3).
Water could be used to rinse off the Laminate. The other components will be mounted on
the copper pattern through soldering.
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Figure 3-3. Laminate before and after etching

Figure 3-4. Voltronics Corporation NMA1P8HVE tunable capacitor (left) and American
Technical Ceramics 800 series capacitors (right)

The coil loop resonator is manually fabricated exactly the same as the 3 turns coil
model in the simulation software. Another critical device except for the solenoid coil is
the capacitor. To efficiently adjust the RF coil working frequency, the capacitors used
here should be able to shift their value in a relatively large range. The tunable capacitors
from Voltronics Corporation are specified to range from 0.5pf to 8pf. In order to validate
the manufacturer specifications, two capacitors are chosen to be tested before using. The
two tested capacitors’ ranges are 0.4-9.1pf and 0.45-10pf which are acceptable. However,
the range is still relative high compare to the simulation result. Based on the equation
(3.1)
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Some small fix value capacitors from American Technical Ceramics Corp are put
in series with the tunable capacitors to reduce the capacitance (Figure 3-5).

Figure 3-5. Fixed capacitors are put in series with tunable capacitor to reduce the circuit
capacitance.

Another essential device on the circuit is a nonmagnetic SMA connector. The
SMA connector replaces the coax cable in the simulation model. Therefore, the coil can
be connected to the network analyzer and the MRI system. After all of the components
are mounted on the Rogers Laminate, the finished coil circuit will be tested. The first
fabricated RF Coil is targeted to work at 600MHz.

Figure 3-6. Finished RF resonator including capacitors and coil
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3.2 Debugging

A network analyzer provides a direct reading of the reflection coefficient and/or
the transmission parameters. Based on the discussion in section 2.6, the S parameters are
used to measure the voltage reflection or transmission. In experiment, the RF coil is fixed
on an aluminum tube stand and connected to the network analyzer (Figure 3-6). The
stand will also be utilized to put the RF coil into the imaging position of the MRI system.

Figure 3-7. RF Coil is set up to the network analyzer for further tuning and debugging.

The first step in adjusting a new RF coil is to tune and match it at the required
frequency. On the RF work bench, the matching procedure is done in three steps:
1. The resonance is shifted to target frequency by adjusting the tuning capacitor
2. The matching capacitor is adjusted to best match
3. The tuning capacitor is tuned again to the target frequency based on the
previous situation.
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This procedure is repeated until the correct match is obtained at the desired
frequency.
The fixed capacitor value will be based on the simulation result. During the
procedure, the fixed capacitor value will be changed if the desired capacitance exceeded
the tunable range.
The final capacitor values are 3.9pf and 0.2pf. Without considering the tolerance
(American Technical Ceramics announces a 0.1pf tolerance), the tuning capacitance is in
the range of

The matching capacitor is in the range

The target frequency peak is obtained after a number of test cycles (Figure 3-7).
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Figure 3-8. Network analyzer shows the S11 result at 599.7MHz.

To ensure that the dip in the S11 value is associated with the coil resonance, and
not another resonance in the circuit, S21 values are obtained at 600MHz. The S21
parameter is measured in the laboratory by coupling the coil to another loop probe.

Figure 3-9. S21 measurement set up
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The S21 parameter measurement is similar to the previous S11 measurement.
However the data reading is from another port (port 2), since the S21 is measuring the
signal ratio at the output side.

Figure 3-10. S21 and S11 compared at the 0.5284GHz peak.

According to the right-hand rule, a single loop coil is placed in parallel with the
solenoid loop to detect the magnetic field at the target frequency (Figure 3-9). The S21
parameter will be exactly like Figure 3-9 if the coil produces a magnetic field at the same
frequency.
Up to now, all of the debugging experiments are using air core coil. It should be
noticed that, in such a small coil circuit, any external factors will affect the coil working
frequency. Which means that the frequency peak will be shifted after an imaging
phantom is put into the coil or the coil is inserted into the MRI system. Therefore, the
tuning process will also be needed during the imaging in order to get a strong
the target frequency.

field at
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Chapter 4
Imaging Result and Discussion

4.1 Tuning before Imaging Process

After a series of fabrication and testing process, the three turn coil is ready for the
MRI imaging process. The first imaged phantom was a glass tube filled with water.

Figure 4-1. 1) Glass tube filled with water, 2) The glass tube is put into the coil

The inner diameter of the coil is 4mm, and the glass tube cross section diameter is
2.6mm. As discussed earlier, any environment change may affect the circuit. Based on
equation
(4.1) (Hurley)

Where L is the inductance (

),

turns, A is the effective cross section area (
(

is the core permeability, N is the number of
), and is the mean magnetic path length

). The inductance of the coil inductor will be affected by the core permeability.

Although the permeability of water (

is close to air(

,

the inductance of the RF coil will be changed, and the phantom will add some load to the
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impedance. Therefore, the frequency peak will be shifted, and the capacitors need to be
tuned when the phantom inside the coil.
Additional factors need to be considered in tuning the resonator to 600 MHz.
According to the experiment experience on the 14T system, the target frequency of the
600MHz RF coil with water inside will be shifted up by about 50 MHz after the RF coil
is put inside the MRI system.

This is due to the interaction of the coil magnetic field

with the external shield around the resonator.

4.2

Field Magnitude Homogeneity

In the imaging process of the three turn RF coil, the flip angle is tilted by

in

which indicates that the coil is relative sensitive. This characteristic is due to the
strong

created by the RF coil. According to equation 1.3 (

also a function of

), the flip angle is

field strength magnitude.

Figure 4.2 shows transverse slices of the water. A total of 320 transverse slices
could be reconstructed from the 3D MRI scan. The first image is the #160 slice image.
Therefore, it is in the middle of the RF coil. The following images are (#170, #180 and
#190) which are separated by 0.78 mm. The image resolution is 0.078mm isotropic thus
the images are 0.78mm from the previous one.
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Figure 4-2. Four selected cross section slice images #1, #2, #3, #4.

Since the phantom is only water, there is only a bright planar image for each slice.
Usually, the most homogeneous

field is in the center area of the coil as observed

through the Figure 4-3 which is the image along the bore axis. The brightness of the
image is proportional to the

field magnitude.

Figure 4-3. MRI image of water along the field direction of

.

Due to the position difference, the first image of Figure 4-2 is brighter than others.
Since the water phantom is not perfectly positioned in the center of the coil, and the glass
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tube is touching the coil, field inhomogeneity results in the dark artifacts at the bottom of
Figure 4-3. Similar artifacts could also be found on Figure 4-2.
One crucial goal of RF coil design is producing homogeneous field magnitude. In
high-resolution NMR, inhomogeneous

field contributes to suboptimal signal intensity,

errors in measurement of relaxation parameters, and reduced resolution. To identify that
homogeneity on the transverse plane, a cross-section line is made on the first image of
Figure 4-4. Figure 4-5 is a plot of the brightness along the cross-section line which
provides an estimate of the

field homogeneity. Except for some small artifacts, the

plot shows a flat line around gray value 120, which indicates the field magnitude
homogeneity on this plane is acceptable.

Figure 4-4. Selected transverse slice images and the brightness plot along the yellow line.

To determine the field homogeneity along the longitudinal direction, another
cross-section line is put on the image of Figure 4-3 along the

field direction. The

brightest area is in the middle of the image. The brightness decreases quickly when
moving away from the middle. If the half value of the maximum brightness is set as the
thresh hold value, homogeneous range is about 100 pixels. Although this coil is
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acceptable for imaging use, the field magnitude homogeneity along

field direction

should be improved if possible.

Figure 4-5. Image along the field direction of

For the further investigation of the
compared with the simulation

and the brightness plot along the yellow line.

field, an actual

map was acquired and

map. The Fourier analysis of signal intensity

modulations produced by variation of the flip angles method is employed to achieve the
map. Take one pixel as an example, from the water phantom MRI image for a series
increased flip angles, the signal intensity VS. the flip angle curve of a single pixel could
be filled. The exact RF pulse length for a certain flip angle is known. Based on the
equation
(4.2) (Talagala)
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Where

is the flip angle,

is the RF pulse length,

field strength. The single pixel

gyromagnetic ratio, and

is the

field strength could be calculated. Then the whole field

map could be built by processing each pixel.
In both of the experiment and the simulation field maps, the different field
strengths are defined by different colors. The H field (magnetic field strength) in
Ampere/m for the CST simulation corresponds to the

field (Figure 4.6). The measured

values are shown in terms of B field (magnetic flux density) in Tesla (Figure 4.7). In free
space, the relationship between applied field strength and magnetic flux density is:

(4.3)

Figure 4-6. CST simulation result

field strength map.
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Figure 4-7.
field strength map constructed from water phantom (in Tesla) and the field
strength plot along different direction.

In the experimental field map (Figure 4-7), the whole coil volume could not be
observed due to the size of the water phantom. However, the characteristic could still be
seen from the figure. In both simulation and experiment results, there are strong field
areas close to the copper, and the field in the center of the coil is more homogeneous. The
field distribution is mainly due to the current contribution in the wire. The center is
contributed by the current the most. Therefore, the phantom should be placed in the
center area during imaging.
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In the CST simulation result, the maximum strength was 1609A/m. By using
equation 4.3, the corresponding value for 1609A/m is

. In the experiment,

the maximum field strength of the constructed field map is also around

which

is close to the simulation result. Therefore, the experiment result matches the simulation
result. The field strength plot also approves the previous field homogeneity conclusion.

4.3

To improve the

Field Magnitude Homogeneity Improvement

field homogeneity, the coil design should be modified. Based

on the previous discussion, the magnetic field produced inside a solenoid coil is uniform
when it is infinitely long. Therefore, increase the coil length will improve the field
homogeneity. One way to increase the coil length is to extend the space between the
wires. However, as discussed in section 2.1, the optimum wire spacing between turns has
to be found to be equal to the wire radius. The ratio of the distance s between the two
adjacent wire centers k is inverse proportional to the Q factor.
(2.11)
Another way to increase coil length is to increase the number of coil turns. Since the
number of turns, n, is not part of equation 2.11, the Q factor will not be diminished too
much. The d/l ratio should not be altered significantly if one more loop is added.
Therefore, the d/l ratio is
impedance change with additional turns:

. However, the coil inductance and circuit

57

(2.8)

(2.9)
Thus, the capacitance at the target frequency will be different from before.
Using equation (2.9), the much bigger inductance of the four turns coil compared
to the three turns coil (due to the

) can be seen. An inductance increase will lead to the

capacitance decrease at the target frequency (equation 2.14). However, finding
appropriate small and efficient capacitors is challenging. Therefore, another coil design is
also taken into consideration to reduce the total circuit inductance change. In this design,
one four-turns inductor is replaced by double four-turns inductors connected in parallel.
The total circuit inductance will be reduced since the two capacitors are in parallel
(Figure 4-8).
(4.4)

Figure 4-8. 1. The single four-turns RF coil. 2. The double four-turns RF coil.
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During the tuning process, the four-turns RF coil is more sensitive to capacitance
change due to its big inductance. The double four-turns RF coil is easier to be tuned
compared to the other coil. On the frequency plot of the network analyzer, the single
four-turns coil show better brightness, the double four-turns coil provides a wider
frequency peak than others. This may be due to the coupling between the two inductors.
However, the coupling effect does not affect the field homogeneity based on the later
discussion.

Figure 4-9. Four-turns RF coil water phantom brightness plot.
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Figure 4-10. Double four-turns RF coil water phantom brightness plot.

The four-turns coil and double four turn RF coils are fabricated in the same way
as the three turn coil. The three turn coil capacitance range is used as a reference. As
shown in Figure 4-9 and Figure 4-10, if the half maximum value is set as a thresh hold,
both brightness plots have more pixels than the three-turns coil above the thresh hold.
However, the double four-turns coil has more pixels above the thresh hold thus the
double four turns coil has better field homogeneity. Therefore, the double four-turns coil
is promising for future imaging experiments.
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4.4 Final Image Result and Future Work

The RF coil designed is suitable for imaging of canola seed. Canola seeds are
widely used to produce healthy oil contributing balanced nutrition for human
consumption. It is also a perfect candidate to make biodiesel. Therefore, the canola seed
research has significant importance.
Due to tuning capability, the best MRI canola seed images are provided by the
double four-turns RF coil. The coil has a relative high sensitivity that provides a
angle in 12

. The total image time is about 24 hours to get a 20

flip

isotropic resolution.

A few canola seeds are put into a glass tube that was filled with vegetable oil. The MRI
system provides high quality lipid images for three of those seeds. As a real 3D dataset
was acquired, images from any angle of the seed can be produced. The small components
of canola seed such as embryo and cotyledon could be seen easily in the picture (Figure
4-11).

Figure 4-11. Canola seed micro-image obtained from 14T MRI system.
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In this project, multiple solenoid resonators for high field MR microscopy are
designed, constructed, and compared. A high resolution three dimensional dataset of
canola seeds was acquired at a 14T MRI system. Despite the good image quality, a
further improvement of the RF coil will be the target of future research. Especially the
fact that the RF coil could be tuned and matched only before put into the MRI system
needs to be addressed. In this case, the tuning and matching relies on the worker’s
experience, which contains many unpredictable factors. To get resonance at the target
frequency accurately and obtain high quality images, the RF coil should be able to be
tuned after it is put into the MRI system. Up to now, only the 600MHz RF coil is
fabricated and used for imaging. The next essential step is the fabrication of the 850MHz
RF coil for the 20T system which may bring more challenges.
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