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ABSTRACT |

Objective: To evaluate a modelling and design methodology employed in constructing and optimizing
radiofrequency (RF) coils suitable for use with the whole-body fast-field-cycling Magnetic Resonance

Imaging (FFC-MRI). It is also aimed at comparing the sensitivity and the signal-to-noise ratio (SNR) of the
various types of surface RF coils constructed at the initial and final stages of this research.

Methodology: An experimental study carried out at Biomedical MRI Laboratory at University of
Aberdeen. Various designs of RF coil were constructed, optimized and tested with network/signal analyser
for use with an experimental FFC - MRI scanner, operating at a detection magnetic field of 0.2 T (proton
Larmor frequency of 8.5 MHz). The coils comprised circular loop (CL) RF — receive surface coil and a
birdcage RF — transmit volume coil. The intrinsic parameters of the CL coils were measured using a
search-coil field probe and a network/signal analyser.

Results: The CL surface coil constructed with copper wire had resonant frequency of 8.46 MHz and
Quality factor (Q — factor) of 47.1 while the resonant frequency of the one constructed with litz wire was
8.54 MHz and Q - factor of 85.4 MHz. The intrinsic parameter of the birdcage volume coil was 8.48 MHz
and Q - factor of 102.

Conclusion: Bench testing of the coils showed promise as receiver and transmit coils for the FFC-MRI
system

Keywords: Fast field cycling MRI, Circular Loop Coil, Birdcage coil, Q- factor

Introduction

Magnetic Resonance Imaging is a diagnostic
imaging technique based on the emission of
electromagnetic waves from the body when the
patient is placed in a strong magnetic field
andexposed to radiofrequency radiation [1]. This

is achieved through the magnet that generates a
strong, constant magnetic field, radiofrequency
transmit and receive coils which excite and detect
nuclear magnetic resonance (NMR) signals, and
magnetic field gradients, which localizes the NMR
signal [2].
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Fast Field Cycling (FFC) MRI is a special type of
MRI scanner which allows switching of the
magnetic field during image acquisition. This
differs from the MRI approach that produces a
constant magnetic field during the scan [3]. The
rationale behind this technique is to produce
endogenous contrast of the patient under
examination by measuring the pattern of variations
of T relative to magnetic field [4]. This new type
of MRI technique is more sensitive to pathological
changes in tissues when compared to conventional
MRI scanner [5].

An FFC-NMR pulse sequence is composed of
three distinct periods called ‘polarization’,
‘evolution’ and ‘detection’, and each of these
periods have their own distinct value of applied
magnetic field (Figure 1) [6]. The switching of
this magnetic field during pulse sequences enables
the nuclear spins to ‘evolve’, and the applied
magnetic field strength during this period can be
changed, but if the magnetic field is switched to a
“detection” period, the applied magnetic field
strength is always constant, in order to have an
NMR signal with uniform frequency [7].

POLARISATION EVOLUTION DETECTION
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Figure 1: The pulse sequence of field-cycling,
showing the three periods. Relaxation occurs
during the evolution period, while signal detection
takes place during detection period.

The Inversion Recovery (IR) sequence allows the
sample to pre-polarise in the B, field, then
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switched to Bo° where the pre-polarised
magnetisation is inverted following the application
of the first 180° RF pulse. The sample will now
relax when the magnet is switched to By" for a
variable period.

Finally, the field is switched to B, field where a
90° RF pulse is applied to generate the FID and
the acquisition of images (Figure 2) [5, 6].
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Figure 2: Fast-field-cycling inversion-recovery
pulse sequence for relaxometric imaging
measurements.

The radiofrequency (RF) system consists of a
transmitter and a receiver coil. The RF pulses are
generated by a whole body excitation transmitter
coil responsible for the MR signals, that provides
diagnostic information produced within the
patient’s tissue [8].

The Receiver Surface Coil

After the tipping of the magnetisation vector (M)
to the transverse component (Mxy), it will
continue precessing at Larmor frequency, o, and
a voltage known as electromotive force (EMF)
will be induced across the ends of the coil. This
process is called Faraday induction (Figure 3) [9].
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Figure 3: Schematic of a receiver and a receive
amplifier connected to it.

The voltage (EMF) can be expressed as:

Voltage (EMF): |§| = o®, (equation 1)

Where @, is the magnitude of the rotating flux.
From the expression above, it means that when the
Bo field is increased, then the precessional
frequency . will also increase likewise the
induced signal voltage.

Over the years, a great number of MRI, FFC -
MRI and MR Spectroscopy (MRS) studies have
employed a variety of RF surface coils [10,11],
including double-tuned coil designs [12]. In recent
years, specially designed RF phased-arrays,
composed of a number of surface RF coils, have
been used to increase the SNR [13, 14] or to
reduce the acquisition time by means of parallel
imaging techniques [15].

The simplest, and most used, RF surface coil
design consists of a circular or rectangular loop,
giving a B; field that in the central region of the
coil is perpendicular to the coil plane (axial RF
field) [16]. This RF coil design is especially
suitable for MRI systems with horizontal By field
and a great number of FFC - MRI pre-clinical and
clinical applications have been demonstrated [17].

The Transmitter VVolume Caoil

The transmitter generates the RF field, B,
required to tip the magnetisation vector (M) from
its equilibrium to the transverse component. The
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amplifier, which is connected to the end of the coil
drives an oscillating current, Ige, at Larmor
frequency, o, and this will generate an oscillating
RF field (Figure 4) [18].

Figure 4: Schematic of a transmitter and a
transmit amplifier connected to it.

The efficiency of the transmitter can be enhanced
by increasing the number of turns of the wire and
reducing the diameter of the coil, so that the turns
of the wire will be closer to the NMR spins within
the patient. So if the coil is more tightly close to
the patient, the SNR will be increased. The
numerical expression representing the efficiency
of the transmitter (figure of merit) is
By

Bu (equation 2)

Igr
where By is the transmit efficiency (field/unit current).

Reciprocity: The law of reciprocity relates to the
transmit and receive properties of the RF coil.
This can be expressed as:

€] = oLMyxy. Bu[oLmyy (receiver) a By
(transmitter)] (equation 3)

where m,y, is the transverse component of the
rotating magnet moment, By is the RF coil’s
efficiency (field/unit current) and o, is the
precession frequency. The preceding expression
links the coil’s behaviour as a transmit coil to its
behaviour as a receive coil. A RF coil which is an
efficient transmitter is also a sensitive receiver [8].
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Materials and Methods

This is an experimental research conducted at
Biomedical Laboratory using 0.2T FFC-MRI
machine at University of Aberdeen. It describes
the modelling and design methodology applied for
constructing the various RF coils as well as the
procedures followed to obtain the value of the
intrinsic properties of the coils.

Circular loop (CL) surface coil design using
copper wire.

The coil design is made up of conducting copper
wire and capacitors. The circular loop (CL)
surface coil is built with three turns of copper
wire, one on top of each other with a diameter of
10cm. A capacitive matching circuit (tuning and
matching capacitors) was adopted to adjust the
impedance to fifty Ohms (50Q).

The tuning capacitor was connected between two
ends of the copper wire while the matching
capacitor was connected between the copper wire
and the co-axial cable that connected the coil and
the network analyser. This RF coil design
generates B; field that is perpendicular to the coil
plane (axial B; field) in the central region of the
coil and the amplitude decreases along the coil
axis [19].

The axial B; field produced by this coil is suitable
for MRI systems with horizontal B, field. The
tuning and matching variable capacitors were
adjusted such that the resistance was 502 and the
reactance was zero. The CL prototype was finally
tuned to 8.4 MHz suitable for a 0.2 T magnet
system.

Circular loop (CL) surface coil design using litz
wire.

Litz wire is a conductor comprising a bundle of
multiple insulated strands, woven together in such
a way that there is even distribution of current
among the separated strands and all the strands
pass through all points within the conductor,
which reduces the effect of eddy current.
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According to litz wire theory, the total AC
resistance is determined by both the strand wire
gauge and the number of strands. The AC
resistance must be minimised in order to minimise
the coil resistance [20]. The functions [F (x) and G
(X)] given by AC resistance per unit length of a litz
wire segment can be expressed as:

1+F(x 2.5.d?
Rec = Ree - [T + 22 G (X)]
-4 tion 4
X_a\.-ﬁ (equation 4)

where Ry is the alternating current resistance of a
single strand, Rqc is the direct current resistance of
a single strand, s is the number of strands, d is the
diameter of a single strand, and D is the overall
diameter of the litz wire and & is the skin depth,
which depend on the frequency. The function F
(X) is the losses due to skin effect and G (x) is the
losses due to proximity effect.

In order to avoid skin depth problems, the strands
are insulated and braided from each other,
otherwise all the wires in the bundle will behave
like a single large wire. Another advantage of
weaving the litz wire is that the directions of the
magnetic field produced by the current flowing in
the strands have a reduced tendency to produce an
opposing electromagnetic field in the adjacent
strands.

The CL surface coil design is made up of litz wire
and capacitors. The CL surface coil is built with
three turns of litz wire with 2mm spacing between
the loops and the diameter of the coil is 10cm.
The litz wires were six, braided together and the
insulators of both ends of the wire connecting the
capacitors were properly burnt using a soldering
iron in order to make it a good conductor. The
capacitive matching circuit was carried out to
adjust the impedance to 50Q. The tuning capacitor
was connected between the two ends of the litz
wire while the matching capacitor was connected
between the litz wire and the co-axial cable that
connect the coil and the RF network analyzer.
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This RF coil design also generates an axial B;
field in the central region of the coil, which is
suitable for MRI systems with horizontal By field
(Figure 5). The tuning and matching variable
capacitors were adjusted until the resistance of the
coil becomes 50Q and the reactance becomes
zero.The CL prototype was finally tuned to 8.4
MHz suitable for a 0.2 T magnet system.

Figure 5: Schematic design and prototypes of CL
RF coil tuned to 8.5 MHz and used for FFC - MRI
testing with phantoms. The diameter is 2R = 10
cm.

Birdcage Coil design

This is the last coil design that was attempted and
which was used as the transmitter coil that will
excited the nuclear spin of the sample. The
receiver surface coil will depict the voltage signal
from the transverse magnetisation. Initially, a
previously existing high pass birdcage coil was
used during the experimental procedure in order to
farmiliarise with the tuning and coupling methods
involved in the coil design and also to compare the
field homogeneity with the modified version of
same coil about to be designed. The type of
birdcage coil used for this experiment had a high-
pass configuration, with the capacitance placed on
the end rings as shown in Figure 6.
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Figure 6: High-pass birdcage coil. The capacitors
are placed on the end rings.

The coil had eight legs and sixteen capacitors (3.1
nF) placed on the end rings and B; field
measurements were taken. The coil was later
modified by increasing the number of legs to
sixteen and the capacitance (6.5 nF) to thirty-two.
The rationale behind adding the number of legs in
the coil is to increase the field homogeneity
because in a birdcage coil design, the higher the
number of legs, the more the field homogeneity
(Figure 6).

Quality factor

The quality factor is one of the major intrinsic
parameters of the coil that needs to be recorded
because it determines the coil’s efficiency as a
transmitter, and the sensitivity as a receiver. The
RF network analyser also provides the means of
measuring the quality factor of the resonator. After
the tuning and matching of the RF coil impedance
to that of the transmission line using Smith chart,
the “Notch” function from the “Marker Search”
menu is selected and the value of the quality factor
will be displayed (Figure 7).
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Figure 7: Image display of an RF network
analyser used for this experiment. A coaxial cable
connecting the RF probe to the reflection mode of
the network analyser is also displayed. On the
upper left edge is a display of the resonant
frequency and the corresponding attenuation. The
lower marker represents the maximum
attenuation.

Radiofrequency network/signal analyser

This is a test equipment used to measure the
response of devices at certain radiofrequencies. In
this experiment, it was used to measure the
intrinsic parameters of the RF coils, such as the
resonance frequency (Hz), the impedance (Q) and
the quality factor.

RF coil uniformity and field homogeneity

The use of a search coil is the most direct and
accurate way of measuring B; field at frequencies
of up to 300MHz. The search coil has a square
loop 5mm on each side, directly attached to an RG
174 coaxial cable [19]. The cable is connected to a
network analyser via a co-axial cable of 50Q
transmission line (Figure 8).
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Figure 8: Schematic diagram of a search-coil field
probe used for B; measurement in this experiment.

The measurement of the By value of a 50Q system
can be performed by applying the formula

S
81: —

" (equation 5)

Where w is the angular frequency (measured in
radiance per second), A is the search loop area,
which is equal to 25 mm? (A= 25mm?) and & is
the round-trip attenuation ratio, which can be
expressed as:

o= lo-[(atten. in dB/20] (equation 6)

The negative sign in the formula above indicates
the attenuation in the material [19].

Skin depth

As the frequency is increased, the current fall-off
exponentially with increasing skin depth. As
shown in figure 11, when the frequency is at 1
MHz, the current flow along the RF tube rather
than the continuous cross sectional area (DC) and
to calculate the effective cross sectional area
carrying of the RF current, this formula: A = 27r?s
is used instead of A = mr?[8].
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The skin depth & is given by
—
5= |

a\‘l W T

(equation 7)

where pgis the magnetic permeability (ug = 4m x
10" H/m), o is the wire conductivity. The skin
depth in copper is about 66 um at 1 MHz.

The proximity effect arises when the copper wire
is bent into a coil, which result to further increase
in RF resistance.

. 2R -
A=2nrd A=nar

Figure 11: Schematic of skin depth effect on RF
copper tube compared to a circular wire.

Results

This chapter presents the outcome of the designing
procedure of the CL surface coils and the volume
coil as well as the measurements obtained
regarding the intrinsic parameters of each coil.

Development of the first surface coil using
copper wire

These was the first coil constructed at the initial
stage of this experiment in order to get farmiliarise
with the procedure of how the coil is designed and
its functionality. Also to farmiliarise with how to
use the network analyser as a guide to carry out
the procedure. The coil was deigned on a plastic
material, with three turns of copper wire. The
main intrinsic parameter of the coil was measured.

After the tuning and matching of the coil using
variable capacitors, the following values were
obtained in table 1.

Development of the main CL coil using copper wire
The constructed CL coil was connected to the
network analyser via a coaxial cable. Using a
search loop with exact configuration described in
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Figure 8, the value of B; field measurement was
obtained using equation 5 and 6. Table 2 presents
the calculated values of the B; measurement at
various distances and figure 9 shows the graphical
presentation of the values obtained.

During the process of constructing the coils other
important intrinsic parameters such as the resonant
frequency and the quality factor were obtained, as
shown in the table. After the tuning and matching
of the coil using variable capacitors, the following
values were obtained in table 3.

Development of CL coil using litz wire

The same procedure was adopted exactly the same
as CL coil using copper wire described above and
table 4 presents the calculated values of the B;
field measurement at various distances and figure
10 shows the graphical presentation of the values
obtained.

Development of the birdcage coil

As discussed earlier, the previously existing high
pass bird cage coil had eight legs and sixteen
capacitors of 3.1 nF placed on the end rings and
the intrinsic parameters was taken before the coil
was modified. The values of the intrinsic
parameters of the coil are shown in table 5.

The coil was later modified by increasing the
number of legs to sixteen and the capacitors (3.1
nF) to thirty-two as shown in table 6. Table 5
shows the intrinsic parameters obtained during the
tuning and matching of the modified birdcage coil,
the desired resonant frequency was achieved.

Table 1: The obtained values of the main
parameters of the surface coil as displayed on
the screen of the network analyser

Surface coils f (MHz) of the coils Q

factor

Circular Loop 8.362 47.1
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Table 2: The values of B; field measurement of
CL coil using copper wire at various distances

Table 5: The intrinsic parameter of the
previously existing birdcage coil

Distance Maximum B, field f (MHz) of the coils Q factor
(cm) attenuation measurements
(dB) (nT) 8.42 8.462
2 82.1 297.4
4 338 244.6 Table 6: The various capacitors used and the
resultant resonant frequency during the
6 87.2 165.3 birdcage coil design
Capacitors (nF MHz
8 89.4 128.4 P (nF) A :
4.7 9.1
10 93.4 81.0
5.1 8.7
Table 3: The value of the resonant frequency and 6.5 7.1
the quality factor obtained from the CL coil
using copper wire as displayed on the screen of 10.3 5.6
the network analyser
Surface coils  f (MHz) of the coils Q
factor =
Circular Loop  8.462 85.7 v
Table 4: The values of B; field measurement of
CL coil using litz wire at various distances
Distance Maximum B, field o
(cm) attenuation measurements
(dB) (nT) '
2 85 213
4 89 134.4
6 91 106.8 . ™
distance {cm
8 95 67.4 _ _ _
Fig 9: The graphical presentation of the values of
10 99 425 B field measurement of CL coil using copper wire

at various distances.
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B, fleld (nT)

Fig 10: The graphical presentation of the values
of B, field measurement of CL coil using litz wire
at various distances.

Discussion

The CL RF - receive surface coil and a birdcage
RF - transmit volume coil were tuned to 8.5 MHz
(0.2 T) suitable for FFC-MRI testing. Capacitive
matching was adopted for the CL RF coil using
both tuning and matching capacitors while
inductive matching was adopted for the birdcage
RF coil using a coupling loop. Both matching and
tuning of the coils were under the guide of RF
network analyser.

The birdcage transmitter coil was used to excite
the nuclear spins of the sample (phantom) while
the CL receiver surface coil was used to depict the
voltage signal from the transverse magnetisation.
A spoiled gradient echo (GRE) and unspoiled
gradient echo pulse sequences were used to
acquire images of a cylindrical (12 cm diameter)
phantom containing 100 ml of physiological saline
and positioned at about 2 mm from the RF coil
plane.

The acquisition parameters for both spoiled and
unspoiled GRE were: Echo time (TE) = 4ms and
Repetition time (TR) = 33ms, slice thickness 2
mm, slice spacing 5 mm, FOV = 16 cm x 16 cm
with flip angle (o) = 30°.
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The SNR and the image acquisition time obtained
using CL coil constructed with litz wire was
higher compared to that constructed with copper
wire. The reason is because copper wire suffers a
phenomenon known as skin depth (the restriction
of RF current flow near the surface of a
conductor).

Conclusion

This research was aimed at developing and
optimising a series of RF-receive surface coils and
RF-transmit volume coil suitable for a 0.2 T FFC-
MRI system. The design process included the
construction and optimisation of a CL RF coils
and a birdcage RF coil. For each of the coils,
various measurements were obtained to determine
their intrinsic parameters. Three types of CL RF
coils were constructed. The first and second
construction involved the use of copper wires
while the third one involved the use of litz wire.

Also the CL coils were constructed in three turns
with a diameter of 100mm. The RF coils were
tuned to 8.5 MHz and the B, field measurements
were obtained. The quality factors of all the
constructed coils using network analyser and a
search-coil field probe were also measured. Bench
testing of the coils showed promise as receiver
coils for the FFC-MRI system. The images of a
phantom containing 100 ml of physiological saline
were obtained but the noise and artefact of the
copper wire constructed CL coil was significant
while the litz wire constructed CL coil showed
improved SNR.
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