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Zusammenfassung

Magnetresonanztomographie (MRT) ist ein etabliertes Verfahren in der nicht-invasiven medi-
zinischen Bildgebung mit hohem Weichteilkontrast und dem Vorteil, ohne ionisierende Strahlung
zu arbeiten. Zur Anregung der Kernspins sowie zum Empfang des MR Signals werden Hochfre-
quenzspulen, die ihre Resonanzfrequenz bei der Larmorfrequenz der untersuchten Atomkerne
haben, eingesetzt. Ein dynamisches Forschungsfeld ist in diesem Zusammenhang die Verbesserung
des erreichten Signal-zu-Rausch-Verhéltnisses (SNR). Dazu konnen mehrere kleine Spulenele-
mente zu einem sogenannten , Array* zusammengeschlossen werden. Durch das Verwenden
mehrerer Spulen treten unerwiinschte Kopplungen untereinander auf, welche sowohl durch eine
wohliiberlegte Anordnung der Elemente (geometrisches Entkoppeln) als auch ein geeignetes
Interface (Vorverstarker-Entkopplung) auf ein Minimum reduziert werden koénnen. Zusétzlich
erhoht sich das SNR, wenn die Spulen moglichst nahe am zu untersuchenden Bereich anliegen.
Standardspulen-Arrays aus Kupferdraht haben ein fix angelotetes Interface und sind starr. Auf
Grund der unelastischen Anordnung der Spulenelemente ist eine gute geometrische Entkopplung
moglich.

In der hier dargelegten Diplomarbeit werden die Entwicklung und der Bau eines ultra-flexiblen,
3-Kanal Empfangsspulen-Arrays fiir 3 Tesla Magnetresonanztomographie beschrieben. Das Ar-
ray besteht aus drei sogenannten Koaxialspulen mit jeweils einem eigenen Interface. Im Un-
terschied zu Standardspulen werden hier Koaxialkabel als Resonator verwendet. Durch Unter-
brechungen im Innen- und Auflenleiter wird das Dielektrikum zur Kapazitdt und die gesamte
Struktur resonant. Nur am Spulenanschluss sind Lotstellen vorhanden, daher ist dieses Spu-
lendesign weit flexibler als jenes der Standardspulen, welche Kapazitdten innerhalb des Spu-
lendrahtes verlotet haben. Durch die Beniitzung von sehr diinnen Koaxialkabeln ergeben sich
auferst flexible und zudem sehr leichte Spulen mit vielfaltigen neuen Anwendungsmoglichkeiten
fiir die Magnetresonanztomographie. Als Beispiel sei das Bracoil-Projekt angefiihrt, welches sich
mit dem Bau eines Arrays in T-Shirt-Form fiir Brust-MR beschéftigt. Die flexiblen Elemente

passen sich dabei sehr gut der patientenabhéngigen Korperform an.
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Abstract

Magnetic resonance imaging (MRI) is a well established technique in non-invasive medical imag-
ing with high soft tissue contrast and the advantage of working without ionizing radiation.
High-frequency coils are used to excite the nuclear spins as well as to receive the MR signal,
which have their resonance frequency at the Larmor frequency of the examined atomic nuclei.
A dynamic field of research in this context is the improvement of the achieved signal-to-noise
ratio (SNR). For this purpose, several small coil elements can be combined to form a so-called
“array”. By using several coils, undesired couplings occur between them, which can be reduced
to a minimum both by a well-thought-out arrangement of the elements (geometric decoupling)
within the array and by an appropriate interface (preamplifier decoupling). In addition, the
SNR increases if the coils are close to the area to be investigated. Standard coil arrays made of
copper wire have a fixed soldered interface and are rigid. Due to the inelastic arrangement of
the coil elements, good geometric decoupling is possible.

The presented diploma thesis describes the development and construction of an ultra-flexible,
3-channel receive-only coil array for 3 Tesla magnetic resonance imaging. The array consists of
three so-called coaxial coils, each with its own interface. In contrast to standard coils, coaxial
cables are used as resonators. Through gaps of the inner and outer conductor, the dielectric
becomes the capacitance and the entire structure resonates. There are only solder joints at the
coil terminal, so this coil design is far more flexible than that of the standard coils, which have
soldered capacitances inside the coil wire. If very thin coaxial cables are used, extremely flexi-
ble and also very light coils can be built with many new application possibilities for magnetic
resonance imaging. One example is the Bracoil-project, which deals with the construction of a

T-shirt-like array for breast MR. The flexible elements fit very well to the patient’s body shape.
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Chapter 1

Introduction

Nuclear magnetic resonance (NMR) represents the physical background of the manifold applied
technique of magnetic resonance imaging (MRI). This non-ionizing-radiation imaging method
was described by both Purcell et al. [1] and Bloch et al. [2] around 1946. Basically, NMR can
be understood with the model of the quantum mechanical spin of nuclei. At first, the spins,
aligned along a static magnetic field By, are in an equilibrium state. After perturbing them
with an electromagnetic pulse Bj, the re-alignment can be measured.

Due to the strive for higher resolution and acquisition speed, which is achieved by an increase
of signal to noise ratio (SNR), recent scientific development has shown the following tendency
on the hardware side: A higher static magnetic field of the scanner as well as specialized
coils for various applications, represented by the radiofrequency (RF) coil development. As a
consequence of the reduced acquisition time using parallel imaging methods [3], [4], [5], a large
scientific growth in RF coil design is obtained. Nowadays, receive-only surface coils are widely
used, mostly, in form of an array of coil elements. The neighbouring coil elements are coupling,
which is unwanted and must be reduced for a well-performing coil. For conventional loop coils
a rigid array structure is obligatory to obtain a robust decoupling.

A new promising method to overcome the rigid structure was described lately by Zhang et
al. [6]. Their idea is to use coaxial cables prepared with one gap of the inner and the outer
conductor as receive-only RF surface coils. The coils form a self-resonant structure without any
additional lumped components. Among others, promising benefits are the low weight and the

ultra-flexibility of these coils.

The aim of this thesis is the development of a 3-channel receive-only coil array for a 3 Tesla
MR scanner, consisting of three coaxial coils, each connected to a separate interface.

This thesis is structured as follows. Firstly, the second chapter illustrates the basics of the
NMR phenomena and gives theoretical background information of radiofrequency coils. The
required electromagnetic theory and general information about the resonance phenomenon, are
described. Then the tuning and matching, the detuning as well as the decoupling of RF coils
are outlined. Subsequently, different RF coil types are introduced, the standard coil as well

as transmission line resonators (TLR). It needs to be mentioned, that the focus is on receive-



2

only surface coils. The new TLR design as described by Zhang et al.[6] using coaxial cables as
receive-only surface coils is introduced and compared to standard loop coils.

The third chapter describes the methods used. It gives a description of measurement techniques
such as the vector network analyzer, the software employed for impedance calculations, as well
as the used components are outlined. Then the development of the single-channel coaxial coil
is explained in detail. The characteristics of coaxial coils are studied including the investigation
of the shape and the multi-gap resonance frequency dependence. To overcome the restriction in
coil diameter for a given resonance frequency of the one-gap coaxial coil, the theoretical model
as described by Zhang et al. is extended to a multi-gap coaxial coil model. Subsequently, the
interfacing of the coil is presented. A modular interface to investigate tuning, matching and
preamplifier decoupling, as well as the development of three compact interfaces is described,
before outlining a performance evaluation of the single-channel coaxial coil and a comparison
to standard loop coils as well as the MRI test measurements. Also, this chapter illustrates the
3-channel array development, including the layout of the elements within the array, as well as
the two- and three-element decoupling. The implementation of the array on textile as well as
MRI test measurements with the final array are described in detail in this section. Finally, the
fourth chapter shows a detailed description of the results. The last chapter concludes the this
thesis, and is structured into summary, discussion, and outlook, which includes the BRACOIL
project, where the studied coaxial coils will be implemented as an 32-channel breast array with

motion correction in the future.



Chapter 2

Theoretical background

2.1 Nuclear magnetic resonance

Every atomic nucleus has an angular momentum or nuclear spin I, which is quantized as

postulated by quantum physics. The nuclear spin magnitude has discrete values

=

17l = h/I(T + 1),

where I can either be an integer value, half-integer value or zero according to the number of
protons and neutrons the nucleus consists of. The z-component of the nuclear spin I is also

quantized,
Iz =mh, with m=—-I,—-I+1,...1—1,1, (2.1)

where m refers to the spin quantum number. Due to the rotation of the (charged) protons, a

magnetic field is built up which is related to a magnetic moment

i=~l, p.=7L. (2.2)

~ is denoting the gyromagnetic ratio, which describes the ratio of mechanical to electrical
properties of the nucleus. Without an external magnetic field B the spatial orientation of I is

random and all 2I + 1 different discrete spin orientations are energetically equal.

0
However, by applying an external homogeneous static B-field, e.g. in z-direction: By=1]0
By
without loss of generality, the nuclear spin starts to precess around the magnetic field.
Wy = ’yBo, (23)

where wy is called the Larmor frequency. As described by the equation, the Larmor frequency
depends on the particular nucleus as well as on the external magnetic field. Values of v and wyg

for different nuclei and different static magnetic fields are shown in Tab. 2.1.
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Gyromagnetic | Resonance frequency w, [MHz]
Isotope Spin | ;
ratio y [MHz] | B,=15T | By=3T | By=7T
H [ 1/2 42.58 | 63.87 127.74 298.06
BNa 3/2 11.27 16.905 33.81 78.89
| 12 17.25 | 25.875 51.75 | 120.75

Table 2.1: Gyromagnetic ratio and the calculated resonance frequency for different static magnetic
fields.

Due to the external magnetic field, the potential energy splits into 2I + 1 equidistant energy
levels (Zeeman levels) according to the spin quantum number m. This effect is called the Zeeman
effect. In Fig 2.1 (a) the precessing spin I in an external B-field is shown, while the splitting of

the z-component I, (b) and the energy levels (c) are shown for the example I = 2.

With Eq. 2.1 and Eq. 2.2 one obtains
E,, = —ji- By = —p.By = —ymhBy (2.4)

if the magnetic field direction in along the z-axis. With Eq. 2.3 the energy difference between

two levels is

AE = Em — Em’ = ’yhBo = hu)o,

According to the selection rules of quantum physics only, a transition between Am = =1 is

allowed.

m
e +2
f—E—
|=2 Af 5
-1
—_— -2

B=0 B#0

¢

Figure 2.1: The vector model explaining the Zeeman effect. Showing: (a) the nuclear spin I, (b)
its z-component and (c) the energy splitting for I=2. Reproduced from W. Demtrdder [7].

For an isolated nucleus in a homogeneous magnetic field the transition between two Zeeman
levels is prohibited due to conservation of energy. However, by emitting or absorbing photons
a transition is possible. The energy of the photon Frr = hwrr must be identical to the energy
difference:

Erp=AF & hwrprp=hyBy < wrr=wo. (2.5)
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In nuclear magnetic resonance (NMR) not only one spin but a large collective system of spins
is observed. In an external field By the population of the 2I + 1 spin states is described by the
Boltzmann statistics. The state with the highest spin number m has the lowest energy. Due to
the second law of thermodynamics, (i.e. the principle of minimum energy) this spin state will
have a greater occupation number which leads to an macroscopic magnetisation M. If a static
B-field is considered in z-direction the magnetisation is given by the sum of all N magnetic

moments,
N
(M| =M. =3 (ns)i = An- e,
i

where An denotes the difference in population number. Only this additional number of spins

lead to a macroscopic magnetisation since the other spins cancel each other out.

As discussed above, the magnetisation M precesses along the external magnetic field B with the
Larmor frequency wg. To detect an electromotive force, the equilibrium state as shown in Fig.
2.1 (a) has to be disturbed. This can be achieved by applying a magnetic field B perpendicular
to By when the frequencies of both B-fields are equal. By applying the magnetic field for a finite
time 7, a flip angle

0 =~B7

is obtained. Whereas the angle of the flipped magnetisation is measured in a rotating reference
frame. A very detailed description of the theoretical background (also describing the rotating
frame) can be found e.g. in [8].

If a conducting loop is positioned close to the perturbed magnetisation M , according to Fara-
day’s law, an electomotive force € is induced. The resonance frequency is in the radiofrequency
(RF) range for the interesting nuclei in NMR [9], thus, the conducting loop is called radiofre-

quency coil.

2.2 Radiofrequency coils

A radiofrequency coil basically consists of a resonant circuit. The coils are used to transmit an
RF signal into the object of interest and then detect the perturbation of the static magnetic
field. The transmit signal, i.e. the magnetic field B to flip the magnetisation is called Tx-
signal. The receive RF signal, used to detect the change in magnetic flux of the object is called
Rx-signal. The Tx and Rx coils are designed to perform at the same frequency, respectively.
RF coils can either be used for one of the two tasks or they are realized as receive and transmit
coil. The focus is laid on receive coils, since the aim of this thesis is the production of a receive

coil array.

2.2.1 Electromagnetic background

The magnetic flux ®,, is defined as the quantity of magnetic field lines through an area, ®,, =

f B d/f, where B is the magnetic field. According to Faraday’s law of induction a change in
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magnetic flux through a surface results in an electromotive force e:

d®,,

£ =——". 2.6
o (2.6)

A wire which is bent to a coil is imagined. Due to the proportionality of the B-field and the
electric current I, which induces this field, a relation between the magnetic flux and the current

can be found,
@m:/é-d[f:L-Ic.

The relation is called self-inductance of the coil with the proportionality constant L (inductance)
and the SI-unit is Henry (1H = 1V - s/A). All conductors have an inductance, according to
their size and shape. By comparing both equations above a relation between the electromotive

force and the change of electrical current can be found:

dlc
=—-L—. 2.
€ o (2.7)

A device of two conducting surfaces which are oppositely charged is called capacitor. The stored

potential energy is defined by the capacitance

_ Qe

C
U

with Q. being the charge and U the voltage between the two surfaces. The SI-unit of the capac-
itance is Farad (1F = 1C/V). Additionally, a dielectric can be placed between the conducting

surfaces to increase the capacitance.

If an alternating current (AC) is applied to an electrical circuit consisting of inductances and/or
capacitance a phase displacement ¢ between Usc and T4 appears. The displacement can be

considered by the complex impedance

_Uac

Z = ,
Ixc

which is expressed in Q. It yields Z = R 4 iX, where the real part R is called resistance (R),
and the imaginary part X is the reactance. The phase displacement is described by

Im(Z) X

tan(e) = 5oy ~ R

For the impedances of a perfect inductor (Zr) and capacitor (Z¢) it yields

1
Z;, =iwlL aswell as Zg = ——,
wC

where w describes the angular frequency of the electrical current.
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2.2.2 The resonance phenomenon

An electrical circuit connecting only a capacitor and an inductor is considered. At first the entire
energy is stored in the capacitor. The capacitor discharges over time and its energy flows into the
inductor producing an electromagnetic B-field. Due to the electromagnetic induction (Eq. 2.7)
the capacitor is getting charged vice versa. For a lossless consideration the procedure is repeated
with the opposite charge in the capacitor as well as opposite direction of the arising B-field.
The energy oscillates back and forth between the two components with the so-called resonance

frequency. Two basic resonant circuits and their fundamental differences will be described next.

|| . L

R L
""" ———

[+]
*

(a) (b)

Figure 2.2: Electrical circuit of a series resonant circuit (a) and a parallel resonant circuit (b).

Series resonant circuit
A sketch of the series resonant circuit can be seen in Fig. 2.2 (a). The total impedance of the
RCL-circuit adds to

. 1 , 1
Zseri65:R+ZWL+M—R+Z(U)L—w>7

where R refers to the resistance due to ohmic losses. In case of

1

L=—
v wC

(2.9)

the reactances of I and C compensate each other completely and the energy is exchanged
between L and C. This condition can only be fulfilled at one particular frequency, the resonance

frequency w = wy.

A chart of the real and the imaginary part of Zg.,es plotted over the frequency w is shown
in Fig. 2.3. Arbitrary values for the resistor R = 5 €, the capacitor C = 100 pF, and the
inductor L = 100 nH are used. The imaginary part of the impedance has one zero-crossing at
the resonance frequency wg. The function is monotonically increasing with the frequency. The

real part of Z = R is constant for all frequencies.

The impedance compensation is not only feasible for RLC-circuits in series. In fact, the general
resonance condition for an electrical circuit consisting of inductances and capacitors is found to
be

Im(Z) =0. (2.10)
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100
80
60
40
20
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-40
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Figure 2.3: Chart of the real and imaginary part of the impedance of a series RLC-circuit.

Parallel resonant circuit
For the parallel resonant circuit, as shown in Fig. 2.2 (b) the total impedance adds to

1

= - +wC.
Zparallel R+ 1wl

With some algebraic manipulations the total impedance can be split into its real and imaginary

part,
7(“)2)2 _ L R? + wL(wL — i)
R? + (wL—i)2 wC R2 4 (wL—i)2 ’

Zparallel =

which are plotted in Fig. 2.4 using the same values for R, C and L as described for the series
resonant circuit. In contrast to the series RLC-circuit the real part is not constant but rather
has one maximum located at the resonance frequency. The imaginary part of the impedance
is increasing with w to a maximum, then decreasing with a zero-crossing to a minimum and

afterwards approaching zero.

2.2.3 Characterisation of RF coil performance
SNR

The signal to noise ratio (SNR) is a key parameter to determine the effectiveness of an MR

experiment. If the SNR is not high enough, it is impossible to distinguish different tissues.
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Figure 2.4: Chart of the real and imaginary part of the impedance of a parallel RLC-circuit.

Therefore, a maximum of the SNR is striven. Both, the signal voltage and the noise voltage
are determined by the characteristics of the receive coil: The signal of the coil is proportional
to the electromotive force ¢ induced by the varying magnetic flux (Eq. 2.6) of the sample. The
noise originates mostly from ohmic losses in the coil electronics and the sample.

The most basic way to calculate SNR for a one-channel coil is to divide the mean signal intensity
measured in a region of interest (ROI) by the standard deviation of the signal intensity obtained

outside of the sample, where no tissue signal is obtained (noise).

Q-factor

The quality factor (also Q-factor) can be used to estimate and compare the expected sensitivity
of the coil. The Q-factor is defined by the fraction of stored magnetic energy to the lost energy
due to the coil’s resistance, which is related to the dissipated energy. Q is usually measured
in two different conditions: in the so-called loaded and unloaded condition, which means the
measurement is performed with and without a sample. The unloaded and loaded Q-factor can

be expressed by
Lw Lw
= — and = —,
Qu R QL R IR
where L and R, are the inductance and the ohmic resistance of the coil. R, refers to the sample

resistance which is added to the coil resistance when it is loaded. Dividing both factors yield

. C?U' 12c'+'}%s ]%5
- == =2 "7 _—14 = 2.11
Q-ratio oL R + R (2.11)
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Q-ratio > 2 is desired, since in that case Rs; > R, i.e., the total noise is dominated by the
unavoidable noise of the sample, and further reducing the coil noise will not improve the SNR

significantly.

g-factor

As described in Sec. 2.2.7, parallel imaging [3], [4], [5] can be used to accelerate the signal
acquisition. The under-sampled image is obtained faster by a fraction R than the fully sampled
image with the drawback of a reduced SNR by a factor 1/v/R, where R is the acceleration
factor. Generally, there is an additional reduction due to the overlapping coil sensitivity profiles
in an array, which is described by a spatial varying geometry factor (g-factor). This leads to

the following proportionality between under-sampled and fully sampled SNR:

SNRp—1

SNRp = 2=t
g-VR

(2.12)

The g-factor can be calculated with the so called pseudo multiple replica method as described
by Robson et al. [10]. Noise-only data and a non-accelerated image (SN Ry,y) are acquired to

calculate accelerated images and the g-factor maps.

2.2.4 Tuning and matching

First, the resonance frequency wqg of the RF coil has to be set to the desired Larmor frequency,
which depends on the nucleus of interest and the static magnetic field By. This method is called
tuning of the coil and is obtained by setting the reactance of the electrical circuit to zero (Eq.
2.10).

The signal acquired by the coil is transferred to a preamplifier from where it is further connected
to the MR scanner’s receiver via coaxial cables. Often, the impedance that needs to be presented
at the preamplifier input to obtain the optimal noise figure is Zyg = 50 2. Also, the most
commonly used characteristic impedance of coaxial cables is 50 €. Thus, it is necessary to

match the purely resistive impedance of coil to that same value,
Re(Z) = Zy = 50 Q.

A sketch showing the impedance transformation of the matching can be seen in Fig. 2.9. The
impedance of the coil Z.; is transformed to Zsouree = Zp = 50 2. Without matching the coil
to Zp reflections occur and create signal loss.

Depending on the electrical circuit of the radiofrequency coil, there are several ways to match
a coil, a detailed description can be found [11]. The matching of the two basic RF coil circuits

will be described next.
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Matching a series resonant circuit

The easiest way to obtain both conditions Re(Z) = Zy = 50 Q and Im(Z) = 0 at the resonance
frequency is to connect a resistance in series to the electrical circuit. The value of this resistance
has to be such that it adds with the coil losses to Z; in total. For the example described in
Sec. 2.2.2 a value of 45 €2 would be necessary. Although the additional resistance shifts the
real part of the impedance (Fig. 2.3) to a constant value of 50 Q as desired, energy would be
lost in the additional resistance and noise would be added, drastically degrading the RF coil’s
performance. Therefore, another scheme is usually employed for the MR coils: the parallel

resonant circuit.

Matching a parallel resonant circuit

For the parallel resonant circuit there exists an elegant way to match the circuit to Zy without
adding noise. By connecting a capacitor C)s in series to the electrical circuit as shown in Fig.
2.5, a shift of the imaginary part of the impedance can be obtained. The capacitor C); shifts
the imaginary part of Z while the real part stays unchanged. A chart of the described situation
using the same values for R, L, and C as in Fig. 2.4 and Cj; = 260 nF can be seen in Fig 2.6.

At the resonance frequency wy the resistance Zy = 50 €2 is obtained.

o ‘ " I 5 0 o MR
T —
1

Figure 2.5: Sketch of the parallel RLC-circuit with an additional capacitor Cj in series for matching
the coil.

2.2.5 Detuning

During transmission of the RF signal large amounts of energy are sent from the transmit coils
into the sample. If the transmit and receive coils are separate coils, it is very important to
detune the Rx coils during transmission. Since the resonance frequencies of both, Tx and
Rx coils are equal, the Tx signal would be coupled to the receive coils and could destroy its
preamplifier. The detuning is commonly realized by creating a high impedance of the receive
coil at the Larmor frequency while transmitting the signal.

For standard coils an additional electrical circuit, as shown in Fig. [12], to detune the RF coil
while transmitting the signal is connected. It consists of an inductor L an active PIN diode and
two RF chokes. During the receive mode the PIN diode is reverse biased, thus being removed
from the circuit. By applying a DC signal (V) during transmission the PIN diode is switched
(forward biased) and creates an additional parallel resonant circuit consisting of L and Cpa.

This circuit in combination with the RF coil circuit produce two resonances, both shifted from
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Figure 2.6: Chart of the real and imaginary part of the impedance over the frequency for a matched
parallel resonant circuit.

the original resonance frequency. The RF chokes are used to block the high frequency from
entering the DC-circuit, while the matching capacitors are also used to block the DC current

flowing on the receive cable.

2.2.6 Decoupling

In case of using more than one coil (i.e an array of coils), the interactions between the elements
must be carefully balanced. When two coils are considered, it is found that the magnetic flux
of one resonant circuit influences the other one and an induction voltage in the second coil is
created, as shown in Fig. 2.7 (a). The mutual inductance Mj2 depends on the geometry, and in
particular on the distance between the resonant circuits. The coupling coefficient k is defined
as:
b — Mo
VIiLy'

with L; being the inductance of coil i = 1, 2. If k is larger than the critical coupling

b Mo
T VQIQy
where @); refers to the quality factors of the coils, the curve splits into two peaks, as shown
in Fig. 2.7 (b). This unwanted peak splitting results in low sensitivity of the coil at the
Larmor frequency, and can be reduced by geometrical decoupling and preamplifier decoupling,

as described in the following.
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a) b] Wy frequency w

Figure 2.7: (a): Electrical circuit of the mutual coupling of two resonant circuits, the left circuit
induces a current I. into the right circuit. (b): The resonance curve for anon-coupled resonant
circuit (dashed curve) and for over-coupling (k > k) a peak splitting occurs (solid curve).

Geometrical decoupling

Geometrical decoupling is used to reduce the coupling strength between two RF coils. The
coupling coeflicient k of two inductive coupled resonant circuits depends on the distance to each
other. For a particular overlap distance (dop:) Mi2 — 0, which can be found experimentally.
dopt depends on the coil geometry; for two identical, circular loops with a diameter d.,; the
optimal overlap distance

dopt = 0.75 - doil (2.13)

was found by Roemer et al. [13]. To understand the geometrical decoupling, it is thought of
a current, applied to one of the two loops. As shown in Fig. 2.8, a magnetic flux is generated
in loop 1 due to I;. If the second loop is nearby, the magnetic flux induces a current Is which
generates magnetic flux in loop 2. For a perfect overlap the magnetic fluxes of the overlapping
region and the non-overlapping region of loop 2 compensate each other fully. Since the flux

density is much higher close to the wire, a small overlap is sufficient to compensate the fluxes.

Preamplifier decoupling

The inductive coupling arises due to a current flow in the coupled coil. The so-called preamplifier
decoupling method reduces this current. Standard coils have a low impedance at the coil port
(short). By transforming the input impedance Z;, of the preamplifier to high a impedance
(open) of the coil port, the current flow on the coil can be suppressed. A sketch showing the

relation can be seen in Fig. 2.9. For a well-decoupled standard loop coil Z..;; < Zgecoupl.-

2.2.7 Radiofrequency coil types

Several radiofrequency coils types are used and a short summary will be given, detailed infor-
mation of various coils can be found in literature [12].

Usually a categorization between volume and surface coils is done: Volume coils surround the
anatomy to be imaged completely. Since they are larger a more homogeneous Tx field is pro-

duced but a smaller sensitivity is obtained, whereas surface coils are smaller and closer to the
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. Magnetic flux produced by coil 1

Figure 2.8: Sketch of the geometric decoupling of two circular loops with an applied current Iy
generating a magnetic flux. It induces a current Iy, which generates magnetic flux in loop 2. For
an optimal overlap the fluxes compensate each other.

) Pre-
Coil Interface amplifier

<—‘ r Zsource = Z] ’—;p?'en.mp_ = Zin

chfj - short Zdecoup! o 4 open

Figure 2.9: Sketch of the impedances for matching and preamplifier decoupling of a standard coil.
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Crm Lget RF choke

o, A= (0 =
=
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Figure 2.10: Standard RF receive coil on top with a tuning, matching and an active detuning
network, reproduced from Vaughan et al. [12].

ROI. They have a higher sensitivity near the surface, but limited field of view.

Coil arrays

Most receive coils are built as arrays, i.e. they are consisting of several coils. Generally, there
are advantages using an array of smaller coils positioned near to the ROI than using one large
coil for the whole sample. If the coils are located near the region of interest only noise is
detected from this region instead of the whole sample. The coils act as a spatial filter; less noise
is added. Also, following Biot-Savarts’s law, the magnetic field produced by a conductive loop
with current I is the bigger, the smaller the loop is. By the principle of reciprocity, this means
that in a smaller loop higher current is induced by a given source. These two effects result in
a larger sensitivity. Additionally, parallel imaging techniques [3],[5], [4] can be used with an
array of coils. These methods accelerate the acquisition of imaging data by acquiring a reduced
amount of data compared to the fully sampled data. The image is then reconstructed from the

undersampled data.

2.2.7.1 Standard coil design

Conventional receive-only coils consist of at least an inductor and a capacitor parallel to each
other obtain a parallel resonant circuit as described earlier. The inductor is formed by the
copper wire and the capacitor is positioned in between. This soldered arrangement forms a
rigid structure. A sketch of a standard receive-only RF coil can be seen in Fig. 2.10. It shows
the coil on top, connected to the tuning capacitor; then the matching, realized by two capacitors
follows. The matching capacitors are connected to the receive coaxial cable which transmits the

received MR signal.
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2.2.7.2 Transmission line resonators

Other surface coil designs such as transmission line resonators (TLR) were invented [14] and
further developed [15], [16]. In contrast to conventional coils TLRs have their capacitance
distributed along the transmission line. Therefore, the arrangement is self-resonant and does
not require soldered components, which allows more flexibility. A basic TLR with a parallel
plate transmission line is shown in Fig. 2.11, both conductors are separated by a substrate
and have one gap. The shape of the conductors forms the inductance and the capacitance is

developed along the conductors by the distance between the conductors and the dielectric.

Recently, a TLR design with coaxial conductors was studied by Zhang et al. [6]. The coils were
made of coaxial cables with one gap of the outer shield conductor (outer gap) and opposite to
it the coil port was located with another gap of the inner conductor (inner gap). A sketch of

this one-gap coaxial coil (CC) can be seen in Fig. 2.12.

a) = substrat b) L

Figure 2.11: Front side (a) and backside (b) of a transmission line resonator. The lower conductor
is shown detached from the substrate for more clarity.

outer conductor
inner conductor

dielectric

Figure 2.12: Sketch of a coaxial coil with inner and outer gap and the coil port.

Current distribution

According to Zhang et al., the current density of the inner conductor increases roughly linearly

from the inner gap to a maximum at the position where the the outer gap is located. The current
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then decreases symmetrically to the other side of the inner gap. This current is mirrored by
an opposing current on the inner surface of the outer conductor. Due to skin depth effects
the current flows through the outer gap from the inner to the outer surface. The current then

travels uniformly along the outer surface of the outer conductor.

Resonance frequency restriction

Similar to parallel-plate TLRs, the inductance of the resonant circuit is formed by the circular
arrangement of the coaxial cable while the capacitance is distributed between the inner and
outer conductor in the dielectric with a relative permittivity e,.

The resonance frequency of the one-gap coaxial coil as described by Zhang et al. is restricted:
Since there are no lumped components inside the coaxial coil its wg is obtained by the character-
istics of the used coaxial cable and the diameter of the coil. The cable is defined by the relative
permittivity of the dielectric and the radii of the inner conductor and the outer tubular shield.
Thus, if a particular coaxial cable is used and a particular resonance frequency is desired, the

coil diameter is fixed.

2.2.7.3 Comparison of standard coils and coaxial coils

Several interesting differences between conventional loop coils and coaxial coils exist, which will

be described in this section:

High impedance and low impedance coil

Standard loop coils have a low impedance at the coil port, thus a high impedance is required
to suppress currents for best decoupling, whereas coaxial coils have a high impedance at the
coil port and a low impedance is needed for current suppression. As stated by Zhang [6] with a
"reverse preamplifier decoupling” the suppression can be obtained; the impedance at the port

has to be ”significantly lower than the intrinsic impedance” of the coaxial coil.

Detuning

The detuning of conventional coils is fulfilled by a second resonant circuit which can be switched
during transmission. With this method the resonance frequency is shifted away from the Larmor
frequency. In contrast to the copper coils, coaxial coils can be detuned by shorting the inner

and outer conductor.

Ultra flexibility

There are no soldering joints except for the coil port which makes the whole resonant circuit
much more flexible compared to conventional loop coils. To demonstrate the flexibility of this

arrangement, a picture of the CC unbent and bent can be seen in Fig. 2.13.
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B
(a) (b)
Figure 2.13: One coaxial coil unbent (a) and bent (b) to demonstrate the flexibility of this resonant

circuit. The outer gap is located I.h.s at the top (covered by a heat shrink tube) and the coil port,
which also forms the inner gap, is located at the bottom.
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Methods

The aim of this thesis is a flexible three-channel receive-only coil array for a 3 Tesla whole-body
MR scanner (Magnetom Prisma-Fit 3T, Siemens AG, Erlangen, Germany). The array consists
of three coaxial coils, each with one interface to connect the coil to the scanner.

The measurement techniques is outlined in Sec. 3.1. In Sec. 3.2 the development of a single-
channel CC is described, including an investigation of the properties of coaxial coils, the inter-
facing and the performance testing. The single-channel interfaces were tested on a phantom and
compared to a standard loop coil of the same size. In Sec. 3.3 the implementation of an array
of three coaxial coils with three interfaces is described, containing the layout of the three coils
within the array, inter-element decoupling, as well as the implementation on a textile substrate.
MR measurements of the final 3-channel coaxial coil array are performed on a phantom and

two fruits.

3.1 Measurement techniques and materials

3.1.1 Vector network analyzer

The vector network analyzer (VNA) is an instrument to measure the parameters of an electrical
network. It provides either the reflection or the transmission of electrical wave signals by
measuring the magnitude and phase. In this work a Agilent Technologies E5071C network
analyzer with the Configurable Multiport Test Set E5092A was used.

Scattering parameters

The frequency dependent scattering parameters (S-parameters) are used to describe the relation
between input and output terminals of the VNA. A detailed description of single- and multiport
networks can be studied [17]. Basically, as shown in Fig. 3.1 (a,b) the port-indexed current
flows into the VNA and the voltage is recorded. Using both, the current ¢, and the voltage u,

the incident and reflected normalized power waves a,, and b,, can be defined,

1 . 1 o
ap = ﬁ(un+2mn) and b, = 72\/70(1% Z()Zn)- (3.1)

19
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a) b)
iy iy iz

+ O + O —-_—_ +

One-port Two-port
Uy Uy u

network network

— O— — D— ————)
c)
a; Or——ip—rti ——0 @

[S]

by Qr——t—] —>—0 b:

Figure 3.1: Sketch for single port network (a) and double port network (b) with the port-indexed
currents and voltages for the explanation of the S-parameters (c).

The index n refers the port number and Zj describes the characteristic impedance of the con-
necting lines of input and output of the network. For a two-port network the S-parameters can

be defined using

b1 _ S Si2) (a1  with Sllzﬁ
bo So1 Sa2 ) \as aq

Commonly the logarithm of the magnitude of the S-parameters is expressed as a loss (-) or a
gain (+) in dB,

) 521:7

a2=0

Sijlap = —10log |S;;|° = —201og |5;]. (3.2)

Mixed mode measurement

All of the devices signals described above are referenced to a common ground potential (a so-
called unbalanced device). In contrast, a balanced device is composed of two identical halves i.e.
any relative amplitude and phase relation can be used. A balanced device can be decomposed
into a differential (D) and a common mode (C) component.

Mathematically, there are only a few differences between single-ended S-parameters and the
mixed-mode S-parameters. In fact, an easy transition between them exists, for instance

Sppi1 = = (S11 — S12 — S21 + S22),

N

where the name convention for the parameters follows an easy rule: The first and second
subscript stand for the mode response and the mode stimulus (differential or common mode),

while the numbers of the subscript refer to the port number.

Smith chart

A graphical method to investigate the complex impedance of the device under test (DUT) is the
Smith chart. In this thesis it is used to assist in solving matching circuits and problems with

transmission lines. An explanation of the real and imaginary axis of the normalized impedance
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z as well as particular points of z are shown in Fig. 3.2.

\

impedance Z=mw
matched open
crrcuit

Figure 3.2: The Smith chart (I.h.s.) and the normalized impedance z, reproduced from the webside
wikipedia.org [18].

3.1.2 Impedance calculation software

In this work, an open-access software called Pasan [19], is used to solve impedance matching
problems. The software calculates the impedance Z;, either for one particular frequency (”cal-
culate chart”) or a frequency range (”scan”). Two screenshots of the program interface with
some lumped components can be seen in Fig. 3.3 and Fig. 3.4. The electrical circuit with
some components is shown twice, for a particular frequency (123 MHz) and for a frequency
range (100 MHz to 140 MHz). The values can be set in the preferences of the program. Up to
five components such as inductors, capacitors, resistors, transmission line, etc. can placed in
the "diagram” at the top, r.h.s. of the program. The values of the components can either be
changed by typing a particular value or clicking directly inside the Smith chart. A transmission
line can be added to obtain a phase shift. Either the length of the transmission line or the phase
in degree can be used, also the characteristic impedance and other parameters can be specified.
The origin of the phase starts at the left side (short) the open is located at 90° clockwise or

—90° counter clockwise.

3.1.3 Q-factor measurement

The Q-factor at a given resonance frequency can be easily obtained with a double-loop probe

and the network analyzer. Q is obtained at the resonance frequency, as shown in Fig. 3.5. For
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Figure 3.3: Program interface of the software Pasan with some lumped components for a particular
frequency.
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the So1 measurement the Q-factor is obtained by

«“o
Awo ’

Q

where Awy is the bandwidth of the response curve at - 3dB. This can be automatically evaluated

by the network analyzer.

b 521 Log Mag 10.00dB/ rRef -70.00dB [F2]
-20.00
>1 123.25000 MHz -39.862 dB
BW: 1.981090000 MHz
cent: 123.3059960 MHz
122.3154510 MHz
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Figure 3.5: Q-factor obtained with the network analyzer using a double-loop probe.

3.1.4 Double-loop probe

One important instrument used to investigate the resonance frequency of an electrical resonator
is the double-loop probe [20]. Basically, it consists of two geometrically decoupled loops which
are connected to a two-port network analyzer. If a coil is approached to the device, coupling
can be measured as follows: an electrical signal is sent into one loop of the double-loop probe
and couples to the probe resonator. The resonator couples to the second loop and thereby
transmits a signal to the VNA, i.e. the transmission parameter Ss; can be obtained. Without

any resonator nearby, it yields So; < —80 dB for well-decoupled loops.

3.1.5 Components
3.1.5.1 Thin coaxial cable

Since the CC should be flexible and light-weight, thin coaxial cables from the cable assembly
of an unused Siemens receive MR-plug were chosen. For the coaxial cables no data sheet
was available, however the dimensions were measured using calipers. As shown in Fig. 3.6,
the cables have following dimensions: The inner conductor has a diameter d; = 0.2 mm and is
coated with the dielectric with an outer diameter dy; = 0.58 mm. The dielectric is surrounded by
a tubular conducting shield with a diameter d, = 0.9 mm. The conducting shield is protected
by an insulating outer jacket with d; = 1.16 mm. This cables are used for all coaxial coils,

if not additionally specified. From phase measurements, the velocity factor of the cable was
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determined to be VF & 74%. The factor corresponds with
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Figure 3.6: Cross section with the related dimensions of the thin coaxial cable from the Siemens
MR plug.

Thick coaxial cable

Thick coaxial cables (K _02252_D, Huber + Suhner, Herisau, Switzerland) were also used. The
dimensions are: centre conductor diameter 0.54 mm, the dielectric diameter is 1.55 mm, the
outer conductor has a diameter of 2.5 mm and the diameter of the jacket is 3 mm. The

impedance of the cable is 50  and the velocity factor of signal propagation is VF = 69%.

Self-made inductors

The inductors used for the modular interface were self-made. They were easily built by winding
a copper wire to a solenoid. The inductance was determined by the wire diameter, the solenoid
diameter and the number of turns. Approximations for the inductance of a solenoid can be
found [21]. Basically, the inductance increases with decreasing wire diameter. It decreases with
increasing solenoid diameter and increasing number of turns.

A wire diameter of 0.75 mm was used for all inductors. Drill bits with different diameters were
used for winding the solenoids. To measure the inductance, the inductors were connected to a
capacitor with known capacitance, forming an L-C resonant circuit. The resonance frequency
obtained with a double-loop probe in combination with the known capacitance was used to

calculate an approximation of the inductance of the solenoid (Eq. 2.9). Different capacitors
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were used to calculate the mean value of the inductance. This method can only be used as an

approximation of the real value of the inductor.

Square air core inductors

Inductors (15155Q, 22225Q, 29295Q, Coilcraft Inc., Illinois, USA) were used for the compact
interface which is described after the modular interface. This so-called square air core inductors
are smaller than the self-wound inductors and have a well defined inductance with a tolerance
of 5%.

Preamplifier

Low input impedance and low noise figure preamplifiers were used (MPA123R20, HI-Q.A. Inc,
Ontario, Canada). The real part of the impedance is fixed Re(Zpreamp) =~ 1.5Q and the
imaginary part can be adjusted with a small screw: Im(Zpreqmp): 3 2 to 32 Q. The optimal
noise matching of the preamplifiers is at 50 2, meaning that at this impedance the signal is

amplified with the lowest noise rate.

Cable traps

Shield currents (or common mode currents) are currents running on the outer shield of coaxial
cables. One cause of shield currents in MRI is the electromotive force induced in the shield of
the cable of the receive-only coil by the transmit coil. They can damage the receive coil and
cause serious patient burns. Therefore, such currents must be reduced for the safety of the
patient and the coil. For the MR measurements performed for this thesis floating traps [22] on
the connecting cables from coil to scanner were used to reduce the common mode currents.

The traps consist of a hollow cylinder, made of Teflon and split in two halves. Both forms are
coated on the inside and the outside lateral surface area with copper. Additionally, one end
of both cylinder-halves is plated with copper to shorten inner and outer cylinder, while at the
other ends a capacitor is placed, respectively. This arrangement creates a resonant circuit with
a frequency according to its capacitance and inductance. The inductance is obtained by the
coated copper and the capacity is developed due to the dielectric (Teflon) of the cylinder as well

as the capacitors, which are used to tune the trap to the Larmor frequency.

Phantom

A torso phantom, filled with tissue-equivalent gel (o = 0.60 S/m, € = 62) was used for bench
test and MR measurements. Additionally, the flat bottom of the phantom was used to measure

the coupling of two coil elements.

Textile

Three different textiles for the implementation of the array from the company Stoff Palette,

Donaueschingen, Germany, were used. An ultra-thin and flexible tissue (TG1111), a red foam
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padding (TG1019250), and a water-proof synthetic leather (TG1013001), which is water-proof

and can be cleaned and disinfected easily, were used..

3.2 Single-channel coaxial coil development

The static magnetic field By of the scanner is ~ 2.89 T, therefore a Larmor frequency fy ~ 123
MHz, according to Eq. 2.3, is obtained. Since the resonance frequency of the single-channel

receive coil depends mostly on the coaxial coil, it is studied first.

3.2.1 Properties of the coaxial coil
3.2.1.1 Coil shape

The resonance frequency of the coil depends on the inductance which changes with the shape
of the coil. To study this behaviour, an investigation of the dependence between the coil shape
and the resonance frequency was performed.

A measurement of a circular and an elliptical coil with a double-loop probe connected to the
VNA was executed. CCs with one, two and three gaps and an arbitrary diameter of approx-
imately 90 mm were used. The experimental setup of the S3; measurement can be seen in
Fig. 3.7. The total distance between the double-loop probe and the investigated CC was ap-
proximately 40 mm, whereas the plastic plates had a total thickness of around 8 mm. All
measurements were performed twice, unloaded and loaded, whereas the loaded measurements

were performed with a box-shaped phantom filled with a human tissue equivalent gel.

circular coil holder

plastic holder
coaxial eall

Al

plastic block (spacer)

Figure 3.7: Picture of the resonance frequency measurement setup for coaxial coils with a circular
and elliptic shape.

Two coil holders were built to hold the flexible coil ether in a circular or an elliptic shape.
The ellipse had the same circumference as the circle and a semi-minor axis of %. Thereby,

for the ellipse parameters one obtains: semi-major axis ~ 59 mm, semi-minor axis ~ 22 mm
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Figure 3.8: Circular (l.h.s) and elliptic (r.h.s) experimental setup for measuring the resonance
frequency.

and linear eccentricity ~ 54 mm. Both coil holders can be seen in Fig. 3.8. The measurement

was performed for one, two and three gaps, without connecting it to an interface.

3.2.1.2 The multi-gap coaxial coil

The previously mentioned restriction in the choice of the coil diameter can be overcome by
changing the number of gaps ngy. The number of gaps changes the current distribution along
the coil and with it the resonance frequency is changed, which is described later in more detail.
Each coaxial coil was built with a pairwise number of gaps. For example, a two-gap coil refers
to a coil with two inner and two outer gaps. The multiple gaps are positioned alternately (inner

- outer gap) and equidistantly along the coil as shown in Fig. 3.9.

& inner gap
e outergap

Figure 3.9: Coaxial coils with different number of gaps n,. From left to right one-gap, two-gap
and three-gap coaxial coil.

Resonance frequency

A model to describe the resonance frequency of the coaxial coil with multiple gaps was investi-
gated. For the one-gap CC the dependence of wg has already been described by Zhang et al.,

and is summarized:
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Figure 3.10: A sketch of coaxial coils consisting of coaxial stubs (a) and their equivalent circuits
(b) for 1, 2 and 3 gaps.

The one-gap CC can be thought of as ”two open-ended coaxial stubs of length 1 connected in

series by the centre conductor”. Each arm has an impedance
wol/€
Zeoaw = —iZo cot (0) (3.3)
c

with Zg = 50 Q being the characteristic impedance of the coaxial cable. Zhang et al. approxi-
mated the inductive impedance of the coaxial coil by the self inductance of a conventional loop

of similar size

dcoi dcml
ZL = inuo 9 d <ln(8dll) — 2), (3.4)

where g is the vacuum permeability, d..; and d; refer to the coil diameter and the diameter
of the outer conductor. As stated by Zhang et al., the equivalent circuit is a parallel resonant
circuit. A sketch of the one-gap CC can be seen on top of Fig. 3.10 (a). It shows the two coaxial
stubs, connected on the right hand side by the inner conductors (outer gap) and connected by
the outer conductor on the port on the left hand side (inner gap). The stated parallel resonator
of the one-gap CC is shown on top of 3.10 (b). The total impedance Z,,1 can be added to

1 1 1

= +

) 3.5
anzl 2Zcoax Zr + Re ( )

where R¢ describes the coil losses and is added to Zp, contrarily to Zhang’s description.

As mentioned, the model presented by Zhang et al. describes the one-gap CC. A description of
how it can be extended for multi-gap coaxial coils is given in the following:

The two-gap coaxial coil can be thought of 4 coaxial stubs, which are connected as shown.
Z1, Rc and the two capacitors in parallel C, stay the same while two additional capacitors C,
in series are added. For ny, = 3 another two coaxial stubs and thereby two capacitors in the

equivalent circuit are added. The total impedances for two gaps (Z,,—2) and three gaps (Z,,=3)
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can be calculated,

1 1 1 1 1 1
= + and = + .
an:2 2Zcoax Zr + Re + 2Zcoa an:3 2Z coa Zr+ Re+2-2Zc00x

Thus, a generalisation to describe the relation between the impedance and the resonance fre-

quency for a number of gaps ny can be found:

1 1 1
— _I_ .
2Z coax 1+ RC + 2(ng - 1)Zcoa:p

Zn

(3.6)

g

The resonance condition (Im(Z,,) = X,, = 0) of the multi-gap coaxial coil can be found:
X, = 2y Xeonz + X1, = 0. (3.7)

Resonance frequency of multi-gap coaxial coils

To study the relation between n, and fo, circular coaxial coils with one, two and three gaps
(shown in Fig. 3.9) with an arbitrary diameter d ~ 90 mm were built. The resonance frequency
was obtained with an Ss; measurement, as described above.

The one-gap coaxial coil was chosen for the 3-channel array implementation, since the resonance

frequency for d..;; &~ 90 mm was close to the desired Larmor frequency for protons.

3.2.1.3 Coil diameter

By choosing the coaxial cable and deciding the coaxial coil to have one gap, the only parameter
left to obtain the correct resonance frequency for protons is the coil diameter d..;. Empirically
it was found that for a desired Larmor frequency fo =~ 123 MHz the correct CC diameter is
around 80 mm. The one-gap coaxial coils were built from coaxial cables with a total length 1 =
255 mm. Since the cable ends are partly overlapping when building an inner gap, the diameter

reduces to around 80 mm. A picture of the one-gap coaxial coil is shown in Fig. 2.13 (a).

3.2.1.4 Practical implementation of gaps

To build an outer gap, the outer conductor of the coaxial cable is cut out for a gap width
of around 4 mm. The insulating outer jacket and the tubular conducting shield are carefully
removed. For additional protection a heat shrink tube was used to cover the gap.

To produce an inner gap, two coaxial cables are soldered together as follows: the isolation of the
outer conductor is removed at the cable ends (= 4mm). Then the inner conductor is separated
from the outer conductor. Since the tubular conducting shield consists of a netting of thin
cables, it is necessary to carefully separate them from the dielectric with the inner conductor.
Then the outer conductors are soldered together partly overlapping such that a gap size of

around 4 mm is obtained.
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Figure 3.11: The modules of the interface, on the |.h.s. the one-gap coaxial coil, truncated.

3.2.2 Interfacing the coil to the scanner

To connect the coaxial coil to the NMR scanner an interface is necessary. As described in Sec.
2.2 this interfacing consists of an electrical network which can be divided into tuning and active
detuning, matching, and preamplifier decoupling. The signal is then amplified using a low noise

preamplifier.

First, a modular system of the interface was built to allow a separate investigation of its three
parts: tuning and detuning, matching and decoupling. As shown in Fig. 3.11 each module is
provided with pin connectors. The modules can be plugged as shown to add up to the total
interface. The CC is provided with a 3-pin plug; the outer pin connectors are the ports of the
coaxial coil and the inner connector is the ground. The tuning module is equipped with a 3-pin
socket to plug the CC and a 4-pin socket to connect to the matching module. The two inner
pins of this socket make one port and the two outer pins make the second port. A separate
investigation of the CC connected to the tuning module is possible with a 4-pin plug. It can
be connected to the VNA to measure the Si; parameter. Then the matching module follows,
equipped with a 4-pin plug to connect to the tuning and a 4-pin socket to connect to the phase-
shifter module. The phase shifter is also equipped with a 4-pin connector to connect to the
preamplifier. A separate investigation of the matching or phase-shifting module is possible by
using two 4-pin connectors and measuring the transmission, So1. Additionally, a measurement
of the coil, the tuning and matching is possible using S1; with or without the phase-shifting
module. The preamplifier is equipped with a 4-pin plug on one the input side and on the output
side a MCX socket to connect to the MR plug is located.

A sketch of the final modular electrical circuit can be seen in Fig. 3.12. From left to right
it shows: The one-gap coaxial coil, followed by the tuning (the capacitor and inductance are
subscripted with ”"T”) and the active decoupling with PIN diodes. Then the matching and a

phase shifter is shown as well as the preamplifier.

3.2.2.1 Tuning and detuning

To tune the coaxial coil to the right resonance frequency, the reactance X has to be set to zero
as described in Eq. 2.10. The tuning and detuning module consists of lumped components,

which are shown in Fig. 3.13 (a). The inductance L7, used for tuning was placed parallel to
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matching decoupling preamplifier
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Figure 3.12: Sketch of the electrical circuit to connect a coaxial coil with the MR scanner. The
one-gap CC is on the l.h.s, in the middle the electrical interface and the preamplifier on the r.h.s..

the ports, thus the DC signal used for detuning can reach both PIN diodes. Two chokes were
placed at the DC port to block the RF signal. Two high-value capacitors Cp were placed in
series at each port to block the DC signal for detuning. The outer conductors of the coaxial
coil were connected at the coil ends (inner gap). By forward biasing the PIN diodes the inner
and outer conductor were shorted via this connection at the inner gap. For more clarity it is
referred to the detuning circuit with an applied DC, shown in Fig. 3.13 (b).

To tune the coil, experimentally an inductance L7, ~ 500 nH was found. The size of a

a) b) c)
Cg \ CB CB
—{— ) —ke —{—
JL'req' \ Ll"f?f? % %ﬁ"{
o " o
Cs [ g Ce Cs

PIN GND = é PIN Bias PIN GND = é PIN Bias

Figure 3.13: Basic tuning and detuning network (a) and the electric circuit with applied DC current
(b). Changed tuning interface with smaller inductance Ly and parallel capacitor (c).

self-made air core solenoid with this value is large and a fine tuning to X — 0 is only possible
by pulling the turns of the solenoid apart or pushing them together. Thus, the inductor was
changed to a ”tunable inductance” by connecting a trimmer (i.e. an adjustable capacitor) in
parallel to the inductor which can be seen in Fig 3.13 (c¢). Although this configuration connects
the two ports for an RF signal via the tunable capacitor, the electrical behaviour stays the
same. By looking at the tunable capacitor parallel to the inductance L as stand-alone circuit,
one finds that it yields to an equivalent inductance Lre,:
1 1 1 1 1

=—+—— & - = - + iwoCr, 3.8
LTeq Zr  Zco 1w L1eq woLr (3.8)
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where Lt refers to the new, smaller tuning inductor. With the equation above using the obtained
L1eq = 500 nH a combination of Cr and Ly < L7, can be obtained. Additionally, as one can
see, C7 and L form a parallel resonant circuit, creating an additional resonance depending on
the values of the lumped components.

A chart showing the equivalent inductance Lr¢q(Cr) at the Larmor frequency for different
smaller inductances Lt as described by Eq. 3.8 can be seen in Fig. 3.14. L7, is increasing
with Cr to a singularity for a value of Cr fulfilling the resonance condition. The curves are
very similar but shifted horizontally depending on Ly. L7 = 100 nH is chosen, thus Cr ~ 13.4
pF is obtained.

1000

900

800

700

600 I

500

W /

Leq [NH]

200 +—
100 - e
0
0 5 10 15 20 25 30 35
G [pF]
e =50 NH ===l =100 NH el =150nH ==L, =200 nH

Figure 3.14: The inductance L., over the tunable parallel capacitance Cr for different (smaller)
inductances L. The desired inductance L., = 500 nH is marked.

The capacitance was split into a fixed capacitor C7; and a tunable capacitor Cr; in parallel
to allow a fine tuning. The final electrical circuit of the tuning nodule can be seen in the final
interface, Fig. 3.12. As one can see, there are no blocking capacitors Cp in series since this is

achieved by the matching interface, which will be discussed in the next section.

A picture of the built modular tuning and detuning module can be seen in Fig. 3.15. The

following lumped components, as corresponding to the picture, are shown:
1) Fixed tuning capacitor Cry = 12 pF.

2) Tuning inductor Ly ~ 100 nH.
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3) Black 4-pin socket to connect to the matching module.

4) Adjustable tuning capacitor Cry : 2 to 6 pF.

5) Two chokes with Lcpoke = 5.6 pH to block the DC signal.

6) Two PIN diodes for detuning the coil when forward biased.

7) Black 3-pin socket to connect the coaxial coil to the tuning module.

8) DC cable.

Figure 3.15: Picture of the final modular tuning and detuning module.

Additionally, the tuning was compared to the impedance matching software Pasan. The
obtained Smith chart can be seen in Fig. 3.16, where the loaded impedance Zj,.q refers to
the coaxial coil, which was approximated with Re(Zroqq) = 1.5 kQ and Im(Zreaq) =~ 1 kQ. It
can be seen that for the parallel capacitor with a value of 17 pF the tuning was satisfied best,
which is different to the calculated capacitance described above. The reason for the discrepancy
probably comes from the not very accurate measurement of the inductance of the solenoid,

which is discussed in detail later.

The S-parameter measurement of the tuning interface was performed on a torso phantom
(3.1.5.1). The details of the S1; measurement with the vector network analyzer can be seen in
Sec. 4.1.1.3.

3.2.2.2 Matching

After tuning the coil to zero reactance (X — 0), impedance matching to the standard

impedance Zy = 50 ) was performed. The matching interface was produced as a separate
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Figure 3.16: Smith chart of the electrical circuit of the tuning interface obtained with the software
Pasan for a frequency range.

module and can be plugged to the tuning module with the coil. The large resistive impedance
(R > 500 Q) of the coil was transformed to Zjy using a combination of two capacitors in series

and in between one inductor parallel to the ports, as shown in Fig. 3.17.

o -

Figure 3.17: Basic electrical circuit to match the coil to the standard impedance Zy = 50 €2 .

The values of the lumped components for the matching module were obtained theoretically
using Pasan, as shown in Fig. 3.18. The actual values are described below, while for the general
behaviour the following was found: The matching circuit depended much more on Zj,,q than
the tuning. For example, if the coil resistance was changed from Re(Zjpqq) = 1.5 k) to 2 k2
the matching inductance Lj; had to be changed from 430 nH to 460 nH. The Smith chart of the
matching circuit with a frequency range is shown in Fig. 3.19. One can see that the imaginary

part of the obtained impedance depends strongly on the frequency of interest at Z.

Each matching capacitor was replaced by two capacitors of double the value in series, to obtain
a symmetrical electrical circuit, as shown in the final interface. As already mentioned in the
tuning and detuning section, the splitting also allowed to omit the two blocking capacitors Cg

in the tuning module. A picture of the built matching module is shown in Fig. 3.20 with the
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Figure 3.18: Matching of the coaxial coil for the desired resonance frequency of 123 MHz.

following components and their values:

1) Four matching capacitors Cp; = 8.2 pF.

3

)

2) Black 4-pin socket to plug the decoupling module.
) Large self-wound matching inductor Ljy; ~ 500 nH.
)

4) Black 4-pin connector to plug the tuning module.

The results of matching the built module interface is shown in Sec. 4.1.1.3.

- - .,

=
~
,/.
J

Figure 3.20: Final built matching module.
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Figure 3.19: Matching of the coaxial coil, for a frequency range of 100 MHz to 140 MHz.

3.2.2.3 Decoupling

After tuning and matching the coil to fo and Zj, the third module of the interface is the de-
coupling module. Together with tuning and matching it transforms the low input impedance of
the preamplifier to a short at the coil port, having the same current-suppressing consequence
as the active detuning circuit, thereby reducing the mutual coupling between coil elements.
Since the previous tuning and matching of the coil should not be influenced by the preampli-
fier decoupling module, a phase shifter can be used to fulfill the task without influencing the
matching: In the Smith chart, a phase shifting is represented by a rotation around the matched
impedance in the middle of the Smith chart. Since the impedance of the coil was already
matched to Re(Zepi) = 50 Q and Im(Z.;) = 0 an arbitrary rotation e.g. with a transmission
line did not change the impedance.

A phase shift can be obtained either with a transmission line (e.g. a coaxial cable) or lumped
components. Especially for an array of coils the additional cables would be disturbing. Thus,
a solution with lumped components is preferred. Each of the two high and two low pass filters
shown in Fig. 3.21 can be used as a phase shifter. Since each filter consists of two identical
lumped components and the inductors are self-built by winding copper wire to a solenoid, it is
preferred to use a configuration consisting of only one inductance to avoid inductance variations.

The electrical circuit (a), a so-called high-pass tee is chosen.

The values of the lumped components can be calculated using

Z sin(Qp)

L= wosin() and € = woZ(l - cos(gb))’
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a) High pass tee b) High pass pi
Cy ¢y
B 1
L
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c) Low pass tee
L3 L3
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Figure 3.21: Four different phase shifters which can be used for the preamplifier decoupling. The
high pass tee in (a) was chosen for the interface.

where ¢ is the phase shift and Z = v/ Z;;, Z,y is the impedance. The equations and more detailed
information about phase shifters can be found [23]. For a frequency wy = g—fr = %, an
input and output impedance of Z;,, = Z,,+ = Zy and a desired phase shift of ¢ = 90° ~ 1.57
rad the inductance Ly ~ 64 nH and the capacitance C7 = 26 pF were obtained.

For the interface the capacitors were arranged symmetrically by splitting each capacitor of
double the value in series to the ports the same way it was done for the matching module. The
electric circuit can be seen in the final interface Figure 3.12. A picture of the built module can

be seen in Fig. 3.22 with following components and their corresponding values:

1) The self-built inductor Lg ~ 70 nH.
2) Two capacitors are split into four with Cy = 36 pF.
3) 4-pin socket to connect the preamplifier.

4) Black 4-pin connector to plug the matching module.

These values were found to accomplish the preamplifier decoupling best, which results in an
phase shift of 110°.

Additionally, the preamplifier decoupling was examined theoretically using Pasan and then com-
pared to reality by measuring the modules with the network analyzer. Therefore the interface
had to be examined from the other side than considered for the tuning and matching. As shown
in Fig. 3.23, without the phase shifting module, an open was obtained for the desired resonance
frequency. If a phase shifter in combination with a low impedance preamplifier as described
above is used instead, shown in Fig. 3.24, an impedance Zgecoupt < Zno—a is obtained. The fre-

quency depending curve in combination with the phase shifter, shown in the Smith chart r.h.s.
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Figure 3.22: Picture of the final built decoupling module.

depends strongly on the load impedance (the impedance of the preamplifier). The resistance of
the preamplifier is 1.5 {2, the reactance of the preamplifier can be changed within a range from

3 Q to 32 . This behaviour is discussed later in more detail.
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Figure 3.23: Preamplifier decoupling inves-
tigation without phase shifter. Sketch of the
impedance (a) and the Smith chart for a fre-

quency range (b).
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Figure 3.24: Preamplifier decoupling inves-
tigation with phase shifter. Sketch of the
impedance (a) and the Smith chart for a fre-

quency range (b).

The impedances of the interface with and without the decoupling module were measured with
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the VNA. This comparison was performed with a mixed-mode measurement as described in
Sec. 3.1.1. The 3-pin coil socket of the tuning module together with a self-built adapter was
used to plug the two ports of the VNA. As shown in Fig. 3.25 (a) the self-built adapter has a
common ground (pin in the middle) and the two ports are located on the outer pins, shown in

Fig. 3.25 (b). The measurement details are shown in Sec. 4.1.1.3.

a) b)

VNA Port 1

VNA Port 2

o

Figure 3.25: A sketch (a) and a picture (b) of the self-built adapter for a SDD11 measurement
with the vector network analyzer.

3.2.2.4 Compact interface redesign

For the coaxial coil array, which is described in detail later, three compact interfaces with all
lumped components on a smaller single copper-plated circuit board were designed and built.
Only one pin socket for the coaxial coil and one socket for the preamplifier was used. The
inductors were changed to smaller, industrially manufactured ones: As described earlier, the
inductance of the self-built inductors was obtained by building a resonant circuit with a known
capacitance and measuring the resonance frequency. The inductance was calculated from this
frequency. Since this method is not very accurate, changing to the smaller air core inductors
will also change the values of the other lumped components of the interface.

The electrical circuit of the compact interface can be seen Fig. 3.26. As shown in the electrical
circuit of the modular interface in Fig. 3.12, two matching capacitors were neighbouring the
decoupling capacitors. At both ports they can be combined: C) is in series to Cy an can be
added to Cye.

PIN diod
Cy Cym Cop
I_ |
f’rr/:-’ -I- CTJ; Ly Ly Lo
']
+—¥ {
C C
PIN diod Cu MO o preamplifier
choke

PIN GND PIN Bias

Figure 3.26: Electrical circuit of the compact interface. The coaxial coil is only indicated on the
l.h.s.
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For the electrical circuit of the compact interface a copper-plated circuit board was used. The
board was fully covered with copper and the electrical circuit was machined into the circuit
board using a rotary tool. The electrical circuit board of Interface 1 is shown in Fig. 3.27 (a)

and the electrical circuit board of the interfaces 2 and 3 are shown in Fig. 3.27 (b).

1 b) &=
Figure 3.27: Circuit boards of the three interfaces: (a) Interface 1, (b) Interface 2 and Interface 3.
The white dots indicate drilled holes.

a) &

Interface 1

By combining all components on one interface and using the square air core inductors, modifi-
cations need to be performed to obtain a good tuning, matching and preamplifier decoupling,

which are summarized in Tab. 3.1.

Lumped component Interface 1 | Interface 2 | Interface 3
tuning inductance L; [nH] 68 68 68
tuning trimmer capacitor Cy, [pF] 2-6 _ 2-6 2-6
fixed tuning capacitor Cy [pF] 18 _ 22 18
matching inductance L,, [nH] 360 ‘ 500 430
matching capacitor Cy,; [pF] 8.2 : 3.2 8.2
decoupling inductor Lg, [nH] 68 68 _ 68
decoupling capacitor Cq, [pF] 39 1 39 39
combined capacitor Cyy [pF] 6.8 ' 6.8 6.8

Table 3.1: Values of the lumped components of the compact interfaces.

A picture of the Interface 1 can be seen in Fig. 3.28. The coaxial coil connected to the interface
is shown partly on the l.h.s., while the preamplifier, which is connected to other side of the
interface, is shown on the r.h.s. The 3-pin socket for the coaxial coil was directly soldered on
the PIN diodes. The 4-pin socket for the preamplifier was placed in the four holes of the circuit
board and soldered. The two outer pins of the socket were connected by the yellow cable and
the inner pins are directly connected. As shown, a preamplifier with 90° pins is connected to

the interface.
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Figure 3.28: Picture of the Interface 1 with the connected coaxial coil (partly shown, l.h.s.) and

the preamplifier (r.h.s).

Interface 2

Some changes compared to the Interface 1 were done on Interface 2. The circuit board is shown
in Fig. 3.27 (b). Three drilled holes in the board (L.h.s.) were used to connect the coaxial
coil from the bottom with a 3-pin socket. To reduce the total length of the interface the 4-pin
socket for the preamplifier was arranged vertically and the pins of the preamplifier were bent
to a u-shape. The pins of the green 4-pin socket were positioned in the holes of the interface on
the right hand side. Additionally, the outer pins of the socket were connected via a connection
on the interface. Another difference to Interface 1 is that the adjustable capacitor was placed

on top of the PIN diodes for easily accessible tuning. A picture of Interface 2 is shown in Fig

3.29.
The values of the lumped components are also shown in Tab. 3.1.
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Figure 3.29: The built Interface 2 connected to the coaxial coil and the preamplifier.
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Interface 3

The same circuit board as described for Interface 2 was used for the Interface 3. Only the
socket for the coaxial coil was positioned in line with the interface, as shown in Fig. 3.30.
Experimentally it was found that the matching inductance Lj;3 = 430 nH and consequently
the related fixed tuning capacitance Cry3 = 18 pF had to be changed for a well tuning and
matching. All other values of the lumped components stayed the same, and can be seen in Tab.
3.1.

Although Interfaces 2 and 3 are nearly identically (the position of the coaxial coil socket should

not change the electrical behaviour) different tuning and matching components are necessary.
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Figure 3.30: Picture of the built Interface 3 with the coaxial coil and the preamplifier.

3.2.3 Testing the radiofrequency coil’s performance
3.2.3.1 Bench test experiments

The Q-factor, which is described in Sec. 2.2.3, was measured with the double-loop probe. An
unloaded and a loaded measurement on a phantom was performed. The measurement of coaxial
coils was performed with and without the compact Interface 1 to study its influence. Different

coils were used to study their behaviour:

¢ Thin coaxial coil
The thin coaxial cable from the Siemens receive MR-plug was used as one-gap coaxial coil

with a diameter of approximately 80 mm.

¢ Thick coaxial coil
A different, thicker coaxial cable from the company Hubner + Suhner, as described in

Sec. 3.1.5 was used. The diameter of the coil was approximately 90 mm.

¢ Conventional loop coil
The coaxial coils were compared to a conventional loop coil with a standard interface,

as shown in Fig. 2.10 and a diameter of approximately 80 mm. The tuning capacitor is
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adjustable: Cr : 6.5 pF to 30 pF, for the matching the capacitors C,,; : 33 pF plus an
adjustable capacitor in parallel also with a range of 6.5 pF to 30 pF was used as well as
Cmo = 27 pF and the inductor for detuning L. = 68 nH were used.

Another coil without an interface was used. The standard loop coil consisted of one
capacitor with 120 pF in series to another 120 pF which was soldered parallel to a trimmer
(2 to 6 pF) for fine tuning.

The detailed results of the Q-factor measurement loaded and unloaded for the three different

coils are shown in Sec. 4.1.1.4.

Additionally, a resonance frequency spectrum was measured with the Interface 2: the CC with
the interface was connected to a 50 {2 resistance, plugged in the preamplifier port. The spectrum
was measured with the double-loop probe and can be seen in Fig. 4.7 for a frequency range of
10 MHz to 550 MHz.

3.2.3.2 MR experiments
Experimental Setup

The performance of the single-channel coaxial coil was evaluated in a whole-body MR scanner
Magnetom Prisma-Fit 3T, Siemens Healthineers, Erlangen, Germany. One coaxial coil with a
diameter of around 80 mm was connected to a compact interface. The interface was connected
with the preamplifier, which was connected to a coaxial cable and plugged into an 8-channel
receive plug. On the cable of the receive plug floating cable traps tuned to 123 MHz were
positioned. The DC cable of the interface for detuning the coil was also connected to the
receive plug. Another cable trap was placed around the coaxial cable and the DC cable to

reduce common mode currents.

Phantom imaging

MR sequences to compare the performance of a conventional loop coil with a single-channel
coaxial coil were performed. A standard loop coil with an interface as described in Sec. 3.2.3.1
was compared to a coaxial coil with the same diameter of 80 mm, connected to a compact
interface. Each receive-coil was placed on the chest of the torso phantom. In the middle of the
coil a vitamin pill was positioned to easily locate the coil. A picture of the experimental setup
with the direction of the B-field is shown in Fig. 3.31.

The MR sequence was performed twice in succession, for the CC and for the conventional coil.
It is important to place the coils at the same position to provide a reasonable comparison. A

2D gradient echo sequence with sagittal slices was run with the following parameters:

¢ repetition time Tr = 300 ms ¢ slice thickness: 2 mm, 12 slices

¢ echo time Ty = 10 ms ¢ acquisition matrix: 256 x 256
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o field of view (FoV): 192 x 192 mm? ¢ Acquisition time T4 = 1: 16 min
o Resolution: 0.75 x 0.75 mm? o Bandwidth: 130 Hz/px
¢ Number of averages: 1 o flip angle a = 60°

To calculate the SNR, the mean signal intensity in the region of interest (ROI) was divided by
the standard deviation of the signal intensity outside of the torso phantom. As ROI, an area in
the phantom gel and in the vitamin pill were selected. The SNR was calculated for each ROI,
for both, the CC and the copper coil.

Figure 3.31: Experimental setup of the single-channel coaxial coil on a torso phantom. The
measurement was performed twice, for the coaxial coil and the conventional coil. In the picture the
coaxial coil, the vitamin pill and the B-field direction are shown.

Fruit imaging

Additionally, MR measurements with the 1-channel coaxial coil were performed using an orange.
The coil was positioned around the fruit as shown in Fig. 3.32 with an indicated By-field
direction. Coronal slices using a T, weighted double echo 3D sequence (T2 de3D) with the

following parameters were acquired:

<

repetition time T = 16.65 ms ¢ Number of averages: 1

¢ echo time Tg = 5.69
echo ime 1p s o Acquisition time T4 = 7 : 21 min

<

acquisition matrix: 192 x 192 x 176

o FoV: 79 x 79 x 73 mm> ¢ Bandwidth: 195 Hz/px

o Resolution: (0.42 mm)? o flip angle av = 25°
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Figure 3.32: Experimental setup of the MR measurement of an orange. The position of the coaxial
coil and the By-field direction of the scanner are shown.

3.3 3-channel coaxial coil array development

In this section the development of the 3-channel coaxial coil array is described. The array
consists of the three coaxial coils, each connected to one of the compact interfaces described in
the previous section.

The layout of the coils within the array (inter-element decoupling), the implementation of the

3-channel array and the final MRI test measurements on a phantom are described in this section.

3.3.1 Array layout

When several coils are used, it is important to consider the arrangement of the coils to each
other. Due to mutual inductive coupling unwanted interactions among the coils occur. To
reduce them to a minimum, geometric decoupling was employed and the following layout was
designed.

The three coaxial coils were positioned along an equilateral triangle: Each coil center was
placed at one corner of the triangle as shown in Fig. 3.33. The coils were built with a diameter
deoir = 80 mm. The distances between the centers of the coils have an optimal distance dop;.
Since the coaxial coils might behave differently compared to conventional loop coils, the value

of dopt was studied experimentally, which is described next.

3.3.1.1 Two-element decoupling

The optimal distance d,p; between two circular coaxial coils was studied; whereas d,; is defined
as the distance between the centers of two coils when their mutual coupling is minimal. dgp
of two conventional loop coils can be calculated as described by Romer et al. using Eq. 2.13
[13]. The optimal distance for two coaxial coils was obtained experimentally by measuring the
S-parameters:

Two identical coaxial coils with a diameter d.,; =~ 80 mm were positioned on the flat bottom
phantom of the torso phantom. One coil was fixed at a particular position while the position of

the other coil was varied. A sketch of the experimental setup is shown in Fig. 3.34. Both coils
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Coil 1

inner gap (coil port)

outer gap

Figure 3.33: Layout of the coaxial coil array. Three identical coaxial coils with a diameter d..;
were positioned at the corners of a equilateral triangle with a side d,;.

were connected via a compact interface without the preamplifier to the network analyzer. Port
1 and 2 were connected to coil 1 and coil 2, S11 as well as Soo was measured. Additionally, the
coupling of the coils was obtained with the S9; parameter by sending the VNA signal to coil
2 and obtaining the signal at coil 1. The coupling was measured at 123 MHz. The distance
d between the two coils was varied from 160 mm to zero, where the coils were on top of each
other.

An optimal distance d,,; ~ 62 mm was obtained, which is similar to the calculated distance

for conventional loop coils, given by Roemer [13]. The detailed results of the measurements are

shown in Sec. 4.2.1.1.
Network
analyzer

______________________________________________________________________________________________

Figure 3.34: Sketch of the experimental setup for determining the optimal distance d,,; between two
elements for decoupling. The distance between the identical coils was varied and the S-parameters
were obtained to find the lowest coupling.
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3.3.1.2 Three-element decoupling

After implementing the array on textile tissue as described in Sec. 3.3.2 the S-parameter
measurement was repeated for the three coil array. The three port measurement was performed
twice on different positions on the phantom; at a flat position and at a position where the array
was bent strongly (under the axilla, at the latissimus dorsi of the torso phantom). The details

of the measurements are shown in section 4.2.1.2.

3.3.2 Implementation

Three thin coaxial cables prepared with one outer gap were woven into a thin wide-meshed textile
tissue such that the equilateral triangle layout, as described above, was obtained. Thereby, a
fixed position of the coils within the array for a good inter-element decoupling was obtained,
while the array stayed very flexible. The thin textile allowed a very flexible movement of the coils
when the array was positioned on a curved shape. In contrast to the single-channel connectors,
here the ends of the cables were soldered onto a small copper circuit-board with three short
copper pins to connect to the interface. The reason for this change was that the black connectors
turned out to be slightly ferro-magnetic, thus, producing artefacts in the MR images.

The wide-meshed textile tissue with the coils was sewn onto a slightly more rigid, light-weight
red foam padding (~ 3 mm thick) to protect the array with the interfaces and the preamplifier.
A white synthetic leather was sewn as the outermost layer. A picture of the three textiles with

the woven coils is shown in Fig. 3.35.

The final implemented array with all components is shown in Fig. 3.36. The ports of the
three coaxial coils were connected to the interfaces. Each compact interface was connected to
a preamplifier which was then connected via a coaxial cable to the MR scanner. Additionally,

one floating cable trap was placed around the DC cable and coaxial cable for each interface.

3.3.3 MRI test measurements with the final array

The MR performance of the final implemented 3-channel coaxial coil array was tested in the
whole-body MR scanner on a torso phantom as well as on a pineapple and on a melon.

A black, a blue, and a brown CC were connected (in this order) to a compact interface and a
preamplifier, numbered with 1, 2 and 3. The DC cables of the interfaces and the coaxial cables
connecting the receive coil were plugged into a custom-built 8-channel receive plug adapter. A

picture of the setup scanning a water melon can be seen in Fig. 3.38.

3.3.3.1 Torso phantom measurements

Phantom measurements were performed to check if the array is functioning properly. The
array was positioned in the middle of the chest of the phantom, as indicated in Fig. 3.37 and
connected to the scanner as described above.

A gradient echo 3D scan with transversal slices was performed using the following parameters:
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Figure 3.35: Picture of the different textile tissues with the woven coaxial coils while sewing.

o repetition time Tr = 6.3 ms o Resolution: 1.65 x 1.65 x 3 mm?
¢ echo time T = 2.64 ms ¢ Number of averages: 1

¢ slice thickness: 3 mm, 104 slices Acquisition time T4 = 1 : 42 min

<

¢ acquisition matrix: 192 x 156 x 104 o Bandwidth: 510 Hz/px

o FoV: 318 x 258 x 312 mm?

<

flip angle o = 5°

3.3.3.2 Noise correlation and g-factor maps

To obtain the geometry factor (described in Sec. 2.2.3), the noise correlation and a fully sampled
2D gradient echo were measured. The array was positioned on the torso phantom as described
above. Without any excitation puls, the receive array was used to measure the noise, which
is correlated due to the overlapping sensitivity profiles and coupling of the coils. This data
was used to calculate the noise correlation matrix. 2D gradient echo scans with coronal and

transversal slices and phase encoding in right-left direction was performed:
¢ repetition time Tr = 470 ms ¢ slice thickness: 3 mm

¢ echo time Ty = 3.23 ms ¢ acquisition matrix: 288 x 288
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Figure 3.36: Final 3-channel array implemented on textile tissue. The three identical coils (d.o; ~
80 mm) were connected to the compact interfaces (labelled with 1, 2, and 3) and the preamplifiers.
The coaxial cables and the DC cables are shown partly.

o FoV: 312 x 312 mm? (coronal) o Number of averages: 1
o FoV: 381 x 381 mm? (transversal) o Acquisition time T4 = 2 : 14 min
o Resolution: 1.08 x 1.08 mm? (coronal) o Bandwidth: 510 Hz/px

o Resolution: 1.32 x 1.32 mm? (transversal) o flip angle a = 20°

Using the pseudo-multiple replica methode [10] the accelerated SNR maps for R=2 and R=3
were calculated. The accelerated SNR maps were divided by the non-accelerated map and the

root of the acceleration factor to obtain the g-factor maps:

SNRpg

" SNRyu VE.

g

The noise correlation matrix W as well as the SNR and the g-factor maps for different acceleration

factors are shown in the Results, Sec. 4.2.2.1.
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Figure 3.37: Experimental setup of the torso phantom measurement with the final 3-channel coaxial
coil array.

3.3.3.3 Fruit MR measurements

Additional MR experiments with a pineapple and a watermelon were performed to demonstrate

the flexibility of the 3-channel coaxial coil array.

Watermelon

Two MR scans with a watermelon were performed. The position of the array on the melon is
shown for both scans in Fig. 3.38 (a), (b). A picture of the experimental setup with the 3-
channel array, the interfaces connected to the receive plug and the cable traps is shown in 3.38

(c). A Ty weighted double echo 3D (T2 de3D) sequence with transversal slices was performed:

o repetition time T = 15.71 ms o Resolution: 0.72 mm?

¢ echo time Ty = 5.22 ms ¢ Number of averages: 1

¢ slice thickness: 3 mm ¢ Acquisition time T4 = 15 : 15 min
¢ acquisition matrix: 320 x 290 x 256 o Bandwidth: 200 Hz/px

o FoV: 230 x 208 x 184 mm? o flip angle a = 25°

Another T2 de3D with coronal slices using following parameters was run:

¢ repetition time T = 14.97 ms o Resolution: 0.51 x 0.51 x 2 mm3
¢ echo time Ty = 4.85 ms ¢ Number of averages: 16

¢ slice thickness: 3 mm ¢ Acquisition time T4 = 10 : 05 min
¢ acquisition matrix: 256 x 256 x 20 o Bandwidth: 195 Hz/px

o FoV: 131 x 131 x 40 mm? o flip angle a = 25°
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Figure 3.38: Sketch of the array position on the watermelon for the transversal setup (a) and the
coronal setup (b) and a picture of the experimental setup with all components (c).

Pineapple

For this measurement the coil array was positioned on the side of the fruit; a picture of the

experimental setup with the By-field direction is shown in Fig. 3.39.
A T, weighted double echo 3D (T2 de3D) sequence was performed:

¢ repetition time Tr = 15.98 ms

¢ echo time Ty = 5.35 ms

¢ slice thickness: 3 mm

¢ acquisition matrix: 256 x 232 x 208

o FoV: 154 x 139 x 125 mm?

o Resolution: 0.6 mm3

¢ Number of averages: 1
¢ Acquisition time T4 = 10 : 05 min
o Bandwidth: 195 Hz/px

o flip angle a = 25°
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Figure 3.39: Experimental setup of the MR measurement of a pineapple. The coil array, the three
interfaces with the cables and their cable traps are shown. L.h.s on the bottom the 8-channel receive
plug adapter is partly visible.
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Results

4.1 Single-channel coaxial coil

4.1.1 Bench tests
4.1.1.1 Coaxial coil shape

The results of the comparison of coaxial coils with circular and elliptic shape is shown in Tab.
4.1. Only the shift between the circular and the elliptic measurement was studied here, the
overall behaviour is discussed below. CCs with one, two, and three gaps, and a diameter of

approximately 90 mm were used.

i Resonance frequency fy [MHz] Quality factor Q S-parameter Syq [dB]
Coaxial coil shape _

of gaps unloaded| loaded | change unl./l. [%] | unloaded | loaded ratio unl./l. | unloaded | loaded
circular 111.4 110.6 0.7% 146.0 49.0 3.0 -43.4 -52.4

n.=1 elliptic 114.7 113.9 0.7% 140.0 59.0 2.4 -46.1 -53.2
shift circular/elliptic [%] 2.9% 2.9% - 4.3% 16.9% - 5.9% 1.5%

circular 227.6 224.0 1.6% 160.0 16.0 10.0 -39.2 57.7

ng=2 elliptic 233.8 231.7 0.9% 162.0 21.0 7.7 -41.6 58
shift circular/elliptic [%] 2.7% 3.3% - 1.2% 23.8% - 5.8% 0.5%

circular 339.9 350.0 2.9% 131.0 8.0 16.4 -39.6 -64

ng=3 elliptic 351.2 351.3 0.0% 165.0 15.0 11.0 -40.6 -63.7
shift circular/elliptic [%] 3.2% 0.4% - 20.6% 46.7% - 2.5% 0.5%

Table 4.1: Measurement of the resonance frequency, the Q-factor and the S-parameters for coaxial
coils without an interface for a different number of gaps. A circular and an elliptic shape was
investigated.

The resonance frequency between both setups changed only by a few percent. The mean value
of the difference of fy was around 3% and 2% for an unloaded and loaded measurement, respec-
tively. The change in quality factor for an unloaded measurement was relatively small for one
and two gaps, but was considerably high for three gaps. The loaded Q-factor differs much more
between the elliptic and circular setup, which can be explained by the smaller sample volume
seen by the elliptic coil. Also for the loaded Q, the difference between circular and elliptic coil
increases with the number of gaps. The reason for this is unclear so far.

The Soi-parameter for a different number of gaps, using the double-loop probe at a constant

23
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distance to the coil are also presented in Tab. 4.1. Only the circular coil shape was studied in

this case.

4.1.1.2 Resonance frequency of multi-gap coaxial coils

The resonance frequency was increasing with the number of gaps n,. Empirically it was found
that

Jong = ng - for

is a good approximation, where ny, = 1,2 or 3 and fo 1 is the resonance frequency of the one-
gap CC. For a diameter d ~ 90 mm fy; ~ 111 MHz was obtained. Since the value of fy of
the one-gap coaxial coil was close to the Larmor frequency for protons, this configuration was
chosen for the 3-channel array. By changing the coil diameter to 80 mm, the correct resonance
frequency of 123 MHz could be obtained.

The frequency change between unloaded and loaded was small. It increased with the number
of gaps from around 1 % to 3 %.

The ratio of the quality factors was increasing with the number of gaps. For the one-gap CC
Q-ratio ~ 3, which means that a low sample dominance of the coil was obtained, while for three
gaps a ratio of around 16 was obtained. It is noteworthy that the unloaded @, = I}’T“: does not
increase with frequency, and since L is not changing by the number of gaps, this means that
R, is increasing strongly with ny,. The reason for this behaviour still has to be investigated in

future studies.
4.1.1.3 Single-channel interface

Tuning

For a desired frequency of 123 MHz the tuning condition X = 0 is fulfilled well, as seen in Fig.
4.1. By comparing the measured Smith chart to the calculated chart using Pasan (Fig. 3.16) it

was found that both curves are similar, only a small tilt of the measured curve can be observed.

Detuning

The So; measurement of the resonance frequency tuned and detuned obtained with the double-
loop probe can be seen in Fig. 4.2 (a) and (b). In contrast to conventional loop coils the coils

were detuned over a large frequency range.

Matching

The S11 parameter with the one-channel matching interface on the phantom is shown in Fig. 4.3
in a Smith diagram (yellow) and in an overlapping attenuation diagram (Log-Mag) showing the
S-parameter in dB over the frequency range (cyan). One can see that the coil is well matched
to Zp =50Q (R~ 4950, X ~ 0.3Q) at the desired resonance frequency of fy ~ 123 MHz



CHAPTER 4. RESULTS 55

PHEE 511 smith (Log/Phase) scale 1.000u [F2]

=4 123 20000 MHZ -0.9

1 Start 100 MHz IFBW 10 kHz Stop 140 MHz |

chl Trl s11 >4 123 000 MHz -0.9532 dB -760.64 m®

Figure 4.1: S1; measurement of the modular tuning interface with the vector network analyzer.

1 Center 123 MHz IFBW 10 kHz Span30 MHz | 1 Center 123 MHz IFBW 10 kHz Span30MHz Kl !

Figure 4.2: VNA measurement of the resonance frequency using a double-loop probe. The reso-
nance frequency of tuned coil (a) and the detuned coil (b).



56 4.1. SINGLE-CHANNEL COAXIAL COIL

with S11 &~ —43.9 dB. The obtained Smith chart can be compared to the theoretical described
circuit using Pasan, which is shown in Fig. 3.19. One can see that both charts are similar, a

small shift of the measured parameter exists.

1 Start 100 MHz TFBW 10 kHz Stop 140 MHz i

chl Trl s11 B 149.09 °
chl Tr2 sl 3

Figure 4.3: S;; measurement with the network analyzer of the modular matching interface.

Preamplifier decoupling

The mixed mode measurement of the impedance without and with the phase shifter are shown
in Fig. 4.4 and Fig. 4.5. As expected, without the phase shifter a near open (705 - j1338 2) was
obtained. Using the high pass tee network, a smaller impedance (375 + j20 €2) was obtained.
The minimum impedance (the Marker 1 in the figure) strongly depends on the impedance of the
load, i.e. the preamplifier impedance. Since the reactance of the preamplifier can be adjusted,
the minimum can be set to the desired resonance frequency. The measurement was compared
to the calculation in Pasan: The general behaviour of the curves was similar. However, one
can see that for the mixed mode measurement with the decoupling interface the minimum
impedance was much larger compared to the minimum obtained theoretically with Pasan. The
size of the "loop” strongly depends on the resistance of the load. A measurement with no load
(i.e a short) and a load of approximately 2.8 £ can be seen in Fig. 4.6 (a) and (b). Without a
load the ”loop” was much larger and very similar to Pasan. With the connected preamplifier,
the measured impedance decreased and for higher resistances the curve changed and no resistive

minimum was obtained any more.
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Figure 4.4: Smith chart of the mixed mode measurement Sppi1 without the decoupling network.

4.1.1.4 Performance evaluation and comparison to standard loop coils

Loaded and unloaded Q-factors obtained with the double-loop probe are shown in Tab. 4.2 for
three different coils. From the measurements with an interface, one can see that the highest
Q-ratio was observed for the conventional coil (= 3.6). The thin coaxial cable had the lowest Q-

ratio (= 1.5). The ratio of the Q-factors without interface was clearly larger than with interface.

Measurement with interface |f; | [MHZ]‘ Qy ‘ Q Q-ratio
thin coaxial coil 123 | 96 66 1.5
thick coaxial coil 124 | 105 53 2.0
conventional copper coil 122 98 27 3.6
Measurement without interface |fp, | [MHZ]‘ Qy ‘ Q Q-ratio
thin coaxial coil 124 | 125 31 4.0
thick coaxial coil 120 | 235 | 22 10.7
conventional copper coil 122 | 330 28 11.8

Table 4.2: Q-factors measurement for different coils, with the interfaces (top) and without the
interfaces (bottom).

Due to the electrical circuit of the interface, which also forms additional resonant circuits,
additional peaks appear in the frequency spectrum. One resonance appears at 77.5 MHz and
another resonance around 374 MHz. The S parameter was measured for a CC connected to
the tuning and matching module and is shown in Fig. 4.7 for a frequency range from 10 MHz
to 550 MHz.
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@ Sdd1l smith (R+jX) Scale 1.000U [F2]

1 123.20000 MHz 375.49 0 20.816 0 26,891 NH

1 Start 100 MHz IFBWY 10 kHz stop 140 MHz EMIED !
chl Trl sddil1 =1 123.20000 MHz 375.49 0 20.Bl16 0 26.891 nH

Figure 4.5: Smith chart of the mixed mode measurement Sppi1 with the decoupling network.

Figure 4.6: Smith chart of the mixed mode measurement Sppi1 with the decoupling module with
no load (short) (a) and a load of 2.8 2 (b).



CHAPTER 4. RESULTS 99

b 521 Log Mag 10.00dB/ Ref -60.00dBE

76. 500000 MHZ -55.379 dB
123. 50000 MHz -44.262 dB
374.00000 MHZ -43.576 dB

[1 start 10 MHz IFBWY 10 kHz Stop 550 MHz R

Figure 4.7: Additional peaks at ~ 78 MHz (Marker 1) and ~ 374 MHz (Marker 3) are observed,
but are far away from fy ~ 123 MHz (Marker 2).

BRACOIL 20180704

Figure 4.8: Sagittal MR scan of the torso phantom with the single-channel coaxial coil.
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4.1.2 MR experiments
4.1.2.1 Phantom imaging

The SNR was obtained for the single-channel coaxial coil and was compared to a conventional
loop coil, as described in the Methods section . A sagittal image obtained with the coaxial coil
can be seen in Fig. 4.8. It shows the surface of the torso phantom (L.h.s) with the collarbone
at the top of the high SNR region. Additionally, on the left border of the scan, the vitamin pill
is visible as a circular shape. The quantitative SNR results are shown in Tab. 4.3.

The signal to noise ratio was measured for the phantom gel and the vitamin pill using different
combinations of coaxial coils, interfaces and preamplifiers. As can be observed, the signal and
the noise were higher using preamplifier 2, regardless of the CC and the interface. The mean
SNR in the gel using a CC was 17.8 £ 5%. In the vitamin pill the SNR was higher (since it is
closer ot the coil), the mean value is 72.4 + 4%.

As shown in the first row, the SNR for the conventional coil is higher than for the CCs.

By comparing the averaged SNR, of the coaxial coils with the conventional loop coil it was found
that the SNR of the loop coils was approximately 1.3 times higher in the gel and around 1.4

times higher in the vitamin pill.

. Phantom gel Vitamin pill
Signal | Noise | SNR | Signal | Noise | SNR

conventional coil 57.5 2.5 23.0 255.6 25 102.2

Int. 1, orange CC, preamp. 1 508.0 30.1 16.9 | 2130.0 30.0 71.0

. ., Int. 1, orange CC, preamp. 2 880.4 47.1 18.7 | 35435 47.1 152

Coaxial coil | : 1 1 t

__Int. 1, blue CC, preamp. 1 557.7 | 324 | 17.2| 22375 32.4 69.1

Int. 3, blue CC, preamp. 2 939.5 50.5 18.6 | 3746.0 50.5 74.2

Table 4.3: SNR calculation for a single-channel coaxial coil and a conventional loop coil. The
calculation was obtained twice, for an ROl in the phantom and in the vitamin pill using different
interfaces, coaxial coils and preamplifiers.

4.1.2.2 Fruit imaging

The picture of the 3D T5 weighted double echo image of the orange is shown in Fig. 4.9. The
details of the fruit can be clearly distinguished. The skin is more highlighted on the bottom
and the left-side of the picture. This shows that the coil was not positioned perfectly in sagittal

orientation on the fruit.
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Figure 4.9: MR scan of an orange fruit with the single-channel coaxial coil.

4.2 3-channel coaxial coil array

4.2.1 Bench tests
4.2.1.1 Two-element decoupling

The results of the geometrical decoupling experiment of two coaxial coils on the bottom of the
torso phantom with varied coil are shown in Fig. 4.10. The value of the coupling stayed below
-22 dB until an approach of around 90 mm (nearly touching coils). Further investigations are
necessary for this loosely coupled region since a decreasing coupling with increasing coil distance
was expected but not obtained. For a smaller distance between the coils the coupling strength
increased strongly with a local maximum around d ~ 80 mm and decreased to a local minimum
around 65 mm. For even smaller distances between the to coils the coupling strength increased
again. Only at a very close approach of around 35 mm the So; peak starts to get broader
and split ~ 30 mm. Two peaks, one below and one above 123 MHz appeared, thus, the curve
stopped at this distance.

A second measurement with a smaller step size of the coil distance around the local minimum
was performed to determine the minimum coupling strength more precise. The values were
slightly different compared to the first chart due to the new experimental setup, but this did
not change the position of the minimum coupling. The optimal coupling distance between the

coils was found to be between 61 mm and 62 mm. A distance d,,; ~ 62 mm was therefore
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Figure 4.10: Coupling strength measurement obtained for an optimal geometrical decoupling dis-
tance d,,; between two coils with d,; ~ 80 mm.

‘ S; [dB], flat measurement S;; [dB], bent measurement
i\j 1 2 | 3 i\j 1 2 3
1 -29.7 1

2 -17.6 2 -16.1 -29.8
a) 3 =19.5 -14.5 -30.5 b) 3 -17.4 -14.7 -24.3

Table 4.4: S-parameter matrix obtained for the 3-channel array twice, flat (a) and bent (b).

chosen for the array.

4.2.1.2 Three-element decoupling

The results of the measurement of the S-parameters of the final array in flat and bent position
on the phantom are shown in Tab. 4.4. Slightly different values were obtained for both config-
uration, but the overall behaviour was similar.

Fig. 4.12 shows the S;; parameters, where the index i = 1, 2, 3. In Fig. 4.13 the coupling
between two coils, is shown by measuring Sss, S31 and S91. The decoupling was < —14 dB and

matching < —24 dB for all cases, indicating very robust performance.
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Figure 4.11: Additional measurement of the coupling strength for two coaxial coils with smaller
distance step-size near the expected minimum.

IFBW 70 kHz Span 25 MHz L0 I

Figure 4.12: S;; parameter measurement for the 3-channel coaxial coil array. The markers at the
minimums were not displayed in the chart for better visibility.
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[1 Center 123.2 MHz

IFBW 70 kHz

Figure 4.14: Torso phantom image of the 3-channel array.
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4.2.2 MR experiments
4.2.2.1 Torso phantom MR experiments

An MR image with the final 3-channel coaxial coil array, as described in Sec. 3.3.3.1 is shown
in Fig. 4.14. The noise correlation matrix ¥ is shown in Tab. 4.5. It was calculated from the
noise-only data, acquired from the receive coil array without excitation pulse. The correlation
values of the different coils were small (< 0.032), this means the coils are very well decoupled.
The SNR maps are shown in Fig. 4.15 (coronal) and in Fig Fig. 4.16 (transversal), fully sampled
(R = 1), and accelerated with R = 2, 3. The g-factor maps are only shown for R > 1. All
maps are shown for right-left acceleration. By accelerating acquisition, artefacts were appearing,
which are visible for R = 2 close to the center, r.h.s. of the image. For R = 3 the artefact is
visible a little left to the center. This artefact is due to the very low number of elements in the
array. As expected, the SNR values were decreasing with increasing acceleration factor. The
g-factor maps are shown below, the values near the coil position are close to 1. The values were

increasing with increasing acceleration factor.

[ coill | coil2 | coil3
Coill | 1.000
Coil2 | 0036 | 1.000
coil2 | 0035 | 0032 | 1.000

Table 4.5: Noise correlation matrix for the final 3-channel array on the phantom, calculated from
noise-only data.

{250

Figure 4.15: SNR maps and g-factor maps for a coronal image.
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SNR R=1

SR R=3

gFactor k=1

Figure 4.16: SNR maps and g-factor maps for a transversal image.

4.2.2.2 Fruit measurements

The results of the measurement of a pineapple and a watermelon, as described above, are
presented.

The images of the transversal and coronal melon scan are shown in Fig. 4.17. In the coronal
scan the melon seeds (in the middle of the scan, black), a hyper-intense region close the the
seeds (which seems to have a very high water concentration) and the complex fruit body are
well depicted. The position of the three coil elements is recognizable by the three bright regions
close to the skin at the , and left and right at the bottom of the picture. In the transversal
scan the spatial range of the array is visible. Due to the design of a surface array, in the more
distant regions only the high-signal area around the seeds is observable. In a maximum intensity
projection (Fig. 4.18) of the transversal scan the three elements of the array are pictured. All
three elements have a similar brightness.

The MR scan of the pineapple is shown in Fig. 4.19.

coronal transversal

Figure 4.17: Coronal and transversal image of the watermelon.
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Figure 4.18: Maximum intensity protection of the watermelon.
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Figure 4.19: MR image of a pineapple with the array located on the side.



Chapter 5

Conclusion

5.1 Summary and discussion

In the presented thesis the successful development of an ultra-flexible 3-channel receive-only
coil array made of coaxial transmission line resonators is described. The one-gap coaxial coil

array was built for a 3 Tesla magnetic resonance scanner.

Zhang et al. [6] introduced a theoretical model describing the resonance frequency of the coax-
ial coil, which is only valid for the one-gap coaxial coil. If a particular cable is chosen, a fixed
diameter is related to each RF frequency, respectively. To overcome this limitation, the model
was extended to a multi-gap coaxial coil model.

The built 3-channel array consists of three coaxial coils with a diameter of 80 mm. Each coil
was built from a thin, very flexible coaxial cable with a wire diameter of around 1.2 mm. The
cables were prepared with one gap. An interface consisting of tuning, matching and preampli-
fier decoupling, was developed and studied in detail. By comparing it to the software Pasan,
the theoretical description could be compared to reality. Overall, a good agreement of the
modules and the theoretical description was obtained. Three similar compact interfaces were
built. Three low input impedance and low noise figure preamplifiers were used for amplifying
the received signal. For the array design the center of the coil elements were positioned at the
corners of an equilateral triangle with a side length of ~ 62 mm to obtain an optimal geomet-
ric decoupling. This value was experimentally determined and it is similar to the theoretical
optimal overlap distance for conventional loop coils. However, peak splitting at the resonance
frequency was appearing only for a very close approach of 30 mm and below. The coils were
woven into a wide-meshed textile which was sewn to additional textile layers for protection and
stability.

Several performance tests were executed: Firstly, the single-channel coaxial coil was studied.
The resonance frequency fy changed only slightly (= 3%) between a circular and an elliptic
shape. fy increased approximately linearly with the number of gaps. The quality factor ratio
between unloaded and loaded configuration was measured for the coaxial coils and it increased

strongly with the number of gaps. By comparing the values to a standard loop coil it was
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found that the ratio was higher for the conventional coil. For the coaxial coil a considerable
difference of Q-ratio was found with and without an interface. This behaviour indicated that
losses occurred in the electrical circuit of the interface which are not neglectable. Due to the
small sample noise dominance, the signal to noise ratio was also reduced: the single-channel
MR measurements showed that the SNR was around 1.3 to 1.4 times higher for the standard
coils. Additional single-channel measurements with an orange demonstrated an overall well-
functioning receive coil.

Secondly, bench tests of the implemented array were performed: The geometrical decoupling of
three element array was executed on a flat position of the phantom. The obtained S-parameters
showed a good decoupling at the resonance frequency. The S-parameter matrix was also ob-
tained on a bent position on the phantom. It was found that the S-parameter matrix behaves
similarly for both setups, which points out the flexibility of the coaxial coil array. Final MR
test measurements of the 3-channel array were performed. A good decoupling of the array was
confirmed with the calculation of the noise correlation matrix ¥ with values below 3 - 4 %. The
geometry factors for an acceleration of R = 2 and R = 3 were calculated using ¥. Due to the
small number of elements within the array, artefacts were occurring. Overall, close to the array
the g-factor stayed small, even for an acceleration factor of 3. Further MR test measurements
were performed using a watermelon and a pineapple. Both fruits were well depicted, a similar

performance of each of the three coil elements was obtained.

5.2 Outlook

Although the SNR was a little higher for conventional loop coils compared to coaxial coils,
coaxial cables prepared with gaps of the inner and outer conductor depict a very promising
new development in RF coil development. The source of the rather large losses observed from
the interfaces will be subject of further investigations. Also, even with slightly decreased or
equal SNR performance, the flexible nature of the coaxial coil array might lead to an overall
increased SNR, since it can be positioned more tightly to the region of interest, in particular
when the body geometry exhibits strong intersubjective variation. The extended theoretical
model of the multi-gap coaxial coil can be even further extended by changing the number of
turns of the coil. This is under current investigation in our group. The mechanical flexibility
of the coaxial coils in combination with the possibility to robustly decouple the elements of
the array, even in a strongly bent position is one of the major advantages of this self-resonant
coil type. In combination with their small weight, such coaxial coils could be optimally suited
for various applications. One of these is the so-called BRACOIL-project, which is a following
study of the new coils with the aim to develop a 32-channel array for breast magnetic resonance
imaging. The idea is to implement a receive-only one-gap coaxial coil array for 3 Tesla on
a T-Shirt-like textile, which can be easily worn by the patient without additional devices, to
be used in supine position (face-up) in the scanner. This represents a change of the standard
position for breast MR, which is nowadays the prone position (face down). Advantages are

among others the enhanced patient comfort, but the changed position also comes with a major
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challenge created by body-motion due to breathing of the patient. Motion sensors will be placed
at several positions in the array to detect the motion and extract it from the scanned image.
BRACOIL is an FWF funded joint project with ANR (France); the 32-channel array will be
developed in Vienna, the motion sensor technology is investigated by our project partners in
France at the University of Lorraine in Prof. Jacques Felblinger’s group.

The new coaxial coils could also be studied in other interesting research topics such as ultra-high
field MR. It has to be kept in mind, additionally to the receive signal it must be taken care of
the transmit signal. Especially for the thin coaxial coils this would have to be studied in detail,

due to the high current in the transmitting process which could destroy the coil.
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