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Abstract 

Magnetic resonance imaging (MRI) is a non-ionizing medical imaging technique, based on the 
ability of certain atomic nuclei to interact with externally applied magnetic fields. Image 
quality is strongly determined by the receive sensitivity of the radiofrequency coils, used to 
pick up the MR signal emitted from the measured body region, among other factors like 
strength of the static magnetic field. Coil sensitivity can be greatly enhanced by proximity to 
the body, which can be achieved using flexible receive coils, enabling close form-fitting to 
arbitrary body shapes. 

In this thesis a comparative study between flexible receive-only stranded wire coils and coaxial 
coils for magnetic resonance imaging at 3T is presented. The focus lies on the development 
process of a 4-channel stranded wire coil array. Stranded wire coils (SWC) were chosen due to 
their similar behavior to standard copper loop coils (SC). Their resonance frequency is 
determined by the inductance determined by the conductor geometry and capacitors along 
the conductor. Coaxial coils (CC) are self-resonant transmission line resonators, which are 
tuned by their geometry and cable characteristics. 

Single channel coils and individual interfacing circuitries were constructed with rigid copper 
wire, flexible stranded wire, and flexible coaxial cables. Bench tests using a vector network 
analyzer were conducted to verify tuning, impedance matching and the efficiency of the active 
detuning network. Lower unloaded 𝑄-factors were found for the coaxial coil, indicating higher 
coil losses. Nevertheless, all coils were clearly sample noise dominated. Bench measurements 
of the three coils showed robustness against bending in terms of frequency shifting, which 
was below 3 %. The MR measurements showed that the flexible SWC and CC only had slight 
signal-to-noise ratio (SNR) disadvantages against the rigid SC in a circular ROI on a flat 
phantom. 

A 4-channel stranded wire coil was constructed, tested, and compared to a 4-channel coaxial 
coil. Similar geometric and preamplifier decoupling was found between the arrays. The MR 
measurements of the 4-channel coils included gradient echo, flip angle and noise scans. 
Considering that different preamplifiers were used, similar SNR was found in the defined 
region of interest for the two arrays. Therefore, other criteria than SNR performance should 
be considered for the choice between the two coil designs. These include the mechanical 
robustness against bending, where the CC outperforms the SWC as no additional solder joints 
along the conductor are required. 
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1 Introduction 
Magnetic resonance imaging 

Magnetic resonance imaging (MRI) presents a diagnostic procedure in radiology, generating 
images of the human anatomy and revealing detailed tissue structures. This medical imaging 
method is non-ionizing in contrast to other techniques like X-ray examinations, computed 
tomography (CT) and positron emission tomography (PET) scans. The foundation of MRI is 
represented by nuclear magnetic resonance (NMR) describing a physical phenomenon 
discovered by Rabi et al. [1] in the 1930s in molecular beams as an extension of the Stern-
Gerlach experiment. In 1946 Bloch [2] and Purcell [3] were able to expand this concept, 
demonstrating a method to determine the molecular structure in solids and liquids. The 
technique exploits the behavior of magnetic moments of nuclei, which is assembled by the 
nuclear spin, to align to an external magnetic field. Only certain atomic nuclei are suited for 
these experiments, as non-zero nuclear spins are required. In medicine, hydrogen atoms are 
usually used for MRI, present in large quantities in the human body. In the bore of an MR 
scanner a high static magnetic field is typically generated by superconducting coils, interacting 
with the magnetic moments and enforcing a precession about the field axis. Supplementary 
coils, emitting additional electromagnetic fields oscillating at the precession frequency in the 
radio frequency (RF) range, hence called “RF coils”, deflect the magnetic moments from their 
alignment. Subsequently, the absorbed energy is emitted by the nuclei and enables the 
reception of MR signal via the RF coil, often the same coil used for transmission. For receive 
sensitivity enhancement a supplementary receive coil can be employed in addition to the 
transmit coil [4]. 

Flexible radio frequency coils 

The design of an RF coil plays an essential role in improving the achievable signal-to-noise ratio 
(SNR), as it influences the interaction between coil and body. Proximity to the measured body 
part enhances the receive sensitivity of the coil due to stronger magnetic coupling. As flexible 
coil elements allow for form-fitting RF coils, various flexible or stretchable coil design 
approaches have been studied recently. Especially biomedical applications with high inter-
patient variability, e.g., imaging of the abdomen or the breast, are benefitting from coils which 
are able to adapt to the shape of the measured body part. Additional data quality 
improvement can be accomplished by exploiting signal-to-noise ratio enhancement of coil 
arrays, phased arrays as well as parallel imaging methods [5,6]. 

Motivation of the thesis 

The motivation of this thesis was to construct an RF coil array made from stranded wire and 
compare it to an existing coaxial coil array, both made from flexible and light-weight cables. 
They will be designed as receive-only coil arrays for MRI at 3 T and consist of 4 channels (ch). 
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This coil design comparison was chosen, as both designs offer flexibility while showing 
different electromagnetic properties. Stranded wire coils show similar behavior to standard 
copper loop coils. The same coil interface structure can be used and tuning of coil to the 
desired resonance frequency is accomplished by capacitors along the conductor. Coaxial coils 
with a gap in the outer and inner conductor, on the other hand, are self-resonant transmission 
line resonators. They are tuned by their geometric properties and therefore do not require 
additional electrical components on the loop itself. In addition to the comparison of the 4-
channel coil arrays, single element coils, made from stranded wire, coaxial cable and rigid 
copper were fabricated and measured on the bench and in the MR scanner. The focus lies on 
the construction process of the flexible stranded wire coil array and its interfacing circuitry. 
Similar properties of the two arrays (e.g., size, flexibility, coil arrangement and overlap) will be 
chosen for better analysis. Studying the behavior of both coil array designs, their performance 
will be evaluated by bench and MR measurements. Different coil parameters, such as inter-
element coupling, 𝑄-factor, SNR, noise correlation and 𝑔-factor, will be measured and 
calculated in the course of this study.  

The 4-channel coaxial coil will be integrated into a 28-channel receive-only coil array for the 
imaging of the breast at 3 T, the so-called Bracoil. This bra-shaped RF coil will have a form-
fitting and light-weight design, requiring flexible coil elements. This ongoing project intends 
to represent an alternative to X-ray mammography, improving the currently used method in 
breast MRI. This will be achieved by higher sensitivity and specificity enabled by the shape-
adapting design and increased patient comfort due to shorter measurement times and the 
flexible and light-weight RF coil as well as integrated motion correction. The results of the 
comparative study in this work will help to decide on the coil type, which is better fitted for 
this specific application. 
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2 Theoretical background 
This Chapter covers the theoretical principles underlying the development of RF coils 
constructed in this thesis. In the first Section, the physical laws and processes behind the 
nuclear resonance phenomenon, forming the basis of MR imaging, are discussed. The second 
Section focuses on the electromagnetic basics of RF coils and gives a brief overview on 
different coil designs and the evaluation of coil performance. 

2.1   Magnetic resonance imaging 
2.1.1 Nuclear spin 
The phenomenon of nuclear magnetic resonance originates from the intrinsic angular 
momentum 𝑰 of atomic nuclei. This so-called nuclear spin is composed of the intrinsic and 
orbital angular momenta of the nucleons, the protons and neutrons of the nucleus, 
determining its total magnitude. The postulates of quantum mechanics demand the 
quantization of the nuclear spin, thus definite discrete values are possible. |𝑰| =  √𝐼(𝐼 +  1)ℏ, 2.1 
with the nuclear spin quantum number 𝐼 being an integer, half-integer or zero, and the 
reduced Planck constant ℏ. 

The projection on the quantization axis (here: z-axis) is described by the nuclear magnetic 
quantum number 𝑚𝐼. 𝐼𝑍  = 𝑚𝐼ℏ, 2.2 
with 𝑚𝐼 ranging from −𝐼 , −𝐼 + 1, … , 𝐼 − 1, 𝐼, allowing 2𝐼 + 1 possible configurations. 

As fermions, protons and neutrons have a nuclear spin of 𝐼 = 12 , limiting the potential values 

of 𝑚𝐼 to ± 12, which is the case for hydrogen atoms (1H). Nuclei with a non-zero angular 
momentum have a magnetic moment µ. The two characteristic parameters of the nucleus 𝐼 
and µ are linked by a parameter – the gyromagnetic ratio 𝛾, which describes the ratio of 
magnetic to angular momentum. µ =  𝛾𝑰,    with   γ =  𝑔𝐼 µ𝑁ħ , 2.3 
with the characteristic nuclear g-factor 𝑔𝐼 and the nuclear magneton µ𝑁 which can be derived 
in an analog way as the Bohr magneton [7]. 
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Due to the complex pairing of protons or neutrons, every nucleus with an odd number of one 
or both nucleons (so an unpaired nucleon) possesses a magnetic moment which is required 
for nuclear magnetic resonance. MR spectroscopy measurements can be constructed for the 
detection of magnetic resonance of different atomic nuclei, however for imaging experiments 
the hydrogen atom is by far the most common used nucleus. This is due to its high 
gyromagnetic ratio compared to other stable nuclei and its high natural abundance in 
biological systems, which implies a strong MR signal of the sample [8,9]. In Tab. 2.1 the 
characteristics of several nuclei, which are frequently used in MR imaging and spectroscopy, 
are listed. 

nucleus Z I 𝜸 [MHz/T] 
1H 1 1/2 42.6 
2H 1 1 6.5 
13C 6 1/2 10.7 
19F 9 1/2 40.1 

23Na 11 3/2 11.3 
31P 15 1/2 17.3 Tab. 2.1: Isotopes frequently used in magnetic resonance experiments and their nuclear properties: atomic number Z, quantum number I and gyromagnetic ratio γ [8]. 

2.1.2 Alignment and precession 
Magnetic resonance imaging requires a high magnetic field. The exposure to an external 
magnetic field results in a disturbance of the random orientation of the magnetic moments of 
the nuclei in the measured sample. It is caused by a torque forcing the magnetic moments to 
align parallel to the magnetic field lines. The static magnetic field 𝑩0, generated by 
superconducting coils in the bore of the MR scanner, only has a component in z-direction. 

A magnetic moment has the potential energy 𝐸 when applying an external magnetic field 
(using Eqs. 2.2 and 2.3), where 𝐸 = −𝜇𝑩0 = −𝛾𝑚𝐼ℏ𝑩0. 2.4 
Depending on the orientation of their magnetic moments, the spins align either parallel or 
antiparallel to the z-axis of the magnetic field and start precessing about this axis at the so-
called Larmor frequency 𝜔𝐿. These configurations have different potential energy because of 
numerous possible 𝑚𝐼 values. The splitting of the degenerate energy levels in 2𝐼 + 1 different 
states is caused by the Zeeman effect [7] and is shown in Fig. 2.1. 

Only a transition of 𝛥𝑚 = ±1 is allowed, consistent with the selection rules of quantum 
mechanics. The energy difference between two arbitrary neighboring states is equidistant and 
is described by the following equation 
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Δ𝐸 =  𝛾ℏ𝑩0.              2.5 
This amount of energy is necessary for an elevation to a higher state by the absorption of 
photons. A transition of the nuclear spin levels can be induced by excitation at the Larmor 
frequency 𝜔𝐿 , which corresponds to the energy difference 𝛥𝐸, given by  𝛥𝐸 =  ℏ𝜔𝐿 ,  2.6 𝜔𝐿 = 𝛾𝑩0. 2.7 

  Fig. 2.1: Splitting of the spectral lines when applying an external magnetic field B due to the Zeeman effect with nuclear spin 𝐼 and nuclear magnetic quantum number 𝑚𝐼 , [7]. 
When a sample is exposed to a static magnetic field 𝑩0 in z-direction, its nuclear magnetic 
moments undergo Larmor precession around the z-axis. A minimal surplus of magnetic 
moments aligns parallel, as the nuclei are reaching for the lowest energy level. This results in 
a small macroscopic magnetization in positive z-direction which is essential for the detection 
of an MR signal. Only this small amount contributes to the total nuclear magnetization 𝑴 as 
the rest of them cancels each other out, shown in Fig. 2.2 [8]. 

 Fig. 2.2: The nuclear magnetization 𝑴0 of a fermion system (e.g., 1H nuclei): higher occupation in the spin precession cone of lower energy state with magnetic quantum number 𝑚 = + 12  (parallel alignment to 𝑩0) [8]. 
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In thermal equilibrium, the unequally distributed spin populations of hydrogen nuclei in a 
sample are following Boltzmann statistics, 𝑁⇅𝑁⇈ = 𝑒− 𝛥𝐸𝑘𝐵𝑇 = 𝑒− 𝛾ℏ𝑩0𝑘𝐵𝑇 ,  2.8 
with the Boltzmann constant 𝑘𝐵 and the temperature 𝑇 [7]. 

2.1.3 Excitation and relaxation 
For the detection of an electromagnetic signal from the sample an excitation of the nuclear 
spins, as mentioned in the previous Subsection, is necessary. This needs to occur at the 
resonance frequency 𝑓𝐿 = 𝜔𝐿2𝜋, which is determined by the nucleus of interest and the static 
magnetic field strength of the MR scanner. Standard magnetic field strengths and their 
respective resonance frequency of hydrogen nuclei are listed in Tab. 2.2. 𝑩𝟎  [T] 1.5 3 7 𝒇𝑳  [MHz] 63.9 127.7 298.1 

Tab. 2.2: Magnetic field strengths 𝑩0 of MR scanners with the corresponding resonance frequency 𝑓𝐿 of 1H. 
These RF pulses are generated by the so-called RF coils producing an additional magnetic field 𝑩1. This time-dependent field is perpendicular to 𝑩0, rotating in the x-y-plane at 𝜔𝐿 = 2𝜋𝑓𝐿. 
The interaction between the total magnetic field and the precessing nuclear magnetization 
over time can be described by the Bloch equation (in vector notation), where 𝑴 is composed 
of all magnetic moments in the sample. 𝑑𝑴𝑑𝑡 =  𝛾𝑴 × 𝑩(𝑡), 

with 𝑩(𝑡) = (𝐵1𝑥(𝑡)𝐵1𝑦(𝑡)𝐵0 ). 

2.9 
 

 

Multiple RF pulses varying e.g., in duration, amplitude and phase are compiled in so-called 
pulse sequences. The adjustments enable the adaption of the flip angle and excitation profile 
of the deflection of magnetic moments from their original magnetic alignment with 𝑩0 into 
the transverse plane. This is essential for the regulation of the contrast of the image for 
example due to different T1- and T2-weighing. 

After excitation, the nuclei strive to return to their equilibrium state by relaxation processes. 
They are characterized by material-dependent relaxation times that determine the contrast 
of the obtained image. Two independent processes can be distinguished, called “spin-lattice” 
and “spin-spin relaxation”, which will be described next. 
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Spin-lattice interaction 

The longitudinal relaxation results in the recovering of the spin alignment along the z-axis of 
the static magnetic field 𝑩0. Energy is transferred to the molecular lattice of the sample, 
converting it into heat. The time constant T1 is linked to the process as follows 

𝑀𝑧(𝑡) = 𝑀𝑧(0) ⋅ (1 − 𝑒− 𝑡𝑇1 ). 2.10 
Spin-spin interaction 

The transverse relaxation describes the decay of magnetization in the x-y-plane induced by 
the orthogonal RF pulses. It is the result of the dephasing of the spins, without energy 
exchange with the environment. This relaxation proceeds faster than the recovery of the 
longitudinal magnetization. After the time T2, the amplitude of the deflected signal decreases 
to  1𝑒  of the initial value. Thus, the interaction can be described by an exponential decay, 

𝑀𝑥,𝑦(𝑡) = 𝑀𝑥,𝑦(0) ⋅ 𝑒− 𝑡𝑇2  . 2.11 
Bloch equations 

When considering the influence of relaxation processes on the magnetization, as the 
perturbed magnetic moments strive for thermal equilibrium, the Bloch equations in the 
laboratory frame must be adapted in the following way. 𝑑𝑀𝑥𝑑𝑡 = 𝛾(𝑀𝑦𝐵0 − 𝑀𝑧𝐵1𝑦) − 𝑀𝑥𝑇2 , 

   𝑑𝑀𝑦𝑑𝑡 = −𝛾(𝑀𝑥𝐵0 − 𝑀𝑧𝐵1𝑥) − 𝑀𝑦𝑇2 , 
  𝑑𝑀𝑧𝑑𝑡 = 𝛾(𝑀𝑥𝐵1𝑦 − 𝑀𝑦𝐵1𝑥) − 𝑀𝑧 − 𝑀0𝑇1 . 

2.12 

After excitation, the precession of the magnetization is detected by the RF coils via 
electromagnetic induction [10,4], which will be explained in detail in the following Section 2.2. 

2.2   Radio frequency coils 
RF coils generate the 𝑩1 transmit field and receive the magnetic resonance signal from the 
sample. Transmit (Tx) and receive (Rx) coils can be distinguished, however it is also possible 
to merge these functions into transceiver (Tx/Rx) coils. This combination is often embedded 
in the scanner itself functioning as a so-called body coil, covering a length of ca. 50 cm in z-
direction. For ultra-high magnetic field strengths (7 T and above), local transmit coils are 
required as integrated body coils with homogeneous excitation patterns are not feasible as a 
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consequence of complex RF-body interactions at the high frequency. Up to 3 T, MR scanners 
usually have built-in Tx/Rx body coils, however additional Rx only coil arrays are commonly 
used as they enable higher acquisition speed and SNR [9]. 

RF coils are electric circuits resonating at the Larmor frequency of the examined nuclei. The 
coils are connected to a receiver chain, enabling the transmission and processing of detected 
signals by an electronic network [8]. The network, which is used in the scope of this thesis, 
consists of a tuning and matching stage, an active detuning circuit, a Balun (balanced-
unbalanced conversion), phase shifter, and preamplifier. The following Sections give detailed 
information on the process of signal reception, the resonance of electrical circuits and the 
interfacing circuitry of RF coils. Furthermore, different RF coil designs and their performance 
evaluation are discussed. 

2.2.1 Signal reception 
The magnetic flux 𝛷𝑚 is described by the magnetic field 𝑩, also called magnetic flux density, 
passing through a surface 𝐴, defined by the following surface integral 

𝛷𝑚 = ∫ 𝑩 ⋅ 𝑑𝐴.𝐴  
 2.12 

If a sample is exposed to RF pulses, the subsequent deflection of magnetic moments causes a 
change of the local magnetization. The transmitted electromagnetic energy flips the 
longitudinal magnetization 𝑀0 into the transverse plane where it forms the macroscopic 
magnetization 𝑀𝑥𝑦. This process is shown in Fig. 2.3 for a 90° pulse irradiation forcing the 
magnetic moments of the measured nuclei to a synchronization of their phases.  

 Fig. 2.3: Induced phase coherence of the magnetic moments µ, which were originally aligned along the z-axis in direction of the static magnetic field 𝐵0, caused by a 90° RF pulse resulting in a macroscopic transverse magnetization 𝑀𝑥𝑦 [8]. 
When an RF coil is placed on this sample, the magnetic flux through the coil area 𝐴 is changed. 
According to Faraday’s law of inductance this alternation induces a voltage 𝑈𝑖𝑛𝑑 (equivalent 
to an electromotive force 𝜀) across an electrical conductor, 
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𝑑𝛷𝑚𝑑𝑡 = 𝑑𝑑𝑡 ∫ 𝑩 ⋅ 𝑑𝐴 = −𝑈𝑖𝑛𝑑.  2.13 
This relation can also be described by Maxwell’s equation (using Stokes’ theorem) – a change 
of the magnetic field lines through a surface induces an electric field 𝑬 in the conducting loop 
of the RF coil, 

∫ 𝜕𝑩𝜕𝑡 ⋅ 𝑑𝐴𝐴 = − ∮ 𝑬 ⋅ 𝑑𝑠𝜕𝐴 .  2.14 
The induced difference in electric potential is in relation with the rate of change of current 
with the proportionality factor 𝐿 called inductance of a coil, 

𝑈𝑖𝑛𝑑 = −𝐿 𝑑𝐼𝑑𝑡 .  2.15 
These currents can be detected and represent the MR signal which is proportional to the 
induced alternating voltage. Spatial localization is accomplished by supplementary field 
gradient coils in the bore of the scanner. They are superimposed on the main static field 𝑩0 
and make the precession frequency and phase dependent on position. This complex gradient 
system allows for 3-dimensional spatial encoding [9,10]. For the reconstruction of an image, 
the received signals are amplified, filtered and digitalized for data analysis. Afterwards they 
are fed to the computer of the MR system for further signal processing [11,12]. MR signals are 
acquired as data points in the k-space, therefore a Fourier transform is applied to reconstruct 
the image. A more thorough discussion on the complex process of image reconstruction can 
be found in [4]. 

2.2.2 RLC circuit  
Radio frequency coils consist of an inductance 𝐿 from the coil itself, a resistance 𝑅 from the 
wire losses (and soldering joints) and a capacitance 𝐶, which is typically added to the circuit 
by soldering capacitors into the circuit (for the case of standard or stranded wire coils, see 
Subsection 2.2.7). These components together form a RLC resonator oscillating at its 
resonance frequency which can be influenced by the choice of the capacitors (see Subsection 
2.2.3). The oscillation originates from the alternating charging and discharging of the 
capacitor, which causes currents of opposite directions generating a magnetic field in the 
inductance. This process is periodic at the resonance frequency [11]. 

The impedance of a series resonant circuit is calculated by the following equations [11] 𝑍(𝜔) = 𝑅 + 𝑖𝑋,  2.16 
with   𝑋(𝜔) = 𝑋𝐿 + 𝑋𝐶 = 𝜔𝐿 − 1𝜔𝐶.   
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To detect the induced signal from a sample during an MR experiment, the voltage is picked up 
at the coil port and the signal is further transmitted to the receiver chain. Therefore, the RF 
antenna represents a parallel resonant circuit as shown in Fig. 2.4. 

   Fig. 2.4: Electric circuit diagram of an RF coil: parallel RLC resonant circuit  with resistance R, inductance L, and capacitance C. 
The respective impedance of this circuit type can be derived by the reciprocal value of Eq. 2.22 
[11], 1𝑍(𝜔) = 1𝑅 + 𝑖𝜔𝐿 + 𝑖𝜔𝐶.  2.17  
2.2.3 Tuning and matching 
The RF antenna needs to resonate precisely at the Larmor frequency to achieve optimal 
performance. During the process of tuning, where the coils are set to the desired frequency, 
a capacitance 𝐶 is added to the electric circuit, so far consisting solely of a wire loop (𝐿 + 𝑅). 
When approaching the resonance frequency 𝜔0, the imaginary part of the impedance 𝑍, the 
reactance 𝑋, disappears. 𝑍(𝜔0) = 𝑅  ⇒   𝑋(𝜔0) = 0.  2.18 
Eq. 2.18 describes the impedance where the resonance condition is met. The behavior of the 
impedance at 𝑓0 is also shown in Fig. 2.5 for the parallel circuit. 

Another aspect must be considered when tuning the coil which is the segmenting of the coil, 
creating a more even current distribution along the conductor. For this purpose, the wire loop 
is segmented by capacitors as demonstrated in Fig. 2.6. They are soldered into the coil, 
connecting the capacitors in series. The length of one coil segment should not exceed a certain 
limit, determined by the corresponding wavelength 𝜆 at the operating frequency. Typically, 
this segment length should be chosen between 𝜆/20 and 𝜆/10. The segmentation prohibits 
the development of standing waves in the coil loop. These destructive electromagnetic 
interferences in the center of the coil are suppressed because of the phase shift caused by the 
capacitances. Also, using this method the magnitude of the electric field is decreased, thereby 
reducing sample losses and heating of the sample [13,14]. 
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 Fig. 2.5: Parallel resonant circuit: real (blue) and imaginary (violet) part of the impedance 𝑍 = 𝑅 + 𝑖𝑋 dependent on the frequency (resonance at f0: dotted line). 

 Fig. 2.6: Standard radio frequency coil which is segmented by two tuning capacitors C1 and C2. C1 is located at the RF coil port. 
For optimal SNR, the MR signal which is picked up by the RF coil is fed into a preamplifier as 
close to the coil as possible. To prevent additional signal loss due to reflections, the coil’s 
impedance must be matched to the preamplifier and the rest of the receive chain. Commonly 
used preamplifiers and coaxial cables, presenting the subsequent connection to the scanner, 
have a characteristic impedance of 50 Ω [15]. 

2.2.4 Active detuning 
When operating with receive-only RF coils, the transmit field originates from a supplementary 
Tx coil, in most cases the body coil of the scanner. This requires efficient detuning of the Rx 
coils during the process of transmission to prevent any interaction between the Tx and Rx 
coils. If not properly decoupled, the electromagnetic field can be concentrated by the Rx coils 
potentially leading to a risk of burns to the patient and impairment the measurement results. 
Also, electrical components like the preamplifier could be destroyed when exposed to the 
transmission signal. Decoupling can be realized by an active detuning (AD) circuit operating at 
the same frequency as the RF coil which forces the splitting of the 𝑓0 peak due to mutual 
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inductance. As a result, the Rx coils present a high impedance at  𝑓0, preventing current from 
flowing in the Rx coils [15]. 

An active detuning circuit for a stranded wire or standard RF coil (see Subsection 2.2.7) 
consists of a capacitance, an inductance and a PIN-diode connected to a direct current (DC). 
Only in reception mode the Rx coil is resonant, while at all other times the active detuning 
circuit is resonant, i.e. the Rx coil is in the detuned state. The DC signal is isolated from the 
remaining components of the RF coil by blocking capacitors with high capacitance, which 
present a low impedance for high frequencies and an open circuit for DC. Conversely, to 
prevent high frequency currents from entering the DC part of the circuit, two RF choke 
inductors are integrated in the network.  

A slightly different technique is applied for the detuning of coaxial RF coils. The resonance of 
these coils is not split but instead completely destroyed by shorting the inner and outer 
conductor of the coaxial cable at the coil port, resulting in high impedance of the coil at the 
Larmor frequency. Again, the detuning is controlled by a DC interconnecting a PIN diode 
leading to a short between the two conductors. The two mentioned active detuning networks 
are shown in a circuit diagram in Fig. 2.7. 

 Fig. 2.7: Tuning (LT, CTM), matching (CM), and active detuning network (PIN-diodes, RF chokes, CAD, LAD) of a coaxial coil (left) and a standard or stranded wire coil (right) with preamplifier [16]. 
2.2.5 Balun 
The RF coil is connected to the receiver by an electrically asymmetric coaxial cable. Since the 
electrically balanced Rx coil is connected to an unbalanced transmission line, a Balun 
transformer is necessary to avoid common mode currents. A balanced signal consists of two 
inversely phased alternating voltages of the same amplitude oscillating against ground. On the 
contrary, in an unbalanced line, a single alternating voltage works against ground accounting 
for an unequal impedance with respect to ground. A Balun prevents the flow of common mode 
currents on the outer surface of the coaxial cable at these high frequencies. These currents 
could result in an additional loss source or influence tuning and matching. A feasible 
transformer for this application would be a LC-Balun, consisting of a bridge with two capacitors 
and two coils of the same capacitance and inductance opposite to each other. Furthermore, 
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the circuit acts as an impedance matching stage. The described Balun transformer can be seen 
in Fig. 2.8 [17]. 

 Fig. 2.8: Circuit diagram of a LC-Balun (balanced to unbalanced line transformer) which is formed by a bridge consisting of two capacitances C and two inductances L [17]. 
The following relation between the inductors 𝐿, capacitors 𝐶 and the impedances 𝑍1and 𝑍2 
(≙𝑍0), which are shown in Fig. 2.8, applies [17] 

𝜔0𝐿 = 1𝜔0𝐶 = √𝑅1𝑅2 .  2.19  
2.2.6 Inter-element decoupling 
When implementing the RF coils in array configuration, it is essential to achieve sufficient 
decoupling between the coil elements. Otherwise, the magnetic flux of the resonant circuits 
would interact with each other leading to a perturbing induction from one coil to the other. A 
splitting of the resonance frequency peak of the coil can be observed as a result.  This mutual 
induction would degrade the sensitivity of the array [17]. 

The magnitude of this electromagnetic interaction can be described by the coupling 
coefficient 𝑘 [10], 𝑘 = 𝑀12√𝐿1𝐿2 ,  2.20 
defined by the mutual inductance 𝑀12 between coil 1 and coil 2 and their inductances 𝐿1 and 𝐿2. 

2.2.6.1 Overlap decoupling 

By geometrically arranging adjacent coils in a particular overlap configuration, it is possible to 
nullify the mutual induction of nearest neighbors [17,18]. This effect is achieved when the 
magnetic flux generated by one coil in the second coil is zero. This state is found only at a 
specific relative position of these coils where the integral of the magnetic flux over the area 
outside loop 1 within loop 2 is equal and of opposite sign to the integral of the magnetic flux 
over the overlapping area. The overlap for optimal decoupling strongly depends on the 
geometric shape of the coil. For two equally sized circular coils, the condition is fulfilled when 
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the distance between the coil centers equals 0.78 times the coil diameter. An illustration of 
the effect can be seen in Fig. 2.9.  

 Fig. 2.9: Splitting of the resonance frequency peak due to mutual inductance of two coils (top) and optimal overlap with minimal coupling between the coils (bottom) [9]. 
2.2.6.2 Preamplifier decoupling 

The remaining coupling between non-neighboring coils can be minimized by exploiting the 
technique of preamplifier decoupling. The basic idea of this principle is to transform the low 
input impedance of the preamplifier to a very high (infinite) impedance at the coil port. Thus, 
the coil sees an open circuit preventing currents from flowing in the coil. Since a magnetic flux 
can only exists when a current is flowing, this method suppresses mutual induction and, 
therefore, coupling. Simultaneously, the coil impedance needs to remain matched to the 
preamplifier input to achieve optimal SNR. The transformation is accomplished by the 
implementation of a phase shifter before the preamplifier which does not degrade the tuning 
or matching [18,19]. The desired impedances of the coil, the connecting circuitry and the 
preamplifier for ideal decoupling and matching can be seen in Fig. 2.10. 

The desired shift can be calculated by the following equation, linking the impedance seen from 
the coil at the port 𝑍𝑖𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑒 with the matched impedance 𝑍0 [20]. 𝑍𝑖𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑒 = 𝑖𝑍0tan (𝛽𝑙), 

with  𝛽 = 2𝜋𝜆  . 
2.21 

 
As a maximum of the impedance 𝑍𝑖𝑛 is desired, the optimal shift therefore needs to be 
 𝜋2 (≙  90°) to avoid inductive coupling, which corresponds to an 𝑙 of 𝜆/4 .  
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 Fig. 2.10: Impedances 𝑍 of an optimal matched and decoupled RF coil interface at the coil port and between coil interface and preamplifier (seen from both directions) [19]. 
2.2.7 Coil designs 
Radio frequency coils are not restricted to a certain type of design, a variety of RF coil types 
exists and is currently employed in MR experiments. Often, Rx and/or Tx coils are 
implemented in arrays, which will be discussed more thoroughly in Subsection 2.2.7.4. 
Depending on the specific biomedical application of the coil, the design varies to ensure 
optimal measurement results. The coils can differ for example in their shape, size or used 
wire/cable and choice of interface components. Two basic design types can be distinguished, 
which are volume and surface coils. Volume coils surround the measured sample or body part, 
allowing a large field of view (FOV), and generate a relatively homogeneous 𝐵1 transmit field. 
Widespread volume coil designs are the TEM (transverse electromagnetic resonator) or the 
birdcage coil, like the in-built body coil used in most clinical MR scanners. On the contrary, 
surface coils are placed close to the ROI, gaining more sensitivity at the cost of a restricted 
volume coverage and decreasing 𝐵1 homogeneity with larger distance to the coil. Hence, they 
are used to acquire high SNR images in a smaller FOV. They are adapted to the shape of the 
examined body part to enable a higher transmit efficiency and/or receive sensitivity in a region 
close to the coil. Typically, the two design approaches also differ in the size of their 
implemented coils since volume coils are usually constructed out of larger coils [21]. 

The following Subsection gives a small overview on several types of surface coil designs and 
their differences, focusing on the coils that were built and compared in this work.  

2.2.7.1 Standard coils 

Conventional coils are constructed from a copper wire arranged in a loop or rectangular shape. 
This winding is segmented by capacitors to achieve the desired resonance frequency. Lumped 
elements, which are soldered onto the coil, and the copper wire itself makes standard coils 
(SCs) rigid devices. The impedance at the coil port is low, therefore a high impedance is needed 
to achieve preamplifier decoupling [9]. 
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2.2.7.2 Stranded wire coils 

Radio frequency coils out of stranded wire behave similarly to standard coils in terms of 
electro-magnetic characteristics. This wire consists of single strands of thin copper wire 
twisted and bundled together surrounded by an isolation as shown in Fig. 2.11. The equivalent 
behavior to standard coils can be explained by the electrical connection of the strands. 
Therefore, stranded wire coils (SWCs) are low impedance coils as well and require tuning 
capacitors along the conductor. Equivalent interface structures as for SCs can be employed. 
The major difference compared to conventional coils is their mechanical flexibility. The 
advantages of flexible coils are discussed in Subsection 2.2.7.4.  

  Fig. 2.11: Schematic drawing of a stranded wire: twisted copper strands surrounded by an insulator. 
2.2.7.3 Transmission line resonators 

Parallel-plate transmission line resonators 

A different design approach, introduced by P. Gonord et al. [22,23], is the implementation of 
parallel-plate transmission line resonators (TLRs). This coil type has been employed and 
adapted in several other studies demonstrating high flexibility in array applications  [24-26]. 
In [24], TLR coils are built by arranging two conducting bands on top of each other, a dielectric 
placed in between, shown in Fig. 2.12. Both conductors are segmented by one or more gaps 
and can consist of several turns [25], determining the inductance of the coil which depends 
on the inductor length. These structures are self-resonant and are tuned by geometric 
adaptation of the coil, hence eliminating the need for soldering lumped elements onto the coil 
itself. Their capacitance, defined by the permittivity used dielectric and its thickness, is 
distributed along the conductor, as opposed to the coils discussed in the previous Sections.  

 Fig. 2.12: Transmission line resonator: two conductors with one gap each, separated by a dielectric [9]. 
Coaxial transmission line resonators 

Another variant of TLRs with a coaxial instead of a parallel-plate geometry was presented by 
B. Zhang et al. [27] and others [28-31]. Coaxial coils (CCs) made from regular non-magnetic 
coaxial cable are popular due to their high flexibility and robustness against loading variations, 
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bending, and coil overlap. Similarly to the parallel-plate TLR, their resonance frequency is 
determined by the geometric characteristics (such as diameter or number of gaps and turns) 
and the dielectric and geometric properties of the used cable. A gap is realized by interrupting 
once the outer conductor and once the inner conductor at certain positions on the coil. These 
coils are, in contrast to standard and stranded wire coils, high impedance coils, hence for 
sufficient current suppression a low impedance at the coil port is needed. A comparison 
between a CC and SC/SWC can be seen in Fig. 2.13.  

 Fig. 2.13: RF coil designs: Coaxial coil (left) with a gap in the outer conductor and an inner gap at the coil port, fine-tuned by an inductor and matched by two capacitors. Standard/stranded wire coil (right) with a tuning and matching network. 
2.2.7.4 Coil arrays 

To improve image quality in MRI, small surface coils employed in phased arrays are favored 
over a single large coil [18]. With decreasing diameter, coils are more sensitive in the region 
they are covering, and less noise is detected due to the limited FOV. By the principle of 
reciprocity, the induced current rises with the minimization of the coil diameter due to a 
higher magnitude of the generated magnetic field, according to Biot-Savart’s law [11]. 
Exploiting these effects, arrays of small coils enable higher SNR while allowing the same 
volume coverage. Furthermore, when additionally applying parallel imaging methods [32-34], 
the spatial variance of coil sensitivity patterns can be utilized to obtain spatial information. 
This partially spares the need for phase encoding via gradient coils, which is a time-consuming 
process, and thus allows for shorter acquisition times. 

2.2.7.5 Flexible coils 

In MRI experiments, proximity to the measured body part is essential for high magnetic 
coupling. This enhances receive sensitivity, which weakens with distance, and results in a 
decreasing variation of loading conditions. Therefore, flexible coils are a major advantage as 
they can be adapted to an arbitrary shape or structure. [9] Form-fitting coils are especially 
beneficial in applications with high inter-patient variability. Hence, flexible or stretchable RF 
coils and coil array design approaches are studied extensively. Examples include braided 
conductors [35], liquid metal filled tubes [36], CC arrays [37,6], multi-turn multi-gap CCs [16] 
or SWC arrays [38]. 
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2.2.8 Performance measures 
Several parameters are used to evaluate the performance and quality of the RF coil array. 
These include 𝑄-factor and 𝑄-ratio of the coil, the achievable signal-to-noise ratio (SNR) in an 
MRI experiment, 𝑔-factor and noise correlation matrix. 

2.2.8.1 𝑸-factor and 𝑸-ratio 

For the evaluation of the energy loss of RF coils, the 𝑄-factor can be determined, described by 
the following equation 

𝑄 = 𝜔0𝐿𝑅 = 1𝜔0𝐶𝑅 .  2.22 
with 𝑅 = 𝑅𝐶 + 𝑅𝑆 . The total resistance 𝑅 is composed of losses originating from the coil and 
sample. The coil resistance 𝑅𝐶  increases by the square root of the frequency due to the skin 
effect. In contrast, the resistance of the sample 𝑅𝑆 increases quadratically with frequency. This 
is the result of magnetic coupling generated by the Brownian motion of electrically charged 
particles causing randomly fluctuating magnetizations [14]. 

The 𝑄-ratio provides a measure for the deviation of the coil and sample resistance. It 
represents the ratio of the 𝑄-factor of the unloaded (without a sample) to the loaded 
measurement, 

𝑄𝑟𝑎𝑡𝑖𝑜 = 𝑄𝑈𝑄𝐿 = 𝑅𝐶 + 𝑅𝑆 𝑅𝐶 = 1 + 𝑅𝑆𝑅𝐶  .  2.23 
Ideally, the RF coil operates in the sample noise domain indicating negligible coil losses which 
is the case for 𝑄-ratios well above 2, i.e. RS >> RC. This implies that the measurement quality 
is limited by the loss contribution of the sample (which cannot be avoided) instead of the coil 
itself [15]. 

2.2.8.2 Signal-to-Noise Ratio (SNR) 

An important parameter regarding the quality of the MR measurement is the signal-to-noise 
ratio. It determines whether structures in the image are distinguishable from noise or not. The 
SNR is defined by the ratio of induced signal voltage to noise voltage. This ratio can be 
calculated by dividing the mean signal intensity in a region of interest (ROI) in the sample by 
the standard deviation of the intensity in a noise region outside the sample. The noise 
originates from Ohmic losses from the coil itself and its electronic components including the 
whole receive chain, and from the sample losses. The observed SNR strongly depends on the 
sensitivity of the RF coil in the target region, the magnitude of the static magnetic field, and 
the parameters of the pulse sequence [9,12]. 
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2.2.8.3 𝒈-factor and noise correlation matrix 

When utilizing methods of parallel imaging, the measuring process benefits from an 
accelerated acquisition time as mentioned in Subsection 2.2.7.4. The enhancement is 
described by the acceleration factor 𝑅 > 1 (𝑅 = 1 for a fully encoded image). Nevertheless, 
the employed undersampling leads to a reduction of the SNR in comparison to the fully 
sampled image. In the ideal lossless case, the SNR decreases by a factor 1/√𝑅. Furthermore, 
the SNR is lowered by the geometry factor 𝑔 resulting from overlapping coil sensitivity profiles 
and correlation of the signals in an array. Thus, the relation between the SNR of the fully 
encoded and undersampled image is described by the following equation 

𝑆𝑁𝑅𝑎𝑐𝑐 = 𝑆𝑁𝑅𝑓𝑢𝑙𝑙𝑔 √𝑅  .  2.24 
Ideally, the sensitivity profiles of the array elements are uncorrelated across the whole 
imaging volume resulting in a small 𝑔-factor, close to one. Due to this spatially varying noise 
amplification, other approaches of calculating the signal-to-noise ratio have to be considered 
[10,15]. 

Robson et al. [39] presented a Monte Carlo based method called “pseudo multiple replica 
method”. For this approach, a scan of the noise amplitude and correlation and an accelerated 
image acquisition is necessary to calculate the image noise. Thus, the SNR and additionally the 𝑔-factor can be acquired. 

The noise correlation between the coil elements of the array can be summarized in the noise 
correlation matrix. It is a measure of the pairwise coupling between coil elements which leads 
to the undesirable induction of signal from one coil to another. 
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3 Methods 
In this Chapter, the physical and electronical characteristics of three single element coils and 
two 4-channel coil arrays are described. First, the development process of the constructed 
coils and their interfacing circuitry is depicted as well as the used components. Then, the 
measurement techniques for bench tests in order to analyze and evaluate RF coils are 
presented. Finally, the MR experiment setup, the applied RF sequences and the subsequent 
data analysis for the comparison between the different coil designs is specified. 

3.1   Single element coils 
3.1.1 Coil construction 
All three single element coils were built with a diameter of 8 cm. This corresponds to a 
perimeter of 25.1 cm which is why the stranded wire and the standard coil were segmented 
in two halves by capacitors, to remain within the limits of 𝜆/20 to 𝜆/10 (see Subsection 2.2.3). 
The diameter results in a certain penetration depth which determines the biomedical 
application for which it is optimized. As a rule of thumb, the penetration depth of a coil 
corresponds approximately to its diameter. Therefore, the built coils could be applied for 
example for MR imaging of the breast, head or knee. The described coils in this Subsection are 
all resonant near the Larmor frequency of 1H nuclei (123.2 MHz for the 3T MR scanner used in 
this project). First, they were constructed without interfacing circuitry, as described in the 
following and shown in Fig. 3.1. 

3.1.1.1 Stranded wire coil 

The coil consisted of a flexible and non-magnetic ÖLFLEX® HEAT 260 SC (LAPP Austria, Linz) 
stranded wire with a diameter of 1.02 mm (1.74 mm with PTFE insulation). The cable is 
composed of 19 single silver-plated copper wires. The SWC was segmented by a 15 pF 
capacitor and on the opposite by a 14.7 pF capacitance (12 pF ‖ 2.7 pF). They are connected 
to the wire by soldering it onto a small printed circuit board (PCB). 

3.1.1.2 Coaxial coil 

The implemented flexible coaxial cable for the CC was a non-magnetic Temp-Flex 100193-
5047 (Molex, Lisle, USA) with a diameter of the outer conductor of 1.17 mm (1.42 mm with 
FEP insulation) with a FEP dielectric.  For the construction of an outer gap, the outer conductor 
was cut and removed over a length of 5 mm, leaving the dielectric and the inner conductor 
intact. For isolation and stability, a heat shrink tubing covered the gap. The inner gap also 
represents the coil port, where the cable is cut and only the outer conductor is soldered back 
together. 
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The self-resonance of a single-gap single-turn coaxial coil with the chosen coil geometries and 
cable properties is approximately at 136.8 MHz, which is close to the desired Larmor 
frequency of 123.2 MHz. This was calculated using MATLAB R2020a (The MathWorks, Inc., 
Natick, MA, USA) by approximating the coaxial coil to an ordinary conductive wire loop and 
applying the resonance condition.  

3.1.1.3 Standard coil 

For the standard coil, a copper wire with a diameter of 1 mm was used. Similar to the SWC, 
the coil is tuned by two capacitances: one 15 pF and one 14.7 pF capacitor (12 pF ‖ 2.7 pF). 
They were soldered on the coil on a conductor board, connecting the two halves of the cut 
wire loop. In contrast to the two coils described above, this radio frequency coil is rigid. 

 Fig. 3.1: Constructed stranded wire (left), coaxial (middle), and standard coil (right) without coil interface. SWC and SC are segmented in two halves by capacitors. 
3.1.2  Coil interfaces 
This Subsection describes the individual interfacing circuitries for each RF coil, constructed as 
depicted in Section 3.1,  and implemented electrical components for the coil interfaces of the 
SWC, CC and SC. All used inductances were built by hand by winding a 0.5 mm copper wire 
around a plastic washer, forming a toroidal coil with the desired inductance by adapting the 
size and number of windings. As they are self-wound, only approximations of the values of the 
inductances are given. For this estimation, the resonance frequency of the inductor soldered 
onto a capacitor of known value forming an LC resonator, was measured on the network 
analyzer with a double-loop probe (see Subsection 3.4.3), allowing to calculate the inductance. 
5.6 μH RF chokes were used on all interfaces for the active detuning network, blocking radio 
frequencies while allowing DC to pass. 

3.1.2.1 Tuning, matching and active detuning 

A circuit diagram of the interfaces for the stranded wire/standard coil and coaxial coil can be 
seen in Fig. 3.2. It includes the tuning, matching, and active detuning network but does not 
show the implemented Balun for the single element coils. The electrical components are 
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labeled in this diagram and their values are summarized in Tab. 3.1. For the fine tuning of the 
SWC and SC a variable capacitor (also called trimmer) is connected in parallel to a fixed 
capacitor. A photograph of every coil with respective coil interface is shown in Fig. 3.3. 

component SC SWC CC 

CT 12 ‖ 3-10 pF 15 pF - 
CTM 33 pF 5.6 ‖ 3-10 pF - 
CM 56 pF 22 pF 5.6 pF 
CAD 12 pF 27 pF - 
LAD ≈ 109 nH ≈ 48 nH - 
LT - - ≈ 360 nH Tab. 3.1: Values of the used electrical components for the interfacing circuitry of the three 1-ch coils. 

  Fig. 3.2: Circuit diagram of matching, tuning, and active detuning network of the SWC/SC and the CC. 

 Fig. 3.3: RF coils with interfacing circuitry: SWC (left), CC (middle), and SC (right). 

RF choke 

RF choke 

RF choke 

RF choke 
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3.1.2.2 Balun 

To connect the balanced coil to an unbalanced line, an LC-Balun (described in Section 2.2.5) 
was built. This electrical transformer is necessary if the signal attenuation 𝑆11 on the network 
analyzer appears asymmetrical about the resonance frequency. The balun transformer is 
constructed from two capacitors CB (opposite to each other) and two inductances LB, forming 
a bridge. The capacitors on this bridge had both 25.5 pF (18 pF ‖ 7.5 pF) and the self-built 
inductances had ~71 nH. These values were first calculated using Eq. 2.19 (results: CB=25.8 pF 
and LB=65 nH) and then further optimized to achieve a symmetric 𝑆11 signal. The Balun, which 
was used for all single element coils, can be seen in Fig. 3.4. 

  Fig. 3.4: Built LC-Balun (left) with two capacitances CB and two toroidal inductors LB, which is plugged in between matching network and preamplifier for the single element coils. Circuit diagram of the transformer (right). 
3.2   4-channel SWC array  
3.2.1 Coil construction 
The stranded wire coil array consisted of four single coils which were arranged as shown in 
Fig. 3.5. Each element was built out of the same stranded wire as the single element coils with 
a loop diameter of 8 cm. The stranded wire loops were segmented twice by tuning capacitors, 
once at the coil port and once on the opposite side. The PCB-interface was positioned in the 
center of the array. 

For optimal geometric decoupling, the coil centers should be distanced from each other at 
approximately 75 % of their diameter, which corresponds to 6 cm, as discussed in Subsection 
2.2.6. The coils were positioned according to this arrangement, nevertheless the coil positions 
had to be slightly adapted during the bench measurements for optimal results (see Subsection 
3.5.6). This can be explained by small imperfections regarding cable length, circular shape of 
the coils and other geometric or physical differences. Two of the coils are not overlapping and 
therefore were primarily decoupled by preamplifier decoupling. A photograph of the array is 
shown in  Fig. 3.6. 
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 Fig. 3.5: Geometric arrangement of the four coils in the SWC array with optimal overlap for minimal coupling between the elements. 

 Fig. 3.6: 4-channel SWC array with PCB coil interface in the middle sewed on a fabric in the geometric arrangement depicted in Fig. 3.5 with small adaptions for minimal overlap coupling. 
3.2.2 Coil interface 
The coil interface for the 4-channel stranded wire array consisted of the same interface 
components as the single element SWC, except for the phase shifter. The circuit diagram can 
be seen in Fig. 3.7. Additionally, the array interface included a fuse to provide overcurrent 
protection in case the active detuning circuit should fail. The fuse acts as an electrical short 
below a certain threshold current. When exposed to higher current, the connection melts 
leading to an open circuit. The coil diameter of each element remained 8 cm. 

3.2.2.1 Phase shifter 

To adapt and optimize the impedance at the coil port seen from the RF coil to ensure 
preamplifier decoupling, a phase shifter was implemented into the coil interface between the 
Balun and the preamplifier. To achieve the desired phase shift of 90°, different electrical 
networks were tested such as high pass tee filter. Nevertheless, there are different 
approaches to create a shift in phase with lumped elements such as a high/low pass pi or low 
pass tee network, which are presented in Fig. 3.8. Besides, transmission lines like a coaxial 
cable also satisfy the requirements of a phase shift of 90°. [15,40] 

1 
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 Fig. 3.7: Circuit diagram of the SWC array interface (for 1 channel) including tuning, matching, active detuning network, fuse, balun, phase shifter, and preamplifier. 

 Fig. 3.8: Overview of four different lumped element filters applicable for a  𝜆/4  phase shift [40]. 
However, the previous interface components also create a shift in phase, hence the phase 
shifter itself does not need to be at exactly 90°. Depending on the electrical components of 
the interface, also a single capacitor can be sufficient as a phase shifter. This was the case for 
the SWC, where a capacitor of 18 pF was implemented. To simplify measuring on the network 
analyzer, the capacitor was soldered on a pluggable solder pad, see Fig. 3.9. The optimal 
capacitor for sufficient preamplifier decoupling was chosen as described in Subsection 3.5.6. 

 Fig. 3.9: Pluggable phase shifter consisting of a single capacitor (left) and its circuit diagram (right). 
3.2.2.2 PCB Design 

After testing the coil interface of the SWC on the network analyzer, the necessary components 
for 4-channels were arranged on a single printed circuit board (PCB) to simplify and 
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miniaturize the interface. The PCB was designed in KICAD (version 5.1.5), an open-source 
software suite for electronic design automation (EDA). It allows to create schematics for 
electronic circuits and transform it to a PCB layout. The schematic editor can be seen in Fig. 
3.10, the PCB editor in Fig. 3.11, showing the specifications for the SWC array. A 3D view of 
the PCB from both sides is shown in Fig. 3.12. 

The dimensions of the designed PCB are 46×47 mm. The track width was set to 1 mm and the 
minimum distance between tracks to 0.7 mm to avoid possible coupling. The pads have a HAL-
coating (hot air leveling), which is a non-magnetic coating technique suited for MR-scanner 
compatibility. The PCB was ordered and printed via BETA LAYOUT GmbH (Aarbergen, 
Germany). 

 Fig. 3.10: Schematic editor in KICAD: circuit diagram of the SWC array interface (for 1 channel). 

 Fig. 3.11: PCB editor in KICAD: front side of the PCB of the 4-channel SWC array interface. 
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 Fig. 3.12: 3D viewer in KICAD showing the 4-channel SWC PCB-interface from both sides. 
3.2.2.3 Final adaptions 

As the PCB interface slightly changed the resonance frequency, the tuning and active detuning 
network had to be adapted. CP had to be increased which can be explained by the difference 
in length of the conductor paths (tracks) affecting the shift in phase. Further adaptions due to 
mutual influence of the coil channels included slight changes of the matching interface. The 
final interface components are summarized in Tab. 3.2. Furthermore, the grounds of the 
preamplifiers were additionally connected on the interface.  

Components of SWC array 

CT 15 pF 
CTM 3.3/5.6/1.2/3.3 ‖ 3-10 pF 
CM 12 pF 
CAD 27 pF 
LAD ≈ 40 nH 
CB 18 ‖ 7.5 pF 
LB ≈72 nH 
CP 27 pF 

RF chokes 5.6 μH Tab. 3.2: Electrical components of the interface of the SWC array. For CTM, used capacitances of each channel are listed. 
3.3   4-channel CC array 
3.3.1 Coil construction 
The 4-channel CC receive array, shown in  Fig. 3.13, was constructed from single-turn single-
gap coaxial coils and had similar geometric properties as the SWC array: The single coil 
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elements had the same size and were arranged in the same order regarding coil position. The 
overlap of the coils in the two arrays slightly differs as the coils were individually positioned 
for optimal geometric decoupling. It consisted of the same coaxial cable as the constructed 
single element CC described in Subsection 3.1.1.2. The diameter of the single coil elements 
remained 8 cm. 

 Fig. 3.13: 4-channel coaxial coil array with coil interfaces in the middle and further connection from the preamplifier on the layered PCB to the receiver chain with floating cable trap. The coil elements are  sewed on a fabric with optimal overlap for minimal coupling (right). 
3.3.2 Coil interface 
The coaxial coil array interface has the same tuning, matching and active detuning network as 
the single element CC, extended by a Balun and phase shifter, which again only consists of a 
single capacitor. Furthermore, a fuse is placed between the outer conductors of coaxial cable 
at the coil port. The circuit diagram of one channel of the array is shown in Fig. 3.14 and the 
used electrical components are summarized in Tab. 3.3. This coil interface was miniaturized 
to satisfy the design constrictions of a wearable breast coil array being developed in our lab. 
Therefore, the interface was designed in a layered PCB and smaller preamplifiers were used. 

  Fig. 3.14: Circuit diagram of the CC array interface (for 1 channel): fine tuning, matching network, AD, fuse, LC-Balun, phase shifter, and preamplifier. 
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Components of CC array 
LT ≈ 360 nH 
CM 4.7 pF 
CB 22 pF 
LB ≈ 68 nH 
CP 47 pF 

RF chokes 5.6 μH 

Tab. 3.3: Electrical components of the interface of the CC array. 
3.4   Measurement components 

3.4.1   Preamplifiers 

3.4.1.1 Single element coils and SWC array 

An MR-compatible low-noise preamplifier (MPB-123R20-90, HI-Q.A. Inc., Ontario, Canada) 
was chosen with a fixed Re(𝑍) of ≈ 1.4 Ω and an adjustable Im(𝑍) reaching from 3 Ω to 32 Ω. 
Both the reactance and the gain (between 25 to 32 dB) can be adapted to the desired value 
on the preamplifier by a small screw. The dimensions of the preamplifier are 12x20x10 mm. 
Photographs of the preamplifier can be seen in Fig. 3.15. 

 Fig. 3.15: Preamplifier used for MRI measurements: (a) front with screws for adapting reactance and gain and (b) back side. 
3.4.1.2 CC array 

Due to the miniaturized PCB interface, a smaller preamplifier (MSM-123281, MICROWAVE 
Technology Inc, Fremont, CA, USA) was used for the CC array. It has a fixed gain of 28 dB and 
a low input impedance (2 Ω), which is not adjustable in contrast to the other preamplifier. Its 
dimensions are 9×11×4 mm. A photograph of the preamplifier can be seen in Fig. 3.16. For 
comparison, the CC array was measured with the HI-Q.A. preamplifiers as well. 

 Fig. 3.16: MICROWAVE Technology MSM preamplifier used for the CC array.  

a) b) 
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3.4.2   Phantoms 
The loaded measurements were performed in presence of a phantom which imitates certain 
properties of human tissue such as electrical conductivity. This is necessary as the 
characteristics of the RF coil are influenced by variations of the loading condition. One 
phantom consisted of a 5 liter plastic tank (24×19×14 cm) filled with a saline solution with 
1.6 g NaCl/l deionized water. It had a DC conductivity of 0.2 S/m and was doped with 1 ml/l 
Gd. Gadolinium is used as a paramagnetic contrast agent adapting the acquisition time in MRI 
experiments as it shortens 𝑇1 [41]. A second phantom was built for the bending experiments 
of the single element coils.  It was a balloon filled with 3 liter of the same liquid, capable of 
adapting to the studied bending radius. The 5 liter tank phantom is shown in Fig. 3.17. 

 Fig. 3.17: A 5 liter tank phantom used for flat measurements of the RF coils. It is filled with saline solution doped with a Gd based contrast agent. 
3.4.3   Cable traps  
For MRI measurements, floating cable traps tuned to the Larmor frequency were added to 
eliminate induced common mode currents from the transmit coil flowing on the outer shield 
of the coaxial cables [42]. These shield currents can lead to the destruction of electrical 
components and heating in the sample, posing a potential safety issue. Floating traps have a 
hollow cylindrical shape and surround the coaxial cables where shield currents should be 
blocked. They consist of a dielectric (here: PTFE) which is cut in two halves and covered with 
a layer of copper on the inner and outer surface. One end is shorted and on other end is 
connected by a capacitor, tuning the trap to the desired frequency. Fine tuning is 
accomplished by adapting the distance between the two half-cylinders. This is realized by four 
screws functioning as a spacer working against the pressure of a tightly adjusted cable tie. Fig. 
3.18 shows the structure of a floating cable trap, the self-built version can be seen in Fig. 3.19. 

 Fig. 3.18: Schema of a floating cable trap: hollow cylinder (cut in half) which is covered with copper foil and tuned by capacitors placed on top of each half.  
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 Fig. 3.19: Self-built floating cable trap: closed (a) and open (b). The cable trap is fine tuned by four screws which determine the distance between the two halves. 
3.4.3.1 Measurement setup 

The resonance frequency of the floating cable traps can be measured by a 𝑆21 measurement 
on the network analyzer [43]. For this purpose, two coaxial cables, each surrounding a ferrite 
choke, are connected to the ports of the network analyzer. The coaxial cables have an outer 
gap on the loop around the ferrite choke. Another coaxial cable is put through these chokes 
allowing for magnetic coupling. The measurements setup is shown in Fig. 3.20. The floating 
cable trap is then placed around the coaxial cable between the two ferrite chokes. This enables 
measuring the resonance of the trap and finetuning to the Larmor frequency by adjusting the 
screws. 

  Fig. 3.20: Measurement setup of a floating cable trap: The trap is placed on the receive cable of the coil between two ferrite chokes. These chokes are the inductive link to the coaxial cables connected to the ports of the network analyzer. 
3.5   Bench measurements 

3.5.1 Vector network analyzer 
The characteristic parameters of the coil (e.g., 𝑄-factor, resonance frequency) were measured 
on a vector network analyzer (VNA). It detects transmitted and/or reflected electrical wave 
signals of an electric network. This enables the measurement of the scattering (𝑆-) 
parameters, see next Subsection. A network analyzer (E5071C, KEYSIGHT Technologies, USA) 
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with Configurable Multiport Test Set (E5092A, KEYSIGHT Technologies, USA) was used. For all 
bench measurements, the 𝑆-parameters (in dB) were investigated in a signal attenuation 
diagram (logarithmic magnitude format) over a certain frequency range. 

3.5.2 𝑺-parameters 
The scattering parameters or 𝑆-parameters are a measure for the electrical behavior of a 
network when exposed to wave signals. They are frequency dependent and provide 
information on the amplitude and phase of the transmitted or reflected signals. 𝑆-parameters 
are determined by the ratio of input and output signals at the ports of the network analyzer 
[44]. For the evaluation of the RF coil performance, experiments on the network analyzer can 
be realized by one or two port measurements. These represent the 𝑆11 and the 𝑆21 
measurement. The two-port network and its input and output signals are pictured in Fig. 3.21. 

 Fig. 3.21: Two-port network with input signals (a1 and a2) and output signals (b1 and b2). 
The 𝑆-parameters can be displayed in form of a matrix, describing the relations between in- 
and output signals (voltage) for a two-port network [44], 

(𝑏1𝑏2) = (𝑆11 𝑆12𝑆21 𝑆22) (𝑎1𝑎2).  3.1 
From this, the relevant scattering parameters for the following experiments can be derived 

𝑆11 = 𝑏1𝑎1 , 𝑆21 = 𝑏2𝑎1 .  3.2 
The magnitude of the 𝑆-parameter is commonly displayed on the vector network analyzer in 
logarithmic scale, determining the return loss in dB, 𝑆 [dB]  =  −10 log |𝑆|2  =  −20 log |𝑆|, 𝑆 [dB]  =  −10 log |𝑃|,  3.3 
with the ratio of incident to reflected power 𝑃 [42]. 𝑺𝟏𝟏 measurement 

For measuring the resonance frequency or the 𝑄-factor, the coil can either be directly 
connected to one port of the network analyzer or inductively coupled to a pickup coil. This can 
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be a single or double pickup coil. If an RF coil is connected to one port of the analyzer via the 
built coil interface, the reflected signal 𝑆11 is picked up. In contrast to measuring with the 
pickup coil, this additionally gives information on the impedance matching level as the coil 
interface determines the reflection coefficient. The matching level of the RF coil corresponds 
to the 𝑆11-parameter at the resonance frequency on the network analyzer. 𝑺𝟐𝟏 measurement 

In the following experiments, the pickup coil was represented by a double-loop probe [45], 
which consists of two small coils which are geometrically decoupled. The overlap can be 
adapted by a screw shifting one of the coils over the other and therefore changing the 
geometric decoupling. It is adjusted to a 𝑆21 value of below -80 dB to ensure that the measured 
signal is not directly induced from coil 1 into coil 2, but over the device under test. This self-
built probe can be seen in Fig. 3.22. The probe is connected to the network analyzer via two 
ports. One of these is responsible for sending a signal to the first coil which couples with the 
RF coil which is placed near the probe. The induced current forces the RF coil to resonate 
which likewise induces a signal in the second coil of the probe which can be detected by the 
network analyzer. This method represents measuring the 𝑆21 parameter which can also be 
applied when testing the RF coil without a coil interface. 

 Fig. 3.22: Double-loop probe to measure the 𝑆21-parameter on the network analyzer, consisting of two overlapping coils. The geometric decoupling depends on the coil overlap which is controlled by a screw. 
3.5.3 Tuning and matching 
The matching of the RF coil to 50 Ω at the resonance frequency is tested by a 𝑆11 
measurement. It is important that every interface component is connected to the network 
analyzer (also the Balun or phase shifter) as each electrical component can influence the 
matching level. The properties of the phantom have an impact on it as well. To maximize the 
signal received by the RF coil, a high matching level, corresponding to a high percentage of 
transmitted power and little reflected power, is desirable. 95 % of the signal is already 
transmitted at -13 dB, 97 % at -15 dB. Therefore, a 𝑆11 parameter of about -14 dB or lower at 𝑓0 is an appropriate guide value to minimize reflection losses sufficiently. 
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Furthermore, the 𝑄-factor can be determined during this measurement. It can also be 
represented by the ratio of the resonance frequency to the resonance bandwidth [42], 

𝑄 = 𝑓0∆𝑓0.  3.4 
The vector network analyzer uses the bandwidth of the response curve at -3 dB as ∆𝑓0 for the 
calculation of this ratio. The 𝑆11 measurement on the network analyzer for the estimation of 
the tuning, matching level and 𝑄-factor is shown in Fig. 3.23 in form of a logarithmic signal 
attenuation diagram. 

 Fig. 3.23: 𝑆11 measurement [dB] of the resonance frequency, matching level and 𝑄-factor on the network analyzer: The RF coil is resonant at 123.2 MHz and sufficiently matched to 50 Ω. The frequency span around 123.2 MHz was set to 50 MHz. 
3.5.4 Coil noise 
When measuring the unloaded 𝑄-factor, the coil resistance 𝑅𝐶  can be estimated as described 
in Subsection 2.2.8.1. It was calculated from the unloaded bench measurements by the 
following equation 

 𝑅𝐶  = 𝐿𝜔′𝑄  √𝜔0𝜔′ . 3.1 
with the coil inductance 𝐿, the measured resonance frequency 𝜔′ of the coil and the desired 
resonance frequency 𝜔0 of 123.2 MHz. For comparison, the resistance of each coil was 
extrapolated to 𝜔0. It can be seen, that the resistance rises with the square root of the 
frequency as a consequence of the skin effect. The inductance of the coils was calculated by 
the resonance condition. Here, the CC was approximated to a conductive wire loop. 



3.  Methods 

40 
 

3.5.5 Active detuning 
The active detuning was tested by a 𝑆21 measurement with the double pick-up coil, which is 
shown in Fig. 3.24. The RF coil was placed on the phantom with the double-loop probe on top 
of it with a distance of a few centimeters between them. The AD circuit was connected via the 
DC cable to a power source. The network analyzer showed the frequency peak at 123.2 MHz. 
When the AD circuit is activated by the PIN diode, this peak splits into two, detuning the RF 
coil. For ideal active detuning, the minimum between the two peaks should be at 123.2 MHz, 
indicating that both the RF coil and the AD circuit resonate at the same frequency. The active 
detuning network of all coaxial coils destroyed the resonance completely, hence no peaks at 
all were observed (see Fig. 3.25). To quantify the performance of the active detuning network, 
the difference in 𝑆21 between tuned and detuned state at the Larmor frequency ∆𝑆21 is 
measured. 

 Fig. 3.24: 𝑆11 (blue) and 𝑆21 (red) measurement [dB] of the active detuning circuit on the network analyzer: tuned (left) and detuned with frequency split (right) for the SWC and SC. Note that the red curves are on a different scale (the base line of the red curve was at approximately -80 dB). A frequency span of 150 MHz around 123.2 MHz is shown. 

    Fig. 3.25: 𝑆11 (blue) and 𝑆21 (red) measurement [dB] of the active detuning circuit on the network analyzer: tuned (left) and detuned state (right) for the CC, where no resonances occur. Note that the red curves are on a different dB scale (the red curve was at approximately -80 dB). A frequency span of 150 MHz around 123.2 MHz is shown. 
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3.5.6 Decoupling 

3.5.6.1 Geometric decoupling 

To minimize the coupling between the elements, the optimal overlap had to be adjusted for 
each coil pair. In order to measure the inductive coupling between the coil elements of an 
array, the 𝑆𝑖𝑗 parameter of each coil pair is determined by the network analyzer (𝑖,𝑗 
corresponding to a specific coil channel). Fig. 3.26 shows the measurement of the coupling 
signal on the network analyzer between each channel.  

 Fig. 3.26: Measurement of the 𝑆𝑖𝑗-parameter [dB] on the network analyzer determining the inter-element coupling between the coils of the 4-channel SWC array. A span of 20 MHz around 123.2 MHz is shown. 
3.5.6.2 Preamplifier decoupling 

To adjust and optimize the preamplifier decoupling, a 𝑆21 measurement with the double-loop 
probe is performed. The coil is placed on the flat phantom and connected to the preamplifier, 
which is powered by a 10 V source. The specifications of the preamplifiers can be read in 
Subsection 3.4.1. When the pick-up coil is now placed above the coil, peak splitting can be 
observed as shown in Fig. 3.27. If the coil is decoupled, the minimum between the two peaks 
appears at 𝑓0. This can be adapted by the adjustable reactance of the preamplifier or changing 
the electrical components of the phase shifter (adapting the capacitance). For this 
measurement, the other coils of the array must be connected to a 50 Ω termination. The 
absolute difference between the 𝑆21 parameter when connected to the powered preamplifier 
versus 50 Ω termination should be as high as possible for sufficient decoupling. Both 
configurations are shown on the network analyzer in Fig. 3.27.  
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Fig. 3.27: 𝑆21 measurement [dB] of the preamplifier decoupling on the network analyzer with a double-loop probe: peak splitting occurring with powered preamplifier (left) and single resonance frequency peak of the  coil  connected to a 50 Ω  termination  (right).  A  frequency span of  40 MHz around 123.2 MHz is shown. 
3.5.7 Experimental setup for single element coils 

3.5.7.1 Flat and bent configuration without interface 

In order to compare the coil performance (without interface, except tuning network for the 
SWC and SC) of the different design types upon bending, certain parameters were measured 
via the double-loop probe. These included the shift in their resonance frequency 𝑓0, 𝑄-factor 
and 𝑆21 parameter. The coils were once measured in flat configuration and once bent to a 
radius of 6.4 cm, both with and without a sample. For the flat measurements, the 5 liter tank 
phantom was used. The bent configuration was realized by putting the coil underneath a bent 
PTFE sheet which was fixed by a 3D printed holder setup. For the loaded measurements, the 
balloon phantom was placed on top of the sheet, which is shown in Fig. 3.28. 

 Fig. 3.28: Holder setup, in which the bent PTFE sheet is placed, with the balloon phantom on top and the RF coil underneath. 
3.5.7.2 Flat configuration 

The three coil types were measured on the bench with interfacing circuitry in flat 
configuration. The interface did not include a phase shifter as these coils were not 
implemented in an array, hence no decoupling from other RF coils was required. The interface 
was implemented in modules and the parts could be connected individually. For optimal 
comparison, the same LC-Balun was used for all coils. The measurements were performed 
with the 5 liter phantom, with the RF coil directly fixed on the tank (see Fig. 3.29). The coil was 
tuned and matched to this sample thus no unloaded measurements were performed. The 𝑄-
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factor and the matching level at 𝑓0 were determined by a 𝑆11 measurement on the vector 
network analyzer. 

 Fig. 3.29: SWC fixed on the tank phantom for the flat measurements. 
3.5.7.3 Bent configuration 

The performance of the three single element coils in bent configuration with interface was 
tested with the balloon phantom. The experimental setup remained the same as for the coils 
without interface in bent configuration, except for the SC which was not fitted to the phantom. 
The SC was put underneath the phantom in flat configuration as the copper wire would have 
to be bent permanently. This is not realizable for applications that repeatedly need adaption 
to the shape of the phantom or body as the rigid coil could break after a few times. These two 
configurations are pictured in Fig. 3.30. The coils which were used for the flat measurements 
had to be retuned for the new setup. Only the matching network of the SC had to be adapted 
(CM = 18 pF). By a 𝑆11 measurement on the network analyzer, 𝑄-factors and matching levels 
at 𝑓0 were determined.  

 Fig. 3.30: Coil underneath the bent phantom form fitted to the shape like the SWC and CC (a) and fixed to the center in flat configuration for rigid coils as the SC (b). 
3.5.8 Experimental setup for coil arrays 
The 4-channel coil arrays were placed flat on the 5 liter tank phantom as shown in Fig. 3.31. 
For clinical applications, the coils and the electronic components must be concealed for safety 
reasons and to improve the robustness, resulting in a distance between coil and sample. 
Therefore, a fabric was placed in between coil and sample, resulting in a distance of 3 mm. 
The matching level at 𝑓0 and the 𝑄-factor were determined by a 𝑆11 measurement on the 
network analyzer as shown in Fig. 3.32.  

a) b) 
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 Fig. 3.31: SWC array fixed on the tank phantom with two layers of fabric in between. 

 Fig. 3.32: 𝑆11 measurement [dB] of the SWC on the network analyzer to determine the matching level and the 𝑄-factor for each coil channel of the array. The span of 20 MHz around 123.2 MHz is set. 
3.6   MRI measurements 
The magnetic resonance experiments were carried out on a 3 Tesla MR scanner (MAGNETOM 

PRISMA FIT, Siemens Healthineers, Erlangen, Germany). The Larmor frequency of 1H nuclei on 
this scanner model is 123.2 MHz. The MR measurement data was analyzed using MATLAB 
R2020a (The MathWorks, Inc., Natick, MA, USA). 

3.6.1 Single element coils 

3.6.1.1 Setup 

Flat configuration 

The three single loop coils were tested in flat configuration on the 5 liter tank and were directly 
fixed on the phantom. The same coil interfaces as for the bench measurements were used to 
connect the SWC, CC and SC to the preamplifier. The orientation of the preamplifiers with 
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respect to the scanner bore had to be considered as the functioning of the MosFET is 
dependent of its angle to the static magnetic field. 

An 8-channel receive plug (see Fig. 3.33) connected to a connector board was used to plug the 
respective RF coil to the receive channel via a coaxial cable and the PIN diode bias lines via a 
twisted wire pair, see Fig. 3.34. On this connection and on the cable of the receive plug, 
floating cable traps are placed.  

 

Fig. 3.33: 8-channel receive plug with floating cable traps for 3 T. 
 Fig. 3.34: Pluggable connector from the preamplifier to the receive plug and DC cable surrounded by a floating cable trap. 

For the measurements of a transversal slice through the center of the coil, the following scan 
parameters were set for a 2D gradient echo (GRE) sequence: repetition time/echo time 
(TR/TE) = 50/10 ms, FOV = 290×290 mm2, 0.6×0.6 mm2 resolution, slice thickness =  
6.5 mm. From this GRE sequence, the SNR was calculated as described below. 

Flip angle (𝐵1) maps were acquired by scanning with the transmit coil only (body coil of the 
scanner), once with and once without the RF coil present. The second scan is used as a 
reference scan to calculate the change in the transmission field when the (detuned) Rx coil is 
present. This is necessary for the evaluation of the efficiency of the active detuning of the RF 
coil and thereby the decoupling from the body coil. 

Bent configuration 

For the bent MRI measurements, the three RF coil types were measured on the balloon 
phantom. The SWC and CC were adapted to the shape of the balloon, while the SC was in flat 
configuration. The setup of the bent configuration is described in detail in Subsection 3.5.7.3. 
The MRI sequence parameters were identical to the flat measurements. 
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3.6.1.2 MR data analysis 

SNR 

For the evaluation of the performance of the single loop coils, their SNR images were 
calculated. For this purpose, the acquired k-space data was Fourier transformed and the 
square root of the sum of the squares was computed. Next, a region in the image was defined 
which only contained noise. The ratio between image and standard deviation in the noise 
region results in the SNR image. The average SNR was calculated in a circular region of interest 
(ROI) with a radius of 1 cm placed centrally with a distance of 1.5 cm from coil to circle center 
for comparison of the receive sensitivities of the different coil types. Additionally, the relative 
SNR between coil types was calculated. For the measurements in bent configuration, the ROI 
had a radius of 1 cm and the center of the ROI was located 2 cm from the coil center on top 
of the phantom.   𝑩𝟏 distortion 

The active detuning circuitry was evaluated by dividing the measured 𝐵1 maps (with the RF 
coil present) by the 𝐵1 reference scan (without coil). This allows to plot the distortion of 𝐵1 
caused by the RF coils. Due to slight inevitable changes of the alignment of the respective 
phantom between measuring the 𝐵1 maps as well as partial volume effects, inaccuracies can 
occur in the calculation, particularly at object borders. A Gaussian filter was applied to reduce 
the effect of image noise on the evaluation. Furthermore, a mask based on the image 
magnitude was applied to suppress the air background outside the phantom. 

3.6.2 4-channel coils 

3.6.2.1 Setup 

For the flat measurements, the 5 liter tank phantom was used. Two layers of fabric were 
placed on the phantom to keep a distance of about 3 mm between sample and coil. On top, 
the SWC and CC array was fixed. Analogously to the single element experiments, the four 
preamplifiers of the array were connected to the 8-channel receive plug by coaxial cables 
shielded by a floating cable trap. The setup can be seen in Fig. 3.35. The CC array was tested 
with the HI-Q.A. preamplfiers as well, to compare them to the MwT preamplifiers. 

The imaging parameters were set as follows for the 2D GRE sequences for all orientations: The 
TR/TE was 470/3.23 ms. The resolution was 1.0×1.0 mm2 and the slice thickness 3 mm with a 
distance factor of 0 %. The orientation-specific parameters are depicted in Tab. 3.4. 

The 𝐵1 maps for both arrays were acquired as described in the prior Section for the single 
element coils. A noise-only scan was performed for the calculation of the noise correlation 
matrix. For this purpose, a scan without prior excitation pulse was acquired. 
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  Fig. 3.35: SWC fixed on textile on the tank phantom. The array is connected to preamplifiers with Rx cables which are shielded by a floating cable trap. The CC array was fixed similarly. 
orientation FOV [mm2] nr. of slices 
transversal 224 x 200 60 

sagittal 288 x 232 52 
coronal 288 x 288 20 Tab. 3.4: Orientation-specific imaging parameters of the 2D GRE sequences: Field of view and number of slices. 

3.6.2.2 MR data analysis 

SNR and noise correlation matrix 

For the comparative study of the two coil arrays, their SNR images were calculated. For this 
purpose, the pseudo multiple replica method was applied [39]. Using the data of the noise-
only scans of each coil channel the 4×4 noise correlation matrix is determined. Random noise 
was generated and correlated by this matrix. This noise was added to the k-space data prior 
to image reconstruction. The procedure was repeated for 256 replicas of each accelerated 
image. The image reconstruction consists of the following steps: First, each replica was Fourier 
transformed. Then, to combine the images of the four channels, the square root of the sum 
of the squares of the images of each coil element is calculated. This method, as described by 
Roemer et al. [18], results in high SNR in comparison to other combination techniques. The 
SNR is given by dividing the mean of each pixel over the number of replicas by the respective 
standard deviation. 

A three-dimensional ROI beneath the coil arrays was defined for the coronal orientation to 
compare the SNR. This ROI was set to a cylinder with a base diameter of 16 cm and a height 
of 5.1 cm, which corresponds to 17 slices. The circular base is parallel to the plane of the coil 
array and starts approximately 1 cm beneath the surface of the phantom. 

 



3.  Methods 

48 
 

𝒈-factor 

The 𝑔-factor is calculated using Eq. 2.24. For this purpose, images with acceleration factors of 𝑅 = 2 were simulated by skipping k-space data points (only half of the data is used for 𝑅 = 2, 
with 𝑅 = 1 representing the image without acceleration). This corresponds to the number of 
coils in phase encoding direction, which is from right to left for the coronal slices. Thereby, 
fully sampled and undersampled images were generated, enabling the calculation of the 𝑔-
factor. 𝑩𝟏 distortion 

From the measured flip angle maps, the 𝐵1 distortion was calculated by dividing the scan with 
RF coil present by the reference scan. Similar as for the single element coils, a gaussian filter 
and a mask, surrounding the phantom, were applied. 
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4 Results 
This Chapter presents the results of bench tests and MR measurements which were 
performed with the constructed RF coils. It gives a comparison between the presented single 
loop coil designs as well as 4-channel coil designs with respect to their robustness to bending, 𝑄-factor, matching level, inter-element decoupling, SNR, 𝑔-factor, and active detuning. 

4.1   Single element coil comparison 

4.1.1 Bench measurements 

4.1.1.1 Flat and bent configuration without interface 

The coil performance upon bending was measured as described in Subsection 3.5.7.1 and the 
results are summarized in Tab. 4.1. The resonance frequency only increased slightly when 
bending the coil as the deviation remained under 1 % for the unloaded measurement and 
between 1.3 % and 2.7 % for the loaded one. The shift of f0 is presented in Fig. 4.1. This 
indicates robustness upon bending for all coil types in terms of matching, even though the 
rigid wire of the SC was permanently bent. Significantly lower unloaded 𝑄-factors and 
consequently lower 𝑄-ratios were observed for the CC. The change of the 𝑄-factor was not 
consistent, it decreased for the SWC and SC but rose minimally for the CC when measuring 
without a sample. In presence of a sample the change of the 𝑄-factor was between 73 % and 
86 % which can be explained partly by the different phantom sizes. For the bent measurement, 
the balloon phantom only had 3 liter instead of 5 liter resulting in weaker loading by the 
sample. All 𝑄-ratios were above 5.5 indicating sample noise dominance, which is shown in 
Tab. 4.2. 𝑆21 parameters were sufficiently low for all measurements (-40 to -38 dB) implying 
that the presence of the double loop-probe did not influence the result.  

  flat bent flat vs. bent 

un
lo

ad
ed

 coil type f0 [MHz] 𝑸 f0 [MHz] 𝑸 f0 shift [%] 𝑸 change 
[%] 

SC 123.6 437 124.8 419 0.97 -4.12 

SWC 123.5 473 124.6 443 0.89 -6.34 

CC 131.1 181 132.1 182 0.76 0.55 

lo
ad

ed
 SC 121.0 22 122.6 39 1.32 77.27 

SWC 121.0 21 122.6 39 1.32 85.71 

CC 124.4 19 127.7 33 2.65 73.68 Tab. 4.1: Results of the bending performance comparison: unloaded and loaded measurements of the three coil types: resonance frequency f0 and 𝑄-factor in both configurations and their deviation due to bending. 
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 Fig. 4.1: Shift of the resonance frequency due to bending in comparison to the flat measurement with and without a sample (loaded and unloaded). 
coil type 𝑸-ratio: flat 𝑸-ratio: bent 

SC 19.9 10.7 

SWC 22.5 11.4 

CC 9.5 5.5 Tab. 4.2: 𝑄-ratios of the SWC, CC, and SC in flat and bent configuration. 
The results of the calculation of the coil noise from the unloaded measurements in flat 
configuration are shown in Tab. 4.3. It shows that the coil resistance of the CC is significantly 
higher than for the SC and SWC. As expected, the inductance of the coils was very similar. 

coil type 𝑹𝑪 [mΩ] 𝑳 [nH] 

SC 396.2 223.3 

SWC 366.5 223.7 

CC 954.5 216.4 Tab. 4.3: Coil resistance 𝑅𝐶  and coil inductance 𝐿 of the three coil types. 
4.1.1.2 Flat configuration 

The characteristics of the RF coil and its respective interface were determined on the bench 
as depicted in Subsection 3.5.7.2. The results are listed in Tab. 4.4 and show the loaded 𝑄-
factor, matching level 𝑆11 and the difference ∆𝑆21 between tuned and detuned state. The 𝑄-
factors did not decrease in comparison to the measurements without coil interface indicating 
no rise in coil noise introduced by the interfacing circuitry. The 𝑆11-parameters were 
sufficiently low, indicating good matching of the coil impedance to 50 Ω. The ∆𝑆21 values show 
the effective operation of the active detuning network. 
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coil type 𝑸-factor 𝑺𝟏𝟏 [dB] ∆𝑺𝟐𝟏 [dB] 

SC 20 -26.3 27.8 

SWC 22 -39.8 27.1 

CC 35 -24.9 28.5 Tab. 4.4: Bench measurement of the coils with interface in flat configuration. 𝑄-factor, matching level (𝑆11-parameter) and ∆𝑆21 at 123.2 MHz are shown. 
4.1.1.3 Bent configuration 

The results of the measurements of the three single element coils in bent configuration, 
performed as described in Subsection 3.5.7.3, are summarized in Tab. 4.5. Higher 𝑄-factors 
and 𝑆11-parameters were observed when compared to the flat measurements. This is due to 
the bending of the coils and the different phantom sizes influencing the matching level. 

coil type 𝑸-factor 𝑺𝟏𝟏 [dB] 

SC 42 -28.5 

SWC 27 -18.2 

CC 41 -18.7 Tab. 4.5: Bench measurement of the single element coils with interface in bent configuration. 𝑄-factor and matching level at 123.2 MHz are shown. 
4.1.2 MRI experiments 

4.1.2.1 Flat configuration 

SNR 

The MR measurements of the three single loop RF coils on a flat phantom in the 3 T scanner 
were performed as depicted in Subsection 3.6.1.1. Their calculated SNR maps can be seen in 
Fig. 4.2., where the defined circular ROI is drawn. The signal-to-noise ratio in this region, which 
is shown in Tab. 4.6, was between 510 and 570 for all coils with the highest value from the SC 
as expected. Compared to this coil, the SNR loss of the SWC in this region was 3.8 % and 9.4 
% for the CC. Even though the SWC and CC designs do not show a sensitivity gain in flat 
configuration, the SNR loss is rather small, and it should be considered, that these coils are 
designed to provide higher signal when they are bent and adapted to the shape of a sample. 

coil type SNR vs. SC [%] 

SC 543 - 

SWC 543 -3.8 

CC 511 -9.4 Tab. 4.6: Signal-to-noise ratio of the three measured RF coils in the ROI and the relative SNR loss when compared to the standard coil. 
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 Fig. 4.2: SNR maps calculated from GRE of a transversal slice of the SC, SWC, and CC. The images are cropped, and the red circle depicts the defined region of interest. 𝑩𝟏 distortion 

The 𝐵1 distortion maps illustrating residual coupling between the RF and body coil can be seen 
in Fig. 4.3. The active detuning circuitry of the CC showed better performance than the one of 
the SC and SWC. Nevertheless, the results indicate sufficient decoupling from all examined RF 
coils to the transmit coil as the mean 𝐵1 change over the whole phantom stayed within ± 19 
%. The minimal and maximal 𝐵1 change for each coil can be seen in Tab. 4.7.  

 Fig. 4.3: 𝐵1 distortion with vs. without coil in flat configuration of the SC, SWC, and CC. The scale covers a range from -20 to +20 % change when compared to the reference scan. 
coil type min. 𝑩𝟏 change [%] max. 𝑩𝟏 change [%] 

SC -12.4 13.5 

SWC -16.1 18.2 

CC -15.9 13.3 Tab. 4.7: Minimal and maximal values of the 𝐵1 change for every measured coil type in %. 
4.1.2.2 Bent configuration 

SNR 

The three coils were measured in bent configuration using the balloon phantom as described 
in Subsection 3.6.1.1. Their SNR maps are presented in Fig. 4.4 and the absolute and relative 
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values in the defined ROI are summarized in Tab. 4.8. The SNR profile along the central axis 
with increasing distance to the coil is plotted in Fig. 4.5. It indicates that the SC, which was not 
form fitted to the phantom, only has the highest SNR in a small region close to the coil. Above 
approximately 1.5 cm distance to the coil, the SWC showed higher SNR. The CC had a slightly 
lower SNR than the others, regardless of the distance to the coil.  

 Fig. 4.4: SNR maps calculated from GRE of a transversal slice of the SC, SWC, and CC in bent configuration. The images are cropped images, and the red circle represents the ROI. 

 Fig. 4.5: SNR profile of the SC, SWC, and CC along the central axis in dependence of the distance to the respective coil. 
coil type SNR vs. SC [%] 

SC 786 - 

SWC 836 +6.24 

CC 685 -12.93 Tab. 4.8: Absolute values of the SNR in the region of interest of the SWC, CC, and SC and relative comparison of the SWC and CC to the SC. 
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𝑩𝟏 distortion 

The 𝐵1 change can be seen in Fig. 4.6 and shows similar results to the flat measurements. The 
SWC had the highest decoupling from the body coil, nevertheless the SC and CC also 
demonstrated a sufficient active detuning network, remaining in a range of ± 16 % deviation 
from the reference scan. The minimum and maximum values of the 𝐵1-change are shown in 
Tab. 4.9. 

 

Fig. 4.6: 𝐵1 distortion with vs. without coil in bent configuration of the SC, SWC, and CC. The 
scale covers a range from +20 to -20 % change when compared to the reference scan. 

coil type min. 𝑩𝟏 change [%] max. 𝑩𝟏 change [%] 

SC -10.2 6.3 

SWC -8.2 5.1 

CC -16.0 4.2 Tab. 4.9: Minimal and maximal values of the 𝐵1 change of the three coil types. 
4.2   4-channel coil comparison 

4.2.1 Bench measurements 
The SWC and CC array were measured in flat configuration on top of the 5 liter tank phantom 
on the VNA as described in Subsection 3.5.8. The results of these bench measurements are 
listed in Tab. 4.10. The arrays showed similar 𝑄-factors and the matching level remained 
below -14 dB for all channels. 
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SW
C 

channel 𝑸-factor -𝑺𝟏𝟏 [dB] 
1 12.7 16.3 
2 16.2 19.0 
3 13.9 28.9 
4 15.7 15.5 

CC
 

channel 𝑸-factor -𝑺𝟏𝟏 [dB] 
1 16.2 14.3 
2 15.5 32.5 
3 19.9 22.5 
4 16.1 15.5 Tab. 4.10: Bench measurements of the SWC and CC array in flat configuration. The 𝑄-factor and the matching level (𝑆11-parameter) of each channel at 123.2 MHz are shown. 

Geometric decoupling 

The 𝑆21 measurements were performed as described in Subsection 3.5.6 for the SWC and CC 
array. The results are summarized in Tab. 4.11. The coupling parameters 𝑆𝐼𝐽 was below -9 dB 
between all channels for both the SWC and CC array. The coupling between channel 1 and 3 
is relatively high for both arrays which can be explained by the arrangement of the coils: coil 
1 and 3 are not overlapping in contrast to the others, which exploit geometric decoupling at 
the optimal overlap. The measurements revealed similar inter-element coupling for the two 
arrays. 

 Tab. 4.11: Coupling parameters 𝑆𝐼𝐽 [dB] between the coil elements of the SWC and CC array. 
Preamplifier decoupling 

The results of the measurement of the preamplifier decoupling, described in Subsection 3.5.6, 
are summarized in Tab. 4.12 for both coil arrays. It shows a slightly higher decoupling of the 
SWC array than the CC array. 𝑆21 differences below 9 dB were found for all channels of the 
two coil arrays. 



4.  Results 

56 
 

 Tab. 4.12: Absolute difference between the 𝑆21 signals when connected to powered preamplifier vs. 50 Ω termination of the SWC and CC array. 
4.2.2 MRI experiments 

4.2.2.1 Comparison of the preamplifiers 

The CC array was both measured with the smaller MwT and the HI-Q.A. preamplifiers. The 
SNR maps of a coronal slice of these two scans can be seen in Fig. 4.7. In the cylindric ROI, 
comparable SNR between the two amplifier types was measured. The SNR of the CC with the 
MwT preamplifiers was about 9 % higher. 

 Fig. 4.7: SNR maps calculated from GRE of a coronal slice of the CC array using the HI-Q.A. and MwT preamplifiers. 
4.2.2.2 SWC vs. CC 

SNR 

The results of the MR scans of the two arrays using a GRE sequence can be seen in Fig. 4.8 
showing an overview of the SNR maps of a coronal, sagittal and transversal slice. Additional 
slices of the three orientations can be seen in Fig. 4.9, Fig. 4.10, and Fig. 4.11. An 
approximately 13 % higher SNR was found for the CC array in the defined cylindrical ROI using 
the MR scans in coronal orientation. Especially for the SWC array, a slightly uneven SNR 
distribution is noticeable in the coronal slices. 
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 Fig. 4.8: SNR maps of the SWC and CC array calculated from coronal, sagittal, and transversal GRE scans. The central sagittal and transversal slices are shown, the coronal slice was measured in a depth of about 15 mm under the surface of the phantom. 

 Fig. 4.9: SNR maps of the SWC and CC array calculated from coronal GRE measurements. The slice closest to the coil (left) was measured in a depth of about 15 mm under the surface of the phantom. 

 Fig. 4.10: SNR maps of the SWC and CC array calculated from transversal GRE measurements. 
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 Fig. 4.11: SNR maps of the SWC and CC array calculated from sagittal GRE measurements. 𝑩𝟏 distortion 

The change of the 𝐵1 field inside the phantom due to the presence of the SWC and CC array is 
shown in Fig. 4.12. It shows a central sagittal slice and a coronal slice about 12 mm under the 
surface of the phantom. Only directly beneath the respective coil, a stronger 𝐵1 distortion is 
noticeable. This distortion declines significantly after about 1 cm into the phantom. The values 
of minimal and maximal 𝐵1 change can be seen in Tab. 4.13. In the coronal slice the change 
stays between ± 28 % for both coil arrays. 

 Fig. 4.12: Change of the 𝐵1 field with vs. without the 4-channel SWC and CC. Central sagittal slices (left) and coronal slices about 2 cm under the respective coil (right) are shown. 
coil/orientation min. 𝑩𝟏 change [%] max. 𝑩𝟏 change [%] 

SWC/coronal -11.0 26.7 

CC/coronal -8.1 27.7 

SWC/sagittal -10.6 25.3 

CC/sagittal -58.5 10.6 

Tab. 4.13: Minimal and maximal 𝐵1 distortion with vs. without coil of the SWC and CC array in coronal and sagittal orientation. 
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Noise correlation 

The noise correlation matrix, describing the inter-element coupling, was calculated from the 
noise-only scan. The results of the two coil arrays are visualized in Fig. 4.13. Highest correlation 
was found between the elements 2 and 4 for the SWC with 39 %, and elements 1 and 3 for 
the CC with 35 %. The mean noise correlation of the SWC is slightly higher with 20.9 % than 
for the CC with 19.1 %. 

 Fig. 4.13: Noise correlation matrix of SWC and CC. The matrix indices reach from channel 1 to channel 4 on both sides. The scale limits are 0 (lowest correlation) to 1 (highest correlation). 𝒈-factor 

The 𝑔-factor maps were calculated as described in Subsection 3.6.2.2 and can be seen in Fig. 
4.14 for the SWC and CC array with an acceleration factor 𝑅 = 2. A slice about 2 cm underneath 
the respective coil array can be seen. The direction of phase encoding and therefore, 
acceleration is from right to left. The 𝑔-factor remains low in the regions close to the 
respective coil. Higher 𝑔-factor values were found for the SWC, especially in two regions on 
the upper half of the phantom. 

 Fig. 4.14: 𝑔-factor maps of the SWC and CC array for an acceleration factor of 𝑅 = 2 with phase encoding direction from right to left. The slice is about 2 cm under the respective coil.  
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5 Discussion and conclusion 
Part of the methods and results of this work were presented during the international MR 
conference ISMRM 29th Annual Meeting & Exhibition 2021. The title of the abstract accepted 
for presentation is: 

R. Czerny, M. Obermann, E. Laistler: “Performance of flexible coaxial transmission line 
resonators vs. stranded wire coils at 3 T” 

5.1  Discussion 

For the comparison of the investigated coil designs, various aspects must be considered. The 
physical behavior of flexible stranded wire coils is identical to standard loop coils. Both are 
tuned by capacitors soldered onto the conductor loop. On the contrary, coaxial transmission 
line resonators are self-resonant and tuned by the coil geometry and cable characteristics. 

While both coil designs fulfill the requirement of mechanical flexibility, the CC showed higher 
robustness as no additional soldering joints for tuning capacitors are necessary. This is 
especially important for clinical use where frequent bending could lead to breakage of rigid 
parts on the coil such as the soldering joints. Nevertheless, standard interfacing technology 
can be used for SWCs. 

VNA measurements showed differences between the single element coils with respect to coil 
noise. Lower unloaded 𝑄-factors and thus 𝑄-ratios were found for the CC in comparison to 
the other coil designs, indicating higher coil losses. Nevertheless, all coils were clearly sample 
noise dominated. GRE scans of the flexible SWC and CC only had slight SNR losses compared 
to the rigid SC (-4 % and -9%) in a circular ROI on the flat phantom, while allowing for form-
fitting to the sample. 

The comparison between the SWC and CC 4-channel array on the bench revealed similar inter-
element coupling and preamplifier decoupling. MR measurements showed very similar SNR 
performance of both arrays. A slightly higher SNR was found in the cylindrical ROI for the CC 
array (+ 13 %). However, this might be partly caused by the use of different preamplifiers, 
which were found to slightly increase the SNR of the CC (+ 9 %). Considering these findings, it 
can be concluded that the two arrays have very similar SNR. The coronal SNR maps show an 
uneven distribution between coil channels, especially for the SWC array. Possible explanations 
might be a stronger coupling between certain channels. Slight tilting of the slices (away from 
parallel alignment with the plane of the array) on the scanner can also amplify this effect. In 
the central sagittal and transversal slices, the distribution of the SNR suggests that the array 
was not placed perfectly in the middle. Besides imperfections of the setup, another reason 
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might be the deviation from symmetric overlap due to the optimization of the geometric 
decoupling. Differences of the SNR between the two arrays are possibly a combination of coil 
resistance and conductivity variances, small geometrical deviances, differences in the 
interfacing circuitry and electrical components (e.g., preamplifiers) and noise correlation 
between coil channels. The noise correlation between coil channels was slightly lower for the 
CC array. 

5.2  Conclusion 

In this work, the successful development and implementation of a stranded wire receive coil 
array is shown. A performance comparison between this coil design and coaxial transmission 
line resonators is presented. The most important criteria were the mechanical flexibility and 
the achievable SNR performance. It was found that, while both are robust against bending in 
terms of frequency shifting, the solder joints along the conductor of the SWC represents a 
possible breaking point. Only a slightly lower SNR than for rigid standard coils was found for 
the flexible single channel coils on a flat phantom.  

The 4-channel SWC and CC arrays performed similarly in terms of SNR. Slight differences were 
measured due to coil specific losses, different electrical components, and variances in the 
noise correlation between channels, among other causes.  

To sum up, the choice between SWC and CC will be governed by practical considerations like 
the frequency and intensity of the bending of the coil, where the robustness of the CC 
outperforms the SWC due to potential breakage of solder joints.  

5.3  Outlook 

Further development of stranded wire coils could include the adaption of the rigid solder 
joints which is a drawback of this coil type. Soldering the capacitors onto small circuit boards, 
as described in this work, might not be the best choice regarding mechanical robustness. 
Finding a different approach to connect the capacitors onto the conductor without leaving a 
rigid area, could enhance the flexibility. 

As the two coil designs showed similar SNR performance, the development of the “Bracoil” 
was continued using coaxial coils. This 28-channel breast coil for 3 T MRI will consist of 
multiple 4-channel CC arrays, arranged to cover the whole breast area. Due to the hexagonal 
layout, several 4-channel arrays can easily be assembled together in a modular fashion, 
without having to compromise the optimal overlap for geometric decoupling. With the high 
flexibility of these arrays, the “one-coil-fits-all” criteria can be fulfilled, enabling minimal 
distance to the measured body region. This allows for higher sensitivity, as well as higher 
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patient comfort. MR measurements and bench tests of the Bracoil are currently conducted 
with further patient studies in planning.  
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