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Abstract
In this work, we present a study on the effects of the non-symmetric electrical design of radiofrequency
(RF) coils for magnetic resonance imaging (MRI) operating at ultra-high frequency (UHF). A typical loop
coil used in MRI consists of symmetrically distributed capacitors along the coil; this design is able to
produce uniform current distributions inside the coil. However, in UHF conditions, the magnetic �ux
density (|B1|) �eld produced by this setup may exhibit �eld distortion, requiring a method of controlling
the �eld distribution and improving the �eld intensity of the circular loop coil. The control mechanism
investigated in this study is based on the position of the tuning capacitor in the circular coil. We
performed comparisons against a reference coil that is based on a circular coil with four symmetrically
distributed tuning capacitors. We performed electromagnetic (EM) simulations and MRI at 7 T to
determine the effects of variations in the position of the capacitor and con�rmed that unbalanced current
distributions were created.

Introduction
The use of ultra-high-�eld magnetic resonance imaging (MRI) is desirable because of its capability of
producing images with a higher signal to-noise ratio (SNR) [1, 2]. In principle, this is possible because
more spins align in the presence of a stronger magnetic �eld, producing a stronger signal. When the main
magnetic �eld strength is increased, the frequency at which the spins resonate also increases, as
expressed by the Larmor frequency equation [3]. Therefore, the frequencies of operation of the
transmission and reception of radiofrequency (RF) devices are also increased. However, increasing the
frequency of operation signi�es that the wavelength is reduced, which, in combination with the frequency
dependency of the electrical properties of materials [4–6], reduces the effectiveness of the RF (|B1|)-�eld
inside the imaging target [7–11]. This results in �eld non-uniformity and the production of local hot spots
of absorbed energy, as measured by the speci�c absorption rate (SAR) [12–14].

Creating an RF coil with uniform and low SAR is a challenge that has constantly been a topic of research.
Several RF transmissions and receptors [15–17] have been proposed to address the occurrence of �eld
non-uniformity. The use of high frequencies allows the application of antennas such as microstrips [18,
19], dipoles [20, 21], and monopoles [22], because the sizes of these devices, as determined by the
wavelength, are acceptable and practical for use inside an MRI scanner within this frequency range.
Recently, the concept of a “loophole” coil [23], which is a coil based on creating an unbalanced current
distribution through modi�cations in the capacitor values along the coil, has been proposed. The
loophole concept is based on inducing a loop coil to act as a dipole and has been demonstrated to be
capable of producing higher �eld uniformity when used in a volumetric array con�guration, and high
resistance to loading effects, compared to reference and typical coils [24].

In this work, we present an empirical study on applying the concept of a loophole by creating a non-
symmetric distribution of current on circular coils. In our study, we focus on modifying the position of the
capacitor on a circular coil. The circular coil is equipped with a single tuning capacitor, the position of
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which is changed along the coils in a radial form from its center and is indicated by the angle from the
source. We performed electromagnetic (EM) simulations on coils with different capacitor positions and
analyzed cases based on empty space and using a phantom. We also analyzed the coupling between
pairs of coils with nonsymmetric capacitor positions by measuring the S21 parameters. Linear arrays
with coils at a given capacitor position were also modelled, with the human spine as the examination
target. We also developed loop coils, performed bench tests on the coupling, and obtained images of a
phantom with a 7T MRI system.

Results
We performed a study on the effects of the angular position of the capacitor along the circumference of a
loop coil. In the simulations and MRI experiments, it was expected that the non-uniform current
distribution caused by the non-symmetrical capacitor position in the coil would improve the RF excitation
(|B1

+|)-�eld, and that this concept can be used to optimize the |B1
+|-�eld for particular applications. These

studies included both simulations and MRI experiments. Because the amount of data to present was
large, we used extracted line pro�les, and rather than showing each |B1|-map, we plotted statistical
values. For simplicity, we labeled the coils based on the angular positions of the capacitors; for example,
the coil that had its capacitor at 45° was labeled as C45.

FDTD simulations of single element in empty space. A total of 24 simulations were performed with loop
coils placed in an empty space. Each coil was excited to 300 MHz using a Gaussian pulse with a
bandwidth of 600 MHz, and all simulations were normalized to an input power of 1 W. Figure 1 shows the
computed surface current densities (J) of the selected coils. The absolute vector surface current density
of the reference coil is shown in Fig. 1a. The maximum current density was produced by C15, as shown in
Fig. 1b; this current density was higher than that of the reference coil. The surface current exhibited two
bands of low intensity at 90° and 270°, which were caused by the change in the phase of the x
component of the phase of the current density. Figure 1c–d shows the current densities for C90 and
C180, respectively. C90 exhibited J with a higher intensity on the opposite side of the capacitor location.
Despite the asymmetry of the J distribution, this coil produced the most uniform |B1

+|-�eld in the XY
plane. On the other hand, a lower J distribution was computed for C180, which also had the lowest
average |B1

+|-�eld. This coil had a J intensity that was lower than that of the reference coil; however, C180
was also a coil with a symmetrical capacitor-wire distribution.

A comparison between lower and high frequencies has been included in Fig. 1e–f, showing the J
distributions for C45 when it was tuned to 300 MHz and 100 MHz, respectively. These simulations show
the frequency dependency: because higher frequencies correspond to shorter wavelengths, they result in
greater susceptibilities to changes in the position of the capacitor. At the same time, this is an opportunity
to optimize the coil with focus on the |B1

+|-�eld in a desired area.
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We computed the |B1
+|-�eld in empty space, which depicts slices at the center of the coil in the XY plane

(Fig. 2a-i) and in the ZY plane (Fig. 2a-ii). To better visualize the performance of each coil, we obtained
three-line pro�les of the computed |B1|-�eld. The �rst pro�le (white line in Fig. 2a-i) was set 50 mm from
the coil, and the results are shown in Fig. 2b-i. The second line pro�le (green line in Fig. 2a-i) was set at a
larger distance, i.e., 200 mm, and the results are shown in Fig. 2b-ii. The third line pro�le is taken in the ZY
plane (green line in Fig. 2a-ii) 50 mm from the coil, and the results are shown in Fig. 2b-iii. These line
pro�les show that the reference coil (blue solid line) had a less-than-average �eld strength compared with
the other coils. At short and large distances, the coils with capacitors positioned at 15° and 345° exhibited
higher �eld intensities, as depicted by the red solid, and dotted lines. The line pro�le graphs show an
interesting characteristic, where the �eld intensity varied in accordance with the position of the capacitor:
a higher intensity was produced when the position of the capacitor was closer to the source, whereas the
lowest value was produced when the capacitor was at 180°. If these values are to be modeled, they will
be approximated as a sum of cosine and sine:

    (2)

where θ is the position of the capacitor given in degrees, and the coe�cients a0, a1, a2, and w are
dependent on the size of the coil, distance, and orientation of the line pro�le.

Another important aspect of this graph is how the reference coil compared with other coils; the
performance of the reference coil was comparable to those of the coils with the capacitors positioned in
the range 105° to 135°. It should be noted that, at this point, these inferences have been based only on
empty-space simulations; in the presence of a dielectric material (loading case), the �eld pattern will be
affected by the composition of that object. Nevertheless, this empty-space analysis revealed that it is
possible to achieve a higher �eld intensity using coils of the same size and through simple modi�cations
in the position of the capacitor.

In Fig. 2c, we describe the statistical results for the |B1|-�eld in empty space. We summarize the mean

|B1
+|-�eld for each line pro�le. These �gures show better correlations between the �eld intensity and the

angular position of the capacitor. At short distances (Fig. 2c–i and Fig. 2c-iii), the reference coil
performed better than eight other coil con�gurations only in terms of �eld strength. At large distances
(Fig. 2c-ii), the reference coil performed better than only �ve of the coil con�gurations. We computed the
coe�cient of variance (CV), which is the standard deviation divided by the mean value, for each case, to
determine the uniformity of the �eld. A lower CV value indicated that the samples were more uniform. For
visualization purposes, we scaled the CV based on the maximum value for each distance such that the
values could be �xed in the same plot as shown in Fig. 2d-i. This analysis is also interesting because it
shows that depending on the application or desired �eld distribution, one can choose a coil con�guration
that would yield a more uniform �eld, either at short distances or at long distances. For example, C90
exhibited better �eld uniformity in the XY plane both at short and long distances from the coil. We also
measured the focus of the �eld produced by each coil, and the difference in distance between the
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maximum |B1
+|-�eld value and the center of the coil, as shown in Fig. 2d-ii. Positive values indicated that

the maximum value of the �eld was oriented to the right, negative values indicated that the �eld was
focused to the left, and a value close to 0 indicated a well-focused �eld. At short distances in the XY
plane, the �elds produced by coils C15 and C165 were more focused toward the center. At larger
distances, the �eld produced by the coil with its capacitor at 90° was more focused toward the center
compared to the �elds produced by the other coils.

FDTD phantom simulations. We performed EM simulations on the same coil con�gurations but in the
presence of the phantom. All simulations were performed using an excitation Gaussian pulse with a
center frequency of 300 MHz and a BW of 600 MHz. Each coil was re-tuned and matched to 50 Ω. The
distance between the coils and phantom was 10 mm. Individual EM simulations were performed on each
coil to acquire the |B1

+|-�eld. Figure 3 shows the |B1
+|-�eld for the selected coil con�gurations. Data

analysis was performed using MATLAB (The MathWorks, Inc., Natick, MA, USA), and for data processing,
the �eld maps were resampled to have the same matrix sizes, i.e., to 256 × 256 × 90.

We compared the |B1
+|-�eld in the XY plane at the center of the coil between the reference coil (Fig. 3a–i

left) and C315 (Fig. 3a–i right). We used the marked green line to create a �eld line pro�le, such that it
would be easier to compare the coils with each other, as shown in Fig. 3b-i. The reference coil is indicated
by the blue line. This graph shows an interesting pattern: the coils with their capacitors positioned
between 15° to 150° exhibited higher �eld intensities focused on the left part of the �eld (negative x), with
the highest intensity achieved by the coil with its capacitor at 75°. The coils with capacitors at 15° and
150° exhibited �eld intensities in this region similar to that of the reference coil. The coils that performed
better in the right part of the �eld (positive x) were those with capacitors between 210° and 345°, with the
highest �eld intensity in this region produced by the coil with its capacitor at 285°. The coil con�guration
that produced the best mean value for this line pro�le was C315. This indicated that it is possible to
control the �eld focus through simple changes in the capacitor position. The |B1

+|-�elds in the ZY plane
for the reference coil (left) and C315 (right) are shown in Fig. 3a-ii, respectively. The line pro�le in Fig. 3b-ii
shows that C285 and C270 exhibited the highest �eld intensities, whereas the reference coil exhibited a
�eld intensity that was slightly better than the average.

A statistical analysis of the simulations involving the phantom is shown in Fig. 3c and 3d. The mean and
standard deviation computed for the whole phantom (volume) for each coil con�guration are shown in
Fig. 3c-i and 3c-ii, respectively. This analysis revealed that coil C315 exhibited the highest �eld intensity,
and that a total of 10 coil con�gurations resulted in better �eld intensities than that of the reference, with
the lowest value achieved using C150. On the other hand, coil C240 resulted in the lowest standard
deviation; moreover, eight coils resulted in better standard deviations than that of the reference coil. We
segmented and created ROIs at each rectangle of the phantom to visualize the �eld patterns for each coil
con�guration. Figure 3d shows a representation of the mean value at each ROI for each coil
con�guration. The ROI number is shown on the y-axis, whereas the coil type is shown on the x-axis. We
normalized each ROI (row) based on the maximum mean value among the coils to make it easy to
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visualize which coil had the best performance at each ROI. We used a heat-color map to visualize these
values, with a value of 100 representing the maximum �eld intensity on that row. This type of analysis
could be used for designing loop coils with speci�c target zones or patterns. For example, the coil
con�gurations from C15 to C150 exhibited higher �eld intensities toward the left, whereas the �elds of
C210 to C330 were more focused toward the right; this result also demonstrated that higher �eld
penetration can be achieved using coil con�gurations C270 to C315. Of particular interest is ROI number
8, which was assigned electrical properties simulating those of CSF; the mean values at this ROI for all
tested coil con�gurations are shown in Fig. 3c-iii. In this ROI, the coil with its capacitor positioned at 285°
exhibited the highest mean value, which was 17% higher than that of the reference coil. This coil
con�guration was also demonstrated to be capable of producing the highest �eld intensity over a long
distance from the coil, with most of the maximum values in the ROIs from 15 to 20, corresponding to the
last row of the phantom.

When a transmission coil is analyzed, it is often desirable to show the SAR, and the performance of the
magnetic �eld in relation to the SAR. In Fig. 4a, we show the 10 g-averaged SARs computed for the
reference coil (left) and coil C180 (right), respectively. Figure 4b-i shows the maximum SAR for each of
the coil con�gurations. The lowest SAR was exhibited by C180, whereas the highest was exhibited by
C60. Normalization of the |B1

+|-�eld was performed via division by the square root of the maximum SAR.

Figure 4a-ii show the normalized |B1
+|-�elds for the reference and coil C345, respectively, whereas the

mean value of the normalized |B1
+|-�eld is shown in Fig. 4b-ii. The results show that coil C345 exhibited

the best performance, especially when compared with that of the reference coil.

FDTD simulations of array coil with phantom and Duke model. We also performed EM simulations on
combinations of two coils to analyze the performance in terms of coupling [25, 26], as shown in Fig. 4c.
For this analysis, we intentionally positioned the coils such that the distance between the coil centers was
65 mm. The objective was to determine if, at this distance, it is possible to obtain a better decoupling
than that of the reference coil. We performed simulations with the following combinations: �rst, we
performed simulations on pairs of coils with the same capacitor positions, and then performed
simulations with pairs of coils with capacitors in opposite positions, e.g., 90° and 270°. Figure 4c-i shows
the S21 parameters between coils with the same capacitor positions. As shown in the �gure, the coils
with capacitors positioned between 135° and 225° exhibited better decoupling than that of the reference
coil. Speci�cally, coil C180 exhibited an S21 of − 22.26 dB, whereas the reference coil exhibited an S21 of
− 17 dB. On the other hand, for the coils with capacitors in opposite positions, including the pairings with
coils C90 and C180, the S21 parameters are shown in Fig. 4c-ii. For this type of con�guration, coils C195
and C165 resulted in better decoupling than those of the other combinations; however, the values were
still lower than that of the coil pair with C180.

We also performed EM simulations with a male human model (Duke), which consisted of more than 100
tissues, and positioned pairs of coils along the spinal cord. All simulations were performed using a
Gaussian pulse with a central frequency of 300 MHz and a BW of 600 MHz, with a normalized input
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power of 1 W. We performed a total of 24 simulations; each simulation was conducted on a coil array
consisting of 12 elements. Each simulation involved one of the 23 coil con�gurations with capacitor
positions ranging from 15° to 345° in 15° intervals, or the reference coil. For each simulation, the array
was composed of coils of the same con�guration, e.g., one simulation involved an array consisting only
of coils in the C15 con�guration, whereas another simulation involved an array consisting only of coils in
the C90 con�guration. The distance between the centers of the coils in the X direction was 65 mm.
Figure 5a shows the |B1

+|-�eld normalized by the square root of the maximum SAR. For the |B1
+|-�eld in

the XY plane, that of the reference coil array (Fig. 5a-i) is shown in the top row, whereas that of the C75
coil array (Fig. 5a-ii) is shown at the bottom; Fig. 5a show the XY planes at the centers of each pair of
coils, as illustrated by the green lines. Coil C75 exhibited a higher �eld intensity than that of the reference
coil array, both in the XY and ZY planes. In Fig. 5b, we summarize the statistical analysis for the entire
volume and resized the matrix sizes of the simulations such that they are depicted with the same
dimensions. Figure 5b-i shows the |B1

+|-�eld mean value for each of the coil arrays. The C75 coil array
exhibited a higher �eld intensity than those of the other coil arrays, whereas the reference coil array
exhibited the lowest �eld intensity. Furthermore, C180 exhibited the lowest mean value among the coils
equipped with a single capacitor; incidentally, C180 was also a symmetrical type of coil. With regard to
the uniformity, we computed the CV for each coil array and plotted the corresponding values in Fig. 5b-ii,
which shows that C285 was the coil array that produced the most uniform �eld, which was approximately
60% better than that produced by the reference coil array. We also computed the maximum SAR10g for the
whole body, as shown in Fig. 5b-iii, which shows that C60 and C300 had the highest SAR10g values, and
that C180 had the lowest maximum SAR10g. The results show that, in terms of the SAR, at least six of the
coil arrays performed better than the reference coil array.

As an example of how this study can be applied to coil array design, we present a simple coil selection
with the objective of improving the |B1

+|-�eld distribution on the spinal cord. The goal of this selection
was to obtain a similar �eld intensity along the entirety of the spinal cord. The reason for this objective is
that when a planar linear coil array is used, the �eld intensity is higher at the regions of the body that are
closer to the coil, usually at approximately T6 and T11, whereas C1 to C4 would be subjected to lower
�eld intensities because of the larger distance to the coils. The |B1|-�eld along the spinal cord could be
optimized to be of a similar amplitude through selection of coil con�gurations that would yield a similar
�eld intensity at every region of the spinal cord. To demonstrate this example, we performed a statistical
analysis for each XY plane marked. We divided each region and computed the mean |B1|-�eld for each of
the coil arrays, the results of which are shown in Fig. 5c-i. In this �gure, the y-axis identi�es the six regions
corresponding to the position of the pair of coils, whereas the x-axis identi�es the type of coil. For region
1, which corresponds to C1 to C4, the coil that exhibited the highest mean �eld value was C75, with an
average of 0.033 µT. If we use this value as a reference, we can determine other coils that would have
similar mean �eld values in the other regions. For regions 2 to 6, we can select the pairs of coils with C60,
C240, C150, the reference coil, and C75, respectively. Each of these coils would have an approximate �eld
value of 0.033 µT. We performed EM simulations using this selection of coil pairs to create an array. The
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resulting |B1
+|-�eld is shown in Fig. 5c-ii and 5c-iii, including a comparison with the reference coil array. In

this �eld map, we highlighted the value of the �eld equal to 0.02 uT, which was constant along the spinal
cord for the case of the array of selected coils in comparison with the reference coil array. The �eld
standard deviations computed for only the spinal cord for the reference and optimized coil arrays were
0.024 and 0.010 µT, respectively. This simple example demonstrated that it was possible to enhance the
�eld pattern through the selection of coils with different capacitor positions.

Different capacitor placement in loop coils. We developed circular coils based on the dimensions of the
simulations. We made one pair of coils for each capacitor position from 15° to 345° in 15° intervals, plus
a pair of reference coils that had four capacitors evenly distributed. We tuned and matched the coils as
shown in Fig. 6a-i. To simplify tuning and matching, we used variable capacitors. The coils were tuned to
297.3 MHz. The coils were placed on top of the phantom at the loading conditions. After tuning and
matching, we tested the coupling between each pair of coils with the same capacitor positions. The S21
parameters are shown in Fig. 6a-i. We performed the test on three separation distances: 55, 60, and 65
mm between the centers of the coils, as shown in the top, middle, and bottom panels, respectively.
Through this test, we intended to demonstrate that a number of the coils will exhibit better decoupling for
different overlapping distances. The left column of Fig. 6a-i shows the S21 parameters for the reference
coil, whereas the right column of Fig. 6a-i shows those for C45. Figure 6a-ii shows a summary of the S21
parameters for all the coils. According to the �gure, for a distance of 55 mm, which corresponded to a
high overlapping distance, the coils with the capacitor at 315° exhibited to a low coupling of
approximately − 30 dB, in comparison to the reference coil, which demonstrated a coupling of − 7 dB
coupling. Most of the coils exhibited a lower coupling than that of the reference coils. When the distance
between the coils was 60 mm (middle row in the �gure), coils C45 and C255 exhibited a coupling of − 20
dB, whereas when the distance was 65 mm (lower row), coil C30 demonstrated a coupling of − 17 dB. In
addition, we observed a number of special cases, where coils C105 and C285 exhibited couplings of − 21
and − 27 dB, respectively, when the distance between the coupled coils was 50 mm. Meanwhile, C300
demonstrated a coupling of − 24.9 dB when the coil separation distance was 45 mm, whereas C90
exhibited a coupling of − 20.6 dB when the coil separation distance was 40 mm.

Experiment implementation. We tested the performance of the coils by acquiring MR images in the
presence of a phantom. The images were obtained using each coil equipped with a capacitor at each of
the listed angular positions and with the reference coil. The images were captured using a 7T MRI
scanner, with a gradient echo (GRE) pulse sequence, a repetition time of 300 ms, echo time of 4 ms, slice
thickness of 3 mm, acquisition matrix of 256 × 256, and �ip angle of 30°. We repeated the experiment
with each coil using the phantom, as described in the Method section. The images acquired using the
selected coils are shown in Fig. 6b, showing the axial and sagittal views, respectively. We performed a
comparison between the reference coil (Fig. 6b-ii), C45 (Fig. 6b-iii), and C240° (Fig. 6b-iv). The images are
visualized with the same intensity window. For the reference coil, the images for ROIs 2 and 4 have lower
intensities than those for C45. Meanwhile, the bottom row of the image, depicting the observations for
C240, shows a higher intensity compared with those of the other two coils. We examined the image
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intensity in each ROI of the phantom and visualized the summarized values in Fig. 6c-i, where the x-axis
denotes the coil type, starting with the reference, and the-y axis denotes the ROI region. We used a
heatmap representing the mean values; for easy visualization, we normalized the values to the maximum
for each ROI, such that a row or ROI will show which coil had the best performance. According to the
�gure, the coil with its capacitor at 45° exhibited higher mean values than those of the other coils,
whereas coil C240 also exhibited high intensity in its ROIs, according to the lower row of the �gure. The
statistical analysis for the sagittal view is shown in Fig. 6c-ii, which visualizes four regions and shows
that C240 exhibited the highest mean value.

Discussion
This study demonstrated that the effect of the capacitor position along a loop coil can be considered for
optimizing the designs of either transmission or reception coils for ultra-high frequencies. In this study,
we performed simulations and experiments only for an operation frequency of 300 MHz, which could be
applied for higher frequencies that are used in MRI systems with a stronger main magnetic �eld (B0).
Similarities between the mean values were observed in the simulations involving an empty space,
phantom, and spine array. These plots show that, in the case of coil C180, the minimum �eld intensity
was near that of symmetry, and because the capacitor was closer to the source, the �eld intensity was
higher. Although this pattern changes depending on the loading condition, the graphs show a general
concept of what can be expected. Similarly, the SAR values indicate that C180 can produce a lower SAR.
There is also a relationship between the observations obtained from the simulation of couplings between
two coils and the bench test on the developed coils, which reveal two local minima and one global
minimum. Furthermore, the coils with the capacitors closer to the source demonstrated half of the dBs of
the coils around C180, with the coils around C90 and C270 exhibiting the lowest dBs. This pattern also
depends upon the fabrication of the coils, such as the vertical distance between the coils and matching
board circuits. Nevertheless, this study suggests that higher overlapping distances can be achieved
through simple changes in the capacitor position in the loop coil. This concept can also be applied to
rectangular coils; however, in that case, the loophole concept may be more practical.

Conclusions
We present a study on the effects of changing the capacitor position in a loop coil, such that the �ndings
can be applied to high-frequency applications in a 7T MRI scanner. We performed EM simulations and
veri�ed the simulation results using MR images. We also fabricated the coils and bench-tested the
couplings of different pairings of coils. This study can be bene�cial for applications where the |B1

+| �eld

is optimized, the receiving coil arrays are characterized by different �eld patterns, the |B1
+| �eld is focused

into a speci�c imaging region, or the SAR input into the patient is supposed to be reduced. This research
can also be extended to higher frequencies and to the development of volumetric coil arrays. The concept
of changing the capacitor position to alter the current distribution, as demonstrated in this study, also
implies that breaking the symmetry of the resonators could enable the realization of target �eld patterns.
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Methods
Based on the concept of the “loophole,” we modi�ed the symmetry of the current distribution using a
circular coil with only one tuning capacitor, the position of which was changed along the circumference
of the coil. We con�gured multiple coils and varied the position of the tuning capacitor of the loop coil in
intervals of 15°, starting from 15° from the source point, up to 345°. The reference coil was based on a
loop coil equipped with tuning capacitors that are equally distributed around the coil, as shown in Fig. 7a.
The reference coil had three tuning capacitors Csn, where n = 1, 2, and 3, located 90°, 180°, and 270°,
respectively, from the source. The coil had four segments of conductor line, which can be represented as
series resistance Rsn and inductance Lsn. Capacitors and inductors are known for their ability to advance
or delay the current in an RLC network. The total current can also be described as the sum of the incident
I+ and re�ected current I− [27]. If we apply segmented analysis at the capacitor position z, the current can
be expressed as

      (1)

where V+ and V− are the incident and re�ected voltages, respectively; Z0 is the characteristic impedance of

the conductor line; and γ is the propagation constant of the conductor line segment. With V+ and V−, we
can compute the re�ection coe�cient Γn. For a symmetric distribution, if Rsn, Lsn, and Csn are assumed to

have the same values, the re�ection coe�cient view from the other side Γn
* will be the same, i.e., Γn = Γn

*,
thereby maintaining a uniform current distribution, as is known. Now, when we modify the symmetry of
the coil, as depicted in Fig. 7a–ii to 7a-iv, where the capacitor is positioned at different distances from the
source, the conductor segments before the capacitor {Rs1 and Ls1} will no longer be the same as {Rs2 and

Ls2}, which results in a re�ection coe�cient relationship of Γn ≠ Γn
*. This difference between the incident

and re�ected currents will modify the current distribution in the coil. In this study, we want to show that
modi�cations in the current distribution could provide stronger and uniform |B1|-�elds, and that the loop
coil could be optimized to have speci�c �eld properties depending on the application and region of
interest [28–30]. To verify this assumption, we performed numerical simulations [31–34].

FDTD Simulation setup. We performed simulations using a commercial �nite-difference time-domain
(FDTD) software (Sim4life, Zurich). We modeled a circular loop coil that included a source. For the
reference coil, we included three tuning capacitors, whereas for each coil con�guration that was studied,
we included only one tuning capacitor. We performed simulations in empty space and with a loading
phantom. For the empty-space simulation, the coils were 100 mm in diameter, whereas for the phantom
and human-model analysis, the coils were 80 mm in diameter. The size difference of the coils was set to
demonstrate that the concept can be applied to coils of different dimensions. The conductor line had a
width of 5 mm and thickness of 0 mm, representing a perfect electric conductor (PEC). The gap between
the source and capacitors was set to 3 mm. As mentioned previously, the position of the tuning capacitor
along the circumference of the coil was varied from 15° to 345° in intervals of 15°. We used an automatic
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method to create this model with the aid of a Python script and the Sim4life built-in functions to modify
the design parameters. In addition, we devised a reference coil, which consisted of circular coils with a
diameter of 80 mm, wire width of 5 mm, and three evenly spaced tuning capacitors, the positions of
which were set to 90°, 180°, and 270°. Figure 7a shows the concept of the coils, a few examples of coils
with capacitors at different positions, and the reference coil. Each coil was tuned and matched to 300
MHz and 50 Ω.

FDTD simulations in empty space. To demonstrate the performance of the concept, we �rst performed
simulations on an empty space (without a phantom). We computed and acquired the current distribution
of each coil and compared it with that of the reference and veri�ed the |B1

+|-�elds. The coils were excited
using a Gaussian pulse with a center frequency of 300 MHz and bandwidth (BW) of 600 MHz. The
capacitance of the tuning capacitors for the reference coil was 3.1 pF, whereas that for the asymmetric
coils was 0.55 pF. It should be noted that, at least for the simulations, the same value of capacitance was
used regardless of the position of the capacitor along the coil; however, this behavior changes when there
is a loading material.

Phantom and human spine simulations. We also performed simulations using a phantom. As shown in
Fig. 7b-i, the phantom had the shape of a cube with 20 cubic subdivisions. This phantom was selected to
enable the inclusion of different tissue materials. Furthermore, we set the middle cube to act as cerebral
spinal �uid (CSF), shown in blue, and the rest of the cubes as muscle tissue, shown in yellow. The use of
the subdivision is also useful for automatic segmentation and region of interest (ROI) assignment. The
ROIs were labeled with corresponding numbers, which will be used later for analysis. The separation
material between the ROIs was set to be plexiglass. The electrical properties of the CSF (blue box) were
set to a conductivity of 2.22 S/m and permittivity of 72.734; the muscle tissue was set to have a
conductivity and permittivity of 0.77 S/m and 58.2, respectively [33]. The plexiglass was set to have a
conductivity and permittivity of 0.0025 S/m and 2.6, respectively. These values were obtained from a
database provided by the software. The phantom had a size of 170 × 170 × 170 mm3, whereas each cube
had a size of 30 × 40 × 170 mm3. With this phantom, we performed simulations on each single coil and
analyzed the coupling performance of the coil con�gurations, which were combined in pairs, as shown in
Fig. 7b-ii.

We also performed simulations using a human model, known as the Duke model, provided by simulation
software [36]. This model contains over 100 tissues and organs with electrical properties that correspond
to the frequency of the operation. We used this model to test the coils in the examination of the spinal
region by making linear arrays of coils with different capacitor positions. The simulations involved six
pairs of coils: the �rst pair of coils was located between vertebrae C1 and C3, the second between C4 and
C7, the third at T1 and T5, the fourth at T6 and T8, the �fth between T9 and T11, and the sixth at T12, L1,
and L2, as shown in Fig. 7b-iii and 7b-iv. Each pair involved all 23 combinations of capacitor positions.

7T MRI experiments and phantom development. The RF coils were developed using a �exible copper
material, with special cuts at the capacitor positions. We developed a total of 48 coils, which are shown in
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Fig. 7c-i. We used these coils to acquire MRI images and to study the coupling behavior of nearby coils.
The MRI experiments were performed using a 7T MRI scanner (Magnetom, Siemens AG, Berlin, Germany)
at 300 MHz. We created a phantom based on a simulation model following the tissue selection. We used
data from a past study [37] to select the corresponding electrical properties of the phantom. The electrical
properties were implemented using a mixture of water, agar, sucrose, and NaCl. Figure 7c-ii shows the
phantom and the placement of the coils for analysis.
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Figure 1

Current densities of (a) reference coil, and of coils with capacitor positioned at (b) 15°, (c) 90°, and (d)
180°; and at 45° when excited at (e) 300 MHz and (f) 100 MHz.
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Figure 2

Computed |B1
+| �eld in empty space in (a-i) XY plane and (a-ii) YZ plane. (b-i) Plots of L1–L2 pro�le lines,

(b-ii) L3–L4 pro�le lines, and (b-iii) L5–L6 pro�le lines, for all coil con�gurations. Statistical analysis of
|B1|-�eld in empty space, showing mean values for line pro�les (c-i) in XY plane, at 50 mm, (c-ii) in XY
plane, at 200 mm, and (c-iii) in ZY plane, at 50 mm. (d-i) CVs for all tested coil con�gurations and line
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pro�les; values have been scaled based on the maximum for easier comparison. (d-ii) Focus of the �eld,
computed based on displacement of maximum value from the center, for all line pro�les. 

Figure 3

Computed |B1
+| �eld inside phantom in XY plane for (a-i) the reference coil and the coil with capacitor at

315°. The �eld in view in the YZ plane (a-ii) for the reference coil, and coil with capacitor at 315. (b-i) L1–
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L2 line pro�le and (b-ii) L3–L4 line pro�le. (c-i) Mean values of |B1
+| �eld in the XY plane, (c-ii) CVs in the

XY plane, (c-iii) mean values of |B1
+| �eld in ROI 8 for all tested coil con�gurations. (d-i) mean values in all

ROIs of phantom for all tested coil con�gurations.

Figure 4

Computed SARs in XY plane for (a-i) reference coil, and coil with capacitor at position 180°. Normalized
|B1

+|-�eld based on maximum SAR (a-ii) for the reference coil and coil with capacitor at position 345°. (b-
i) Maximum SARs in phantom for all tested coil con�gurations, and (b-ii) mean values of normalized
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|B1
+|/SARmax �eld for all tested coil con�gurations. Coupling analysis of S21 parameters for (c-i) coils

with identical con�gurations, and (c-ii) coils with different con�gurations.

Figure 5

Computed |B1
+| �eld in XY plane for arrays of (a-i) reference coils, with details shown in top panel, and (a-

ii) coil with capacitor at position 75°, with details shown in bottom panel. Statistics of computed |B1
+|
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�eld: (b-i) mean, (b-ii) CV, and (b-iii) maximum SAR10g values for all tested coil con�gurations. (c-i) Mean

values of |B1
+| �eld for all slices at coil center for all tested coil con�gurations. |B1

+| �eld in ZY plane for
(c-ii) reference coil array, and (c-iii) optimized coil array, showing highlighted magnetic �eld.

Figure 6
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(a-i) S21 parameters from network analyzer for reference coil (left) and C45 (right), and (a-ii) S21
parameters for all tested coil con�gurations at 297.3 MHz, for coil separation distances of 65, 60, and 55
mm, shown in top, middle, and bottom panels, respectively. Acquired GRE MRI images in axial (b-i) and
sagittal views, for (b-ii) reference coil, and coils with capacitors at (b-iii) 45° and (b-iv) 240°. Mean values
for all ROIs and for all tested coil con�gurations in (c-i) axial and (c-ii) sagittal views.

Figure 7

Visualization of concept of non-symmetric distributed RF coils, with (a-i) reference, and coils with
capacitor positions at (a-ii) 15°, (a-iii) 45°, and (a-iv) 270°. Models for EM simulations involving (b-i)
phantom, indicating position of each ROI, (b-ii) setup used for coupling analysis between two coils of the
same type. Array consisting of 6 pairs of coils for human model, with spinal cord as the target, in (b-iii)
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XZ plane and (b-iv) YZ plane. RF coils created for this study, showing (c-i) single coil with capacitor
placed at 210° with corresponding matching circuit, and 24 coils, including reference coil, for coil
combinations with capacitor positioned between 15° and 345°, in 15° intervals. (c-ii) ROI phantom with 20
ROIs, and location of coil on top for MRI imaging. 


