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Abstract— This paper presents an investigation of methods
for improving homogeneity inside various dielectric phantoms
situated in a 10.5-T human-sized magnetic resonance imaging.
The transmit B1 (B+

1 ) field is excited with a quadrature-fed
circular patch probe and a 12-element capacitively loaded
microstrip array. Both simulations and measurements show
improved homogeneity in a cylindrical water phantom, an inho-
mogeneous phantom (pineapple), and a NIST standard phantom.
The simulations are performed using a full-wave finite-difference
time-domain solver (Sim4Life) in order to find the B+

1 field
distribution and compared to the gradient-recalled echo image
and efficiency result. For additional field uniformity, the wall
electromagnetic boundary conditions are modified with a passive
quadrifilar helix. Finally, these methods are applied in simulation
to head imaging of an anatomically correct human body model
(Duke, IT’IS Virtual Population) showing improved homogeneity
and specific absorption rate for various excitations.

Index Terms— Finite-difference time domain (FDTD),
magnetic resonance imaging (MRI), patch antenna, waveguide.

I. INTRODUCTION

MAGNETIC resonance imaging (MRI) at ultra-high mag-
netic field (B0 > 7 T) can increase signal-to-noise ratio

(SNR) [1], improve spatial resolution [2], [3], provide better
parallel imaging performance [4], and improve contrast [4].
Since the magnetic field strength is directly proportional to the
spin precession frequency (γ = 42.58 MHz/T for hydrogen
proton imaging), at B0 = 10.5 T, the resulting wavelength
in water is about 7.5 cm, which is significantly smaller than
the field of view. A standard water phantom used in MRI
research is a cylinder with a 16-cm diameter that can support
standing waves, resulting in peaks and nulls in the applied
RF right-handed circular polarized magnetic flux density (B+

1 ),
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Fig. 1. (a) Simulation setup (Sim4Life) showing cylindrical phantom
surrounded by interdigitated capacitor probe array with patch probe excitation.
(b) Fabricated interdigitated capacitor probe array.

which corresponds to the transmit B1 field in MRI. Addition-
ally, the wide bore desired for human imaging has a spatially
complex electromagnetic (EM) field distribution, in contrast
to lower field quasi-static coil excitations.

The high Larmor frequency requires different excitations
compared to those at lower magnetic fields (B0 < 3T).
Current 7-T transmit schemes include dipoles [5], combination
of loops and dipoles with magnetic wall filters [6], microstrip
radiators [7]–[9], standard patch antennas [10]–[13], and
coaxial waveguide [14]. The shorter wavelength at 10.5 T
results in a smaller excitation probe that can impedance
matched to 50 ohms when placed in the loaded bore, such
as those shown in Fig. 1. For improved spatial coverage in
ultra-high field systems, microstrip arrays (see [8]) replace
the quasi-static bird cage excitation of lower field systems.
With array excitations, high isolation is challenging to obtain
due to the close proximity of the elements. The decrease in
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wavelength at 10.5 T assists in this effort with a 3-dB lower
coupling coefficient at similar physical spacing compared to
7 T [15].

In this paper, we address the problem of inhomogeneous B+
1

in the imaging volume due to complex field profiles associated
with the electrically large size of the bore and imaging volume.
Excitation geometries and passive EM structures that can
modify the field profiles and improve field uniformity are
investigated in simulations and measurement. Due to the com-
plex nature of the fields inside of the imaging volume, these are
not a complete solution, but instead present a study on possible
ways to improve homogeneity inside of a uniform phan-
tom, the worst case scenario. Excitation probes are designed
using full-wave EM analysis and experimentally validated and
quantified in a human-size 90-cm-diameter 10.5-T Siemens
scanner at the University of Minnesota Center for Magnetic
Resonance Research (CMRR) using a homogeneous water
phantom (�r = 81, σd = 0.4). We show that nonuniform
imaging volumes, such as a NIST phantom and a pineapple,
inherently have improved B+

1 field uniformity. After the probe
and passive field modifier designs are validated, simulations
are performed with an anatomically accurate human model
from the ITIS virtual population. A distribution comparison is
presented in terms of B+

1 and specific absorption rate (SAR)
in the imaging volume.

This paper outline is as follows. Section II shows the
system configuration, probe design and excitation scheme,
and different phantom wall boundary field modifier structures.
Sections III and IV quantify the water phantom simulations
and experiments. The water phantom is the worst case scenario
in terms of homogenizing the B+

1 field due to resonances inside
of the phantom. Section VI explores the use of two inhomoge-
neous imaging volumes, NIST phantom (similar to [16]) and
pineapple, to highlight the differences with a homogeneous
water phantom. Section VII uses an anatomically correct
human body model from the Virtual Population developed
by ITIS (Zürich, Switzerland) to show how the demonstrated
probes and additional conductive structures that modify the
EM fields can be used to develop a head excitation scheme.

II. SYSTEM CONFIGURATION

The overall system configuration is described in Fig. 2(a).
MR experiments were collected at the CMRR, on a prototype
90-cm-diameter whole-body MR scanner (Siemens, Erlangen,
Germany) operating at 10.5 T, equipped with an insert body
gradient coil of 67 cm inner diameter as shown in Fig. 2(a).
The gradient coil is 125 cm long with a spherical encoding
region of about 40 cm in diameter, cocentered with the magnet
isocenter. The complete length of the bore is 443 cm. The
metal bore is a circular waveguide where the unloaded cutoff
frequency of the fundamental TE11 mode is given by [17]

f = 0.293

a
√

με
= 262.4 MHz (1)

where a is the radius under the gradient coil equal to 67 cm.
Without loading, the gradient coil supports three propagating
modes. When loaded with a high dielectric constant volume,

Fig. 2. (a) Dimensions of the 10.5-T Siemens scanner with cylindrical
phantom shown from the side. (b) Coaxially quadrature-fed circular patch
probe. (c) Interdigitated capacitor probe designed for 447 MHz.

the number of propagating modes increases, complicating the
homogenization of the imaging volume.

The necessary RF spin excitation frequency is given as

f = γ B0 (2)

where γ is the gyromagnetic ratio of the H1 nucleus,
42.58 MHz/T, and B0 is the dc magnetic field of 10.5 T.
The increase in excitation frequency to 447 MHz, compared
to clinical scanners at 1.5 T (68 MHz) and 3 T (127 MHz),
reduces the wavelength inside of the imaging volume. The
imaging volume becomes electrically large and standing waves
develop in contrast to the traditional quasi-static approximation
used to design RF coils. The dielectric phantom used in
experiments is the Siemens 55 12 608 K2205 with 16 cm
diameter and 37.5 cm length. The phantom is filled with DI
water of εr = 81 and σd = 0.4 S/m.

The RF portion of the MR system includes up to 32 receive
channels as well as 16 independent transmit RF channels
allowing for different transmit RF phases for each of the
individual RF elements. A specific set of relative transmit RF
phases is referred to as B1 shimming. Each RF channel is
powered by a 1-kW RF amplifier. Any RF coil element could
be utilized during both RF transmission and signal reception
using a multichannel T/R switch board built at CMRR.

Two imaging protocols were used for images reported here:
|B+

1 | mapping and conventional gradient echo images (GREs).
|B+

1 | maps were obtained with the 3-D actual flip angle (AFI)
technique [18]. It should be noted that wherever receive or
transmit local B1 fields are very weak, |B+

1 | may not be
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measurable because of either limited SNR or too small flip
angle. Thus, it is typical to obtain patchy measured |B+

1 | maps
at very high fields in a dielectric phantom. Conventional GRE
images were collected in a relatively small flip angle regime,
a condition where image intensity is typically proportional to
the product of the magnitude transmit B1 field and the square
root of sum of squares of the 12 magnitudes of the receive
B1 fields.

For phantom experiments, the sets of relative RF phases
(i.e., B1 shimming) applied to the transmit channels were
defined based on EM simulations conducted in Sim4Life
(see corresponding tables throughout this paper).

For data obtained in a pineapple with its long axis parallel
to the longitudinal B0 axis, an additional imaging protocol
was used to obtain multichannel relative complex |B+

1 | map,
consisting of multislice 2-D GRE image series obtained by
pulsing sequentially on one transmit channel at a time while
receiving on all receive channels [19], [20]. B1 shimming
was then performed in an region of interest elongated along
the z-axis covering the central core of the pineapple with
an algorithm aiming at maximizing constructive interferences
between the complex |B+

1 | field of all transmit coils [21].
In all experiments, B1 shimming was applied by only

varying relative transmit RF phases between channels.

A. Circular Patch Probe

A quadrature circular patch is an effective traveling-wave
MR probe [11]. The circular spatial current density distribu-
tion on the probe excites a circularly polarized field in the
cylindrical bore as shown in [22]. A similar coaxially fed
patch is designed on a Rogers 3010 substrate, εr = 11.2 and
1.27 mm thick, shown in Fig. 2(b). The probe is designed with
no additional matching circuit and has a return loss greater
than 15 dB over a 10-MHz bandwidth. Its diameter is 12.28 cm
and the feeds are spaced 2.06 cm from the center of the patch
to maintain a low axial ratio and high return loss. In free
space, the probe is a well-matched resonant patch antenna.
The return loss remains high when the probe is inside the
electrically large bore at this frequency, since it is placed at a
reasonable distance from the imaging volume, > 10 cm and
is, therefore, not heavily loaded. The ground plane is cut to a
20 cm × 20 cm square to align the center of the patch with
the phantom. The coaxial quadrature feed allows phase and
amplitude scaling of the feeds for either sense (right or left) of
circular polarization and B1 shimming. Referring to Fig. 2(a),
17 cm distance from the dielectric phantom is a tradeoff
between the circular polarization quality and excitation field
magnitude.

B. Interdigitated Capacitor Probe

Traveling-wave excitations have poor spatial coverage of
the imaging volume, reducing the overall signal level coupled
back into the probe for the received image. An interdigitated
capacitor probe [23] is created to improve on this major
drawback [Fig. 2(c)]. This probe is designed on Rogers 6010,
εr = 10.6, 1.27-mm-thick substrate. The finger dimensions
are chosen to ensure uniform current distribution across the

two middle fingers while maintaining a high return loss. The
combination of the number of fingers and finger width will
affect the loading and current distribution on each finger. The
design is chosen to target the loading to create a balanced
current distribution on the inner two fingers. The interdigitated
capacitor probe is a traveling-wave probe, and as such needs
appropriate resistive loading to eliminate a standing wave
across the probe. Reactive loading can also be used [24] but
is prohibitively large for this application and the number of
radiating elements. Simulations show that a 25-� load would
allow 30% of the power to be dissipated in the load. Instead
of a single resistor, three 75-� resistors are used to sat-
isfy the traveling-wave condition while balancing the current
across the three pairs of fingers. Simulations also showed
that adequate loading for probes could be accomplished by
using the high-permittivity imaging volume as the primary
load and that the resistors had little overall impact on the
current distribution. Since the primary goals of this paper are
the development of boundary structures for improving field
homogeneity for the transmitted B+

1 , the resistors are kept in
order to reduce the number of experimental variables, at the
cost of increased noise.

The Rogers 6010 substrate exhibits a substantial anisotropic
variation in permittivity across the 12.7 cm × 12.7 cm panel.
To compensate for this unknown variation, a � matching
network is designed using two 250-V shunt mechanically
variable capacitors and a length of line shown in Fig. 2(c). The
variable capacitors are tuned to have a narrowband frequency
response where the return loss is greater than 15 dB at
447 MHz.

12 interdigitated capacitor probes are wrapped 60◦ apart and
in two rows (or rings) around the dielectric phantom, as shown
in Fig. 1(a). Simulating this electrically large structure presents
some issues. For example, since finite-difference time-domain
(FDTD) solvers require rectangular voxels, the diagonal inter-
digitated capacitor probes are meshed incorrectly. Regardless
of the mesh size, the top radiating copper layer is over-
approximated or underapproximated and the results become
inaccurate. With a near-field excitation, the currents along the
radiating element greatly affect the resulting field. To alleviate
this issue, each probe is aligned with the mesh, and the
domain is rotated around the probe. This ensures proper
meshing of each radiating element and the resulting field can
then be scaled, phased, and recombined using superposition
to determine the overall field excitation. The FDTD solver,
Sim4Life, is chosen in particular due to the ease of use with
an anatomically correct human body model and electrical
parameters for the given excitation frequency. A single HFSS
simulation determines the coupling between the 12 probes
is less than −30 dB in the worst case for each element.
Simulations show this is due to the close vicinity of the
high-permittivity dielectric.

III. PROBE VALIDATION WITH WATER PHANTOM

The first experimental validation is performed with probes
to evaluate the accuracy of full-wave FDTD simulations.
Specifically, simulated |B+

1 | transmit efficiency is compared
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Fig. 3. Single circular patch probe: coronal (left) and sagittal (right).
(a) Simulated |B+

1 | efficiency. (b) Measured GRE images. (c) Measured
|B+

1 | efficiency inside of cylindrical phantom. Geometric distortions (barreling
aspect) of |B+

1 | are due to uncorrected nonlinearity of the gradient coils.

qualitatively to the GRE images and quantitatively to measured
|B+

1 | maps with the Siemens 10.5-T scanner using the standard
water phantom. The efficiency of the experimental results
is expected to be lower than simulations because excitation
power is not calibrated to the connection of the probe ele-
ments. Additionally, some black holes in the plots are due to
miscalibrations of the scanner.

A. Circular Patch Probe

Referring to Fig. 2(a), the patch is placed 17 cm away
from the phantom and the two feeds are excited in quadrature,
or 90◦ out of phase, and with an equal power. Either circular
polarization can be excited by varying the relative 90◦ phase
difference. The phantom is placed in the isocenter of the
bore and excited with an absolute flip angle imaging (AFI)
sequence. Fig. 3 shows the results with the single circular
patch probe. The efficiency, in μ T/

√
W , from the simula-

tion in Fig. 3(a) correlates well with the experimental result
in Fig. 3(b) and (c). Due to system imperfections and very
low SNR in |B+

1 | maps in locations where |B+
1 | is weak,

the exact excitation magnitude and phase will vary slightly
from the desired value. For this experiment, the variations
are fairly low and the experimental result is similar to the
simulated result shown in Fig. 3(a). The absolute |B+

1 | map
can be seen in Fig. 3(c) to also have good agreement with the
simulated response. The magnitude of the efficiency map is
slightly higher than expected due to the uncorrected geometric
distortion.

The efficiency is calculated on the coronal slice as the AFI
sequence images coronal cuts and, therefore, only one cross
section is shown. Agreement between the efficiency map and

experimental image is expected in this case as the transmit and
receive profiles of the single patch probe experiment should
be similar by reciprocity because the left- and right-handed
circular polarizations are identical. With more complicated
excitations, which are phased relative to each other, this will
not be the case and the simulation should correlate with the
efficiency map and vary slightly from the GRE images. As the
GRE images are approximately proportional to the product of
the transmit and receive profiles, their spatial pattern can vary
and may have limited consistency with transmit B1 simulation.

B. Interdigitated Capacitor Probe Array

To improve the spatial distribution around the phantom
and the field distribution inside of the phantom, a volume
excitation system is created from interdigitated capacitors.
Two rows (or rings) of six probes are wrapped around the
phantom as shown in Fig. 1(a) for a total of 12 additional
excited ports compared to the circular patch probe setup. With
the correct sequential phasing, the array can transmit either
circular polarization. The field distribution can additionally be
improved by varying the magnitudes and phases of individual
element. For all plots in the following sections, the coronal
slice is shown on the left and the sagittal on the right.

The interdigitated capacitor probe array [Fig. 1(b)] is held
in place using 0.5-mm plastic with hook and loop fasteners
for flexibility. The probes are placed 3 cm from the phantom
to ensure minimal coupling between the elements. The probes
are initially simulated and measured separately with a 60◦
sequential phase difference around the phantom to achieve
circular polarization. The probes are excited with the same
magnitude to reduce the number of variables when comparing
to simulations, as each excitation port has a small magnitude
and phase variation from the mean. Fig. 4 shows the expected
result using Sim4Life and the experimental result. The effi-
ciency result in Fig. 4(c) is expectedly low as it is the center
coronal slice, between two probe elements

C. Combining the Two Probes

Combining the interdigitated capacitor array with the
traveling-wave circular patch can improve the overall field
distribution to a targeted region of interest inside the phantom.
The relative phasing that minimizes the change in |B+

1 | is
found using a least-squares algorithm. The two goal functions
are defined as

min

∣
∣∇ ∣

∣B+
1

∣
∣
∣
∣

μ∣
∣B+

1

∣
∣

and min
σ∣
∣B+

1

∣
∣

μ∣
∣B+

1

∣
∣

(3)

where μ and σ are the mean and standard deviation of |B+
1 |.

Because the variation of the power amplifiers, T/R switch
modules, and over path length is not calibrated, only the
relative phasing is modified in order to reduce the number
of variables to compare the results to simulations. For all
practical purposes, the system is capable of varying rela-
tive amplitudes between channels. For the phantom results,
the region of interest is a 14-cm-wide cylinder covering all
but the edges of the phantom. While such a large region might
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Fig. 4. Interdigitated capacitor probe array: coronal (left) and sagittal (right).
(a) Simulated |B+

1 | efficiency. (b) Measured GRE images. (c) Measured
|B+

1 | efficiency inside of cylindrical phantom. 60◦ incremental phasing with
equal magnitude excitation on the interdigitated capacitor probes. Geometric
distortions (barreling aspect) of |B+

1 | are due to uncorrected nonlinearity of
the gradient coils.

be unrealistic, it illustrates clearly the differences between the
various excitation schemes.

Combining the two approaches increases the overall
efficiency in the areas of interest. Even though the overall
excitation power increases, the peak magnitude does not
increase substantially. The location of the array is chosen
to improve the excited field distribution. The phases chosen
to excite the array relative to the patch phase are shown
in Table I, with the probe order in Fig. 1(b). The magnitude of
the excitation is set to 25% of the patch excitation magnitude.
If the volume excitation can be placed farther from the
phantom, the magnitude of the excitation can be increased to
reduce the near field shown in the coronal slice. The circular
patch probe is excited with the maximum amount of the power
available from the RF power amplifiers and in the quadrature.
The coronal slice correlates well with the simulation shown
in Fig. 5(a), with minor differences due to magnitude and
phase variation in the excitation and overall placement of the
interdigitated capacitor array. Minor variations in the place-
ment along the phantom’s center axis can shift the excitation.
This can be beneficial to complement the distribution due to
the traveling-wave excitation. The sagittal slice differs slightly
from the simulation as the gradient distortion is not corrected
as well as the coronal slice.

IV. BOUNDARY CONDITION MODIFICATIONS

Due to the electrically large size of the phantom, homoge-
nizing the excited |B+

1 | field becomes increasingly difficult for
higher field systems due to the increased number of supported

TABLE I

RELATIVE PHASE EXCITATIONS FOR THE PATCH PROBE
AND ARRAY COMBINATION (FIG. 5)

Fig. 5. Circular patch probe and interdigitated capacitor probe array: coro-
nal (left) and sagittal (right). (a) Simulated |B+

1 | efficiency. (b) Measured GRE
images. (c) Measured |B+

1 | efficiency inside of cylindrical phantom. Phasing
shown in Table I and magnitude excitations, a quarter of the magnitude of
the circular patch.

modes inside of the dielectric cavity. Typical |B+
1 | shim-

ming can only partially improve the field homogeneity [15].
Additionally, the complex structure of biological tissues can
further complicate the excited field profile which can be
manipulated using specially designed high permittivity [25] or
metallic structures [22]. Three basic passive field modifiers are
explored in this paper: 1) an undriven quadrifilar helix; 2) elec-
trically hard surfaces; and 3) electrically soft surfaces [26].

An undriven quadrifilar helix (Fig. 6) implemented with
copper strips on a thin Mylar sheet is placed 3 cm from
the patch, 1 cm from the phantom, 24 cm from the gradient
coil, and has a 5-cm pitch. With the rotation sense following
the right-handed circular polarization necessary, the helix can
improve the overall efficiency in the far ends of the phantom
while improving uniformity in the close end of the phantom,
relative to the probe, as shown in Fig. 7. The relative phases
of the probes can be seen in Table II.

It is interesting to investigate the required helix length since
in some cases it may not be practical to cover the entire
volume. The helix is reduced to cover 2/3 of the phantom, and
the arms are shorted together at the far end. This allows for
further homogenization without reducing efficiency, however,
the result is fairly asymmetric as shown in Fig. 8. The asym-
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Fig. 6. Sim4Life setup with the interdigitated capacitor probe array encircling
the phantom and helix boundary structure.

Fig. 7. Circular patch probe and interdigitated capacitor probe array with
quadrifilar strip helix: coronal (left) and sagittal (right). (a) Simulated |B+

1 |
efficiency. (b) Measured GRE images. (c) Measured |B+

1 | efficiency inside of
cylindrical phantom. Phasing shown in Table II and magnitude excitations a
quarter of the magnitude of the circular patch. Geometric distortions (barreling
aspect) of |B+

1 | are due to uncorrected nonlinearity of the gradient coils.

TABLE II

RELATIVE PHASE EXCITATIONS FOR THE PATCH PROBE AND ARRAY
COMBINATION WITH STRIP HELIX (FIG. 7)

metry is expected from the simulation [Fig. 8(a)]; however,
the effect is more pronounced in the experimental results,
possibly due to magnitudes and phases deviating slightly from
simulated values. The phase excitations for the shorted helix
are shown in Table III.

Other boundary structures that can affect field uniformity are
electrically hard and soft surfaces as shown previously in [22].

Fig. 8. Circular patch probe and interdigitated capacitor probe array with
shorted quadrifilar strip helix: coronal (left) and sagittal (right). (a) Simulated
|B+

1 | efficiency. (b) Measured GRE images. (c) Measured |B+
1 | efficiency

inside of cylindrical phantom. Phasing shown in Table III and magnitude
excitations a quarter of the magnitude of the circular patch. Geometric
distortions (barreling aspect) of |B+

1 | are due to uncorrected nonlinearity of
the gradient coils.

TABLE III

RELATIVE PHASE EXCITATIONS FOR THE PATCH PROBE AND

ARRAY COMBINATION WITH SHORTED STRIP HELIX

Electrically hard surfaces are longitudinal corrugations used in
horn antennas, to increase aperture efficiency by distributing
the field more uniformly across the aperture, characterized
by Hlon = 0 along the boundary [26], [27]. Electrically
soft surfaces are transverse corrugations, characterized by
Htan = 0 along the boundary, which give zero electric field
at the wall, reducing the sidelobe level and broadening the
beamwidth [27]. For these experiments, electrically hard and
soft surfaces are approximated with longitudinal and transverse
strips, respectively, significantly reducing their size. With an
approximation to an electrically hard surface covering the
bottom third of the phantom, the setup in Fig. 9 and results in
Fig. 10, and specifically, Fig. 10(c) shows the improved field
distribution in the upper and middle regions of the phantom.
The strip structure is composed of 12 15.7-cm-long strips.
The longitudinal strips result in the distribution spreading in
the latter portions of the phantom as shown in Fig. 10(a).

With an approximation of an electrically soft surface using
seven rings of lateral strips wrapped around the circumference
of the cylinder, the setup shown in Fig. 11, Fig. 12(c) shows
an increase in field homogeneity in the phantom. This results



1190 IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 67, NO. 3, MARCH 2019

Fig. 9. 10.5-T simulation setup showing longitudinal strips approximating
an electrically hard surface added to the previous setup in Fig. 6.

TABLE IV

RELATIVE PHASE EXCITATIONS FOR THE PATCH PROBE AND ARRAY
COMBINATION WITH SHORTED STRIP HELIX WITH

LONGITUDINAL END STRIPS (FIG. 10)

Fig. 10. Circular patch probe and interdigitated capacitor probe array
with quadrifilar strip helix and longitudinal end strips: coronal (left) and
sagittal (right). (a) Simulated |B+

1 | efficiency. (b) Measured GRE images.
(c) Measured |B+

1 | efficiency inside of cylindrical phantom. Phasing shown
in Table IV and magnitude excitations a quarter of the magnitude of the
circular patch. Geometric distortions (barreling aspect) of |B+

1 | are due to
uncorrected nonlinearity of the gradient coils.

in a higher field amplitude in the center of the phantom as
shown in Fig. 12(a). Unfortunately, metallic strips will increase
the SAR along the boundary if they are placed directly on
the surface. A thin dielectric can be used as an intermediate
boundary layer to reduce the impact of the metallic structure
at the cost of a reduced effect of the boundary structure, as is
easily shown by simulations.

Fig. 11. Setup showing lateral strips approximating an electrically soft
surface.

TABLE V

RELATIVE PHASE EXCITATIONS FOR THE PATCH PROBE AND ARRAY

COMBINATION WITH SHORTED STRIP HELIX WITH

LATERAL END STRIPS (FIG. 12)

Fig. 12. Circular patch probe and interdigitated capacitor probe array with
quadrifilar strip helix and lateral end strips: coronal (left) and sagittal (right).
(a) Simulated |B+

1 | efficiency. (b) Measured GRE images. (c) Measured |B+
1 |

efficiency inside of cylindrical phantom. Phasing shown in Table V and mag-
nitude excitations a quarter of the magnitude of the circular patch. Geometric
distortions (barreling aspect) of |B+

1 | are due to uncorrected nonlinearity of
the gradient coils.

V. RESULT COMPARISON

The simulated results are compared to the experimental
results using mean square error

MSE = 1

N

N
∑

i=1

(X − Y )2 (4)
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TABLE VI

MSE BETWEEN SIMULATION AND EXPERIMENT

Fig. 13. Probability density of the magnitude B+
1 efficiency for various

configurations. The results from the helical structure with longitudinal and
lateral strips show a trend toward Gaussian behavior.

where X are the simulated and Y are the N experimental
data points, N = 153344, with results in Table VI. Some
minimum error is expected due to the difference between the
simulated and GRE DICOM results, due to the transmit and
receive multiplication, along with the sagittal slices having a
large uncorrected geometric distortion. Differences between
the simulated and experimental efficiency maps are generally
due to regions with low SNR which are not properly mapped
to an efficiency value. For this reason, the error in the inter-
digitated capacitor probe array experiment is large because
of the oversaturation of the region closest to the probes at
the center slice. Additionally, due to a slight overestimation
of the circular patch probe efficiency in the combined case,
the results reduce the effect of the interdigitated capacitor
probe array and create additional error in the comparison. For
the cleaner coronal cut results, the error stays below 7%.

A comparison of the simulated results is used to determine
the effectiveness of the boundary structures the four statistical
moments, mean, variance, skewness, and kurtosis based on
the probability density as shown in Fig. 13 with 200 bins
for 291 719 points. The non-Gaussian nature of the data
requires more than just mean and variance to show how the
boundary structures modify the data. A positive skewness
generally indicates a higher concentration above the mean.

TABLE VII

FOUR-MOMENT STATISTICAL SIMULATION COMPARISON IN (μ T/
√

W )

TABLE VIII

NORMALIZED FOUR-MOMENT STATISTICAL EXPERIMENT COMPARISON

Fig. 14. Experimental efficiency comparison for (a) single patch probe,
(b) combination single patch probe and interdigitated capacitor probe array,
(c) strip helix, (d) shorted strip helix, (e) shorted strip helix with longitudinal
end strips, and (f) strip helix with lateral end strips.

The kurtosis reported is excess kurtosis, or kurtosis centered
around 0 instead of 3. An excess kurtosis below 0 implies
a platykurtic distribution, focused around the mean. Ideally,
the mean should be as high as possible, the skewness should be
close to 0, indicating a Gaussian distribution, and the kurtosis
should be as small as possible, indicating the distributions are
focused toward the mean. Relative to the field produced by
the circular patch probe alone (Table VII), with each field
modifier, the mean is increased by 50%, at the expense of
uniformity. However, by adding increasingly more complex
boundary conditions, the skewness and kurtosis both decrease
substantially compared to the initial approach with the com-
bination of circular patch probe and interdigitated capacitor
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TABLE IX

RELATIVE PHASE EXCITATIONS FOR THE INHOMOGENEOUS
IMAGING VOLUMES (FIG. 15 AND 16)

probes. The experimental analysis using the efficiency map,
normalized to 1, shows a similar trend (Table VIII). With a
more complex structure, the mean increases while the variance
decreases, with the skewness consistently close to 0 and
excess kurtosis remaining relatively consistent around −1.5.
The differences in statistics can be partially attributed to a
slightly modified experimental setup compared to simulation.
The air capture region of the bottle prevented the helix and
end strips from being perfectly circular along with some slack
in the interdigitated capacitor probe construction, preventing
completely equidistant excitations from each element.

A visual comparison of the plots in Fig. 14 reveals increased
homogeneity with increasing hardware complexity. While
these field profiles will change slightly between imaging
volumes, the boundary structures will perform similarly. For
example, an electrically hard surface will still act as an
electrically hard surface.

As of these measurements, there is only one published
work on 10.5-T MRI [15]. This paper differs from the
present investigation at multiple levels, such as the design
of the individual coil elements (dipoles) and the overall size
and arrangement (large ellipsoid-shaped phantom), and, very
importantly, the coil elements considered are positioned very
closely to the phantom, therefore favoring a strong sample/coil
coupling. In this context, the plots of that study suggest that
at a 6 cm depth (chosen for the discussion here as it is
the radius of the phantom in the presented study), individual
channels would generate about 0.3 μT/

√
W (for a single

transmitting element). The results presented in this analysis
indicate approximately the same efficiency at the hot spot of
|B+

1 | in the phantom for the circular patch antenna and a lower
efficiency for the interdigitated capacitor probe array.

VI. INHOMOGENEOUS IMAGING VOLUMES

The |B+
1 | field distribution is difficult to homogenize if

the imaging volume is uniform. For example, the simple and
symmetric cylindrical shape of the water phantom supports
high-order resonant modes, increasing the spatial variation.
The overall large electrical size of the phantom leads to lower
maximum efficiency as the field is distributed over the entire
volume. Although useful for simulation validation, a uniform
phantom does not accurately describe inhomogeneous human
tissues and this effect is more pronounced with higher field
systems.

In this section, measurement results for two inhomogeneous
phantoms of irregular shape are shown: a NIST standardized
system phantom and a pineapple, which is roughly the size
of a human head. The phases of the excitations for both
inhomogeneous volumes are shown in Table IX with the

Fig. 15. Measured NIST standardized system phantom. (a) Cross sections
showing the different spheres of materials, (b) GRE image, and (c) flip angle
(degree scale) and corresponding efficiency map (μ T/

√
W ).

magnitudes equal across all of the excited ports. The two
circular patch ports are excited at 163◦ and 280◦. This is
slightly off quadrature to account for the imperfect circular
polarization of the interdigitated capacitor probe array. These
excitations are determined by optimizing the field excitation in
the outer regions of the pineapple, since the high-water content
core overpowers the outer regions.

The NIST standardized phantom [Fig. 15(a)] contains vari-
ous spheres of materials with different T1 and T2 weightings,
such that each sphere should appear with different brightness
in the resulting GRE image, as shown in Fig. 15(b). The
efficiency is slightly higher than the cylindrical phantom
results [Fig. 15(c)] partially due to the smaller size of the
phantom.

Fruit is often imaged in MRI systems due to similar
electrical properties as human tissues and inhomogeneity of
the internal structure. A pineapple was chosen as it is a similar
size and structure to the human head. The pineapple is 15 cm
long and 11 cm in diameter. Fig. 16(a) shows high-resolution
details of all parts of the pineapple, while Fig. 16(b) shows
significantly more field excited toward the high-water content
center core. Only one cross section for both inhomogeneous
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Fig. 16. Measured pineapple. (a) GRE image and (b) flip angle (degree
scale) and corresponding efficiency map (μ T/

√
W ).

Fig. 17. Simulation setup showing an anatomically accurate human body
model from the IT’IS Virtual Population, Duke, with the shorted undriven
quadrifilar helix with circular patch probe and 14 interdigitated capacitor
probes.

phantoms is shown and a similar efficiency increase is obtained
for all cuts.

VII. ANATOMICALLY ACCURATE HUMAN BODY MODEL

The various excitations described in the previous sections
are next used in simulations with Duke, an anatomically
correct adult male from the IT’IS (Zürich, Switzerland) Virtual
Population v3.1 [28]. The model contains 300 bones and
tissues with accurate electrical properties across frequency.
The relative phasing and magnitude are optimized for the
volume of the head from the bottom of the ears to the top of
the skull. Normalized |B+

1 | results are shown and the 10-g SAR
maps are normalized to the maximum of 3.2 W/kg specified
by the IEC 60601-2-33 standard. The simulated plots show a
sagittal cut in the center of the body on the right and a coronal
cut in the center of the body on the left. The plots are cropped
to roughly the armpits as there is no significant field below
the shoulders. First, only a patch probe is simulated, then it
is combined with the interdigitated capacitor probe array, and
finally, an undriven helix is added, with the final combination
shown in Fig. 17.

A. Patch Probe and Interdigitated Capacitor Probe Array

The circular patch probe is placed 17 cm from the top of
the head. Fig. 18 shows the resulting excitation with poor field

Fig. 18. Results inside the head and shoulder volume of Duke using the
circular patch probe excitation. (a) |B+

1 |. (b) sSAR10g.

coverage; only the top and the middle of the head are excited
with low-field coverage on the sides. The peak of the SAR
is located in a concave region of the shoulders, which then
limits the maximum field excitation in the region of interest.

The interdigitated capacitor probe array is placed such that
the chin is at the lower edge of the array, so that the center
of the volume excitation is aligned with the brain. The head
is larger than the uniform cylindrical phantom; therefore,
the excitation for Duke adds an array element for each row,
totaling 14 excitations in the array. Top radiating elements
are not used as the coverage provided by the elements is
already satisfied by the circular patch probe and the elimina-
tion of the element will potentially improve patient comfort.
The combination of the array and the single circular patch
probe can help to improve the field coverage inside of the
imaging region. The optimized excitation is shown in Table X,
where the voltage excitation is normalized to the patch probe
excitation. To improve the right-handed circular polarization
inside of the head, with the interdigitated capacitor probe array
in place, the feeding of the circular patch probe is modified
so that it is no longer in quadrature. The imperfect shape of
the head will affect the quality of the circular polarization,
such that the coronal and sagittal cuts do not see a similar
electrical structure. The lack of a top radiating element in
the interdigitated capacitor probe array further complicates
the excitation, requiring a combination of the sources to help
maintain a circular polarized field.

Fig. 19 shows that the combination of the two excitations
helps to improve the magnitude of the field in the outer
regions of the head, but much of the inner regions have a
low field magnitude. The combination with the interdigitated
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TABLE X

PATCH PROBE AND INTERDIGITATED CAPACITOR PROBE ARRAY
RELATIVE MAGNITUDE AND PHASE EXCITATION

WITH Duke (FIG. 19)

Fig. 19. Results inside the head and shoulder volume of Duke using the
circular patch probe and interdigitated capacitor probe array excitation. (a)
|B+

1 |. (b) sSAR10g.

capacitors shifts the unwanted absorption from the shoulders
to the imaging region of the head. Practically, this is useful
because the limiting factor of the field excitation would be the
volume being imaged, as opposed to another part of the body.
However, there is higher absorption at the tip of the nose which
could be reduced through further optimization with explicit
constraint on max SAR10g.

B. Helix Boundary Condition

The undriven quadrifilar helix is next added with the final
configuration containing all elements of Fig. 6. The helix pitch
is decreased to 3 cm and the separation between the helix

TABLE XI

PATCH PROBE AND INTERDIGITATED CAPACITOR PROBE ARRAY
RELATIVE MAGNITUDE AND PHASE EXCITATION WITH Duke

AND HELIX BOUNDARY CONDITION (FIG. 20)

Fig. 20. Results inside the head and shoulder volume of Duke using the
circular patch probe and interdigitated capacitor probe array excitation with
shorted helix boundary condition. (a) |B+

1 |. (b) sSAR10g.

and the head remains at 1 cm. The optimized excitation is
shown in Table XI with results shown in Fig. 20. The addition
of the quadrifilar helix helps balance the overall magnetic
field distribution in the upper region of the head. The field
gradient from the outer to the inner region is reduced. With the
addition of the helical boundary structure, the phase difference
between the circular patch probe feeds is closer to 90◦ than the
previous case as it helps improve on the imbalance created by
an imperfect volume. Since the most important part of the head
for ultra-high-field MRI is the brain, this approach improves
the homogeneity in the region of interest. It is interesting to
note that the lower portion of the head, roughly even with the
nose, is still difficult to excite, but a modified excitation could
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be designed for a redefined optimized region. The refocusing
of the fields reduces the SAR peaks in the lower portion of
the head and even in the outer regions of the head.

VIII. CONCLUSION

In summary, this paper presents an investigation of various
designs for the excitation and control of RF EM fields in a
human-size 10.5-T MRI bore. Particular attention is given to
methods that have the potential of improving the uniformity
of the B+

1 field inside several types of phantoms. Several con-
clusions can be made from the simulation and measurement
results presented in this paper. First, FDTD simulations using
Sim4Life (Zurich MedTech) are validated by measurements
on a uniform cylindrical water phantom using two different
types of excitations and their combination, as well as three
different passive field modifying structures. The simulated data
are compared to measurements, and the measured data are
quantitatively compared for various configurations. Although
the homogeneous symmetrical phantom fundamentally sup-
ports resonant modes and, therefore, results in large field
uniformities, it is found that a combination of a circularly
polarized patch and a traveling-wave capacitively loaded probe
gives the largest field homogeneity when combined with
a passive quadrifilar helix and soft EM surface that both
surround the phantom.

After validating the simulations with measurements for the
uniform water phantom, a second set of measurements is
performed on two nonuniform phantoms: a standard NIST
phantom and a pineapple. Both of these phantoms lack the
uniformity and symmetry of the water cylinder and show an
improved B+

1 field homogeneity when the same excitation
and field modifying devices are used, with a 2.8× increase
in efficiency.

Finally, simulations are performed with an anatomically cor-
rect human body model from the ITIS virtual population and
with the various configurations used in the measurements. The
B+

1 field distribution along with field absorption (SAR10g) in
the tissues of the head and shoulder region of a mature male
are plotted and analyzed. The best combination of probes and
passive field structures that give a more uniform and stronger
B+

1 is found to be the case with the circular patch combined
with the interdigitated capacitor probe with a shorted passive
quadrifilar helix surrounding the head region.

In conclusion, this paper demonstrates effective simulations
with various levels of imaging volume complexity, as well as
validation with a number of measurements on a 10.5-T MRI
system. Several techniques for improved RF field excitation
and distribution are investigated and compared, showing that
the desired circular-polarized transmit B-field component can
be focused in specific regions by excitation phasing while
maintaining a low absorption in the tissues of a human body
imaging volume.
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