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Abstract
Traveling-wave MRI utilizes far fields of a single-piece patch antenna in the magnet bore to
generate RF fields for imaging large-size samples, such as the human body. In this work, the
feasibility of applying the “traveling-wave” technique to parallel imaging is studied using
microstrip patch antenna arrays with both the numerical analysis and experimental tests. A specific
patch array model is built and each array element is a microstrip patch antenna. Bench tests show
that decoupling between two adjacent elements is better than -26-dB while matching of each
element reaches -36-dB, demonstrating excellent isolation performance and impedance match
capability. The sensitivity patterns are simulated and g-factors are calculated for both unloaded
and loaded cases. The results on B1

− sensitivity patterns and g-factors demonstrate the feasibility
of the traveling-wave parallel imaging. Simulations also suggest that different array configuration
such as patch shape, position and orientation leads to different sensitivity patterns and g-factor
maps, which provides a way to manipulate B1 fields and improve the parallel imaging
performance. The proposed method is also validated by using 7T MR imaging experiments.
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INTRODUCTION
Parallel imaging technique is able to accelerate MR imaging by using the different
sensitivity patterns of RF array elements to replace part of phase encoding, followed by a
special reconstruction method based on the sensitivity information to recover the
undersampled raw data to a correct image without aliasing(1–9). Based on the pioneering
study of SMASH (1) and SENSE(2), various parallel imaging methods have been developed
to achieve higher Signal-to-Noise Ratio (SNR) and better image quality for practical
applications. These parallel imaging techniques have provided effective ways to make
tradeoffs between the imaging speed and the SNR.

On the other hand, conventional MRI utilizes the near field of RF coils to excite and receive
MR signals. In such a case, the amplitude and phase of standing wave within the imaging
samples varies with the spatial position, especially in the case of surface coils that have a
strong gradient field distribution, and in the case of ultrahigh magnetic field where the
wavelength approaches the biological sample size. These variations in amplitude make
image intensity inhomogeneous. In the imaging coverage, due to the large inductance and
parasitic capacitance, it is technically challenging to design a large-size RF coil resonating at
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high frequency to cover the human body at high and ultrahigh fields(10–15). Recently the
far field of a single piece patch antenna has been utilized along with the magnetic bore to
excite and receive MR signals at 7T(16–18). By utilizing the traveling-wave whose intensity
in the far field is constant along the spatial position in the magnet bore, comparatively
homogeneous RF field can be achieved in a large area to cover the whole human body,
making large field-of-view (FOV) imaging, particularly the signal excitation, convenient at
ultra-high fields(17). Studies on whole-body traveling-wave MRI using simulation methods
and MR imaging have also demonstrated that the traveling-wave MRI method has a unique
capability of generating homogeneous RF fields over a large FOV and potentially helping
acquisition of uniform whole-body MR imaging for clinical diagnosis(19).

Some studies on implementing parallel imaging using traveling-wave have recently been
reported(20–24). In this work, we explore the possibility of extending the traveling-wave
method to parallel imaging, an emerging MR imaging technique that is able to significantly
increase the imaging speed with an acceptable SNR compromise, and facilitate the whole-
body parallel imaging at ultrahigh fields. To implement the traveling-wave MR to parallel
imaging, we propose a method using multiple microstrip patch antennas as the RF excitation
and reception device. The performance of the traveling-wave parallel imaging proposed is
investigated. For patch antennas, different patch shape, orientation, and even a different
driven point on the same RF antenna, generate different magnetic field pattern and
directivity(25). This feature would be beneficial to parallel imaging because it is able to
provide a design flexibility to generate different sensitivity profile from each patch antenna
element, resulting in a good geometry factor (g-factor)(2). The Finite-Difference Time-
Domain (FDTD) algorithm (26–29) is employed to analyze the proposed parallel traveling-
wave MRI system. A standard human head is modeled within a copper cylinder to mimic the
magnetic bore which acts as a waveguide in the “traveling-wave” MRI. A 4-element
transceiver patch antenna array resonating at 298MHz is modeled as the RF source (for
signal excitation) and also the receive device. Each patch element is a nearly square ring
microstrip patch antenna and the feed port is along the diagonal (23,30,31). The B1

− profile
of each patch element and the g-factor maps are evaluated for both unloaded and loaded
cases. To further verify the decoupling between the elements and the parallel imaging
performance, a two-element patch array with the same element structure as that in the
traveling-wave array has also been built and validated by using network analyzer and MR
experiments. MR imaging of a human head phantom was performed by using a 7T MR
scanner, and the MR images were reconstructed for both axial and sagittal planes using
SENSE (2) and GRAPPA (5) methods. Moreover, simulations also demonstrate that
different patch array configurations lead to different B1 profiles and g-factor maps, which
alter the performance of parallel imaging.

MATERIALS AND METHODS
1. FDTD model of traveling-wave array in unloaded case

The software xFDTD6.4 (Remcom Inc. State College, PA) was used to build the model of
the traveling-wave patch array and evaluate its performance. As shown in Figure 1a, a
cylindrical copper bore with 63 cm ID, 65 cm OD and 150 cm length acted as a waveguide
was chosen to mimic the magnetic bore of the GE 7T whole body MR scanner used in this
study. The cutoff frequency of a 63-cm diameter waveguide is 278.9MHz, which well
supports the wave propagation at the proton Larmor frequency of 7 Tesla (298.2MHz for our
7T scanner). The length of the copper bore was reduced from the magnet bore length ~300
cm to 150 cm to reduce the simulation time to an acceptable level. On one end of the copper
bore the 4-element antenna array was built as the source of RF field and also as a receiver of
MR signals, as shown in Figure 1b. Each element was a nearly square ring microstrip patch
antenna made from copper foil and low-loss dielectric materials(30,31). This type of nearly
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square ring patch antenna is commonly used for signal transmission and reception in
telecommunications. The resonant frequency of the antenna is inversely proportional to the
size of the square slot, and its size is determined by sweeping frequency using Gaussian
waveform. The outer dimension of the ring was fixed at 12.2 cm by 12 cm, while the inner
dimension was a square with 4.4 cm side length, which yielded the resonant frequency of
approximately 298.5 MHz, the proton Larmor frequency of our whole body 7T MR system.
The feed point of the patch antennas was along the diagonal and was very close to the square
slot to ensure the required impedance match. These 4 elements were equispaced with
neighboring distance of 8 cm. Relatively large permittivity 13.1 of the antenna substrate was
used in this model. It helps reduce the size of the patch antenna to a reasonable range for this
study. The material with a permittivity of 13.1 is commercially available. The coaxial cables
connected to the feed ports were modeled as series voltage sources with 50 ohm impedance.
The Yee cell (26) was 1 mm on transverse plane and 5 mm along the longitudinal axis,
which was small enough for satisfying the simulation accuracy. The boundary condition was
set as Perfectly Electric Conductor (PEC) at the ground plane of the patch antenna. For the
other boundaries the Perfectly Matching Layers (PML) was applied. To ensure the
calculation stability and accurate performance of the PML absorbing boundaries, free space
padding with 20 Yee cells were placed between each PML boundary and the conducting
materials. In Figure 2 the PEC boundary is indicated using white dashed line while the PML
boundaries are indicated using orange dashed lines.

The Gauss waveform was used to sweep frequency to determine the dimension of the square
slot cut and evaluate the decoupling between array elements. The stop criteria were that the
calculation converged to −35 dB or reached the maximum iteration number of 106. Then,
the sinusoid waveform was used to calculate the B1

− field distributions and the stop criteria
were that the sinusoid waveform period reached 65 which were enough to reach steady state.
For traveling-wave MRI, we are more interested in the B1 distributions of the far field within
the waveguide. The far field definition used in this work followed the Fraunhofer distance:

[1]

where D is the largest dimension of the antenna and λ is the wavelength of RF wave. If the
distance between the transmitter and imaging object is larger than d, it is considered far
field. Based on the dimension of our proposed patch array, the far field distance d was
approximately 6 cm. Therefore, to ensure far field measurement, the B1

− distributions of
axial plane from 25 cm to the end of the waveguide were simulated and the g-factors for 1D
SENSE reconstruction were calculated to demonstrate the parallel imaging performance at
different positions. The g-factor can be calculated using(2):

[2]

where ρ denote the index of voxel in the FOV, and S is the reduced Fourier encoding. ψ is
the noise correlation matrix between channels. The g-factor is strongly depends on the voxel
position and is directly related to SNR(2):

[3]

Pang et al. Page 3

Magn Reson Med. Author manuscript; available in PMC 2013 April 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



where R is the reduction factor (or acceleration factor). This relationship means the SNR of
the accelerated image is inversely proportional to the g-factor. The larger the g-factor, the
worse the parallel imaging performance is.

2. FDTD model of traveling-wave array in loaded case
A standard human head model was modeled within the copper waveguide which is shown in
Figure 2. The head was placed at 15 cm away from the patch antenna array to ensure that the
far field of the array was used to excite the MR signal. The setups of the waveguide and the
patch array were the same as those of the array configuration 1 (shown in Figure 1b) in
unloaded case. The Yee cell within the head model was 1 mm on transverse plane and 3.9
mm along the longitudinal axis to meet the accuracy requirement of the head model. For the
other part in the waveguide, the Yee cell size was the same as that used in the unloaded case,
i.e. 1mm by 5mm. The boundary conditions were the same as those used in unloaded case.
The parameter settings for convergence kept unchanged. The B1

− field distribution within
the human head model was simulated and the B1

− field distributions were calculated for
each element. Then the noise correlation matrix in Eq.[2] was estimated by using the
correlation coefficients among the B1

− field pattern of each element (2,9). Noise matrix can
also be calculated using the electric transmit fields (32–34) if the noise are predominantly
from thermal motion of charges in the sample (35). Finally, the g-factor maps at different
reduction factors were calculated and plotted to demonstrate the parallel imaging
performance in loaded case.

3. Design, construction and bench test of the patch antenna array
To further verify the performance of the proposed microstrip patch antenna array for the
traveling-wave parallel imaging in terms of resonant frequency, impedance matching and
element decoupling, a two-element patch antenna array was built as shown in Figure 3 and
bench test was performed. Each element was a nearly square ring microstrip patch antenna
made from copper foil and Duroid TMM 13I (Rogers Corporation, Chandler, AZ), low loss
material with a permittivity of 13.1(30,31). The outer dimension of the ring was fixed at
12.2 cm by 12 cm, while the inner dimension was a square with 4.5 cm side length. The
ground planes of the microstrip patch antenna elements were made from a single piece
copper foil. The resonant frequency of this antenna is inversely proportional to the size of
the square slot, the larger the slot size, the smaller the resonant frequency is. Therefore this
square slot was carefully cut to make the frequency of the antenna be approximately 298
MHz. The feed point was along the diagonal and very close to the corner of the square slot
to achieve acceptable impedance match. To obtain more convincible decoupling
performance for the patch antenna array setup used in the proposed traveling-wave parallel
imaging, the two antenna elements were placed much closer to each other (3 cm) than the
gap used in the simulation model (8 cm). Bench test was performed using an Agilent
E5070B network analyzer to evaluate the resonance frequency, impedance matching and
electromagnetic decoupling between the elements in loaded case.

4. MR experiment validation
The proposed parallel traveling-wave technique using the microstrip patch antenna
transceiver array was further validated by using 7T MR experiments. All the imaging
experiments were performed on a General Electric (GE) 7 Tesla whole body MR scanner.
The scanner was equipped with two transmit channels and two T/R switchers which were
connected to our transceiver patch antenna array in this experiment. Figure 3b shows the
detailed experiment setup. The patch antenna array was placed at the patient end of the
magnetic bore. The imaging sample was a human head phantom which was placed
approximately 85 cm away from the patch antenna array. Images of both the axial and
sagittal planes of the head phantom were acquired with the traveling-wave patch antenna
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array by using gradient echo sequences. The acquisition parameters used were TE=3.2ms,
TR=1000ms, matrix size =256×128, receiver bandwidth =31.3 kHz, field of view (FOV)
=24cm, phase FOV = 1, slice thickness =5mm, slice spacing = 5mm, Average Number =10,
and phase encoding direction is A/P. Total 10 axial slices and 8 sagittal slices were obtained.

In parallel imaging performance tests, two of the commonly used parallel imaging methods
– SENSE and GRAPPA – were used for image reconstruction. In SENSE accelerated
imaging the acceleration was applied to phase encoding direction and SENSE reconstruction
with acceleration factor of 2 for each slice was performed. SENSE reconstruction with
regularization method (9) was used to reconstruct the images. 48 central phase encoding
lines were acquired to estimate the sensitivity maps and the reconstructed low resolution
images were used as reference image for regularization. The sensitivity map of each channel
was then estimated by dividing each channel’s individual pattern by their combined image.
Finally, by using the Eq.[2] the g-factors for 1-D SENSE were also calculated to
demonstrate the parallel imaging performance of the traveling-wave patch antenna array. In
GRAPPA imaging, the acceleration was also applied to phase encoding direction and 48
Auto-Calibration Signal (ACS) lines in the center of the k-space were used to estimate the
missing lines. The GRAPPA reconstruction with acceleration factor of 2 was performed to
all the slices in both axial and sagittal planes. In addition, the reference image of each slice
reconstructed from the sum of squares method from full k-space data were also calculated
for comparison.

RESULTS
1. FDTD model of traveling-wave array in unloaded case

Figure 4 shows the conduction current density (J) on the patch antenna array surface. When
only one element was fed, the currents induced on the other 3 elements were limited,
indicating excellent decoupling performance among the elements. Figure 5 shows the B1

−

profiles (combination of x- and y- components) of 4 elements when fed individually. This
axial plane was 25 cm away from the patch array and the FOV was 61 cm. Each element
shows different B1

− profile, making it possible to perform parallel imaging. At this axial
plane the average g-factor for 1D SENSE at reduction factor R=2 can reach 1.12. Figure 6
shows the g-factor maps at R=2 and 3 for 12 different axial planes from 25 cm to 135 cm
away from the antenna array. The row of ‘Mean g-factor for original array’ in Table 1 shows
their corresponding g-factor average values. The g-factor maps varied with the targeted slice
distance away from the patch array due to the propagation of the wave and the coupling
between the array element and the waveguide.

2. FDTD model of traveling-wave array in loaded case
Figure 7 shows the individual B1

− profile of each array element at 25 cm away from the
antenna array. When loaded with high permittivity head model, the sensitivity patterns
became highly asymmetric. This would lead to the improvement of parallel imaging
performance. The average g-factors of 8 targeted slices from 19 cm to 33 cm at different
reduction factor and 2 acceleration directions in loaded case are shown in the row of ‘Mean
g-factor for original array’ in Table 2 and their corresponding g-maps are shown in Figure 8.
The calculation results showed that when the system loaded with the head model, the g-
factors were significantly improved over the unloaded case, especially in the high reduction
factors.

3. Bench test of the patch antenna array and B1 profile of a single patch
The reflection parameter S11 and the transmission parameter S21 of the patch antenna array
were measured on the network analyzer. The S21 between the elements was better than −26
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dB at only 3 cm gap while the S11 of each element could reach −36 dB, demonstrating
excellent performance in electromagnetic decoupling and impedance matching. In this array
setup, the resonant elements were placed as close as 3 cm apart which gives the upper limits
of the measurements for the array model proposed for investigating the traveling-wave
parallel imaging where the array elements were separated 8 cm apart.

Figure 9a shows the B1
− profile of a single patch element. It is noticed that the B1- profile is

not symmetric, making it possible to change the sensitivity pattern by simply rotating the
patch with a specified angle. This characteristic of the microstrip patch antenna arrays is
advantageous, providing the possibility of manipulating the coil array’s geometry factor (g-
factor) by changing the sensitivity pattern of each resonant element in order to optimize the
parallel imaging performance.

To evaluate the efficiency of the patch antenna, bench measurements on the patch antenna
and a shielded loop coil with 15 cm diameter at 298.2MHz were performed and compared.
To make it closer to the real imaging environment, the two different coils were put into the
magnet bore of the 7T MR scanner which was used for our MR experiment and acted as the
waveguide. The length of the magnet bore is 316 cm. Both the patch antenna and the loop
coil had the same reflection coefficient at the resonant frequency. The coil was put at one
end of the magnet bore and a sniffer (pick-up coil) was positioned inside the magnet bore
and 200 cm away from the coil. The strongest S21 of the patch antenna detected by the
sniffer is −50 dB, while for the loop coil the S21 is also approximately −50 dB. When
measuring the S21 of the loop coil the sniffer is parallel with the loop coil, while measuring
the patch antenna, the sniffer is orthogonal to the patch. This indicates that the RF efficiency
of the patch antenna is not worse than that of the loop coil.

4. MR experiment results
Figure 14 shows the axial images of 10 slices at different position within the head phantom.
The 1st and 2nd columns are the images of each patch element at different slices. The 3rd and
4th columns are the sensitivity maps of each patch element calculated from the raw data. The
5th column images are reference images of the 10 axial slices, which were reconstructed by
using the sum of squares method from the full k-space data. The 6th column images are
SENSE reconstructed images at acceleration factor of 2. It is shown that some noise and
aliasing artifacts appears in the phase encoding direction on the reconstructed image, this
may be because the acceleration rate has reached the maximum value of 2 for this two
element patch array. The average g-factors of each image are also presented. The 7th column
images are GRAPPA reconstructed images with 48 ACS lines at acceleration factor of 2.
From these parallel imaging performance results, it is illustrated that the traveling-wave
parallel imaging is feasible by using the proposed patch antenna array approach.

Figure 15 shows the sagittal images of 8 slices within the human head phantom. The 1st and
2nd columns are the images of each patch element at different slices. The 3rd and 4th

columns are the sensitivity maps of each patch element calculated from the raw data. The
last three column images are the reference images reconstructed from sum of squares
method, SENSE reconstructed images and GRAPPA images respectively. The average g-
factors for 1-D SENSE reconstruction at acceleration factor of 2 are also listed beside the
SENSE images.

5. Different array arrangement altering B1− profiles and G-factors
To provide a way to manipulating the B1

− profile and changing the g-factors, patch antenna
arrays with different configuration were investigated based on the B1

− profile of a microstrip
patch antenna element shown in Figure 9a. As an example, all setups of the waveguide and
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the patch antenna array were the same as those in the previous configuration, except that two
elements of channel 2 and channel 3 were rotated counter-clockwise 90°, which is depicted
in Figure 9b. The Yee cell size and the convergence stop criteria followed the previous
settings. The B1

− profiles of axial plane and the g-factor maps at different positions along
the waveguide (or magnet) axis were all evaluated and compared with those in previous
configuration for both unloaded and loaded cases.

In unloaded case, at 298 MHz the simulated transmission parameters S21, S31 and S41 are
all better than −40 dB while the S11 is nearly −8 dB. Figure 10 shows the axial B1

− profiles
of 4 elements when fed individually. The axial plane was 25cm away from the patch array
and the FOV in the study was 61cm. Each element shows different B1

− profile, which is
desired in performing parallel imaging. At this axial plane the g-factor for 1D SENSE at
reduction factor R=2 can reach 1.19. The g-maps at R=2 and 3 for 12 different targeted
slices from 25 cm to 135 cm along the magnet axis are shown in Figure 11, and their
corresponding average g-factors are shown in the row ‘Mean g-factors for array after
rotating two elements’ in Table 1.

In loaded case, Figure 12 shows the B1
− profile of each element within the human head. The

g-factor maps of 8 targeted slices from 19 cm to 33 cm away from the array are shown in
Figure 13 and their corresponding average g-factors in 2 acceleration directions are shown in
the row ‘Mean g-factors for array after rotating two elements’ in Table 2.

From above comparisons, it is noticed that there is an apparent difference between the g-
factors of the two array configurations in both unloaded and loaded cases, demonstrating
that different configuration of the array leads to different sensitivity pattern and parallel
imaging performance. This provides a feasible way to manipulating the B1

− profile of each
element and optimizing the parallel imaging performance.

DISCUSSIONS AND CONCLUSIONS
The FDTD simulation, bench test and MR experiment results have demonstrated that it is
feasible to apply the ‘traveling-wave’ technique to parallel imaging by using an array of
antennas. The different sensitivity maps of each element and good g-factor maps at far field
make it possible to implement parallel imaging using traveling-wave. In in-vivo experiments
where the B1

− profiles of individual array element become more asymmetric due to the
unique wave behavior in high dielectric samples at high fields(29,36), it is expected to
achieve a better parallel imaging performance based on the loaded simulation results with a
standard human head model. In this work, the simulation and MR experiments were made
with a head phantom inside the magnet bore. Such a setup may not be comparable to an in-
vivo situation where usually a full human body (i.e. a larger sample) is inside the bore.
Further study on the whole body case is necessary to be performed to thoroughly investigate
the performance of parallel traveling wave imaging.

The measured transmission coefficients and the simulated conduction current density of
each element have demonstrated excellent isolation between array elements, which is an
important issue in parallel imaging because strong isolation leads to reduced noise
correlation (37,38). Thus better g-factor and higher SNR are expected to be achieved. The
results of SENSE and GRAPPA accelerated imaging have also demonstrated good parallel
imaging performance in both axial and sagittal planes in MR phantom imaging.

Another important issue in parallel imaging is the diversity of the sensitivity pattern. Our
simulation results have shown that the sensitivity pattern is closely related to the
configuration of the patch array. The two configurations used in this work lead to different
sensitivity patterns and g-factor maps in both unloaded and loaded cases, which have
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provided us feasible ways to manipulate the sensitivity pattern of each element and thus
improve the g-factor. It is believed that the g-factor maps shown in this work can be further
optimized. Array elements using different shaped patch antennas, such as rectangular
patches, elliptical patches, circular ring patches and disc sector patches (25) will be
investigated for achieving better parallel imaging performance.

The single-feed nearly square ring microstrip patch antenna (31) has been utilized to build
the traveling-wave array in this work. The patch antenna shows better radiation efficiency in
free space when compared with the conventional loop coil. Unlike the conventional RF coils
designed for MR applications which use the coil’s near-fields, the microstrip patch antenna
is designed to radiate with specific directivity, yielding a specific far-field radiation pattern,
which results in radiating more power at a certain direction. The results of numerical
simulations, bench tests and the parallel imaging performance of the MR imaging
experiments using the two element patch antenna array demonstrate the excellent decoupling
performance between the patch antenna array elements. This is essential for parallel
traveling-wave MRI.

Parallel transmit is desired for high and ultrahigh field MR imaging in humans because of
the demands of fast excitation, B1 shimming, and optimizing SAR to improve safety in
human imaging at ultrahigh fields(36–43). Parallel transmit/receive using traveling wave
would enable an efficient, fast and safer imaging technique for large sized biological
samples, such as human body, at ultrahigh fields. However, at ultrahigh magnetic fields, due
to high operating frequency, it is technically challenging to build large sized transmit or
transceiver coil arrays to cover whole body. Traveling wave technique has demonstrated its
capability for very large sample imaging using a whole body 7T MR system. This would
open a new avenue to ultrahigh field MR imaging and reduce the difficulties in hardware
designs. The development of the traveling wave parallel transmission and parallel
acquisition techniques requires dedicated transceiver antenna array with excellent
decoupling performance. The proposed approach by using transceiver patch antenna array
has promising decoupling performance. In our experiment, this patch array acted as both
transmitter and receiver, showing its potential to be used for traveling wave parallel
transmission.

It is also noticed that in the proposed technique, the g-factor maps at different targeted slice
distances away from the antenna array vary with the distance, this may be caused by the
different interaction between the wave and the heterogeneous samples, such as human body.
The simulation results also suggested that the use of the antennas with high degree of
directivity or low beam divergence would aid to generate more B1 dissimilarity of each
element of the antenna array and thus to improve the g-factors and the traveling-wave
parallel imaging performance.

In addition, the number of patch antenna elements can be increased by using smaller size
antennas. For the antenna design used in this work, the antenna size can be reduced by using
high permittivity dielectric substrates and changing the size of the antenna slot.
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Figure 1.
Traveling-wave array model: (a) copper waveguide to model the magnet; (b) Original patch
array configuration: 4-element nearly square ring microstrip patch array acts as RF source
and signal-receiving device.
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Figure 2.
A standard human head model positioned at 15-cm array from the patch antenna array in the
waveguide is modeled to investigate the behavior and performance of the traveling-wave
parallel imaging: (a) axial plane view; (b) sagittal plane view. Given the physical size of the
patch antenna array employed in this study, the field at 15cm or beyond is considered “far
field” based on the far-field criteria Eq. 1. The orange dashed lines denote the Perfect
Matching Layer (PML) boundaries, while the white dashed line denotes the Perfect Electric
Conductor (PEC) boundaries which acted as the ground.
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Figure 3.
(a) The single-feed nearly square ring patch array with two elements. The gap between the
two elements is 3 cm, which is much smaller than that used in the simulation (8 cm). The
decoupling is better than −26 dB while the match can reach −36 dB. (b) The MR experiment
setup: the human head water phantom is 85 cm away from the patch antenna array and is
placed at the center of the 63 cm diameter bore.
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Figure 4.
In unloaded case, the conduction current density J distribution on the array surface. When
one element is fed individually, the currents induced on the other 3 elements are very small,
indicating excellent isolation among elements.
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Figure 5.
For the original array configuration in unloaded case, the B1

− profiles are different from
each other, making it possible to perform parallel imaging.
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Figure 6.
Simulation results: g-factor maps for 1D SENSE at reduction factor R of 2 and 3 for the
original array configuration in unloaded case, regarding the average g-factors shown in
Table 1. It is clearly shown that the g-maps vary with the position along the magnet.
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Figure 7.
For the original array configuration in loaded case, the B1

− profiles at 25 cm away from the
patch array. High permittivity head model makes the sensitivity patterns highly asymmetric
compared with the unloaded case. This increased asymmetric distribution of the loaded case
is desired because it helps to improve the parallel imaging performance.
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Figure 8.
Simulation results: g-factor maps for 1D SENSE at reduction factor R of 2 and 3 for the
original array configuration in loaded case, regarding the average g-factors shown in Table
2. Eight targeted slices were at the distance of 19 cm, 21 cm, 23 cm, 25 cm, 27 cm, 29 cm,
31 cm and 33 cm from the patch array. Left two columns: g-maps for 1-D SENSE at
acceleration direction of x; Right two columns: g-maps for 1-D SENSE at acceleration
direction of y.
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Figure 9.
(a) B1

− profile of a single piece nearly square ring patch antenna mapped by using FDTD
simulation. The RF field of the antenna illustrates a highly asymmetric distribution,
therefore the sensitivity pattern can be manipulated by rotating the patch with a specified
angle. (b) Another possible array configuration generated by rotating the two elements of
channel 2 and 3, which is expected to have a different B1 distribution (thus different g-maps)
from the previous configuration.
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Figure 10.
B1

− profiles in the unloaded case (at 25cm away from the patch) after rotating two elements
in the original array used in Fig 5, showing a field distribution change relative to the
previous setup. This could be a potential way to alter B1

− distribution and ultimately parallel
imaging performance.
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Figure 11.
Simulation results: g-factor maps for 1D SENSE at reduction factor R of 2 and 3 for the
array after rotating two elements in unloaded case, regarding the average g-factors shown in
Table 1. It is clearly shown that the g-maps vary with the distance away from the patch
array.
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Figure 12.
B1

− profiles in the head phantom (at 25cm away from the patch) after rotating two elements
in the original array used in Fig 7, showing a field distribution change relative to the
previous setup.
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Figure 13.
Simulation results: g-factor maps for 1D SENSE at reduction factor R of 2 and 3 for the
array after rotating two elements in loaded case, regarding the average g-factors in Table 2.
Eight targeted slices were at the distance of 19 cm, 21 cm, 23 cm, 25 cm, 27 cm, 29 cm, 31
cm and 33 cm from the patch array. Left two columns: g-maps for 1-D SENSE at
acceleration direction of x; Right two columns: g-maps for 1-D SENSE at acceleration
direction of y.
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Figure 14.
Axial images of the human head water phantom from MR experiments. 1st and 2nd columns:
the image of each patch element; 3rd and 4th columns: the sensitivity maps of each element;
5th column: the images reconstructed from the sum of squares method of full k-space; 6th

column: SENSE reconstructed images at acceleration factor of 2, average g-factor for each
slice is shown beside the corresponding image; 7th column: GRAPPA reconstructed images
with 48 ACS lines at acceleration factor of 2. These parallel imaging results demonstrate the
feasibility of the parallel traveling-wave MR imaging using the proposed patch antenna
array.
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Figure 15.
Sagittal images of the human head water phantom from MR experiments. 1st and 2nd

columns: the image of each patch element; 3rd and 4th columns: the sensitivity maps of each
element; 5th column: the images reconstructed from the sum of squares method of full k-
space; 6th column: SENSE reconstructed images at acceleration factor of 2, average g-factor
for each slice is shown beside the corresponding image; 7th column: GRAPPA reconstructed
images with 48 ACS lines at acceleration factor of 2. It is shown that the parallel imaging
can be applied to different anatomical planes, and the performance is approximately the
same.
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