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Abstract

The high-frequency transceiver array based on the microstrip transmission line design is a
promising technique for ultrahigh field magnetic resonance imaging (MRI) signal excitation and
reception. However, with the increase of radio-frequency (RF) channels, the size of the ground
plane in each microstrip coil element is usually not sufficient to provide a perfect ground.
Consequently, the transceiver array may suffer from cable resonance, lower @-factors, and
imaging quality degradations. In this paper, we present an approach to improving the performance
of microstrip transceiver arrays by introducing RF shielding outside the microstrip array and the
feeding coaxial cables. This improvement reduced interactions among cables, increased resonance
stability, and Q-factors, and thus improved imaging quality. An experimental method was also
introduced and utilized for quantitative measurement and evaluation of RF coil resonance stability
or “cable resonance” behavior.
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Index Terms
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l. INTRODUCTION

The major advantage provided by high magnetic fields is increased nuclear magnetic
resonance (NMR) sensitivity, offering improved spatial and spectral resolution [1]-[7]. For
parallel imaging strategies based on multicoil arrays [8], [9], high fields are expected to
improve parallel imaging performance due to the unique complex sensitivity profiles of each
coil element and the increased signal-to-noise ratio (SNR) [10]-[12]. Technical challenges
in designing large-size, high-frequency transceiver arrays required for the efficient
excitation and detection of magnetic resonance (MR) signals in human subjects are
prominent at ultrahigh fields and have become a major hindrance in the further development
of ultrahigh field parallel imaging and the translation of this promising, fast, highly sensitive
imaging approach for clinical use. In human ultrahigh field parallel imaging,
electromagnetic coupling among array elements, degraded coil quality factors (Q-factors),
B1 inhomogeneity induced by large-sized, dielectric biological samples, and difficulties in
achieving the required high frequency, become pronounced. Microstrip resonator technology
for radio-frequency (RF) coil array design developed recently [12]-[17] demonstrates a
superior performance in quality factors, high frequency capabilities and unparalleled
decoupling performance, and is capable of alleviating the technical difficulties in ultrahigh
field parallel imaging. In contrast to the receive-only parallel imaging arrays commonly used
at lower field strengths, transceiver arrays with independent RF amplitude and phase control
on each element, capable of performing parallel excitation and B1 shimming, are necessary
and have become a popular solution to high field issues of specific absorption rate (SAR),
B1 inhomogeneity induced by samples and fast selective excitations [12], [18].

In microstrip arrays, the ground planes of coil array elements are usually separated to further
improve their decoupling performance, especially in transceiver arrays with densely placed
elements for pursuing high parallel imaging performance, and to minimize the potential
eddy current problem in high field imaging. However, with the increase in number of
channels or elements, the size of each ground plane is not large enough to be a perfect or
“true” ground. The condition of the microstrip, an unbalanced transmission line circuit, is
then not rigorously satisfied. Consequently, the transceiver array may suffer from serious
“cable resonance” and lower Q-factors. When an imperfect unbalanced microstrip resonator
is connected to a coaxial feeding cable, also an unbalanced transmission line circuit, the
currents on the “ground” of the imperfect unbalanced microstrip resonator goes to the outer
conductor of the coaxial feeding cable. The coaxial feeding cable therefore becomes a part
of the resonator circuit. This makes coil resonance and impedance extremely sensitive to the
environmental changes around the feeding cable. This phenomenon is conventionally called
“cable resonance.” The resonance instability caused by the “cable resonance” makes it very
difficult for coil tuning and matching, ultimately resulting in imaging quality degradations.
Moreover, the large reflection RF power caused by the imperfect tuning and matching may
greatly reduce the efficiency of MR signal excitation and reception. Symmetrical feeding
[19] by inserting the tuning/matching circuit at the center of each microstrip can diminish
the cable-resonance problem, improving the coil’s stability despite some difficulties in
performing on-site tuning/matching. In this work we propose an approach to improving the
performance of microstrip transceiver arrays by introducing an additional RF shielding
outside the microstrip array and the feeding coaxial cables. The transceiver array design
with this improvement reduced interactions among cables, enhanced resonance stability of
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each resonant element, bettered Q-factors, and thus improved imaging quality in human
ultrahigh field MRI.

II. MATERIALS AND METHODS
A. RF Shield for Microstrip Coil Arrays

To increase the stability of microstrip coil arrays by using RF shielding, four different
configurations of shielded microstrips with two elements (as shown in Fig. 1) were
investigated and tested on bench. The length of the two microstrip elements was 20.0 cm
while the width of the strip conductors and the ground plane were 0.63 cm and 2.54 c¢cm,
respectively. The microstrip elements were connected to 20-cm-long low noise coaxial
cables (G 01130 HT, HUBER + SUHNER) via impedance matching circuits. The distance
between the two coil elements was 5.0 cm. Both of the coils were matched to 50 Q (S11
were ~—25 dB or better) and tuned to 298.1 MHz after loading them with a 17-cm-diameter
sphere phantom filled with copper sulfate solution. The schematic of the unshielded
microstrip setup (i.e., scheme A) is shown in Fig. 1(a). The RF shielding was added under
the microstrip elements with four different configurations and also wrapped around the
feeding cables. The added RF shielding was also expected to minimize the “radiation” losses
(which is one of the major losses in ultra-high field MRI) caused by the nonideal ground of
the microstrip. However, the introduced RF shields may also increase the magnetic field
crosstalk between coil elements and hence split the resonance peaks. To investigate the
appropriate shielding scheme for the microstrip coil array, scattering parameters were
recorded and compared with a network analyzer (Agilent Model E5070B).

In Fig. 1(b) (shielding scheme B), a single-piece copper sheet with a size of 20 cm x 10 cm
was placed under the coils. The gap between the ground plane and the copper sheet was
approximately 1.3 cm (various gaps were also investigated). The feeding coaxial cables
were wrapped with nonmagnetic copper tapes to minimize their signal losses. The length of
the shielded cables was approximately 10 cm. Fig. 1(c) illustrates the same shielding scheme
as shown in Fig. 1(b), but the single-piece RF shielding was replaced by two separated RF
shields (i.e., scheme C). In Fig. 1(d), the ground plane of the microstrip element was
connected to the RF shield beneath through a short piece of copper wire (i.e., scheme D).
The last configuration is demonstrated in Fig. 1(e), in which the RF shields were connected
to the cable shield instead of the ground plane of the microstrip element (i.e., shielding
scheme E).

To measure the stability or “cable resonance” of the RF coils in the different shielding
schemes, an experimental method was designed. The schematic of the experiment setup is
illustrated in Fig. 2. Two straight-type RF coils along with their coaxial feeding cables were
placed in parallel and fixed on a Teflon board. The distance or gap between the two coils
was 5.0 cm. The two RF coils were tuned to the same frequency of 298.1 MHz and matched
to system’s 50 Q. A 17-cm spherical water phantom (GE Healthcare, Milwaukee, WI) was
then placed 1.2-cm above the two feeding cables of the coils. To avoid the possible loading
of the phantom to the coils, the phantom was positioned 30 cm away from the coils. The
“cable resonance” of the RF coils was evaluated by measuring the changes in their
resonance frequency and impedance matching with and without the presence of the water
phantom. This method provides a reliable, quantitative approach to the RF coil “cable
resonance” (or resonance stability) measurement. Q-factors, coupling between the coil
elements in different shielding schemes were also measured and listed in Table I.

Without using any shields [i.e., scheme A as shown in Fig. 1(a)], the stability of the
microstrip coils was poor in terms of frequency shift and matching degeneration, and the
loaded Q-factor was 116. Scheme B resulted in more stable resonance, but the increased coil
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coupling led to a resonance peak split. With separated RF shielding in scheme C, the
inductive coupling between coils was low but the coil stability and Q-factor did not improve
notably. In Scheme D, connecting the coil ground plane with the RF shielding also caused
strong mutual coupling. Due to the split of the resonance peaks in scheme B and scheme D,
the stability measurements (frequency and impedance changes) were performed on only one
microstrip element by moving away another microstrip element from the setup shown in
Fig. 2. RF shielding scheme E is the best solution with high stability of coil resonance,
higher Q-factors and acceptable decoupling between coil elements (-17 dB). RF shielding
scheme E was therefore selected to design the transceiver array in this work.

B. Design of the Shielded Microstrip Array

To demonstrate its performance, this RF shielding technique was applied to a proposed
hybrid harmonic microstrip head array with first and second harmonic resonators
interleaved-placed along the circumference of a cylinder [20]. Unlike the conventional
microstrip array in which the coil elements are all the primary harmonic resonators, this
design is composed of alternatively placed coil elements with the primary and second
harmonics. Due to the different field distribution and the intrinsic decoupling between the
primary and second harmonic elements, this design holds several advantages such as lower
mutual coupling and improved parallel imaging performance along the sagittal/coronal
plane. Fig. 3(a) shows a 16-channel transceiver microstrip array, which consists of eight
primary harmonic elements and eight second harmonic elements for 1H imaging of human
head at 7 T. The coil elements were built on Teflon strips that were 20 cm long, 3 cm wide,
and 7 mm thick. The strip conductors and ground planes of the microstrip coil were made of
36-um-thick adhesive-backed copper tape (3M, St. Paul, MN). The width of strip conductors
was 0.63 cm, and the width of ground conductor was 2.54 cm. We connected two capacitors
(Voltronics, Denville, NJ) at each coil elements for tuning and matching. For better
adjustment, all tuning/matching circuits were arranged at one side of the strips. To
compensate for the insufficient size of the ground plane of each microstrip element in the
head transceiver array, a cylindrical slotted RF shielding with a diameter of 26.7 cm was
added to the coil array as shown in Fig. 3(b). The cylindrical shielding had no physical
connection with the coil array elements. The distance between the RF shielding and the
ground plane of the coil elements was ~1.3 cm. This RF shielding was cut into eight pieces;
within each piece there was one primary and one second harmonic element as schematically
indicated in Fig. 4 to avoid possible eddy currents during imaging experiments. To minimize
the RF interference between the resonant elements and feeding cables, the coaxial cable of
each resonant element was shielded by a 10-cm-long copper tape which was directly
connected to the coil shielding. The S-parameters, Q-factors before and after using the
shields were measured with the network analyzer.

C. MRI Experiments

Based on the study results on the different shielding configurations listed in Table I,
shielding scheme E that provides the best stability and quality factor seems an appropriate
choice for the head transceiver arrays at 7T. MR imaging experiments using the proposed
head array with RF shielding (scheme E) were performed on a whole body 7T/90 cm MR
scanner (GE Healthcare, Milwaukee, WI). The scanner was equipped with two quadrature
transmit channels and two T/R switches. To test the transceiver head arrays on this system,
scans were conducted by connecting two coil elements (which are 90° apart) to the transmit
channels each time simultaneously, and then combining all subimages offline. To avoid the
signal cancellation due to the phase difference of the channels, the two coil elements
scanned at each time were fed by RF power with 90° phase difference. During the
experiment, all other coil elements were terminated with 50 Q terminators.
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Phantom images were acquired using the head arrays with and without the use of the
additional RF shields for comparison. A 7T spherical water phantom with a 17-cm diameter
(GE Healthcare, Milwaukee, WI) was used for imaging. To avoid potential RF-amplifier
damage caused by the impedance mismatching of coil elements, the scan was manually
performed and the feeding power of each coil element was controlled below 40 W both for
shielded and unshielded cases. Each coil element was tuned to 298.1 MHz, the proton
Larmor frequency of the 7 T scanner, and was matched to system 50 Q with the presence of
the phantom (better than —25 dB). Due to the environment-sensitive performance of the
unshielded microstrip array, much effort and time was taken to fine tune the coil elements in
the unshielded microstrip array. Axial plane images passing through the central of the
phantom were acquired by using a gradient recalled echo (GRE) sequence with TR/TE =
150 ms/6.8 ms at 20° flip angle. Other MRI parameters were 256 x 256 matrix size, 18 cm x
18 cm field-of-view, NEX = 1. SNR measurements were taken from pairs of 32 x 32 pixels
in each of the five positions at the center and periphery of images. Standard deviation of 10
x 10 pixels in the background was treated as noise for SNR calculation. Sagittal images
from healthy volunteers were then acquired with the shielded transceiver array by using
gradient recalled echo (GRE) sequence with TR/TE = 100 ms/6.9 ms at 20° flip angle. Other
MRI parameters were 256 x 256 matrix size, 24 cm x 24 cm field of view, NEX = 4.
Accelerated images with reduction factor (/) from 2 to 16 were calculated and
reconstructed. Datasets were reconstructed offline with a customized GRAPPA-based
parallel reconstruction algorithm [21] developed in our laboratory using MatLab
(MathWorks, Natick, MA). Auto-calibration signal (ACS) lines that we used in this work
were 10 for R=2~5, 20 for k=6 ~ 12, 40 for R=13 ~ 16.

lll. RESULTS

@-factors of the shielded and unshielded microstrip volume arrays measured 120 and 67,
respectively, yielding a doubled @-factor gain and significantly reduced losses for the
proposed design. The S11 plots obtained from a network analyzer for shielded and
unshielded microstrip coils are shown in Fig. 5. In the unshielded microstrip array, the coil
elements suffered from lower Q-factors and “cable-resonance.” The coil resonance was
sensitive to the routing of coil feeding cables. On-site tuning and matching of the unshielded
array was challenging due to instability of element resonance resulting from the “cable
resonance” effect.

As revealed in Fig. 6, the SNR of the array with the RF shielding is improved over that
without the RF shielding. For comparison, the shielded/unshielded SNR ratios are listed
beneath the average SNR data of the shielded coil image [Fig. 6(b)]. Averaging the five
experimental shielded/unshielded ratios, the RF shielded array yielded 2.3 times increase in
the image SNR over that of the unshielded array. This experiment-based SNR gain was
partially from the improved coil performance (e.g., loaded @-factor), and partially from the
uncontrollable mistuning and mismatching of the unshielded coil array.

In the unshielded case, after loading the unshielded array with a human head and moving the
coil array into 7 T magnet for scanning, the resonance peaks of the coil elements shifted by
0.2 MHz to 0.4 MHz. Impedance matching of the coil elements, which was originally —25
dB or better, had also degraded to the range between —15 dB and -25 dB. Moving the coil in
and out the magnet in this case did not make significant change in its tuning and matching.
However, due to the severe “cable resonance” resulted from the imperfect ground, the
unshielded microstrip array was extremely sensitive to its surroundings, making the on-site
tuning and matching difficult. In the proposed shielded microstrip array, RF interference
between resonant elements and feeding cables, and also among feeding cables themselves
were reduced, resulting in an improved stability of coil resonance and ultimately improved

IEEE Trans Med Imaging. Author manuscript; available in PMC 2010 March 08.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Wu et al.

Page 6

imaging performance. Compared with the unshielded microstrip array, the shielded
microstrip array diminished the frequency shift before and after moving into the magnet.
The resonance frequency shifts outside and inside the magnet were within 0.1 MHz.
Impedance matching of each element was also better than —20 dB after moving the coil into
the center of the magnet. It reduced the on-site tuning/matching effort. Isolations between
adjacent elements were slightly degenerated after shielding (from -1 dB to —4 dB), but still
retained a S21 of —15 dB or better when loaded with human head.

Fig. 7 shows the images acquired from a healthy volunteer using the shielded microstrip
head transceiver array at 7 T. The image with reduction factor of 1 (£ = 1) was combined by
using the sum-of-squares method. Parallel imaging using GRAPPA with reduction factors
2-16 at different numbers of ACS lines were also reconstructed. Imaging with high
acceleration rates demonstrated robust parallel imaging capabilities of the proposed shielded
microstrip coil array for /n vivo MR applications at 7 T. It is generally difficult to achieve
high acceleration in parallel imaging, particularly when 1-D acceleration is used. The use of
tailored algorithms and image processing methods would certainly help to further minimize
the image artifacts and background noise, especially when the reduction factor applied is
greater than 3.

Note that specific absorption rate (SAR) is critical for high field human imaging studies,
especially for 7 T imaging. The RF shielding in a microstrip head array with a large number
of densely placed resonant elements may significantly increase the loaded Q-factors,
indicating that the coil efficiency is improved and less transmit power is needed in
comparison with the coil arrays without RF shielding.

IV. DISCUSSION AND CONCLUSION

An improved microstrip transceiver volume array for human head parallel imaging at the
ultrahigh field of 7 T was designed and tested. The treatment of RF shielding on coil
elements and feeding cables significantly improved the coil’s resonance stability and quality
factors, thus leading to an improved image quality and parallel imaging performance at 7 T.
The method proposed in this work is also applicable for designing other 7 T microstrip coil
arrays, such as knee and spine arrays. The RF shielding is particularly useful in designing
human transceiver arrays, especially those with a large number of densely placed resonance
elements for high acceleration rates, in which the ground planes of the microstrip resonant
elements are usually not large enough to become a “true” ground due to the space limitation.
The effects of an imperfect ground of each microstrip resonant element in the transceiver
arrays eventually result in reduced quality factors and instable coil resonance. The use of
slotted RF shielding [22], [23] in this work can potentially reduce possible eddy currents in
some high-field applications where strong and fast gradients are demanded. The resonance
stability measurement method introduced in this work provides a quantitative way to the RF
coil’s “cable resonance” evaluation.
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Teflon board Microstrip coil 2#

Microstrip coil 13

RF shield

Fig. 2.

Method of evaluation of coil stability or “cable-resonance” behavior by measuring changes
in coil’s resonance frequency and impedance caused by the interaction between a phantom
and EM fields generated by the currents on the outer conductor of the feeding coaxial
cables. To ensure that the frequency change and impedance change were caused only by the
EM fields of cables, the phantom was placed 30 cm away from the microstrip coils so that
the coils do not “see” the phantom.
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Fig. 3.
The 16-channel microstrip head array (a) without RF shield and (b) with RF shield.
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Schematic of hybrid harmonic microstrip array with slotted RF shielding.
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Fig. 5.

S11 parameters of the primary harmonic coil element without and with RF shields.
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Fig. 6.

Phantom images from (a) unshielded microstrip array and (b) shielded microstrip array. The
SNR was measured from gradient echo images acquired using the same acquisition
parameters and transmit power. Averaged, regional SNR measurements are shown on the
images. Average shielded/unshielded SNR ratios are listed beneath the SNR data on the
shielded image.
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Fig. 7.

Head images acquired with the shielded microstrip array at 7 T. When acceleration Ris 1,
the image was reconstructed by sum-of-squares method; the images with R = 2-6 were
reconstructed offline by using GRAPPA. When Ris 1-5, ACS lines for #=1-5 is 10, for R
=6-12 is 20, for R =13-16 is 40. Images were acquired with a GRE pulse sequence (Flip
angle 20°, Matrix size 256 x 256, Slice Thickness 3 mm, TR/TE 100 ms/6.9 ms, and FOV
24 cm x 24 cm).
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TABLE |

Comparison of Different Shielding Schemes for microstrip Coil Array

Stability

Shielding . : Coupling
schemes | Change | Changein | Q-factor | o51 " ig)
in Freq Matching
(AMHz) (AdB)
A | 0.45 | 16 | 116 | 20
B | 0.15 | 8 | 107 | peak split
C | 0.30 | 12 | 112 | 19
D | 0.15 | 9 | 124 | peak split
E | 0.05 | 5 | 168 | 17
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