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Abstract—The combined field integral equation (CFIE) method
is used to calculate the RF magnetic � field produced by a
transmission-line resonator element for high-field magnetic
resonance systems. The method calculates the surface currents
on a homogeneous phantom with triangular patches with the
Rao–Wilton–Glisson (RWG) basis functions, and the tetrahedra
with the Schaubert–Wilton–Glisson (SWG) basis functions are
used to calculate the resonator element field. The transmission-line
resonator element is excited at its resonant frequency and the
equivalent surface current distribution over the phantom are ob-
tained, and then the internal fields in the phantom are calculated
for the 9.4-T MRI system. This integral equation method provides
much faster � field results than the corresponding finite-differ-
ence time domain (FDTD) approach. A field localization method
by adjusting phase excitations is also discussed.

Index Terms—Combined field integral equation (CFIE),
magnetic resonance imaging (MRI), method of moments (MoM),
radio frequency (RF) � field, radio frequency coil, transmis-
sion-line element.

I. INTRODUCTION

M AGNETIC resonance imaging (MRI) is an important
tool in clinical diagnosis, and high-field MRIs (4 T

and above) provide better signal-to-noise ratios (SNRs) and
higher resolution in the images [1]–[3]. However, as the Larmor
frequency is proportional to the static field , at high fields,
efficient radio frequency (RF) resonator design, close to the
human subjects, is challenging due to the short wavelength
in the human body and also due to interelement coupling. A
lumped-elements resonator is widely used in the low -field
(1.5 and 3.0 T) clinical MRI systems. To simulate the RF mag-
netic field in phantoms and the human body, the finite-dif-
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ference time domain (FDTD) method and the finite-element
method (FEM) are widely used, and these methods require the
entire computational domain to be discretized. However, the
computational costs become severe in RF multichannel coils.
An alternative is the solution of the combined field integral
equation (CFIE) to obtain the surface current distribution on
phantoms and the human head and body [4]. For dielectric
boundaries, the Poggio–Miller–Chang–Harrington–Wu–Tsai
(PMCHWT) formulation also can be used to yield accurate
solutions [5], [6].

In previous publications [7], [8], the fields of RF surface
coils without dielectric substrate materials were calculated
by the method of moments (MoM) [9] for near-field anal-
ysis. In this letter, the recently used microstrip transmis-
sion-line resonator element consisting of a thin conducting
strip placed on a dielectric substrate with a metallic conductor
ground plane is first analyzed with the CFIE in high-field
MRI systems. In the present method, tetrahedra of with the
Schaubert–Wilton–Glisson (SWG) [10] basis functions are
used for the transmission-line resonator element, and the
Rao–Wilton–Glisson (RWG) [11] basis functions with surface
triangular patches are used for the surface currents. The tech-
nique is demonstrated with a spherical phantom filled with
brain-equivalent material. The single transmission-line res-
onator element is modeled for the 9.4-T MRI system (Larmor
frequency 400 MHz). Subsequently, the RF magnetic fields
in the phantom are calculated for eight channel resonator
arrays by superposition, and they are compared to the FDTD
results. Accurate and efficient results for the internal field
in the phantom are obtained. In addition, an approach finding
optimum phase excitation parameters for a selected region of
interest is discussed.

II. METHODOLOGY

In RF resonator analysis at high static fields, the com-
bined field integral equations are solved by the method of mo-
ments, and the equivalent surface currents on the phantom are
calculated. For dielectric scatterers, the CFIE formulation may
be used to find the equivalent currents on the enclosing surface.
In order to transform the combined integral equation into a ma-
trix equation, the surface of the object has a triangular patch
model with RWG basis functions.

The following matrix equation is obtained for electromag-
netic scattering by homogeneous lossless and lossy dielectric
objects:

(1)
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Fig. 1. Geometry of a lossy dielectric scatterer �� � � � � � with a transmis-
sion-line resonator element in free space �� � � � � �.� and� represent the
scattered fields by the resonator excitation. � and� are the induced equivalent
electric and magnetic currents on the surface S (dashed line) of the dielectric
scatterer, respectively.

Fig. 2. Center-fed transmission-line resonator element model at 400 MHz.
(a) Top view. (b) Side view.

where , and are the impedance, admittance, and
off-diagonal submatrices, respectively. Once unknown current
coefficients and are determined, the scattered fields in
regions 1 and 2 in Fig. 1 are directly evaluated. and
are elements of electric and magnetic field excitation, and these
component matrices can be calculated from modeling the RF
resonator element.

The transmission-line resonator is analyzed without scat-
tering objects. Modified basis functions, SWG basis func-
tions [10] are used since a thin metal strip resonator with the
dielectric substrate may require a volume integral equation [12].
These SWG basis functions possess artificial volume charges
whose effect becomes apparent close to the dielectric–metal
interface of the transmission-line elements. This modeling
method also results in an impedance matrix described in [10],
then the scattered electric and magnetic fields are calculated
at the resonant frequency of this element. For the external
excitation, a standard voltage-gap feed is employed with four
bottom feeding edges around a center rectangular metal column
[Fig. 2(a)]. The Green’s functions method [13] may be used
to analyze a general microstrip geometry, but it assumes an
infinite ground plane, which is not the case here.

III. NUMERICAL RESULTS AND DISCUSSION

The half-wavelength transmission-line resonator element,
which is a microstrip line, with center feed at 400 MHz for the
9.4-T MRI system was used in these simulations. Subsequent

Fig. 3. Input impedance and return loss (� ) of the transmission-line resonator
element. The solid and dashed curves represent the resistance and reactance,
respectively, while the dashed-dotted curve denotes the return loss. The trans-
mission-line resonator element has the resonant frequency at approximately
400 MHz.

simulations will use a fore-shortened line with shunt capacitors
and end-fed elements. In Fig. 2, the dimension of the transmis-
sion line resonator element is shown, and the relative substrate
dielectric constant, , is used. To find the resonant
frequency, input impedance and return loss ( ) are plotted
in Fig. 3. At approximately 400 MHz, the input resistance is
about 45 , and the input reactance is nearly zero. For the
present case, 838 triangles, 1197 metal edges, 2261 dielectric
edges, and 1638 tetrahedra were used. The matrix is solved
by MATLAB with 27 s of CPU time (Intel Core2 Duo CPU
2.53 GHz) at each frequency, with 9 s for constructing the
impedance matrix.

After modeling the transmission-line resonator at the reso-
nant frequency, elements of field excitation in the right side
of (1) are calculated, then the equivalent current coefficients
can be determined over the phantom. In these calculations, the
phantom is a sphere, with 10 cm radius, and is filled with ma-
terial [S/m]. The microstrip resonator ele-
ment is positioned 2.54 cm (1 in) away from the phantom as
shown in Fig. 4. A total of 1595 nodes for the phantom, which
results in 3188 triangular patches, are used in this calculation.
The average edge length of the triangular mesh is approximately
0.95 cm, which is about 1/10 of a wavelength at 400 MHz inside
the phantom. The CFIE program requires about 8 min of CPU
time, while similar calculations took the FDTD method about
7 h [2], [8].

The measured image signal intensity (SI) is given by

(2)

where is the RF flip angle associated constant number, and
and are receive and transmit magnetic fields, respectively.
These two circularly polarized components of the transverse
magnetic field on the horizontal section through the center
of the sphere (dashed line in Fig. 4) were calculated as [14]

(3)
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TABLE I
PHASE EXCITATION PARAMETERS OF EACH TRANSMISSION LINE RESONATOR ELEMENT CORRESPONDING TO FIG. 6

Fig. 4. Transmission-line resonator element and spherical phantom model. The
dashed line represents the transaxial slice of the phantom.

Fig. 5. Comparison of � maps on the center of the sphere. Normalized
� fields in the transaxial slice in the 9.4-T MRI system. (a) � . (b) � .
(c) Eight-channel � .

where and and are the complex vectors of -
and -directional RF magnetic fields, respectively. Therefore,
homogeneous fields are important for the high quality of the
MR imaging.

The transmit and receive fields in the axial slice of the
center of the phantom with excitation of one element are plotted
in Fig. 5(a) and (b), and the CFIE results are compared to the
FDTD results. At the center point in Fig. 5(a), the difference is
approximately 0.0013 ( 28 dB). As expected in high magnetic-
field MRI systems, and have typical twisted amplitude
profiles with similar shapes but opposite directions.

Next, the effect of multichannel elements can be obtained by
rotating the resonator element position and varying the corre-
sponding phase to represent the additional resonator elements.
This is valid when there is enough space between adjacent res-

Fig. 6. Normalized eight-channel� fields with and without phase control in
the transaxial slice in the 9.4-T MRI system. (a) �� � without phase control.
(b) �� � with phase control–1. (c) �� � with phase control–2

onator elements. For eight-channel resonators, approximately
14 dB of isolation between the resonator elements is obtained.

In Fig. 5(c), eight-channel results by the CFIE with superpo-
sition (no coupling taking into account) and by the FDTD with
independent feeding (coupling taking into account) show good
agreement. More than 12 channel resonators may need decou-
pling capacitors between adjacent resonator elements.

Fig. 6 shows results before and after controlling phases
of individual resonator elements in an eight channel array. In
Fig. 6(a), all zero phases are applied to each resonator element
excitations, and each is identical at the center. Based on
this result, simple localizations can be performed by ad-
justing each excitation phase of a multichannel array. Applying
input phases offsetting at just right and left of the center
point, localized results in Fig. 6(b) and (c) are obtained, re-
spectively. Detailed phase excitation parameters are shown in
Table I.

For the human head phantom, which is a more realistic and
heterogeneous model, the problem is complicated because of the
distribution of material with varying composition. To alleviate
this difficulty, surface currents on different layers can be solved
in an integrated way satisfying coupling from RF resonators and
an inhomogeneous phantom. Theoretically, no limitation exists
on the number of different materials (tissue), but a very delicate
division is required in the inhomogeneous phantom. Alterna-
tively, after calculating the current distribution on the surface of
the heterogeneous head, a finite-element technique may be used
to calculate the internal field distribution in different materials.
This work is currently in progress. Note that the FDTD method
has the advantage over MoM-based methods when solving with
heterogeneous phantoms because its technique does not require
further computational complexity. This is why a lot of com-
mercial software uses the FDTD approach for human phantom
simulations.

IV. CONCLUSION

The combined field integral equation (CFIE) method to
analyze the fields using transmission-line resonators in
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high-field MRI systems has been demonstrated. The CFIE
method provides good modeling flexibility and solution accu-
racy for coils and phantoms by using triangular patches and the
RWG basis functions. After modeling the resonator microstrip
element at the resonant frequency and obtaining the equivalent
current unknowns over the phantom, the internal fields in the
phantom were calculated. Numerical results show rapid and
efficient fields in the 9.4-T MRI system. In this letter, the
result in a single transmission-line element with the phantom is
presented, and the proposed method is to be extended to human
models for RF shimming for multichannel resonators in
high-field MRI systems with further modifications. A method
varying the phase of driving individual resonator elements is
also discussed. This integral equation technique is shown to be
very much faster than the corresponding FDTD approach.
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