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The MRI probe was designed using

n-element coupled coaxial lines, with n
=24, 16, 12, and 8. As a reference, the

High-

Analysis

MRI probe design was compared to the
shielded birdcage TEM resonators com-
monly used for MRI probes. Numerical
calculations for the probe were carried
out using the MoM approach with LIN-
PAR for Windows (Matrix Parameters
for Multiconductor Transmission Lines,
or MTL) two-dimensional (2D) analysis
software. It was used to perform numeri-
cal evaluation of the quasistatic matrices
([L], [C], [R], and [G]) representing the

This high-Q MRI probe was designed with the aid of
method-of-moments (MoM) computer simulations and
constructed with coupled coaxial transmission lines for

use at 433 MHz.

agnetic resonance imaging (MRI) is a
powerful tool for medical research—
specifically, for studying the condition of
internal organs in humans and animals.
To construct an MRI probe for animal research, the charac-
teristics of a transverse-electromagnetic (TEM) coil were ana-
lyzed and optimized using computer-simulation software and
method-of-moments (MoM) computer-simulation approach-
es. An effective model for the MRI design was subsequently

developed that optimizes the frequency response of the MRI
probe at 433 MHz.

multiconductor transmission lines form-
ing the MRI probe.

The S;; response of the MRI probe was
optimized for 433 MHz using software
tools based on MTL with MathWorks’
(www.mathworks.com) MATLAB analy-
sis software. The approach permitted
evaluation of the probe’s unloaded quality factor (Q). The impact
of such parameters as the radius of the coaxial transmission lines
(TLs) and the numbers of elements were studied in the analysis.

An RF coil is an essential component in an MRI system. Many
different types of RF coils have been developed for MRI, with
each generation offering some performance improvements. Pri-
or to the introduction of the TEM resonator in 1994,! the bird-
cage resonator was the most widely used type of RF coil for MRI
probes.2 A TEM resonator has several advantages over a birdcage
coil, including improved excitation field homogeneity, high
quality factor (Q), and ease of tuning.> The first descriptions of
TEM resonator structures appeared in several
patents, which provided descriptions of TEM
resonator structures.%”

Other work on TEM resonators focused on
modeling the resonators using TL concepts.
In one approach, the resonator consisted of
a section of coaxial TL terminated by capaci-
tors.! A lumped-element approach with con-
ductors operating as inductors with mutual
coupling and capacitors was used to model
a TEM resonator at 143 MHz.® In addition, a
simplified coupled TL model of a TEM reso-

nator was developed.”!? Using the bound-

1. These two views show (a) a detailed illustration of the coupled coaxial line TEM-resonator ary element method (BEM), researchers

and (b) its key parameters.
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developed a 12-element lumped-element
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2. Augmentation of the
charged surfaces of
the coupled coaxial-
line TEM resonator is
shown for: (a) n = 24,
(b)n=16,(c)n=12,
and (d)n=8.

(c) (d)

TEM resonator model at 200 MHz. Note that this model is
invalid at higher frequencies.!!

In previous work by the current authors,'? a numerical tool
was demonstrated based on the finite element method (FEM).
Its purpose was to analyze an eight-element unloaded coaxial
line transverse electromagnetic (TEM) resonator and design an
MRI-probe for studies at 4.7 T. That MRI probe has —62.81 dB
minimum reflection and Q of 260 at approximately 200 MHz.

To build upon that work, the current studies describe a model
for multiple-conductor TLs transmission lines. This includes
the exact calculation of the primary parameter matrices ([L]
and [C]) from ref. 12, adapted to full potential using MoM via a
LINPAR for MS Windows analysis environment.'* The current
reported efforts were applied to characterize the behavior of a
TEM resonator at a Larmor frequency of 433 MHz for a high-Q
(20-dB) MRI probe. A probe was designed and developed by
varying the number and the radius of the n-elements coupled
coaxial lines (n = 24, 16, 12, 8), used to form the MRI probe.

Figure 1 shows a TEM resonator. It consists of a number (n) of
inner circular conductors (coaxial lines) distributed in a cylin-
drical pattern (2rR) in a particular diameter and connected
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3. This schematic circuit shows how the MRI probe uses an n-element
coupled coaxial line TEM-resonator.

with capacitors to a cylindrical outer shield of 2rB diameter.!1:'2
The length of the resonator is sized with respect to the wave-
length (of 433 MHz) in free space, Ay = 17.32 cm. To evaluate
the [L] and [C] matrices in a LINPAR environment, it was nec-
essary to estimate the cross-section of the MRI resonator and
all relevant dielectric characteristics using general programs in
PASCAL. Figure 2 shows the segmentation of the charged sur-
faces of the n-element coupled coaxial MRI resonator using
LINPAR for WINDOWS software.

Numerical analysis was performed (Fig. 2) to determine the
electromagnetic (EM) parameters for the [L] and [C] matrices
of the TEM resonator. Once these parameters were calculated, it
was possible to estimate the resonance spectrum (S;; response)
of the MRI probe based on a TLM approach (Fig. 3).14 The MRI
probe consists of shielded coupled coaxial lines with length 1,
matching capacitor (Cyy), and terminating capacitors Cg; and Cy;
(where i=1...n) (Fig. 3). The unloaded quality factor (Q = —20
dB) of the MRI system can be deduced from a reflection param-

eter (S;;) sweep with frequency:!12

Qe =1/(f, 1) (1)
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4. These plots show the impact of radius, r, of the coupled coaxial conductor on the elements of the inductance matrix [L] for (a) n = 24 and

(b)n = 16.
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5. These plots present the impact of radius, r, of the coupled coaxial conductor on the elements of the capacitance matrix [C] for (a) n = 24 and

(b)n = 16.

where:

f, = the resonance frequency of the probe,

f, = the —20-dB upper frequency limit of the probe
f; = the —20-dB lower frequency limit of the probe

Based on previous work that employed the MoM approach,
£,15-17 4 software program was created to calculate the elec-
tromagnetic parameters of the MRI probe using n-element
coupled coaxial lines. Every parameter is strongly dependent
upon the resonator features and properties of the sample.
Simulations conducted with this software indicate whether
or not fabrication of a particular MRI probe design will ulti-
mately be practical.

To design high-Q probes operating at 433 MHz, the struc-
ture of Fig. 2 was studied with n inner circular conductors (n
=24, 16, 12, 8) and coaxial radius r, and having the following
geometric parameters:

Outer cylinder radius, r, of 52.5 mm;
Inner cylinder radius, ry, of 36.25 mmy;
Conductivity, o, of 5.8 X 107 £/m; and
Relative dielectric constant, o,, of unity (1).
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6. These plots illustrate the influence of r on the Q of a 24-coupled-

element coaxial MRI-probe.

50

Figures 4 and 5 show the impact of r values for the probe’s
circular conductors on the values of the elements of the induc-
tance matrix and on the values of the elements of the capacitance
matrix of the TEM-resonator for 24- and 16-element coupled
coaxial lines, respectively. Figures 6 and 7 shows variations of Q
(-20 dB) for n = 24 and n = 16, as calculated by Eq. 1.

Each of the two 24- and 16-element coupled coaxial MRI
probes presents a higher Q (—20 dB) value for r = 1.5 mm and 2.0
mm, respectively. Similarly, a study was made of the influence of
r on the Q of TEM MRI probes with 12- and 8-element coupled
coaxial lines. The highest Q (-20 dB) value was found for n = 12
for a radius (r) of 2.5 mm. The highest Q (-20 dB) value for an n
=12 probe was found for a radius (r) of 1.5 mm.

Tables I and 2 (all tables are in the online version of this story
at mwrf.com) provide results for MRI probes designed for the
Industrial-Scientific-Medical (ISM) band at 433 MHz. Table 1
contains the values required to construct for a probe’s [L] and
[C] matrices.' 128 Table 3 contains features for optimum MRI
probe configurations operating at 433 MHz with n-element
coupled coaxial lines based on the design configuration of Fig. 3.
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7. These plots show the influence of r on the Q of a 16-coupled-element
coaxial MRI probe.
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8. These curves show scattering parameters for optimized MRI probes
using n-coupled TEM coaxial lines designed for operation at 433 MHz.

Figure 8 shows simulated frequency responses with varia-
tions of the reflection coefficient (S;;) at the input of these opti-
mum MRI probes designs. These frequency responses for MRI
probes with n-coupled TEM coaxial lines exhibit minimum
values around a chosen working frequency—i.e., 433 MHz. The
minimum reflection for this MRI probe design is extremely low,
reaching —94.06 dB for n = 8.

In summary, these studies have revealed the impact of the
number of coupled lines and the radius of the probe structure
on achieving high-Q performance with a TEM MRI probe
structure. Optimization was performed by varying the num-
ber of elements and the radius.

It was discovered that for a TEM MRI probe with 8-element
coupled coaxial lines and radius, r, of 1.5 mm, a matching
capacitor (Cy) of 18.59 pF and terminating capacitors Cg;
and Cp;—both with a value of 1.61 pE, minimum reflection of
—-94.06 dB, and Q of 244.63—were measured. Consequently,
the design and analysis approach made it possible to optimize
high-Q TEM MRI probes for utilization in the ISM band at
433 MHz. [
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