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In this study, we present a transmission-line design based on the concept of composed right- and left-hand
microstrip (CRLHTL) that is able to produce a uniform B, field at five different frequencies. The design uses
the same conductor line for all five frequencies, and maintains a uniform field along the Z axis. The CRLH
concept is used to ensure that the line is operating with a uniform propagation constant in a lossless scenario.
We performed electromagnetic simulations to validate the design.
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1. Introduction

The use of magnetic resonance imaging (MRI) has
tremendous diagnostic importance pertaining to the treat-
ment of the human body. In comparison with other
imaging techniques, MRI allows the study of the human
metabolism and functions [1-5]. High-quality anatomical
and functional images can be acquired with MR systems
at increased field strengths, such as 7 T. These images are
mostly acquired based on the resonance of protons in
water molecules inside the body [6]. The frequency at
which these protons resonate is known as the Larmor
frequency and constitutes a physical property of the
nuclei [7]. In addition to proton 'H, there are other nuclei
that can resonate to produce signals and images in MRI,
such as fluorine ('°F), potassium (*'P), lithium ("Li), and
sodium (**Na) [8-10]. These nuclei (also known as X-
nuclei) have resonant frequencies at 280 MHz ('F), 121
MHz (*'P), 116 MHz ("Li) and 78 MHz (*Na) in a 7T
MRI system.

19F is one of the nuclei that can be used as an MR tracer
given that it has a Larmor frequency similar to 'H, a
natural abundance of 100 %, and a sensitivity of 83 %
compared with the hydrogen nucleus. Early studies in
1977 [11] documented the use of '°F MR for the imaging.
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Despite the fact that in the study the sensitivity was low
because of the low-field, imaging feasibility was proven
possible. Advances in MRI technology have been
documented with MR systems with strong magnets (such
as 7 T) wherein higher sensitivities can be achieved. For
instance, in vivo cell tracking using 'F MRI [12], cell
labeling [13], and in vivo quantification [14, 15] have
been proposed and implemented with '°F MRI. "°F MRI
can also be used as a tool for drug investigations and their
reactions associated with the metabolism in the body,
such as for instance, anticancer drugs monitored with
MRI [16]. Another application is functional lung MRI
with fluorinated gases [17]. The use of '°F as a contrast
agent for imaging and MRS has many applications.
Accordingly, with the use of stronger magnets the
challenge of low-signal sensitivity can be overcome [18].

’Li is another nucleus that can be detected and imaged
with MRI, however, its low sensitivity compared with
proton makes its imaging challenging [19]. Nevertheless,
there is a considerable interest to study the concentrations
of lithium in the brain, as they are related with disorders
that affect the way a person feels or thinks, such as
bipolar disorders [20].

3P is mostly linked to metabolic processes inside the
body. Its has been proposed that the use of MRI and MRS
can study tissue metabolism in a noninvasive form [21,
22]. The limitations of *'P are also related to its low
sensitivity compared with proton, and its complex spectral
pattern. To obtain images with good signal-to-noise (SNR),
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it is necessary to scan for a long time that is prohibitive
for clinical use given the patient’s inability to maintain a
still posture for prolonged time periods.

»Na has the lowest Larmor frequency from all the other
nuclei described above. However, it is possible to obtain
brain »*Na images with resolutions of the order of 1x1x5
mm?® or 4x4x4 mm?® at acquisition times of approximately
10 to 35 minutes [23]. The interest in brain sodium studies
relates to the analysis of neurodegenerative diseases, such as
multiple sclerosis [24] and Alzheimer’s disease [25].

1.1. Multinuclear Coils

Given the need to study each of the aforementioned
nuclei, it is important to develop the hardware capable of
acquiring signals and reconstructing images. The RF coils
that can work at different frequencies have already been
proposed [26-30]. It is commonly needed to conduct
proton imaging for correlation with the nuclei signals and
images. For this reason, it is desired that the same coil is
used to operate at multiple frequencies. Various types of
coils have been proposed that have used loop array coils,
microstrips, and combination of different types of re-
sonators [31-36].

The use of array elements is desired because they can
produce a uniform B; field when they operate in a
circularly polarized mode in which the phase of each of
the resonant elements is added constructively to increase
the field uniformity. However, in multifrequency coils,
the number of elements is increased [37]. Typically, an
array ¢y that can produce a uniform B, field consists of #
resonating elements (either a loop coil or microstrip
lines), but when a multifrequency coil is designed, the
total number of elements N, will increase by,

Ne=2pe ¢ (D

In the case that the number of elements per array at
each frequency is the same, then the total number would
be

N.=¢xn 2)

The increased number of elements can become a
challenge [38-40] when the coupling between the elements
is considered. The coupling between coils could become a
problem for the SNR response and for parallel imaging
[41], whereby the algorithms need to use unique field
maps to reconstruct the undersampled data.

Several studies have shown methods for decoupling
elements in array coils, either by using LC circuits [42],
active circuits [43], using passive components [44], or
geometrical decoupling [45]. Even though numerous
elements have been used to achieve decoupling in a
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multiple element array [46], the circuitry and complexity
increases.

According to Roemer et al. 1990, the theoretical
optimal overlap distance between two circular loop coils
is 0.25 times the diameter of the coil and conductor width
of 0.01 the size of the coil [47]. These optimal values
would be difficult to obtain in the case of multilayer
arrays for multifrequency operations due to the multiple
elements that need to be optimized for each frequency to
provide strong and uniform B, field.

The field intensity and uniformity are also affected by
the distance of the RF element to the imaging object.
Placing the coils farther away from the anatomical region
of interest will yield lower signal intensities. Given that
the signal sensitivity of the X-nuclei is already small, the
position of the coil should be considered to optimize the
signal.

We propose a solution to this challenge by using a
microstrip coil combined with a basic idea from com-
posite right-left handed transmission lines that is able to
produce uniform and high intensity |B,| fields at each of
the frequencies of interest. In this way, the same micro-
strip can be used for imaging and acquisition of signals
from multiple frequencies and nuclei by simply changing
the matching circuit.

2. Methods

The use of microstrips in MRI has also been proposed
given their various advantages [48] and abilities to pro-
duce a uniform B, field along the Z-Y plane. It has been
shown that decoupling microstrips are also better than
loop coils [49]. The circuit diagram representing a loss-
less microstrip is shown in Fig. 1(a). The microstrip
consist of a series inductance Ly and a parallel capacitor
Cr', where the accent (') indicate its dependence on
length. The subscript (R) indicates the right-handed or
natural occurring properties of the transmission line. The
performance of a microstrip is highly dependent on its
geometry. According to the general equations for micro-
strips,

Propagation constant: «/y= (R +jwL)(G+jwC) (3)

Attenuation constant: o = R{y} 4)
Phase constant: f= F{y} %)
Wavelength: A = |2—77—|[ (6)

The dependence on the capacitance and inductance is
based on the length and width of the conductor’s line and
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Fig. 1. Circuit representation of the (a) microstrip line and (b) the composed right- and left-hand microstrip (CRLH TL).

height between the ground plane and the conductor line,
as well as the dielectric material’s relative permittivity.

The main reason that the field uniformity is dependent
on the length and geometry is the wavelength and phase
of the signal along the line. The current intensity will be
reduced as the frequencies are shifted away from the
center tuning frequency.

To solve this problem, the uses of composite right-left
hand (CRLH) transmission lines have been investigated
[50-53]. CRLH have properties that modify the wave-
length and phase constant of the transmission line. Figure
1(b) shows the basic diagram of a CRLHTL, which
consists of a transmission line with right-handed pro-
perties given by series inductance Ly’ and parallel
capacitance Cg’, and left-handed (L) properties that are
artificially added to the transmission line, as a series
capacitance Cp' and parallel inductance L, " Whereby the
correspondent equations are,

Propagation constant: y=a+j8=JZ'Y @)
1
I A = ( L ’——)
mpedance: Z'(w) =j| oLy oC,’ (8)
. 1
A Y = ( ’——)
dmittance: Y'(w) =j| oCy oL, 9

> 1 Lg' CR)
w)=s(o a;L'c'+——(—,+—, 10
Bw) ()J G (7 ) 10

—1 for o< @I'l = min(

1 1 )
,LR'CL" ,LL,CR'

s(w) = : 1
+1 for o< a)l“2=max( , )
LRl CLf LLI CRl
(11)
With the characteristic impedance given by,
L' |LgC o' 1 (12)

L,'Cy o —1

Additionally, the wavelength is given by Eq. (6). As it
can be observed, the wavelength can be controlled at
different frequencies. Although the equations are given
for a lossless case, they can provide an indication of the
behavior of the transmission line.

The frequency boundaries are given by,

1 1
and

’\/LR'CL, /\ILLICR,

For example, consider the case of a microstrip and
CRLHTL. Use of Eq. (7) allows the identification of
some useful properties for the case of the lossless trans-
mission line, the propagation constant, and impedance,
for a transmission line with a series inductance of 26.6
nH, parallel capacitance of 108 pF, parallel inductance of
3 nH, and a series capacitance of 11 pF. Figure 2(a)
shows the comparison of the phase constant for the
microstrip and the CRLHTL. Figures 2(b) and (c) show
the solution of the transmission Eq. (13) by substituting
the propagation constant based on considerations of an
open microstrip line (loading impedance equals infinity)

V(z)=Vye "+ Vye” (14)

(13)

When excited at different frequencies, the curves ex-
hibit a uniformity along the conductive line. Furthermore,
the impedance (11) is shown in Fig. 2(d), wherein the two
boundary frequencies for the frequency band that have
uniform currents can be observed.

This equation shows that multiples frequencies can
produce uniform current distributions in the case of the
CRLHTL. However, in the case of the microstrip, the
current follows a sinusoidal waveform.

We propose a transmission line based on the equations
of the CRLHTL that will be able to produce uniform |B|
field at five different frequencies, wherein the frequencies
are matched to the frequencies of the X-nuclei and proton
at 80, 116, 121, 280 and 300 MHz, respectively fora 7 T
MRI system. The concept is based on the generation of
two frequency bands at which the transmission line
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Fig. 2. (Color online) Comparison between the microstrip and CRLH for (a) phase propagation constant, (b) current waveform at
280 MHz, (¢) current waveform at 300 MHz, and the (d) impedance of the transmission line.

produces a uniform field. One band would be designed to
operate between 280 and 300 MHz, and the other bet-
ween 80 to 121 MHz according to Eq. (10).

Use of CRLH has been proposed to distribute the
lumped elements along the conductor line; however in the
multifrequency applications it can sometimes generate

L8|

Fig. 3. (Color online) Three-dimensional (3D) model of the designed multifrequency transmission line with the use of lumped ele-

ments.
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nonuniform field distributions. For this reason we opted
to leave the strip line straight, and we added the lumped
elements at the beginning and end of the strip line. The
design of the microstrip line is shown in Fig. 3.

The transmission line consists of a dielectric material
that separates the ground plane and the strip-line current,
the dielectric material has a relative permittivity of 2.94
and a conductivity of 0.000668 S/m. The length of the
transmission line is 200 mm, the width of the current line
is 20 mm, the height of the dielectric material is 3 mm,
and the lumped elements are added in two groups,
namely, to the left and right of the strip line and at the
start and end of the line. The circuit for the low fre-
quencies consists of two series capacitors and two parallel
inductors, and the circuits for the high frequencies have
three series capacitors and three inductors. The capacitors
are separated from the main line and from each other by 3
mm with a cooper plate with the dimensions of 2.5%2.5
mm, and the parallel inductors are connected from the
center of the cooper plane to a vias connecting to ground.

The groups of circuits were tuned to two groups of
frequencies. The first group consisted of the high fre-
quencies 300 and 280 MHz, the lumped elements for
these frequencies were located at the left of the trans-
mission line, and both the circuit at the top and bottom
parts of the line had identical values. In the same way, the
circuits in the right were tuned to 80, 116, and 121 MHz.

In addition we acquired the |B,| field maps from the
CRLH TL coil inside a human head model given by the
human model DUKE from the virtual family provided by
the EM simulation software [54]. The electrical properties
of the tissues in the region of interest were updated for
the corresponding excitation frequency.

3. Results

We performed electromagnetic (EM) simulations of
the proposed transmission line with a finite-different
time difference (FDTD) software (Sim4Life by ZMT,
www.zurichmedtech.com [55]). The simulations were
conducted to acquire the |B,| field, the line impedance, the
S parameters, and the current density.

To demonstrate the performance of the TL in the
multifrequency domain, we used a current source with a
central frequency at 210 MHz and a bandwidth of 400
MHz. to ensure that all the frequencies of interest would
be properly analyzed. This procedure was useful for the
tuning of the circuits.

All the conductors were set as perfect electric con-
ductors, wherein the dielectric material was set as a Rogers
RT/duroid 6002 with a relative permittivity of 2.94 and a
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conductivity of 0.000668 S/m.

The lumped elements added for the low-frequency
tuning (80, 116, and 121 MHz) consisted of two series
capacitors with values equal to 75 pF and two parallel
inductors with values equal to 10 nH. For the case of the
high-frequency group (280 and 300 MHz), the circuit
consisted of three series capacitors with values equal to
20 pF and three parallel inductors with values equal to 8
nH.

Figure 4(a) shows the impedance of the proposed line at
each of the frequencies of interest. As predicted by Eq.
(12), the impedance is an indicator of the upper and lower
frequency boundaries and ensures operation in the
frequency band and a uniform field distribution along the
line. Even though the proposed line is not exactly a
CRLH TL, the field response and impedance are similar
to those predicted by the formulated Eq. (11). The zero
crossing of the impedance phase indicates the occurrence
of a resonant frequency, as show in the Fig. 4(a).

Given that the current MRI systems can only perform
scans at one frequency at a time, it is needed to add
individual frequency matching circuits that would need to
be optimized before specific scans at selected frequencies.
We used basic LC network matching circuits to achieve a
50 Q impedance, as it is shown in Fig. 4(b) with the Sy
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Fig. 4. (Color online) (a) Absolute and phase impedance of the
transmission line, and (b) the S-parameters of the matching
circuits.
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Fig. 5. (Color online) [B,| field in the Z-Y plane at (a) 80 MHz, (b) 116 MHz, (c) 121 MHz, (d) 280 MHz, and (e) 300 MHz.

parameter.

From the EM simulations we extracted the computed
magnetic fields, and the |B,| field maps are shown in Fig.
5 and 6 for the Z-Y and the X-Y plane. As it can be
observed, the field uniformity is similar at each frequency
and along the transmission line. To check the uniformity
of the field, we extracted a profile line along the X-Y

- -
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121 MHz 280 MHz
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300 MHz By
[dB(0.1uT)]
0

= ———— =

|-50

y \—
(e

Fig. 6. (Color online) [By| field in the X-Y plane at (a) 80
MHz, (b) 116 MHz, (c) 121 MHz, (d) 280 MHz, and (e) 300
MHz.

plane, computed the standard deviation, and normalized it
with the mean value. The normalized standard deviation
for the 80, 116, 121, 280 and 300 MHz were 0.15, 0.47,
6, 0.1, and 0.22, respectively. However, the standard
deviation showed the relative variation of the field along
the line. Accordingly, we would like to compute how
centered the field was. For this reason, we also computed
the skewness for which the values for the 80, 116, 121,
280, and 300 MHz were 0.27, 0.128, —0.3, 0.12, and
—0.22, respectively. As it can be observed, the field is
nearly uniform at each of these frequencies. A skewness
value of zero represents a perfect symmetrical curve.
However, it is almost impossible to obtain a value of zero.
Thus, it is considered that the values between —0.5 and
0.5 are highly symmetric. The data from the profile line
show that the field has skewness values within the highly
symmetric range, thus indicating that the field can be
considered symmetric and therefore uniform.

In addition, Fig. 7 shows the current density in the X-Z
plane for each of the frequencies. Despite the amplitude
differences among frequencies, it can be observed that the
current has a uniform pattern along the line, and can thus
produce uniform magnetic field.

To show the performance of the proposed coil in a
loading condition, we also performed EM simulations to
compute the |B;|- field inside of the head of a human
model phantom, the Fig. 8 shows the Z-Y plane B, field
for each of the operating frequencies of the CRLH TL.
The average |B)| field value was computed as 0.009,
0.006, 0.01, 0.03 and 0.04 uT for the 80, 116, 121, 280
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Fig. 8. (Color online) [B,| field in the Z-Y plane at (a) 80 MHz, (b) 116 MHz, (c) 121 MHz, (d) 280 MHz, and (¢) 300 MHz inside

the human model, (f) shows the line profile of the |B,| field.

and 300 MHz respectively. The difference in magnitude
can be attributed to the matching quality; however the
field intensity is similar for each frequency. Figure 8(f)
includes a line profile plot as show by the dotted line, as
it can be see the uniformity of the |B,| field is similar in
each frequency.

4. Conclusions

We presented the design of a transmission line that was
capable of producing a uniform B, field along the Z-Y
plane, wherein a modification was implemented in the

microstrip according to the proposed method based on the
CRLHTL concept. The proposed transmission line had a
straight line without any cuts or discontinuities along the
line to avoid field disturbances. The added lumped
elements were placed at the end and beginning of the line.
The lumped elements consisted of a series capacitance
and parallel inductance that were connected to the ground
through vias.

The proposed microstrip arrangement yielded a uniform
field at the frequencies of interest. The impedance values
were set to the frequencies that were equivalent to the X-
nuclei and proton, respectively. The S;; parameter indicated



~554—

the practical use of the proposed line. The addition of
matching circuits is necessary given that currently most of
the MRI scans are conducted at a single frequency.
However, in future applications when multiple frequency
acquisitions become possible, the proposed coil would be
of tremendous interest.

Although, it is not possible to analyze the propagation
constant with EM simulations, the uniformity of the B,
field is in close agreement with theory based on the
equations.

In the same manner, the current density showed that the
experimentally measured current amplitudes and phases
agreed with those estimated based on the equations. It
should be noticed that the equations discussed in this
study apply to lossless strip lines. However, the simulations
were correlated with the results.

The proposed work has the potential to be used for the
MRI and MRS of X-nuclei for individual frequency
scanning, as well as the multifrequency scanning.
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