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Abstract – Multi-nuclear magnetic resonance imaging and spectroscopy are considered valuable
tools due to their capability of diagnosis and monitoring of several diseases. They require multinuclear RF coils to interrogate the proton (1H) and other nuclei (X-nuclei) in the human body. Such
coils provide anatomical images by acquiring (1H) spectra and metabolities information by
acquiring spectra of X-nuclei. In addition, the high signal received from proton (1H) is used for B0
shimming purposes. However, the signal strength for these X-nuclei is too low. Hence, the signalto-noise-ratio (SNR) is low. The main advantages of using multinuclear RF coils are that they speed
up the imaging process and reduce the spatial positioning error that might arise when replacing the
RF coil in order to perform imaging of different nuclei. In addition, comfortable environment will
be provided for patients by avoiding any inconvenience of moving out and asking to replace the
coils. In this paper, a multi-tunable microstrip transmission line RF coil has been designed by using
microfluidically tunable RF capacitor. This capacitor offers a wide range of capacitance tuning
which extends between Cmin=1.76 pF and Cmax=48.7 pF. Hence, a wide range of resonant
frequencies (fmin=75 MHz - fmax=298 MHz) can be offered by this coil to excite several nuclei at a
field strength of 7T..
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I.

Introduction

Magnetic resonance imaging and spectroscopy (MRI/S)
are known as valuable and promising diagnostic tools
because of their ability to investigate metabolism in
human body such as 31P, 7Li, 23Na, 13C, etc., which are
called ”x-nuclei”. For example, 23Na MRI is used to
quantify the glycosaminoglycan content in cartilage and
therefore can detect and assess the biochemical
degradation of cartilage in osteoarthritis. In addition, 23Na
MRI can be also used to detect brain tumours by showing
the increase of sodium concentration in patient’s brain
relative to the structure of normal one [1]. Recently, 23Na
MRI has demonstrated diagnostic importance in benign
and malignant breast tumors [2], acute and subacute stroke
[3], detection of mild alzheimer disease [4], and functional
imaging of the human kidney [5]. Meanwhile, 31P MRS
can provide informations on muscle function [6], therefore
patients who suffer from muscular disorder can perform
clinical follow-up. 13C MRS is used in metabolic studies
such as measuring the rate of net hepatic glycogenolysis
in humans [7]. Despite the low concentration of these
nuclei in the body which leads to low signal strength
(typically less than 1/1000 of 1H) [8], several multinuclear
MR applications have been demonstrated to provide
biomedical information such as 1H/23Na [9–11], 1H/13C
[12, 13] and 1H/31P [6, 14] spectroscopic imaging. Table 1
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summarizes the gyromagnetic ratio and the resonant
frequencies for 1H and common.
Several techniques have been used to design and construct
dual-tuned RF coils such as trap circuits [15] and PIN
diodes [16]. These techniques employ lossy components
which might lead to degrade the image quality.
In [17], a multi-tuned RF coil using variable capacitance
diode (varactor) has been proposed. However, varactors
have relatively high noise and low quality factor. An
alternative variable capacitor which can be used is
microelectromechanical system (MEMS) tunable
capacitor. However, these capacitors suffer from low
capacitance tuning range [18].
In this paper, a wide range of frequency tuning has been
achieved by designing microfluidically tuned capacitors
for meandered microstrip line RF coil at 7T.

II.

DUAL-NUCLEI COIL METHODS
II.1.

Double-Tuned RF Coil

This coil is designed to have capability of tuning at twodifferent frequencies: the proton frequency and the xnuclei frequency. In [15], a double-tuned two-port surface
RF coil for both 1H- and 23Na-MRI has been demonstrated.
To achieve inter-channel decoupling, the designer has
used trap circuit. A significant improvement
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TABLE I
GYROMAGNETIC RATIO AND RESONANT FREQUENCY AT 7T FOR
COMMON NUCLEI.
1

Nucleus

H

31

P

7

Li

23

Na

13

C

Gyromagnetic Ratio (γ/2π)
in MHz/Tesla

42.6

17.2

16.5

11.3

10.7

Frequency @ 7T in MHz

298.0

120.6

115.8

78.8

75.0

in SNR has been achieved by this coil as well as optimal
decoupling between both channels. In [19], a doubleresonant 13C/1H surface coil system for in vivo application
has been developed and implemented. In this design,
specific filters have been implemented to decouple both
channels. The double-tuned RF coil method has been
applied for designing double tuning volume coil as well.
For example, a low-pass birdcage coil has been designed
for simultaneous acquisition of signal at two-frequencies
(1H and 31P frequencies) by inserting trap circuits into its
rungs [20]. Another demonstration of a double tuned
birdcage RF coil using trap circuits has been presented in
[21]. This coil has been designed for 23Na and 1H imaging
at 1.5 Tesla. Another option to design a double tuned
birdcage RF coil has been demonstrated in [17]. The
designer has used variable capacitor (varactor) instead of
trap circuit to tune between two-nuclei resonant
frequencies at 3 Tesla for 19F and 1H imaging.
A wider frequency-switchable range technique has been
proposed in [22]. This technique enable switching
between 5 different frequencies by employing PIN diodes.
A comparison between employing PIN diodes and trap
circuits in designing dual-tuned RF coil has been
intensively studied and presented in [23]. This study
concludes that designing dual-tuned RF coil using PIN
diodes offers lower losses and better tuning efficiency in
comparison to trap circuits. However, a proposed solution
to reduce the losses associated with trap circuits has been
presented in [24] by improving the trap design.
II.2.

interaction between the two loops, a trap circuit has been
inserted in the small loop. In [26], 2 nested coaxial
birdcage coil has been presented. This coil has been
constructed by putting one of the birdcages inside the
other. The inner birdcage (low-pass) has been tuned to the
lower frequency and the outer birdcage (high-pass) has
been tuned to the higher frequency. Alternatively, a folded
four-ring quadrature birdcage coil has been designed as a
double-tuned coil at 9.4T [27]. The outer coil (High-pass)
has been tuned to 1H frequency and the inner coil (lowpass) has been tuned to 23Na frequency. This coil has
demonstrated higher 23Na image quality in comparison to
the nested birdcage RF coils due to the improvement
obtained in the SNR.

(a)

Two separate RF Coils

This method requires two separate RF coils; one coil is
tuned to the 1H frequency and the other one is tuned to xnuclei frequency. In order to obtain 1H and x-nuclei
images, either both coils are being used simultaneously or
the imaging process is divided into two-phases; by
obtaining each image individually. Coil exchange required
extra scanning time in addition to the potential error which
might arise due to repositioning the patient within the
scanner. However, designers who use both coils
simultaneously are required to suppress the interactions
between coils.
Recently, several double-tuned RF coil designs that use
two separate coils have been proposed. For example, in
[25] a double-tuned RF surface coil to obtain 1H and 23Na
images has been demonstrated. This double-tuned coil is
comprised of a large square loop which has been tuned to
1
H frequency and a small square loop which has been
tuned to 23Na frequency. In order to suppress the
Copyright © 2010 Praise Worthy Prize S.r.l. - All rights reserved

(b)
Fig.1. Multi-tunable microstrip transmission line RF coil. (a) Geometry
of the meander RF coil. (b) The structure of microfluidically tuned
capacitor.

In [28], a novel dual-tuned quadrature volume RF coil has
proposed. This coil uses eight elements of halfwavelength (λ/2) microstrip RF coils for 1H channel and
eight elements of quarter-wavelength (λ/4) for 13C
channel. The elements from the two types of RF coils have
been arranged alternately along the circumference of a
cylindrical volume. A homogeneous B1 field at both
resonant frequencies have been generated by the proposed
design and high isolation between the two channels has
been achieved. In [29], a hybrid technique of designing
double-tuned RF coil at 7T has been proposed and
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investigated. This design combines a microstrip
transmission line RF coil and a lumped-element LC loop
coil. The microstrip transmission line RF coil has been
tuned to 1H frequency whereas the lumped element loop
coil has been tuned to 13C frequency. This coil provides
intrinsic decoupling between both coils due to the
orthogonality of the magnetic fields from both coils.

capacitance has been obtained by inserting fluid with high
dielectric constant in these channels and precise control of
capacitance has been achieved by controlling the position
of this fluid between the metallic plates.

III. MULTI-TUNABLE MICROSTRIP
TRANSMISSION LINE RF COIL
III.1. Introduction to microstrip RF coil
In recent years, the demand of using ultra-high magnetic
field MRI scanners has been increased for both clinical
imaging and research studies. This is due to the
achievements that have been obtained by these scanners in
terms of high image quality and higher SNR [30–32]. In
contrast, these scanners demand higher resonant
frequency due to the increased operating magnetic field.
The higher frequency requirement will increase the
radiation losses as a consequence. To overcome this,
challenge microstrip transmission line RF coils have been
proposed such as surface coils [33], volume coils [34, 35],
and microstrip arrays [36].
In [37], a centrally-fed microstrip line RF coil utilizes
capacitive termination has been proposed. This RF coil
has demonstrated high quality factor as well as SNR.
Meanders at both ends of this RF coil have been added to
improve the penetration characteristic and to enhance
decoupling [38]. In order to reduce the specific absorption
ratio (SAR), the meanders have been loaded by dielectric
materials [39]. More properties concerning this RF coil
have been reported in [40].

(a)

(b)

(c)

III.2. Materials and methods
The proposed multi-tunable microstrip transmission line
RF coil is shown in Figure 1(a). This RF coil has been
upgraded from the one that already has been used in
several applications, which concentrate only on 1H MR
imaging [41, 42]. It consists of two conductors printed on
FR-4 substrate (εr= 4.4, tan δ= 0.02) of 0.5 mm thickness,
with dimensions 250 × 100 mm2. A ground plane is placed
behind the conductors with 20 mm air gap separation. The
width of each conductor is 15 mm and for the copper lines
within the meanders at both ends of the coil is 2 mm. A
homogeneous phantom (εr=45.3, σ= 0.8 S/m) with
dimensions 600×90×370 mm3 is located at a distance of
200 mm above the coil. The proposed RF coil makes use
of a microfluidically tunable RF capacitor (µTC) to tune
between the resonant frequencies of X-nuclei shown in
Table 1. Two capacitors have been used to terminate both
ends of the RF coil. This capacitor has been designed to
have 23 interleaved plates with long microfluidic channel
as shown in Figure 1(b). A large tuning range of
Copyright © 2010 Praise Worthy Prize S.r.l. - All rights reserved

(d)

(e)
Fig. 2. Fluid positions in channel. (a) 1H, (b) 31P, (c) 7Li, (d)
13
C.

23

Na, (e)

The SU-8 cover layer, which support some microwave
properties [43], has been used with very small thickness
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(0.02 mm). The BR33 substrate has been used as
mechanical/electrical support.
A parallel plate capacitor is discussed in [44], and the
capacitance can be calculated by the following equation:
C =(n-1) × capacitance of one pair of plates
= (𝑛 − 1) × 𝜀0 𝜀𝑟

𝐴

(1)

𝑑

where ”εo” is the absolute permittivity of free space, ”εr”
is the relative permittivity of dielectric medium, ”A” is the
area of each plate in m2, ”d” is the distance between two
adjacent parallel plates and ”n” is the number of
interleaved plates. However, we can’t rely on this formula
for accurate calculation of capacitance since our capacitor
has a cover layer and a substrate which leads to a shifting
in capacitance. Accurate capacitance values have been
obtained by using CST Microwave Studio (CST AG,
Darmstadt, Germany) and the calculation method that has
been followed can be summarized as follows: the RF coil
has been terminated with (µTC) filled totally with
deionized (DI) water (εr = 80) and the obtained resonant
frequency has been compared with the same RF coil
terminated with lumped element capacitor instead. By
tuning this capacitor to reach the same resonant frequency,
the capacitance of (µTC) will be known. The similar
procedure has been done by filling the channel of (µTC)
with vacuum. Once we have these two capacitance values,
we can calculate the total capacitance of the capacitor for
any fluid position inside the channel by making use of the
following equation:

TABLE II
THE CORRESPONDING CAPACITANCES FOR DIFFERENT X-NUCLEI
FREQUENCIES.
1

Nucleus

H

31

P

7

Li

23

Na

13

C

Ct(pF)

1.76

18.40

20.10

45.00

48.70

Cvacuum (pF)

1.57

1.00

0.96

0.13

0.00

CDI-water (pF)

0.19

17.40

19.10

44.90

48.70

a (mm)

4.38

2.83

2.67

0.35

0.00

Fig. 3. S11 parameter for different x-nuclei frequencies.

Ct =Cvacuum +CDI-water
=

1.575×a
4.4

+

48.7×(4.4-a)
4.4

(2)

where ”a” is the distance of the channel in vacuum as
shown in Figure 1(b). The light color in the channel
represents the vacuum whereas the dark color represents
the fluid. The capacitance of the capacitor in vacuum is
equal to 1.575 pF where as the value is equal to 48.7 pF
when it is fully filled with DI-water. This capacitor can be
modelled as two capacitors connected in series: capacitor
filled with vacuum and capacitor filled with fluid. The
next step is to calculate the values of ”a” for all x-nuclei
frequencies. This has been done by calculating the
capacitance of the lumped capacitor for each frequency
using CST and then substitute this value in Equation 2.
The values of ”a” for all x-nuclei frequencies have been
calculated and registered in Table 2. We note that the
capacitor value increases as the fluid starts to fill the
capacitor channel gradually. Furthermore, the capacitor
offers a wide range of capacitance tuning which extends
between Cmin= 1.76 pF and Cmax= 48.7 pF.
Figure 2 shows five µTCs with different fluid positions in
channel for all x-nuclei frequencies.
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(a) Simulated |H| field in a mid-saggital section.

(b) Simulated |H| field, 20mm above the bottom of the phantom.
Fig. 4. Simulated |H| field by using µTC after tuning to 1H frequency.

III.3. Results and discussion
Figure 3 shows the obtained return loss (dB) for different
positions of the fluid in the µTC channel. We observe that
the maximum resonant frequency (298 MHz) occurres
once the capacitance channel is almost empty. When the
DI-water starts to be inserted in the capacitor channel, the
Int. Journal on Communications Antenna and Propagation, Vol. 9, N. 6
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resonant frequency decreases until it has fully filled and
the resonant frequency reaches the lowest value (75 MHz).
The shifting in resonant frequency is not only the resulting
effect of inserting the DI-water in the capacitor channel.
Indeed, the Q-factor of the RF coil is also degraded as
shown in Table 3. The Q-factor has been calculated from
the -3dB points of the S11 curve after a matching network.
This degradation of Q-factor is affected by the
performance of the capacitor. In [45] a detailed study has
been done to analyse the performance of microfluidically
tuned capacitor. This study demonstrates a degradation of
Q-factor of the capacitor with DI-water penetration in
capacitor channel. Figure 4(a) shows the magnitude of Hfield in a mid-sagittal section for 0.5 W input power after
tuning to 1H frequency. We notice that the H-field
distribution is focused in the direction of the phantom and
decays at the ends of the RF coil. This leads to less
radiation loss and increases the transmit sensitivity of the
coil on the near side of the phantom. Figure 4(b) shows
homogeneous distribution of magnetic field 20 mm inside
the phantom along the longitudinal distance of the coil. A
similar magnetic field distributions have been obtained interms of homogeneity for all other x-nuclei frequencies as
seen in Figure 5. However, the magnitude of magnetic
field decreases for lower resonant frequencies. This can be
justified by comparing the physical length of the RF coil
that has been already used in our simulation design and the
physical length that should be used to design the RF coil
without using additional reactive elements for adjusting
the electrical length. This effect is found in dipole antenna.
If the gain is calculated at resonant frequency using the
corresponding physical length without using reactive load
and at lower resonant frequency by using reactive load, the
degradation in gain will be observed. One solution to
compensate for this degradation is to drive the RF coil by
higher excitation signal.

IV.

A new RF coil tuning method using microfluidically
tunable RF capacitor has been investigated to design a
multi-tunable microstrip transmission line RF coil. By this
capacitor, a range of 47 pF capacitance can be achieved
such as to be useful for the most important X-nuclei at 7T
(from fmin= 75 MHz to fmax= 298 MHz). This method can
be used for other RF functions, for example, to match the
RF coil input impedance to 50 ohm. In order to utilize and
integrate this coil to the MRI scanner hardware, a transmitreceive (TR) switch compatible for multi-tuned RF-coil
has to be developed, and this is the potential future work.
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