
Received 7 November 2022, accepted 16 November 2022, date of publication 21 November 2022,
date of current version 30 November 2022.

Digital Object Identifier 10.1109/ACCESS.2022.3223731

Design and Comparison of Different Types of
Dual-Frequency Matching Networks Used in
Double-Tuned Coils for Multinuclear Magnetic
Resonance Imaging and Spectroscopy
CHANG-HOON CHOI 1, SUK-MIN HONG 1, N. JON SHAH 1,2,3,4,5,
AND JÖRG FELDER 1,5, (Member, IEEE)
1Institute of Neuroscience and Medicine-4, Forschungszentrum Juelich, 52428 Juelich, Germany
2Institute of Neuroscience and Medicine-11, Forschungszentrum Juelich, 52428 Juelich, Germany
3JARA—BRAIN—Translational Medicine, 52056 Aachen, Germany
4Department of Neurology, RWTH Aachen University, 52056 Aachen, Germany
5RWTH Aachen University, 52056 Aachen, Germany

Corresponding author: Chang-Hoon Choi (c.choi@fz-juelich.de)

This work was supported by the Deutsche Forschungsgemeinschaft (DFG), German Research Foundation, under Grant 491111487.

ABSTRACT Multi-resonant RF coils are often used in multinuclear MR imaging and/or spectroscopy
experiments, and a large variety of strategies for multi-tuning coils exist. However, designing a multi-
tuned coil with good performance is challenging, and improvements in sensitivity are always desirable -
particularly on the X-nucleus coil due to the intrinsically lower MR sensitivity of non-proton nuclei. In this
work, various dual-frequency matching networks in double-tuned coils are compared, and their effect on
the coil performance is investigated. Four different dual-frequency matching networks were designed and
constructed with frequency-splitting or -blocking traps, which enable exploration of both proton-1 (1H) and
sodium-23 (23Na) nuclei. Two single-frequency matching networks were also built without any additional
lossy components as a reference, and their matchings were set to either the 1H or the 23Na frequency.
The initial evaluation was conducted on the bench using a network analyser to examine the scattering
(S)-parameters and quality factors of the connected RF coils. The performance of the attached matching
networks was then further evaluated by measuring the corresponding signal-to-noise ratio (SNR) based on
images obtained at a 7 T clinical MRI scanner. It was found that even though the tuning and matching
conditions were nearly impeccable in the S-parameters, the actual 1H SNR decreased significantly due to
the inserted traps, whereas the SNRs of the 23Na frequency were nearly maintained with the added traps and
the losses were much less. The dual-frequency matching networks create additional sensitivity loss, which
is dependent on the actual implementation of the matching circuit. This is in agreement with previously
reported results associated with the evaluation of inserted double-tuning traps for RF coils.

INDEX TERMS Coil, double tuned, matching, MRI, MRS, X-nuclei.

I. INTRODUCTION
The increasing availability of ultra-high field (UHF)
magnetic resonance imaging (MRI) systems delivers numer-
ous benefits, especially in terms of the increased signal-to-
noise ratio (SNR), which improves the MR image quality
and detection sensitivity [1], [2]. This increased sensitivity
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further enables MR experiments that combine the established
proton (1H) imaging with less abundant non-proton nuclei
(X-nuclei), such as sodium-23 (23Na) or phosphorus-31
(31P). These X-nuclei facilitate access to valuable cellular
and metabolic information in the human body to complement
the structural / functional information afforded by proton
MRI [3], [4], [5], [6], [7]. For example, sodium plays a key
role in the sodium-potassium exchange process in living cells
and can therefore be used to access and characterise cell
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FIGURE 1. Schematics of the double-tuned base coil (left). Two single-frequency and two different dual-frequency matching networks inserted
on the base coil and their corresponding pictures (bottom right). The matching networks were configured using a) 1H focus, b) 23Na focus,
c) frequency-splitting trap, and d) frequency-blocking trap.

metabolism. Moreover, phosphorus shows a strong relation
to tissue energy metabolism and determining the quantity
of phosphorus metabolites is useful in furthering our under-
standing of various diseases.

In order to carry out X-nucleiMR imaging or spectroscopic
measurements, a radiofrequency (RF) coil and ancillary sys-
tem that include defined X-nuclei frequencies are explicitly
required as the option to operate the X-nuclei experiments
is not always integrated in standard MRI systems. Due to
the intrinsically lower natural abundance and inferior MR
sensitivity of X-nuclei compared to 1H, it is important to
ensure that the SNR of the X-nuclei remains as high as pos-
sible and any improvement in sensitivity on the X-channel is
favourable [3]. Thus, a single-tuned X-nucleus coil, assuming
no loss, is often used [8].

However, shimming of themainmagnetic field, acquiring a
rapid localiser image and a high-resolution anatomical image
with X-nuclei is problematic due to the low SNR, so con-
current acquisition with proton imaging is advantageous and
often necessitated. It is also beneficial to enhance the sensi-
tivity for certain nuclei, e.g. 13C and 31P, using the proton-
decoupled and / or the nuclear Overhauser effect techniques
[9], [10], [11]. Using these methods requires 1H signal detec-
tion capability to be integrated in the form of a multi-resonant
RF coil, which is likely to be utilised for X-nuclei MR
studies.

Nevertheless, designing a coil that performs well in this
context is challenging, even when it is only required to gen-
erate one additional frequency. Double tuning coils requires
additional units, and this is usually achieved using various

techniques, e.g. using frequency-splitting or -blocking traps
or using PIN-diode switches [12], [13], [14], [15], [16]. The
effect of the attached circuits, required for double tuning,
on coil sensitivity has been previously reported and has
always resulted in a decreased SNR compared to their ref-
erenced single-tuned coils [17], [18], [19], [20], [21].

Similar to results previously presented for optimising
double-tuned coil designs [12], we anticipate a trade-off,
in terms of degree of SNR loss in one resonance against
smaller losses in the other, will be encountered in most cases.
Although the dual-frequency matching networks can enable a
good matching condition by recuperating the impedance mis-
match at both frequencies, it can also further engender a level
of additional sensitivity degradation. In this regard, a well-
designed matching network may be an important criterion
when building double- or multi-tuned coils.

To the best of our knowledge, investigating the effect of
an inserted dual-frequency or multi-frequency matching net-
work on coil performance has not been carried out, although a
study of a double-tuned balun has been presented [21]. In this
work, we designed different dual-frequency matching net-
works and included them in a frequently used, double-tuned
coil using inserting traps. We then compared and evaluated
the influence of different design approaches.

II. METHODS
Four identical loop coils were designed and configured in a
single structure, as shown in the schematic in Fig. 1 (left).
They were double tuned to 1H and 23Na frequencies (corre-
sponding to 297.2 MHz and 78.5 MHz at 7 T, respectively)
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using conventional trap circuits without inserting any match-
ing network. By adding the LC trap(s) in the coil, it is typi-
cally possible for the single-structure coil to allow multiple
resonances [12], [17], [18] by either blocking a particular
frequency or splitting one to two ormore frequencies. In order
to ensure that the quality of the four double-tuned coils was
indistinguishable, we measured the quality (Q) factors of the
base coils on the bench using a double-sniffer loop [22] and
a network analyser prior to adding any matching network.
Scattering (S)-parameters were also recorded to describe the
coil response, including the tuning and matching conditions
of the coil. The reference values were obtained from the
double-tuned base coil whereby, for example, in the case of
1H_focus, only the proton frequency was optimised.

Thereafter, the planned matching networks were con-
structed and implemented in the double-tuned coils as dis-
played in Fig. 1 (right), which included two single-frequency
matching networks without any additional lossy components
and the others with two different types of trap circuits. The
first two matching networks, i.e. 1H focus and 23Na focus,
were assumed as references for evaluation and comparison.
To prevent any common mode interference on the cables, 1H
and 23Na cable traps were included in each coil and were
connected to theMR system via a home-built transmit/receive
switches. The matching network, 1H focus, in Fig. 1a shows
that the matching was only considered at the 1H frequency
and not at the 23Na frequency, whereas the matching net-
work, 23Na focus, in Fig. 1b shows the opposite. In order
to achieve good impedance matching for both 1H and 23Na
frequencies, the dual-frequency matching networks that were
realised using either frequency-splitting or -blocking traps
were included, as shown in Fig. 1c and Fig. 1d, respectively.
Here, the splitting trap allows current to flow at both the 1H
and 23Na frequencies, while the blocking trap restricts one of
the frequencies - in our case the 1H frequency. The matching
conditions of the double-tuned coils with these four different
matching networks were then recorded on the bench with and
without a 2-litre cylindrical phantom.

A phantom provided by the scanner manufacturer, contain-
ing 3.75 g NiSO4× 6H2O + 5 g NaCl per 1000 g H2O was
used for both the bench measurements and MR experiments.
Fig. 2 shows screen-captured S-parameters to demonstrate
the matching conditions of the four different matching net-
works with the phantom. In the case of using matching traps
(i.e. splitting and blocking in Fig. 1c and 1d), we were able
to achieve matching better than −30 dB at both the 1H and
23Na frequencies. However, the matching for focusing on one
nucleus (i.e. 1H focus and 23Na focus in Fig. 1a and 1b) only
achieved a good matching condition at only one frequency.

The performance of the double-tuned coils with different
matching networks was further evaluated using a 7 T MRI
scanner (Siemens Healthineers, Erlangen, Germany). The 1H
and 23Na images in Fig. 3 were acquired using a standard 2D
FLASH sequence, and the imaging parameters for 1H were
repetition time (TR) = 8.6 ms, echo time (TE) = 3.69 ms,
number of averages = 1, slice thickness = 1 mm, in-plane

FIGURE 2. Screen-captured scattering-parameters (S11, return loss) of the
double-tuned coil with four different dual-frequency matching networks
at 1H and 23Na frequencies at 7 T.

resolution = 0.5 × 0.5 mm2, matrix size = 256 × 256 and
acquisition time = 10 seconds, and for 23Na - TR = 150 ms,
TE = 3.34 ms, number of averages = 24, slice thickness =
5 mm, in-plane resolution = 3 × 3 mm2, matrix size = 64 ×
64 and acquisition time = 2:53 minutes. For the SNR calcu-
lations, transmit (Tx) powers were calibrated using a variable
flip angle method and the noise images were acquired with-
out Tx (Tx = 0 V), according to the NEMA method [23].
Although magnitude images were used to compute the mean
of the noise power, the correction factor for the Rayleigh
distribution of noise in the magnitude images was not applied
as only relative values are of interest.

III. RESULTS
TheQ-factors of the four foundation double-tuned coils were:
unloaded Q∼ 100 for 1H and∼ 240 for 23Na, loaded Q ∼ 50
for 1H and ∼ 140 for 23Na and unloaded/loaded Q ratio
∼ 2 for 1H and ∼ 1.7 for 23Na, confirming that there was
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FIGURE 3. 1H (left column, grey colour) and 23Na (right column, hot colour) MR images acquired using the different matching networks.
These were used to calculate the SNR values (signal mean/noise standard deviation) at the region of interest. The selected signal (blue
dotted circle) and noise (yellow dotted circle) regions are shown in the 1H focus images. The noise images were obtained with the
transmit power of 0 V.

no significant quality difference among the base coils within
experimental error.

Fig. 3 shows 1H, 1H noise, 23Na and 23Na noise images
acquired by means of the different matching networks. Using
these images, the relative SNRs were calculated in the
selected region-of-interest (blue dotted circle in the 1H focus
image and yellow dotted circle in the 1H focus noise image).
The calculated SNR values for 1H and 23Na are

summarised in Table 1. As anticipated, the reference coils
focusing only on either 1H or 23Na without the addition
of dual-frequency matching networks provided the highest
SNR: 313.9 for 1H and 13.4 for 23Na. These values were
used as a baseline to evaluate the SNR changes resulting from

the inclusion of the splitting and blocking traps. Table 1 also
shows that the 23Na SNR degradation by the added splitting
or blocking traps is not quite significant but that of 1H focus is
much higher (up to 22% loss), while the 1H SNR degradation
by the inserted traps is quite significant (up to 20% loss)
but that of 23Na focus is much less (∼ 9%). Importantly,
even though the tuning and matching conditions were nearly
impeccable in the S-parameters, the actual SNR dropped
substantially, particularly at the 1H channel, as a result of
the insertion of splitting or blocking traps. On the other hand,
when compared to the reference, the SNRs of the 23Na chan-
nel were nearlymaintainedwith the added traps and the losses
were much less. The SNRs of the 1H images seem to be more
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TABLE 1. Calculated SNR values.

affected by the inserted traps. Interestingly, the coil focusing
on 23Na only provided much better SNR for 1H, although
the coil was not ideally but reasonably matched at the 1H
frequency, which might be due to perhaps the exclusion of
lossy components.

IV. DISCUSSION
This study focuses on the insertion of different dual-frequency
matching networks in a single-structure, double-tuned
1H/23Na coil and compares their effect on the coil perfor-
mance. This single-structure configuration is widely used
since it simplifies the multi-channel extension as it does not
require decoupling between nuclei within each channel and it
guarantees the identical imaging field-of-view between both
nuclei, enabling a straightforward post-acquisition image co-
registration [12].

In general, the traditional LC traps used in double-tuned
coils are lossy and degrade the quality and SNR of the coil by
approximately 25% at either channel or both channels when
compared to the single-tuned coil [19]. Comparable results
were found in this work with the dual-frequency matching
networks designed using the frequency-splitting or -blocking
traps. It has also been reported that the level of degradation
could be balanced at both nuclei or weighted to one of
the nuclei by adjusting the value of the selected inductor
in the traps [20], [24]. This means that the improvement in
the quality of the non-proton channel may be traded off with
that of the 1H, and this can also be further optimised to make
it as good as that of the single-tuned coil [25].

Tuning and matching the coil on the imaging object is a
final step to complete coil construction. While this appears to
be an ordinary step, it is essential since this clearly determines
the most efficient RF power transfer between the coil and
the loaded object and influences the MR image or spectrum
quality. As shown previously, we found that the design -
23Na focus - provided the least loss at the 1H frequency and
the highest SNR at the 23Na frequency when the coil was
only tuned and matched well at the 23Na frequency. This
suggests that the optimisation of tuning and matching in all
the nuclei of interest using, e.g. the dual-frequency matching
networks, may not be required in order to improve the quality
of multinuclear MR imaging and spectroscopy. Investigating
other approaches introduced in double-tuned coils, e.g. using
PIN-diodes [25], [26] or LCC trap circuits [27], [28] would
also be useful, as these might provide less degradation in the

coil sensitivity. It would also be of interest to explore whether
thematching networks for coils operating at close frequencies
(e.g. 1H/19F or 13C/23Na) or at other frequencies that are far
apart from 1H (e.g. 17O or 39K) are affected in a similar way.

Here, we have primarily chosen a loop coil design for
demonstration as this is one of the most frequently used
configurations. As field strength increases to ultra-high field,
radiating antennas become popular since they reduce the
problems associated with a shortened RF wavelength and
asymmetric pattern when using the traditional loop coils [29],
[30], [31]. However, for these antennas, different approaches
may be required in terms of reconfiguring the baluns to adjust
the matching conditions of the two different nuclei [21].

V. CONCLUSION
In conclusion, we have redesigned frequently used dual-
frequency matching networks and demonstrated the effect
of adding matching networks on a single-structure, double-
tuned coil. In agreement with previous results in the literature
associatedwith the evaluation of inserted double-tuning traps,
the dual-frequency matching networks also create additional
sensitivity loss to some extent. Therefore, it is important to
choose a suitable matching network when designing double-
or multi-tuned coils in order to minimise any possible loss or
degradation in quality.
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