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Moving to the ultrahigh field magnetic resonance imaging (UHF MRI) brought many
benefits such as potentially higher signal-to-noise ratio, contrast-to-noise ratio, and
improved spectral resolution. The UHF MRI regime also introduced some challenges
which could prevent full exploitation of mentioned advantages. A higher static magnetic
field means increase in Larmor frequency, which further implies the shorter wavelength in a
tissue. The shorter wavelength causes interferences of the RF signal and inhomogeneous
excitation, which can be partially resolved by the introduction of the multichannel coil
arrays. The biggest problem in UHFmultichannel densely populated arrays is the existence
of the interelement coupling, which should be minimized as much as possible. This article
presents the nonconventional, recently developed decoupling techniques used in
UHF MRI.
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INTRODUCTION

Moving to the ultrahigh field regime brought many benefits such as increased signal-to-noise ratio
(SNR), contrast-to-noise ratio (CNR), and spectral resolution [1–8]. With a higher static magnetic
field, the Larmor frequency increases and wavelength in a tissue decreases. Shorter wavelength in a
tissue causes constructive and destructive interferences which cause inhomogeneous excitation,
lower SNR, and even signal voids. Introduction of parallel transmit (pTx) systems with individually
controllable amplitudes and phases of each channel helped in solving the interference problems [4,
9–12]. Multichannel arrays allowed homogeneity shimming of the transmit field in a region of
interest and accelerated acquisition. Very often, the individual elements in multichannel arrays are
closely spaced, and due to the magnetic flux linkage and stray capacitance emanating from the coils,
the problem of interelement coupling arises. The coupling manifests as induced voltage across the
terminals of input ports of individual elements in the array. This produces an unwanted tertiary
magnetic field, and as a result, the corresponding reflection coefficient measured at the input of the
coupled terminals shows “mode splitting.” The coupling of more than two coils will produce
additional modes in the frequency spectrum which will manifest in both reflection and transmission
coefficients. The coupling is a big issue for transmit-only or transmit-and-receive (transcieve)
systems because it dramatically reduces the efficiency and influences the shimming capabilities of
pTx systems. However, for receive-only coils, the increased coupling increases noise correlations and
has an effect on the g-factor.

The most common coil elements in MRI but also at UHF are loop coils. Widely used decoupling
techniques of loop elements are partial overlapping [13], preamplifier decoupling [14], and
introduction of the inductive [15] and capacitive networks [16, 17] between the elements. In the
work in reference [18], it was demonstrated that at 9.4T, it is possible to decouple an eight-channel
loop array only by partial overlap of the elements. It is shown that at 9.4T and for a given size of a loop
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element, there is an optimal overlap which minimizes both
resistive and reactive couplings at the same time. Overlapping
of loops allows using of loops with increased diameter.
Overlapped loops with increased diameters have increased
penetration depth compared to the gapped loops. Overlapping
also eliminates a signal void present in the gaps of nonoverlapped
loops which improves peripheral SNR (which is associated with a
greater loop size). On the receive side, overlapped loops have
reduced g-factor but only for higher accelerations [18].

Beside loops, other common elements used in UHF
multichannel arrays are dipole and monopole antennas,
microstrip elements, and recently proposed shielded-coaxial-
cable (SCC) coils. Decoupling strategies developed for loop
coils do not easily translate to nonlooped elements; thus, some
novel techniques have been introduced.

In this review article, the latest developments in interelement
decoupling techniques of the mentioned array elements at UHF
will be described.

INDIVIDUAL COIL DESIGN FOR IMPROVED
INTERELEMENT DECOUPLING

Shielded-Coaxial-Cable Coils—Decoupled
Elements Per Se
The shielded-coaxial-cable (SCC) coil has recently been proposed
for use at UHF [19, 20]. The SCC coil is made of a coaxial cable
with the shield interrupted at one point and with the central

conductor interrupted at the opposite point of the shield
interruption. The SCC coil design is very similar to that of the
high impedance coil [21]. The main difference is in the matching
circuit; in the high impedance coil [21], there is a parallel inductor
across the feed port, while in the SCC coil design [19, 20], there is
a parallel capacitor (the matching circuit contains only
capacitors). The use of a matching capacitor versus an
inductor influences the coupling properties of the coil. The
high impedance coil [21] needs preamplifiers for additional
decoupling and for that reason is proposed for use as a
receive-only element for hand imaging. The SCC coil is a
highly decoupled element, and there is no need for any
additional decoupling. Multichannel arrays built with SCC
coils are shown in Figure 1. The SCC array elements can be
used as both transmit and/or receive elements since their
decoupling property does not depend on pre-amplifiers or
partial overlapping. Those elements are flexible—the coils can
be bent, elongated (Figure 1A,C), and overlapped while
maintaining the high interelement decoupling without
compromising the performance of the coil. A constructed neck
array, for example, consists of five SCC elements placed on flexible
foam [20] and can conform to different neck sizes without
elements being detuned. Likewise, a five-channel array was
constructed for hand imaging [19]. SCC elements were
attached to the glove. Due to the hand geometry, every SCC
element was elongated, and in a final setup, when the glove with
the attached SCC elements was placed on a hand, individual
elements, besides being elongated, were also partially overlapped.
Even in this extreme case, the tuning and matching were not

FIGURE 1 | Fabricated SCC coils and arrays with SCC coil elements. (A) Round SCC coil, (B) schematics of the SCC element, (C) elongated SCC coil, (D) 8-
channel knee array, (E) 5-channel hand array, and (F) 5-channel neck array. This Figure was partially adapted from [19].
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altered. The diameter of the proposed SCC coil was around 10 cm
in all presented examples of arrays operating at 7T. That size of
the SCC coil seems to be optimal for different imaging regions
(knee, head, neck, hand, etc.). The diameter of the SCC coil
cannot be arbitrary. It can vary from around 8 to 12 cm for
operation at 7T, and there is a need for using techniques for
increasing/decreasing the coil diameter. In the work in
reference [22], it is proposed to introduce multiple gaps on
the shield and/or inner conductor to obtain the desired coil size.
Similarly, in the work in reference [23], different combinations
of multiple gaps and multiple turns were proposed for optimal
operations at different frequencies. Introduction of the multiple
gaps influenced the coupling properties of the coil, which in
turn introduced the need for partial overlap for further
improvement of decoupling [22]. The coupling properties of
the coils proposed in the work in reference [23] were not
investigated.

Self-Decoupled Coils
Recently the self-decoupled coil principle was introduced, based
on the intentional nonuniform distribution of impedances along
a rectangular coil [24]. Relatively large impedance is positioned
opposite the coil feed port, and the rectangular coil behaves as a
hybrid of a dipole and a loop element (Figure 2); thus, the
coupling between the adjacent coils is both electric and magnetic
in nature (they are of the same magnitude but opposite signs).
The current density on a coil’s conductor depends on the
impedance of the corresponding arm, and the current’s
magnitude defines the coupling nature. The concept can be
used for decoupling rectangular coil elements and decoupling
between dipoles and loops (Figure 2). The drawback of this
method is in the required number of lumped elements, the values

of which must be precisely calculated. Also, the relative
orientation of the coils with respect to each other is fixed, and
therefore is not appropriate for flexible arrays.

Microstrip Elements With Meander Endings
In the work in reference [25], microstrip elements are ended with
meandered structures. It is demonstrated that the size of the
meandered structure influences interelement coupling, that is, it is
possible to optimize the size and geometry of themeander for the best
decoupling between the elements. In the optimized case, no
additional decoupling is needed. There are some additional
parameters that can be optimized at the same time as the
meander size, such as distance between the antennas in the array
and the distance from the phantom, for both RF efficiency and
coupling properties. After parametric study, it was concluded that the
medium meander size produces maximum central H-field strength
and optimum decoupling between the elements. This work shows
that alteration of the electrical length of the microstrip elements
changes current distribution along the element, which influences its
coupling properties. Similar strategies can be applied on linear coils
such as dipole and monopole antennas.

PASSIVE STRUCTURES AND
METASURFACES FOR IMPROVED
DECOUPLING

Induced Current Elimination or Magnetic
Wall Decoupling Method
The use of induced current elimination or magnetic walls has been
proposed as a decoupling method for transmission lines [26], loops

FIGURE 2 | (A) Schematics of a pair of decoupled coils. (B) Simulated vector current distribution of magnetic-dominant and electric-dominant coupling. (C)
Schematics of a loop–dipole decoupling array. (D) Simulated vector current distribution of a loop-mode and dipole-mode coupling achieved by adjusting the two
C-mode capacitors in a loop. This Figure was reproduced from [24].
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[27], and monopole [28] and dipole [29, 30] elements. To reduce the
mutual coupling, a magnetic wall is inserted between elements in the
form of a passive element. The magnetic wall operates as a stopband
between the terminals of the coils and eliminates the transmission of
energy between the two individual channels. This technique is
especially attractive for elements that cannot be partially
overlapped or decoupled by using inductive or capacitive networks.
In the example of two monopole elements [28], the decoupling
element is inserted between the active elements. The decoupling
element is a passive monopole element connected through the
capacitor to the common ground plane of the two active elements.
A similar strategy is also used for loop and microstrip elements [26,
27]. The passive loops andmicrostrip elements are placed between the
two active elements. The electromagnetic field from the active
elements induces current into the inserted passive element, and in
that way, the coupling between the active elements is reduced. In the
work in reference [30], decoupling of two or three active dipoles by
insertion of one passive (parasitic) dipole between them has been
demonstrated. For a dense array where the distance between the
elements is less than one tenth of a wavelength, the decoupling
condition differs. This method of decoupling shrinks the
operational bandwidth of dipoles. The drawback of this method is
in affecting the primary RF field. An additional RF field produced by
the inserted passive elements interferes with the primary RF field and
reduces the efficiency of the array and/or decreases the primary field
homogeneity.

As another example [31], decoupling of meander microstrip line
elements with parasitic elements is shown. Conductivity of the sample
creates common current paths within the sample, and coupling has
resistive (real) and reactive (imaginary) components. The common
impedance should be equal to 0 for the completely decoupled case. It
must be mentioned that the RF array [31] is surrounded by the RF
shield (to be isolated from the gradients and the outside environment),
which also has the effect of reducing coupling.

Decoupling of Dipole Antennas—EBG
Structures, Stacked Resonators, and
Metasurfaces
Dipole antennas are very popular antennas at UHF MRI, especially
for use as array elements for body imaging. Dipole elements are linear
elements, and therefore, decoupling techniques such as geometrical
decoupling cannot be applied. There have been several dipole
decoupling techniques proposed recently: decoupling with the
electromagnetic bandgap (EBG) structures [32], decoupling with
stacked resonators [33], and decoupling with metasurfaces [34].

The EBG structures are periodic structures with subwavelength
periodicity. The EBG effect prevents all surface modes in a certain
frequency band from propagating. In the work in reference [32],
the finite EBG structure containing mushroom-type metasurface
elements has been designed and positioned between dipole antenna
elements. The position of the EBG structure was optimized for the
best decoupling between the two elements.With this technique, the
interelement decoupling is improved while the biggest drawback is
reduced transmit efficiency.

As a decoupling strategy of dipole-type antennas, passive
stacked magnetic resonators (SMRs) have been proposed [33].

The design of the SMR structure was inspired by metamaterial
structures and consists of several open loops which end with
capacitive gaps. Improved decoupling is achieved when more
layers are positioned between the coils.

Decoupling of dipole antennas using metasurfaces without
distortion of the transmit field has been proposed in the work in
reference [34]. The metasurface is a periodic structure which
consists of five parallel resonant wires and is a continuation of the
work presented in reference [30]. Compared to decoupling with a
single resonant wire [29], in the proposed metasurface, it is
possible to excite higher-order coupled modes. The single wire
acts as a scatterer and produces a strong parasitic resonance. In
the work in reference [34], the transmit field of the coil has been
studied in the cases without decoupling elements and with one
and five resonant decoupling elements. It is shown that adding
more resonant elements improves the isolation between the
channels without distorting the transmit RF field.

Another decoupling technique applied to dipole and
monopole types of antennas is cloaking. In the work in
reference [35], the dipole antennas were cloaked with two
metasurfaces consisting of N vertical metallic strips. In the
work in reference [36], two monopole-type antennas operating
at different frequencies were cloaked with two embedded
elliptically shaped metasurfaces. The efficiency depends on the
number of linear elements in the array, as this constrains the
distance between them. For distances less than 1/30th of lambda,
the proposed techniques do not work.

Similar to the use of meandered structures at the end of
microstrip elements [25] to alter electrical length and current
distribution, it is proposed [37] to fold dipole antennas. The
eight-element array consisting of folded dipole-type antennas for
head imaging has been proposed. It was shown that folding of the
dipole element and use of the RF shield close to the folded part
can decouple the array elements sufficiently. The mutual
inductance is defined by the distance of the dipoles to the RF
shield and the length of a folded portion of the dipole element.
The optimal decoupling value, S12, can be achieved for various
combinations of height and the portion of the folded dipole. The
bending and folding of the dipole element “takes away” the
current on the element which directly influences coupling
between the elements. Different array configurations with
different elements were examined, such as bent dipole, straight
dipole, 10-mm folded bent dipole, 30-mm folded bent dipole, and
10-mm straight folded dipole. All those arrays were simulated
with and without the RF shield. The parameters such as SAR and
transmit efficiency and averaged coupling coefficients over all
eight elements were observed, and the most optimal array
configuration was the one with the 30-mm bent folded dipole.

DISCUSSIONS

In this review, we presented the most recent developments in
interelement decoupling strategies for application in
multichannel array design for operation at UHF MRI. The
loop element is one of the most used coils in MRI, but at
UHF, other elements, such as dipole and monopole antennas,
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microstrip coils, and shielded-coaxial-cable coils, were proposed.
For newly proposed elements, traditional decoupling techniques
cannot be applied. To improve decoupling between the elements
at UHF, two strategies could be recognized: 1) use of advanced
element design (a shielded-coaxial-cable SCC coil, self-decoupled
elements, microstrip elements with a meandered structure at the
end, etc.) and 2) development of new decoupling techniques
(inclusion of the passive elements, metasurfaces, RF shields, etc.).
The advanced element design reduces coupling between the
elements by adjusting the geometry and the design concept of
the element itself. The shielded-coaxial-cable coil has been
proposed as a highly decoupled element, and operation of
several arrays at 7T were demonstrated. The optimal coil
diameter at 7T is around 10 cm and cannot be increased/
decreased arbitrarily. Self-decoupled coils use intentionally
nonequal impedance distribution along the coil’s conductor,
which defines the current distribution which dictates a
coupling between the neighboring elements. The decoupling
between the neighboring elements is improved while
nonadjacent elements are not solved. The example of a
microstrip element terminated by meanders demonstrates the
possibility of decoupling between the elements by altering the
electrical length of the elements, which further alters the current
distribution and influences coupling.

As a second direction in reducing the coupling between the
elements in an array is the use of passive structures. The basic

principle is the following: the energy that would be transferred
between the active elements is captured by the passive element/
structure placed close to the active elements. The active
elements become isolated from each other. The drawback of
this technique is the existence of the secondary RF field
produced by the passive element/structure which can reduce
the radiation efficiency of the active array. In the work in
reference [34], it is shown that the higher number of passive
elements and their proper spacing can reduce interaction with
the transmit RF field. Passive decoupling structures could also
interfere with the receive array elements (in transmit-only
receive-only (ToRo) configurations) since the passive
elements are not detuned.

Some of the latest developments in the interelement
decoupling at UHF were mentioned and discussed. Table 1
summarizes the mentioned coil types and related decoupling
methods with the main advantages and disadvantages. There is
still room for improvement in designing both elements for the
lowest coupling and optimal passive structures to reduce
interelement coupling.
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