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Abstract. In this work we studied electromagnetic properties of one-dimentional periodic structures composed of split-loop resonators (SLRs) and investigated their capabilities in decoupling of two dipole antennas for full-body magnetic resonance imaging
(MRI). Two diﬀerent ﬁnite structures comprising a single-SLR and a double-SLR constitutive elements were studied. Numerical
simulations of the structures were performed to evaluate their decoupling capabilities. As it was demonstrated two dipole antennas equipped with either a single or a double-SLR structure exhibit high isolation even for an electrically short distance between
the dipoles. Double-SLR structure while dramatically improving isolation of the dipoles keeps the ﬁeld created by each of the
decoupled dipoles comparable with one of a single dipole inside the target area.

INTRODUCTION
Metasurfaces are two-dimentional periodic structures realizing artiﬁcial boundary conditions which varies depending
on the shape, size and a period of the structure. So-called High-Impedance Surfaces (HIS) are organized as electrically
thin and dense periodic arrays of elements which behave at the resonance as continuous sheets of magnetic currents.
This boundary condition introduces two important electromagnetic properties of HIS: in-phase reﬂection of the incident incident plane waves and suppression of surface waves propagation [1], [2]. Second feature of HIS has been
successfully used in microwave devices to suppress the mutual coupling between elements of various antenna arrays.
Radiofrequency antennas (RF coils) are employed as transcieve elements of MR scanners for emission of RF
pulse which excites hydrogen (1 H) nucleus inside the target area and for reception of nucleus RF response. Operational
(Larmor) frequency of MR scanner deﬁnes operational frequency of its RF coils and it is proportional to the intensity
of MR scanner static magnetic ﬁeld: fl = γ·B0 , where γ is the gyromagnetic ratio and B0 is the strength of an applied
static magnetic ﬁeld. In the previous work it was proved by the authors both numerically and experimentally that
mushroom HIS metasurface structure can be successfully used for the isolation of two antenna elements of the dipole
surface body coil at 7 Tesla for full-body MRI [3]. Decoupling improvement of neighboring elements was reached
up to -14 dB while keeping non-disturbed magnetic ﬁeld distribution inside the target area. However, the previously
proposed solution was not easy to manufacture and to precisely tune to the Larmor frequency in the MRI experiment.
In this work we propose and study numerically metasurface-inspired periodic structure which comprises socalled split-loop resonators, which is also suitable for decoupling of dipole antennas in MRI, but being much easier to
implement and tune in the MRI experiment in comparison to the mushroom structure.

Decoupling techniques in MRI
Currently there is the tendency in MRI techniques to increase B0 aiming to enhancement of the signal-to-noise ratio
(SNR) which is proportionally enlarged. Increasing of B0 causes inhomogeneity of the electromagnetic ﬁeld transmitted by RF coils to the target area [4]. As the Larmor frequency enhances the wavelength inside the object under
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investigation becomes comparable with its size or even becomes less. These eﬀect causes fast decay of the electromagnetic ﬁeld in the target area and leads to the imaging artifacts of inhomogeneity attributed to phase delays and
standing-wave eﬀects.
To reduce these in ultra-high ﬁeld MRI (B0 = 7T and above) several methods were proposed and the most
commonly used among them is the parallel transmit - unique technique for homogeneous excitation (RF shimming).
Parallel imaging is conventional clinical technique for sequence acceleration with multiple receive channels. In parallel imaging several antenna elements constituting phased antenna arrays are used in order to excite and receive signal
separately from diﬀerent parts of region of interest. Multiple transmit channels are driven with individual magnitude and phase and due to the constructive interference of the corresponding magnetic ﬁelds provide homogeneous
excitation of the whole region of interest [5].
Dense location of the antenna elements in the phased array causes strong inter-element coupling which leads
to dissipative losses and should be compensated in order to avoid reduction of the antenna array eﬃciency. The
most commonly used isolating method for loop coils is so-called reactive decoupling which includes either inductive
decoupling (overlapping of neighboring loop array elements [6] or using passive decoupling structures [7],[8]) or
capacitive decoupling (embedding of a shared capacitor between two adjacent or non-adjacent loops [9]). There is
also so-called preampliﬁer decoupling [6] which is applicable for transmit coils and active decoupling (detuning)[10]
which is only useful when multiple elements of the array are not used simultaneously.
Described above methods of inductive decoupling which are applicable for trancseive coils are suitable only for
loop-type array elements. It was proposed recently to use dipole antennas as an elements of transceive array coils at
ultra-high ﬁeld MRI due to their high penetration depth [11]. Therefore decoupling techniques for dipole elements of
trancieve arrays used in ultra-high ﬁled MRI scanners are of a great interest.

Design and numerical simulation of SLR metasurface structure
In this work a new passive decoupling periodic structure is proposed which comprises so-called split-loop resonators
which are elongated loops with a high distributed inductance and small capacity of a gap (Fig. 1a).
 
 









 


 







 




 



FIGURE 1. SLR decoupling structure: a) geometry of the setup; b) equivalent circuit of the proposed decoupling technique

If dipoles are located with respect to one another at a subwavelength distance the current induced on the second
dipole by the ﬁrst one is almost in-phase with the current of the ﬁrst dipole. This induced current causes inter-element
coupling. A periodic one-dimentional structure of inductively coupled SLRs (see Fig. 1a) may support slow propagating waves along the common normal direction to the loops. When the structure contains a ﬁnite number of elements the
propagating wave may experience multiple resonances. These resonant modes can be excited by the active dipole by
inducing a voltage over the gaps of the closest SLRs so that the excited structure creates at the resonance a secondary
electric ﬁeld along the adjacent dipole. At the frequencies close to each resonance of the ﬁnite periodic structure the
secondary ﬁeld at the position of the adjacent dipole may become out-of-phase with respect to the ﬁeld directly created
by the active dipole. Therefore at each of the resonances of the whole structure it behaves as a line coupled to both of
the dipoles and introduce a required phase shift for compensation of the mutual coupling between them (Fig. 1b).
Dispersion diagram of the inﬁnite periodic array of SLRs was calculated using commercial software Ansys HFSS
2013. The length of the SLRs was 250 mm, their height h is equal to 20 mm, the radius of the wire was 0.5 mm, the
size of the gap was 20 mm, while the periodicity a was 3.75 mm. In order to tune the resonance frequency of the
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SLR to the Larmor frequency of 1 H at 7 Tesla 300 MHz lumped inductance of 200 nH was embedded in the SLR.
The numerically obtained dispersion diagram of the wave propagating along the structure of inductively coupled
periodically arranged SLRs is shown in Fig. 2a.

FIGURE 2. Results of numerical simulations: a) dispersion diagram of the wave propagating along the structure of inductively
coupled periodically arranged SLRs; b) S-parameters of dipoles equipped with single-SLR structure

In the proposed MRI conﬁguration of the structure for dipole decoupling it consists of a ﬁnite number of SLRs
which is placed above two resonant dipoles and a human-body mimicking phantom (Fig. 3a). Setup was simulated
using Time Domain Solver of commercial software CST Microwave Studio for the SLR structure which includes 31
resonators, phantom (ε = 34, σ = 0.47 S/m) and two copper-wire dipoles (length = 490 mm) with the separation of d
= 30 mm. The dipoles were driven by two independent lumped ports with the impedance of 50 Ohm. Corresponding
reﬂection coeﬃcient of one active dipole when the other one is terminated by 50 Ohm is depicted in Fig. 2b by the
red dashed curve. The transmission coeﬃcient S12 between the two impedancely matched dipoles is plotted on the
same graph by the blue solid line. From this plot one can observe several minima which correspond to the diﬀerent
resonances of the wave propagaing in the periodic array and multiply reﬂected from the ends (then the number of
SLRs is ﬁnite). From S12 plot one can ensure that the most eﬃcient decoupling is observed on the resonant frequency
of 292 MHz. Actual decoupling value was calculated taking into account matching circuitry which was tuned to 292
MHz and was equal to -15.3 dB. The employed in the simulation matching circuitry is depicted in Fig. 3b. The same
transmission coeﬃcient for the comparison in the case with no decoupling structure (two dipoles over the phantom at
the same distance to each other) is equal to -4.5 dB.

FIGURE 3. Simulation setup containing two dipoles equipped with SLR structure near the phantom: a) side view; b) employed
matching circuitry

Magnetic ﬁeld distribution was also simulated to evaluate distortion which was caused by the secondary ﬁeld
produced by the decoupling structure. Magnetic ﬁeld distribution in the central transverse plane of the phantom which
is induced by one of the dipoles while the other one terminated by 50 Ohm in the presence of the structure is depicted
in Fig. 4b. Reference magnetic ﬁeld distribution of the setup without SLR structure is depicted in Fig. 4a. From the
map one can ensure that currents which are induced in the structure by the primary ﬁeld of the dipole create secondary
magnetic ﬁeld which destructively interference with the primary ﬁeld of the dipole inside the phantom.
Distortion of the magnetic ﬁeld caused by the SLR structure inside the phantom destroys directive properties of
the dipole dominantly radiating into a high permittivity object (see Fig. 4b). To improve directive properties of the
radiating dipoles in the phantom keeping the same decoupling level a double-SLR structure was proposed. A unit
cell of the double-SLR comprises two resonators which are located in the same plane with the separation of 10 mm.
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FIGURE 4. Simulated H-ﬁeld magnitude, A/m, normalized for 1W power accepted by the active dipole 1: a) no SLR-structure; b)
single-SLR structure; c) double-SLR structure

Isolation of the dipoles equipped with the double-SLR structure predicted by the numerical simulation was equal to
-13.7 dB. The magnetic ﬁeld distribution in the central transverse plane of the phantom in the case of decoupling by
double-SLR structure is depicted in Fig. 4c. From the ﬁeld map one can ensure that distortion of dipole magnetic ﬁeld
is suﬃciently reduced compared to the case of decoupling by the single-SLR structure.

Conclusion
In the current work a new periodic decoupling structure comprised of split-loop resonators was proposed. Numerical
simulations of the structure composed of several SLR showed its eﬀective isolation capabilities with respect to two
resonant dipole antennas. Decoupling value of two dipoles with the separation of 30 mm near the Larmor frequency of
1
H at 7 Tesla in the presence of the structure reached -15.3 dB, while in the reference case without the structure it was
only -4.5 dB. However distortion of the dipole magnetic ﬁeld inside the phantom was observed in the vicinity of the
SLR structure. In order to reach similarly strong decoupling capabilities reducing the magnetic ﬁeld pattern distortion
in the phantom it was proposed to use a one-dimentional periodic structure of the same number of paired SLRs. As a
result the decoupling value of -13.7 dB accompanied with improved ﬁeld distribution was reached in compared to the
single-SLR structure.
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