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Abstract

Purpose: To design and test an RF-coil based on two orthogonal eigenmodes in a pair of

coupled dipoles, for 7 Tesla body imaging with improved SAR, called dual-mode dipole.

Methods: The proposed coil consists of two dipoles and creates two orthogonal field dis-

tributions in a sample (the even and odd modes). A coupler used to excite the modes was

miniaturized with the conductor track routing technique. Numerical simulations of the dual-

mode dipole in the presence of a homogeneous phantom were performed. Moreover, an array

of such coils was simulated with a voxel body model. For comparison, a fractionated dipole

combined with a surface loop coil was also simulated. Both coils were tested in a 7 Tesla MRI

system on a phantom. Subsequently four dual-mode dipoles or dipole/loop combinations were

used for a comparison of imaging performance in a human volunteer.

Results: Using the even mode of the dual-mode dipole showed 70% SAR reduction in

comparison to the fractionated dipole while having the same B+
1 in the prostate region. The

odd mode of the dual-mode dipole showed a performance comparable to the surface loop both

for SAR and B1 efficiency. The obtained results showed that the proposed coil while creating

lower SAR gave images of the same quality as the reference coil.

Conclusions: It was demonstrated that the array of dual-mode dipoles provided the same

SNR and prostate imaging quality as the reference array, while demonstrating lower SAR. This

is due to a smoother current distribution over a sample surface.

Keywords: Dipole, coil, modes, parallel transmit, SAR
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INTRODUCTION

Imaging of a human body at ultrahigh fields (UHF) (7 Tesla (T) and higher) is difficult due to

wave effects such as interference caused by the reduced wavelength in body tissues. This is because

the region of interest (ROI) dimensions become comparable to the wavelength [1]. Moreover, an

electromagnetic wave propagating through tissues at higher Larmor frequencies decays faster than

at frequencies of clinical systems (1.5 and 3 T). Both effects deteriorate the B1 field homogeneity

and reduce the transmit efficiency of radiofrequency (RF) coils, thereby causing scarcely avoidable

image artifacts. To increase the transmit efficiency and homogenize the B1 pattern in the ROI, the

parallel transmit (pTx) approach is widely used [2–4]. This approach allows for the manipulation

of the transmit field distribution by the use of individual channels with customized phases and/or

magnitudes of signals that drive a phased array surrounding the subject. The so-called RF-shimming

procedure, allows for optimization of the transmit field with respect to various properties, such as:

transmit homogeneity in the ROI, maximum transmit field per unit power [5] or reduced specific

absorption rate (SAR) [6]. The power delivered to the pTx array is restricted by a limit to the

maximum local SAR [7]. Therefore, the local SAR distribution needs to be evaluated. This is

usually done at the RF-design stage using numerical simulations with detailed human models [8].

The same array as used for parallel transmission [9] or a separate one [10] can be used for parallel

reception. Many useful RF coil designs have been demonstrated as elements of transmit arrays for

body imaging at 7 T, including surface loops [11], dipoles [12–14], TEM-coils [15] and traveling-wave

antennas [16].

Dipole antennas have been recently shown to be the most efficient in deeply located ROIs in a

human body at 7 T, e.g. in prostate imaging applications [17]. The choice of dipole elements for

reception as well could be explained by the fact that linear currents flowing along the direction of B0

are preferable when reaching the ultimate signal-to-noise ratio (SNR) in a cylindrical subject, which

is a rough approximation of a human torso [18]. In order to realize linear currents with a desirable

distribution, multiple designs of dipoles have been proposed. The length and current distribution

of a dipole are responsible for both transmission and reception properties and can be controlled

using several approaches. Among them are lumped reactive circuit elements [13], loading by high-

permittivity dielectric slabs [19] and shaping conductors of a dipole (i.e. meandering or branching)

[17]. One recent design is the fractioned dipole antenna; a straight printed dipole with several

structural inductances included in its branches [13]. This design provides the lowest maximum
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local SAR for the same amount of B+
1 in the ROI among existing dipoles in the prostate imaging

application [13].

To further improve the performance of a transceive array coil for body imaging at 7 T, the

number of independent channels can be increased. More channels provide more degrees of freedom

in transmission (i.e. in the RF-shimming procedure) and increase the SNR in reception. However,

increasing the number of elements in dipole arrays is intrinsically limited by inter-element coupling,

which leads to difficulties in tuning and matching of individual array elements and unacceptably high

scattering power losses. To avoid mutual coupling between two dipoles, several resonant decoupling

techniques can be used [20–23]. However, no resonant decoupling techniques applicable to multi-

element dipole arrays for body imaging with arbitrary shimming phases have been demonstrated so

far. In this situation, the only way to increase the number of array channels and avoid any further

reduction in inter-element distance, is to use modified multi-mode elements instead of single-mode

dipoles. By overlapping a dipole with another antenna in each element position, thus producing an

orthogonal distribution of currents and RF-fields not affecting the dipole, the number of elements

can be doubled. This idea has recently been implemented as a new dual-mode element of a 7 T

transceive array where each dipole was combined with a surface loop. As a result, adding the loop

elements decreased SAR and improved the B+
1 magnitude at a fixed total accepted power [24].

A single dipole is a resonant antenna with a linear current distribution creating RF-fields mostly

described by an electric dipole moment directed in parallel to the subject’s surface. In contrast,

a surface loop antenna produces the field in the subject similarly to a magnetic dipole, directed

normally to the surface. This is, however, not the only one known combination of antennas that

may be placed in the same position avoiding mutual coupling due to the orthogonality of created

RF-fields. In theoretical works, it has been shown that mutually orthogonal and resonant electric

and magnetic dipole moments can be simultaneously excited also in parallel cut-wires [25–29]. A pair

of straight metal wire antennas may possess an even mode with parallel currents (also called electric

dipole mode) and an odd mode with anti-parallel currents (also called electric quadrupole mode).

The odd mode at electrically short distances, produces a magnetic field similar to a continuous

loop located in the same plane. This agrees with the fact that an off-diagonal electric quadrupole

produces the same near-field distribution as a magnetic dipole [30]. The even mode produces

RF fields similarly to a single straight wire dipole, but only at sufficient distances from the wires.

Importantly, this similarity schematically shown in Fig. 1 does not hold in the case of close proximity

to the wires.
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In this work we propose and test a new dual-mode array element for body imaging at 7 T

composed of two identical coupled dipoles called the dual-mode dipole. By independent excitation

of the even and odd modes of the dipole pair, two different field distributions can be created in the

prostate region (ROI) which are very similar to the ones created by the aforementioned dipole-loop

antenna [24]. The latter is taken as a reference coil for numerical and experimental comparison. The

aim of this work is to demonstrate that the dual-mode dipole reaches the same transmit efficiency

as the reference coil but has reduced SAR due to a more homogeneous current distribution over the

subject’s surface.

METHODS

Proposed coil design

The dual-mode dipole is composed of two identical fractionated dipole antennas of the length lD =

300 mm placed parallel to each other at distance s as shown in Fig. 2 (a). The dipoles of the

proposed coil have two symmetric ports in their middle splits. The even mode can be excited when

the ports are driven in-phase, while the odd mode is excited by the out-of-phase drive. Due to the

orthogonality of these two modes they could be excited independently. This dual-mode excitation

can be realized by using an appropriate 180◦ hybrid. The latter is a device used for coupling/dividing

RF-signals with equal amplitudes but with same or opposite phases depending on a driven input. It

is very similar to a quadrature hybrid commonly used to drive the CP mode of a bird-cage coil [31].

The difference is in the introduced phase delay (180◦ in our case instead of 90◦). A conventional

rat-race coupler has four ports, separated by three λ/4 delay lines and one 3λ/4 line forming a ring

as shown in Fig. 2 (b). The ring should have a characteristic impedance
√

2Z0, where Z0 is the

impedance of ports (in MRI systems Z0 is commonly equal to 50 Ω). An RF-signal applied to the

even input port is split between outputs 1 and 2 with equal phases, while the odd port is isolated.

In case, the odd input port is fed, the signal is split between the same outputs out of phase, while

the even port is isolated. In our case, these properties of the coupler allow independent excitation

of the even and odd modes of the two dipoles. Thus the outputs of the coupler should be connected

to the ports of the dipoles. To minimize losses in the delay lines the coupler together with the

dipoles was printed on the same dual-layer PCB with Rogers 4003 substrate (ε=3.38, tan δ=0.002,

thickness h = 0.8 mm).

Since a conventional coupler shown on the left side of Fig.2 (b) would occupy a relatively
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large area (2π × 130 × 130 mm2), a special conductor track routing technique [32] was applied to

synthesize a more compact layout. The main idea of this miniaturization is to replace delay lines

of the corresponding ring sections by densely packed meandered lines of the same characteristic

impedance and electrical lengths. The lines were meandered as periodically repeated circular bends

with outer radius r0 = 2.2 mm as depicted on the right side of Fig. 2 (b). Since the input impedance

of the dipoles amounts to approximately Zin ≈ 70 Ω, the coupler was designed to have the input

and output impedance of Z0 = 71 Ω ≈ Zin. To avoid placing extra baluns at the dipoles inputs,

symmetric stripline topology was chosen for the coupler layout. The employed symmetric stripline

used for the coupler was composed of two metal strips of the same width w symmetrically printed

on the opposite sides of the substrate (see inset in Fig. 2 (b)). For the given substrate properties,

the chosen value of w was 0.9 mm to reach the characteristic impedance of
√

2Z0 = 100 Ω. It is

worth noting that the symmetric layout had no ground plane. The overall coupler area was 40× 70

mm2, i.e. only 3 % of that of the conventional ring-shaped design. The coupler loaded by the

dipoles at its outputs was matched to 50 Ω at both inputs by means of lumped elements. Ceramic

baluns were employed at both the even-mode and odd-mode ports where coax cables were soldered

to the board. The top PCB layer of a manufactured dual-mode dipole is shown on the photograph

in Fig. 2 (c). Note that only one half of each dipole can be seen on the photograph as the opposite

one was printed on the bottom layer.

The reference coil consisted of a fractionated dipole and a surface rectangular loop of the sizes

b× lL = 89× 190 mm2. The dipole and loop were printed on separate 1-mm-thick FR-4 substrates

and then overlapped (ε=4.4, tan δ=0.02) as shown in Fig. 2 (d). Four lumped capacitors were

distributed around the loop for tuning to the Larmor frequency.

Simulation

Numerical simulation software CST Studio Suite (CST, Darmstadt, Germany) was used to choose

the separation s between two dipoles in the dual-mode dipole by parametric optimization. Also,

it was used to calculate the electromagnetic fields produced by the proposed and the reference

coils in pelvis-shaped homogeneous phantom with electrical properties ε=61.8, ς=0.87 S/m. The

corresponding numerical models are shown in Fig. 3 (a,b). Each model contained approximately

2.5 ·105 mesh cells. Adaptive meshing was performed at 297.2 MHz using Frequency Domain Solver.

For evaluation of local SAR and B+
1 distributions in a voxel model of a human body the Time

Domain Solver was used with the commercially available models (Gustav, CST Virtual Family and
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Tom, CST VHP). The models of four-element arrays composed of dual-mode dipoles and reference

coils are shown in Fig. 3 (c,d). Each model had approximately 2 · 107 mesh cells. Local mesh on

the surface of the coils was applied to improve the accuracy of the calculation. This simulation also

gave S-parameters of the array elements of both types. In each case two of four dual-mode coils

were positioned on top of a subject and the other two were placed at the bottom. In the proposed

coil two branches of each of the dipoles were printed on the opposite sides of the same substrate as

can be seen in Fig. 2 (a,c). However, in the simulations, we put the dipoles completely on one side

of the PCB for simplicity as shown in Fig. 3 (b,d).

Calculated field distributions were normalized to the square root of the accepted power Pacc to

determine the transmit efficiency. Phase shimming for both the compared arrays was performed by

optimizing for the maximum B+
1 /
√
Pacc in the prostate region of the voxel model. Here, a fixed

applied power was provided for each of eight channels (equal RF-signal magnitudes). At the same

time the required optimal phases were determined for in-phase summation of magnetic fields of

individual channels in the prostate.

Both coils were tuned to 297.2 MHz, the proton Larmor frequency at 7 T, and matched to

50 Ω with S11 better than −15 dB for each channel. The rat-race coupler for modes excitation

and lumped element matching circuits were taken into account in schematic co-simulation with the

CST Design Studio module. To match port impedances of the reference coil, LC-circuits with the

pi-shaped topology were used in each case. The series inductance was realized as a self-made wire

winding, while the parallel capacity was implemented using commercially available non-magnetic

capacitors. For the dual-mode dipole, the same matching approach was used with series capacitors

instead of series inductors.

To evaluate the performance of the designed miniaturized rat-race coupler the latter was also

simulated using frequency domain solver of CST. The local mesh was assigned onto the surfaces of

conductors to ensure high convergence accuracy. The numerical model consisted of approximately

2.5 · 105 mesh cells. Adaptive meshing was performed at the Larmor frequency.

Measurements and performance evaluation

To evaluate the performance of the dual-mode dipole as an array element, four identical coils were

manufactured (see Fig. 2 (c)). For the experimental comparison, four reference coils were also

manufactured (see Fig. 2 (d)). All the array elements were matched to 50 Ω with the measured

reflection coefficients at both input ports better than -10 dB when loaded by a homogeneous phan-
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tom. The measured transmission coefficient between the two ports was better than -15 dB for both

the proposed and the reference coils.

Measurements were performed on a 7T Philips Achieva platform (Philips Healthcare, Best, The

Netherlands). First, a homogeneous phantom was used to measure B+
1 patterns created by the

dual-mode dipole and the reference coil as single elements located symmetrically on the top of the

phantom. The dual-TR method [33] was used with a 3D gradient echo sequence to obtain B1 maps,

using the following parameters: TE/TR1/TR2: 2.172/50/250 ms, 1.25× 1.25× 10 mm3, FA=60◦.

Power measured at coil plugs of the proposed coil was equal to 29.62 W both for the even and odd

channels. For the reference coil, the measured input power was equal to 30.64 W both for the dipole

and loop channels.

T2-weighted in-vivo body images (TR/TE=2500/90 ms, 0.5×0.5×4 3 mm3, TSE-factor 9) were

obtained using the manufactured arrays. SNR maps were acquired as well. The SNR values were

determined according to the method described in [34].

The study was approved by the local medical ethics committee and informed consent was ob-

tained from each subject.

RESULTS

Simulation

Simulated S-parameters of the miniaturized rat-race coupler in the frequency range from 280 to 320

MHz are presented in Fig. 4. From the plots, one can see that the coupler performs very close to

an ideal 180◦ coupler. Namely, the transmission from both the input ports to each of the output

ports is very close to -3 dB (the insertion losses do not exceed 0.4 dB). At the central operational

frequency of 300 MHz the phase difference between the output signals is almost equal to 0◦ or 180◦

depending on the driven input port (within 1◦-accuracy). The reflection coefficient at both the

inputs is lower than -17 dB, while the isolation between the odd and even inputs is better than -35

dB.

The calculated B+
1 distributions in the central transversal plane of the phantom normalized by

the square root of the accepted power
√
Pacc is presented in Fig. 5. The results are presented

for two orthogonal channels of the dual-mode dipole (a,b) and the reference coil (c,d). The colour

plots demonstrate the B+
1 magnitude distribution in the phantom, while the vector plots show the

moment directions of the magnetic field vector. These plots demonstrate that B+
1 distributions of
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the proposed coil are very similar to the ones of the reference coil at the depth of the phantom.

As can be seen in Fig. 5 (a) the vertical magnetic field component is dominating in the odd-mode

pattern of the proposed coil, while the magnitude pattern is quite asymmetric. In fact, the loop

coil produces a similar field pattern (see Fig. 5 (c)). The calculated magnetic field patterns of the

dual-mode dipole’s even mode are shown in Fig. 5 (b). The latter exhibits the dominant horizontal

magnetic field component and a reasonably symmetric B+
1 pattern. This pattern looks similar to

one created by the fractionated dipole [13] in the middle region of the phantom (see Fig. 5 (d) for

comparison). A channel-by-channel comparison of B+
1 /
√
Pacc vs. the depth profiles of the dual-

mode dipole and the reference coil is given in Fig. 6 (a,b). The profiles correspond in each case to

the depth coordinate lines marked in Fig. 5 with the red vertical dashed lines going through the

magnitude maxima at the depth of 100 mm.

Insets in Fig. 5(a-d) present the calculated local SAR distributions for 1W of accepted power in

the top coronal plane of the phantom. The maximum values of the SAR per unit accepted power

are almost the same for the odd mode of the proposed coil (5 (a)) and the loop (5 (c)). In contrast,

the even mode of the proposed coil (5 (b)) creates much lower SAR than the single dipole does (5

(d)). To be specific for the same accepted power of 1 W, one obtains 1.03 W/kg with the even mode

excitation instead of 2.41 W/kg provided by the single dipole. The lower maximum local SAR of

the even mode goes along with the more uniform pattern of B+
1 in the transverse plane in a close

proximity of the phantom’s surface in comparison to the dipole (compare insets of Fig. 5 (b) and

(d)). The B+
1 vs. depth profile curves for the dual-mode dipole and the reference coils, normalized

to
√
SARmax are presented in Fig. 6 (c,d).

Fig. 7 presents numerical results for the eight-channel array configurations with dual-mode

dipoles (first row) and reference coils (second row). The results correspond to the simulation ge-

ometries shown in Fig. 3 (c,d), which included Gustav voxel model. To obtain the maximum field

magnitude in the prostate (indicated by the black contour in Fig. 7), phase-shimming was applied.

Appropriate excitation phases were calculated for all eight channels, while the equal signal mag-

nitudes were used. The magnetic field patterns normalized to the maximum 10-g averaged SAR

(B+
1 /

√
SAR10g) are depicted in Fig. 7 (a,d). The B+

1 patterns normalized by the square root of

the total power accepted by the array (B+
1 /
√
Pacc) are given in Fig. 7 (b,e). The distributions of

SAR10g for the same total accepted power of 1W are given in Fig. 7 (c,f).

The full numerically calculated eight-port scattering matrix is presented in Fig. 8 (a) for the

array of dual-mode dipole and in Fig. 8 (b) for the reference array. Indices of S-parameters
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correspond to the port numbers indicated in Fig. 7. Odd numbers correspond to odd mode ports of

the proposed coils and to loop ports of the reference coils. Even numbers correspond to even mode

ports of the proposed coils and to dipole ports of the reference coils.

To predict the sensitivity of both arrays to the variation of the load, an additional simulation

was performed with Tom voxel model having a different BMI. For this purpose the bottom element

with the ports No. 7 and 8 was considered. As can be seen from Fig. 7 (c,f) this element is located

most closely to the maximum local SAR region. The other array elements were found to have weaker

variation of return loss with respect to the load. The return losses of the selected element (i.e. S77

and S88 magnitudes) were compared channel-by-channel for the two arrays in the presence on both

body models in Fig. 8 (c,d).

Measurements

Measured B+
1 field distributions in the central transverse plane, obtained by using a single dual-mode

dipole on top of the phantom, are shown for the odd (a) and the even (b) channels in Fig. 9. For

comparison, the measured B+
1 created by the loop and the dipole of the reference coil are shown in

Fig. 9 (c) and (d) correspondingly. The penetration profiles of the measured B+
1 per unit accepted

power were calculated from the measured maps along the depth coordinate axes represented by the

red dashed lines in Fig. 9 (a,b,c,d). The resulting profiles are shown in Fig. 9(e,f). The body images

and SNR maps in the central transverse plane of the prostate of a healthy volunteer obtained using

the four-element array of the proposed dual-mode coils are presented in the first row of Fig. 10.

For comparison, similar images and SNR maps obtained using the reference array are presented in

the second row.

DISCUSSION

The proposed idea of assembling an element of a parallel-transmit array for 7 T body imaging of

two closely-spaced and coupled dipoles has been carefully studied in this work both numerically

and experimentally. By numerical simulations, we compared the field distributions created by the

dual-mode dipole to ones of a single fractionated dipole and a surface loop.

The design of the new coil uses two identical fractionated dipoles exactly like the dipole from

the reference coil. The even and odd modes of the dual-mode dipole are excited using a novel

miniaturized rat-race coupler integrated into the coil. To determine the separation s between them,
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a parametric numerical optimization was made with the aim to fit the same transmit efficiency as

that of the reference coil’s channels in the ROI (i.e. in the prostate region). As a result, the even

mode of the proposed coil reached the same B+
1 for a given power in the middle of the phantom

(at the depths of 6-10 cm) as compared to the fractionated dipole. The same equivalence of the

transmitted field was observed for the odd mode of the proposed coil and the reference loop. This

equivalence only took place with the optimal value s = 60 mm. For smaller s the odd mode was

less efficient than the loop, while the even mode was more efficient than the dipole. The opposite

imbalance was observed for s larger than the optimum. Moreover, from Fig. 5 and Fig. 6(a,b) it is

clearly seen that the B+
1 distributions produced by the even and odd modes of the dual-mode dipole

for a given accepted power in the phantom are qualitatively and quantitatively similar to ones of

the dipole and loop (respectively) at depths larger than 6 cm. Noticeably, the dipole created higher

and less uniform B+
1 per unit accepted power on the surface of the phantom than the proposed coil

at its even mode. At the same time, the even mode resulted in 2.41 times lower maximum local

SAR on the phantom surface, as can be seen comparing the insets of Fig. 5 (b) and (d). This

improvement of SAR can be explained by a more homogeneous distribution of electric currents at

the surface of a sample.

As demonstrated by simulations with a voxel body model, SAR performance of the dual-mode

dipole as an eight-element array element is still better than the dipole-loop combination. Indeed,

when the B+
1 per unit total accepted power is maximized in the prostate region by phase shimming,

the maximum 10-g averaged SAR for the same power is 58 % lower. At the same time B+
1 in the

prostate was almost the same for the two compared arrays (see Fig. 7).

From the calculated S-parameters of the arrays presented in Fig. 8 (a,b), it follows that the

coupling between even-mode channels of two adjacent proposed coils is higher than for two single

dipoles. However, the transmission coefficient between the corresponding ports of the array elements

in both cases holds lower than -17 dB, which is acceptable. Therefore, for the dipole mode, splitting

the current into two in-phase and parallel currents improves the maximum local SAR but does not

significantly affect the inter-element coupling.

Measured B+
1 per unit accepted power patterns are in good agreement with the simulations

results (compare Fig.5 and Fig. 9(a-d)). Indeed, it was experimentally confirmed that the corre-

sponding channels of the dual-mode dipole and the reference coil are equivalent except for the top

surface of the phantom. In this region, the even mode of the proposed coil created more distributed

magnetic field. Together with the SAR simulation results this agreement indirectly supports the
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conclusion of lower maximum local SAR provided by our dual-mode dipoles.

The in-vivo results (i.e. prostate images and SNR maps shown in Fig. 10) demonstrate almost

the same imaging performance provided by the arrays of dual-mode dipoles and reference coils. Thus

in the prostate region the relative SNR was equal to 275 for the array of dual-mode dipoles versus

284 for the reference array. Moreover, the proposed array created no additional inhomogeneity

artifacts in comparison to the reference array.

CONCLUSION

In this work we numerically and experimentally compared two dual-mode coils: the proposed one,

consisting of two properly driven fractionated dipoles, and the reference one, consisting of a frac-

tionated dipole and a surface loop. Both approaches double the total number of transceive array

channels, which improves performance in body imaging at 7 Tesla.

It was clearly demonstrated that the proposed dual-mode dipole is equivalent to the dipole-loop

combination in terms of B+
1 per unit power in the prostate region. At the same time, a 58% reduction

in the maximum whole-body local SAR is achieved using an eight-channel array of the proposed

coils. The improved SAR performance of our coil is explained by the currents of its even mode. The

latter are more homogeneously distributed over a subject causing lower electric fields for the same

accepted power. Importantly, this advantage over the reference array of dipole-loop combinations

has been observed in the simulations with two different voxel body models. Moreover, the modified

current distributions of the even and odd modes of the proposed coil did not considerably increase

the inter-element coupling in comparison to the reference array with the same element number.

To test the coil on a healthy volunteer, body images were obtained with four dipole pairs

(eight independent channels), which demonstrated similar imaging capabilities in comparison to the

reference array.

In conclusion, the proposed idea of splitting an electric current of each array element into two

parallel paths relaxes SAR-related constraints for body imaging at ultrahigh fields. At the same

time, the demonstrated dual-mode dipole provides almost the same imaging capabilities and inter-

element coupling as a state-of-the-art array of combined dipole-loop coils.
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a b c

+

Figure 1: Analogy in magnetic fields created by combination of dipole and surface loop (a) and even

mode (b) and odd mode (c) of two coupled dipoles.
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Figure 2: Proposed design of dual-mode dipole: (a) combined PCB layout with two fractionated

dipoles and miniaturized rat-race coupler; (b) delay line interconnection of conventional ring rat-

race coupler (left) and miniaturized rat-race coupler (right) (inset shows parameters of meandered

symmetric strip-lines); (c) manufactured dual-mode dipole. Manufactured reference coil with dipole

and loop (d).
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Figure 3: Simulation geometries: (a) single reference coil with homogeneous phantom; (b) single

dual-mode dipole with the same phantom; (c) array of four reference coils with human body model;

(d) array of four dual-mode dipoles with human body model.
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Figure 4: Simulated S-parameters of miniaturized rat-race coupler: (a) transmission coefficients

from inputs to outputs; (b) phase delays from inputs to outputs (phase of S21 is taken as zero); (c)

return losses (matching) of coupler inputs; (d) isolation between odd and even input ports S13 and

between outputs 1 and 2 S24.
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Figure 9: Comparison of measured B+
1 patterns of single array element in central transverse plane

of phantom: (a) odd mode of proposed coil; (b) even mode of proposed coil; (c) loop of reference
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