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Abstract—In this letter, we evaluate antenna designs for ultra-
high frequency and field (UHF) human brain magnetic resonance
imaging (MRI) at 10.5 tesla (T). Although MRI at such UHF is
expected to provide major signal-to-noise gains, the frequency of
interest, 447 MHz, presents us with challenges regarding improved
B1

+ efficiency, image homogeneity, specific absorption rate (SAR),
and antenna element decoupling for array configurations. To ad-
dress these challenges, we propose the use of both monopole and
dipole antennas in a novel hybrid configuration, which we refer
to as a mono-dipole hybrid antenna (MDH) array. Compared
to an 8-channel dipole antenna array of the same dimensions,
the 8-channel MDH array showed an improvement in decoupling
between adjacent array channels, as well as ∼18% higher B1

+

and SAR efficiency near the central region of the phantom based
on simulation and experiment. However, the performances of the
MDH and dipole antenna arrays were overall similar when evalu-
ating a human model in terms of peak B1

+ efficiency, 10 g SAR,
and SAR efficiency. Finally, the concept of an MDH array showed
an advantage in improved decoupling, SAR, and B1

+ near the
superior region of the brain for human brain imaging.

Index Terms—Dipole antenna, human brain imaging, monopole
antenna, multi-channel array, ultra-high field imaging.

I. INTRODUCTION

RADIATIVE antenna type arrays [1]–[7] have been advan-
tageously used at ultrahigh frequency and fields (UHF)

[8]–[12] for magnetic resonance imaging (MRI) in attempts
to overcome wavelengths effects in the human body. At the
associated UHF operating frequencies, arrays consisting of λ/2
dipole antennas have been particularly successful and have
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Fig. 1. 3-D drawing of the 8-channel bent dipole (a) and MDH (b) arrays with
a human model. Sagittal B1

+ fields obtained with the 8-channel bent dipole
antenna (c) and MDH (d) arrays. Significant B1

+ improvement was shown for
the superior part of the brain.

demonstrated sufficiently uniform magnetic (B) field distribu-
tions and improved penetration compared to the more traditional
loop-type [3], [5], [13]–[16] radio frequency (RF) coils. For
optimal use of dipoles in whole brain imaging and to achieve
higher B1

+ efficiency (defined as the B1 amplitude per unit
square root of total power), classical straight dipole antenna
arrays can be modified to better follow the contours and shape
of the human head. To achieve this, bent/folded dipole antenna
arrays have been previously presented and evaluated [17]–[20].
In a typical bent dipole antenna array design, one leg of the
individual dipole antenna element is bent inwards which ef-
fectively results in higher conductor density at the top of the
brain [Fig. 1(a)]. However, a multichannel array comprised
of these elements cannot generate sufficient B1

+ fields at the
superior part of the brain for whole brain imaging, as shown in
Fig. 1(c). Alternatively, a floating RF ground endplate and the
use of dielectric material have been proposed to improve B-field
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homogeneity in the upper part of the head for birdcage type
resonators [21], [22].

For UHF head applications at 7 tesla (T), monopole antenna
arrays with λ/4 conductors connected to a common ground
plane elegantly incorporate an RF ground endplate into the
resonance structure and have been suggested as an alternative
to the physically longer dipole antennas [23]. These monopole
antenna arrays showed enhanced B1

+ efficiency compared to
loop and dipole antenna arrays [6], [23], [24]. However, while
monopole antenna arrays have been used to generate an efficient
B-field in the superior part of the brain, they also showed a
significant electric (E)-field hot spot in that area with related
consequences for specific absorption rate (SAR).

Here, we attempt to address this and compare a compromise
between an 8-channel bent dipole [Fig. 1(a)] and monopole-
dipole hybrid antenna (MDH) array [Fig. 1(b)] and propose this
new array for UHF brain MRI applications. Compared to the
bent dipole antenna array [Fig. 1(c)], B1

+ field improvement
with this MDH array [Fig. 1(d)] was observed in the superior
part of the brain. By capacitively connecting the bent poles of
the dipole antenna legs, the MDH array also reduced an SAR
hot spot that is present with monopole antenna arrays [24] that
utilize a solid ground plane.

To further investigate the use of this MDH array as an RF
transmitter at 10.5 T, we compared it to an 8-channel end-loaded
dipole antenna array of similar inner dimensions. Scattering (S)
parameters of the arrays were measured and compared with a
cylindrical phantom on the bench, and noise covariance maps
were acquired with a 10.5 T MRI scanner. The B1

+ efficiency
was simulated and the results were compared to data obtained
in MR experiments. For safety validation, 10 g SAR and SAR
efficiency [defined as B1

+/�(peak 10 g SAR)] were calculated.
For human brain imaging, B1

+ efficiency, 10 g SAR, and SAR
efficiency of the arrays were simulated with a human model
(Duke) and compared [25].

II. METHODS

A. Construction of 8-Channel Arrays

An 8-channel dipole antenna array was three-dimensional
(3-D) modeled and the housing was fabricated in-house using a
fused deposition modeling 3-D printer (F410, Fusion3 Design,
Greensboro, NC, USA) as shown in Fig. 2(a) and (c). As shown
in Fig. 2(b) and (d), an 8-channel MDH array was built on an
acrylic former. Each array was built onto a cylindrical former
with the same inner diameter of 25 cm and a length of 20 cm.
The spacing between the neighboring elements of the 8-channel
dipole and MDH arrays was ∼9 cm without any decoupling
circuitry.

To accommodate realistic human head dimensions, the indi-
vidual dipoles of the dipole antenna array were shortened to 16
cm by use of end-loaded inductors [26]. An additional common
ground ring was created using 680 pF capacitors (100E series,
American Technical Ceramics, Huntington Station, NY, USA),
thus eliminating the need for cable traps beyond the housing,
as indicated shown in Fig. 2(c). As shown in Fig. 2(b) and (d),
the MDH array also has eight equally spaced dipole antennas,

Fig. 2. 3-D modeling (a) and (b) and photographs (c) and (d) of home-built
eight-channel end-loaded dipole and MDH arrays.

and the length of one the legs of each dipole antenna was 16 cm
and the other was effectively shortened to 10 cm with a common
ground using 330 pF capacitors. By connecting one pole of each
dipole, an effective radial ground plane was created. Floating
cable traps [27], [28] were also utilized in each coaxial feedline
in the MDH array to suppress sheath currents.

A 16-channel vector network analyzer (ZNBT8, ROHDE &
SCHWARZ, Munich, Germany) was used for all bench measure-
ments. S11 (reflection coefficient) and S21 (coupling coefficient
with adjacent channels) were measured when all arrays were
loaded with a cylindrical phantom.

B. Simulation and Numerical Analysis

To evaluate the B1
+ efficiency, the B1 transmits fields were

normalized to the net input power. Simulated B1
+ efficiency,

10 g SAR, and SAR efficiency were calculated by electro-
magnetic simulation (XFdtd, REMCOM, State College, PA).
All data were post-calculated with MATLAB (The Mathworks,
Inc., Natick, MA, USA). B1

+ fields were determined as B+
1 =

|Bx+iBy

2 | , where Bx and By were the complex amplitudes of x-
and y-oriented RF magnetic fields, respectively [29]. For safety
validation, 10 g SAR values for each array were calculated with
the E-field and SAR efficiency values were then compared be-
tween the arrays. For a quantitative comparison, the highest B1

+

efficiency, 10 g SAR, and SAR efficiency areas were selected
as regions of interest (ROI) for one area in the axial and coronal
planes of each array. The values for ROI (2 mm isotropic voxel)
are indicated below each coronal figure. The B1

+ efficiency, 10
g SAR, and SAR efficiency of the arrays with the human model
were calculated and compared in the axial, coronal, and sagittal
planes.
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TABLE I
MEASURED S-PARAMETERS, PEAK 10 G SAR, AND SAR EFFICIENCY OF THE

8-CHANNEL MONOPOLE∗, DIPOLE AND MDH ARRAYS, RESPECTIVELY

The Values of the Monopole Antenna Array Were Exported From Woo et al. [24]

C. Experiments With the Phantom

All phantom experiments were performed using a 10.5 T / 88
cm whole-body magnet (Agilent, Santa Clara, CA) fitted with
a SC72 body gradient coil in conjunction with a 16-channel
parallel transmit (pTx) system (Siemens Healthineers, Erlangen,
Germany).

The size of the cylindrical phantom (a solution of sucrose and
NaCl in distilled water: εr = 49 and σ = 0.6 S/m) used for the
comparison of the arrays was 18 cm in diameter and 30.5 cm
in height [30]. As an experimental validation of the achievable
decoupling, noise covariance matrices of the 8-channel dipole
and MDH arrays were acquired to evaluate the crosstalk between
all elements [31]–[34]. An actual flip angle imaging sequence
(TR1/TR2 = 25/115 ms, TE = 3.39 ms, nominal flip angle
= 60°, GRAPPA (R = 2), and resolution = 2 × 4 × 6 mm)
was used to obtain the experimental B1

+ transmit field maps
with the cylindrical phantom. The flip angle (α) with short
TR1 and TR2 was calculated by, α = arccos rn−1

n−r , where
n = TR2/TR1 and r ≈ 1+n cosα

n+cosα [35]. And it converted to B1
+

with α = 2πγB+
1 τ , where γ is the gyromagnetic ratio (42.57

MHz�T−1) and τ is the width in seconds of the RF pulse [36].

III. RESULTS

A. Comparison of Coupling and Noise Covariance

As indicated in Table I, the 8-channel MDH array showed im-
proved decoupling (S21) compared to the monopole and dipole
antenna arrays. The values of the monopole antenna array were
presented in Woo et al. [24]. The coupling between adjacent
channels was in the range of−8.6 dB to−9 dB for the 8-channel
monopole antenna array,−9.7 dB to−12.5 dB for the 8-channel
dipole antenna array, and −13.4 dB to −21 dB for the 8-channel
MDH array. The decoupling values of arrays were achieved in
the absence of any decoupling circuit.

A comparison of the 8-channel dipole [Fig. 3(a)] and MDH
[Fig. 3(b)] array indicated that the values for noise covari-
ance between adjacent channels of the 8-channel MDH array
(mean: 0.06, min: 0.01, and max: 0.12) were overall lower when
compared to the 8-channel dipole antenna array (mean: 0.07,
min: 0.02, and max: 0.14).

Fig. 3. Noise covariance matrices of the 8-channel dipole (a) and MDH
(b) arrays.

Fig. 4. Simulated (a) and (b) and experimental (c) and (d) data sets for the
8-channel dipole and MDH arrays in the axial and coronal planes. Red arrows
indicate ROIs where values are measured and compared.

B. Performance Comparison With a Phantom and a Human
Model

Fig. 4 shows the B1
+ efficiency maps that were obtained in

both simulation 4(a) and (b) and experiments 4(c) and (d) with
a phantom. The simulated and experimental B1

+ efficiency of
the 8-channel MDH array showed approximately a 19% higher
value within the indicated ROI in the phantom over the 8-channel
dipole antenna array. As shown in Fig. 5(a) and (b), the peak 10
g SAR values were similar for the 8-channel dipole (0.37 W/kg)
and MDH (0.38 W/kg) arrays. In terms of SAR efficiency, the
simulation showed that the 8-channel MDH array [Fig. 5(d)] had
an 18% higher value compared to the 8-channel dipole antenna
array [Fig. 5(c)].

Fig. 6 shows B1
+ efficiency, 10 g SAR, SAR efficiency, and

overall coverage for of each array with a human model. The
overall values between the dipole and the MDH arrays were
found to be similar while the coverage differed as expected. The
straight dipole antenna array demonstrates improved coverage
across the lower and central brain regions, whereas the MDH
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Fig. 5. 10 g SAR (a) and (b) and SAR efficiency (c) and (d) of the 8-channel
dipole and MDH arrays in the axial and coronal planes.

Fig. 6. Simulated B1
+ efficiency, 10 g SAR, SAR efficiency maps of the

8-channel dipole (a), (c), and (e) and MDH (b), (d), and (f) arrays. Fig. 6(b)
in the sagittal view and Fig. 1(d) are the same figures with a different scale
(1.0 and 0.7 µT/�(W)).

array excels in the upper brain regions. However, the MDH array
showed slightly better overall B1

+ and SAR efficiency compared
to the dipole antenna array.

IV. DISCUSSION

We designed and evaluated a novel 8-channel mono-dipole
hybrid head array and compared it to performance values
achieved with a monopole antenna array from our previous
publication [24]. A summary of S-parameters (S11 and S21),
peak 10 g SAR, and SAR efficiency of the dipole antenna and
MDH arrays can be seen in Table I. Improved S-parameters
were achieved with the MDH array compared to both monopole
and dipole antenna arrays. We attribute the reduced interference

between the channels of the 8-channel MDH array to its asym-
metric feed structure [37], [38]. This asymmetric structure of the
MDH array causes a change in the current distribution, as well
as reduced magnetic flux coupling and noise covariance among
the channels.

The deliberate low channel count of the 8-channel arrays
described in this study supports sufficient array decoupling
without further decoupling circuitry, and represents a valuable
validation step, but does not allow to fully exploring possible
limitations of the different array types for higher channel count.
We anticipate that the effectiveness of the common ground of the
MDH concept would possibly be improved with higher number
of channels, and that more antenna elements could be expected to
produce a more effective ground plane. However, the associated
E-field distribution would need to be carefully evaluated.

Comparing the dipole and the MDH array with the phantom,
we observed significantly improved B1

+ and SAR efficiency
in the upper regions. However, these improvements were more
modest in the human head model. A possible explanation for
this is that for the chosen circular array geometry the distance
between the antenna array elements and the phantom is equidis-
tant, while for the human head model, nonuniform distances
between the antennas to the human subject are observed. Thus,
it is expected that resulting B- and E-fields will differ between
a human model and a phantom [15], [24].

When comparing overall coverage of the dipole antenna array
with the MDH array, the MDH produced smaller dense B1

+ field
profile within the phantom [Fig. 4(b) and (d)], whereas in the
case of the human model, the dipole antenna array [Fig. 6(a)]
showed the better coverage of the lower and central brain and
produced a broader B1

+ field pattern than the MDH array.
However, in the superior part of the brain, the MDH array
[Fig. 6(b)] achieved significant higher B1

+ efficiency.

V. CONCLUSION

We proposed, built, and evaluated a hybrid array of MDH
array for UHF brain imaging at 447 MHz/10.5 T. The main
advantage of the MDH array is significantly higher perfor-
mance in the upper part of the brain and improved decoupling
among neighboring channels. This can potentially support either
tighter channel spacing or increased antenna channel density,
or interleaved arrays using, for example, sleeve antennas [24],
[38]. We anticipate that such interleaved arrays can extend
the coverage toward the central brain region thus addressing
a current weakness of the MDH array which is more limited
whole brain coverage compared to dipole or loop arrays. Besides
extended coverage, in future coil designs we also plan to increase
the number of array channels and evaluate the B1

+ and SAR
efficiency of this denser interleaved array in simulation and
eventually in-vivo in a human head UHF MRI.
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[12] K. Uğurbil, “Magnetic resonance imaging at ultrahigh fields,” IEEE Trans.
Biomed. Eng., vol. 61, no. 5, pp. 1364–1379, May 2014.

[13] M. Woo et al., “Evaluation of a 16-channel transceiver loop+ dipole
antenna array for human head imaging at 10.5 Tesla,” IEEE Access, vol. 8,
pp. 203555–203563, 2020.

[14] G. Adriany et al., “Transmit and receive transmission line arrays for 7
Tesla parallel imaging,” Magn. Reson. Med., vol. 53, no. 2, pp. 434–445,
Feb, 2005.

[15] G. Adriany et al., “A geometrically adjustable 16-channel transmit/receive
transmission line array for improved RF efficiency and parallel imaging
performance at 7 Tesla,” Magn. Reson. Med., vol. 59, no. 3, pp. 590–597,
2008.

[16] G. Adriany et al., “A 32-channel lattice transmission line array for parallel
transmit and receive MRI at 7 tesla,” Magn. Reson. Med., vol. 63, no. 6,
pp. 1478–1485, 2010.

[17] N. Avdievich, G. Solomakha, L. Ruhm, J. Bause, K. Scheffler, and A.
Henning, “Bent folded-end dipole head array for ultrahigh-field MRI turns
‘dielectric resonance’ from an enemy to a friend,” Magn. Reson. Med.,
vol. 84, no. 6, pp. 3453–3467, 2020.

[18] J. Clément, R. Gruetter, and Ö. Ipek, “A combined 32-channel receive-
loops/8-channel transmit-dipoles coil array for whole-brain MR imaging
at 7 T,” Magn. Reson. Med., vol. 82, no. 3, pp. 1229–1241, 2019.

[19] J. Clement, R. Gruetter, and Ö. Ipek, “A human cerebral and cerebellar
8-channel transceive RF dipole coil array at 7 T,” Magn. Reson. Med.,
vol. 81, no. 2, pp. 1447–1458, 2019.

[20] S.-M. Hong, C.-H. Choi, A. Magill, N. J. Shah, and J. Felder, “Design
of a quadrature 1H/31P coil using bent dipole antenna and four-channel
loop at 3T MRI,” IEEE Trans. Med. Imag., vol. 37, no. 12, pp. 2613–2618,
Dec. 2018.

[21] M. Alecci, C. Collins, J. Wilson, W. Liu, M. B. Smith, and P. Jez-
zard, “Theoretical and experimental evaluation of detached endcaps for
3 T birdcage coils,” Magn. Reson. Med., vol. 49, no. 2, pp. 363–370,
2003.

[22] Q. X. Yang et al., “Manipulation of image intensity distribution at 7.0 T:
Passive RF shimming and focusing with dielectric materials,” J. Magn.
Reson. Imag., vol. 24, no. 1, pp. 197–202, 2006.

[23] S.-M. Hong, J. H. Park, M. K. Woo, Y. B. Kim, and Z. H. Cho, “New design
concept of monopole antenna array for UHF 7T MRI,” Magn. Reson. Med.,
vol. 71, no. 5, pp. 1944–1952, 2014.

[24] M. Woo et al., “Evaluation of 8-channel radiative antenna arrays for human
head imaging at 10.5 Tesla,” Sensors, vol. 21, no. 18, 2021, Art. no. 6000.

[25] A. Christ et al., “The virtual family—development of surface-based
anatomical models of two adults and two children for dosimetric simu-
lations,” Phys. Med. Biol., vol. 55, no. 2, 2009, Art. no. N23.

[26] R. Lagore, L. DelaBarre, J. Tian, G. Adriany, Y. Eryaman, and J. Vaughan,
“End-loaded dipole array for 10.5 T head imaging,” in Proc. 24th Annu.
Meeting ISMRM, Singapore, 2016, Art. no. 2138.

[27] D. M. Peterson, B. L. Beck, C. R. Duensing, and J. R. Fitzsimmons,
“Common mode signal rejection methods for MRI: Reduction of cable
shield currents for high static magnetic field systems,” Concept Magn.
Reson. B, vol. 19b, no. 1, pp. 1–8, 2003.

[28] D. A. Seeber, I. Jevtic, and A. Menon, “Floating shield current sup-
pression trap,” Concept Magn. Reson. B, vol. 21b, no. 1, pp. 26–31,
2004.

[29] C. M. Collins and M. B. Smith, “Signal-to-noise ratio and absorbed power
as functions of main magnetic field strength, and definition of ‘90°’ RF
pulse for the head in the birdcage coil,” Magn. Reson. Med., vol. 45, no. 4,
pp. 684–691, 2001.

[30] B. Beck, K. A. Jenkins, J. Rocca, and J. Fitzsimmons, “Tissue-equivalent
phantoms for high frequencies,” Concept Magn. Reson. B, vol. 20, no. 1,
pp. 30–33, 2004.

[31] J. A. Autioet et al., “Towards HCP-Style macaque connectomes: 24-
channel 3T multi-array coil, MRI sequences and preprocessing,” Neu-
roImage, vol. 215, 2020, Art. no. 116800.

[32] A. D. Hendriks, P. R. Luijten, D. W. J. Klomp, and N. Petridou, “Potential
acceleration performance of a 256-channel whole-brain receive array at 7
T,” Magn. Reson. Med., vol. 81, no. 3, pp. 1659–1670, 2019.

[33] A. J. Jesmanowicz, S. Hyde, W. Froncisz, and B. J. Kneeland, “Noise
correlation,” Magn. Reson. Med., vol. 20, no. 1, pp. 36–47, Jul, 1991.
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