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Magnetic resonance imaging (MRI) is a crucial tool for medical visualization. In many cases, perform-
ing a scanning procedure requires the use of additional equipment, which can be powered by wires as well
as via wireless power transfer (WPT) or wireless energy harvesting. In this study, we propose a scheme
for WPT that uses a higher-order mode of the birdcage coil of the MRI scanner for energy transmission.
In contrast to the existing WPT solutions, our approach does not require additional transmitting coils.
Compared to energy harvesting, the proposed method allows the supply of significantly more power. We
perform numerical simulations demonstrating that one can use the fundamental mode of the birdcage coil
to perform a scanning procedure while transmitting the energy to the receiver at a higher-order mode with-
out any interference with the scanning signal or violation of safety constraints, as guaranteed by the mode
structure of the birdcage. Also, we evaluate the specific absorption rate along with the energy-transfer
efficiency and verify our numerical model by a direct comparison with an experimental setup featuring a

birdcage coil of a 1.5-T MRI scanner.
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I. INTRODUCTION

Magnetic resonance imaging (MRI) [1] has become one
of the key medical visualization tools. MRI scanning pro-
cedures often rely on additional transmit and receive local
coils, heart-activity monitors, and other equipment placed
near the patient inside an MRI scanner bore [2] [Fig. 1(a)].
Typically, such devices are powered via special cables.
However, such cables are bulky and may create imaging
artifacts [2], reduce the patient’s comfort, or even lead to
thermal injuries [3,4]. The other approach is based on wire-
less energy transmission methods, including two groups:
wireless power transfer (WPT) [5—8] and wireless energy
harvesting (WEH) [9—13]. Despite applications of WPT
[14-16] and WEH [17-20] being widely developed in
other areas, they possess certain limitations.

The choice of an appropriate method depends on various
factors, including the required transferred power level and
the MRI scanner configuration. WPT allows the transmis-
sion of higher power levels but requires the presence of
an additional transmitting antenna, typically not included
in standard MRI scanner configurations. Besides, locat-
ing a transmitting WPT antenna inside a scanner bore is
difficult due to the lack of free space and challenges in
electromagnetic compatibility. On the other hand, WEH
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does not require an additional transmitting antenna inside
a scanner bore, as it relies on converting a part of the exci-
tation radio-frequency (rf) pulse energy at the fundamental
mode frequency of a body coil. However, the harvesting
allows the collection of only low power levels, which are
suitable for powering various simple sensors requiring mil-
liwatt power levels [9,13] but are unlikely to supply more
complex equipment. Such examples include readily manu-
factured multichannel wireless local coils requiring 1-2 W
per channel [2], as well as solutions in development, such
as Lorentz-force-actuated needle positioners [21,22] and
wireless-orientation-locking capsule robots [23]. More-
over, the received power for the harvesting depends on the
applied pulse sequence [13]. Besides, WEH [9,10,13] can
considerably distort the rf excitation field and decrease the
quality of MR images compared to WPT [5—7], which uses
a different frequency compared to the scanning frequency.
In this paper, we propose a scheme for wireless power
transfer in 1.5-T MRI that does not require the use of
additional transmitting coils. In particular, we consider the
modes of a birdcage coil [24,25]—one of the most popular
solutions for rf body coils in 1.5-T setups—and demon-
strate that one can implement WPT at higher-order modes
of the birdcage (which typically are not excited in MRI
scanners) while performing the scanning routine at the fun-
damental mode [Figs. 1(a) and 1(b)], in contrast to previ-
ous schemes implementing WPT at the fundamental mode
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FIG. 1. A sketch of WPT in an MRI setup, demonstrating the
patient located on the table inside the MRI scanner bore, local
coils and medical sensors (green), and the birdcage coil (gray).
The birdcage creates an rf magnetic field either at (a) the fun-
damental mode (shaded in red) or (b) the higher-order mode
(shaded in green). A receiving system (shown with a blue frame)
is located atop the patient.

[26]. The fundamental mode is characterized by a uniform
distribution of the rf field BT inside the bore, which is
used to excite nuclear magnetic resonance [Fig. 1(a)]. As
we demonstrate further, electromagnetic fields of higher-
order modes concentrate in the vicinity of the bore surface,
i.e., in the area where potential receivers are placed, and
are nearly absent in the central region where the patient
is located [Fig. 1(b)]. However, WPT at a higher-order
mode can be implemented only within the transmit mode
of the scanning procedure, because a body coil is typically
detuned while receiving the B field if a local coil is used
during the scan [25].

The paper is organized as follows. In Sec. II, we out-
line the proposed scheme and describe the details of its
numerical model. Section Il includes the results of numer-
ical simulations for the spectrum and field distributions of
different higher-order modes of the birdcage coil, as well
as the evaluation of the WPT efficiency. Then, in Sec. IV,
we provide details of experimental studies that verify the
numerical results. Section V contains a discussion and final
remarks.

II. NUMERICAL MODEL

A typical structure of a high-pass birdcage coil is shown
in Fig. 2(a). We consider a coil consisting of N = 16 cop-
per strips placed at the side surface of a cylinder and
connected by capacitors. The complete schematics are
given in the Supplemental Material [27]. The diameter of
the coil is 636 mm and the length is 575 mm. Such param-
eters correspond to the geometry and sizes of the Siemens
Avanto 1.5-T body coil. The numerical model includes two
ports [red markers in Fig. 2(a)], connecting the first and
the fifth strips of the birdcage with the surrounding elec-
tromagnetic shield, and the phantom, which emulates the
load created by a patient inside the scanner [Fig. 2(a)]. The
diameter of the phantom is 300 mm, the length is 500 mm,
the permittivity is ¢ = 80, and the conductivity is 1 Sm/m,
corresponding to standard MRI Siemens phantom at 1.5 T.
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FIG. 2. (a) The schematics of WPT at a higher-order mode of
a birdcage coil. The numerical model includes a birdcage coil
(yellow strips), capacitors (blue), ports (red), an rf screen (gray
cylinder), a phantom (blue transparent cylinder), and a receiving
system (shown with the blue frame). (b) The receiving system,
consisting of two orthogonal loop coils allowing us to convert
horizontal and vertical polarizations of the magnetic field. The
blue arrows indicate the direction of the power flows.

Finally, the model includes a WPT receiving system com-
posed of two orthogonal loop coils, shown in Fig. 2(b). In
the numerical model, we tune the resonance frequency to
the value 61.67 MHz measured in our experimental setup,
which is close to the Larmor frequency for 1.5-T MRI
(63.55 MHz). All of the numerical simulations have been
performed in CST MICROWAVE STUDIO 2022.

The receiving system consists of two identical orthog-
onal loop coils, namely, vertical and horizontal coils, as
shown in Fig. 2(b). The loop coils are rectangular cop-
per frames with dimensions of 100 x 50 mm and a width
of 5 mm. The center of the receiving system is located
at a height of 225 mm above the center of the birdcage
[Fig. 2(a)]. Each loop in the numerical model is supplied
with a single port [the red markers in Fig. 2]. Such a system
allows the user to simultaneously receive the vertically and
horizontally polarized linear components of the rf mag-
netic field and, as a result, efficiently convert circularly
polarized fields [13].

The schematic block within the numerical model
includes four ports: two excitation ports linked to the bird-
cage coil [Fig. 2(a)] and two receiving ports [Fig. 2(b)]. All
four schematic ports are connected to the respective ports
in models of the birdcage and receiving system through
L-section matching circuits. All lumped elements in the
model feature an equivalent serial resistance of 0.1 Q. In
most cases, the receive and excitation ports are matched to
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FIG. 3. (a) Numerical simulations of the electric and magnetic fields and the specific absorption rate (SAR) for different modes of

the birdcage coil in the axial (x-y) and sagittal (y-z) planes. The modes are enumerated from (I) to (V), starting with the fundamental
mode, which has the highest frequency. (b) The impedance spectrum (Z;; parameter) at the first port of the birdcage coil [Fig. 2(a)],
demonstrating the characteristic resonances of different modes. The birdcage coil is considered with a cylindrical phantom (for electric
and magnetic fields) and with a human voxel model (for SAR), shown with white contours. The simulations in (b) have been performed

without the receiving system.

Z = 50 €2, except when calculating the resonance frequen-
cies of the birdcage and comparing the numerical results
for WPT with the experimental measurements.

III. NUMERICAL RESULTS

In our numerical simulations, we start by calculating the
Z1 parameter of the birdcage with a body phantom for
different excitation frequencies, without any receiving sys-
tem, in the range from 20 MHz to 70 MHz and observe

the series of resonances shown in Fig. 3(b). The peak at
61.67 MHz corresponds to the circularly polarized funda-
mental mode of the birdcage used for scanning, while the
peaks at lower frequencies are associated with higher-order
modes. Note that while modes (III) and (V) share circu-
lar polarization, modes (II) and (IV) are linearly polarized.
Due to the strong coupling between the two birdcage ports
for these linearly polarized modes, we use a single port
for their excitation. All of the excitation ports used are
matched to 50 Q.
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TABLE L.

The transmitted and received power levels for the different modes of the birdcage coil, obtained in numerical simulations.

The frequency of the corresponding mode is /', P is the power transferred through the first schematic port, Py, is the power trans-
ferred through the second schematic port (not applicable for linear polarization), Py is the power received by the horizontal loop, and
Py is the power received by the vertical loop. The power-transfer efficiency 7 is calculated by Eq. (1).

Mode / (MHz) Py (mW) Pixa (mW) Pra (mW) Pro (mW) n (%)
@ 61.67 500 500 34 173 20.7
an 46.76 1000 e 299 81 38
(111 36.65 500 500 117 382 49.9
1v) 31.21 1000 e 78 432 51
V) 27.88 500 500 216 47 26.3

Next, we evaluate the distributions of the electric field,
the magnetic field, and the specific absorption rate (SAR)
for the birdcage excitation at the respective mode fre-
quencies from Fig. 3(b) but now introducing the receiving
system to the model [see Fig. 3(a)]. It can be seen that
the magnetic fields in the axial (/) and sagittal (H,.)
planes for the fundamental mode remain uniform in the
phantom volume, as required for the scanning procedure,
and the presence of the receiving system introduces only
slight distortions in its vicinity. However, for higher-order
modes, the situation is completely different: the higher
the mode number, the lower is the magnetic field in the
phantom. In particular, for modes (III){V), the magnetic
field in the phantom nearly vanishes. Moreover, the fre-
quencies of these modes significantly differ from the fun-
damental frequency. As a result, the power transmission
at these modes will not affect the scanning procedure or
create any imaging artifacts. Similar behavior is observed
for the electric fields: the respective quantities vanish in
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FIG. 4. The dependence of the power-transfer efficiency [see
Eq. (1)] on the distance between the centers of the birdcage and
the receiving system, obtained numerically. The distance is var-
ied between 185 mm (corresponding to a separation of 10 mm
between the phantom and the lower edge of the receiving system)
and 265 mm (corresponding to a separation of 10 mm between
the bore and the upper edge of the receiving system) in the geom-
etry of Fig. 2(a). The distances 185 mm, 205 mm, 225 mm,
245 mm, and 265 mm are considered.

the phantom area for higher-order modes despite a pro-
nounced electric field concentration observed at the receiv-
ing system, highlighting the safety of the proposed WPT
scheme.

Next, we evaluate the rf-rf WPT efficiency at different
higher-order modes (see Table I). We obtain voltages and
currents at excitation ports 1 and 2 and receiving ports 1
and 2 and calculate the corresponding values of the power
Py, o transmitted by the birdcage coil ports 1 and 2 and
the power Py, 2 received by the horizontal- and vertical-
loop coils of the receiving system, respectively. Then, we
define the rf-rf efficiency  as

_ Prxl +Prx2

" Ptxl +Ptx2 ' (1)
In the case of linear polarization, the birdcage is excited
with a single excitation port 1 by supplying 1000 mW,
while for circular polarization both excitation ports are
used and are simultaneously powered with 500 mW each.
As a result, for the modes with linear polarization, Py, =
0. The voltage from excitation port 2 attains an addi-
tional phase of —90°. The lowest rf-rf efficiency of 20.7%
is displayed by the fundamental mode, as its magnetic
field is uniformly distributed in the bore volume and has
low values near its edges, where the receiving system is
located. Then, for higher-order modes (II}(IV), the rf-rf
efficiency monotonically grows from 38% for mode (II)
and 49.9% for mode (III) to 51% for mode (IV). Such
a growth is associated with an increased magnetic field
localization at the bore edge (i.e., in the vicinity of the
receiving system), as seen in Fig. 3(a). Then, for mode
(V), the rf-rf efficiency drops to 26.3% due to a substan-
tial increase in the electric field and an associated decrease
in the magnetic field for a fixed power transmitted by the
birdcage.

However, along with the transmission of an rf power,
the resulting efficiency of the WPT setup is defined by the
conversion of the initial dc supply to the rf signal emit-
ted by the birdcage and a subsequent conversion of the
received rf signal back to the dc one powering the load. For
dc-rf conversion, the efficiencies of modern class-E power
amplifiers reach 85-90% [6]. The stage of rf-dc conversion
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(a) The experimental setup. The inset shows the receiving system. (b)—(d) A comparison of the experimentally measured

(dashed lines) and numerically simulated (solid lines) S parameters: (b) the S;; parameter for the first port of the birdcage; (c) the Sys
parameter for the vertical-loop antenna; and (d) the Sy4; parameter (transmission coefficient) between the first port of the birdcage and

the vertical-loop antenna.

is less efficient. However, efficiencies of up to 74.4% are
reported for rectifiers in the frequency range close to the
considered higher-order modes [28]. Thus, the rf-rf effi-
ciency should be multiplied by a factor of approximately
0.7 to estimate the resulting performance.

Finally, we numerically evaluate the local SAR (char-
acterizing the local heating of the patient) [see Fig. 3(a)]
and the whole-body SAR (characterizing the entire body
heating). For the SAR studies, the cylindrical phantom
is replaced with the Gustav voxel human model, which
includes all tissues and organs and is a part of the CST
BIO MODELS Library Extension. The maximum values of
the local (217 mW /kg) and the whole-body (5.79 mW /kg)
SAR correspond to the fundamental mode, as electric
and magnetic rf fields penetrate deep into the scanning
object [Fig. 3(a)]. The minimal values of the local SAR
(7.8 mW /kg) and the whole-body SAR (0.299 mW /kg)
correspond to modes (III) and (IV), respectively. Since
MRI possesses the limitation of 2 W/kg for the local

SAR [29], the maximum achievable power at the receiv-
ing system is 128 W for mode (III) considering the center
of the system, located at the height of 225 mm above the
birdcage center. Such an amount allows us to fully supply
common types of local receive coils [2]. The maximum
received power levels are 72 W at mode (IV), 16 W at
mode (II), 5 W at mode (V), and 2 W at the fundamental
mode. The technical limitations for WPT with higher-order
modes associated with an electromagnetic compatibility
with local coils are discussed in the Supplemental Material
[27].

For further studies, we select mode (IV), considering
its lower SAR compared to modes (II) and (V) and the
highest power-transfer efficiency among all the consid-
ered modes. Figure 4 demonstrates the dependence of the
power-transfer efficiency for mode (IV) on the distance
between the receiving-system center and the birdcage cen-
ter. It can be seen that the efficiency increases monoton-
ically with the distance, in accordance with the similar
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growth in the magnetic field in the vicinity of the bore edge
[Fig. 3(a)].

IV. EXPERIMENTAL RESULTS

To support our numerical findings, we realize WPT at
mode (IV) with the help of the experimental setup shown
in Fig. 5(a), which includes a birdcage coil from the
Siemens Avanto 1.5 T scanner, a matching circuit for the
birdcage, an rf screen made of a copper grid, a phantom,
a receiving system with a matching circuit, and measure-
ment equipment. Prior to the implementation of matching
circuits for mode (IV), they have been simulated with CST
MICROWAVE STUDIO 2022. The values of the capacitances
and resistances in the numerical model of the birdcage coil
have been obtained by measuring the components used in
the experimental setup.

Figure 5 also demonstrates the S-parameters character-
izing the reflection of the signal for the birdcage coil port
S11 [Fig. 5(b)], the receiving-system port Sy [Fig. 5(c)],
and the transmission coefficient between the birdcage and
the receiving system, S4; [Fig. 5(d)]. It can be seen that
the numerical and experimental values of the S parameters
agree well, up to some broadening and the lower ampli-
tude of the experimental peak in Fig. 5(b) which may be
associated with higher losses in the experimental setup
compared to the numerical model. Also, the positions of
the receiving-system resonances in Fig. 5(c) appear shifted
due to the high sensitivity of their positions to the val-
ues of the tuning capacitors, which may differ between the
numerical simulation and the experimental setup. These
results highlight the possibility of implementing such a
WPT scheme in a real MRI setup.

V. CONCLUSIONS

We have demonstrated that one can implement WPT
with the help of a higher-order mode of a birdcage coil.
The main advantage of such an approach is the absence
of an additional transmitting WPT coil and the associ-
ated power supply cables inside the MRI bore, as such
metallic objects can introduce imaging artifacts. Also, the
proposed solution allows the price of the WPT system to
be lowered. We have studied numerically the structure of
higher-order modes for a typical birdcage coil and shown
that it should not introduce any imaging artifacts; we have
evaluated the rf-rf power-transfer efficiency, which may
reach 51%, and the maximal transmitted rf power, which is
128 W; and we have demonstrated that such an approach
is safe for a patient by calculating the SAR. However, the
WPT efficiency depends considerably on the location of
the receiving system and the power transfer is performed
only during the transmission mode, which typically takes
just 0.1% of the overall working time, thus limiting the
amount of transmitted power.

The future directions for developing the proposed design
include incorporating the receiving system into a local
coil and performing an experiment in the MRI scanner
to verify that the proposed scheme does not decrease the
image quality. Along with providing power for wireless
multichannel coils, which require up to 100 W in the
case of a 64-channel coil [2], the developed approach
may find applications in powering various MRI robotic
setups [22] and additional equipment such as displays,
headphones, and controllers that can be used during the
scanning procedure.
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