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Miniaturised Wireless Power Transfer Systems for
Neurostimulation: A Review
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Gian Luca Barbruni®?, Paolo Motto Ros
Sandro Carrara
Abstract Inneurostimulation, wireless power transferisanef -

cient technology to overcome several limitations affecting medical
devices currently used in clinical practice. Several methods were
developed over the years for wireless power transfer. In this review
article, we report and discuss the three most relevant methodologies
for extremely miniaturised implantable neurostimulators: ultra-
sound coupling, inductive coupling and capacitive coupling. For
each powering method, the discussion starts describing the physical
working principle. In particular, we focus on the challenges given by
the miniaturisation of the implanted integrated circuits and the re-
lated ad-hoc solutions for wireless power transfer. Then, we present
recent developments and progresses in wireless power transfer for
biomedical applications. Last, we compare each technique based
on key performance indicators to highlight the most relevant and
innovative solutions suitable for neurostimulation, with the gaze
turned towards miniaturisation.

Index Terms Capacitive link, implantable medical
device, inductive link, miniaturisation, neuroengineering,
neurostimulation, ultrasound link, wireless power transfer.

|. INTRODUCTION

EUROLOGICAL and mental disorders are medical condi-
N tions affecting a considerable portion of the society, whose
impact can be alleviated by bioelectronics and neuroprosthetics
medicine. Implantable neural prostheses, such as deep brain
stimulators [1], cochlear implants [2], nerve stimulators [3],
spinal cord stimulators [4], visual prostheses [5] and cortical
stimulators [6] are example of clinically adopted neurotechnol-
ogy to revert impaired or lost functions.
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Clinically adopted implantable neural prostheses follow a
very stereotyped design principle: a micro-electrode array
(MEA) in contact with the tissue connects to an implantable
electronic unit (IEU) via a cable. The IEU is a signal processing
unit for neuronal recording or an implantable pulse generator
(IPG) for neural stimulation or both. This design principle has
its roots back to the rst fully implantable battery-powered
pacemaker [7]. Since then, several variations of this design
principle were used in many successful applications, despite
having several critical limitations. IEUs, cables and connectors
are weak points of the system, often leading to failure. Besides,
such an intricate design imposes several constraints on surgical
procedures. Cables and connectors exert mechanical forces on
the MEA and the tissue, therefore inducing long-term scarring.
Cables are often transcranial or transcutaneous wires that might
lead to post-surgical complications, such as infection. Power
consumption, heat generation and high risk of failure in a wet
environment due to leakage often limit IEUs. For instance, most
of the clinically adopted implantable neurostimulators employ
a wireless link for data and power transfer to the IPG, which is a
bulky implantable medical device. Due to the size, IPGs cannot
be located close to the target tissue. Instead, they are placed in
a remote location and wires are used to connect them to MEAS
for stimulation.

A technological challenge in neurostimulation is achieving a
truly wireless stimulation with an array of freestanding smart
electrodes, not relying on powered IPGs and wired connections.
On the one hand, such smart electrodes should integrate all the
required elements to receive power and operational commands.
On the other hand, they should have a size compatible with
the intended application (ideally smaller than 1 mm3). The
miniaturisation of the implantable device is crucial to achieve
safe surgical implantation and long-term tolerability. For this
reason, this review has the gaze turned toward the miniatur-
isation of the implant. Differently from other works [8], [9],
[10] this review compares the advantages as well as the critical
limitations of each powering method in designing a wireless link
speci cally for neurostimulation with extremely miniaturised
implants.

Il. WIRELESS POWER TRANSFER

Recently, there has been a growing interest in methods for
wireless power transfer (WPT) in biomedical implants and neu-
ral prostheses.
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Qualitative comparison of the methods for wireless power transfer. For each WPT method, the coloured box represents the area in which the trade-off

between lateral size of the implant, penetration depth and link ef ciency is optimised.

Fig. 1 qualitatively compares various WPT methods, as a
function of three key performance indicators suitable for neu-
rostimulation with miniaturised implants: the lateral size of the
receiver, the penetration depth and the ef ciency of the link.
The latter is the ratio between the transmitted power and the
power delivered to the load (PDL), excluding the ef ciency
of the drivers (Tx stage) and power manager (Rx stage). Five
methodologies for WPT are compared: radio frequency (RF)
radiation in the mid- eld and far- eld, inductive power transfer
(IPT) and capacitive power transfer (CPT) in the near- eld, and
acoustic power transfer (APT). Each WPT method is illustrated
only in the region of the graph in which the combination of the
three key performance indicators is overall optimised to iden-
tify a trade-off suitable for neurostimulation with miniaturised
implants. The analysis reveals that IPT, CPT and APT are the
most suitable methods for neurostimulation with miniaturised
implants.

Far- eld and mid- eld RF transmissions are appropriate for
WPT to implants in the cm scale (or tens of mm), such as im-
plantable pacemakers. The transmission is omnidirectional and,
therefore, the signal loses its strength as it spreads further away
from the source. As a consequence, the PDL decreases exponen-
tially as the implant become smaller or deeper into the tissue. The
goal is usually a trade-off between independence from direction

and system ef ciency. Fig. 1 highlights that WPT via far- eld
and mid- eld has better performance when the distance between
transmitter and receiver increases. As a rule of thumb, the
performance is maximised when the size of the receiving antenna
becomes comparable to the operating wavelength, which is to
say that the operating frequency increases as the receiver size
decreases. Therefore, when far- eld or mid- eld WPT isused for
neurostimulation with miniaturised implants, a high-frequency
signal is necessary and, as a consequence, the ef ciency of
the link will be strongly reduced due to high-frequency losses
in the tissue. Most of the applications in the far- eld aims at
telemetry transmission at 2.45 GHz operating frequency, with a
total size of some thousands of mm?® [14], [15], [16]. Vorobyov
and collaborators proposed a folded loop antenna for cochlear
implants with a total implant volume larger than 3,000 mm3
[17]. Mana and Deng proposed a modi ed fractal antenna for
passive deep brain stimulation reaching a volume of 640 mm?
[18]. In the mid- eld, Ma and Poon reported a RF powering
technique to increase the gain of the transmitted power signal
and to avoid spreading toward deep implanted stimulators in the
tens of mm scale [19].

IPT, CPT and APT emerged as the most promising methods
for WPT to miniaturised implantable neurostimulators. Fig. 2
highlights the working principles of the three selected WPT
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Graphical representation of the three selected WPT methods and their general optimal working distance for neurostimulation with miniaturised implants.

IPT requires at least one transmitting coil and one receiving coil, and works with magnetic coupling. Notably, one transmitting coil can address multiple receiving
miniaturised implants. Scheme redrawn with permission from [11]; 2019 IEEE. The simplest CPT scheme has two couples of parallel plates (one for the transmitter
and another for the receiver) separated by thin biological tissue, and works with electric - eld. Scheme redrawn with permission from [12]; 2011 IEEE. APT requires
at least one piezoelectric transmitter or an array of transmitters generating a focused acoustic beam toward the piezoelectric receiver, inserted into the tissues. The
piezoelectric receiver is an off-chip component that need to be bonded to the nal Integrated Circuit (IC), leading to an overall increase of the implant volume.

Scheme redrawn with permission from [13]; 2019 IEEE.

methods. APT has excellent performances for a single deep
implant. Still, it usually requires off-chip components bonded
together using a exible printed circuit board (PCB), which
increase the overall size of the implant. IPT is ideal for short-
medium implantation depths, and it has the key advantage to
allow powering multiple chips. CPT shows high performance for
short-range implantation depths, but it has the key advantages of
allowing integration in exible substrates (similar to IPT) while
avoiding the effect of electromagnetic interference (similar to
APT). IPT has been largely investigated over the last decades;
therefore, it is the most used WPT method by the scienti c
community. However, despite CPT and APT are relatively new
techniques in the eld, they already showed promising results
toward wireless implantable devices in biomedical application
and neural prostheses.

For each WPT method, we report the fundamental principles,
and then we review the most innovative approaches showing
potential towards neurostimulation with miniaturised implants.

In the concluding remarks, we compare the three methods high-
lighting their strengths and weaknesses.

I1l. INDUCTIVE POWER TRANSFER

IPT is a magnetic eld powering method, using RF in the
near- eld region (operating frequencies from a few kHz to a few
GHz). So far, IPT is the most commonly used WPT approach in
implantable medical devices, since RF in the near- eld is less
attenuated by the human tissues.

A. Fundamental Principles

First, it is important to remark that the exposure to RF is
tightly limited by standards. The maximum averaged Speci c
Adsorption Rate (SAR) for the human head is set by the Federal
Communications Commission (FCC) to 1.6 W/Kg for 1 g of
tissue mass measured during 6 minutes of exposure [20]. The
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Fig. 3. \Variants for the coil design: squared printed spiral coil (left), circular
printed spiral coil (middle), and solenoid wire wound coil (right).

Fig. 4. General IPT link.

SARisde nedasin (1):

saR = [Ermsl

1)
where E,ms is the round value of the electric eld; and are
respectively the tissue conductivity and density. Following the
Maxwell s equation, it is possible to extract the electric eld E
from the magnetic eld B as in (2):

B

T pl1 2

where |, isthe operating frequency and I isthe owing current.
Therefore, several environments for the exposure s simulation
assumed that the SAR is proportional to ( ,11)? [21]. Since the
electric eld is proportional to the current and the frequency, it is
possible to increase the external current while keeping constant
the SAR by proportionally decreasing the operating frequency
of the link.

Another relevant parameter is the design of the coil, for which
there are several possibilities, as sketched in Fig. 3. A rst
classi cationis between printed spiral coils (PSCs) [22] and wire
wounded coils (WWCs) [23]. PSCs are characterised by high
reliability and ease of manufacturing, in particular with micro-
and nano-fabrication processes. However, the quality factor in
PSCs is lower than in WWCs [24], [25]. The two geometries are
also characterized by different key parameters. For a PSC, do
and d; are respectively the outer and the inner diameters of the
spiral, n is the number of turns while w and s are respectively
the track width and spacing. Otherwise, for a solenoid WWC, d
is the solenoid diameter, constant during the n number of turns,
I is the conductor length, dg is the wire diameter and p is the
winding pitch.

Fig. 4 shows an equivalent circuit for a general inductive
coupling [26], in which all the losses terms for the coils are

E =
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considered: L is the self-inductance value of the fabricated coil
while Rs, Rp and Cp are respectively the series and parallel
parasitic resistance and the parallel parasitic capacitance due
to the coil geometry and some tissue parameters related to the
surrounding environment (e.g. permittivity and conductivity).
The other capacitors Cs; and C, are included as a matching
element to achieve the same oscillation frequency of the two
coils and maximise the power transfer ef ciency (PTE). In the
power ampli er stage of the primary coil, Vs is the voltage
source generator followed by its intrinsic resistance Rs, while
Ry is the load resistance in the secondary coil. M1, is the
mutual coupling between the two coils. The subscripts 1 and
2 in Fig. 4 are respectively referred to the transmitter and the
receiver coils. All these parameters depend on the physical
fabrication of the coil (PSC or WWC), and for PSCs they also
depend on the geometry (e.g. squared, circular or hexagonal).
Schormans and collaborators [27] de ned a table of expressions
to extract the electrical parameters and to predict the electrical
performances of the IPT link. In particular, for a squared PSC
[28], the self-inductance L is de ned as in (3):

2
L L gdavg in 29 o018 +013 2 ®3)

where the permittivity is =
davg = (do + d;j)/2 and the |l factor is
di).

The other elements are the losses terms of the physical coil.
The parallel parasitic resistance Rp in Fig. 4 is a material
dependent parameter related to the dielectric loss j, and it is
signi cant at low frequencies and for materials with a small
dielectric loss. The dielectric loss is generally de ned starting
from the loss tangent tan( j) of each material i, which is
related to its conductivity ;i = o r; tan( i); where ,; is
the relative dielectric constant of each dielectric layer i and

is the frequency. Rp is not negligible for an external coil
due to the low conductivity of air [26]. On the other hand, Rp
could be negligible for implanted coils, due to the high dielectric
loss in the tissue. For an external PSC coil, Rp as function of
the frequency is approximated as in (4), where K (k) is the
complete elliptic integral of the rst kind [29]:

r o, the average diameter is
=(do dj)/(do+
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