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Abstract—This paper presents a novel wireless power transfer
(WPT) scheme that consists of a two-tier hierarchy of near-
field inductively coupled links to provide efficient power transfer
efficiency (PTE) and uniform energy distribution for mm-scale
free-positioned neural implants. The top tier facilitates a tran-
scutaneous link from a scalp-worn (cm-scale) primary coil to
a subcutaneous array of smaller, parallel-connected secondary
coils. These are then wired through the skull to a corresponding
set of parallel connected primary coils in the lower tier, placed
epidurally. These then inductively couple to freely positioned
(mm-scale) secondary coils within each subdural implant. This
architecture has three key advantages: (1) the opportunity to
achieve efficient energy transfer by utilising two short-distance
inductive links; (2) good uniformity of the transdural power
distribution through the multiple (redundant) coils; and (3) a
reduced risk of infection by maintaining the dura protecting the
blood-brain barrier. The functionality of this approach has been
verified and optimized through HFSS simulations, to demonstrate
the robustness against positional and angular misalignment. The
average 11.9% PTE and 26.6% power distribution deviation
(PDD) for horizontally positioned Rx coil and average 2.6% PTE
and 62.8% power distribution deviation for the vertical Rx coil
have been achieved.

I. INTRODUCTION

Implantable brain computer interfaces have already demon-
strated the potential to recover basic control to paralysed
patients or enable communication for individuals with locked-
in syndrome. Such devices operate by recording neural activity
from a relevant brain region (e.g. precentral gyrus) using a
high density micro-electrode array (MEA) [1] that is anchored
adjacent to the desired site. This approach however poses
some key challenges: long term stability (due to rigidity),
reliability (due to tether), scalability (due to centralised ap-
proach). Neuroscientists have recently proposed an alternative
distributed approach: to instead record from a larger area,
or across multiple regions with individual recording sites
further apart sites [2]. There are now a number of research
groups developing such implantable neural microsystems, for
example: [3]–[5]. Such efforts thus replace the single, high
density interface that is wired through a tether with multiple,
much smaller devices that are each completely wireless and
untethered. This new approach however also has its own
challenges – for example, how to achieve efficient wireless
power transfer (WPT) and uniform power distribution.

Such freely-positioned implantable devices are critically
constrained by size and power. Rechargeable battery and
super-capacitor technologies are not applicable due to the
required energy capacity for the required sub-miniature vol-
ume. Emerging energy harvesting methods, for example,
glucose [6] or adenosine triphosphate [7] do not currently
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Fig. 1. Proposed system architecture of the two-tier inductively coupled net-
work developed for the ENGINI (Empowering Next Generation Implantable
Neural Intefaces) project.

provide sufficient power levels for the required form factor
or the acceptable lifetime. Ultrasound has gained traction
as a practical method particularly for the peripheral nervous
system, but suffers from high attenuation through the skull if
applied directly to the central nervous system [5]. The most
common approach for WPT however remains resonance-based
inductive coupling using time-varying electromagnetic fields
across the different biological tissues. Here, there has already
been extensive work in coupling an external coil to a mm-
scale coil that is sub-durally implanted (i.e. a simple 2-coil
link). This however generally suffers from a low power transfer
efficiency (PTE) and non-uniform power distribution deviation
(PDD), due to a weak coupling factor k between the single
transmitting (Tx) coil and the receiving (Rx) coil [8].

To improve the PTE and uniformity, schemes have been
proposed deploying one or two resonant transponders between
2-coil links [9]. There has also been significant work in
developing power transfer schemes for experimental rodent
work by retrofitting cages with power transfer capability.
These for example, couple power from an array of overlapping
planar coils or 3D resonators to head-mounted coils or im-
planted microsystems [10]. This has also been scaled to mm-
scale distributed neural implants, using a three-phase time-
multiplexed technique [4] to improve the delivered energy
to a Rx coil at various orientations and positions, however
in air. Finally, a different approach has been proposed that
utilises a planar PCB array of five non-overlapping Tx coils
[11]. This has been optimized within SAR limits to operate
as a phased array to deliver the maximum possible power
to a sub-mm Rx coil. In developing a distributed mm-scale
power delivery scheme it is however also important to ensure



a good power distribution uniformity in the biological tissue
environment [12] in addition to maximising PTE.

In this paper, we present a novel two-tier inductively cou-
pled network to provide both an efficient WPT and uniform
power distribution, with concept illustrated in Fig. 1. The
remainder of the paper is organized as follows: Section II
introduces the system concept and architecture; Section III
describes the optimization strategy; Section IV presents our
results and compares to a simple 2-coil link; and finally
Section V provides some concluding remarks.

II. SYSTEM OVERVIEW

This work proposes a two-tier network of short-distance
inductively coupled 2-coil links, illustrated in Fig. 1 [3]. This
has the opportunity to achieve a good PTE and uniformity
in power distribution, compared to directly coupling between
the external and subdural coils. Here, the two-tier approach
consists of separate transcutaneous and transdural links that
are connected by wires through the cranium. This approach
effectively reduces the coupling distance dTx−Rx by between
the Tx and Rx coils by half (i.e. from 12 mm to 6 mm).
This increases the coupling coefficient k in the constituent
inductive links, thereby resulting in a significant improvement
in PTE. This method additionally addresses the issue of the
PTE being highly sensitive to the positional and angular
misalignment between the Tx and Rx coils. The resonance-
based subcutaneous coil recovers electrical energy from the
Tx alternating magnetic field. This in turn is used to excite the
epidural coil array that provides an increased area of uniform
energy distribution for the placement of the freely-positioned
Rx coils.

The schematic representation is shown in Fig. 2. The system
contains a single Tx coil L1, two intermediate coil arrays
(L2i, L3j) and multiple freely-positioned mm-scale implants
containing the Rx coils L4. The two intermediate coil arrays
are placed above and beneath the skull, with all coils being
parallel-connected. The subcutaneous coil array contains the
upper-tier Rx coils, whereas the epidural coil array contains the
lower-tier Tx coils. The lower-tier Rx coils (L4) are within the
freely-positioned mm-scale implants. The portion that contains
the coil is located in the subarachnoid space under the dura
mater surrounding by cerebrospinal fluid (CSF). Each implant
contains a few (<10) microwire electrodes that penetrate
through the pia to record local field potentials (LFPs) along
the cortical column [13]. All the freely positioned implants
have been designed to tune to the same resonant frequency,
autonomously harvest energy, and send out recording data to
external devices [3].

Additionally the proposed scheme has two notable features
from a biological perspective. Firstly, the dura can be closed
after implantation, thus maintaining the blood-brain barrier and
reducing the risk of infection. Secondly, the two coil arrays
are completely passive and thus can be fabricated on a flexible
substrate that can adapt to the curvature of the brain and skull.

The schematic representation of the proposed wireless
power transfer system is shown in Fig. 2a. Since the sub-
cutaneous and epidural coil arrays are identical, this can
be simplified to the equivalent schematic shown in Fig. 2b.
This assumes parasitics due to the transcranial interconnects
are negligible. The PTE can therefore be written as η =
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Fig. 2. Equivalent circuit models for the: (a) proposed WPT system; (b)
simplified schematic for PTE derivation.

η1,eq · ηeq,4, where η1,eq and ηeq,4 can be found from [14].
Thus, for the proposed WPT system, the PTE can be expressed
as

η=

n∑
i,j=1

(η1,2i · η3j,4), (1)

η1,2i =
k21,2iQ1Q2i

1 + k21,2iQ1Q2i + k23j,4Q3jQ4L
, (2)

η3j,4 =
k23j,4Q3jQ4L

1 + k23j,4Q3jQ4L

Q4L

QL
, (3)

where Q1, Q2i, Q3j represents the quality factor of the
corresponding coils and loaded quality factor of Rx coil
Q4L = Q4QL/ (Q4 +QL) in which QL = RL/ωL4. η1,2i
and η3j,4 are the PTEs of the transcutaneous and transdural
links, respectively. η3j,4 is expected to be smaller than η1,2i
due to size constraints and angular misalignment. Therefore,
it is the transdural link that currently limits the efficiency
of the entire WPT system. Furthermore, the PDD of the
proposed system in terms of cross-coupled multiple coil array
can be defined as PDD = [max(η)−min(η)] /max(η),
which indicates the uniformity of PTE at arbitrary angular
or positional misalignments.

III. DESIGN METHODOLOGY

A. Simulation Setup

To represent a realistic scenario, a six-layer head model
and the 2-tier inductively coupled network are established
in HFSS (ANSYS, Canonsburg, PA) as shown in Fig. 3.
The head model contains 1 mm skin, 2 mm fat, 7 mm skull,
1 mm dura mater, 2 mm cerebrospinal fluid (CSF), and 40 mm
brain. These different biological tissues each have a frequency-
dependent permittivity and electrical conductivity [15]. As
shown in the inserts, the micro-fabricated Rx coil is placed
on a 4 mm×4 mm silicon substrate coated with a 1µm silicon
dioxide layer and 1µm silicon nitride layer to represent a
realistic CMOS passivation. The flexible subcutaneous and
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Fig. 3. Cross-section of the human head model and relative positions of
the external power transmitter L1, free-positioned Rx coils L4, subcutaneous
L2i and epidural coil arrays L3j . Inset: (a) top view of two-tier multiple coil
arrays; (b) side view of wired interconnections; (c) cross-section of multiple
coil array; (d) micro-fabricated Rx coil.

epidural coil arrays assume a Parylene-C coating, each with an
overall dimensions of 20 mm×20 mm. The separation between
the distributed Rx coils and the flexible epidural coil array is
3 mm. A PCB-based external Tx coil is assumed to be 4 mm
from the subcutaneous coil with an air gap of 1 mm from the
skin.

The internal connectivity between the two coil arrays
L2i, L3j is shown in Fig. 3b. Each coil array has nine planar
square coils on layer 4, and four identical coils on layer 3.
All unit coils connect to 3.6 pF tuning capacitors, with their
self-resonant frequencies (SRF) being tuned to approximately
433MHz. Even though the SRF of each unit coil is slightly
different (due to the inter-coil mutual inductances), this will
be automatically adjusted by the implant ASIC that provides
an auto-tuning function [3]. In the following sections, we will
describe the optimisation strategy and present the simulated
results.

B. Optimisation Strategy

To achieve a maximum PTE and uniform power distribution,
the entire optimisation process of this complexly cross-coupled
inductive link is reported in Fig. 4. Since it is known the
transdural link is the bottleneck of the entire system, the
optimisation starts with designing a 2-coil transdural link (L3j ,
L4) to maximise the PTE at the optimal frequency. This is
followed by optimising the 2-coil (L1, L2i) transcutaneous
link to achieve maximum PTE at the same frequency. Then, the
unit coils (L2i, L3j) are combined to form overlapping arrays
by optimising the spacings and overlap, while ensuring that
maximum PTE and minimum PDD can be met. The detailed
optimisation procedure is described below.

1) 2-coil Transdural Inductive Link Design: The 2-coil
transdural inductive link aims to deliver 111µW to RL = 9 kΩ
load resistance at 1Vrms across the receiving LC tank. Single-
turn coils have the advantage of a high Q factor and high SRF
due to the short length of metal trace and no parallel parasitic
inter-turn capacitance [16]. Therefore, in our design all devices
utilise single turn coils. The metal track thickness t3 = t4
= 25µm of both coils is defined by the gold electroplating
process. The octagonal Rx coil is placed on the 4 mm×4 mm
CMOS substrate, but its outer diameter d4 is limited to 3.5 mm,
to allow for a hermetic seal through eutectic bonding [3], [13].
To maximise Q4L/QL and k23j,4Q3j , the trace widths w3, w4
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Fig. 4. Optimisation process of two-tier inductively coupled WPT system to
achieve reasonable PTE and uniform power distribution.

of the L3j and L4 coils and outer diameter d3 of the L3j

are swept in HFSS and selected to be 500µm, 250µm, and
7 mm. The optimal PTE of the 2-coil transdural link is 19.2%
at 433 MHz.

2) 2-coil Transcutaneous Inductive Link Design: The ge-
ometric dimensions of subcutaneous L2i are identical to L3j

to ensure that subcutaneous and epidural coil arrays have the
same Q factors so that the energy can be evenly distributed
across the parallel-connected resonance-based coil arrays. The
L1 outer diameter d1 = 50 mm and trace width w1 = 12 mm
have been chosen to achieve the maximum k21,2iQ1. The
optimal PTE of the 2-coil transcutaneous link is 55.3% at
433 MHz.

3) Multiple Coil Array Design: The optimised L3j (= L2i)
is used as a basic unit cell to form the resonance-based coil
arrays. The inter-unit spacing dunit, as shown in Fig. 3a, is
a key parameter in the optimisation process, since its value
determines the PTE and PDD. Based on simulated results
(Fig. 5), the PTE increases as the spacing dunit between
units decreases. On the contrary, increasing dunit causes a
significant deviation in the power distribution. Thus, dunit =
0.5 mm gives the maximum PTE and minimum PDD. This
demonstrates the robustness of the proposed WPT system
against positional misalignments across the covered area. The



TABLE I
DESIGN GEOMETRY AND ELECTRICAL PROPERTIES OF THE PROPOSED

TWO-TIER INDUCTIVELY COUPLED WPT SYSTEM

Parameter/Type [Unit] L1 L2i L3j L4

Inductance (L1-L4) [nH] 58.2 16.37 16.37 4.56
Resistance (R1-R4) [Ω] 0.92 0.81 0.81 0.35

Quality factor (Q1-Q4) - 172.1 55.0 55.0 35.8
Outer diameter (d1-d4) [mm] 50 7 7 3.5
Trace width (w1-w4) [mm] 12 0.5 0.5 0.25

Trace thickness (t1-t4) [µm] 35 25 25 25
Number of turns (N1-N4) - 1 1 1 1

Tx-Rx Distance (dTx−Rx) [mm] 12
Operating frequency (f) [MHz] 433

PTE [%] 13.29
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Fig. 5. The maximum PTE and PDD across the 18 mm×18 mm covered area
for different unit cell spacings dunit within the multiple coil array.

optimal dimensions and electrical properties of these coils are
shown in Table I.

IV. SIMULATED RESULTS

Fig. 6 shows a comparison of PTE and PDD between a
conventional 2-coil link and the proposed 2-tier link with
±8 mm offset on the X and Y axes at 0◦ and 90◦ angu-
lar alignment. The proposed 2-tier inductive link achieves
13.29% and 3.32% PTE for the horizontally and vertically
positioned Rx coil. The maximum PTE of the conventional
2-coil inductive link is only 2.88% and 0.37% under the same
conditions. Additionally, compared to the 2-coil inductive link,
the PDD of the 2-tier inductive link is reduced from 99.0%
to 26.6%, ensuring that a horizontally aligned Rx coil at
any position within the designed range will receive sufficient
power. However, the maximum PTE and PDD in Fig. 6d for
the vertically positioned Rx coil is 3.32% and 62.8% due to the
relatively low lateral magnetic flux. However, this also affects
a conventional 2-coil link in the same way.

V. CONCLUSION

This paper has described a novel two-tier WPT network for
powering mm-scale distributed neural implants. We have ad-
ditionally presented an optimisation strategy has been applied
to determine design parameters given our specific application
constraints. Results show that the proposed 2-tier inductive
link not only improves the PTE, but also reduces the PDD,
enhancing robustness of PTE against angular and positional
misalignment. Future work will focus on powering multiple
implants at arbitrary positions, whilst concurrently facilitating
data communication.
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