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Abstract—Wireless, miniaturised and distributed neural in-
terfaces are emerging neurotechnologies. Although extensive
research efforts contribute to their technological advancement,
the need for real-time systems enabling simultaneous wireless in-
formation and power transfer toward distributed neural implants
remains crucial. Here we present a complete wearable system
including a software for real-time image capturing, processing
and digital data transfer; an hardware for high radiofrequency
generation and modulation via amplitude shift keying; and a 3-
coil inductive link adapt to operate with multiple miniaturised
receivers. The system operates in real-time with a maximum
frame rate of 20 Hz, reconstructing each frame with a matrix
of 32 x 32 pixels. The device generates a carrier frequency of
433.92 MHz. It transmits the highest power of 32 dBm with a
data rate of 6 Mbps and a variable modulation index as low as
8%, thus potentially enabling wireless communication with 1024
miniaturised and distributed intracortical microstimulators. The
system is primarily conceived as an external wearable device for
distributed cortical visual prosthesis covering a visual field of 20°.
At the same time, it is modular and versatile, being suitable for
multiple applications requiring simultaneous wireless information
and power transfer to large-scale neural interfaces.
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I. INTRODUCTION

IRELESS, miniaturised and distributed implantable
W Brain-Machine Interfaces (BMIs) are rapidly emerging
as a versatile, scalable and efficient technologies for monitor-
ing and/or treating neural diseases and mental disorders [1],
[2]. With respect to traditional implantable BMIs, distributed
and miniaturised neural interfaces increase the bio-mechanical
compliance, reduce the implantation trauma and expand the
area of coverage across a wider region of the brain [3].
Technically, this is achieved by dividing the system into nu-
merous miniaturised devices, each functioning autonomously
and wirelessly. Recent advancements in microtechnology and
Wireless Power Transfer (WPT) have facilitated the significant
miniaturization of implantable devices to millimeter (or even
sub-millimeter) scales [4]. Notable examples are: neural dust
[5], neurograins [6], [7], FF-WINeR [8], and ENGINI [9].

Wireless, miniaturised and distributed BMIs are precursors
for the advancement in the field of Cortical Visual Prosthesis
(CVP), for which thousands of stimulating sites are needed
for restoring an useful artifical vision [10]. WPT enabled the
progress from a few tens of channels of the first implants
[11], [12] to several hundreds of the last few years [13],
[14]. Exploiting the wireless and distributed BMIs, it is now
possible to envision thousands of miniaturised neurostimula-
tors [6] in a one-to-one correlation with each pixel of the
visual field. The development of wireless, miniaturised and
distributed BMIs for CVP require external systems combining:
i) real-time image acquisition and processing [15], [16]; ii)
carrier frequency generation and modulation (hardware) [17],
[18] and iii) WPT systems toward multiple miniaturised and
distributed receivers [4], [9].

On the image processing side, the real-time operation is
often achieved using Field Programmable Gate Array (FPGA)
[19], [20], exploiting their high flexibility and programmability
at the hardware low-level with a strong focus on performance
maximization. However, this usually means a significant in-
herent added design complexity since the early development
stages. Therefore, from a practical system-level proof-of-
concept design perspective (as in this case), a higher-level
software-based approach is highly beneficial for the higher
degree of flexibility in quickly exploring and testing a much
broader range of solutions.

On the transmission side, an high data rate has been ob-
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Figure 1. (a) General overview of a wireless and distributed cortical visual prosthesis. (b) Sketch of a 3-coil inductive link
toward multiple miniaturised neural implants. (c) Block diagram of the real-time system for simultaneous wireless power and
data transmission including the Visual Processing Unit (VPU, red), the Power Management Unit (PMU, green), the Wearable
Transmitting Unit (WTU, blue) and the electrical equivalent model of the 3-coil IPT link (orange), including transmitter coil

(Tx), resonator coil (Res) and receiver coil (Rx).

tained by sending power and data via Inductive Power Trans-
fer (IPT) through different wireless channels (i.e., different
coils) [21]. However, this would require two antennas at the
implant side, being not suitable in the case of miniaturised
and distributed implants. Therefore, different Simultaneous
Wireless Information and Power Transfer (SWIPT) systems
have been developed exploiting WPT via IPT [4] with var-
ious modulation techniques [17], such as On-Off Keying
(OOK) [22] or Amplitude Shift Keying (ASK) [23]. How-
ever, notwithstanding its importance, limited research focused
on combining real-time operations and SWIPT in a single
compact system enabling powering and communication with
thousands of miniaturised implants at the same time.

In this paper, we present a wearable real-time system
for simultaneous wireless information and power transfer to
distributed cortical visual prosthesis via 3-coil inductive link.
The system considers most of the constraints of a CVP made
up of thousands of miniaturised, distributed and individually-
addressable neurostimulators, such as real-time operation,
frame rate, single-band powering frequency, communication

data rate, output power and Specific Adsorption Rate (SAR)
[24], [25].

II. MATERIALS AND METHODS

Figure 1(a) shows a general overview of a wireless and
distributed cortical visual prosthesis. A pair of spectacles
record the images which are processed in real-time through
a wearable system which simultaneously transmits power
and data via 3-coil IPT to the implants (Figure 1(b)). The
wearable system architecture is shown in Figure 1(c) as a
block diagram. It is constituted by the Visual Processing Unit
(VPU), the Power Management Unit (PMU) and the Wearable
Transmitting Unit (WTU). In particular, the VPU operates in
real-time on the images extracting the relevant information
to trigger the WTU. For each frame, the WTU generates
the modulated RF carrier signal for SWIPT to the implants.
The PMU includes a battery pack and the power converters
to supply all the components (i.e., VPU and WTU). In this
scenario, the entire wearable system is connected to both

Authorized licensed use limited to: Politecnico di Torino. Downloaded on April 12,2024 at 09:56:56 UTC from IEEE Xplore. Restrictions apply.

© 2024 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See https://www.ieee.org/publications/rights/index.html for more information.



This article has been accepted for publication in IEEE Transactions on Biomedical Circuits and Systems. This is the author's version which has not been fully edited and
content may change prior to final publication. Citation information: DOI 10.1109/TBCAS.2024.3357626

IEEE TRANSACTIONS ON BIOMEDICAL CIRCUITS AND SYSTEMS, VOL. NUMBER, NO. NUMBER, MONTH YEAR 3

the camera and the transmitting coil (Tx), which are fixed
respectively on the front and on the back of the spectacles.

The VPU includes the camera (C270 HD, Logitech) with
maximum resolution of 720x 720 pixels, diagonal field of view
of 55° and acquisition frame rate of 30 Hz, connected via
USB to the image processing module (Raspberry Pi4 Model
B) with CPU Quad-core Cortex-A72 (ARM v8), Raspbian OS
and equipped with 4GB SDRAM. Digital DC'.,; signal is gen-
erated by the I/O pins of the Raspberry (RPi) while the digital
data D;,, are sent at high speed by the USB-to-serial/FIFO
development data transfer module (FT2232H, FTDI) via SPI
protocol exploiting USB 2.0 Full Speed communication (i.e.,
theoretical maximum speed of 12 Mbps). The software is
implemented in Python and runs automatically once the RPi
is turned on. The algorithm starts by cropping the acquired
image according to the maximum covered visual field of the
CVP [10] (i.e., 20°). Then, RGB-images are converted into
grey-scale using the weighted RGB to grayscale conversion,
as in (1):

Gray = 0.2989R + 0.5870G + 0.1140B (1)

Contrast is adjusted differently for indoor and outdoor record-
ing. For indoor images, local contrast is enhanced using the
contrast-limited adaptive histogram equalization technique to
better highlight the contours of objects. For outdoor images,
the grey-scale is redistributed towards higher values to reduce
details and uniform brightness. A median filter is then applied
to remove the salt and pepper noise preserving the contours
of objects, which is fundamental for the subsequent edge
detection. In particular, each pixel is filtered with a 5x5 me-
dian kernel. Segmentation is performed using edge detection
technique. For each pixel, a Sobel method is implemented to
calculate the horizontal and vertical gradient with two 3x3
kernels. Dilation is then performed with a 7x7 kernel to
enlarge and uniform the edge detected with the Sobel method.

The WTU includes the quartz crystal (NX5032GA, NDK),
the Phase-Locked Loop (PLL - LTC6948-1, Analog Devices),
the MicroController Unit (MCU - MSP430G2553, Texas
Instruments), the switches (M3SW-2-50DRA+, Minicircuits),
and the Power Amplifier (PA - RF6886, Qorvo). The MCU is
used to automatically program the PLL at the system start-up.
In particular, the PLL registers are filled via SPI interface. The
PMU includes a 5 V, 3 A rechargeable battery (B30224, EC
Technology) used for Vo and a series of DC/DC converters
to supply all the system. In particular —Veoe =-5 Vand Vpp
= 3.3 V are respectively generated with NMR100C, Murata
and TSR3-0533, Traco Power.

The WTU circuit is designed in Altium Designer® and
manufactured in 0.36 mm-thick Isola 400 FR4 substrate (i.e.,
dielectric constant Dy = 3.90 and dissipation factor Dy =
0.02). All the traces driving RFy and RF,, (Figure 1(c)) are
designed according to the critical length L. =2 cm, calculated
as A\g/16 [26], where ), is the guide wavelength, as in (2):

Ag=— ®)

fe \Eers
where c is the speed of light, f. is the operating frequency
(i.e., RFy = 433.92 M Hz) and €.y is the effective dielectric

constant of the substrate. Considering €.y = Dy, microstrip
lines longer than 2 cm with characteristic impedance Zj;,. are
matched at Z; as in (3) [27]:
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where W and T' are respectively the width and the thickness
of the strip line and T is the substrate thickness. With the
chosen thin substrate (75 = 0.36 mm) and a standard copper
trace thickness (i.e., 7' = 35.56 um), the calculated and used
strip line width is 0.71 mm at Zj.

The entire system is packaged in a 3D-printed plastic case
designed in Fusion 360 software from Autodesk®. The case
cover is printed by multi-jet modeling technology in VeroClear
(e.g., rigid and transparent resin). The case substrate is printed
by selective laser sintering technology in polyamide-12 (i.e.,
higher flexibility for enhancing the opening of the case).

The PA output is connected with a short coaxial cable
to the Tx which is fixed on the back of the spectacles and
aligned with the resonator to the implants. The entire wearable
system (from the camera to the Tx) operates starting from the
rechargeable battery with a total wearable system efficiency
ns. Then, the electrical equivalent model of the 3-coil IPT
link is highlighted in Figure 1(c) (orange box). The IPT
link is optimised and simulated in Ansys HFSS®, evaluating
the coils’ characteristics and the Power Transfer Efficiency
(PTE) following the Rx optimisation algorithm [25]. The
Tx, modelled with inductance L7, and resistance Rp,, is a
circular single-turn copper coil with outer diameter of 25 mm,
trace width of 5 mm and trace thickness of 35 ym. The copper
trace is left uncovered (i.e., no soldermask layer) to increase
the current density flux and, thus, the induced magnetic field.
The Impedance Matching Network (IMN) includes Cs and
C, whose nominal values are respectively calculated from the
series equivalent reactance and the parallel reactance of the
network. In particular, Cs = 4.04 pF and C}, = 38.04 pF for
Ly, =369 nH and Ry, = 1.8 Q perfectly matched at Z,
= 50 Q. The Tx with the IMN (Figure 1(c)) is simulated in
LTSpice® and Ansys HFSS®, laid out in Altium Designer®
and fabricated in a 1.55 mm-thick FR4 substrate. C; and
Cp are two trimmer capacitors (JR150 in the range 3-15
pF and JRS00 in the range 8-50 pF respectively, Voltronics)
accounting for environment and coupling variation during
testing (i.e., air or ex-vivo).

The resonator coil (Res), modelled with inductance Lg.s
and resistance Rp.s, is a single-turn circular copper coil with
outer diameter of 14 mm, trace thickness of 25 pym and trace
width of 0.1 mm encapsulated in a 300 pgm polyimide and
matched with the variable parallel capacitor Cr.s (JR150,
Voltronics) at 433.92 MHz. The receiver coil (Rx), modelled
with inductance Ly, and resistance Rp,, iS a miniaturised
4-turn wire wounded coil with an inner diameter of 200 ym
and a circular-section insulated copper wire with diameter of
200 pm and pitch of 200 pum, matched with the variable
parallel capacitor Cr, (JR150, Voltronics) at 433.92 MHz.
Each coil and the full IPT link are characterised both in air
and in ex-vivo. In the ex-vivo setup, the Rx is placed above
a 50 mm-thick beef while a 14 mm-thick beef is interposed
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Figure 2. (a) Timely division for the duty-cycled transmission
including the Power-on preamble (red) for implant rectifi-
cation; the Addressing time (green) for data transmission;
and the Stimulating Time (blue) where RF power is continu-
ously delivered to the implants. (b) Graphical representation
of the current-controlled stimulation waveform delivered by
each called neurostimulator continuously powered via IPT.
(c) General data transmission for the 14-bit string with a
representative example including the fixed payload header H
(0), 10 bits (Ag — Ag) for the 1024 implants identification and
3 bits (Vg — N3) for stimulation programming.

among the Tx and the Rx (with and without the Res), similarly
to [28], [29]. Characteristic coils’ impedance, S1; and So;
measurements are conducted using Vector Network Analyzer
(VNA) (ZVL, Rohde&Schwarz).

The VPU generated digital signals (i.e., DCt;, D;y) are
characterised and measured using a logic analyzer (Logic
Pro 16, Saleae). The WTU generated analog signals (i.e.,
fres» RFo, RF};,) are measured using standard characterisation
equipment (DSO-X 4104A, Keysight).

III. RESULTS AND DISCUSSION

Globally, the system operates in a time-locked manner
defined and triggered by the VPU (Figure 2(a)). An image
is acquired by the external camera at specific frame rate f.qc
(i.e., frate = 10 Hz). Each transmission includes: i) the power-
on preamble (red) needed for the neural implant start-up (i.e.,
rectification); ii) the addressing time (green) where the digital
information related to the recorded and processed image are
transmitted by modulating the powering carrier signal and iii)
the stimulating time (blue) in which power is continuously
transmitted allowing each battery-less implant to deliver pro-
grammable electric pulses. The biphasic stimulation waveform
is shown in Figure 2(b) where N pulses of amplitude [, and

pulse width PW are delivered at the burst rate fg;,,. Data are
transmitted as serial and subsequent packets of 14-bits-strings
as in Figure 2(c) (i.e., each string represents an active pixel on
the recorded image). For each string, the first bit represents the
header H fixed at the low logical state (0), 10 bits identify the
active pixel (i.e., addressing each of the 1024 implants) and
3 bits program the neurostimulation pattern (i.e., N or fsim
or both). Overall, the system continuously delivers power via
IPT for the entire duration of the transmission (power-on
preamble + addressing time + stimulating time). The system
should operate according to regulatory requirements. The most
stringent parameter is the SAR for the human head, which
overall limits the maximum power wirelessly delivered to the
implants. The maximum averaged SAR is country-specific:
in the USA it is fixed to 1.6 W/kg for 1 g of tissue mass
measured during 30 min of exposure [4]. Being the SAR-
constrained power delivered to the load usually limited for
ultra-miniaturised receivers [24], the transmission must be
duty cycled, as in [30]. In particular, the VPU triggers the
duty cycle (DC) for each transmitted block (i.e., DC = 10%,
Figure 2(a)). In other words, the system continuously delivers
power via IPT at f,.4;. with a fixed DC' according to the SAR
limits.

A. Visual Processing Unit

The VPU is designed to operate in real-time on the frames
acquired by the camera triggering both DC.; and Dj,
operating on the WTU for the modulated and duty cycled
wireless transmission.

Figure 3 shows the steps of the image processing algorithm
considering a static image acquired by the camera (instead
of a real-time video) and obtaining a final image with 32x32
pixels. In particular, the original frame (Figure 3(a)) is cropped
into a squared gray-scale image covering a field of view of
20° (Figure 3(b)). Then, the outdoor image is adjusted in the
contrast (Figure 3(c)), filtered with the median function (Figure
3(d)), segmented by means of edge detection through Sobel
method (Figure 3(e)), dilated for contour definition (Figure
3(f)) and reconstructed with the chosen matrix of 32x32
pixels (Figure 3(g)) for a one-to-one correspondence with
1024 implants. The obtained processed image (Figure 3(g))
clearly defines the relevant details acquired by the original
image, highlighting the contour of the pedestrian crossing.
The 32x32 pixels output image represents a visual field with a
coverage of 20°. Therefore, the entire field of view of the blind
is reconstructed by consecutive scanning of the environment
frame by frame at the operating frame rate.

At the end, for each frame every active pixel is converted
into a binary string (Figure 2(c)) and sent by universal asyn-
chronous receiver-transmitter communication to the FTDI chip
for high-speed data transfer to the WTU (i.e., D;,, transmitted
at fyata = 6 Mbps). The chosen FTDI limits the maximum
speed in communicating with the WTU. At the same time, a
control signal DC',y; triggers the WTU for duty cycling the
wireless transmission (Figure 2(a)).

The start-up time of the VPU is 38.7 & 1.7 s, mostly needed
for the RPi to automatically turn on and launch the main code
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Figure 3. Steps of the image processing algorithm starting from (a) the original acquired RGB-image and proceeding with
(b) cropping for a field of view of 20° and gray scale conversion; (c) outdoor contrast adjustment; (d) median filtering; (e)
segmentation through Sobel method, (f) dilation and (g) reconstruction with a matrix of 32x32 pixels.
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Figure 4. Real time frame rate performances of the VPU as a
function of the ideal desired frame rate. The system operates
in a linear fashion till 20 Hz.

for the continuous real-time operation. The system works in
a linear fashion for frame rates lower than 20 Hz (Figure 4).
The image processing computational time limits the maximum
frame rate to 20 Hz. Being RPi a processor-based systems, the
VPU performance has been tested to assess its stability among
different frames. In particular, for a nominal VPU f,.,¢c = 10
Hz the maximum variation among frames is in the range 9.98
- 10.02 Hz, meaning a 0.2% variation with the nominal frame
rate, and, therefore, a stable real-time performance. Similar
analysis has been performed for: i) the power-on preamble
time for a nominal value of 450 us leading to a variation of
4.4% among different frames and ii) the DC.,; time for a
nominal value of 10 ms (i.e., DC = 10% for f,qtc = 10 Hz)
resulting in a variation of 0.04% among different frames. As
expected, for times in the ms-range the VPU maintains a high
performance level for real-time operations, which decreases as
the required confidence level increases (i.e., higher variation
for the power-on preamble time in the sub-ms range).

B. Wearable Transmitting Unit

The simplified WTU architecture is shown in the blue
dashed box of Figure 1(b), which is a revised version of [31].
When powering miniaturised neural implants, the transmitted

=~

Charge
Pump

T = 51 S2
Ry Rs
CG== R, C, L, Tcz Ra

Figure 5. WTU main components: (a) Pierce oscillator, (b)
PLL, (c) ASK-modulator.

carrier frequency should be higher than a few hundred of
MHz to match the Rx lateral size and lower than a few
GHz to limit the tissue losses [32]. Therefore, the Pierce
Oscillator (PO) generates the reference frequency f.r (i.e.,
13.56 MHz) starting from a high-precision quartz crystal (i.e.,
described by the lumped model Cy, R,,, C,, and L,, in the
schematic of Figure 5(a)). Then, the PLL is used to obtain the
required carrier frequency RF{ (i.e., 433.92 MHz) starting
from f,.; through a feedback control system [31] (Figure
5(b)). In particular, f..; is multiplied by N = 32 to obtain
RFy (i.e., 433.92 MHz signal with a power of 1.5 dBm at Zj)
which is duty-cycled at DC' through the switch Sy triggered
by DCy signal from the VPU. The ASK modulation is
performed by two switches .S and S3 symmetrically triggered
at high speed through the D;, signal, which is generated in
real-time by the VPU (Figure 5(c)). When S; and S5 are
turned on RF,, = RFjy (i.e., high amplitude). When S; and
So turned off RF,, is attenuated by the T-pad structure, thus
operating on the Modulation Index (MI). The modulator is
a T-power-attenuator consisting of three resistors R;, Ro and
R3 (Figure 5(c)). Then, the class-AB PA drives the modulated
high-power RF}, to the matched Tx [31].

Figure 6 shows two different M emulating the ASK-
modulated signal D,,, with a 1 MHz squared digital waveform
with a duty cycle of 50%. In particular, M I = 13.8% for Ry =
120 2 resulting in a maximum transmitted power of 32 dBm
(2.55 V,p) and 30 dBm (1.93 V},;) respectively for the high
and low amplitude levels (Figure 6(a) where RF), has been
attenuated by 20 dB for instrument protection). Then, M [ =
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Figure 6. Modulation Index (M) variation of the ASK-
modulated RF},, using a | MHz squared digital waveform with
a duty cycle of 50% as modulation D;,,. (a) M I = 13.8% for
Ry =120 Q and (b) M = 37% for Ry = 60 Q.

37% for Ry = 60 {2 resulting in a maximum transmitted power
of 32 dBm (2.55 V},;,) and 25.5 dBm (1.17 V},,) respectively
for the high and low amplitude levels (Figure 6(b) where RF;,
has been attenuated by 20 dB for instrument protection). The
WTU is modular and works for data rates as high as 20 Mbps
and M1 as low as 8% [31]. The latter is modified by tuning
Ry at the T-pad level of the ASK-modulation circuit (Figure
5(c)).

C. Inductive Link

Table I summarizes the measured characteristics of the coils
constituting the 3-coil IPT link respectively in air and in ex-
vivo (with tissues). As expected, the presence of tissues overall
influences the quality factor (Q) of the coils and shifts their
Self Resonance Frequency (SRF) toward lower frequencies.
Therefore, all the matching networks are adjusted based on
the experimental environment (air or ex-vivo) by tuning the
variable capacitors. Figure 7(a) shows the ex-vivo experimen-
tal setup for the 3-coil IPT-link characterisation including Tx,
Res and Rx. Figure 7(b),(c) respectively show the setup top
view highlighting the Tx with its CC-IMN and the setup

Table I: SPECIFICATIONS OF THE 3-COIL IPT LINK.

Measurement
Parameter . .
Air  Tissues
L (nH) 36.9 37.2
R () 1.8 3.8
Tx Q at RF, 559 26.7
SRF (MHz) 893 843
D, (mm) 25
n 1
w (mm) 5
s (mm) N/A
t (um) 35
L (nH) 60 63.8
R () 3.6 5.9
Q at RF, 454 29.5
Res SRF (MHz) 1138 1085
D, (mm) 14.7
n 1
w (mm) 0.1
s (mm) N/A
t (um) 25
L (nH) 11.5 11.6
R () 0.55 0.58
Q at RF, 56.9 54.6
Rx SRF (MHz) 1661 1553
D, (um) 600
n 4
w (um) 200
s (um) N/A
p (um) 200

bottom view highlighting the Res and the miniaturised Rx.
Figure 7(d) shows the simulated SAR constituting the 3-coil
IPT link. The maximum SAR is 6.3 W/kg at muscle level for
a 32 dBm transmitted power. Exploiting the developed 10%
duty-cycled transmission [30], the maximum time-averaged
SAR is reduced to 0.63 W/kg (i.e., three times lower than the
maximum allowable SAR), ensuring a safe inductive link for
powering 1024 miniaturised implants. Figure 7(e) compares
the measured S; with the 3-coil and the sub-optimal 2-coil
IPT link respectively in air (red and black) and with tissues
(blue and green). The PTE is calculated starting from the
measured So; [33] as in (4):

EN@
PTEy = 50 0 “)
where So; (in U) represents the ratio among the received
power at the Rx with respect to the transmitted one from the
Tx (14 mm away), and Rj is the load resistance (i.e., 50
Q). The peak PTE is 0.72% with tissues at 433.9 MHz and
increases to 4.3% in air at 440 MHz. It is worth to notice that
being the IPT system optimised for the ex-vivo environment,
a 7 MHz peak shift is highlighted when moving the setup
in air. The result is highly consistent with previous IPT
characterisation operating at lower frequency and relying on a
similar setup [33]. The perfectly matched condition is achieved
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Figure 7. (a) Ex-vivo testing setup of the 3-coil IPT link including Tx, Res and Rx. (b) Top view of the setup highlighting
the Tx and the CC-IMN and (c) bottom view of the setup highlighting the Res and the miniaturised Rx, respectively with
their matching networks. (d) SAR simulation of the 3-coil IPT link. (e) Measurements of the So; modulus for the 3-coil and
2-coil IPT link respectively in air (red and black) and with tissues (blue and green) highlighting a 7 MHz frequency shift when
changing the setup from ex-vivo to air. (f) Measurements of the S7; modulus for a perfectly matched Tx in air (black) and
in ex-vivo (red) after optimising the CC-IMN for the two environmental setups at Zy. (g) Measurements of the So; modulus
for the optimised 3-coil IPT link (red) compared with the 2-coil IPT link (black) in air as a function of the Rx axial position
with respect to the perfectly aligned and centered condition (i.e., 0 mm).

Figure 8. Testing setup of the real-time system adapted for the
acquisition of the displayed signals (i.e., cables, connectors
and attenuator).

by opportunely tuning the matching networks according to
the experimental environment (air or tissues). Indeed, Figure
7(f) shows the measured S;; for the perfectly matched Tx
operating in air (black) and in ex-vivo (red). Results highlight
a 10.9 dB decrease in the reflection peak with tissues (peak of
28.4 dBm) compared to air environment (peak of 39.3 dBm).
Figure 7(g) shows the modulus of the S3; (in mU) measured in
air for the optimised 3-coil IPT link (red) and compared with
the sub-optimal 2-coil IPT link (black), in which the resonator
is not used. With a 3-coil IPT link, the large area underneath
the resonator is covered showing the classical "M” shape with
a maximum PTE of 1.77% and a minimum PTE at the center
for a perfectly aligned Rx (i.e., 0.9% at 0 mm of relative axial
position). On the contrary, for a 2-coil IPT link the maximum
PTE drops to 0.17% for the Rx perfectly aligned with the
center of the Tx (i.e., 0 mm of relative axial position) and
progressively decreases with the Rx axial movement. Despite
the 3-coil IPT link improvements, as expected, PTE remains
limited for miniaturised Rx [24]. Transmitting 32 dBm via 3-
coil IPT with a peak PTE of 0.72% at 433.92 MHz results in
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Figure 9. (a) Real-time measurement of a 0.5 s duty cycled

power and data transmission RF,, (blue) with f..;c = 10 Hz

triggered by DC.,; (orange) at DC = 10%. (b) Single frame time-locked division: power-on preamble (red), addressing
time (green) and stimulating time (light blue). (c) Magnification of the transmitted RF),, signal (blue) ASK-modulated by

D,,, (orange) at 6 Mbps highlighting two 14-bits strings. (d)

Real-time ex-vivo IPT transmission highlighting the Tx carrier

(blue) and the Rx received signal (orange) triggered by DC.,; (black). (e) Green-strip magnification including power and data
transmission at fg,+, = 6 Mbps respectively at Tx (blue) and Rx (orange) levels. (f) Magnification of the sinusoidal transmitted

(blue) and received (orange) signals at 433.92 MHz.

safely delivering a maximum of 11 mW to each miniaturised
Rx distributed below the Res area. This power is enough
for intracortical microstimulation to evoke phosphenes in the
human visual cortex [34].

D. Entire system

Figure 8 shows the testing setup of the entire real-time
system where relevant testing signals are extracted from the
device (i.e., DC.4,; and D;,,) and the output powering carrier
RF,, is attenuated by 20 dB. Figure 9(a) shows a 0.5 s real-
time duty cycled power and data transmission (RF,, blue)
with fr.ee = 10 Hz triggered by DCy,; (orange) with a
duty cycle of 10%. The green strip region of a single frame
is magnified in Figure 9(b) highlighting the timely-locked
division already presented in Figure 2(a). In particular, the
power-on preamble time is in red, the addressing time in green
and the stimulating time in light blue. Two consecutive 14-
bits strings are highlighted in Figure 9(c) where the powering
carrier RF,, (blue) is ASK-modulated by the high-speed
data D,,, (orange) for a data rate fj,:, = 6 Mbps. A stable
negligible delay of 50 ns is observed between the digitalisation
and the analog modulation. The entire transmission system is
measured by combining the real-time experimental setup of
Figure 8 together with the 3-coil IPT setup of Figure 7(a).
Figure 9(d),(e) respectively show the entire and magnified
(green strip) real-time ex-vivo IPT transmission triggered
by DC. (black) and highlighting the Tx carrier (blue)

and the Rx received signal (orange). Figure 9(f) shows the
transmitted (blue) and received (orange) sinusoidal signal at
433.92 MHz, highlighting no morphological distortion on the
Rx waveform due to the IPT link. The system permits the
wireless power transmission of 32 dBm potentially allow-
ing the simultaneous communication with 1024 miniaturised
receivers at a maximum data rate of 6 Mbps. Despite the
integrated receiver is not implemented and demonstrated in
this paper, the transmitter performances are adapted to work
with state-of-the-art integrated demodulators. A clock and data
recovering circuit has been recently reported with standard
180-nm CMOS technology to allow the reconstruction of the
transmitted digital data D,,, at 6 Mbps in a silicon area of
17x89 um? [42].

The wearable system is 181x84.5x32.5 mm?® and weighs
832 g including all the components in a plastic case (Figure
10(a)) except the camera and the Tx. Figure 10(b) shows the
real functional blocks of the fabricated WTU including PMU
(orange), MCU (green), PO (blue), PLL (purple), ASK (grey)
and PA (red) circuits.

The system consumes a total of 9100 mW, including the
image acquisition and the VPU in the RPi. Figure 10(c)
shows the power contribution of the VPU and the WTU,
including the PO, the ASK, the PLL and the PA. In particular,
the class-AB PA overall consumes 3412 mW for the high
wireless power transmission of 1584 mW (32 dBm). The real-
time VPU accounts itself for half of the power consumption
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Figure 10. (a) Render assembling of the wearable real-time SWIPT system. (b) Image of the fabricated WTU including PMU
(orange), MCU (green), PO (blue), PLL (purple), ASK (grey) and PA (red) circuits. (c) Total power consumption of the system
(9100 mW) distributed among VPU and WTU including PO, ASK, PLL and PA for a total transmitted power of 32 dBm. (d)

Weight distribution (832 g) among VPU, WTU and PMU.

(47%), due to the computationally intensive nature of image
processing algorithms in general. This comes from a RPi-
based VPU, which allows an easier, flexible and versatile
approach. Figure 10(d) shows the weight contribution for the
different units. The rechargeable battery is the heaviest element
(i.e., 486 g). The latter has a capacity of 82.8 Wh and the
capability to continuously supply the entire system for 9 hours.
Envisioning an in-vivo validation, non-human primates such
as monkeys are usually capable to run 1000-3000 trials of
behavioral and stimulation tasks in a 2-3 hours’ timeframe
during each experimental session [34], [43]. Therefore, the
developed system is suitable for conducting pre-clinical in-
vivo validations toward the development of a wireless and
distributed CVP [34].

Table II compares the proposed wearable system with the
state-of-the-art, highlighting the key parameters for wireless
power and data transmission to CVP. As expected, OOK and
ASK provide the highest data rate [23], [37], [40]. On the
other hand, in miniaturised chips, OOK modulation is critical
in providing a stable supply at the implant side, as no power
is transmitted for the low logical state. In one work, the
data rate is 20 Mbps, exploiting Phase-Shift Keying (PSK)
modulation while not operating as a SWIPT system [21]. In
particular, two different wireless channels are used respectively
for power and data communication. This approach is not
possible with miniaturised and distributed neural implants as it
would require two antennas at the receiving side. The proposed
real-time and wearable SWIPT system provides the highest
output power of 32 dBm and exploits the ASK modulation
technique for achieving maximum data rates of 6 Mbps and
20 Mbps respectively considering the full system and the WTU
only. FOM; [31] summarises the performances of the systems
considering the maximum data rate and the carrier frequency.

However, the system capability of transmitting enough power
is fundamental in the case of miniaturised neural implants.
Therefore, FOMy also considers the maximum output power
and the system efficiency 7g. It is worth to notice that that not
all the works rely on SWIPT system [21], [19], thus, the output
power and/or the ng are not always mentioned in their results.
Also, most of the SWIPT systems of Table II use a class-E PA,
which usually ensures efficiencies higher than 90%. Although
the chosen class-AB PA lacks in efficiency (i.e., high power
consumption for a fixed output power with respect to a class-
E PA [23]), class-AB PA represents a trade-off between high
output power, high carrier frequency, linearity, efficiency, and
robustness in terms of susceptibility to the network load, as al-
ready shown in [31], [40]. Additionally, this work presents the
maximum obtainable performances considering the external
SWIPT system without any integrated demodulator at Rx side,
similarly to [39]. Instead, it is fair mentioning that some works
considered the overall performances of the transceiver for their
time-lagged [36], [37] or real-time operations [20], [41]. Then,
differently from [19] and [20], the proposed real-time RPi-
based system integrates both hardware and software in the
same wearable device. However, future implementations might
envision the use of FPGA toward an optimised VPU from a
power consumption viewpoint. It is also worth noting that most
of the previous work targeting visual prosthesis [19], [20], [41]
operate with lower carrier frequencies in the range of 10-20
MHz [20], [41]. This is preferred when powering relatively
large implants (i.e., tens of millimeters to centimeter ranges)
to limit tissue adsorption. However, as previously mentioned,
with multiple miniaturised receivers freely distributed, the
operating frequency must increase toward several hundreds of
MHz [32], thus, being the realised system usable with the
next-generation of wireless and distributed BMI.

Authorized licensed use limited to: Politecnico di Torino. Downloaded on April 12,2024 at 09:56:56 UTC from IEEE Xplore. Restrictions apply.

© 2024 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See https://www.ieee.org/publications/rights/index.html for more information.



This article has been accepted for publication in IEEE Transactions on Biomedical Circuits and Systems. This is the author's version which has not been fully edited and
content may change prior to final publication. Citation information: DOI 10.1109/TBCAS.2024.3357626

IEEE TRANSACTIONS ON BIOMEDICAL CIRCUITS AND SYSTEMS, VOL. NUMBER, NO. NUMBER, MONTH YEAR 10

Table II: STATE-OF-THE-ART COMPARISON OF WIRELESS POWER AND DATA TRANSMITTERS.

Type, Freq. Mod. Data Rate Power UE; Real
Demod. SWIPT Wearable  FoM?{ FoM}b
Ref. (MHz) Tech. (Mbps) (dBm) (%) Time
G, [35] 0.7 ASK 0.06 17 36 Yes® Yes No No 0.17 3.11
G, [36] 13.56 PDM 13.56** 253 61.8 Yes Yes No H! 2.38 499
G, [23] 10 ASK 1 13.8 42 Yes® Yes No No 0.46 4.67
C, [37] 1000  PWM-ASK 1 8 NA Yes Yes No No 0.10 NA
G, [38] 13.56 BPSK 3.39 14.9 NA Yes Yes No No 0.95 N/A
G, [39] 1 SCM 0.5 15.1 61 No Yes No No 0.63 12.4
G, [40] 2400 OOK 4 3 34.1 Yes Yes No H! 0.19 0.12
10, [21]  10** PSK 20** NA NA Yes No No No 3.42 NA
E, [19] 20 DPSK 2 NA NA Yes No  Yes* No 0.58 NA
C, [20] 10 FSK 1 17 NA Yes Yes  Yes* H! 0.46 NA
C, [41] 13.56 OOK 1.5 NA NA Yes Yes  Yes* H/S? 0.54 NA
IC,
433 DC-ASK 6/207 32 17.4/326” No Yes Yes®  H/S'  0.43/0.97% 120/5037
This work

c

G: General; 10: Intraocular; E: Epiretinal; C: Cortical; IC: Intracortical. * FOM; = (D“t‘j,i””ez) 1/3,

b FOM,y = (D‘lt‘}imtez) 1/3 . Power - 215 #WTU Only. *FPGA. *RPi. **Different channels for power and data.

100"

c

1H: Hardware; S: Software. A Off-the-shelf.

IV. CONCLUSION

In this work, a wearable real-time system has been designed,
developed, and validated both in air and in ex-vivo. The
main key parameters, such as real-time frame rate, single-band
powering frequency, communication data rate, output power,
and specific adsorption rate were combined to develop a
simultaneous wireless information and power transfer system.
The latter included in a single wearable device a software-
based visual processing unit for real-time image capturing,
processing, and data generation; a hardware transmitting unit
coupled with amplitude shift keying modulation; and a high-
frequency 3-coil inductive link ensuring safe wireless power
transfer and potentially allowing simultaneous communication
with 1024 miniaturised and distributed intracortical microstim-
ulators. Results enable the utilization of wireless, miniaturised
and distributed neural interfaces in the development of the
upcoming generation of wireless and large-scale cortical visual
prosthesis.
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