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ABSTRACT

This paper presents the design, implementation, and experimental
evaluation of a wireless biomedical implant platform exploiting
the magnetoelectric effect for wireless power and bi-directional
communication. As an emerging wireless power transfer method,
magnetoelectric is promising for mm-scaled bio-implants because
of its superior misalignment sensitivity, high efficiency, and low
tissue absorption compared to other modalities [46, 59, 60]. Utilizing
the same physical mechanism for power and communication is
critical for implant miniaturization, but low-power magnetoelectric
uplink communication has not been achieved yet. For the first
time, we design and demonstrate near-zero power magnetoelectric
backscatter from the mm-sized implants by exploiting the converse
magnetostriction effects.

The system for demonstration consists of an 8.2-mm” wireless
implantable device and a custom portable transceiver. The implant’s
ASIC interfacing with the magnetoelectric transducer encodes up-
link data by changing the transducer’s load, resulting in resonance
frequency changes for frequency-shift-keying modulation. The
magnetoelectrically backscattered signal is sensed and demodulated
through frequency-to-digital conversion by the external transceiver.
With design optimizations in data modulation and recovery, the
proposed system archives > 1-kbps data rate at the 335-kHz carrier
frequency, with a communication distance greater than 2 cm and
a bit error rate less than 1E-3. Further, we validate the proposed
system for wireless stimulation and sensing, and conducted ex-vivo
tests through a 1.5-cm porcine tissue. The proposed magnetoelec-
tric backscatter approach provides a path towards miniaturized
wireless bio-implants for advanced biomedical applications like
closed-loop neuromodulation.

3

CCS CONCEPTS

« Hardware — Wireless devices; Neural systems.

* These authors contributed equally to this paper.

T This author is now at the University of Michigan, Ann Arbor.
§ This author is now at SambaNova Systems.

# Corresponding Authors (Email: {jtrobinson, kyang}@rice.edu).

Permission to make digital or hard copies of all or part of this work for personal or
classroom use is granted without fee provided that copies are not made or distributed
for profit or commercial advantage and that copies bear this notice and the full citation
on the first page. Copyrights for components of this work owned by others than ACM
must be honored. Abstracting with credit is permitted. To copy otherwise, or republish,
to post on servers or to redistribute to lists, requires prior specific permission and/or a
fee. Request permissions from permissions@acm.org

ACM MobiCom 22, October 17-21, 2022, Sydney, NSW, Australia

© 2022 Association for Computing Machinery.

ACM ISBN 978-1-4503-9181-8/22/10...$15.00
https://doi.org/10.1145/3495243.3560541

432

KEYWORDS

Magnetoelectric, backscatter communication, wireless biomedical
implants, bioelectronics

ACM Reference Format:

Zhanghao Yu*, Fatima T. Alrashdan®, Wei Wang, Matthew Parker, Xinyu
Chen®, Frank Y. Chen?, Joshua Woods, Zhiyu Chen, Jacob T. Robinson®,
Kaiyuan Yang®. 2022. Magnetoelectric Backscatter Communication for
Millimeter-Sized Wireless Biomedical Implants. In The 28th Annual Inter-
national Conference On Mobile Computing And Networking (ACM MobiCom
"22), October 17-21, 2022, Sydney, NSW, Australia. ACM, New York, NY, USA,
14 pages. https://doi.org/10.1145/3495243.3560541

1 INTRODUCTION

Wireless implantable bioelectronics promise revolutionary clinical
therapies, such as treating neurological and psychiatric disorders
by interfering directly with the nervous system [4, 6, 13, 14, 21, 23,
29, 31, 34, 38-40, 42, 45, 57, 59, 60]. These devices deliver controlled
stimulation to modulate the electrical activities of the nervous
system [6, 13, 23, 38-40, 59, 60] and/or record electrical, chemical,
and physical properties for better diagnosis [4, 14, 21, 29, 31, 34, 42,
57].

The crucial challenge in the design of wireless bio-implants is
to reliably power and communicate with miniaturized implants.
While batteries have been the conventional power source of med-
ical implants for a long time, the last decade has seen a transi-
tion to wireless power transfer solutions that feature smaller foot-
prints, less weight, longer lifetime, and less invasive implantation
procedures [23, 40, 42]. Various wireless power transfer technolo-
gies including radio frequency (RF) [1, 30, 31, 38], inductive cou-
pling [4, 13, 21, 23, 33, 57], ultrasound [14, 39, 42, 43, 48], and
light [29, 34] have demonstrated the ability to wireless power med-
ical implants. However, they face trade-offs and limitations among
at least one of the following properties: receiver size, misalignment
tolerance, transmission loss, and power that can safely be delivered
through the biological tissues.

Magnetoelectric (ME) is an emerging technology for wirelessly
powering mm-sized devices deep inside the body, by converting
low-frequency (hundreds of kHz) magnetic fields to electric voltage
through ME transducers [3, 6, 17, 41, 45, 46, 53, 59-61]. It owns
several critical advantages including high efficiency with minia-
turized size, high power delivery (> 1 mW) without safety issues,
and high misalignment tolerance [3, 6, 17, 59, 60]. These features
are empowered by using ME materials that have high power den-
sity, low mechanical resonance frequency, and high permeability
to concentrate magnetic flux inside the material [11, 45, 59, 60].

Integrating the ME thin-film transducer with an application-
specific integrated circuit (ASIC) chip forms the ME implant that
enables both wireless power transfer and data downlink through
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Figure 1: Overview of the proposed magnetoelectric wireless
bio-implant platform. It achieves wireless power and bidirec-
tional communication using a single magnetoelectric transducer.

modulation of the magnetic field from an external ME transmitter to
the implant to digitally program the stimulation parameters [6, 59~
61]. However, compared to other wireless technologies like RF,
inductive coupling, and ultrasound, there have been no demon-
strations of using ME backscatter to efficiently send data from the
implant to the external transceiver (TRX). Uplink communications
are useful for bio-implants to report sensor data for closed-loop ap-
plications and to monitor and calibrate device operation conditions.
Although integrating the ME implants with another communication
module, like RF antennas, inductive coils, piezoelectric transduc-
ers, or LEDs, is an engineering workaround [61], sharing the same
mechanism for wireless power and communication can greatly
facilitate device miniaturization and improve system efficiency.

To tackle this issue, we propose a novel ME backscatter technol-
ogy for uplink communication, by leveraging the converse mag-
netostriction effects [8, 54]. We further demonstrate the first mm-
sized batteryless biomedical implant platform exploiting ME ef-
fects for both wireless powering and bi-directional communication
(see Figure 1). Our key finding is modulating the electric load of
the ME transducer leads to the ME resonance frequency change
for frequency-shift-keying (FSK) modulation. In this work, capaci-
tive load shift is implemented in the implant’s ASIC to maximize
the resonance frequency change without substantial fluctuations
of received voltage. The system consists of an external custom
transceiver (TRX) and an implant integrating a 1x1.5-mm? ASIC
chip, a 2x5x0.28-mm> ME transducer, a 0.25-mm3, 22-uF energy
storage capacitor, and 1-mm? onboard electrodes within an 8.2-mm?
volume (see Figure 2).

As shown in Figure 3, the implant wirelessly receives power
to generate proper power supplies, communicates with the TRX,
senses the received voltage and the ambient temperature, and de-
livers programmable electrical stimulus. The custom ME TRX in-
cludes a power transmitter (TX), a backscatter receiver (RX), and
a controller. The power TX connects a coil to apply the 335-kHz
excitation magnetic field to deliver power and downlink data. The
backscatter RX equips a pick-up coil to sense the backscattered
magnetic field generated by the implant and demodulate uplink
data. The controller synchronizes the TX and the RX and remotely
programs the implant’s operation by controlling the generation of
the applied magnetic field.

The proposed system achieves a maximum data rate of 8 kbps in
uplink with a 335-kHz frequency of the excitation magnetic field.
The performance of ME backscatter is experimentally assessed
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Figure 2: The prototyped magnetoelectric (ME) implant. The
implant is shown on a fingertip to illustrate its miniaturized form
factor. It integrates an ASIC chip, a ME transducer, and an energy
storage capacitor onto the board with an 8.2-mm? volume and a
45-mg weight.
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Figure 3: System diagram. The proposed wireless system consists
of a custom transceiver and an mm-sized implant. The power and
downlink data are wirelessly delivered through the ME effect; the
ME backscatter is exploited for uplink communication.

by measuring the signal-to-noise ratio (SNR) and bit-error rate
(BER) at various TRX-implant distances. Furthermore, techniques
to improve the ME backscatter’s robustness and communication
range are discussed and evaluated. With the design optimizations,
the prototype system achieves a BER less than 1E-3 at a 2-cm
distance. Finally, we validated the proposed system’s performance
ex vivo with a 1.5-cm thick porcine tissue.

2 BACKGROUND

2.1 Wireless Power and Communication
Technologies for Miniature Implants

While significant advancement has been made in developing wire-
less techniques for miniature biomedical implants, there remain
critical limitations to existing approaches. RF electromagnetic (EM)
is capable of powering and communicating the implanted devices
in far field [1, 31, 38]. However, it wrestles with the antenna size
constraint requiring the dimension to be comparable to the EM
wavelength. The mm-scale implants usually require > Ghz carrier
frequencies [1, 26, 30, 31], raising concerns about body absorption.
Inductive coupling has been widely used in wireless implantable sys-
tem because of its flexible capability for charging and bi-directional
telemetry [22, 51, 57]. However, the coupling is sensitive to the
variations in distance and direction, especially when the implant
coil is small [4, 12, 24]. Additionally, most inductively powered
devices work at 13.56 MHz or higher frequencies for better effi-
ciency [2, 21, 30, 51], resulting in substantial energy absorbed by the
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Figure 4: Misalignment sensitivity of different wireless power
transfer techniques. Implants’ received power decreases with
angle and lateral offset. Measured misalignment tolerance of ME
power transfer is superior to inductive coupling [4] and ultra-
sound [39].

body and requiring operation under certain restrictions [47]. While
ultrasound [14, 39, 42, 43, 48] and optics [29, 34] have shown promis-
ing potentials in wirelessly transmitting power and data, they suffer
from energy loss due to reflection or scattering when transferring
through different tissue layers, limiting their efficiency (7, 16].

Recently proposed ME power transfer is a promising technology
to circumvent these challenges [3, 6, 17, 41, 45, 46, 52, 59-61], espe-
cially for powering millimeter-sized implants [6, 45, 59-61]. First,
the ME transducer’s voltage coeflicient is almost independent of the
transducer’s width and length [59, 63]. As a result, the ME effects
have great potential to maintain good efficiency with miniaturiza-
tion [60]. For example, the ME implant recently reported by [61]
achieves a power transfer efficiency that is 4x higher than [39, 51]
and 10x higher than [30]. All these implants are millimeter-scale,
while [39] is ultrasonically powered and [30, 51] adopt inductive-
coupling power transfer. In addition, thanks to the high perme-
ability, the magnetostrictive materials significantly concentrate
magnetic flux [11], remarkably boosting the ME power transfer’s
robustness to misalignment [6, 59, 60]. As shown in Figure 4, com-
pared to the state-of-the-art inductive coupling [4], the ME implants
are more tolerant to angular misalignment in power reception. ME
is also less sensitive to angles and lateral offsets than ultrasound-
based wireless transfers that require focused sound waves [39].
Finally, the sub-MHz low resonance frequency of ME leads to lower
tissue absorption, and a stronger magnetic field is allowed without
violating safety limits [59]. It results in order-of-magnitude higher
power that can be safely delivered to the implants deep inside the
body compared to high-frequency inductive coupling or RF [2, 60].
Specifically, a ME implant working at the 335-kHz resonance fre-
quency is able to receive a peak power of 3.8 mW at 3 cm under
EM exposure limits, which is 0.4 mW for the 13.56-MHz inductive
coupling counterpart [2, 18].

However, despite a number of recent system demonstrating ME
power and downlink data transfer to millimetric implants [6, 45, 59—
61], there has been no successful demonstrations of using the ME
effects to efficiently transfer uplink data from the implant to the ex-
ternal TRX. While exiting communication methods like inductive
coupling backscatter can be integrated into magnetoelectrically
powered implants [61], it undoubtedly complicates device integra-
tion and prevents further miniaturization of the implants, compared
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Figure 5: Illustration of the ME effects. Magnetoelectric compos-
ites combine magnetostrictive material (Metglas) and piezoelectric
material (PZT-5) to convert magnetic energy to electric energy and
vice versa. The direct magnetostriction effect (Joule effect) converts
the applied magnetic field into mechanical stress. At the same time,
the generated stress changes the material magnetization in the form
of a backscattered magnetic field according to the converse magne-
tostriction effect (Villari effect). The PZT-5 turns the mechanical
stress into an electric voltage across the composite.

to the potential of achieving powering and bi-directional commu-
nication with a single ME transducer. A magnetoelectric antenna
reported in [9] demonstrated ME material’s capability of communi-
cation. Although it achieves a 0.1-kbps data rate at distances longer
than 1 m by generating a radiation field, it requires a large size of 10
cm?, a high excitation voltage of 80 V, and high power consumption
of 400 mW, preventing it from being used in wireless miniature
implants.

2.2 Backscatter Communication in Implantable
Devices

Due to the implant’s severely restricted size and power budget,
transmitting data from the implants to the external transceiver has
long been a challenge. To take advantage of the highly asymmet-
ric energy budget between a battery-free implant and an external
transceiver, passive backscatter communication that employs the
physical principle of reflecting waves is widely exploited for bio-
electronic implants [1, 10, 20, 30, 30, 33, 36, 37, 37, 48, 51, 51, 57, 57].
Compared to active radio broadcasting, the passive backscatter nei-
ther generates carrier signals nor amplifies transmission signals,
eliminating energy-starved radio circuits such as power ampli-
fiers to make its power overhead negligible [1, 20, 35, 37]. More
importantly, a number of wireless battery-free bio-implants have
successfully utilized the same physical mechanism for wireless
power and backscatter uplink communication across the distance
of a few millimeters to a few centimeters, based on electromagnet-
ics [1, 10, 30, 36], inductively coupling [33, 37, 51, 57], and ultra-
sound waves [14, 42, 43, 48]. The low-power backscatter commu-
nication empowered the implantable system to wirelessly record
neural signals [14, 30, 42, 57], monitor deep-tissue temperature or
oxygenation [43, 48], and regulate system operations [1, 33].

3 MAGNETOELECTRIC BACKSCATTER
3.1 Principle and Physical Model

Our magnetoelectric (ME) transducers are fabricated using a bilayer
sheet consisting of a magnetostrictive layer and a piezoelectric layer.
The magnetostrictive layer uses 27-um Metglas (Metglas. Inc), and
the piezoelectric layer uses 254-pm-thick lead zirconium titanate
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Figure 6: ME transducer’s behavior during the field-on and
ringdown periods. When the magnetic field is on, the ME trans-
ducer vibrates at the excitation field’s frequency and generate an
electric voltage in addition to the backscattered field. During the
ring-down period, the ME transducer will dissipate the stored me-
chanical energy in form of vibrations at its mechanical resonance
frequency, hence the voltage, as well as the backscattered field, will
oscillate at the same resonance frequency.

<]

PZT-5 (Piezo. Inc) material. We attached the two layers using M-
bond epoxy resin (VPG.Inc), and laser cut the sheet into 5x2 mm?
films.

When an external magnetic field is applied, mechanical vibra-
tions are generated in the magnetostrictive layer due to the Joule
effect shown in Figure 5. Since the magnetostrictive layer and the
piezoelectric layer are mechanically coupled, these vibrations are
transferred to the piezoelectric layer to create an electric potential
across the transducer due to the direct piezoelectric effect. This
effect has been leveraged to wirelessly transfer power and downlink
data to bio-implants from an external TRX through an alternating
magnetic field 3, 6, 59, 60].

The vibrations generated in the magnetostrictive layer will result
in a change in the material magnetization, because of the Villari
effect [8, 54]. This change can be seen as a backscattered field gen-
erated by the ME transducer. Hence, we thought that utilizing these
echoes as backscattered signals would enable uplink data transfer
from the ME implant to an external TRX. However, during the
on-time of the applied field, the ME materials vibrate at the applied
field frequency. In this case, the generated backscattered field os-
cillates at the same excitation frequency, making it challenging to
decouple these two signals. To isolate the transducer’s response,
we measured the backscattered field during the ring-down period
when the excitation field is off, as shown in Figure 6. Over the ring-
down period, the ME transducer dissipates the stored mechanical
energy in the form of decaying voltage at its mechanical resonance
frequency irrespective of the excitation field frequency.

3.2 Modulation Mechanism

To modulate the backscattered signal for transmitting data, we need
means to change the backscattered field’s characteristics at the im-
plant side. Although the field is generated by the magnetostrictive
layer, modulating the characteristics of either the piezoelectric layer,
magnetostrictive layer, or both will affect the backscattered field
due to the mechanical coupling. The modulation of the field can
be done by controlling the effective mechanical, magnetic, or elec-
tric properties of the composite. For wireless sensing applications,

435

Zhanghao Yu, Fatima T. Alrashdan, et al.

Magneto-elastic Elasto-electric
Coupling Coupling
Figure 7: Equivalent circuit model of the ME transducer con-
nected to an electric load.

magnetostrictive materials can be coated with a thin layer of stimuli-
responsive polymers that respond to external stimuli by shifting
the overall mass hence mechanically modulating the resonance
frequency of the sensor [15]. However, the requirements of specific
stimuli of magnetism, temperature, strain, or chemical signal limit
their compatibility with common electronic circuits. On the other
hand, modulating the electric loading conditions has been adopted
to tune the resonance frequency of the piezoelectric resonators by
changing the electric damping [64]. For our communication system,
we utilize the electric loading modulation technique to tune the
characteristics of the backscattered field. This specific choice is
because it is easier to control this condition inside the body with a
simple electronic circuit connected directly to the ME transducer.
The electric load can be either active load: DC biasing voltage [49]
or passive load: inductive, resistive, capacitive, or a combination
of them. We used the passive loads to maintain the miniaturized
footprint of the device and avoid any constraints on the power bud-
get. Inductive loads are capable of changing both the mechanical
and electrical resonance characteristics of the transducer, however,
inductor may cause EMI problems and is usually bulky, hence, we
decided to implement either capacitive or resistive load.

3.3 Load Effect Analysis

We used the equivalent circuit model shown in Figure 7 to study
the effect of such loads on the ME transducer characteristics. We
updated the model given in [3, 53] to account for different load-
ing conditions. Both the voltage across the transducer and the
backscattered field result from the mechanical vibrations in the
Metglas layer; hence a change in the output voltage’s amplitude
and frequency implies a change in the amplitude and frequency
of the backscattered field. The voltage across the ME transducer
connected in parallel to a resistive load R, :

¢m¢pRL
RL(¢3 + jwCo) + Zm

Vi(w,Ry) =

Whereas the voltage across the transducer connected in parallel to
a capacitive load Cr :

Vi(w,Cp) = —5— Iy
$p + joZm(Co +Cr)
Where ¢, = Wt d;"j and ¢, = Wd’s’;l are the magneto-elastic

and electro-elastic coupling factors, Cy = Lvt‘;ep is the clamping
capacitance of the PZT-5 laminate, and Z,,; = Rm+jwLy+1/(jwCn)
represents the mechanical impedance, where Ry, = %Sp, Lim =
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Table 1: Material properties of Metglas and PZT-5 laminates
and equivalent circuit model parameters.

PZT-5 Metglas
Material Density pp, pm (kg/m3) 7800 7180
Elastic Compliance sp, sm (m?/N) 19.2x 10712 (9.09 x 10712
Piezoelectric/Piezomagnetic
Coefficient dp 31, dm,33 -190 x 10712 8.25 x 107
(m/V, Wb/N)
Relative Permittivity €p, fim 1800 45000
Thickness tp, t (um) 254 26
Length L X Width W (mm) 5% 2
4 4
3.5 35{ — OpF
_ — 200 pF
g3 =31 Z G0
825 825| — 800 bF
S S 1000 pF
52 S 2| — 1200 pF
g 1.5 UEJ 1.5
1 1
0.5 /\ 0.5
300 320 340 360 300 320 340 360
Frequency (KHz) Frequency (KHz)
(a) (b)

Figure 8: ME transducer’s output voltage for different re-
sistive and capacitive loads. Calculated ME voltage waveform
using the equivalent circuit model as a function of the applied field
frequency for different (a) resistive loads and (b) capacitive loads.
Both the resonance frequency and peak voltage are functions of
the connected load.

TUAp _ 8

8w, > M ™ 1vApw,’
cross-sectional area of the laminate is defined as A = A; + Ay where
A1, Ay represents the cross-sectional area of the PZT-5 and Metglas

and Q is the mechanical quality factor. The

. . . . t
laminates respectively, the geometric ratio n = ﬁ = tp+_Ptm’
e — mAz [k .
the average density p = % and the sound velocity v? =

%(% + IIC;—Z) The applied AC magnetic field has an amplitude H
and frequency . The material properties as well as the geometrical
parameters are defined in Table 1.

As shown in Figure 8, changing the capacitive or resistive loads
across the ME transducer changes the voltage across the transducer
as well as its resonance frequency. Consequently, the backscattered
field’s amplitude and frequency during the ringdown period are
changed. The frequency shift is more immune to the depth variation
and misalignment that are often unavoidable when the device is
implanted; therefore, we used frequency modulation to encode the
uplink data.

3.4 Implementation

We adopt the capacitive load-shift-keying (LSK) modulation be-
cause it results in a larger frequency shift and smaller voltage drop
to help resolve the frequency difference at the TRX circuit and im-
prove the SNR. According to the results shown in Figure 8, shifting
the capacitive load from 0 to 200 pF results in a greater-than-3-kHz
change in the resonance frequency with a merely 23% drop in the
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voltage, whereas shifting the resistive load from 5800 Q to 4800 Q
leads to the same voltage drop but a less than 1 kHz frequency shift.
To ensure the robustness and simplicity of the circuit, we use the
LSK-induced frequency-shift keying (FSK) to digitally encode the
data by switching between two load conditions: an open circuit and
a capacitive load. To determine the suitable capacitive load to be im-
plemented on the ASIC chip, we measured the resonance frequency
of the ME transducer while connected in parallel to different ca-
pacitive loads and compared that with the mathematical model for
validation (see Figure 9). The curve of resonance frequency versus
capacitive load has the maximum slope when the transducer’s load
is approximately 100 pF.

4 IMPLANT ASIC DESIGN

4.1 Overview

The ASIC incorporates a variety of functions including power man-
agement, bi-directional communication, sensing, and neural stimu-
lation with 10-uyW power consumption, as shown in Figure 10.

4.1.1 Power Management. The power management module inter-
faces with a ME transducer for energy harvesting and generates
proper supply voltages for the entire chip. AC voltage induced on
the ME transducer is rectified to a DC voltage VrgcT by a active rec-
tifier [25]. Then VRgcr is regulated by a switched-capacitor DC-DC
power converter to provide supply voltage for the voltage reference
generator and the low-dropout regulator (LDO). The DC-DC con-
verter also charges the off-chip capacitor to Vsrpy to buffer energy
for high-power stimulation [60]. A 1-V constant supply Vstim is
generated by the LDO for the low-power digital circuitry.

4.1.2  Downlink Telemetry. The implant receives the downlink data
simultaneously with the ME power. Simultaneous power and data
transfers are usually constrained by the tradeoff between the an-
tenna/transducer’s efficiency and bandwidth. To address this chal-
lenge, the downlink data is modulated by a time-domain scheme, in
which multiple bits are encoded into the duration of a single pulse
to amortize the transducer’s low switching speed [61]. The data
from the TRX is recovered by the ASIC through a time-to-digital
converter to program its operation and stimulation parameters.
The clock recovery circuit extracts a process- and voltage-invariant
timing reference from the ME source and provides clock signals at
proper frequencies for the entire system.

4.1.3 Sensing. The ASIC senses implant-received voltage for oper-
ation regulation and temperature for in-body thermal monitoring.
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Figure 11: ASIC uplink communication circuit implementa-
tion. (a) Schematic of capacitive LSK modulation for changing the
ME transducer’s resonance frequency; (b) schematic of the mag-
netic field notch detection circuit; and (c) a timing diagram showing
the synchronization with the external TRX.
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The voltage sensing is performed by an 8-bit analog-to-digital con-
verter whose core is a voltage-controlled oscillator (VCO). The
VCO’s output frequency lineally changes with the implant input
voltage. The 16-bit temperature sensor is implemented by a low-
power ring-oscillator with a native transistor for local voltage reg-
ulation [56]. It leverages subthreshold oscillation dependence for
temperature monitoring with merely 10-nW power consumption.

4.1.4  Uplink Telemetry. The ASIC’s uplink module is designed
to transmit the voltage and temperature sensor data to the exter-
nal TRX through the ME backscatter. The circuit modulates the
capacitive load on the ME transducer to shift the frequency of
the backscattered signal. The uplink module does not include any
active-radio components, so its power consumption is negligible (<
5 nW).

4.1.5 Stimulation. The voltage-controlled stimulation pulses are
generated by the stimulation driver and delivered through the elec-
trodes to the target tissue. They own fully programmable parame-
ters, including amplitude (0.5 to 2.5V, 4 bits), shape (bi-phasic or
mono-phasic), pulse width (0.05 to 1.5 ms, 3 bits), and frequency
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(0 to 200 Hz). Thanks to the adaptive power conversion strategy,
the stimulation generation maintains a > 90% efficiency when the
amplitude is higher than 1.5V [60].

4.2 Capacitive Load-Shift-Keying for
Backscatter Communication

As discussed in Section 3, to simultaneously achieve large frequency
change, high power transfer efficiency, and simple implementation,
the implant ASIC uses capacitive LSK to modulate the ME trans-
ducer’s resonance. The load capacitor is built on chip, as shown in
Figure 11 (a). In spite of the fact that a larger capacitor can resultin a
greater resonance frequency change, it will cause a greater voltage
reduction in the ME transducer, reducing the amplitude of backscat-
tered signals. Moreover, a larger capacitor consumes more silicon
area. These trade-offs lead us to use a 120-pF capacitor, which pro-
duces a frequency change of 3 kHz and a voltage drop of less than
0.5 volts. The on-chip capacitor utilizes both metal-insulator-metal
and metal-oxide-metal layers to achieve a density of 2.2 fF/um? and
only occupies a area of 0.054 mm?. When transmitting bit "1, the
ASIC connects the 120-pF load to the ME transducer to change the
resonance frequency by approximately 3 kHz. The 3-kHz frequency
change leads to a 27-ns difference in one period of the backscat-
tered signal. Theoretically, it can be detected by a reference clock
higher than 100 MHz, which is available in most micro-controllers.
Including multiple periods of backscattered signal can expand the
time difference for more accurate detection of resonance frequency
change, which will be explained in further details in Section 5.

4.3 Synchronization with the External
Transceiver

Since ME backscattered fields can only be detected when the applied
magnetic field is off, the implant’s ASIC must be synchronized with
the external TRX. To ensure that, we designed a scheme that detects
the absence of the magnetic field to control the ASIC’s operation
phases. The magnetic filed will be turned off in a short time (around
90 ps) to generate a narrow notch, which can be quickly detected
by the active rectifier’s comparator (see Figure 11 (b)) [60]. In the
magnetic field notches, the active rectifier’s comparator stops gen-
erating output pulses that enable load charging. Thus, the envelope
of the comparator output is extracted and digitized to a watchdog
signal WD to indicate the magnetic field’s absence.

Figure 11 (c) illustrates the timing diagram when the implant
transmits the 16-bit temperature sensing result to the external TRX.
The notch detection circuit monitors the voltage across the ME
transducer and generates a pulse (WD) when there is no magnetic
field present. Two WD pulses are used to generate a control signal
(ENupLINK) to enable uplink communication. When ENyprink be-
comes high, the following WD pulses will be used for controlling
every single bit’s transmission. The load is connected to the trans-
ducer before the turnoff, ensuring the new frequency settles down
at the moment that the TRX starts process the backscattered signal.
With this mechanism, the implant’s operation is synchronized with
the external TRX in a flexible manner.
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Figure 12: External transceiver overview. The external TRX
consists of a ME power TX, a ME backscatter RX and a controller.
It equips a TX coil for power and downlink data transfers and a
pick-up coil for backscatter sensing.

5 CUSTOM TRANSCEIVER (TRX) DESIGN
5.1 Overview

TX Coil Pick-Up Coil

The external TRX includes a power TX, a backscatter RX, a con-
troller, a 7-cm planar TX coil, and a 2-cm planar pick-up coil to
power and communicate with the implant, as shown in Figure 12.
A power amplifier based on an H-bridge injects AC current into the
TX coil to produce a magnetic field of 335 kHz. In the backscatter
RX, an analog frontend (AFE) amplifies the ME backscattered signal
in the pick-up coil and generates recovered pulses for the digital
backend for data demodulation. The TRX’s controller is in charge
of the operations of the entire system. To power the implant, it
turns on the power amplifier to apply the alternating magnetic
field. By disabling the power amplifier in a short time, it generates
magnetic field notches to switch the implant’s functions such as
communication, sensing, and stimulation. Using this strategy, all
the components in the system are synchronized.

In the demonstration system, the power amplifier and the AFE
are built with commercial electronic components soldered on printed
circuit boards. The data demodulation backend circuit and the con-
trol module are implemented by the field programmable gate arrays
(FPGA). The overall power consumed by the TRX is dominated by
the power for wireless power transfer, which varies with channel
efficiency. To deliver 2-mW input power to a ME implant at 3 cm
in air, the TX consumes 4.5-W power.

5.2 Backscatter Receiver Design

5.2.1 Analog Frontend Design. The AFE for amplification and digi-
tization is built with a analog multiplexer (MUX), a active low-pass
filter (LPF), a low-noise instrumentation amplifier, and a high-speed
comparator (see Figure 13 (a)). The pick-up coil’s voltage can be
very high in the power transfer phase due to strong inductive cou-
pling to the TX coil. Thus, the AFE uses a MUX with high-voltage
tolerance in the input stage to block the input voltage when the
applied magnetic field is on. The MUX is turned on by ENLISTEN
during the uplink data transmission to pass the backscattered signal
Vrx_cor, sensed by the pick-up coil, as illustrated in Figure 13 (b).
High-frequency noise and interference can be filtered out by the
LPF featuring a 375-kHz bandwidth, whose output is amplified by
the instrumentation amplifier with a gain of 60 dB. Finally, the com-
parator converts the amplifier’s output to a train of digital pulses,
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Figure 13: Backscatter RX implementation. (a) Schematic of
the analog frontend for the backscattered signal’s amplification and
digitization; (b) operating waveform diagram of the AFE circuit;
and (c) operating waveform diagram of the digital demodulation
backend circuit.
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Figure 14: Measured effective frequency of the RX AFE out-
put. The AFE output’s frequency is calculated based on fyg efr =
(Nj = Nj)/TuvE, where Tyg covers from the Njth to the Njth AFE
output pulses. Tests were conducted at a 2-cm distance with differ-
ent configurations of Nj and Nj: in (a), Nj is 9 and N; is 10; in (b), N;
is 9 and Njis 18;in (c), Njis 9 and Njis 22. An optimal configuration
will minimize the frequency variation.

whose frequency is ideally the same as the ME backscattered field.
The AFE circuit has a quiescent power dissipation of 84 mW.
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Figure 15: Standard deviation of the AFE output’s effective
frequency with different N; and N;. Tests were conducted at a
2-cm distance. The smallest o is demonstrated when Nj equals to 9
and Nj equals to 18.

5.2.2 Digital Demodulation Circuit Design. The backscatter RX’s
digital backend employs frequency-to-digital conversion for uplink
data demodulation. It uses several pulses of the AFE’s output to
build the demodulation window, transforming the LSK-induced
frequency shift to a change of Tyr (see Figure 13 (c)). A counter
is used to count the number of FPGA clock in the demodulation
window to compute Tyg. When the ME transducer is connected
with a capacitor, the backscattered signal’s frequency decreases, re-
sulting in a longer Tyg. Hence, by comparing Ty with a predefined
threshold T;j,, LSK-modulated bits "1" and "0" can be recovered.

5.3 Design Optimization
As opposed to amplitude-shift-keying (ASK) requiring signal ampli-
tude changes, the backscattered magnetic field’s frequency change
is almost independent of the channel quality, making it more ro-
bust to noise, interference, distance variations, and misalignment.
Ideally, the frequency of the RX AFE’s output should be the same
as the backscattered magnetic field. In practice, the AFE-recovered
pulses are subject to unavoidable frequency variations due to the
circuit noise. With this concern, we included multiple pulses to cal-
culate the effective frequency fyg o With alleviated variance. In Fig-
ure 13 (c), TE covers the time between the Njth and the Njth AFE
output pulse to average the phase variation. The effective frequency
of the backscattered signal fyg ef is defined as (Nj — Nj) /Tyie. Mea-
sured results given in Figure 14 (a) and (b) demonstrate that using
multiple pulses in effective frequency calculation can help reduce
the frequency variance.

It’s interesting to note that increasing N does not guarantee
a lower frequency variance. The ME transducer voltage continu-
ously decreases when the magnetic field turns off, making the ME
backscatter signals a declining magnitude. Therefore, the later AFE
output pulse have more considerable frequency variations due to
the lower SNR. Figure 14 (c) shows a larger frequency variance than
(b) because of the increase of Nj from 18 to 22. Since the TX coil
has a ringing down behavior when the power amplifier turns off,
for accurate frequency shift detection, we should process the signal
sensed by the pick-up coil after the TX coil voltage disappears to de-
couple the applied magnetic field and the backscattered field, which
means Nj should be large enough. Thus, there exists an optimal
configuration for Nj and N;j to achieve the best performance. When
N;j is too small, interference from the excitation field will affect
the detection of resonance frequency change; with a larger NJ the
RX circuit wrestles with weaker backscattered signals. Both issues
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Figure 16: Measured operation waveforms of the implant.
The magnetoelectrically powered and programmed implant contin-
uously conducted temperature sensing, uplink data transfer, and
stimulation. A zoom-in view shows the implant’s temperature sen-
sor output, uplink data output and stimulation pulse.

cause a lower SNR and hence a larger variation in the recovered
pulse’s frequency. As shown in Figure 15, the configuration that Nj
is 9 and Nj is 18 minimizes the frequency variance.

6 EXPERIMENTAL RESULTS

We implemented a prototype system comprised of a custom ME
transceiver (TRX) built with off-the-shelf components and an 8.2-
mm? wireless implant integrating a 1.5-mm? ASIC chip, a 2x5x0.28-
mm> ME transducer, and a 0.25-mm?, 22-pF energy storage capac-
itor (see Figure 2). The ASIC is fabricated in commercial 180-nm
complementary metal-oxide-semiconductor (CMOS) process.

6.1 System Functionality

The implant wirelessly receives > 1-mW power and 60-kbps down-
link data through ME from the external TRX. The highest power
transfer efficiency (PTE) of 4.3% is achieved with a 0-mm TRX-
implant distance. When the distance is 2 cm, to generate a 3-V
voltage (i.e., 2.8-mW maximum input power) in the implant’s trans-
ducer, the power transmitting coil consumes 1.9 W, resulting in a
peak PTE of 0.15%. The PTE is higher than the state-of-the-art mm-
sized implants that are powered by inductive coupling [23, 30] and
ultrasound [39]. The applied magnetic field to deliver this amount
of power to 2 cm has a maximum strength of 2.4 mT, which is far
below the 8-mT limit based on the IEEE standard C95.1-2019 [3, 18].
Figure 16 shows an example of the implant’s operation, where the
implant is programmed by the downlink data to sequentially con-
duct temperature sensing, uplink data transfer, and stimulation in
one operating cycle. The embedded temperature sensor generates
a clock signal with a temperature-dependent frequency, which is
22.2 kHz at the room temperature, as shown in the zoom-in views.
Using frequency-to-digital conversion, the sensor output clock is
converted into 16-bit uplink data. When the uplink bit is "1", the
ASIC connects the ME transducer to the 120-pF load, leading to a
resonance frequency shift and a slight reduction of the received
voltage that does not interrupt the operation of the circuitry. After
the uplink data transfer session, the circuit generates a programmed
3-V, 0.8-ms pulse for bio-stimulation.

The uplink data from the implant is transmitted to the external
TRX through the ME backscatter with a maximum 8-kbps data
rate. The waveform in Figure 17 gives an example of uplink data
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Figure 17: Measured waveforms of the ME backscatter com-
munication. Uplink data from the implant was sent through ME
backscatter and received by the external TRX. The implant modu-
lated the frequency of backscattered signal through LSK. Different
pulse widths were observed for bit "1" and "0", as shown in the
Z0om-in views.
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Figure 18: Measured temperature sensor error of the implant.
The data are transmitted from the implant through the ME backscat-
ter. The implant tested in a temperature chamber from 30 °C to 44
°C demonstrated a inaccuracy smaller than 0.35°C.
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Figure 19: Measured ME backscatter SNR at various distances.

recovery in the external TRX. The ME backscattered signal is re-
ceived by the pick-up coil and converted to digital pulses by the
AFE circuit. Following the optimization presented in Section 5, the
demodulation window of the TRX is between the 9th and the 18th
pulses. The window’s duration differs with different data due to
the frequency change of the backscattered signal. In the examples
shown in Figure 17, the demodulation window’s duration is 27.17 us
when receiving bit "1" and reduces to 26.81 ps for bit "0".

Human temperature control plays a vital role in regulating metab-
olism and maintaining homeostasis [58]. Remote, accurate temper-
ature measurement enabled by miniaturized wireless implants can
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Figure 20: Distribution of pulse width for bit "1" and "0". Tests
were conducted at different TRX-implant distances of (a) 0 mm; (b)
15 mm; and (c) 30 mm. As the TRX-implant distance increases, the
standard deviations become larger.

lead to real-time thermal monitoring with high spatial resolution
in deep tissue. [43]. To evaluate the proposed system’s capability
of wireless temperature sensing, we tested the ME implant in a
temperature chamber from 30 °C to 44 °C. The implant transmits
the sensing results through the ME backscatter to the external
TRX. It achieves a < 0.35 °C inaccuracy in the testing temperature
range (see Figure 18). The experiment also validates the implantable
device’s functionalities at different temperatures.

6.2 Magnetoelectric Backscatter Performance

The backscattered signal from a size-constrained implant is typically
weak, particularly when the distance between TRX and implant
is in centimeters. For example, in [1], the SNR of the 900-MHz RF
backscatter using a 2-cm loop antenna in the implant is merely 6
dB at 10 cm. The FSK technique does not rely on signal amplitude
changes, making it more robust to implantation uncertainties like
varying distances and misalignment. However, due to the thermal
noise in the TRX and environmental interference, the recovered
backscatter signal unavoidably suffers from pulse width variations.
This pulse width variation may introduce bit errors because the
LSK-induced frequency change is merely 1%. We assessed the SNR
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Figure 22: Techniques for ME backscatter bit error reduction.
Tested BER with techniques of (a) output data temporal majority
voting and (b) frequency counter averaging.

of ME backscatter at multiple TRX-implant distances. The SNR is
measured at the TRX AFE’s output since the pick-up coil coupled
noise/interference and AFE circuit’s thermal noise are the main
noise sources. The SNR is measured to be 21.85 dB when the implant
locates closely to the TRX (i.e. 0-mm distance), as shown in Figure 19.
Increasing the distance between the implant and TRX leads to
weaker backscattered signals in the pick-up coil, so the SNR reduces
to 16.74 dB and 7.87 dB at 15-mm and 30-mm distances, respectively.

Received backscatter signal with lower SNR results in a larger
variation of the recovered signal’s pulse width, deteriorating the
frequency-to-digital-based data demodulation. Figure 20 shows the
pulse width distribution of measured 10,000 samples at different
TRX-implant distances. While the mean values are consistent in
these three cases, the standard deviations change considerably.
At 0 mm, due to the small o, no overlap of two distributions is
observed; the 95-ns minimum time difference is much larger than
the 3-ns demodulation resolution, which means bits can be easily
distinguished (see Figure 20 (a). When the distance increases to 1.5
cm, o becomes to 0.082 ps for bit "0" and 0.077 ps for bit "1", giving
some non-distinguishable bit samples (see Figure 20 (b). As shown
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in Figure 20 (c), when the implant is 3 cm away from the TRX, the
two distributions start to merge, making the data demodulation
difficult. In the bit error tests, when the implant is at 0 mm, the BER
is less than 1E-5. A BER of 9.6E-3 is achieved when transmitting the
8-kbps data over a 10-mm distance (see Figure 21). As the distance
increases, the BER increases due to the decreasing SNR.

6.3 BER Enhancements

Reducing bit error is crucial for extending communication distance
and enhancing system robustness. Increasing the uplink signal
strength to increase SNR can effectively reduce data demodulation
errors. However, in the ME backscatter, it may require higher TRX
power to generate stronger excitation fields or a larger transducer
size to store more mechanical energy. Here, based on the simple
principle of repeating data transfers to average out noise, we im-
plemented two digital methods in the external TRX to lessen bit
errors at a given backscattered signal strength: temporal majority
voting of received bit and averaging of frequency counter values.

6.3.1  Temporal Majority Voting of Output Data. Temporal majority
voting (TMV) technique is widely used for stabilizing noisy binary
outputs in circuits thanks to its simple implementation [32]. Specif-
ically, an N-cycle TMV is implemented to reduce bit errors in ME
backscatter in the following steps.

(1) Storing the digital data recovered by the TRX over N re-
peated uplink cycles;

(2) Summing the ith bit b; of the stored data of each cycle and
comparing the summation D; Tpy with a threshold n, where
n= N1,

(3) If D;_Tmy > n, setting Dj f,) to "1", otherwise setting D; to
"0", where Dj g, is the ith bit in the final data.

As shown in Figure 22 (a), the TMV technique significantly im-
proves the BER. By using a 5-cycle TMV, the BER is reduced from
0.053 to 1E-5 with a 15-mm TRX-implant distance while still achiev-
ing a 1.6-kbps effective data rate.

6.3.2  Frequency Counter Averaging. Averaging the demodulation
circuit’s counter values is an alternative method to process the
repeated data transfers. The cycle counts of the received backscatter
signal in a given demodulation window is used for time-to-digital
conversion and data decoding. The counts are not constant because
of pulse-width variations of the TRX’s AFE-generated pulses. As a
result of multi-cycle averaging, the counter value variations will be
alleviated, leading to fewer bit errors. An experimental evaluation
of this method is shown in Figure 22 (b). Compared to TMV, the
counter value averaging shows higher effectiveness in reducing bit
error, especially when the number of repeating cycles is large. For
example, at a 20-mm distance, the 5-cycle counter value averaging
achieves a BER of 8E-4, which is 6.3E-3 when utilizing the TMV.
Even though these methods reduce the effective data rate, they
greatly improve the accuracy of data demodulation without the
need for stronger backscattered signals. With a 5-cycle counter
value averaging, a 1.6-kbps uplink data rate can be achieved with
less than 1E-3 BER. The 2-cm TRX-implant distance is sufficient
for neural stimulation and recording on the cortex [28], vagus
nerve [50], and other peripheral nerves [27, 44], whose depths are
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Figure 23: Illustration of the ex-vivo test. The porcine tissue
used in the test is 1.5-cm thick, which covered the TRX’s coils; the
implant was placed on the surface of the tissue with testing leads
for functionality monitoring.

within 2 ecm from the skin surface. Potential applications also in-
clude electrocardiography sensing, temperature monitoring, heart-
beat detection, and blood pressure measurement, which typically
feature kHz or sub-kHz bandwidth at cm-scale depths [19, 62].

For applications requiring deeper implantation, various approaches

are possible to improve the SNR and thus extend the ME backscat-
ter’s communication distance. A straightforward approach is to
increase the voltage generated by the ME transducer. While the
maximum voltage in the prototype implant is limited to 3.3 V by
the standard CMOS, adopting a high-voltage CMOS process [5]
will allow a higher induced voltage across the ME transducer to
strengthen the backscattered signal. For example, our experiments
show that a 2x5-mm? ME transducer with a 7-V output voltage
enhances the backscattered signal’s amplitude by 7.5 dB when
compared with a 3.3-V transducer of the same size, extending the
maximum TRX-implant distance to 3.6 cm where a < 1E-3 BER
and a > 1kbps data rate are achieved. Alternatively, increasing the
ME transducer’s size will increase the energy stored in the ME ma-
terial without requiring a stronger excitation field. By increasing
the length from 5 to 7 mm, the 3-V ME transducer’s backscattered
signal is boosted by 5.6 dB, leading to a 1.2 cm improvement in com-
munication range. Such an increase of transducer size will enlarge

the implant’s volume by merely 1.12-mm3.

6.4 Ex-Vivo Tests

To evaluate the proposed system’s performance in biological tissue,
we performed ex-vivo tests with a porcine tissue of 1.5 cm thickness
as a medium. The porcine tissue consisting of skin, fat and muscle
was placed between the implantable device and the TRX coils (see
Figure 23). The implants wirelessly received sufficient power, re-
liably operated and communicated with the external TRX during
the testing. Pulse width distribution in uplink data demodulation is
analyzed (see Figure 24). Compared to the measurements conducted
in air with the same TRX-implant separation, the ex-vivo test show
slightly increased standard deviations of pulse width, which are
0.097 ps for data "0" and 0.101 ps for data "1". This performance
degradation is mainly caused by the path loss when the alternating
magnetic field penetrates the tissue. However, it is worth noting
that compared to high-frequency RF or inductive coupling, the
335-kHz magnetic field’s energy loss inside tissue is much smaller
since the tissue conductivity is much lower at this frequency (0.4
S/m at 335 kHz and 2 S/m at 2.4 GHz for muscle) [55]. BER was also
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Figure 25: Ex-vivo tested BER versus data rate. The counter
value averaging technique is used to improve the accuracy of data
demodulation.

evaluated ex vivo with the results shown in Figure 21. The counter
output averaging technique was utilized for reducing bit errors.
The system achieves lower than 1E-3 BER at a 1.6-kbps effective
data rate with the 1.5-cm porcine tissue.

7 RELATED WORK

7.1 Magnetoelectrically Powered and

Controlled Bio-Implants

Magnetoelectrics are being explored to remotely deliver power
and data to the implanted devices because they have considerable
advantages in the context of power transfer through the human
body, including high efficiency, good misalignment tolerance, and
significantly alleviated tissue absorption concerns [3, 6, 17, 45, 59—
61]. [45] reported a magnetoelectrically powered device for fully
implanted nerve stimulation. [59] proven ME’s compatibility with
CMOS chip and capability of wireless data transfer in downlink. In
the wireless implant network developed by [60], multiple implants
are powered and individually programmed by a single ME TX for
coordinated multisite stimulation. Recently, [6] achieved minimally
invasive endovascular nerve stimulation with a ME neurostimula-
tor. Furthermore, [3] demonstrated a wearable ME power transfer
system with a battery-powered transmitter assembled in a belt.
Despite significant progress made to develop ME technologies
and ME bio-implants, solutions for ME backscatter to wirelessly
transmit data from implants were missing. The absence of uplink
communication impedes [3, 6, 45, 59, 60] from being applied for
instantaneous physiologic monitoring and closed-loop physiology
control. While combing ME with other modalities, such as inductive
coupling, as a hybrid wireless scheme is doable [61], it requires an
additional antenna or transducer, which makes the device integra-
tion and miniaturization more challenging. For the first time, ME
power transfer and bi-directional telemetries are simultaneously
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achieved in this work. The novel ME backscatter technique opens
up a new path for the realization of highly efficient uplink teleme-
try in implantable systems that takes advantage of the ME power
transfer.

7.2 Backscatter Communication in
Bio-Implants

7.2.1 RF and Inductive Backscatter. Thanks to the excellent elec-
tronic circuit compatibility and functional flexibility, RF [1, 10, 30,
36] and inductive-coupling-based [33, 37, 51, 57] mechanisms have
become the most popular backscatter techniques. They exploit the
coupling between the antennas/coils of the external TRX and the
implant in an electromagnetic field: the implant antenna/coil’s load
change can result in a voltage or current change in the external
TRX’s antenna/coil. The implant’s circuits usually conduct load-
shift-keying modulation to encode information on top of the carrier
signal. With a high carrier frequency, RF or inductive backscat-
ter can support a wide bandwidth to transmit high-speed data.
[1, 30, 51, 57] working at hundreds of megahertz or gigahertz
achieve uplink data rates higher than 1 Mbps. Higher frequen-
cies, however, may raise more concerns about tissue absorption and
stricter constraints on the maximum carrier field strength [18, 47].
While a large distance (> 10 cm) was achieved by a self-adapted
resonant antenna [1], the antenna has a dimension of around 2 cm,
limiting the implant’s miniaturization. With smaller antenna or coil
sizes, the largest powering and communication ranges may dramati-
cally decrease due to weak coupling. For instance, devices equipped
with a 1.2-mm [51] or 0.5-mm coil [57] operate with a implantation
depth smaller than 5 mm. Therefore, trade-offs between carrier
field strength and data rate, as well as distance versus implant size,
can constrain the design of power transfer and communication
channels using RF or inductive coupling.

7.2.2  Ultrasonic Backscatter. Ultrasound has gained increasing at-
tention as a power source for bio-implants in recent years. Com-
pared to RF signal and inductive coupling, ultrasound waves are
able to transmit at a lower frequency with a smaller wavelength for
alleviated safety limits and more efficient coupling to the mm-sized
devices [39, 42]. Ultrasonic implants can modulate echo magnitude
in either a digital [43, 48] or analog [14, 42] manner by adjust-
ing the electric properties of their piezoelectric transducers. Be-
cause ultrasound relies on propagating waves, it can transmit over
centimeter-long distances. [48] demonstrated 2.6-cm-deep oxygen
sensing in vivo with a 4.5-mm?> implant, and [14] achieved a maxi-
mum TRX-implant separation of 5 cm in saline. Another improve-
ment achieved by ultrasound is device miniaturization. Because
of the wavelength below one millimeter, the ultrasonic implants
appeared scalable down to sub-mm? sizes [14, 43]. However, the
relatively low carrier frequency and acoustic waves’ time of flight
may limit the data rates, which are 1 kbps in [43] and 35 kbps in [14].
More importantly, an inherent bottleneck in ultrasonic powering
and communication results from substantial acoustic impedance
mismatches between different materials, which dissipate or reflect
sound waves. For this reason, the external TRXs require to be placed
in contact with skin with gels to decrease air-skin impedance mis-
match [39, 42, 43, 48]. Similarly, it is challenging to use ultrasound
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to deliver signals through the bone when implanting the devices
within the brain [7].

8 CONCLUSION

We designed a wireless implantable system exploiting magnetoelec-
tric (ME) materials for wireless power and bi-directional data trans-
fers. The ME backscatter leveraging the converse magnetostriction
effect enables efficient uplink telemetry from the 8.2-mm? implant
to the external TRX. An 1.5-mm? ASIC chip fabricated in 180-nm
CMOS process switches the capacitive load of a 2x5-mm? ME thin-
film transducer to shift its resonance frequency for uplink data
modulation. By detecting the frequency change of the backscat-
tered magnetic field with a novel frequency-to-digital conversion
scheme, the external TRX successfully recovered the uplink data at
a cm-scale distance. To the best of our knowledge, this is the first
demonstration of ME backscatter communication for bioelectronic
implantable devices, as well as the first mm-scale wireless and bat-
teryless bio-implant that uses a single ME transducer for efficient
wireless powering and bidirectional communication.

Our prototype system achieves an 8-kbps maximum data rate
in uplink through the ME backscatter. After error reduction tech-
niques, a BER smaller than 1E-3 is demonstrated at 2 cm implant-
TRX distance while achieving > 1-kbps data rate. The system’s
performance was validated at multiple temperatures and ex vivo
with a 1.5-cm porcine tissue, proving its operation robustness and
biological tissue compatibility. The presented technology is promis-
ing for a wide range of bioelectronic medicine applications that
require bi-directional communication and wireless power trans-
fer, such as closed-loop neuromodulation and real-time physiology
monitoring.
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