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Adaptive Wireless Power
Transfer and Backscatter
Communication for Perpetual
Operation of Wireless
Brain—-Computer Interfaces

This article describes efforts in eliminating tethers in brain—computer interfaces (BCIs)
used in fundamental neurophysiology research.

By GREGORY E. MOORE, Member IEEE, JAMES D. ROSENTHAL™ , Member IEEE,

JosHUA R. SMITH

ABSTRACT | Brain-computer interfaces (BCls) are neural
prosthetics that enable closed-loop electrophysiology pro-
cedures. These devices are currently used in fundamental
neurophysiclogy research, and they are moving toward clinical
viability for meural rehabilitation. State-of-the-art BCl exper-
iments have often been performed using tethered (wired)
setups in controlled laboratory settings. Wired tethers simplify
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power and data interfaces but restrict the duration and types
of experiments that are possible, particularly for the study of
sensorimotor pathways in freely behaving animals. To elimi-
nate tethers, there is significant ongoing research to develop
fully wireless BCls having wireless uplink of broadband neural
recordings and wireless recharging for long-duration deploy-
ment, but significant challenges persist. BCls must deliver
complex functionality while complying with tightly coupled
constraints in size, weight, power, noise, and biocom patibility
In this article, we provide an overview of recent progress
in wireless BCls and a detalled presentation of two emerg-
ing technologles that are advancing the state of the art:
ultralow-power wireless backscatter communication and adap-
tive inductive resonant (AIR) wireless power transfer (WPT).

KEYWORDS | Backscatter communication; biomedical devices;
neural recording; wireless power transfer (WFPT).

LINTRODUCTION

The U.S. National Academy of Engineering (NAE) and
the American Institute for Biological and Medical Engi-
neering (AIBME) have identified the development of per-
sonalized, networked healthcare for neurological disor-
ders to be particularly impactful for improving healthcare
equality in the United States [1]. With many unknowns
remaining about the healthy and pathological states of the
nervous system, the NAE emphasized reverse engineering
the brain as a key step toward developing translational
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Fig. 1. BCls measure and process neural signals. A generalized architecture for neural prosthetics is shown (adapted from [2]).

medical therapies. Aligned with this goal is the need
to understand the underlying mechanisms of therapies,
such as electrical stimulation in order to provide precise,
personalized care.

Bidirectional brain—computer interfaces (BBCIs) are an
emerging tool for investigating the electrophysiological
mechanisms behind high-level sensory functions. These
devices provide both recording of neural signals and feed-
back, e.g., via electrical stimulation, to manipulate those
signals. A diagram of general BBCI architectures is shown
in Fig. 1. Commonly targeted neural signals include local
field potentials (LFPs) (10-300 Hz and 5 mV,;) and action
potentials (APs) (500-3000 Hz and 0.05-0.5 mV,), typ-
ically having a dc electrochemical offset of +50 mV and
a noise floor of 0.014 mV,, from 450 to 10 kHz [3].
To measure APs with sufficient temporal resolution for
mammalian neurons, sampling rates greater than 20 kHz
are desirable. Stimulation can be provided through several
different modalities, including biphasic current pulses, or
optogenetic and optoelectric [4] stmulation. Integrating
recording and stimulation enables the fundamental study
of how neural circuits can be rewired to repair or cir-
cumvent damaged neural pathways or deliver intracra-
nial pattern reinforcement [5]. In the case of electrical
stimulation, pulses delivered by the stimulating electrodes
range from 5 V at 0.02 mA to 60 V at 10 mA via bipha-
sic, possibly asymmetric, waveforms with pulse widths
between 1 ps and 10 ms [6]. In addition to research
applications, such bidirectional devices are increasingly
studied for treating neurodegenerative disorders, such as
Parkinson’s disease [7] and amyotrophic lateral sclerosis
(ALS) [8], spinal cord injury [9], and cognitive ailments,
such as obsessive-compulsive disorder (OCD) [10].

Organization of This Article: This article is organized into
six sections. Section II provides an overview of the state-
of-the-art BBCIs. Section III further discusses the enabling
technologies behind near-field resonant inductive coupling
(NMRIC) and backscatter communication. In Section IV, the
specific implementations of NRIC and Neural Acquisition
and Comms (NACs) using backscatter communication are
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explained in detail. Section V discusses topics for future
research that could provide further improvements, while
Section VI concludes this article.

II. INTRODUCTION TO THE
BBECI STATE OF THE ART
A. Tethered Versus Wireless BRCls

To achieve the recording and stimulation performance
described above, existing BECIs often rely on wired tethers
to facilitate the transfer of power and data, as well as to
enable an external computer to perform computationally
intensive algorithms for closed-loop control, such as spike
sorting and neural decoding. Significant advances continue
to be made using tethered setups in human and animal
subjects, including interpreting speech [8], control of a
robotic arm [11], and high-rate typing [12]. When used
with animal models, tethered experiments can provide
reliable electronic interfaces and, in certain situations,
can permit freely moving behavior within a constrained
environment [13]. However, in larger animal models, such
as nonhuman primates (NHPs), tethered experiments gen-
erally require significant physical constraints to protect
the animals and the external equipment. The physical
constraints pose several problems. Physical constraints are
uncomfortable for animals, so the experimental durations
are limited by the animals attention span and tolerance.
In research on motor tasks, physically limiting a subject’s
movement reduces the types of behaviors that can be
analyzed. Furthermore, restricting motion has been shown
to introduce unnatural correladons in the neural record-
ings [14]. There is also a risk of dangerous interactions
between the animal and the researchers or technical staff
whenever an animal must be removed from its cage to
be placed within a constrained experimental setup. For
example, researchers face an elevated risk of contracting
the Simian herpes virus when handling or working with
NHPs [15]. Finally, tethers provide a vector for infection of
vulnerable tissues, and they can present electrical hazards
if cable insulation is damaged or interconnects deteriorate.
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Fig. 2. oOwerview of a perpetual wiraless BCI leveraging NRIC WPT and backscatter communication. (a) Experimental setup for 8 wireless
(untethared) BEC] system deployed in electrophysiological expariments on an NHP model. (b) Block diagram of the W-BBCI showing the

wireless power and communication links.

Fully wireless BBCIs (W-BBCIs), as shown in Fig. 2(a),
seek to overcome the limitations of tethers, with many dif-
ferent architectures and form factors being explored. The
design of the wireless power and communication aspects of
W-BECIs depend heavily on the intended recording and/or
stimulation design which must accommodate size, weight,
and power (SWaP) constraints. Because energy storage
devices, such as batteries, trade off weight and volume
for capacity, careful attention to power is perhaps the
paramount design consideration. In addition, minimizing
power dissipation on the BBCI device is important for
minimizing thermal hazards to surrounding tissue. The
power requirements of a BBCI system increase with chan-
nel count, sampling rate, signal resolution, and communi-
cation paradigm. At the same time, the communication link
must be selected to accommodate the required data rate
and transmission fidelity. To best accomplish these goals,
many head-mounted external systems using commercial
off-the-shelf (COTS) components [6], [16]-[19] and mm-
scale implantable devices using custom application-specific

Authorized licensed use limited to: University of Washington Libraries. Downloaded on May

integrated circuits (ASICs) complemented by COTS com-
ponents [20]-[32] have been developed. As shown in
Table 1, typical systems use variations on radio links rang-
ing from 13.56 MHz to 7.9 GHz or, alternatively, variations
on ultrasonic backscatter [33] in order to uplink recorded
neural data to an external system for analysis and closed-
loop applications.

The BBCI systems highlighted in Table 1 eliminate the
tether by using combinations of rechargeable batteries
(usually Li-ion), with a wireless power link for recharging.
While the battery temporarily frees the test subjects from
the constraints of a tether, battery life (without recharging)
is typically limited to <48 h due to the weight/volume
versus capacity limitations of current battery technologies.
At this point, the researcher must again interact with
the subject directly, exposing both the subject and the
researcher to injury hazards and interrupting the experi-
ments. In addition, the battery adds weight, volume, and
risk of harm to the subject due to battery cell failure
resulting from electrolyte or anode breakdown.
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Key Challenge: Interactions Between RF Energy and Bio-
logical Tissue: A common challenge for all electromagnetic
(EM)-based W-BBCIs is the need to provide safe power
transfer and data links to circuitry within, or adjacent
to, a lossy biological tissue medium. The lossy medium
absorbs EM enerpy, and this absorption increases with
frequency due to dielectric loss mechanisms [39]. The
resulting penetration depth of an EM source, where the
source amplitude reduces to ¢, generally decreases with
frequency [40]. For example, the penetration depth for
brain gray matter at 13.5 MHz is ~31 cm and at 2.4 GHz
is =22 cm [41].

While the reduction in end-to-end efficiency of the wire-
less power or data link at high frequencies significantly
impairs wireless connectivity, tissue absorption also results
in heating due to the fields surrounding the transmit (TX)
and receive (RX) antennas [42]. Specific absorption rate
(SAR) is a key metric for RF energy absorption in tissue
and is regulated by government regulatory bodies, such
as the U.S. Food and Drug Administration (FDA), the
Occupational Safety and Health Administration (OSHA),
the Federal Communications Commission (FCC), and their
international equivalents. The IEEE and other standards
bodies, such as ICNIRP recommend SAR limits for the
general public to be 0.08 W/kg as a whole body average
and 2-4 W/kg for localized SAR in the head/trunk and
limbs from 100 kHz to 6 GHz [43].

SAR  can be calculated as  SAR =
(V) [(a(r)| E(r)[*)/(p(r))dr® = cp(AT)/(At), where
o(r) is the electrical conductivity of the tissue, E(r) is the
rms electric field inside the tissue, p(r) is the tissue density,
V is the volume of the tissue, ¢y is the specific heat capacity
of the tissue, AT is the change in tissue temperature, and
At is the change in time under the condition that At is
much less than the time constant of thermal conduction
and convection (due to blood perfusion). Knowing the
average properties of the subject’s biological tissue allows
one to computationally model and simulate absorption as
a function of device placement within the tissue. Direct
measurement of absorption and consequent heating is also
possible with the aid of a tissue phantom that mimics the
part of a subject’s human or animal body [44].

At a given tissue depth, the internal induced electric field
(E;) and, in turn, induced current increase as frequency
decreases. In addition to the heating effects described
by SAR, high E, can result in stimulation of excitable
tissue resulting in randomized APs. The possible dam-
age to biological tissue resulting high E, is regulated by
the same bodies mentioned above to 135 f Vims/m at
0.003-10 MHz for the general population [45], where
[ refers to the frequency of operation. While the abowve
hazards are most severe for subcutaneous (implanted)
devices, the same hazards also apply to the volume of
tissue surrounding externally attached devices in the pres-
ence of strong EM fields.

Fundamentally, reduction of SAR can be achieved by
a combination of careful choice of operating frequency,

Authorized licensed use limited to: University of Washington Libraries. Downloaded on May

TX/RX antennas, and surrounding materials. In addition,
minimizing the required RF power carried by a wireless
power system and/or needed for wireless data transfer
also has the effect of minimizing SAR. Thus, improvements
in wireless power transfer (WPT) efficiency and improve-
ments in the power efficiency of the BBCI device both have
sipnificant benefits for RF hazard reduction.

B. Wireless Power and Data Transfer Approaches
Enabling Perpetual Operation

By continuously supplying the required power to the
BBCI wirelessly, or by intermittently charging an onboard
battery that supplies power when the subject leaves the
active charging zone, a BBCI can operate wirelessly, effec-
tively in perpetuity. In Table 1, most of the W-BBCI
systems that have WPT capability employ NRIC though
power transfer via ultrasonics (US) [24], [33] and far-
field EM coupling [32] are highlighted as well. Of the
three WPT modalities, US can provide the highest link effi-
clency versus separation of TX to implanted R¥, with the
smallest required form-factor due to the short wavelength
of US energy in aqueous tissue. However, the ultrasonic
transmitter requires epidermal contact, the power transfer
efficiency (PTE) is highly sensitive to misalignment and
changes in intervening tissue properties, and the long-term
safety of chronic US power transmission is still unknown.
While NRIC allows for relatively high PTE for interme-
diate separations between transmit (TX) coil (TXC) and
receive (RX) coil (RXC), for a noncontinuous intervening
medium between the two, and for greater misalignment
tolerance, the RXC has a larger minimum form-factor than
that required by US, and greater care must be paid to
comply with regulatory SAR limits. Finally, though FF
allows for considerably smaller RX antenna form factors
and longer transmission distances in the air, when trans-
mitting through tissue, the same SAR concerns from NRIC
WPT apply to FE In addition, due to higher rectification
losses and tissue absorption at GHz frequencies, in order
to even achieve moderate PTE, the RX system power
requirements must be low (<5 mW), and the implant
depth must be shallow (<10 mm) [46], [47]. For all
of these WPT modalities, having a low power RX (WPT
controller + communication + neural recorder) eases the
energy delivery demand by the transmitter, which, in turn,
lowers the effect of SAR heating and transmitted noise.

Another critical challenge with W-BBCIs is implementing
an energy-efficient wireless uplink. In many cases, the
power consumption of the wireless uplink dominates the
power budget. In nine out of 11 designs examined in [48],
the radio was the most power-hungry component on the
W-BBCI, far exceeding the data acquisition (neural sig-
nal amplification and analog-to-digital conversion) stages.
Power savings in the wireless uplink, therefore, offer a
sipnificant advantage to the complete power budget of
the W-BBCI. Reducing the per-bit energy expenditure can
enable a longer duration of operation for a given amount
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of stored energy while enabling smaller form-factors. It
can also help to reduce thermal dissipation and coupled
noise in the system. Wireless, ultralow-power backscatter
communication is a potential alternative to conventional
radios in certain applications. By repartitioning the power-
hungry amplifiers and RF carrier wave (CW) generators of
conventional radios to a less-constrained external system,
backscatter radios can achieve significant energy savings.
Backscatter radios have been shown to achieve megabit
per second (Mby/'s) data rates while consuming microwatts
of power, yielding per-bit energy efficiencies on the order
of pJ/bit [36], [37], [49]-[51] and a 50-1000X improve-
ment versus conventional radios, such as Wi-Fi [52] and
Bluetooth Low Energy (BLE) [53].

C. Enabling Freedom of Movement
via Wireless BBCIs

To provide for long-duration operation of these
W-BBCI for free-moving animals, numerous cage-based
systems employing variations on NRIC WPT and far-
field UHF data transfer have been developed. For low-
power neural recording devices carried by small animals
(e.g., rodents), significant effort has been put into devel-
oping WPT-compatible cages using overlapping arrays
[54]1-[58] or cavity resonator-based magnetically coupled
systems [59]. A review of wirelessly powered cages for
freely moving experiments with small animals is provided
in [60].

These systems are predominantly oriented toward
rodent-sized home cage dimensions (20 = 23 x 45 cm)
and are intended to provide <100-mW power at up to
60% PTE. More recently, conductive contact with the cage
floor has been used to transfer <50 mW [61]. However,
these systems will not provide the power required to
recharge the batteries that would be needed for larger,
nonstationary animals, such as an NHE Standard NHP
cages are built of stainless steel for mechanical strength
and ease of cleaning in an autoclave. Their metallic walls
form a reverberant cavity at commonly used communi-
cation frequencies (e.g., the UHF and microwave bands),
resulting in dense multipath within the cage and deep nulls
occurring only a few centimeters apart [62]. To address
this limitation of metal cages, custom nonconductive cages
[63], [64] have been developed to allow unimpeded
recharging of wireless devices. Such custom animal hous-
ing solutions would be a prohibitive change for NHP
labs where the costs to replace the current, USDA Ani-
mal Welfare Act approved housing would be significant
and require additional upkeep and maintenance. As an
alternative to modifying the cage, a mode-stirring tech-
nique leveraging switched parasitic antennas mounted
to existing cage walls has been developed to create a
more favorable wireless channel by reducing destructive
interference [65].

By combining the power savings of backscatter commu-
nication with NRIC WPT, a W-BBCI can continually cycle
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through short charging and long operational phases with-
out significant interruption. For high data rates required
by modern high-channel count neural recording devices,
and for TX antenna to RX antenna orientations and dis-
tances that can support freely moving animal behavior,
systems employing backscatter communication will greatly
benefit from the power-efficient wireless link. At the rel-
atively high power required by high channel count and
high data rate wireless neural recorders, NRIC allows for
a >10x improvement in efficiency compared to FE or
nonresonant modalities, and has less dependence on the
transmitter to receiver orientation, or intervening medium,
than US [47]. With appropriate feedback control between
the R¥ and TX systems, this PTE can then be traded off
for expanding the TXC to RXC separation and allowing
for coil misalignment while still keeping the transmit-
ted power low. In addition, by relying on the magnetic
field to transfer power near or within biological tissue,
which has relatively low permeability [39], NRIC WPT
causes less heating than methods that rely on the electric
field to deliver the same amount of power [66]. These
benefits make the combination of backscatter commu-
nication and NRIC WPT an appealing choice for new
W-BBCIs.

II. KEY DESIGN CONSIDERATIONS
FOR WIRELESS BBCIs

Many W-BBCIs have been developed for use in freely
moving animals, e.g., [6], [16]-[32], [34], [36], and
[68]. A common limitation of these existing systems
has been operadonal durations generally <48 h. We
present advancements in adaptive inductive resonant wire-
less power transfer (AIR-WPT) and wireless backscatter
communication that could enable long-duration W-BBCI
operations by combining long-distance wireless charging
with significantly reduced power consumption on the BBCI
(see Fig. 2).

A. Frequency Selection for Wireless
Power Transfer

A minimum between regulatory defined maximum per-
missible exposure of SAR heating and induced electric field
can be found around 1.5 MHz; however, the lowest glob-
ally allocated, without local restriction, frequency allowed
for medical devices, within the Industrial, Scientific, and
Medical (ISM) bands, is 13.56 MHz with a bandwidth of
14 kHz [68]. While this narrow bandwidth would limit
the achievable data rate for wireless telemetry, at the
much higher transmitted power levels that must be used to
power a device, this frequency becomes a practical target
for efficient WPT. As an additional benefit of using the
13.56-MHz band, the heating of metal objects caused by
magnetic fields is lower than the heating that would occur
at lower frequencies because eddy current losses induced
in nearby metal objects decrease with the square root
of the frequency increase [69]. This benefit is important
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as there are therefore fewer constraints on encapsulation
materials for the BBCI.

B. Frequency Selection for Wireless
Communication

The choice of a particular frequency band for wireless
communications is influenced by tightly coupled consid-
erations. For the W-BBCI, the choice of frequency directly
impacts system constraints, such as available bandwidth,
antenna size, radio power consumption, radio link budget
(e.g., path loss which increases with frequency [70]), and
SAR [36].

For research systems seeking a path toward clinical
use and/or commercialization, choosing an unlicensed fre-
quency band, such as the 915- and 2.4-GHz ISM bands,
reduces any future design changes required for regulatory
compliance. In addition, COTS components are generally
low cost and readily available for ISM band radios due
to the numerous consumer products using these bands.
A drawback to using the ISM bands is the increased risk
of cochannel interference from existing devices, e.g., Wi-Fi
or Bluetooth-enabled devices in the 2.4-GHz ISM band.
For this reason, many devices are designed to operate
in the Medical Implant Communications Service (MICS)
bands of 413419, 426-432, 438444, 451-457, or
2360-2400 MHz. The drawback of the use of the UHF
MICS bands is the narrow channelization in those bands.

C. Design Requirements for Wireless Data Uplinks

High data rate wireless uplinks on W-BBCIs are moti-
vated by the need to analyze and/or respond to precise
features of neural signals as transduced simultaneously
by potentially large numbers (dozens to hundreds) of
electrodes. The electric fields generated by ionic channels
in neurons during APs or “spikes” can be measured using
COTS electronics [71], [72]. A complete AP typically lasts
1 ms, and in order to measure the dynamics of depolar-
ization and repolarization, sample rates of =20 kHz per
neural channel are needed. When measured outside of a
neuron, the AP amplitudes can be on the order of 10 s
of u\] typically requiring analog-to-digital converter (ADC)
resolutions of =10 bits, e.g., [49] and [72].

If one considers collecting 32 channels of neural data
with 16-bit voltage resolution and a sampling rate of
20 kSamples/s (kSps) per channel, the total biclogical
data volume is more than 10 Mbits/s (Mb/s), which can
grow to more than 20 Mb/s with the addition of data
packet structure, error correction coding, and housekeep-
ing information, such as timestamps. Since neural spiking
data are often sparse, data compression techniques can
be used to reduce the required data rate, for example, by
only transmitting spike events per channel as in [67] or
by transmitting the specific channels on which a spiking
event occurred [48]. However, in research applications
that require broadband neural data, for example, neural
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plasticity experiments using phase-based stimulation trig-
gers [73], high-rate neural recording with wireless uplink
rates =10 Mb/s may be required.

A conventional radio uplink can consume a significant
portion of a W-BBCI's power budget even when data are
compressed, as highlighted in [48]. Careful design of the
wireless uplink is, thus, important for energy-constrained
W-BBCIs targeting long-duration experiments. For exam-
ple, an off-the-shelf Nordic Semiconductor nRF241L01+
chip can be used as a BLE link and has been used in many
works, including [35]. This device consumes between 21.5
and 40.7 mW for an output power of 0 dBm, with a
maximum data rate of 2 Mb,/s and per-bit energy efficiency
between 10 and 20 nJ/bit [53] (note that the effective data
rate for transmitters can decrease by as much as 75% when
packet overhead for link-layer management is considered
[74]). In contrast, the power consumption of an off-the-
shelf Intan Technologies RHD2132 biopotential front-end
will consume 6.4 mW while recording broadband neural
data (20 kSps) from six channels with 16-bit resolution,
generating 1.9 Mb/s of biological data [72]. Switching to a
Wi-Fi 802.11g uplink using an ESPE266EX device (Espres-
sif Systems [52]) at 54 Mb/s would consume 420 mW
or 7.8 nJ/bit. Other state-of-the-art W-BBCI systems have,
heretofore, been limited by shorter operational durations
or reduced uplink throughput [75].

D. Efficient, SAR-Limited Wireless Power Transfer
via Near-Field Resonant Inductive Coupling

Pairing the 13.56-MHz power transmit frequency, as
discussed abowve, with NRIC, provides the capability of
delivering high PTE to W-BBCL In the simplified diagram
of a typical NRIC system shown in Fig. 2(b), an external
high-power TX base station consisting primarily of an RF
sipnal source and a power amplifier (usually Class-E to
take advantage of high operating efficiency up to a few tens
of MHz [47]) drives a TXC tuned to the chosen resonant
frequency using an impedance matching network (IMN).
A weakly coupled RXC, tuned in a similar manner to the
same resonant frequency, then drives an RF rectifier to
convert the ac RF signal to dec, usually a Zener diode or
MOSFET-based full-wave bridge. This rectified voltage is
then regulated, via up or down-converters, to the required
system voltage. Energy is stored in a capacitor array or in
colocated batteries. This energy is then available to drive
the required load, such as the neural recording system,
stimulation system, processing elements, and the wireless
uplink. To maximize the mutual coupling between the
TXC and RXC, the resonant system should be adjusted
to resonance in an environment that mimics the intended
application space, e.g., with the TXC coaxially aligned and
vertically offset from the R¥C within its encapsulation and
intended medium.

By relying on the magnetic field that couples the TXC
to the RXC to transmit power, rather than an electric
field, the inductively coupled channel results in lower
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SAR (lower tissue heating) and negligible channel varia-
tions due to inhomogeneous tissues since most biological
materials have a permeability of approximately 1 [77].
In addition, by tuning the combined TX to RX system to a
single resonant frequency, high Q-factor transmission can
be achieved. This makes the coils less sensitive to misalign-
ment and increases the PTE, as a lower transmitted power
can achieve the same received power at the load, which, in
turn, decreases both heating in the coil itself [69], as well
as heating of the surrounding tissue.

1} Challenges for Near-Field Resonant Inductive Coupling:
Optimally tuned NRIC WPT for low-power wireless med-
ical devices (tens of mW) within constrained application
spaces can achieve end-to-end efficiencies approaching
60% [47]. The key characteristics of the application space
that drives the design include whether the separation,
alignment, and orientation of the coupled resonators are
fixed or variable; adapting to the TX switching ampli-
fier output impedance; and adapting to the RX load
impedance. When these characteristics change, the PTE for
the previously optimal set of IMNs changes as well, likely
resulting in reduced efficiency. Within the SAR limitations
on field strength [78] and within the stable operation of
the switching amplifier, the output power can be scaled
to compensate for the PTE loss with closed-loop con-
trol between the TX and RX. Alternatively, in order to
maintain high PTE in this expanded application space,
either the operating frequency can be adjusted to the new
optimal frequency [79], [80] or the impedance of the
IMNs can be adaptively controlled [76], [81]. Tuning the
operating frequency may exceed the available bandwidth
allowed by a given regulatory jurisdiction, or interfere with
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other devices, especially within medical environments.
Adjustable inductances are typically large, low-@, and
coarsely quantized, so adjusting the capacitance within
the legs of w-match topology IMNs [see Fig. 3(a)] is
preferable [76]. As shown in Fig. 3(b), with fine enough
control over the IMNs, the frequency splitting resulting
from overcoupling as the RX approaches the TX can be
adaptively reduced such that a near-constant optimum
|S31| can be achieved for a wide range of distances. While
matching on both the RX and TX broadens region of
optimal |5, for W-BBCI, the RX is usually also volume
constrained, so the receiver may have only a few coarsely
spaced adjustable capacitances available.

Adaptive tuning typically improves the efficiency of
NRIC systems when high power (more than, e.g., 100 mW)
is to be transferred additional difficulties that arise.
First, the American Association of Medical Instrumenta-
tion guidelines limit the allowable chronic temperature
increases in the tissue to less than 2 °C [B2]. In high-
power scenarios, inefficient power regulation or conver-
sion in the RX can lead to significant heat conduction
into the surrounding tissue that exceeds this limit. Second,
in addition to the EMI resulting from the inductive field
itself, the nonlinear rectification of the RF input to the
WPT RX creates harmonic energy and additional spuri-
ous frequency components that spread noise through the
spectrum and can lead to significant noise on the dc
power planes. This power-plane noise can be an issue
throughout the device even if star-ground internal PCB
plane connections are used. While many consumer elec-
tronic devices are relatively tolerant of power supply noise,
neural recording devices are designed to amplify weak
neural signals, and they are, therefore, extremely sensitive
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to power supply noise due to common-mode rejection ratio
(CMRR) limitations.

IV. EMERGING APPROACHES FOR
WIRELESS BECIs: IMPROVED
WIRELESS POWER AND

DATA UPLINKS

A. Wireless Backscatter Communication for High
Data Rates and Low Power Consumption

Backscatter communication is an energy-efficient alter-
native to the high power consumption of conventional
wireless uplinks. Backscatter radios offer Mb/s data rates
while consuming microwatts of power, yielding per-bit
energy efficiencies on the order of pJ/bit. While commonly
used in severely energy-constrained applications, such as
radio frequency identification (RFID), backscatter radios
have recently seen more use in wireless sensing applica-
tions. For example, backscatter communication has been
used to telemeter neural data from dragonflies in flight
using a battery-free neural recorder [83] and enable a
battery-free wireless camera [84]. The technology has also
been validated in other electrophysiology applications as
well [22], [32], [36], [B5].

Backscatter communication achieves high energy
efficiency by redistributing power-hungry elements in
a wireless link to a power-rich external system. Unlike
conventional radios, backscatter-based uplinks do not
require RF amplifiers and oscillators to generate a
communication CW. The CW is instead provided by
an external transceiver having access to, eg., mains
power or a large external battery. As shown in Fig. 2(b),
a backscatter-based device can communicate data by
applying a time-varying impedance to its antenna, which
modulates the amplitude and phase of the incident CW.
In this case, the backscatter-based device only needs
to provide enough power to actuate an RF switch or
a transistor, which is typically consumed microwatts
rather than milliwatts. The modulated signal is then
scattered by the device's antenna and received by an
external system that could be a custom receiver or a
commodity device, depending on the frequencies used,
the modulation scheme, and the protocol. This modality
allows for smallform-factor systems with high data
rates (>96 Mb/s) [BB] at orders of magnitude lower
power consumption compared to conventonal wireless
standards [37], [50].

Other technologies achieve similarly high per-bit energy
efficiencies, such as ultrawideband (UWB) radio [89]
and ultrasound [90]. These technologies are a potential
alternative to backscatter communication, but backscatter
communication remains an attractive cheice for brain—
computer interfaces (BCIs) due to its simplicity, lower
overall power consumption compared to UWB, and use of
tissue-penetrating RF frequencies. Furthermore, backscat-
ter has the potential for compatibility with existing pro-
tocols, such as BLE [37], [501, [74] and WIi-Fi [51],
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enabling compatibility with unmodified, COTS receivers,
and reducing the complexity of the system.

An additional benefit of backscatter communication is
that it can be easily implemented on a W-BBCI using
all-digital components. With the use of digital logic (e.g.,
MCU or FPGA), an RF switch, and an antenna, it is
possible to implement a backscatter uplink. Research has
even shown that backscatter communication is possible
by simply using existing general-purpose input/output
pins of unmodified MCUs and FPGAs as the modulator
[91]-[93]. The all-digital nature of backscatter commu-
nications means that devices can be prototyped with
low-cost, COTS components and then relatively easily
translated to a fully integrated ASIC. Even using COTS
components, backscatter radios are capable of extremely
efficient RF communication, as shown in Fig. 4.

While backscatter communication offers significant
energy efficiency, it comes at the cost of a less favorable
link budget compared to conventional radios. Because the
externally generated CW travels a round trip from the
external system to the backscatter radio and back, the RF
path loss changes as 1/r* for a backscatter system, rather
than the usual 1/+* for conventional radios, where r is
the free-space distance between the external system and
the BCI antenna [94], [95]. Given the round-trip nature
of the backscatter link budget, multipath interference can
sipnificantly reduce the reliability of backscatter radios.
This is particularly important within metal animal cages
where deep nulls can form in the channel transfer function
[62]. For experiments conducted inside the cage of a freely
moving animal, the multipath environment could result
in dropped data. Careful attention to the communication
channel and the link budget design are, therefore, required
to ensure reliable communication.

An example of a wirelessly charpged, backscatter-based
BCI device is the NeuroDisc [36]. The NeuroDisc is a wire-
less neural recording tool for researchers, which uniguely
synthesizes previous advancements in low-power backscat-
ter communication and biological sensing to reduce the
power burden of wireless uplinks on neural recorders.
The NeuroDisc is differentiated from other wireless neural
recorders by an FGPA-based reconfigurable backscatter
uplink that enables the use of several different ultralow-
power communication modes from a single hardware plat-
form: a 25-Mb/s DQPSK uplink using a custom proto-
col [36] can transmit large volumes of data, as needed
for broadband neural recording; a single sideband (S5B)
BLE compatible frequency-shift keying (FSK) uplink [37],
[74], [96] that facilitates the integration of the Neu-
roDisc with unmodified COTS receivers; an orthogo-
nal frequency division multiplexing (OFDM) backscat-
ter uplink [38] that could eventually provide greater
resilience to multipath fading observed in animal cage
Environments.

To measure neural signals, the NeuroDisc uses a low-
power Intan RH52116 electrophysiology interface that can
sample 16 channels at 20 kSps with 16-bit resolution,
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differantial quadrat ure phase shift keying (DQPSK) backscatter uplink

fc) Photograph of BLE backscatter packets being received from

outside an NHP cage on 8 smartphone using the same wireless neural recorder as in (b). (d) Per-bit energy comparison of selected
state-of-the-art radios. In general, backscatter radios achieve the highest enengy efficiancy. Figures are adapted from

[37], [87], and [BE].

allowing recording and uplink of low-frequency LFPs and
high-frequency neural spikes [72]. The RHS52116 also
provides stimulation capability, enabling eventual use in
recording and stimulation experiments. The full signal
chain of the NeuroDisc has been validated through in vivo
experiments, as shown in Figs. 4 and 5. The NeuroDisc was
connected to & chronically implanted Utah Array (Black-
rock Neurotech) and operated on battery power without

the use of WPT. The 25-Mb/s DOQPSK backscatter uplink
was used to transmit measured broadband neural activ-
ity to a full-duplex receiver based on a software-defined
radio [36]. The in vivo experiments were performed at
the Washington National Primate Research Center, Seattle,
WA, USA, and all experimental procedures were approved
by the University of Washington Institutional Animal Care
and Use Committee.
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(AIR-WPT RX).

B. Transmitters and Receivers for Adaptive
Inductive Resonant Wireless Power Transfer

The AIR-WPT TX and RX shown in Fig. 7, with the RX
implemented as in Fig. 6(c), were developed to perpetually
and safely power BBCI devices over ~:10-50-cm TXC to
RXC separations within a caged environment. This enables
freer movement of the NHP subject within their home
cages. The primary constituent blocks are an adaptive
impedance match for efficlent power transfer, a bridge
rectifier with a storage capacitor rated for a breakdown
voltage of 50 V to handle large swings in the unregulated
rectified voltage, a buck-boost converter that regulates
down to 4.2 V required for Li-lon battery charging, a low-
noise voltage regulation block to provide a 3.3V rail to
the BBCI electronics, and a power management micro-
controller that controls the operation of these blocks and
communicates with the external power transmitter via a
low-rate 2.4-GHz radio.

A typical usage model for the AIR-WPT system has the
TXC positioned in the back-left corner of the NHP cage
at a location above the NHP's seat perch, as shown in
Fig. 9(a) and (b), where the NHP typically chooses to go
for rest and sleep periods. The TX resonator is driven by a
Wibotic Inc. WRELv2 transmitter [97] located outside the
cage. While the NHP is in this position, the RX's battery
is recharged. Typically a pair of 3.7V 3500-maAh Li-lon
batteries are used as shown in the stackup of Fig. 6(a).

C. Closed-Loop Control of the WPT Link
The safety of test subjects is a critical concern in
animal studies. Beyond the SAR and conductive heat-

ing due to high TX power and inefficient RX populated
component operation, an onboard supervisory controller
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must also guard against high humidity, electrical shorts,
and battery cell failure. To accomplish this, the con-
troller must monitor the board temperature and cur-
rent loads, the battery cell health, and the temperature
and humidity within the enclosure environment. If any
of these parameters approaches the cautionary values,
the controller lowers the transmitted power. If safe lim-
its are exceeded, the transmitter senses the fault and
shuts down.

D. Maintaining High SNR During Neural
Recording

While the SNR of the recorded data depends heavily
on the neural recording device and the communication
fidelity, the expectation is that a low-noise power plane is
available to power these devices. Without proper power
conditioning, high-power RF transfer between the WPT
TX and RX considerably increases the shared power plane
noise and may, thereby, corrupt the neural recording. The
noise coupled to the power plane has both a radiated
EMI and conductive component. To minimize the radi-
ated component, the neural recorder and communication
subsystems can be encapsulated within thin mesh metal
shielding to separate them from the power electronics. To
reduce the conducted interference, the AIR-WPT RX shown
in Fig. 7 was designed with a common-mode choke on the
rectified output from the diode bridge rectifier. A dc switch
called a “Powerpath Manager” (PPM) was used to ping-
pong between two batteries, Battery A and Battery B, so
that the BCI electronics were powered from one battery,
while the other was charging.

As shown in Fig. 7(b), the addition of the dual-battery
PPM greatly reduces the noise on the power plane for
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voltage on the power plane by 35%.

high charging rates compared to an RX that charges and
provides power on the same conductive plane with a single
battery. The prototype device supports a battery charging
current of up to 875 mA but with excessive noise in
the recording system at the highest charging current. We
observed that a charging current of up to ~250 mA could
be supported with acceptable noise levels during neural
recording.

The safe charging of Li-ion batteries requires a multi-
stage charging cycle that includes supplying charge in the
constant current mode at the charge rate recommended
by the manufacturer until the voltage reaches the max cell
voltage and then, in the constant voltage mode, holding
the voltage there until the current reduces to ==(1,/10) the
charge rate. Fig. B shows measured data from a ping-pong
charging system for Li-ion batteries while in operation over
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Fig. B. Adaptive power management example: A 35-h run demonstrates the possibility of perpetual charging and low-noise operation wia
time multiplexing between the charging and recording periods. The charging states 1-4 (represanted by the haight of the magenta trace)
correspond to the precharge, constant current, constant voltage, and standby states for the Li-lon battery. States 0 and 5 correspond bo

arror conditions, which were not observed during this run
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could not be positioned due to mechanical interferance.,

a 35-h run time with an example BCI system based on the
Neurochip 3 BCI device [6].

The AIR-WPT RX controller steps each battery through
precharge and impedance match, constant current
{~1.1 h), constant voltage (~1.9 h), and standby states,
while the second, charged battery supplies a filtered
3.3 VDC to the noise-sensitive devices. Note that, when
the charging current dropped below ~.250 mA for either
battery, the system is operating in a low interference con-
dition, so the controller powers up the neural recorder and
backscatter communication systems simultaneously. This
time multiplexing is best seen in the bottom plot, where
the power is only delivered to the neural recording and
backscatter communication systems simultaneously when
the above conditions are met.

With this time-multiplexed charging system imple-
mented, the above tested W-BBCI system requiring
058 mW could run 2.5 h for every 1 h of charging,
with a maximum continuous operadonal period of 19 h.
However, the continuous operation would be feasible if the
backscatter-based NeuroDisc BCIs were used instead of the
power-hungry Neurochip 3.

E. WPT Field Characterization in the Animal Cage

To better understand the limitadons of WPT within
a cage environment, the coupling between a TXC and
an RXC [98] was measured inside an actual primate
cage [99]. The TXC was mounted to the back-left ceiling
with a durable plexiglass sheet. The RXC was mounted on a
7-kg Macague phantom made from a thin plastic container
filled with phosphate-buffered saline. The walls of typical
NHP cages are predominantly constructed with metal mesh
for durability and to allow easy cleaning in an autoclave,
so the cage assembly is effectively a Faraday cage at the
13.56-MHz WPT operating frequency. Fig. 9 shows the
measured mutual coupling (as indicated by | Sz |) between
the TXC and the BCI antenna as measured by a VNA. For
a transmitter limited to 250 W, such as the commercially
available Wibotic OC-251, and a receiver that requires
approximately 5 W to charge the 3.7-V battery at a max
rate of 1 A, as seen in the resulting Fig. 9(c), the maximum
charging rate can be achieved in the regions where S
is greater than —17 dB. This maximum charging rate
condition can be met for many positions (as shown in
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red in the plots of Fig. 9) near the first five levels of
the cage.

E AIR-WPT RX Control Strategy

In general, recharging should be completed in the mini-
mum time possible to maximize the interference-free data
acquisition periods. This generally means that sufficient
transmitted power should be available in order to charge
the battery up to its charging current limit. In concert with
concerns for safety, the recharging should dynamically
optimize for as many TXC to RXC coupling changes as
that might result from a changing RX load and changes
in the TXC to RXC separation, orientation, and alignment.
The BX load can change due to the charging state of
the battery or the operational modes of the power plane-
dependent devices (e.g., neural recorder and communi-
cation device). The TXC to RXC separation, orientation,
and alignment changes result from the mounted RX system
moving with the NHP In order to remain within SAR limits
and minimize the power plane noise, the optimal PTE at
the lowest possible TX output power required to charge the
batteries in a given time is dynamically set. To accomplish
this goal, the AIR-WPT RX's responsive R¥-based controller
adaptively controls the TX power output and adaptively
tunes a capacitive IMN, as shown in Fig. 3(a).

V. FUTURE WORK

The development of a W-BBCI using backscatter commu-
nication and NRIC WPT presents several interesting paths
for future work. These include short-term objectives, such
as integrated system testing en route to in vive validation
of a head-mounted device, as well as exploring smaller,
integrated solutions for implantable devices.

A. Migrating From COTS Components to an
Application-Specific Integrated Circuit

A key step for minimizing the SWaP of the BBCI device
is to integrate as much of the system onto a single chip
as possible. At a2 minimum, the digital portions of the
device can be easily integrated into an ASIC. The DQPSK,
BLE-compatible FSK, and OFDM backscatter modulations
discussed in Section III were all implemented as fully
digital designs on COTS FPGAs, while the AIR-WPT digital
control was implemented in a microcontroller that could
easily be instantiated within an ASIC. We expect that the
total power consumption of the backscatter uplink and
AIR-WPT controller would consume on the order of 100 s
of microwatts or less, including backscatter modulation
and digital packet handling. Further size reduction could
be achieved by using inductor-free impedance constella-
tions explored in [50] and [102]. Paired with advance-
ments in conformable electronic interfaces, such as soft
electrocorticography (ECoG) arrays, a single chip solution
could enable high-resolution monitoring of neural systems
in stable, minimally invasive packages.
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B. Improving Receiver Sensitivity by Reducing
Carrier Wave Interference

A key approach to improving the reliability of backscat-
ter communication systems is to reduce the interference
caused by the external CW at the receiver Whether the
CW is in-band as with the DQPSK uplink in [36] or out
of band as the BLE NeuroDisc uplink in [32] and [38],
reducing the strength of the unmodulated CW can improve
receiver sensitivity and packet success rate [101]-[103].
The sensitivity of backscatter receivers can be improved by
using self-jammer cancellers, which removes the unmod-
ulated CW from the backscattered signal by adding a
phase-shifted and attenuated version of the local CW. A
challenge is that the movement of the W-BBCI in freely
moving animal experiments introduces phase shifts in
the received signal, detuning the self-jammer canceller.
Adaptive self-jammer cancellers could be used to overcome
this problem and improve the reception of backscattered

signals.

C. Multiple Access Protocols to Support
Simultaneous Streaming From Multiple W-BBCIs

Future deployments of W-BBCIs using backscatter com-
munication will likely need to support use on multiple
animals in the same environment and wireless chan-
nel. Multiple access protocols for backscatter communi-
cation are an active area of research, particularly for
RFID applications. For W-BBCIs, time-division multiple
access (TDMA) was recently explored for the Neurograins
in [32] due to challenges with tuning individual devices
and the limited bandwidth of the complete three-coil
system. An issue with TDMA approaches, though, is the
reduced spectral efficiency and, therefore, lower owver-
all data throughput for a given bandwidth. Wideband
systems leveraging frequency division multiplexing or
OFDM backscatter communications, such as the all-digital
OFDM backscatter architectures presented in [38], could
realize greater spectral efficiencies for backscatter-based
W-BBCIs.

D. Noise Reduction Options for the WPT System

Due to the high currents required to rapidly charge
high-capacity batteries, conductive and inductively or
capacitively coupled noise can easily interfere with
the weak neural signals. These noise issues have been
observed in this work and [104]. To mitigate the effects of

WPT-induced noise, multiple avenues could be
pursued.
1) Adaptive WPT artifact cancellation: At low levels

of artifact amplitude with respect to the dynamic
range of the recorder, ie., those that do not sat-
urate the neural recorder front end, the artdfacts
could be canceled through the application of a self-
trained digital filter that learns and removes the noise
signature.
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2) WPT feedforward cancellation: With the primary noise
source known, feedforward cancellation could pro-
vide power supply noise rejection that is stable for a
wide array of supply currents.

3) Rectifier interference optimized waveforms: The noise
signature could be compensated for by a TX system
capable of producing arbitrary optimized waveforms
to suppress interference caused by the nonlinear
rectification. The rectification products (i.e., the inter-
ference signal) would be canceled by this signal.

E. Thermal Improvements

Depending on the specific components used (i.e., recti-
fier, dc/dc regulator, discrete components along the WPT
input path, and battery pack), circuit temperature rise
could exceed the permissible level of 2 °C [82]. Design-
ers should pay careful attention to characterize thermal
paths between the circuits, batteries, and tissue in order
to understand potential tissue heating. Heat generation
should also be analyzed in all of the systems’ operating
modes, including when the batteries are being charged
and discharged. Accurately predicting temperature rise
is very difficult, since it arises from the interaction of
many factors, including circuit design, the operating modes
and operating points of the circuits, and the rate at
which the subject’s body dissipates heat. Therefore, mea-
suring temperature and implementing safety interlocks
to prevent overheating are recommended for W-BBCI
Systems.

E Large Volume Field Coverage

Increasing the working volume for wireless charging
can potentially improve the performance of the system
and improve the quality of life for patients. One potential
approach to increasing charge volume is to use an array of
switchable resonators that can route power within a large
area [57], [105].

VL. CONCLUSION

This article summarizes recent progress in wireless power
and communication for enabling freer movement of BBCIs
that record and/or stimulate the brain. While most existing
W-BBCIs have relied on batteries that must be removed and
recharged externally or could only be wirelessly recharged
at very close separations <10 mm between the TX and
RX systems, these paradigms would heavily constrain long-
duration NHP-based neural research. In this article, we
highlight several of the key issues arising when applying
WPT and wireless communication to BBCIs.
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