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Wearable devices typically use electromagnetic fields for wireless
information exchange. Forimplanted devices, electromagnetic signals

suffer from a high amount of absorptionin tissue, and alternative modes

of transmission (ultrasound, optical and magneto-electric) cause large
transduction losses due to energy conversion. To mitigate this challenge,
we report biphasic quasistatic brain communication for wireless neural
implants. The approachis based on electro-quasistatic signalling that
avoids transduction losses and leads to an end-to-end channel loss of only
around 60 dB at a distance of 55 mm. It utilizes dipole-coupling-based
signal transfer through the brain tissue via differential excitationin the
transmitter (implant) and differential signal pickup at the receiver (external

hub). It also employs a series capacitor before the signal electrode to block
d.c. current flow through the tissue and maintain ion balance. Since the
electrical signal transfer through the brainis electro-quasistatic up to the
several tens of megahertz, it provides a scalable (up to 10 Mbps), low-loss
and energy-efficient uplink from the implant to an external wearable.

The transmit power consumptionis only 0.52 uW at1 Mbps (with 1% duty
cycling)—within the range of possible energy harvesting in the downlink

fromawearable hub to animplant.

The advancement of scientifically and societally critical applications
such as brain-machine interfaces, electroceuticals and connected
healthcarerelies onimplantable or injectable devices with an extremely
small form factor’” In practice, these would be placed within the cen-
tral and peripheral nervous systems of freely moving subjects. The
technology, thus, requires self-sustained, energy-efficient and secure
mechanisms for information exchange®*. Conventional neural inter-
faces use tethered communication for data transmission and power
(Fig.1a)’. However, such wired connectionsincrease the risks of cortical
scarring, gliosis, infection and leakage of the cerebrospinal fluid (CSF).
Therefore, there hasbeen a considerable amount of research interest
to develop wireless neural implants (Fig. 1b), and the future of such
brainimplantsis envisioned®to consist of a network of self-sufficient,

untethered multichannel implants/nodes, utilizing wireless commu-
nication and powering (Fig. 1c).

A variety of miniaturized wireless neural sensors’” and
stimulators'®">—using a range of data and power transmission
modalities—have previously been developed (Fig.2a-c). Among these
modalities, radio-frequency (RF) systems”” suffer fromincreased tis-
sueabsorptionathigh frequencies, and require large transmitter power
(0.5 W, for example”, which exceeds the International Commission
on Non-lonizing Radiation Protection (ICNIRP) safety guidelines**™'¢
by around ten times). Optical® and ultrasonic’ telemetry are safer, but
they suffer from considerable loss due to scattering and skull absorp-
tion (110 dB loss, for example®); this reduces end-to-end efficiency
and means that a sub-cranial interrogator, which is surgically placed,
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a Brain implants in today’s systems: tethered electrodes
(wired communication and powering)

b State-of-the-art brain implants: interrogator based, untethered
(wireless communication and powering)
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Fig.1|Need for wireless communicationin brainimplants. a, Wired/tethered
communication and powering in today’s brain implants (the example devices
shown here are inspired by Neuralink v. 2.0 (ref. 5)), where the electrodes are
placed inside the brain by drilling holes on the skull. The data aggregator/hub,
separate communication devices and abattery can be packaged together and
utilized to fuse the hole in the skull and connecting with the external world.

b, State-of-the-art brainimplants with interrogator/repeaters surgically placed
inthe sub-cranial region that communicate wirelessly with the implanted nodes

This work: brain implant with BP-QBC
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using optical/ultrasound techniques. ¢, Proposed untethered BP-QBC for data
communication and powering in grain-sized nodes, sprinkled throughout

the brain, which communicate with aheadphone-shaped wearable hub. The
vision for future brain implants include a network of untethered multichannel
implants/nodes, enabled by wireless communication and powering. Elements
of the human figures created with the human model fromref. 46, which was
also used for electro-quasistatic simulations in this Article. Brain images from
Pixabay.com.

needs to be used to improve the quality of the signal (Fig. 1b). Alter-
natively, the magneto-electric technique'® has low tissue absorption
but also suffers from high transduction loss (a 0.1 mT magnetic-field
requirement’, which is equivalent to around 300 kV m™ electric field
foriso-energy density).

In this Article, we report a wireless communication approach for
neural implants termed biphasic quasistatic brain communication
(BP-QBC) that offers wireless communication and powering without
asub-cranialinterrogator (Fig. 2b-f).In this approach, theimplant can
sense and transmit information to a wearable headphone-shaped hub
through the uplink (Fig. 1c). The hub sends power and configuration/
programming bits to the implant through the downlink. Both uplink
and downlink use fully electrical signals to avoid transduction losses
(achallenge in optical, ultrasound and magneto-electric systems).
In particular, the uplink uses narrow-band electro-quasistatic (EQS)
frequencies ranging fromtens of kilohertz to tens of megahertz (with
anoption ofincreasing the frequency toaround1 GHz) to avoid inter-
fering with physiological signals and potentially avoid stimulating or
inhibiting the brain tissue with low frequencies.

Human body communication (HBC) has previously been shown
to conduct electrical signals through the tissue. With traditional
capacitive human body communication (C-HBC) and in the ideal
scenario (with no geometric/positional imbalance"), the capacitive
return path required for signal transmission is not separately present
for an implanted transmitter to Earth’s ground, leading to almost
zero received voltages'®. For galvanic human body communication

(G-HBC), on the other hand, the electrodes on the implant are almost
shorted through the low-impedance (around hundreds of ohms to a
few kilo-ohms) tissue/fluids in the body, resulting in high d.c. power
consumption. Inour BP-QBC method, ad.c.-blocking capacitorinthe
signal path creates a biphasic output for communication that elimi-
nates the d.c. power goinginto the tissue and maintainsionbalancein
the channel. Although biphasic signals have been commonly used for
neural stimulation, this work demonstrates the advantage of biphasic
data transmission through the brain tissue for communicating with a
deep neural implant.

EQS brain communication: fundamentals

At low frequencies (several tens of megahertz or less), transmission
through the tissue can be approximated to be EQS in nature, as the
wavelengthislarger than the channellengths. The potential difference
created by the magnetic fields is usually ignored since no closed cur-
rent loops exist at the transmitting or receiving electrodes, and the
phase of the signal in the channel remains almost constant. Therelation
between the magnitudes of the developed electric field (E)and the
approximation error (E.,,) during data transmission' for a particu-
lar EQS frequency (f = %) isgivenas

Eerror
E

In equation (1), r represents the dimension of the transmitting
electrode for EQSHBC (<1 cm) and eand z denote the permittivity and

5 o > ) )
E= EEQS + Eerrors = W Hiissuetissue!” - )
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@ State-of-the-art tethered systems: wired data + power transfer
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Fig.2|System-level analysis of BP-QBC versus other available methods.

a, Surgical process of drilling holes in the skull to place state-of-the-art wired
brainimplants (an example is shown, describing the techniques adopted by
Neuralinkv.2.0 (ref.5)). b, Wireless signal transfer mechanism of the proposed
BP-QBC modality, along withits advantages. ¢, State-of-the-art wireless brain
implants with untethered communication and powering, showing a performance
comparison with RF, inductive coupling, ultrasonic, optical, magneto-electricand
the proposed BP-QBC techniques, demonstrating the high transduction efficiency
with low tissue/skull absorption, large transmitter depth and reasonable form
factor in addition to robustness for BP-QBC. d, Comparison of the signal transfer

b Proposed BP-QBC signal transfer mechanism and advantages
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f System architecture of the wearable hub and brain implant
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mechanism with other HBC modalities. Specifically, comparison with C-HBC and
G-HBC is performed. e, Implementation of the 5 mm?BP-QBC SoC (ref. 44) for
wireless powering and data transfer from a brainimplant (node) to an external
headphone-shaped hub placed on the skull/skin. f, System architecture of the
wearable hub and the neuralimplant (node). The hub contains an uplink data
receiver, adownlink data transmitter and adownlink power transmitter. The node
contains an uplink data transmitter, adownlink data receiver and adownlink
power receiver for communication and powering. Panels b, e and fadapted with
permission fromref. 44, IEEE. Elements of the human figures created with human
models from ref. 46 and MakeHuman®'. Brain images from Pixabay.com.

permeability, respectively, of the conductive tissue (in the brain). The
maximumrelative permittivity (for the worst case, at very low frequen-
cies such as kilohertz) of the brain tissue is about 3,000 (refs. 21,22).
The near-field quasistatic approximation (E~ EEQS) holdstrueaslong
as the magnitude of £, < E, whichimplies

2 2 ~ ~
W Hiissue€tissuel” <K L €tissue ¥ 3, Oooeair’ Htissue = Hair» (2)

1

f L —M@M@M@8@8M8
2T[I'V Htissue€tissue

~ 87.11MHz. 3

This means that the intensity of the electromagnetic fields radi-
ated is dominated by the quasistatic near field”?, aslong as f « 87.11 MHz,
considering c=3 x10®m s to be the velocity of propagation of
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electromagnetic waves in air. However, it must be kept in mind that
biological tissue is dispersive, and hence, the threshold frequency
couldvary. Inthiswork, unless otherwise stated, we employ a transmis-
sionfrequency of 1 MHz, thereby allowing the EQS field as the dominant
mode of signal propagation through the brain, with an insubstantial
100 MHz )2 x100 = 0.013%.

87.11MHz

Inthe EQSrange, wearable HBC devices commonly utilize a capac-
itive signal transfer mechanism?***, where the transmitter excites
the human body using a single-ended electrode, and the receiver
picks up the signal from a different point on the body using another
single-ended electrode. Since there isno common reference between
the transmitter and receiver, the signal transfer mechanism becomes
afunction of thereturn-path capacitances between (1) the transmitter
and Earth’s ground and (2) the receiver and Earth’s ground. Biophysi-
cal models for C-HBC were developed in our earlier works'®**, where
the effects of these capacitances on the overall channel transfer func-
tion (TF) were analysed, which was found to be proportional to the
return-path capacitances at both transmitter and receiver. The effect
of moving the transmitter device within the body (for animplant) was
also analysed', which showed that the return-path capacitance for
the implanted transmitter becomes almost zero, as the electric fields
terminate withinthebody, and cannot terminate to Earth’s ground asin
the wearable scenario. Due to the absence of atransmitter return-path
capacitance, the received voltage is almost zero (Fig. 2d shows an
example for a brain implant). However, due to certain geometrical
and positional asymmetries in any realistic device", some amount of
voltage is generally observed at the receiver, but the channel loss is
usually as high as 80-100 dB. Interestingly, due to the presence of only
oneelectrode (single-ended excitation), thereis nod.c. path from the
signal electrode to the reference electrode in the transmitter even if
thesignalisnot d.c. balanced.

Onthe other hand, the galvanic mode of signal transfer'”**"* has
been shown to work better for implants, where the transmitter uses
differential (galvanic) excitation, and the signal pickup at the receiver
isalso differential. As showninFig.2d, part of the electric fields going
fromthesignalelectrodetothereferenceelectrodeinthetransmitter
isavailable at the receiving electrodes for G-HBC. However, the human
tissue (brain, in this scenario) presents itself as a low-resistance load
(about1kQorless) between the signal and reference electrodes of the
transmitter**. If the transmit signal is not d.c. balanced (usually the
case for traditional G-HBC), this will result in a large amount of d.c.
power inthe implant.

To simultaneously leverage the advantages of C-HBC and G-HBC,
we present BP-QBC, which utilizes differential electrodes at both trans-
mitter and receiver for a signal transfer mechanism similar to G-HBC,
butalsoemploys aseries capacitor before the signal electrode to pre-
ventany d.c.current flowinto the brain tissue (Fig. 2b). Being fully EQS,
BP-QBC does not suffer from transduction losses that affect competing
wireless techniques (optical/ultrasonic/magneto-electric). At the same
time, unlike RF, BP-QBC signals are not absorbed as much in the brain
tissue because of the lower frequencies. Moreover, thereisnorequire-
ment oflarge coilsasin RF/inductive techniques. Furthermore, due to
the low end-to-end system loss due to no field transduction, there is
no need for sub-cranial interrogators/repeaters to boost the signal, as
generally observed in optical and ultrasonic systems, making the pro-
posed BP-QBC technique amenable to the vision of interrogator-less,
wireless network of implants (Fig. 1c).

approximation error of(

BP-QBC: device and system design

The system architecture for the wearable headphone-shaped hub and
the BP-QBC-enabled brain implant is shown in Fig. 2f. The wearable
hub contains an uplink datareceiver, adownlink data transmitter and
adownlink power transmitter, whereas the brainimplant consists of an
uplink data transmitter, adownlink datareceiver, abiphasic stimulator

and energy-harvesting modules. Communication from the node to the
hub forms the uplink, whereas communication fromthe hub to the node
forms the downlink. To properly characterize the BP-QBC signal trans-
mission properties across different frequencies and channel lengths,
an extremely small-sized (a few cubic millimetres or less) transmitter
isrequired asanimplant, which can sweep across kilohertz-gigahertz
frequencies. Furthermore, the ground isolation requirements'****in
an HBC transmitter demands the device to be self-sustained and not
pluggedintoany ground-connected power/signal source or measure-
ment device. Due to such stringent volume, energy and ground isola-
tionrequirements of arealistic brainimplant, the core circuitry of the
nodein the said architecture isimplemented in the form ofa 0.3 mm?
custom-designed integrated circuit (IC), which can sweep across dif-
ferent frequencies, unlike commercially available signal sources. The
details of the custom-designed IC can be found in our recent work*.
Figure 3a exhibits the die micrograph of ourimplemented IC, whereas
Fig.3b shows a conceptual diagram of the flexible printed circuit board
(PCB) implemented with polyimide as a brainimplant in this work.
The PCB consists of the 0.3 mm?*1C and asignal electrode on the front
side, with a less than 3 mm?® storage capacitor and a reference elec-
trode on the back side. Placing the electrodes on two different sides
ofthe PCB helpsin maximizing the distance between the transmitting
electrodesinthe uplink, whichis beneficial in terms of the channel TF
(asdiscussed laterin this section). The node cansense the input signals,
and cancommunicate using BP-QBC as well as G-HBC. For the rest of this
Article, we shall mostly focus on the scientific mechanism of BP-QBC,
and supportit with theory and measurements.

The electrical signal transfer properties in the human brain are
shown in Fig. 3¢, which exhibits the relative permittivity and conduc-
tivity of brain tissue (both grey matter and white matter) asafunction
of frequency, showing that the tissue has a higher permittivity at low
frequencies (kilohertz-megahertz), which means that the signal trans-
fer through the tissue mostly happens through the creation of electric
fields (dipole coupling where differential excitations are involved).
The brain tissue has a high conductivity at higher frequencies (about
1GHz or more), where the signal transfer will happen mostly through
electrical currents. However, at such frequencies, the EQS approach
does not hold true, and requires considerations on signal reflection,
constructive/destructive interference and absorption of electromag-
netic fieldsin the tissue.

Todevelop anintuitive understanding of the signal transfer mecha-
nismand channel loss, we modelled the channel TF using the theory of
dipole couplingin three-dimensional space. The channel TF as a func-
tion of uplink transmitter and receiver geometriesis shownin equation
(4).Acomplete derivation of equation (4) isavailable in Supplementary
Notel (Supplementary Fig.1provides the analysis).

1 1 1 1
TF=Qop| ——- - + ]
I'ca—Te,C rcg—re,c 'pA—Te,D 'pB—'e,D (4)
1 1 1
+—1
r'ap—Te,B Te,B

1
Te,A TAB—Te,A

/Qnag [

where A, B, Cand D are the centre points of the signal electrode in the
node transmitter, reference electrode in the node transmitter, sig-
nal electrode in the hub receiver and reference electrode in the hub
receiver, respectively (Fig. 3d and Supplementary Fig.1); ry, represents
thelinear distance between points Xand Y (forexample, rc, is the linear
distance between points Cand A); and r, x represents the radius of the
electrode witha centre point at X (for example, r, , is the radius of the
signal electrode in the transmitter). Also, Q,; and Qp, are the effec-
tive EQS charges between the transmitting and receiving electrodes,
respectively. Please note that the channel TF is purely afunction of the
geometries, and is independent of frequency, as expected in the EQS
regime. Equation (4) is further validated with finite element method
(FEM)-based simulationsin Ansys high-frequency structure simulator
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a Chip micrograph: BP-QBC SoC b Brain implant (node) conceptual diagram and implementation
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Fig.3|Implementation and modelling of BP-QBC. a, Die micrograph of the
BP-QBC SoC, showing energy-harvesting modules, node uplink data transmitter
as wellas node downlink data and power receivers. b, Conceptual diagram of the
SoC, placed on aflexible polyimide PCB. ¢, Relative permittivity and conductivity
ofbrain tissue (both grey matter and white matter are shown) as a function of
frequency, showing that tissue has a higher permittivity at low frequencies
(kilohertz-megahertz), which means that signal transfer through the tissue
mostly happens through the creation of electric fields (dipole coupling where
differential excitations are involved). The brain tissue has a high conductivity

at higher frequencies (-1 GHz or more), where the signal transfer happens
mostly through electrical currents. However, at such frequencies, the EQS
approach does not hold true, and requires considerations on signal reflection

Single-ended excitation

(rep=ras)/2

Need for differential excitation from the hub for fully electrical power transfer to the node (>100x more electric field for differential excitation)

100x more field present

in the brain 4x10"
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excitation 4x10
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and constructive/destructive interference. d, FEM-based modelling using HFSS,
showing the channel TF for communication and powering for the device sizes
of interest. The simulation results with a human model from NEVA EM LLC*®
shows excellent correspondence between the simulation results and theory of
dipole coupling for the channel TF. When a 40 MHz current excitation is used
for powering, with current levels at one-fifth the ICNIRP safety limits' ¢ (thatis,
40 mA cmfrom the hub), about 4 pW of power is available at the implant. e, FEM
simulation results showing the creation of ~100x stronger electric fields within
the brain when powered from a hub with differential excitation compared with
ahub with single-ended excitation for powering. Panels a, band d adapted with
permission fromref. 44, IEEE.

(HFSS), and the simulation results as a function of the channel length
match closely with the analytical expression (Fig. 3d). For a channel
length of about 50-60 mm (realistic worst-case distance between a
human brainimplant and the hub electrodes), thelossis around 60 dB
from both analytical expressions and HFSS simulations. The channel

TF for (1) various electrode separation (r,s) and (2) various electrode
radii (r., =r.p) of the uplink transmitter (implant) are plotted in
Fig.4a,b, showingexcellent conformity between the theory and simula-
tion results. The receiving electrode size does not have a noteworthy
effect on signal transfer as the channel length is usually much higher
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a Channel TF for variable r,g (distance between the signal and reference electrodes in node TX)
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Fig. 4| Channel TF for the BP-QBC implant. a, Channel TF with variable
distances between the transmitter electrodes (r,z), using both analytical
expressions (red, circular marker) and HFSS simulations (black, no marker)
with the human head model from NEVAEM LLC*. b, Channel TF with variable

Hub plate distance, rgp (mm)

Hub plate distance, rg, (mm)

dimensions/radii of the transmitter electrodes (r, ,), using both analytical
expressions (red, circular marker) and HFSS simulations (black, no marker) with
the human head model from NEVA EM LLC*.

than the electrode size. This was separately validated in the simula-
tion. Please note that for the analysis presented above, the implant is
assumed to be equidistant from the hub electrodes, whichresultsina
worst-case TF due to positional (as well as geometric) symmetry. For
all the other cases, the received signal will be higher, facilitating the
signal transfer. However, for the current analysis, it is also assumed that
the implant and hub electrodes are perfectly aligned. This, however,
results inthe maximum received signal. To ensure such an alignment of
electrodes forallthe implantsinthe brain (even for the onestilted atan
angle), askull cap with multiple electrodes can be used as the wearable
hub for better signal quality at the receiver in more realistic scenarios.
The hub can also transfer power to the brainimplant by differen-
tially exciting the tissue using EQS signals (Fig. 3e). According to the
ICNIRP safety guidelines', a 40 MHz differential current excitation
of 8 mA cmis used, which is one-fifth the safety limits at 40 MHz
(within the EQS range). Such differential excitation results in more
than100x higher electric fields within the brain tissue compared with
single-ended excitation (Fig. 3e), and this resultsin ~4 pW of available
power at the implant with a size of ~5 mm?, when the implant’s input
impedance is matched near the tissue impedance (Fig. 3d).

Channel TF and power consumption
measurements
The main goal of performing the following experiments is to analyse
the BP-QBC TF for in vitro/in vivo channels as a function of the fre-
quency and implant-to-hub distance. The simplified block diagram of
the custom IC used for this purpose is shown in Fig. 5a, which has the
capability of sweeping frequencies in the kilohertz-gigahertz range.
Figure 5b shows the in vitro measurement setup and methods for
characterizing the BP-QBC channel TF as a function of (1) frequency
and (2) implant-to-hub distance. The custom IC, capable of sweeping
frequenciesintherange of 40 kHzto1 GHz, is placed on aflexible PCB,
andistestedin both phosphate-buffered saline (PBS) environment, and
using brainslices froma C57BL/6) mouse. Figure 5c shows the channel
TF as a function of channel length (L is the implant-to-hub distance),
exhibiting about 30 dB loss for L =10 mm and about 55 dB loss for
L =60 mmatafrequency of1 MHz. For the experiments withthe mouse

brainsliceinartificial CSF, L islimited toaround 10 mmdue to the size
ofthe brainslice. However, both experiments with PBS and brainsslice
demonstrate similar channel TF as afunction of channellength L. Also,
there is no major discontinuity as the receiver moves frominside the
bowltotheoutside, because inthe EQS range of frequencies, the chan-
nel TFis primarily afunction of geometries and transmitter-to-receiver
distance, and not a strong function of the material. Figure 5d shows
the channel TF as a function of frequency for two scenarios: (1) with
PBS (L =60 mm) and (2) with the mouse brain slice (L =10 mm). The
channel below the 100 MHz range is almost flat band, with a channel
loss of about 55 dB for L = 60 mm and a channel loss of about 30 dB
for L =10 mm. The flat-band nature of the channel is consistent with
the dipole coupling theory presented earlier in equation (4) for EQS
communication. At higher frequencies (>100 MHz), the transmit elec-
trodes start working asbetter antennas, and the brain tissue/PBS start
becoming more conductive, leading to a lower channel loss (Fig. 5d,
right). However, at these frequencies, the signal transfer mechanism
starts deviating from EQS, andbecomes more electromagnetic, thereby
leading to more radiation and tissue absorption. As shown in Fig. 5e,
the power consumption of the IC without any duty cycling was around
11 pWat1MHzfor both PBS and brain slice experiments. Finally, Fig. 5f
shows the angle sensitivity of the data link during uplink communica-
tion, showingabout 7.5 dB worst-case degradationin channel voltage
TFinsimulation, and around 6.0 dB worst-case degradationin channel
voltage TF for in vitro measurements, when the line joining the implant
electrodes is at a 90° angle with the line joining the hub electrodes.
For theinvitro measurements, once the implantis submerged in PBS,
we only move the location of the receiver (hub) electrodes to change
the angle with the implant, to create minimum disturbance to the
submerged node.

Figure 6a shows the in vivo measurement setup and methods for
demonstrating the BP-QBC signal transfer and measure the power
consumption of the device. The PCB carrying the IC is placed on the
brain of a live C57BL/6J) mouse. Figure 6b shows the two modes that
the IC (implant/node) can be configured: (1) G-HBC mode and (2)
BP-QBC mode. In the G-HBC mode, there is no d.c.-blocking capaci-
tor inthe series path to prevent d.c. currents to go in the tissue, when
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Fig. 5| BP-QBCimplant/node architecture and characterization. a, BP-QBC
implant architecture for uplink communication and stimulation, containing

an energy-harvesting unit and power management unit (PMU), adownlink
receiver for configuring the implant, a frequency sweep controller for channel TF
characterization and output frequency generation, arandomizer to transmit the
datainanimplant-specific randomized time slot, a CS module and a configurable
communication/stimulation switch with a driver capable of G-HBC/BP-QBC
transmission and stimulation. b, In vitro setup for characterizing the BP-QBC
channel TF versus frequency and channel length, with the implant submerged in
PBS. By replacing PBS with a mouse brain slice in artificial CSF, characterization
onbrain tissue is performed. ¢, Measurement results for channel TF versus
channellength, showing reasonable correspondence between the results with
PBS and brain tissue. For the mouse brain, the maximum channel length was

limited to only 10 mm due to the size of the brain, whereas measurements up to
60 mm were taken in PBS, showing a channel TF of about -60 dB, matching our
simulation resultsin HFSS. d, Measured channel TF versus frequency, showing
aflatresponse in both PBS and brain tissue in the kilohertz to tens of megahertz
region, consistent with the EQS approximation. At higher frequencies, the
electrodes start becoming better antennas, and electromagnetic effects can
reduce the loss to some extent. e, Power consumption in PBS and in the brain
tissue for BP-QBC at 1 MHz, without any duty cycling. f, Alignment sensitivity of
the data link during uplink communication, showing almost 6-8 decibel worst-
case degradation in the channel voltage TF for in vitro measurements, when the
extended line joining the implant electrodes is at a 90° angle with the line joining
the hub electrodes (as shown in b). Panels a-d adapted from ref. 44. Image of
analyzer in panel b from RF Explorer™.
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Fig. 6| BP-QBC transmitter and receiver performancesinthe SoC. a, A
C57BL/6) mouse, with the node placed onits brain for in vivo characterization.

b, Comparison of uplink power consumption in G-HBC modality versus BP-QBC,
demonstrating that BP-QBC is ~41x more power efficient than G-HBC at anominal
carrier frequency of 1 MHz. ¢, BP-QBC uplink receiver design at the hub, showing
theintegrating architecture. The FE amplifier integrates the BP-QBC inputs,
whichis followed by a passive envelope detector (ED) for OOK demodulation,
and anintegrator with asampler that uses the clock from an oversampled clock
and datarecovery (CDR) circuit. d, Need for anintegrating receiver arises to

10”7
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compensate for the high-pass filtering/differentiating effect introduced by the
series capacitance Csin the BP-QBC transmitter (the implant), in conjunction
with the tissue load resistance R, . e, ATSMC 65 nm test chip implementation for
theintegrating Hub RX** (an additional off-chip FE integrating amplifier was used
for the measurement). f, BER versus input voltage to the hub receiver for a data
rate of 10 Mbps without compression. CS can reduce the effective datarates,
which willimprove the sensitivity of the receiver at the same rate of information
transfer. Panel b adapted with permission fromref. 44, IEEE.

the signal is not d.c. balanced. Since the IC generates a digital signal
with on-off keying (OOK), the output is not inherently d.c. balanced,
and hence, there will be a noteworthy difference in power consump-
tion in the G-HBC and BP-QBC modes (Fig. 6b). The power consump-
tion for G-HBC flattens out for low frequencies (<10 MHz) because
of the resistive load (about 1 kQ or lower) presented by the tissue,
whereas BP-QBC power consumption continuously keeps on scal-
ing with the frequency. At a nominal quasistatic frequency of 1 MHz,
BP-QBC consumes only ~11 uW power, compared with the ~460 pW
power consumption of G-HBC, thereby offering 41x lower power than
G-HBC. The total power consumption in the BP-QBC transmitter was
measured to be only ~0.52 pW and transmitting 1 Mbps data with 1%
duty cycling, which is within the possible range of harvested power

in the downlink from a wearable hub to an implant through the EQS
brain channel.

Discussion on hub receiver architecture and link
efficiency

A custom-made BP-QBC receiver (as part of the envisioned
headphone-shaped hub) is utilized to test the bit error rate (BER) of
the BP-QBC technique over data rates and input signal levels of the
receiver (Fig. 6¢). Figure 6d shows the primary challenge in designing
suchareceiver, whichis the high-pass filtering or differentiating effect
atthe transmitter output, arising due to the d.c.-blocking capacitance.
To compensate for this, the hub receiver needs to have anintegrating
architecture. ATSMC 65 nm IC implementation is shown in Fig. 6e,
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Table 1| Comparison of BP-QBC with state-of-the-art techniques

This work
RF communication®”® Inductive Optical Ultrasonic Magneto-electric  C-HBC*®*® G-HBC BP-QBC
communication” communication®  communication’ communication® (reference (focus of
design) this work)
External Coil+capacitors Coil+ capacitors LED+photovoltaic  Piezo-device+ Magneto-electric Battery+ Capacitor+ Capacitor+
components diode+electrodes  electrodes film+capacitor+ electrodes electrodes electrodes
electrodes

Sub-cranial Yes No Yes Yes No No No No
repeater/relay
Node-to-hub ~-10mm ~10mm ~20mm ~-50mm ~30mm ~-10mm ~60mm ~60mm
distance
End-to-end High (>80dB) High (>80dB) High (>80dB) High (>80dB) Moderate (~80dB)  High (>80dB) Low (~60dB) Low (~60dB)
channel loss
(60 mm depth)
Power High (>500uW) High (>100 uW) Very low (<1uW) Low (<50 uW) High (>500 W) Very low* (<5pW)  Low* (<10 W) Very low*
consumption (<1uW @ 1Mbps)
Maximum data Moderate (~1M) Low (~100k) Very low (~100) Very low (~100) Moderate (~1M) High (>10M) High (>10M) High (>10M)
rate (bps)
Energy Inefficient (~500) Inefficient (>1,000) Inefficient Inefficient Inefficient (>500) Efficient (~50) Inefficient (~500)  Efficient (~50)
efficiency (pJb™) (>1,000) (>10,000)

*Estimated with 1% duty cycling at 10 MHz carrier frequency and 1Mbps data rate, without any data compression. Note: specifications for the proposed BP-QBC approach are presented in
boldface. The state-of-the-art techniques for wireless communication in a brain implant are RF, inductive, optical, ultrasonic, magneto-electric and traditional HBC methods.

whereasthe BER versusinput voltage to the hubreceiver for adatarate
of 10 Mbps is demonstrated in Fig. 6f. This experiment is performed
witha carrier frequency of 100 MHz, whichis near the boundary of EQS
and electromagnetic range of frequencies, as shown by the channel
TF (Fig. 5d). For atarget BER of 10 at 10 Mbps data rate, the required
input-voltage level at the receiver for the current experimentis about
-52 dBV (2.5 mV), which means that even for a channel loss of about
50 dB, the transmit voltage level of 1V should be sufficient for achieving
aBER of <107* at a data rate of 10 Mbps. However, for higher channel
losses (larger implant depth), we shall need to use lower data rates to
achieve a similar BER. The data compressive sensing (CS) unit imple-
mented inthe BP-QBC node transmitter consequentially helps for such
high-loss scenarios. With a 33.33x data compression, 300 kbps data
rate through the channel can effectively represent the same 10 Mbps
communication. The sensitivity of the receiver can then be improved
from-52 dBV (no compression, 10 Mbps, 100 MHz carrier) to -68 dBV
(33.33x compression, 300 kbps, 30 MHz EQS carrier) for a target BER
of 1073 (Fig. 6f).

Table1compares BP-QBC (EQS) with state-of-the-art techniques
for wireless communicationinabrainimplant, including RF, inductive,
optical, ultrasonic, magneto-electric and traditional G-HBC meth-
ods. Compared with RF, the absorption of EQS signals in the brain
tissue is lower. Additionally, unlike optical or ultrasonic techniques,
EQS is not affected much by the presence of the skull (which neces-
sitates sub-cranial repeaters/relay units for optical and ultrasonic
communication). This, in addition to the advantage that BP-QBC does
not require any transduction of energy (unlike optical, ultrasonic or
magneto-electric techniques), allows us to have only about 60 dB
end-to-end channel loss as found from our analysis, simulations and
measurement results. Even though the power consumption for optical
and ultrasonic methods can be made extremely low, the dataratesare
usually limited by the sensitivity of the receiver, which depends on the
backscattered signals. Conversely, HBC techniques (such as C-HBC,
G-HBC and BP-QBC) allow high data rates with low power and proper
duty cycling. As explained earlier, BP-QBC has a system TF similar to
G-HBC, withapower consumption similar to C-HBC, thereby making
it one of the most promising techniques of communication with a
brain implant. It could, however, be argued that optical and ultra-
sonic techniques offer better spatial resolution due to the smaller
wavelengths, and leads to miniaturized implants. BP-QBC, however,

offersamuchbetter end-to-end system loss, allowing room for further
miniaturization compared with the implementation presented in this
Article. The analysis and comparison of the end-to-end system loss
for different techniques is presented in Supplementary Note 2 and
Supplementary Table1.

In addition to low power consumption, high data rates and no
transduction loss, BP-QBC also promises to exhibit notable security
benefits for an implant. Since the EQS signals do not radiate outside
the humanbody to alarge extent, all the EQS HBC modalities areinher-
ently more secure than RF techniques where the signals leak outside
the body and can be picked up by an attacker at a distance of a few
centimetres to afew metres. Our previous works*>** have explored the
security properties of G-HBC and C-HBCin detail, and compared them
with RF techniques to show that EQS HBC techniques exhibit a private
space that is ~30x better* than traditional radiative electromagnetic
signalling, thereby making it harder for a malicious attacker to snoop
in. A detailed analysis of the security properties of BP-QBC and acom-
parison with the security of optical, ultrasonic and magneto-electric
techniquesisoutofthe scope of the current Article and will be analysed
inafuture work.

Conclusions

We have reported a BP-QBC link with fully electrical quasistatic sig-
nalling for wireless communication from a brain implant. In the EQS
regime, the signal wavelengths are much larger than the channel length
through the body, which results in lower signal leakage, leading to
better security. Additionally, because of the lower power consump-
tionat the transmitter (due to a lower frequency of operation and the
ability to have high-impedance terminations) and lower absorptionin
thebraintissue, the EQS technique is preferred over electromagnetic
operation. Due to nofield transduction requirements, the end-to-end
channelloss in BP-QBC is only around 60 dB at a distance of around
55 mm with a 5 mm?®implant, which is >20 dB better than competing
(optical/ultrasound/magneto-electric) techniques, and allows room
for further miniaturization of the node.

Understanding that the EQS signal transfer through the brain
channel occurs through a.c. electric fields, and the primary source of
power consumption is due to galvanic d.c. currents arising from the
finite conductivity of brain tissues, we used a d.c.-blocking capacitor
to block the d.c. paths through the brain tissue without meaningfully
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affecting the biphasic a.c. communication at EQS frequencies. As a
result, the power consumptionin BP-QBCis around 41 times lower than
traditional G-HBC atanominal EQS frequency of 1 MHz. Furthermore,
unlike optical and ultrasonic techniques, BP-QBC does not require
sub-cranial interrogators/repeaters as the EQS signals can penetrate
through the skull and has enough strength due to the low-loss channel.
This makes BP-QBC a promising technique for high-speed, low-loss
datatransfer through the brain tissue within harvested energy limits.

Methods

This section provides details related to our simulation and experi-
mental methods, to facilitate reproduction of the results by another
independent researcher.

Setup for FEM simulation

Simulator and models. All the EQS simulations have been performed
in Ansys HFSS, which is an FEM-based solver for Maxwell’s equations.
A detailed human head model consisting of realistic tissues (white
matter + grey matter + CSF + skull + blood + skin) isused to validate the
theoretical channel TF, which is taken from NEVA Electromagnetics*.
Dielectric properties of the brain tissues have been obtained from the
Gabriel-Gabriel Model**.

Implant model. A simple cylindricalmodel made of rubber, along with
two spherical copper electrodes, is used as the implant (Supplementary
Fig.1). The nominal radius of this rubber cylinder is 0.5 mm, whereas
the nominal height is 4.0 mm. Two spherical copper electrodes of
radius 0.5 mm are placed on the two sides of this model to represent
thetransmitelectrodesinthe node. Therubbercylinderis curvedat the
sidestosupportthetwo electrodes and cover theminahemispherical
manner. This implant model is floated 6 cm within the human head/
brain model, whereas the head model itself is floated 1.7 m above a
plane with a perfect e-boundary in HFSS, which replicates an infinite
ground plane similar to Earth’s ground. The excitation for the simula-
tion is provided through differential/galvanic coupling, as described
inthe next sub-section.

Excitation. A differential/galvanic coupling model is used to provide
excitation to the brain tissue surrounding the implant. The coupler
consists of two copper spheres with a radius of 0.5 mm. The separa-
tionbetweenthe two spheres (whichis filled with the rubber cylinder,
curved near the electrodes) can be varied, as well as the radius of the
spheres and the cylinder. A voltage source excitationis placed between
the two spheres. In HFSS, this imparts an alternating potential differ-
encewithanamplitude of 1V between the two electrodes, replicating
anideal a.c. voltage source. This is unlike the traditional lumped port
excitation method in HFSS, which s suitable for 50 Q matched excita-
tions, but may result in unexpected reflections when coupled with a
non-standard termination model.

Measurement of voltage at the hub receiver. The receiving node
structure uses parallel discs of similar dimensions, placed ontwo sides
ofthehead model (Fig.3d). Alumped RLCboundary is placed between
the electrode and ground plate at the receiver, whichis set to 10 pF for
capacitive high-impedance termination, modelling the capacitance
betweentheelectrode andlocal ground reference. The potential differ-
ence betweenthediscsis calculated by performingalineintegration of
theelectricfield along the straight line between the extended receiving
electrode plates, and ensuring that the line does not go through or near
the transmitter so as to affect the integrated voltage value.

Measurement of power at the node receiver. For downlink powering
purposes, the hub becomes the power transmitter and the implant
becomesthe power receiver. Theinputimpedance at theimplant needs
tobe matched with the tissue impedance for maximum power transfer.

A 40 MHz differential voltage source excitationis placed between the
two hub electrodes, imparting an alternating potential difference of
amplitude 1V between the two electrodes, replicating an ideal a.c.
voltage source. A lumped RLC boundary is placed between the elec-
trodes of theimplant, whichis varied fromR=100 QtoR=10 kQ. The
peak potential difference (V) between the plates is calculated by inte-
grating the electric field along a straight line between the electrode
and ground plates, and the power received s calculated by the formula
P=V%/2R.Forana.c.amplitude of 1Vbetween the two electrodes at the
hub, the effective r.m.s. current density at the downlink power trans-
1 1

Rrisue x "Te,c’
effective tissueimpedance seen by the power transmitter (-1kQ), and
r.cistheradius of the electrodesin the power transmitter/hub (-1.3 cm
for an electrode area of 4 cm?). This results in an effective current
density of 0.133 mA cm2, whereas the power transmitted becomes
1v2 1

% ~

TX " 500 pW. Using HFSS, FEM simulations are performed for

worst-case channel power TF, which is found to be about -55 dB for a
maximally misaligned node at a depth of about 5.5 cm, at a 90° angle
with the line joining the hub electrodes (Supplementary Note 3 and
Supplementary Fig. 2 provide more analysis on the misalignment). The
power delivered to the1 kQinputimpedance at theimplant will be only
1.6 nW, taking into account the power division between the tissue and
the implant’s input impedance. However, according to the ICNIRP
safety guidelines™ (see table 4 inref.14), the allowable current density
for the human head in occupational scenarios is f/100 mA m™for fre-
quencies up to10 MHz, where fdenotes the frequency. This results in
a maximum allowable current density of f/IM mA cm?, which is
10 mA cm™at 10 MHz. By linearly scaling this to 40 MHz (whichis also
the human-body-powering frequency used in previous works**), the
allowable current density can be calculated tobe 40 mA cm 2. If we use
one-fifth of this current density magnitude (8 mA cm™, which is
also the limit for general public exposure), the power available at the

2
1kQinput impedance at the implant will be 1.6 x (%) nW=5.8 W,

mitter electrodesis calculated tobe % X where Ry isthe

2
whereas the transmitted power is 500 x (&) UW =~ 1.8 W. The specific

absorption rate will be much lower in the tissue, and as the Federal
Communications Commission allows a specific absorption rate of
1.6 W kg *for1goftissue, this willbe withinacceptable limits (please
note thatthe humanbrain weighs about1.2-1.4 kg). Withanassumption
that only 40-60% of the equivalent energy can be stored at the node,
we estimate that only -2.5-4.0 pW of power can be harvested at the
brain implant, which is considered as the target power budget of the
implant. The power transfer efficiency from the hub to theinputimped-
anceattheimplantis, thus, 5.8 pW/1.8 W = 0.0003% in the worst case.
However, when the node is aligned with the hub electrodes, the channel
power TFisabout-43 dB atanimplant depth of 5.5 cm, which will lead
to a best-case power transfer efficiency of ~-0.005%, and in that case,
the transmit power from the hub needs to be only about 200 mW for
10 pW available power at the node.

Setup for characterization experiments (in vitro/in vivo)

Node design (data transmitter and power receiver). The speci-
fications of the implant/node for characterization experiments
demanded a signal generator of a small form factor (millime-
tre scale or lower) with proper ground isolation, which runs on a
self-sustained energy source (battery/storage capacitor), and sweeps
through a few kilohertz to 1 GHz. For this purpose, an IC was built
onal.0 mmx1.0 mm x 0.3 mm system on a chip (SoC) fabricated in
TSMC 65 nm complementary metal-oxide-semiconductor technol-
ogy, which serves as an ultralow-power implantable signal generator.
The implemented BP-QBC SoC (Fig. 5a) is equipped with (1)a52 pJ b™*
energy-frequency-scalable uplink transmitter with an on-chip clock,
OOK:-based modulation and variable duty cycling, along with CS for
datavolumereduction, and collision avoidance and sending data from
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multipleimplants; (2) an always-on 31 nW downlink receiver to obtain
system configuration bits and control signals from the wearable hub;
(3) abiphasic stimulator with 89.2% current efficiency (/s;//4 ... = ratio
of current supplied for stimulation with the consumed d.c. current);
and (4) an energy harvester utilizing a 30-stage RF rectifier*® that can
generatealVsupply forthe SoCwithonly about 70 mV, receiverinput
in the downlink. Two different supply domains are implemented: a
0.4V domain for low-leakage/low-power always-on timer/controller
modules and aseparate 1V domain for duty-cycled datacommunica-
tionand stimulation. The power management unitinthe SoC consists
of a13 nW reference voltage generator (for both 0.4 Vand 1.0 V sup-
plies) and two 24 nW low-dropout regulators that generate V, for the
SoC, utilizing the energy harvested from the 30-stage RF rectifier. In
the current implementation, the SoC utilizes 1:100 duty cycling with
a100-ms-long transmit phase, and a 100-ms-long stimulation phase
withinatotal time of 10 s by default. Using the downlink control signals,
additional modes with1:1,000 and 1:10 duty cycling can also be config-
ured, or duty cycling can be turned off. Figure 5a presents a simplified
diagram of the building blocks of the SoC. The external energy storage
capacitor (Csope) at the output of the RF rectifier is carefully optimized
during design time for a maximum data rate of 10 Mbps with a charg-
ing time of <100 s and a voltage drop of «100 mV during each of the
transmit and stimulation phases. A 17 nW charge pump generates an
output voltage (Vpume = 1.8 V), whichis much higher than V,,, (1V), and
isutilized to bias specific power gates on the supply of the duty-cycled
modules in deep subthreshold during the off state to reduce their
leakage. Using such bootstrapping techniques, the leakage at the
power gatesis reduced from 0.51 uW toabout 1 nW (>500x reduction).
The average power consumptioninthe SoCisonly 1.15 uW (including
leakage) with 1% duty cycling, out of which 0.52 pW is consumed for
BP-QBC, at a3 MHz carrier frequency (1 Mbps effective data rate with
33.33x compression). A wake-up-controller-based CS front end (FE)
allows the compression of any acquired data in the neural sensor to
reduce the overall transmit data rates. The CS module consists of an
on-chip two-stage discrete-wavelet-transform-based optional spar-
sifier and a dual varying-seed pseudo-random-bit-sequence-based
sensing-matrix generator, and allows a variable compression factor
between 5.00x and 33.33x. Aring-oscillator-based physical unclonable
function designed as a nine-bit pseudo-random bit sequence generator
isutilized to specify randomized time slots for transmission and stimu-
lationin different nodes within the brain. This enables aninherent col-
lisionavoidance scheme without any complex medium access control
implementation. The downlink receiver in theimplant SoC consists of
a10.1nW FE amplifier, a 3.2 nW four-stage passive envelope detector
for the demodulation of configuration bits and a16.2 nW fully digital
oversampled clock and datarecovery circuit for datadecoding. Further
details on theimplementation can be found in our recent works***,

Design of the uplink hub receiver. A custom-made BP-QBC receiver
(as part of the headphone-shaped hub) is utilized to test the BER of the
BP-QBCtechnique over datarates and inputsignal levels of the receiver
(Fig. 6¢). Thisisimplemented in the form of anintegrating receiver on
aaseparate IC, as part of the BP-QBC uplink architecture in the hub.
AnFEintegrating amplifier integrates the BP-QBC inputs, whichis fol-
lowed by a passive envelope detector for OOK demodulation, and an
integrator followed by asampler that uses the clock from an oversam-
pled clock and datarecovery unit. The need for anintegrating receiver
arises to compensate for the high-pass filtering/differentiating effect
introduced by the series capacitance Csin the BP-QBC transmitter (the
implant), in conjunction with the tissue load resistance R, (Fig. 6b,d).
The TSMC 65 nm ASIC implementation is shown in Fig. 6e.

CS in the implant. Since neural signals can range from very
low-frequency (few millihertz to tens of hertz) local field potentials
to higher-frequency (tens of hertzto afewkilohertz) action potentials,

the datarates forasingle channel can reach afew hundreds of kilobits
per second. As an example, a signal acquisition module with 10 kHz
bandwidth, 5x oversampling and 16 bits per sample results in a data
rate of 10k x 5 x 16 = 800 kbps. For multichannel signal acquisition,
this requirement increases further. If a true carrier-to-data-rate ratio
of 100 is utilized for data transfer using OOK modulation, the power
consumption becomes~770 pW for BP-QBC and -1,120 pW for G-HBC
(Fig. 6b), requiring aggressive duty cycling for communicating within
the available power limit (<4 pW) at the implant (Fig. 3d,e). On the other
hand, aCSFE canreduce the overall energy consumption per bit by ~16x
and reducing the datarate (and hence therequired carrier frequency)
by 33x, as shown in our earlier works***°, This results in an effective
carrier-to-data-rate ratio of -3, reducing the power consumption of
BP-QBCtoonly~26 pW for 800 kbps (at 2.4 MHz) transmission. Witha
10 MHz carrier, the energy efficiency of the BP-QBC systemis 835 pJ b™*
without CS (with a carrier-to-data-rate ratio of 100), which reduces to
only 52 p) b™ with CS. If a true carrier-to-data-rate ratio of around 10
is allowed for the proper detection of data at the receiver, the energy
efficiency with CS canreduce to <10 p) b™’. At 1 Mbps datarate with CS
(compression factor of 33.33x), the power consumptionin the BP-QBC
driver is only 0.52 pW with 1% duty cycling, which is within the range
of available power (<4 pW) at the implant using power transmission
through the brain tissue.

Collision avoidance inimplants. As mentioned earlier, another impor-
tantfeatureinthe SoCisaninherent collision avoidance schemeimple-
mented to avoid/reduce the chances of multiple nodes transmitting
dataat the same time (or stimulating at the same time) within the brain.
Due to the small amount of available power and the high bandwidth
requirement of neural signals, multiple nodes cannot simultaneously
operate with frequency-divisionmultiplexing, and hence, time-division
multiplexing needs to be used. To ensure that time-division multiplex-
ing can be implemented (1) without any medium access control layer
protocol and (2) without any synchronization among multiple nodes
placed within the brain, a physical-unclonable-function-based com-
munication and stimulation slot selector is utilized in conjunction
with duty cycling. Theoretically, 1% duty cycling allows 100 implants
to simultaneously operate, whereas a nine-bit ring-oscillator-based
physical unclonable function ensures that there needs to be at least
27 nodes operating simultaneously so that at least two of the nodes
transmit at the same time slot with 50% (or more) probability, which
canbe proven from theory®.

Setup for in vitro experiments. Figure 5b demonstrates the measure-
ment setup and methods for characterizing the in vitro BP-QBC channel
TF as a function of frequency as well as the implant-to-hub distance.
The 1.0 mm x 1.0 mm x 0.3 mm SoC is housed on a flexible polyimide
PCB of dimensions 4.4 mm x 2.4 mm, and is subsequently submerged
in PBS water placed in ahemispherical plastic (polyethylene terephtha-
late) bowl of 60 mmradius, which has similar dimensions as that of the
humanskull. The entire setup is suspended from the roof to minimize
any parasitic capacitive coupling to Earth’s ground and nearby objects,
thereby improving ground isolation during the measurements. Two
differential metal electrodes attached to the sides of the bowl work as
the receiving electrodes, which are connected to a TI BUF602 buffer
configuredasa50 Qdriver for measurementinstruments. The TIbuffer
offers about 2 pF capacitive termination at the input of the receiver,
which helps in establishing a wideband HBC channel as shown in ear-
lier works'®*"*3**, On the other hand, a traditional 50 Q termination
would have resulted in a high-pass channel. The output of the buffer
is terminated with 50 Q, and goes to a handheld spectrum analyser
from RF Explorer. The IC sweeps through different configurable fre-
quencies in the range of 40 kHz to 1 GHz to characterize the BP-QBC
signal transmission as a function of frequency. For characterizing the
channel TF as afunction of the implant-to-hub distance, the receiving
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electrodes are placed inside the bowl, and are subsequently moved at
different distances from the implant. The experiments are repeated
with brainslices from a C57BL/6) mouse strain, adhering to the guide-
lines of the overseeing Institutional Animal Care and Use Committee
atPurdue University. During this experiment, 500-pm-to 2-mm-thick
slices are placed in ameasurement dish containing artificial CSF satu-
rated with carbogen (95% O, + 5% CO,). Two differential electrodes
from the transmitter are placed on the surface of the brain slices for
excitation. The receiving electrodes are placed at different distances
from the brain slices for this experiment. A total of seven instances
of the IC were tested, and the nominal results were reported. During
the in vitro experiments, the implant is powered from a precharged
2.00 mm x 1.25 mm x 0.85 mm capacitor, whichis housed onthe back
side of the flexible polyimide PCB.

Setup for in vivo experiments. Figure 6a exhibits the setup and meth-
ods for demonstrating BP-QBC signal transfer and measure the power
consumption of the device. The 1.0 mm x 1.0 mm x 0.3 mm SoC is
housed on a flexible polyimide PCB of dimensions 4.4 mm x 2.4 mm,
and is placed on the brain of a live C57BL/6) mouse. All the research
protocols were approved and monitored by the Institutional Animal
Care and Use Committee at Purdue University, and all the research was
performed in accordance with relevant National Institutes of Health
guidelines and regulations. The mouse was anaesthetized with 2-3%
isoflurane throughout the surgery. After shaving the hair, the animal was
fixed on a stereotaxic frame so that the head does not move during the
experiment, and the head skinwas sterilized. Up to 2.5 cmsagittal inci-
sionwas madeinthe skinover the skull, and abilateral craniotomy was
performed usinga precision surgery dental drill. After the craniotomy,
the skullin the midline was thinned down to improve contact with the
BP-QBCimplant. Theinsertion ofthe BP-QBC electrodes was manually
done. Two differential electrodes placed on the sides of the skull work
asthereceivingelectrodes, and were fixed with super glue to keep them
inplace. Thereceiving electrodes were connected to a TIBUF602 buffer
configured asa50 Qdriver, with about 2 pF capacitive termination at the
inputside. The output of the buffer goesto ahandheld oscilloscope from
RF Explorer with 50 Qtermination. During thein vivo experiments, the
implant is powered from a precharged 2.00 mm x 1.25 mm x 0.85 mm
capacitor, which is housed on the back side of the flexible polyimide
PCB. However, for power consumption measurements, the implant is
connected toad.c. power supply using thin copper wires.

Reporting summary
Furtherinformation onresearch designisavailablein the Nature Port-
folio Reporting Summary linked to this article.

Data availability

The datathatsupportthe plots within this paper and other findings of
this study are available via GitHub at https://github.com/WISE-Lab-UF/
NatE23_BP-QBC. Further details can be obtained from the correspond-
ing authors upon reasonable request. Source data are provided with
this paper.

Code availability

Custom codes used to process the data are available via GitHub at
https://github.com/WISE-Lab-UF/NatE23_BP-QBC. Further details can
be obtained from the corresponding authors uponreasonable request.
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in reporting. For further information on Nature Portfolio policies, see our Editorial Policies and the Editorial Policy Checklist.

Statistics

For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.

Confirmed

The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement
|X| A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

D The statistical test(s) used AND whether they are one- or two-sided
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

[ ] A description of all covariates tested

|:| A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

X XX X OO 5

D A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

D For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
Give P values as exact values whenever suitable.

X

|:| For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

|:| For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

X X X

|:| Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection  For this research, the following software/tools were used to collect data, design integrated circuits and program measurement devices:
MATLAB (version R2019b), HFSS (Ansys, version 2020, version 2022 R1), Cadence Virtuoso (IC6.1.8-64b)
Data analysis No custom data analysis was performed. he plots were generated with MATLAB (version R2019b) and Microsoft Excel (version 2019)

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.

Data

Policy information about availability of data

All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

The authors declare that [the/all other] data supporting the findings of this study are available within the paper, its supplementary information files and the github
link: https://github.com/WISE-Lab-UF/NatE23_BP-QBC. Any other details on the tabulated data for the plots within this paper are available from the corresponding
author upon request.
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Research involving human participants, their data, or biological material

Policy information about studies with human participants or human data. See also policy information about sex, gender (identity/presentation),
and sexual orientation and race, ethnicity and racism.

Reporting on sex and gender N/A. No human studies were performed.

Reporting on race, ethnicity, or  N/A. No human studies were performed.
other socially relevant

groupings

Population characteristics N/A. No human studies were performed.
Recruitment N/A. No human studies were performed.
Ethics oversight N/A. No human studies were performed.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Field-specific reporting

Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

|X| Life sciences |:| Behavioural & social sciences |:| Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design

All studies must disclose on these points even when the disclosure is negative.
Sample size The sample size was chosen considering that the major focus of this study is in the validation of only the BP-QBC signal transfer analysis, and
hence large number of biological samples/animals were not used. The in-vitro and in-vivo measurements were done one one animal each.

The data was collected from 7 instances of the integrated circuit (IC), and was plotted for the nominal and repeatable scenarios.

Data exclusions  The data was collected from 7 instances of the integrated circuit (IC), and was plotted for the nominal and repeatable scenarios. Non-
repeatable measurements were excluded.

Replication The experiments have been performed in phosphate buffered saline (PBS - a proxy for the brain tissue + CSF environment) or with the animal
tissue independently, and the replication of the results was successful. Multiple ICs were tested for the in-vitro studies. In-vivo experiment
with one animal confirmed similar results as found during in-vitro studies.

Randomization  This study focuses on the scientific and hardware system validation of BP-QBC and no randomization studies were needed and/or performed.

Blinding This study focuses on the scientific and hardware system validation of BP-QBC and no blinding studies were needed and/or performed.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods

n/a | Involved in the study n/a | Involved in the study

X[ ] Antibodies [ ] chip-seq

X |:| Eukaryotic cell lines |:| Flow cytometry

|:| Palaeontology and archaeology |:| MRI-based neuroimaging
|:| Animals and other organisms

g |:| Clinical data

g |:| Dual use research of concern

|Z |:| Plants
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Animals and other research organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in

Research
Laboratory animals
Wild animals

Reporting on sex

Field-collected samples

Ethics oversight

Adult male mice of the standard laboratory strain C57BL/6J, with the age of 8-16 weeks were used in this study
No wild animals were used in this study

This study focuses on the scientific and hardware system validation of BP-QBC signal transfer method - collection of data from
animals with different sex was not needed and/or performed.

No field-collected samples were used in the study

All the research protocols were approved and monitored by the Purdue University Institutional Animal Care and Use Committee
(IACUC), and all research was performed in accordance with relevant NIH guidelines and regulations.

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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