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Nicolas Graber , Graduate Student Member, IEEE, Stefan Reich , Member, IEEE, Calogero Gueli ,

Max Eickenscheidt , Ilka Diester , Thomas Stieglitz , Fellow, IEEE,
and Maurits Ortmanns , Senior Member, IEEE

(Invited Paper)

Abstract—This article presents the system architecture for an
implant concept called NeuroBus. Tiny distributed direct digitizing
neural recorder ASICs on an ultra-flexible polyimide substrate
are connected in a bus-like structure, allowing short connections
between electrode and recording front-end with low wiring effort
and high customizability. The small size (344 µm × 294 µm) of
the ASICs and the ultraflexible substrate allow a low bending
stiffness, enabling the implant to adapt to the curvature of the brain
and achieving high structural biocompatibility. We introduce the
architecture, the integrated building blocks, and the post-CMOS
processes required to realize a NeuroBus, and we characterize the
prototyped direct digitizing neural recorder front-end as well as
polyimide-based ECoG brain interface. A rodent animal model
is further used to validate the joint capability of the recording
front-end and thin-film electrode array.
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I. INTRODUCTION

THE emergence of integrated neural interfaces signifi-
cantly facilitated the recording of neural activity, giving

researchers detailed insights into brain functions [1] but also
contributing to the development of potential bidirectional in-
terfaces for the treatment of neurological disorders [2], [3],
[4]. Bidirectional interfaces for complex interactions as in
brain-computer-interfaces to control assistive devices are even
more challenging [5], especially when transferring the labo-
ratory settings to home-use. Advances in circuit design and
technology allow both, to implement power efficient neural
recorder front-ends with direct digitization on smallest areas [6],
[7], [8] and increasing the channel count [6], [9], [10] in
neural implants. While mature CMOS nodes can suffer from
increased silicon area and power consumption due to exten-
sive digital circuitry [11], they can be preferable if recorders
are potentially co-integrated with stimulation [12] and also
offer a significant cost advantage since biomedical implants
are often specialized products with a rather low production
volume.

A conventional design [12] of an epicortical (ECoG) neural
recording interface (Fig. 1(a)) consists of a sealed base unit
which connects to one or multiple electrode arrays. The sealed
base unit is either implanted in the cranial bone [14] or in
the chest as in pacemakers and contains the neural recording
interface with digitization as well as additional circuitry for wire-
less communication/power transfer and power management. A
majority of this functionality can be integrated on a single
ASIC [9], allowing to share resources for, e. g., power man-
agement, digitization and readout of the digitized data between
all recording channels. Consequently, integrating all recording
channels on one central ASIC is beneficial in terms of power
consumption and also allows less strict area constrains since the
sealed base unit is typically implanted in regions of the body
which are not in direct contact with the brain tissue and the
electrode array like the cranial bone. The conventional implant
concept typically requires a direct wired connection between
electrode and neural recording front-end which is located in
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the base unit [12]. These wired connections scale with the total
number of channels and are combined into multi-wire cables that
increase in diameter and decrease in flexibility as the number of
channels increases. These multi-wire cables can be particularly
vulnerable for crosstalk between the high impedance electrode
connections, especially if the distance between electrode array
and base unit is large and a long multi-wire cable is required.

Active neural probe concepts [15], [16], [17] based on silicon
technology with integrated CMOS electronics allow direct sig-
nal conditioning and digitization close to the recording site, thus
drastically lowering the connection length between electrode
and signal conditioning circuitry. They are established tools
in fundamental neuroscience and use multiplexing techniques
to reduce the number of interconnect lines and therefore stay
relatively small in their cross-sectional areas and allow high
integration densities and channel counts. They however require
customized digital circuitry for data readout which can dominate
the power consumption per recording site [16]. This concept
of miniaturization, however, suffers from a lack of flexibility
to distribute the channels to different, application dependent
regions of interest. The large mechanical mismatch between the
silicon devices and the brain can pose an increased risk of tissue
damage and scarring [18], [19], [20], implying poor long-term
functionality. These devices are equipped with head mounted
connectors [16], [21] since they are rather intended for short to
medium term fundamental neuroscience applications [17] than
for translational research and chronic use in humans.

Free-floating single-channel neural recording interfaces were
proposed in [22], [23], [24] and work wirelessly. Power and data
transfer are based on ultrasonic or inductive links, respectively.
These types of neural recorders offer superior flexibility since
they can be placed directly at the region of interest without
preceding customization steps. While the implant itself is freely
floating inside the body, a larger implanted resonator coil en-
closing the implant is required for inductive power transfer [23],
[24]. This limits the free placement of the implant and significant
power losses can increase local tissue temperature due to a low
power transmission efficiency [23], [24]. Ultrasonic based links
bypass the limitations of a resonator coil but transfer the neural
signal itself in the analog domain, making it prone to crosstalk
and require cumbersome trimming or hardwiring of implants for
multichannel recordings with several distributed devices [22].

The encapsulation of many early prototype developments,
e. g. [22], [25], relies on parylene and epoxy. While encap-
sulation with these materials is simple, it limits the longevity
of the system and the functionality of the electronics by its
non-hermetic nature. Ingress of moisture causes passivation
layer degradation and corrosion of conductive parts of standard
CMOS electronics. Therefore, CMOS electronics need hermetic
encapsulation for long-term function. Multi-layered stacks com-
bining atomic layer deposition (ALD) with inorganic layers are
used for hermetic encapsualtion on the die level [24], [26],
[27] and ensure longevity of electronics embedded in flexible
materials.

A newly proposed implant concept called NeuroBus [13]
comes with a modular and distributed design (Fig. 1(b)). ASICs
which are hermetically sealed on the die level, are embedded
into a thin mechanically flexible polyimide (PI) foil in close

Fig. 1. Conventional and proposed NeuroBus implant concept based on [13].

vicinity to the electrode sites. This modular approach allows cus-
tomized placement of each ASIC within the post-CMOS process
technology, enabling versatile manufacturing of customized
application specific neural implants. We aim for a high level
of structural biocompatibility, and thus aim towards smallest
ASICs that can be embedded into the ultra-flexible PI foil.
Separation of one larger into several smaller ASICs (μASICs)
results in decreased bending stiffness, reduces the foreign body
reaction (FBR) and thus scarring which separates the recorder
from the source [28]. Power distribution, communication with
the spatially distributed ASICs and wireless data transfer [29]
with an extracorporeal receiver is managed by a centralized
electronics Telemetry Hub. The miniaturization of the small
μASICs determines how well NeuroBus can be adopted to
various sizes and curvature of the target brain region, i. e. the
species which is subject of investigation [30]; thus, as long as
handling can be realized, the smaller the better.

The NeuroBus concept was briefly introduced [13], where
mainly the inter-μASIC communication bus was explained. This
work gives a detailed description into the system architecture
with its underlying design decisions and presents the prototyped
building blocks of the system. The general concept of μASIC
placement and encapsulation into application specific designs is
given, while details for process engineers can be found in [31].
A validation of the NeuroBus concept has been performed in
a hybrid system assembly to prove adequacy of all interface
specifications and performance of the neural recoders in an acute
rodent model.

II. NEUROBUS SYSTEM OVERVIEW

A. System Overview & Requirements

The NeuroBus implant concept aims for long-term implan-
tation and the ability to cover larger areas of the human brain
which requires high structural biocompatibility and longevity.
We therefore propose the use of a thin mechanically compliant
PI substrate material which is able to conform to the curvilinear
structures of the brain [30]. Small and distributed application
specific integrated circuits (μASICs) will be embedded into this
substrate (Fig. 2). The μASICs are manufactured in a 180 nm
Si-based CMOS process to achieve much higher integration
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Fig. 2. Visualization of a simplified NeuroBus implant. The shape of the PI
substrate and placement of µASICS/electrodes can be customized depending
on the application scenario.

density compared to foil-based flexible circuits [32]. The minia-
turization of the small μASICs determines how well NeuroBus
can be adopted to various sizes and curvature of the target brain
region, i. e. the species which is subject of investigation [30];
this manifests as conformability, a characteristic enabling the
implant to establish intimate proximity to the brain without the
need of applying external pressure. Such pressure, if applied
through e. g. plugging and unplugging of connectors in case
of a conventional implant, could potentially lead to undesired
displacement of the neural prosthesis, particularly in conjunction
with the pulsatile dynamics of the brain and therefore deliver
unreliable signal readouts. It has been shown that thin, ultra-
conformable arrays yield superior quality readings, allowing the
recording of single-unit activity (spikes) [33] which is especially
relevant for clinical application. Nonetheless, the synergistic
integration of miniaturization, conformability and other physical
attributes of the system such as the weight of external connectors
can significantly reduce the stress exerted on the underlying
tissue, consequently mitigating the formation of glial scar. In
contrast to more rigid, non-conformable implants, such config-
urations remain stable on the brain’s surface even beyond acute
scenario [30].

Finite element models were previously described in [31], [34],
[35] and are useful tools to derive geometric design considera-
tions for the encapsulated μASIC, interconnect routing and pad
distribution on the μASIC for best possible compliance of the
whole system. It was therefore highlighted the importance of
the edge radius fillet and thickness of the dice to improve the
integrity of the structure on the substrate, increase the contact
pad area and reduce stress. Consequently, a scalable microfabri-
cation process has been developed to fabricate hybrid implants
whereby multiple electrically interconnected μASIC can be
batch-wise transferred into conformable PI substrates [31], [34],
[35]. Fig. 3 summarizes important aspects of the NeuroBus
system that have to be taken into consideration before and during
the implementation of the system.

In addition to a high level of biocompatibility, application
and patient specific design are key objectives of the NeuroBus
implant. Thus, the number and placement of recording channels
as well as the outline of the PI substrate can be flexibly chosen for
each implant. The tiny μASICs can then be spatially distributed
on the PI substrate [13] and embedded on the system level.

Fig. 3. NeuroBus system considerations, adapted from [31], [35]. Size and
orientation of CMOS dice determine interface stress to the substrate. Adequate
routing of interconnect lines and contact pads helps to reduce interfacial stress
at electrical contact sites.

The pitch of the μASICs is firstly determined by their own
physical size. On PI foil, the pitch is rather determined by
neuroscientific specifications of electrode diameter, pitch and
size of electrodes, and is usually found in the range between
30 μm and 100 μm [30]. With the fact that electrodes can be
routed closer to each other even though μASICs are limited
in pitch by their own size, local clusters of electrodes can be
realized with smallest, technology defined distance. Moreover,
in a future version of μASICs multiplexing can be implemented,
which will allow several electrodes to be digitized by a single
μASIC, thus bringing the whole grid of electrodes to a pitch well
below 100 μm.

The target silicon area for the μASICs is very limited in order
to achieve structures which are compliant with low bending
stiffness (structural biocompatibility) on the complete substrate.
Hence all integrated building blocks need design for smallest
chip area. While electrostatic discharge (ESD) events are of no
concern in the implanted state, proper ESD protection must still
be provided to minimize the risk of ESD damage during handling
and implantation. Therefore, a low pin count per μASIC is
desirable not only to limit the number of pads including naturally
large silicon area for ESD protection structures, but also to
facilitate alignment during embedding. This implicitly excludes
a multi-bit wide data interface for transmission of the digitized
neural signals.

B. μASIC Overview & Requirements

The functional block diagram of a μASIC is shown in Fig. 4.
AμASIC is able to record neural signals from one electrode with
an oversampled direct digitizing neural recorder. DC-coupling
allows to avoid the typically large AC-coupling capacitors.
The μASIC uses passive ground referencing [36] due to its
simplicity and very limited area overhead. With an intended
analog bandwidth of 7.5 kHz and a resolution in the range of
12 bits, a Nyquist data rate of 180 kbit/s per μASIC is targeted.
A serial bus interface is used to transfer the digitized neural
signals to the Telemetry Hub. The μASIC is clocked via a single
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Fig. 4. Block diagram of a single µASIC. A power-on reset (PoR) module is
used to initialize the digital logic after power-on.

externally supplied bus clock. All other required clocks and
control signals are derived on-chip via a clock divider/counter.
Power is supplied by a differential AC signal rectified on-chip.
Since direct voltages (DC voltage) tend to drive electrochemical
reactions like hydrolysis of water (if they exceed the water
window determined by the thermodynamic properties of water,
the surrounding electrolyte and voltage carrying materials) and
corrosion, we designed the system such that DC voltages only
occur on μASICs passivated by hermetic coatings [37], [38],
[39], [40]. Off-chip interconnection lines which are embedded
in PI as non-hermetic packaging material do not see any DC volt-
ages due to the μASIC concept. This design measure minimized
the risk of electrochemical reactions with possible gas evolution
on these interconnection lines. A configuration register allows
custom programmability of each μASIC by the Telemetry Hub
via the serial bus.

The maximum number of μASICs along a single serial bus is
only limited by the maximum clock rate which can be delivered
via the substrate embedded gold trace on the PI substrate. With
an estimate of an approximately 5 cm long 10 μm wide trace,
this was experimentally found to be about 20 MHz [41] in buffer
solution (PBS). This translates into a maximum of about 100
μASICs connected over a single serial bus, when a net data rate of
180 kbit/s is targeted. Note that a single telemetry hub could still
connect several NeuroBus sub-systems, such that larger number
of μASICs could be realized.

C. Encapsulation & Packaging

Major goals of NeuroBus include reducing FBR at tissue
level and corrosive reactions at the implant level, the latter
being caused by the harsh biological conditions in the body.
These criteria can be fulfilled through the use of biocompatible
materials and a system design which increases the structural
biocompatibility and technical reliability by minimizing me-
chanical stresses inside the system and in forces between the
system and the target tissue. In addition, CMOS dice will be
protected against humidity and ions by a conformal hermetic

coating. This conformal encapsulation of the CMOS dice is
prior to transferring them to the PI substrate ensuring void free
packaging of the overall encapsulation, therefore minimizing
water penetration [42]. Integration of μASICs within the foil
includes connection of the contact pads to integrated intercon-
nects in a physical vapor deposition (PVD) process without
further materials than the interconnect line metal [31]. The
surface materials of the chip-in-foils system are the same than
in (passive) ECoG electrode arrays [30] which proved to be
biocompatible in chronic studies.

Using plasma-enhanced chemical vapor deposition (PECVD)
of non-polymeric materials such as silicon-carbide (SiC) (amor-
phous state) has been shown to have positive results as thin-film
encapsulation technique for in-plane microelectrode arrays [43]
and even as reinforcement layers for stimulation and recording
neural electrodes [44]. Moreover, SiC has good capabilities of
adhering to PI and was used as adhesion promotion layer in
polyimide-based electrode arrays, improving their stability both
in-vitro and in-vivo [45]. Long-term stable encapsulation of
single dice can thus benefit from this method. Further studies
have to be conducted to optimize PECVD parameters and lower
material stress that could allow water vapor intrusion. This can
be made by adapting deposition parameters such as precursor gas
ratio, annealing temperature [46], plasma power and pressure.
Second, mimicking the biological environment through insert-
ing the samples in different aging solutions (e. g. to correlate to
the enzymatic activity) can predict potential failure mechanisms.
Accordingly, bovine serum or diverse oxidative species such as
artificial cerebrospinal fluid or the widely used hydrogen perox-
ide and alternating temperature and timeframes can bring more
understanding than the standard phosphate buffered saline (PBS)
immersion as aging agent [35]. Understanding and considering
the different mechanical and chemical boundary conditions
during the use case of the implants is mandatory to choose
adequate design rules to develop a reliable device compatible
to the available manufacturing processes.

III. ELECTRONIC COMPONENTS & BUILDING BLOCK

PROTOTYPES FOR μASICS

Next, the electronic building blocks intended for the realiza-
tion of the μASICs from Fig. 4 are explained.

A. Direct Digitizing Neural Recorder

A traditional method for neural recorder designs is to use an
analog front-end [12], [47] that amplifies and filters the neural
signals so that they can be digitized by a standard analog-to-
digital converter (ADC). Direct digitizing neural recorders [48]
combine the analog front-end and signal conditioning with a
data converter. Delta-Sigma-Modulators (DSMs) are a popular
choice for direct digitizing neural recorders [11], [49], [50],
[51], [52], [53] since they can provide good power efficiency
and high resolution especially within the neural signal band-
width. While the Delta-Sigma-Modulator (DSM) based neural
front-ends are heavily researched and can achieve impressive
performance [49], [50], [51], the mandatory decimation filter
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is often neglected and is therefore also not included in the pub-
lished area and power consumption. While this is of less concern
for modulators designed in highly scaled CMOS technology,
where a power- and area efficient digital filter could be argued,
this is not the case for a miniaturized recorder in a mature
technology node since the digital filter can dominate the total
silicon area [54].

IncrementalΔΣ analog-to-digital converters (I-ADCs) intrin-
sically require a significantly less complex decimation filter,
while their power efficiency is usually worse compared to a DSM
based ADC with same order and oversampling ratio (OSR) [55].
Since the NeuroBus system is designed in a 180 nm CMOS
technology and minimized silicon area is of utmost importance
for structural biocompatibility, an I-ADC based direct digitizing
neural recorder is employed. It is implemented as a 2nd order
continuous-time (CT) I-ADC with a sample rate fs = 15 kHz
at OSR of 180, allowing the NeuroBus system to record neural
signals both in the local field potential (LFP) band (1 Hz–200 Hz)
and action potential (AP) band (200 Hz–7.5 kHz). Although
the current single-channel recorder prototype is used for ECoG
recordings, where a bandwidth of 500 Hz is typical, the recording
of AP signals with conformable ECoG arrays has been demon-
strated in [33], [56]. Hence, the neural recorder is specified with a
7.5 kHz bandwidth to not limit the implants potential AP record-
ing capabilities. Moreover, although the current prototype uses
only a single electrode per recording channel, the I-ADC within
the recorder could be easily extended for multiplexed operation
and distribute its available bandwidth among multiple channels
if no AP recording is intended and a multiplexer is implemented
at the input to periodically connect several electrodes.

A Gm-based input stage with small input devices (W=28μm,
L= 0.6 μm) allow chopping of the input stage at fchop = 30 kHz
while maintaining a sufficiently large input impedance without
the need for additional input impedance boosting. The neural
recorder is DC-coupled, which avoids the need for large AC-
coupling capacitors. Potential electrode offset (EDO) is canceled
with a body-induced offset based DC servo loop (DSL), which
was described in detail in a previously presented recorder [57].
However, this recorder was unsuitable for use in a μASIC
because it is based on a free-running CT DSM, which is not
architecturally capable of supporting the possible need for chan-
nel multiplexing in future design iterations, it did not include
digital filtering for proper decimation, and possible decimation
filter implementations would violate the strict area constraints
for μASICs [54]. While cascade of integrator (COI) reconstruc-
tion filters are the most popular choice for higher-order I-ADC
due to their simple implementation and superior performance
compared to other filter structures [55], [58], [59], [60], they
suffer from poor out-of-band suppression. To avoid folding of
strong chopping artifacts, we implemented a 2nd order cascaded
integrator-comb (CIC) decimation filter [61]. While this recon-
struction filter results in worse signal-to-quantization-noise ratio
(SQNR) than a COI filter of the same order at the same OSR
on I-ADCs, its frequency response features notches offering
significant suppression at dedicated out-of-band frequencies.
This enables significant filtering of chopping artifacts if the
chopping frequency aligns with the notches of the filter.

Fig. 5. Block diagram of the direct digitizing neural recorder based on a 2nd
order incremental DSM and a CIC based reconstruction filter. EDO is suppressed
by a DSL-controlled body-bias induced offset in the chopped input stage.

The use of chopping in CT modulators can result in noise fold-
ing into the in-band. This issue can be mitigated by increasing the
chopping frequency to fS [62], significantly reducing the input
impedance of the neural recorder, or utilizing FIR feedback [63]
with a large number of taps. In our implementation of the direct
digitizing neural recorder (Fig. 5), the feedback digital-to-analog
converter (DAC) is fed back to the first integration capacitor,
bypassing the chopped Gm-based input stage and hence avoid-
ing noise folding. By implementing a negative edge triggered
flip-flop into the feedback path, a constant excess loop delay
(ELD) of 0.5·Ts can be achieved. The noise transfer function of
the modulator is restored with a fast feedback path around the
quantizer [64].

CT DSMs can be very sensitive to clock jitter [65], resulting in
increased inband noise. Since the presented neural recorder will
use a clock provided through a bus system by the Telemetry Hub,
considerably more clock jitter can occur compared to benchtop
measurements with high precision equipment. To estimate the
jitter sensitivity of this recorder, the clock jitter induced inband
noise for CT DSM can be calculated [66, Eq. 4.25] for a given
input clock jitter and multiplied with the noise penalty factor of
1.3 for an incremental ADC using a 2nd order CIC decimator.
For an RMS clock jitter of 50 ps, which is plausible for simple
clock generators, the induced input referred noise increases by
only approximately 0.27 μVrms for a 7.5 kHz bandwidth. This
demonstrates good jitter immunity for the intended application.

1) Chip Prototyping and Measurement Setup: A prototype of
the chopped direct digitizing neural recorder based on the I-ADC
with CIC reconstruction filter was realized in a 180 nm CMOS
technology with 1.8 V rated devices. The I-ADC consumes
24.7 μW of power from a 1.8 V supply with about half of
the power (12.8 μW) attributed to the CIC decimation filter.
The chip photo is shown in Fig. 6. The prototype occupies a
core area of 0.03 mm2, from which about 1/3 is consumed by
the digital reconstruction filter. Please note that the decimation
filter for a similarly performing, but-free running DSM recorder
front-end [54] consumed 11 times more area and 10% more
power.

The packaged chip was placed inside a QFN48 socket on
a measurement board. The board contains voltage regulators
(LT3045 & LT3094, Analog Devices) to generate a dual supply
(±0.9 V). The chip is configured and read out via a MicroZed
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Fig. 6. Chip micrograph of the direct digitizing neural recorder prototype.

Fig. 7. Summary of all important frequency bands, transfer functions and
clock frequencies for the direct digitizing neural recorder.

Fig. 8. Measured output spectrum after on-chip decimation with and without
chopping.

7020 module; digital signals are buffered via digital isolator
ICs (ADN4650 & ADUM141, Analog Devices) to achieve
galvanic isolation between the MicroZed 7020 module and the
measurement PCB. A Stanford Research DS360 function gener-
ator is used for input signal generation, an Agilent 81150 A gen-
erates the 2.7 MHz modulator clock (fDSM) as well as a Nyquist
rate (15 kHz) reset pulse (frst) and an Agilent 33250 A is used
to supply a 30 kHz chopping clock (fchop). An on-chip flip-flop
synchronizes the reset pulse with the modulator clock. Fig. 7
summarizes all important signal bands, the transfer function of
the decimator and clock signals regarding the direct digitizing
neural recorder.

2) Measurement Results: Fig. 8 shows the measured output
spectrum of the direct digitizing neural recorder for a maximum
input amplitude of 20 mVpp with chopping activated and the
achieved noise floor with chopping deactivated. The power sup-
ply tone at 50 Hz generated by the signal generator is excluded

Fig. 9. SNR/SNDR measured versus input amplitude.

Fig. 10. RMS noise for the LFP and AP band measured over an EDO range
of ±100 mV with and without chopping.

from the SN(D)R and RMS noise. The neural recorder achieves
an AP noise of 5.35 μVrms and an LFP noise of 1.46 μVrms,
respectively. While the majority of 1/f noise is removed due
to chopping, unchopped components such as the DSL and the
feedback DAC contribute to residual 1/f noise. Deactivating
chopping leads to a strong increase in 1/f noise, resulting in
an AP noise of 6.43 μVrms and an LFP noise of 5.44 μVrms,
respectively.

The measured SNR/SNDR versus input amplitude (Fig. 9)
indicate the designed maximum-stable-amplitude (MSA) of
20 mVpp. The EDO cancellation is validated by adding a tunable
DC offset to a 18 mVpp input signal with activated chopping.
A second measurement shows the noise performance over EDO
without chopping. The chopped LFP and AP noise performance
are stable over an EDO range from −100 mV to 100 mV with a
slight increase for large negative EDO (Fig. 10). This increase
can be explained by the fact that an input signal close to the
recorder’s MSA was applied and residual EDO started to over-
load the modulator. The measurement with deactivated chopping
does not show this effect since the input signal amplitude was set
below the MSA. The input impedance is measured with 216 MΩ.

Table I presents a summary of the direct digitizing neural
recorder’s performance and compares it with state-of-the-art
recorders including on-chip decimation. The presented proto-
type achieves state-of-the-art LFP noise performance and the
best AP noise performance compared to neural recorders without
external circuitry. The increased area, when compared to [8],
[16], [67], can be attributed to the on-chip implementation of
the DSL, which was implemented off-chip in [8], [67] and
completely omitted in [16]. The front-end in [6] was designed
in a highly scaled CMOS technology and has a technological
advantage for the implementation of digital circuitry in terms
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TABLE I
PERFORMANCE SUMMARY AND COMPARISON WITH STATE OF THE ART DIRECT DIGITIZING NEURAL RECORDERS

of area and power. However, despite operating from a 0.8 V
supply, which reduces digital circuit power consumption fivefold
compared to a 1.8 V supply - but which also would need to be
additionally generated on the μASIC - , the achieved power
efficiency factor (PEF) is only 2.7 times lower compared to
the herein presented design. Furthermore, it shows 1.5 times
more noise power density within the AP band and inferior low-
frequency noise performance. The input impedance of the pre-
sented neural recorder remains constantly high for the complete
bandwidth while the input impedance of [6], [21] drops to a few
MΩ at the band edge. In summary this direct digitizing neural
recorder prototype has demonstrated the ability to combine good
low frequency noise performance, chopping and power supply
artifact rejection and on-chip EDO cancellation on a small area
with low power consumption.

B. Digital Communication Bus

As the number of channels in neural implants increases, effi-
cient data readout becomes increasingly important. Single-chip
implants can rely on standardized protocols such as SPI or
I2C [6], [12] where the area and power consumption is shared
between all integrated channels, hence having only a minor
impact on the total power budget and area. The NeuroBus
implant consists of dozens of spatially distributed μASICs that
need to transfer data to the Telemetry Hub (cf. Fig. 2), where
it is transmitted via a conventional transcutaneous data link.
Standardized protocols cannot meet the specific requirements
for pin count, power consumption and size for this custom ap-
plication. While there are some approaches for in-body wireline
communication [68], [69], [70], these concepts are not suitable
for NeuroBus due to their complex architecture and large storage
capacitor. Thus, a custom communication interface is imple-
mented. Although simplex communication would allow a very
simple communication interface, programming capabilities for
each μASIC are preferable.

In [13], we compared two different communication bus ar-
chitectures for NeuroBus. While a typical serial bus architecture

Fig. 11. Basic concept of the daisy-chained bus interface for NeuroBus, based
on [13].

allows great flexibility and enables to address single μASICs in
a custom manner, it also generates noticeable protocol overhead.
This could be mitigated with a larger payload per transaction,
requiring on-chip buffering of data which is contradictory to the
tiny μASICs approach with low power and area consumption.

1) Daisy-Chained NeuroBus: To avoid the drawbacks of a
serial bus interface, we implement a lightweight daisy-chained
bus interface to achieve data readout with basic programming
capabilities on a small area and power budget. Fig. 11 shows the
basic concept of the bus interface. μASICs are daisy chained
and act similar as a distributed shift register, clocking their data
through the μASIC-chain until it arrives at the Telemetry Hub.
Data order is inherently given by the position of the μASIC in
the chain, eliminating the need for unique chip IDs. All clocks
that are required for the μASIC (oversampled I-ADC clock,
chopping clock, Nyquist clock) are generated from the externally
supplied bus clock via a divider. The internal data register of each
μASIC is loaded with a new sample on the clock edge of the
Nyquist clock. Assuming a daisy chained bus of n μASICs with
a sample width of b bit, the required bus clock frequency fclk
can be written as

fclk = b · fnyq · n. (1)

Regarding the sample rate and bitwidth of the direct digi-
tizing neural recorder (fnyq= 15 kHz, b = 12), (1) results in
fclk = 18MHz for n = 100 μASICs. While a clock frequency
of 18 MHz is below the maximum allowable clock rate for the
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Fig. 12. Example of the split daisy-chain approach with 4 daisy-chains oper-
ated in parallel, based on [13].

PI substrate, bus timing requirements and register width for
the on-chip clock divider increase with clock rate, requiring
more and stronger driver cells and increase dynamic power
consumption. We therefore limit the length of the bus to a
fraction of the original and choose the number of daisy chained
μASICs (n = 30) in such a way that the bus clock frequency
is exactly twice the incremental ΔΣ modulator (I-DSM) clock;
simplifying internal clock generation/division and the bus clock
can be lowered to 5.4 MHz. The NeuroBus system also allows
to increase total channel count by connecting multiple daisy-
chained buses to the Telemetry Hub. It must however be noted
that each bus requires its dedicated data in/data out pad at the
Telemetry Hub (Fig. 12), increasing wiring effort and Telemetry
Hub chip size. Also, the capacitive load of the shared clock line
must be considered and adequate drivers need to be employed.

The primary function of the communication bus is to transfer
digitized neural signals to the Telemetry Hub, though initial pro-
gramming for each μASIC must be carried out. After power-on
reset (PoR) initialized the μASIC logic the Telemetry Hub can
shift 30 times 12 b of configuration data into the bus. The shifting
direction of the configuration data is identical to the direction
of the conventional ADC data. After 30 · 12 clock cycles, the
first Nyquist clock is counted, triggering the μASIC to copy
the currently available data into the configuration register. This
procedure is repeated until 2x12 b of configuration data are
received by each μASIC.

2) Design for Bus and μASIC Timing: The on-chip digital
logic is verified with state-of-the-art tools for timing analysis,
ensuring proper implementation. Although these tools can verify
timing for on-chip logic and also off-chip traces with a known,
constant εr, they are not intended to be used for the off-chip
traces of the NeuroBus implant. This is due to the connection of
several spatially distributed μASICs via traces embedded into
a PI substrate, whose actual impedance even varies from dry to
implanted wet state. Due to the thin PI substrate, the effective
relative permittivity εr,eff is affected by the surrounding tissue.
As the εr of biological tissue can vary significantly with tissue
type [71], we use the relative permittivity of water (εr ≈ 80) as
a worst case estimation.

In [13] we presented a design methodology where the daisy-
chained μASICs are considered as a distributed shift register.
Typically shift registers have sufficient setup time for low clock
speeds but can suffer from hold time violations if the relation

τd,data + τd,ff > τhold + τskew (2)

Fig. 13. Timing diagram illustrating the hold time constraints of the daisy-
chained NeuroBus expressed with (2).

Fig. 14. Clock patch routing for negative clock skew, based on [13].

is violated. In (2) τd,data and τd,ff are the propagation delays
of the data trace and transmitting register, respectively, τskew is
the clock skew between transmitting and receiving register and
τhold denotes the hold time of the receiving register.

Digital implementation tools can adjust the digital on-chip
logic to guarantee valid timing for τskew = 0 and τd,data = 0
by keeping the hold time τhold smaller than the propagation
delay τd,ff of the register. Fig. 13 visualizes (2) for positive clock
skew where n-1 denotes the transmitting register and n denotes
the receiving register. As long as (2) is met, the slack is positive
and the hold timing is valid. Valid hold timing can be further
guaranteed with arbitrary embedded μASIC arrangements if
negative clock skew routing as shown in Fig. 14 is applied since
the first μASIC receiving the data is the last μASIC to receive
the clock, increasing hold slack at the cost of reduced setup
slack; this concept is also applicable on the initial programming
where configuration data is shifted in the same direction as the
conventional ADC data.

To meet setup timing, the following relation must be met:

τd,data + τd,ff + Tsetup ≤ Tclk + τskew (3)

where τd,data and τd,ff are the propagation delays of the data trace
and transmitting register,respectively, Tsetup is the setup time of
the receiving register, Tclk is the clock period, and τskew denotes
the clock skew between receiving and transmitting μASIC.
Fig. 15 visualizes (3) for negative clock skew where n-1 denotes
the transmitting register and n denotes the receiving register. The
setup timing is met as long as the setup slack shown in Fig. 15
is positive.

When Tclk � τd,ff|τsetup, (3) simplifies to

τd,data − τskew ≤ Tclk (4)
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Fig. 15. Timing diagram illustrating the setup time constraints of the daisy-
chained NeuroBus expressed with (3).

Thus, only if the data delay, which equals the negative skew of
the clock (τd,data = −τskew), becomes approximately as large as
half clock period, setup timing violations could appear.

With

τd,data = −τskew =

√
εr,eff

c
· Ltrace (5)

the maximum trace length can be expressed as

Ltrace ≤ c · Tclk

2 · √εr,eff
(6)

where Ltrace is the physical trace length and c the speed of light.
If εr,eff is pessimistically estimated as 80 and the previously
specified bus clock frequency of 5.4 MHz is assumed, an un-
critical and unrealistically large trace length of around 300 cm
is received. This shows that propagation delay induced setup
violations are of no concern for the NeuroBus implant.

Parasitic resistance of a 10 μm wide gold trace embedded
into the PI substrate is measured with approximately 60 Ω
per 10 mm [41]. Coupling capacitance to neighboring traces
with 100 μm distance is about 25 fF/mm [72] and the parasitic
capacitance to surrounding phosphate buffered saline (PBS) is
10 fF/mm.

The daisy-chain interface can drive loads up to 10 pF, easily
allowing a targeted maximum trace length between μASICs of
5 cm since the bus input of the μASIC adds only a parasitic
capacitance of 305 fF to the bus. While this buffer strength is
oversized for connections between μASICs, it is useful for the
last μASIC in the chain to drive the input of the Telemetry Hub.
Although the data trace length between two adjacentμASICs can
easily be several centimeters long, the constraint on the total bus
length is stricter. Parasitic elements such as trace resistance, trace
capacitance andμASIC pad capacitance form a multi-segmented
RC filter on the clock trace. Assuming a daisy chain with 30
equally spaced μASICs and that frequency components up to
the third harmonic of the clock frequency are required to ensure
proper clock delivery, the total bus length must not exceed 22 cm.

3) Implementation of the Communication Interface: The
presented NeuroBus communication interface was implemented
in an 180 nm CMOS process with a 1.8 V nominal supply voltage
as a building block on the final μASIC which is currently under
manufacturing. The simple architecture of the communication
interface requires only 40 standard cells, including 32 flip-flops,
6 combinatorial logic cells and 2 buffers/inverters. The low
number of flip-flops is achieved since only 17 b of the transmitted

Fig. 16. Schematic of the square-wave rectifier.

24 b configuration data are stored. The total area consumption
is 2600 μm2 and the post-layout simulated power consumption
is 18.7 μW and includes the power required to drive a 1 pF load
on the bus line, which corresponds to a bus wire to be driven
by a single μASIC as long as 2 cm. The current implementation
of this daisy-chained bus does not include any mechanisms to
detect or correct potential bit errors during transmission. While a
bit error can damage a single ADC sample within the daisy chain,
the independently countingμASICs prevent misalignment of the
entire chain. The bit error rate (BER) of the communication bus
needs to be evaluated in-vitro and in-vivo and depending on the
achieved BER a potential parity bit could be implemented for
future design iterations.

C. Power Management for μASIC

Implants intended for long-term implantation must consider
and prevent harmful electrochemical reactions which can dam-
age the implant itself and endanger the safety of the patient.
Although all off-chip connections and traces for the NeuroBus
implant are embedded into PI, it is considered a non-hermetic
sealing and moisture penetration over the long implant life-
time cannot be ruled out. To prevent any gas evolution due
to hydrolysis, no DC voltages are applied to any off-chip con-
nection. Instead, the μASICs are AC powered and an on-chip
square-wave rectifier with MOS switches is used to generate
an on-chip DC supply; the original square wave rectifier with
self-driven switches was published in [73], though it required
an additional external control signal to disconnect the buffer
capacitor from the rectifier during switching. To minimize the
pin count, our rectifier is based on [74] where large capacitors
and inverters with modified thresholds are used to disconnect
the buffer capacitor during switching (Fig. 16).

The four inverters are sized to achieve a high and low thresh-
old, respectively. This allows to disconnect the rectifier early
from the AC lines during their polarity change and reconnects it
afterwards as shown in Fig. 17. This drastically reduces buffer
capacitor discharge during switching. Simulation showed that
the rectifier performance is also stable over process corners. To
prevent performance degradation in the neural recorder due to
ripples in the supply voltage, the frequency of the AC supply is
chosen to match the notches of the CIC decimation filter [59].
We did not implement the large capacitors between the AC
lines and inverter outputs as introduced in [74] due to their
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Fig. 17. Post-layout simulated rectifier control signals. Buffer capacitor and
rectifier are disconnected from the AC lines when polarity change occurs.

Fig. 18. Measured AC signals for µASIC power delivery and rectified supply
voltages. The amplitude mismatch of the AC signals translates into ripples in
the rectified supply voltages.

minor influence on the rectifier performance for light loads.
Instead, they generate capacitive load on the AC lines, causing
noticeable switching losses for the Telemetry Hub. The rectifier
also includes a pin which connects to the global body potential
Vbody. This connection ensures that the internal supplies of each
μASIC are referenced to the same potential, resulting in the same
logic level on the serial bus. The global body potential is also
supplied to the Telemetry Hub, which centers the AC supply
around it. The tissue potential can slightly differ locally from
Vbody, creating a small DC voltage between the Vbody centered
AC line and tissue. This is however of no concern since these
local variations are typically small and within the water win-
dow. This rectifier was prototyped in the same 180 nm CMOS
technology (chip photo of the prototype not shown). Fig. 18
shows the measured rectifier output as well as the measured AC
supply signals of frequency frect = 30 kHz and trise/fall = 18 ns
which are fed into the rectifier. These AC signals exhibit a slight
amplitude mismatch of approximately 8 mV, which produces a
ripple of similar amplitude on the rectified signal. By matching
the frequency of the AC supply (frect) to the notches of the
decimation filter, sufficient ripple rejection can be realized and
further allows to relax the amplitude mismatch constrains for
the Telemetry Hub. The voltage efficiency of the rectifier was
measured with 97% for a 68 kΩ load and a 77 pF buffer capacitor.
For the final μASIC integration, the buffer capacitor size was
increased to 105 pF since area above the implemented digital

Fig. 19. Layout of the complete µASIC.

logic could be used for additional metal-insulator-metal (MIM)
capacitors. The total area consumption of the rectifier including
a 105 pF buffer capacitor is 18400 μm2.

D. μASIC Integration

All electronic components were recently integrated onto a
single chip to create theμASIC, which is currently in production
in a 180 nm CMOS process. The layout of the μASIC is shown
in Fig. 19. It achieves a small size of 344 μm x 294 μm and
requires only 7 pads. An additional eighth pad can be used for
verification of the on-chip current reference. All pads include
grounded-gate NMOS based single protection structures which
are standard cells in the used technology design kit and are rated
for a 2 kV human-body-model (HBM) ESD protection. Due
to their extensive area requirements, comparatively large pads
(54 μm x 64 μm) can be realized on top of the ESD protection
structures, facilitating the alignment during embedding and al-
lowing simple chip verification with needle probing. Although
amplitude mismatch between recording channels on different
μASICs can also be corrected by digital post-processing, the
μASIC includes trimming bits in the configuration register for
the neural recorder and the on-chip reference current, allowing
to mitigate amplitude mismatch directly on-chip.

The digital logic requires a silicon area of 12700μm2 whereas
57% of the area is required by the CIC filter, 30% by the clock
generator and 14% by the communication interface. The post-
layout simulated digital power is 35 μW including a 1 pF bus
load, which corresponds to a bus wire to be driven by a single
μASIC as long as 2 cm. The current μASIC implementation
records a single channel with 15 kSps, limiting each daisy chain
to 30 channels. Future implementations could be extended by
a multiplexer as described in Section III-A, allowing to use a
maximum channel count of 450 per daisy chain if 15 channels
with 500 Hz bandwidth would be multiplexed to a singleμASIC.

Table II compares the NeuroBus concept against other neural
implant systems. It should be noted that the values given for
the NeuroBus concept were derived from the measured pro-
totypes, the μASIC and the system specifications. Prototyped
full assembly of NeuroBus has not yet been performed, but
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TABLE II
COMPARISON OF THE NEUROBUS CONCEPT WITH OTHER NEURAL IMPLANT SYSTEMS

Fig. 20. ECoG array. (a) Electrode site consisting in a total of 32 Pt electrodes.
(b) Magnified picture of closely positioned small and large electrodes. (c)
Corresponding pads soldered on PCB with epoxy encapsulation to avoid water
penetration and unwanted mechanical interactions

encapsulation tests and the functionality of system components
were first evaluated and validated by in-vivo measurement, cf.
Section IV.

IV. NEUROBUS SYSTEM VALIDATION

As a final step, after having discussed the system concept,
the encapsulation procedure, and the electronic sub-system im-
plementation, we aimed to preliminarily demonstrate the perfor-
mance of all components within a joined ECoG-chip system in a
hybrid assembly as proof of concept step before fully integrating
the system. Therefore, the direct digitizing neural recorder IC
was connected to the ECoG array via an interposed printed
circuit board (PCB) that allows us to manually select the channel
of interest by connecting the chip to the recording electrode.
The readout and clock generation was managed via an field-
programmable gate-array (FPGA) (MicroZed 7020 module).

A. Materials and Methods

In brief, a PI-based ECoG array consisting of 16 large (φ =
100μm) and 16 small (φ = 10μm) platinum (Pt) electrodes
was used (Fig. 20). To meet the requirements of the NeuroBus
system, conformability was one of the pre-requisites of the cho-
sen device, therefore an 8 μm thick array with highly distributed

Fig. 21. Sketch of the measurement setup for the in-vivo concept validation.
The direct digitizing neural recorder prototype is connected to a flexible ECoG
array via a custom PCB.

substrate fenestration was preferred [30]. The ECoG array [30]
has been manufactured with the materials and technology which
is used to integrate the μASICs into the flexible substrate with
electrodes [31]. The ECoG array was soldered to a previously
custom-made PCB, which allows stable fixation to the stereo-
taxic manipulator during surgical procedure and substantially
reduces the potential artifacts caused by vibration. The direct
digitizing neural recorder prototype was bonded onto a thin
interposer PCB and then connected to the custom-made PCB as
shown in Fig. 21. The recording channel was manually selected
from the 32 electrodes using a jumper-connector.

The measured RMS noise per electrode channel was calcu-
lated by determining the power spectral densitiy (PSD) of the
recorded signal, integrating all the bins located within the band of
interest (LFP: 1Hz-200 Hz, AP: 200Hz-7.5 kHz), and then taking
the square root of the received noise power. A Hann window was
applied during the PSD calculation and all calculations were
performed with MATLAB.

B. In-Vitro Characterization of Arrays

Electrochemical impedance spectroscopy (EIS) was per-
formed in PBS (pH 7.4, Sigma-Aldrich, Missouri, USA) to
verify the functionality of the recording channels (Fig. 22).
A potentiostat (Metrohm, Autolab, Filderstadt, Germany) was
used in a 3-electrode setup with an Ag/AgCl reference electrode,
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Fig. 22. Impedance of small (circles) and large (triangle) µECoGs Pt elec-
trodes from 1 Hz to 100 kHz. Mean value (solid line) and standard deviation
(filled area) calculated for n = 14(large) and n = 11 (small) electrodes. Negative
phase angles are displayed on the positive y-axis according to standards in
electrochemistry of electrodes.

TABLE III
MEAN AND STANDARD DEVIATION OF THE MEASURED ELECTRODE

IMPEDANCES FROM FIG. 22

a standard Pt counter electrode and individually selected ECoG
channels as working electrodes. An excitation voltage of 100 mV
was applied, and the signal frequency was swept between 1 Hz
and 100 kHz. All measurements were conducted in a Faraday
cage to reduce electromagnetic interference. The mean and
standard deviation of the measured electrode impedances from
Fig. 22 are shown in Table III. Non-functional electrodes were
excluded from the measurement.

C. NeuroBus Concept Validation In-Vivo

1) Ethical Statement: Animal procedures were approved by
the Regierungspräsidium Freiburg (TVA G-20-65) and in accor-
dance with the 2010/63/EU directive.

2) Stereotaxic Surgeries: In total, two rats (female, Sprague-
Dawley, weeks 15-20) underwent surgical procedures under
anesthesia. Only one animal was used for achieving cortical
recordings with the described ECoG-chip system, whereas the
other was part of an in-vivo experiment not related to our work
and therefore only used for post-mortem data collection. The
animals were briefly anesthetized with 5% isoflurane inhalant.
After induction, a mixture of 80 mg/kg ketamine (Serumwerk
Bernburg, Germany) and 0.06 mg/kg medetomidine (Dextomi-
dor, Zoetis Deutschland GmbH, Germany) was administered in-
traperitoneally (i.p.). The animals were quickly transferred to the
stereotaxic frame, head-fixed and allowed to breathe normally
through the rodent mask. A mixture of oxygen and isoflurane
(<1%) was delivered through the mask to maintain anesthesia.
The animal was administered with 4 ml of 0.9% saline (NaCl,
B.Braun Melsungen AG, Germany) solution subcutaneously
(s.c.) approximately every 2 hours. Animal breathing and heart
rate were tracked with a heart monitor and their temperature

Fig. 23. Spontaneous cortical activity measured over one electrode of
the ECoG array. The recording was post-processed with a low-pass filter
(fc = 500 Hz).

maintained at 37 ◦C with a heating-pad. Prior to incision, li-
docaine (2% xylocaine gel, Aspen Pharma Trading Limited,
Ireland) was applied topically over the skin around the incision
site, which was further disinfected with Braunol (B. Braun
Melsungen AG, Germany) and Kodan (Schülke, Germany). A
single incision was made (up to 2 cm) above the skull and roughly
along the midline. The subcutaneous tissue was removed with
a bone scraper and any persistent bleeding from skull blood
vessels stopped with a cautery pen. The skin was gripped in place
with 5-6 bulldog clamps and the surface of the skull cleaned from
debris with 3% hydrogen peroxide. The animal head was then
leveled in the frontal, horizontal and sagittal planes.

A large (6 mm x 6 mm) craniotomy was made using a
microdrill over the left barrel cortex, spanning (0.5 mm, 6.5 mm)
medio-lateral (m.l.) and (−0.5 mm, −6.5 mm) antero-posterior
(a.p.) from bregma. The dura was removed and the ECoG array
placed over the exposed brain surface, centered at 3.5 mm m.l.,
−3.5 mm a.p. from bregma. The anesthesia was maintained with
additional i.p. injections of ketamine/medetomidine as required.
After 4 hours of surgery, the animals were injected s.c. with
2 ml of 5% glucose solution (B. Braun Melsungen AG). After
completing the measurements, the animals were transcardially
perfused with an i.p. injection of ketamine (min. 100 mg/kg) and
xylazine (min. 10 mg/kg).

3) Electrophysiology: Electrocorticographical recordings
were conducted in a unipolar configuration with a single
reference/ground electrode tied together (Fig. 23). A silver
wire was soldered to a gold pin on one side, and the ground
pin on the measurement PCB on the other side. The gold pin
was inserted through an additional craniotomy over the frontal
lobe and stabilized with dental cement. We made sure the
pin achieved contact with the brain/cerebrospinal fluid. Initial
measurements were conducted on the dead brain tissue of a
rodent to validate the setup and eliminate any potential artifacts
or interferences. The noise floor of 4 small (S4, S13, S14, S16)
and 5 large (L1, L2, L3, L4, L6) electrodes was measured and
evaluated. The noise floor of channel L1 was evaluated with
similar noise levels than channels L2, L3, L4 and L6 but is not
shown in Fig. 24 to achieve a reasonable figure layout. For all
four electrodes with small diameters, larger noise levels were
measured compared to large electrode diameters. (Fig. 24). This
behavior was expected due to increased impedance for smaller
electrodes (Fig. 22). While the AP-band of the neural recorder
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Fig. 24. Measured noise for different electrode diameters on nervous tissue for
a 7.5 kHz bandwidth after the death of the animal. The recordings show no bio-
electrical activity any longer and reflect noise and artifacts of the measurement
setup and the environment in the surgical room.

has a benchtop measured input referred noise of about 5 μVrms,
using the large and small electrodes on tissue, the measured AP
band noise of the recorder-electrode system is in the range of
12–18 μVrms in the conducted experiments. LFP-band noise
was affected by the electrodes only at a minor value, and using
the small electrodes, an LFP noise of 3–5 μVrms could be
achieved.

V. CONCLUSION

Technological advancements in neuroprosthetics and circuit
design are resulting in considerable enhancements in neural
interfaces. Frequently, the focus is placed on optimizing pa-
rameters like integration density (channel count) and recording
performance in terms of SNR/SNDR, while other essential
factors for chronically implanted neural interfaces, such as
structural biocompatibility, receive less attention at the die level.
Distributing the functionality of a single high-channel count
ASIC on several spatially distributed tiny μASICs which in turn
are embedded into an ultra-flexible and thin polyimide substrate
is a promising concept not only to achieve a highly conformable
implant with a low bending stiffness but also allows application
dependent placement of electrodes and μASICs. In this work
we presented the overall architecture of this new neural interface
concept called NeuroBus and discussed the building blocks of the
μASIC as well as the post-CMOS processing for encapsulation
and packaging. The prototypes of the system’s direct digitizing
neural recorder and ECoG array underwent individual benchtop
measurements to assess their performance. Components were
combined in hybrid assembly for an acute proof of concept
in-vivo study to validate the system concept and adequacy of
the interfaces between sensors (electrodes) and electronics. The
system showed satisfactory performance and allowed proper
recording of brain data in-vivo. This hybrid system assembly ap-
proach is employed to technically de-risk the NeuroBus concept
by ensuring that the final integration occurs only after all crucial
components prove satisfactory performance. It also serves as
a means of reducing and refining animal experiments. The
obtained results are prerequisite to fully integrate all components
into a chip-in-foil system for applications scenarios on the brain.
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