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Deliverable abstract
This deliverable summarizes the capabilities of the multiplexing technology developed in the
BrainCom project. The report assesses the performance of arrays of multiplexed graphene active
devices (field-effect transistors) in terms of number of active sites, site dimension, electronic noise,
and sampling frequency. Two different types of multiplexing technologies are reported in this
deliverable: one based on time-domain multiplexing and the other on frequency-domain
multiplexing. An in vivo assessment is demonstrated for both multiplexing approaches, confirming
the capabilities of multiplexed graphene active devices for brain mapping.
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1. Introduction
This deliverable summarizes the capabilities of the multiplexing technology developed in the
BrainCom project.
The report starts with a short summary of the state of the art referring to high channel count brain
mapping/recording technology. Then, the report describes the fabrication of the arrays of multiplexed
graphene active devices (which are based on solution-gated field effect transistors of single layer
graphene). Further, since at this stage of the BrainCom project the ASIC technology needed to
control the multiplexed devices is not available, we also discuss in this deliverable the developments
within BrainCom in terms of discrete electronics. Two different types of multiplexing technologies are
reported in this deliverable: one based on time-domain multiplexing, which is the standard concept
for multiplexing, and the other on frequency-domain multiplexing, which is a novel concept reported
for the first time for this application.
After presenting the different discrete electronics developments for each of the multiplexing modes
of operation, the deliverable also reports on the software that was developed to control the two
different electronics (for time-domain and frequency-domain multiplexing operation).
The deliverable summarizes the assessment of the performance of arrays of multiplexed graphene
active devices (field-effect transistors) in terms of number of active sites, distortion, electronic noise,
crosstalk, scalability and sampling frequency. Finally, an in-vivo assessment is demonstrated for
both multiplexing approaches, confirming the capabilities of multiplexed graphene active devices for
brain mapping.
The multiplexing technology developed in BrainCom, as shown in this deliverable, has the potential
to set a new state-of-the-art. Here we demonstrate that graphene active devices (flexible arrays of
graphene sensors) can be operated in time-domain and frequency-domain multiplexing modes.
While this demonstration is currently done using discrete electronics (which limits the number of
recording channels to 8x8), in this deliverable we also discuss the scalability of the current
technology, as well as the BrainCom plans to integrate 32x32 channels with a BrainCom ASIC.

2. State of the Art
The advance in the brain knowledge and BCIs is intimately linked with the advance of the neural
interfaces in terms of spatial resolution and area covered. For increasing the spatial resolution, a
decrease in the area of the electrodes is required, which is limited by the electrode impedance.
Improvements in the electrode coatings (mainly PEDOT, IrOx or TiN) are used to decrease the
electrode size up to 100 µm2 with space resolution up to 30 µm (Khodagholy et al., 2015).
On the other hand, the main limiting factor to increase the recording sites is the connectivity between
the transducer and the electronics to digitize the signals. Monolithic solutions integrate in a CMOS
compatible process the electrode and the electronics, minimizing the connections distance and
preserving the signal quality (Angotzi et al., 2019; Jun et al., 2017; Raducanu et al., 2016). Due to
the lack of flexibility of silicon substrates, monolithic solutions can only be applied to intra-cortical
probes with high spatial resolution up to 20 µm and up to 1344 sites per shank. Monolithic intracortical solutions offer a huge spatial resolution at single cortical column level. To increase the area
and obtain information from different parts of the brain, (Musk, 2019) propose an automated robot to
place up to 92 threads of 32 electrodes in different places of the brain, all these electrodes are
connected to custom ASIC that implements the digitizer.
To overcome the connectivity limitations of the electrode based neural interfaces the use of onsite
multiplexing strategies is required. (Viventi et al., 2011) embeds silicon transistors in a flexible
polyimide substrate to implement row/column addressing strategies and reduce the connectivity
complexity. This strategy allows to address 361 recording sites arranged in a 19x19 matrix, resulting
in an impressive reduction of the connectivity complexity to (38 wire to manage 361 sites). The use
of gSGFETs as a transducer (Masvidal-Codina et al., 2019), as proposed in the BrainCom project,
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will allow to simplify the technology steps for implementing multiplexing strategies focused in the
reduction of the connectivity requirements.

Ref

Type

Sites
/
channels

Spatial
Resolution/

Site
area

Kind
of
transducer

Wiring
/Multiplexing

Electronics

10x10
µm2

Electrode

Point to point

PEDOT

No MUX

RHD2000
Intan
technology

Pitch
(Khodagholy
et al., 2015)
Neurogrid

µECoG

256, 64

30 µm

(Angotzi et al.,
2019)
SiNAPS

Intracortical

512/512

28 µm

20x20
µm2

Pt
(electrod.)

Monolithic

Preamp
in
probe
ADC
outside

(Jun et al.,
2017)
NeuroPixel

Intracortical

960/384

20 µm

-

TiN(CVD)

Monolithic

ADC in probe

(Raducanu et
al.,
2016)
Neuroseeker

Intracortical

1344/1344

-

-

TiN(CVD)

Monolithic

ADC in probe

(Musk, 2019)
Neuralink

96 flexible
intracorticals

3072/ 92
threads of
32 sites

75 µm

14x24
µm2

PEDOT

Point to point

IrOx

No MUX

Custom ASIC
(256)
Custom
platform
several
ASICS
Custom
Robot
place
threads

(Ferro et al.,
2018)
Neuroroots

Multiple
shanks

--

(Viventi et al.,
2011) Rogers
active MUX

µECoG

360
(19x19)

-

-

-

Point to point
No MUX

28 µm

of

to
the

Each shank is
an electrode.

Onsite MUX
19x19
38 wire
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3. Results and Analysis
3.1 Multiplexed probes fabrication
A new generation of multiplexed 8x8 g-SGFETs arrays (Fig. 1) has been designed (ICN2 and CSIC)
and fabricated (ICN2) in order to minimize the impact of crosstalk within the array (as will be
described later in the deliverable),. The electrical performance of the array is shown in Figure 1b.
The observed homogeneity and yield is quite high; on average, 50% of the probes per wafer have
all 64 transistors working. The Urms noise of these devices is also reasonably low around 20-60μV
(for 1-100 Hz integration range) for transistors of size 50μm x 50μm.
Additionally, g-SGFET array probes for the upscaling of frequency multiplexed arrays (GFET-gen2)
have been fabricated with different number of transistors (2x2, 3x3, 4x4 and 4x8) (see Fig. 2). Three
wafers have been characterized for which a high yield was achieved (100% yield in ~70% of the 4x8
probes fabricated).

Figure 1. Design and characterization of multiplexed GFET-gen2 g-SGFET arrays. a. Design and b. transfer curves
of second generation 8x8 MUX-probes for reduced array crosstalk
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GFET‐
GFET‐gen2 –
epicortical

Figure 2. Design and fabrication of multiplexed GFET-gen2 g-SGFET arrays.

3.2 Custom hardware and software development
The commercially available instrumentation that fulfil the sGFETs requirements either for Time
Domain Multiplexing (TDM) or Frequency Domain Multiplexing (FDM) is limited. For that, a custom
solution based on general purpose data acquisition systems has been developed (CSIC). These
data acquisition systems are commonly based on voltage inputs which are not compatible with the
current output generated by the sGFETs. Thus, a front-end that implements several current to
voltage converters has been developed, and it also implements the drivers for controlling the bias of
sGFETs. Figure 3 shows the block diagram of the data acquisition system for TDM. The solution is
based on a Data Acquisition System from National Instruments (USB-6363) which control a custom
front-end. It is composed by two modules, one to perform the current to voltage conversion of the
sGFETs signals and another one based on a matrix of silicon MOSFET for addressing the columns
of the array.
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Figure 3. Block diagram of the developed electronics for time-domain multiplexing (TDM) operation of the
transistors.

Figure 4 shows the block diagram of the data acquisition system for FDM. The solution is based on
a PXIe-1071 chassis with two PXIe-5413 modules which implements 4 signal generators to control
the array columns, and one PXIe-5105 scope module which implements 8 high speed input channels
to read the array row signals. A custom front-end which implements the current to voltage conversion
and the bias control has been developed to interfacing between the sGFETs array and the data
acquisition system.
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Figure 4. Block diagram of the developed electronics for frequency-domain multiplexing (FDM) operation of the
transistors. Left: 2x2 array where two different carriers are applied at the columns and a different signal is applied on
each transistor gate. The signal from each I/V converter is demodulated. b. The modulated carrier folds the gate signal
above and below the carrier frequency. The demodulation by the sine and cosine of the carrier signal is perform to recover
the real and imaginary part of the demodulated signal which is then combined to recover the full module of signals 𝑆𝑖𝑔
and 𝑆𝑖𝑔 . Right: Optical picture of the electronics.

Together with the hardware a custom software based on Python has also been developed (CSIC
and ICN2) for controlling the data acquisition systems. The aim of this software is provide tools either
for the characterization of fabricated arrays and for real-time data acquisition and visualization of
neurophysiological recordings. Moreover, this platform is a valuable tool for validating and explore
the limits of the multiplexing strategies developed in the BrainCom project. Figure 5 shows some
screen-shoots of the developed graphical interface and Table 2 summarizes the main specifications
of the developed systems. Some of these features like the number of rows and columns will be
increased to explore the limits in the scaling up of the developed technology.
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TDM

FDM

Repository

https://github.com/jmartinezaguilar/PyTime
Mux8x8Acquisition

https://github.com/aguimera/Pyxi

Columns

8

4

Rows

8

8

De-multiplexed
Channels

128 (64 DC, 64 AC coupled)

32

De-multiplexed
Sampling
Frequency

1.25 kHz

Not applicable (~ 5KHz)

Input
Sampling 100 KHz
Frequency

500 kHz in Real-Time
10 MHz for testing

Table 2. Summary of the main specifications implemented in acquisition systems for both TDM and FDM.

Figure 5. Software controlling TDM and FDM electronics. Screenshots of the graphical interface of the developed
software. It allows the real-time data acquisition and visualization in time or frequency domain during electrophysiological
recordings.
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3.3 Assessment of Time Domain Multiplexing
One of the main limitations for scalability of the TimeMUX concept is the time response necessary
for each sensor to stabilize after switching before a correct data point can be taken. Graphene is
known to have a record high mobility far beyond the ones measured for organic electronics or metals
and is therefore an ideal material for high-speed applications. Figure 6a shows the transient
response of a g-SGFET switched between an ON and OFF state (with the circuit shown in Figure
3); the response time lies well below the resolution limit of 1 μsec of the used electronic setup. For
CVD grown graphene, mobilities are usually in the range of 1000 cm2/Vs and therefore the actual
response time is expected to be more in the range of 10-100 nsecs. While in the current setup we
are only switching at 10 kHz, this means that the TimeMUX concept as it is shown here, should be
easily scalable up to 1MHz switching speed and even beyond. Due to the liquid-gated nature of the
device, there is second stabilization process which happens on a much slower time-scale around
20-30 μsecs and is linked to the time the ions need to diffuse within the charge double layer at the
graphene-electrolyte interface when bias conditions are being changed. The small drift caused by
this effect however is identical between different cycles of the same device and will therefore only
lead to a small inaccuracy of the DC current level but not cause any degradation of the recorded AC
signals.
Another important aspect for scalability of the TDM approach with an external switching matrix is the
impact of crosstalk between sites, which scales with array size and resistance of metal tracks on the
probe. This crosstalk is caused by the voltage drop across the metal track resistance which creates
local potential fluctuations opening alternative pathways for the current through non-addressed sites
(Figure 6b).To get a better estimate of how high the induced crosstalk is, we used inkjet printing
techniques (as described above) to pattern separated polyelectrolyte pads on the transistors of a
2x2 probe (Figure 6c), allowing us to apply signals to an individual device while measuring the crosscoupling to adjacent sites. As can be seen in Figure 6d the crosstalk of such a signal on devices of
the same column or row are suppressed by around -40dB for a measured track resistance of 15
Ohms. This value matches also with simulations we performed using a P-Spice model (Qucs 0.19)
and which are shown in Figure 6e. For the 8x8 TDM probe used for the in-vivo experiment which
has a track resistance of 10 Ohms, the model predicts crosstalk of -27dB. While for some highperformance electronic application this might be a relatively large level of crosstalk, we consider this
an acceptable value for our application, as most neural signals are small in amplitude and thus the
crosstalk would lie below the noise level. Also the worst-case assumption, which we used for the
simulations, of having identical signals on all sites of the array does not match the reality of localized
neural activity which only affect some of the recording sites, in particular for increasing array size.
Keeping these considerations in mind, the currently used time-domain multiplexing approach with
an external switching matrix should be able to give reliable recordings with a similar low level of
crosstalk even up to 32x32 arrays, provided that the track resistance can be further reduced down
to 2-3 Ohms. Moving away from application in rodents and toward mini-pigs or humans, the
relaxation in size restrictions would make this easily achievable, because the width of the metal
tracks can be significantly increased.
Eventually the monolithic integration of MoS2-FET with high ON/OFF-ratios on the probe array
should completely remove any crosstalk-related scalability limitations for the TimeMUX approach.
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Figure 6. Assessment of time-domain multiplexing methodology. a. Transient response of gSGFET when switched
between ON and OFF state, showing short stabilization time of the device. Response below 1µs cannot be resolved due
to sampling rate limitation of the setup (1MHz). b. Origin of crosstalk in array without on-site switches and finite track
resistance. Biasing to Udrain of non-addressed columns significantly decreases the amount of crosstalk. c. Location of
measured gSGFETs on a 2x2 probe for crosstalk evaluation, utilizing inkjet printing to pattern confined gates consisting of
Ag and polyelectrolyte pads. d. Crosstalk versus gate bias when applying a test signal (sinewave 30mV, 10Hz) to a single
gSGFET and measuring the signal on each of the adjacent sensors. The devices in the same column and row as the one,
to which the test signal is applied to, show a crosstalk of -40dB while the device on the diagonal shows crosstalk lower
than -50dB (below floor noise of electronics). e. Simulated (PSpice) crosstalk for a 2x2, 8x8 and 32x32 arrays in
dependence of the track resistance. The aggregated crosstalk value is presented assuming a superposition of identical
signals on all but the probed sensor

3.3.1 Time-Domain Multiplexing in vitro validation
To validate the fidelity of the gSGFET recordings in the multiplexed operating mode, the recording
quality must be compared to the one obtained in steady, non-multiplexed operation. For instance,
the rapid switching between devices can potentially increase the noise or generate artefacts in the
multiplexed operation mode. Figure 7a compares recordings of an artificially generated
electrocardiogram signal (ME-W-SG, Multichannel Systems), containing components of different
frequencies. The multiplexed and non-multiplexed representation of both test signals are nearly
identical, suggesting that the rapid sequential addressing by the multiplexed mode does not generate
any visible artefacts, neither in the low nor in the mid frequency band. The root-mean-square value
of both recordings is also compared, showing equivalent SNR ratio (Figure 7b) in both acquisition
modes.
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Figure 7. In-vitro assessment of time-domain multiplexing signal fidelity. a. Recordings of one gSGFET on the same
8x8 μECoG-array, acquired in either multiplexed or steady (non-multiplexed) acquisition. An artificial electrocardiogram
signal was used to compare the fidelity of both acquisition modes. In both cases, the same averaging method was applied
(cycles of 10 points, discarding first 5 points and averaging last 5 points), to ensure comparability. b. For each acquisition
mode, the root-mean-square (RMS) value is calculated as the mean value of all 8 gSGFETs on one column, indicating the
signal-to-noise ratio of the recorded signal

3.3.2 Time Domain Multiplexing in vivo validation
To confirm the viability of the TimeMUX concept for neural recordings, acute in-vivo experiments
have been performed (LMU jointly with ICN2). Figure 8a shows a time trace of spontaneous LFP
activity in an anesthetized Long Evans rat, recorded in an acute in-vivo experiment using an array
of gSGFETs operated in the multiplexed mode. Under deep anaesthesia, such cortical LFP reflects
slow oscillations that are highly coherent across the whole cortical mantle; indeed, no significant
differences in signal shape can be seen across all the 64 sensors in the array. To benchmark the
recording capabilities of the gSGFET array against other state-of-the-art technologies, a
NeuroNexus ECoG array (with 32 circular platinum electrodes of 100μm diameter) was
simultaneously placed on the opposite hemisphere. Figure 8c-d show recordings and corresponding
spectrograms from an electrode and a gSGFET, displaying the expected synchronicity in activity of
both hemispheres. Filtering the signals from 0.1Hz to 200Hz (dark-blue and red curve in Figure 8c),
a clear difference in signal shape can be noticed. This difference reflects the high-pass filter of the
AC-coupled headstage used for passive ECoG recordings, which results in an attenuation of the
infraslow frequency content in the LFP signal. Removing these low-frequency components from the
gSGFET signal (green curve in Figure 8c), it is possible to validate that both technologies show very
similar recordings of the LFP activity as can also be seen in the corresponding spectrograms.
Visually evoked LFP activity exhibits a well-defined spatial topography and thus can be used for
validating the mapping capabilities of the multiplexed gSGFET technology. Figure 8b shows the
averaged response over 10 consecutive evoked events recorded with an array of gSGFETs in the
multiplexed mode. Visually evoked activity typically exhibits a clear response with a delay of 40 ms
after both the ON- and OFF-switching of the stimulus (Figure 8e). The recordings show a main peak
(ON response) lasting until 70 ms after the stimulation with and peak amplitude of 500 μV. Hence,
signal shape and amplitude are in nice agreement with previously reported results of non-multiplexed
gSGFETs. Further, Figure 8f presents the spatial distribution of both amplitude and time-delay of
the ON-peak. The earliest response is detected on the lower end of the array which represents
sensors directly placed on the primary visual cortex (V1) where the activity originates, and spreads
then radially towards other higher visual cortical areas.
In addition, to its capability to record LFPs, the gSGFETs exhibit a unique sensitivity towards slow
and infra-slow (below 0.1Hz) signals, which in the case of passive electrode recordings are hidden
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by baseline drifts and the impedance-related loss of gain at low frequency. In order to confirm that
multiplexed acquisition preserves signal quality in this frequency band, we have investigated
recordings of a cortical spreading depression (CSD). The CSD was artificially triggered by injecting
KCl into the cortex that caused a slowly propagating wave moving across the cortex.
Figure 8g depicts the recording of a gSGFET in the array. The DC component of the signal shows
the characteristic large shift of 15mV amplitude. The AC component and its corresponding
spectrogram (Figure 8h) reveals a silencing of the high-frequency activity during the event, caused
by the cellular depolarization and which is characteristic for the CSD. The maps below (Figure 8i)
show the respective position of the depolarising wave at different times after KCL injection, moving
from the top right to the bottom left at about 7mm per minute speed.
Concluding the results from the in-vivo experiments. The time-domain multiplexing technology
provides simultaneous and artifact-free high-quality recordings of 64 ECoGs over the LFP frequency
range comparable to the ones obtained by current state-of-the-art commercial ECoG probes. The
current implementation is only limited by the available sampling speed of the used DAQ-Card
(1MS/s) but the concept is far from reaching its limits. With higher sampling speed, the array could
be operated at much higher switching speed and thereby allow the use of much larger arrays of
32x32 sensors and beyond as well as to also record signals in the high-frequency range above 1
kHz. Integration of long tethers into the setup will allow for head-stage-less recording in large arrays
in freely-moving animals.
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Figure 8. In-vivo validation of multiplexed gSGFET µECoG-array: a. Map of spontaneous LFP activity showing near
identical shape across all sites. b. Map of visually evoked activity averaged over 10 consecutive events (dashed red line
indicates timing of optical stimulus; dashed black curves are interpolated values from neighbouring sites for non-functioning
sensors. c. Recording trace derived from AC-coupled passive ECoG-array (NeuroNexus, platinum electrode) as well as
DC and AC-filtered gSGFET’s. d. Corresponding spectrograms of both, NeuroNexus and gSGFET recordings. e. Visually
evoked response recorded on a single sensor (dashed grey box in Figure 3b), with an ON- and OFF-response of 50 ms
delay and 500μV peak amplitude. f. Array maps displaying the distribution of amplitude and time-delay of the ON-peak
response across all sites. g. DC-signal (blue, lowpass-filtered below 20Hz) and AC signal (red, bandpass-filtered between
1-20Hz) of a single gSGFET during the cortical spreading depression (CSD). h. Corresponding spectrogram of CSD event.
i. Array map showing the propagating front of the spreading depolarization wave across the array from the right upper to
the left lower corner.
.
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3.4 Assessment of Frequency Domain Multiplexing
(3x3) multiplexed arrays have been used for characterization of the frequency multiplexing approach
using a discrete electronics system (before the ASIC is fully developed) while 4x8 arrays have been
used to evaluate the technology in-vivo. Fig. 9 shows an schematic illustrating the recording principle
behind the frequency-domain multiplexing. On the left hand side, a 2x2 gSGFET array is
represented. A different carrier signal (of different frequency) is applied at each column of the array.
On the other hand, each row is connected to a current to voltage converter. The signal recorded in
row one contains a superposition of the signal from carrier 1, which is modulated by the signal applied
to transistor 1 (𝑆𝑖𝑔 ), and carrier 2, modulated by 𝑆𝑖𝑔 . The demodulation of the recorded signal
using carrier 1 and carrier 2 is also illustrated on Fig. 9. The recorded signal is multiplied by the sine
and cosine of the carrier 1 and 2 to recover the module of the demodulated 𝑆𝑖𝑔 and 𝑆𝑖𝑔
respectively.
The frequency domain multiplexing is based on the amplitude modulation (AM) operation of the gSGFETs. The performance of g-SGFETs in the aforementioned arrays has been performed (ICN2
and CSIC) using the discrete electronics system and custom developed software which is designed
to support the continuous (real time) acquisition, signal demodulation, plotting and saving of a 32
channels multiplexed array at a sampling frequency of 500kHz. The comparison of the transfer
characteristics, transconductance and noise (i.e. equivalent noise at the gate Urms) in the DC and
AM operation modes is shown in Fig. 9, validating the AM model of operation of g-SGFETs. The
𝑉 curves is shown in Fig. 9a.
transconductance derived from the slope of the stationary 𝐼
Similarly, the transconductance measured from the dynamic response of the g-SGFETs to pure tone
signals at different frequencies is plotted in Fig. 9b in order to demonstrate the equivalence of the
frequency response of g-SGFETs in the AM and DC mode to detect neural signals. Above ~1𝑘𝐻𝑧
the transconductance in the AM mode is significantly lower than in the DC mode. The reason for this
difference is that in the DC mode, direct capacitive currents flowing from the electrolyte to the
transistor contacts contribute significantly to the measured currents. Finally, the equivalent voltage
noise at the gate is plotted for a wide 𝑉 range in Fig. 9c, demonstrating noise levels below 10µVrms
at optimum bias conditions.
a

b

c

Figure 9. Comparison of g-SGFETs performance in the DC and AM mode. a. 𝑔
𝑉 relationship in the AM and DC
modes from a 3x3 g-SGFET array. b. The magnitude of 𝑔 over frequency of the signal applied at the gate is shown for
the two modes. The response was measured in a 2x2 g-SGFET array. c. 𝑉
𝑉 for an integration bandwidth of 110Hz measured in the AM and DC modes is shown. Measurements done for a 3x3 g-SGFET array.

3.4.1 Frequency response in the AM mode
The carrier frequency for which the transistors can keep a good performance is crucial for upscaling
the number of columns in a frequency multiplexed array of g-SGFETs. Fig. 10 shows the mechanism
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by which a capacitive leakage through the electrolyte can limit the bandwidth of the g-SGFETs. At
high frequencies the impedance of the graphene-electrolyte interface plus electrolyte is lower than
the graphene channel impedance and therefore most of the drain to source current flows through
the electrolyte. Fig. 10b (top) shows the frequency response of the drain-to-source current for gSGFETs of different lengths, demonstrating a perfect matching between the experiment and the
calculated reponse using the model shown in part a. Fig. 10b (bottom) shows that the phase of the
drain to source impedance which tends to 45 degrees when the aforementioned mechanism is
dominating the charge flow. This increase in current is followed by a transconductance drop at
approximately the same frequency, which is approximately 600kHz for a 50𝜇𝑚 x 50𝜇𝑚 g-SGFET
(see Fig. 10c).
b

Figure 10. Frequency response of g-SGFETs. a. Schematic of the equivalent circuit and dominant current path in the
graphene-electrolyte interface at relatively high frequencies. b. Top: Drain-to-source current for channels of different length.
The fitting of the data with a model of the frequency response is included. Bottom: The measured phase of the drain-tosource impedance over carrier frequency is plotted. c. Drain-to-source current and transconductance over carrier
frequency for the 50µm x 50µm g-SGFET in the 2x2 multiplexed arrays used for characterization.

3.4.2 Harmonic distortion in the AM mode
The scalability of the number of sensing sites in a frequency multiplexed array is also constrained
by the harmonic distortion of the carrier signals. Therefore, it is very important to carefully evaluate
the impact of harmonic distortion which is ultimately caused by non-homogeneous effective gating
along the channel of the g-SGFETs. The drain-to-source bias applied induces a gradient in the
workfuntion of graphene along the channel, which causes a non-homogeneous effective gating of
the transistor. In the DC mode, this gradient is constant over time, producing a constant offset in the
channel doping for a certain 𝑉 bias. Changing 𝑉 produces a drift of the transfer curves of the gSGFETs along the 𝑉 axis (see Fig. 11a). This effective gating is also responsible for the
dependence of the channel conductance on the drain-to-source bias, which introduces nonlinearities in the output characteristics shown in Fig. 11a. Fig. 11b shows a 3D representation of the
𝐼
𝑉 and 𝐼
𝑉 characteristics of the g-SGFETs. In the DC mode, the g-SGFETs are operated
at a stationary point in the 𝑉
𝑉 plane, but in the AM mode the drain-to-source bias oscillates
along the 𝑉 axis. Non-linearities in the 𝐼
𝑉 curves therefore lead to harmonic distortion of the
carrier signal, which introduces harmonics at frequencies multiple of 𝑓 . The measured harmonic
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distortion can be compared to the values expected from the non-linearity in the 𝐼
𝑉 , which can
be calculated by the Taylor expansion of the output characteristics. This non-linearity appear due to
the effective gating induced by the increasing values of 𝑉 . Fig. 11c shows the measured distortion
level and the values calculated from the Taylor expansion. It can be validated that the measured
distortion level is lower than expected from the output characteristics. The reason is presumably that
the graphene-electrolyte interface has an attenuated response to the effective gating induced at the
frequencies of operation (i.e. above 10 kHz). Harmonic distortion constrains the selection of carrier
frequencies because high order harmonics must not lie within the frequency band of operation, which
is dedicated to the carrier signals. Thereby, the frequency of all carriers must be below the 2nd order
harmonic of the carrier with a lowest frequency (see Fig. 11d). In addition, the Nyquist frequency
must be above the 2nd order harmonic of the highest carrier frequency in order to prevent folding of
3rd order harmonics into the band of operation by aliasing.
a
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d

Figure 11. Harmonic distortion of the carrier signal in the AM mode. a. Dependence of 𝐼 on 𝑉 and 𝑉 , showing a
shift in the CNP and the non-linearities in the 𝐼
𝑉 produced by effective gating. b. 3-dimensional representation of the
𝐼 dependence on 𝑉 and 𝑉 . c. The 1st, 2nd and 3rd order harmonics introduced by the g-SGFET on a carrier signal
shown for different 𝑉 bias conditions (dots). The terms derived from the Taylor expansion of the output characteristics
are also shown (lines). d. Two carrier signals and their 2nd and 3rd order harmonics represented in the frequency domain.
The frequency which defines the bandwidth of operation (𝐹 ) and the position of the Nyquist frequency (𝐹 /2) with respect
to 𝐹
are indicated.

3.4.3 Cross-talk determination in FDM operation
In FDM, no switching among sensing sites is required. Although this feature bears a clear advantage
for ease of fabrication, it prevents from doing on-site switching of the sensors, and can therefore
lead to an increased susceptibility to crosstalk. Crosstalk can appear among g-SGFETs in the same
row (i.e. sharing a readout channel) as well as in the same column (i.e. biased by the same carrier)
due to common mode voltage (𝑉 ) oscillations in the resistance of metal tracks. Analysing the
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equivalent circuit in Fig. 12a, an analytical expression can be derived which indicates that the
crosstalk among columns and among rows presents the same magnitude for equal values of 𝑅
and 𝑅 /𝑅
for gand 𝑅 . The amplitude of such cross-talk is expected to be 𝑅 /𝑅
SGFETs in the same row and column respectively. Additionally, the crosstalk signals will cause a
second order crosstalk, which will affect the g-SGFETs out of the same column and row with a much
. In order to experimentally determine the crosstalk level and
lower amplitude 𝑅 𝑅 / 𝑅
validate the derived model, we have patterned multiple polyelectrolyte gates on the graphene sensor
arrays by inkjet printing. The different gates, indicated by the light blue area in Fig. 12a, allow to
individually gate different g-SGFET groups to evaluate crosstalk among them. Fig. 12b shows the
signal measured by an individually gated g-SGFET (black) and the crosstalk it induced on sensors
in the same column (green), the same row (blue) and on the rest of g-SGFETs (red). Besides, the
fitting of the experimental data using an analytical expression is displayed, demonstrating a close
agreement. Fig. 12c shows the dependence of the signal-to-crosstalk on the resistance of metal
tracks according to the derived model. It is shown that in order to minimize the crosstalk around the
level achieved using on-site switches, the resistance of the tracks must be in the range of few Ohms.
This requirement could be met by increasing the thickness and width of the metal tracks, shortening
the probe length (2cm in the current devices) or using a larger number of vertically-stacked metal
layers.

a

b

c

Figure 12. Cross-talk modeling and characterization. a. Equivalent circuit of a 3x3 g-SGFET array. The metal track
resistance of the columns and rows is modelled by 𝑅 and 𝑅
respectively. Different carriers (𝑉
,𝑉
and 𝑉
). In
blue/green, the mechanism for crosstalk among g-SGFETs in different columns/row are indicated. Common voltage
which cause crosstalk among sensors. The light blue area
oscillations (𝑉 , and 𝑉 , ) produce changes in 𝑉 ,
indicates the position of 4 polyelectrolyte gates printed on a 3x3 array in order to characterize the crosstalk level. b. The
signals measured in the g-SGFETs highlighted by a thicker coloured line in part a are plotted. The dashed lines indicate
the fitting by an analytical expression. The noise (black line) was measured at 7Hz. c. Simulated dependence of the signalto-crosstalk on the tracks resistance. The black dot indicates the measured values in our test devices.

3.4.4 Study of the frequency selection for FDM operation
Fig. 13 shows an example of the carrier frequency selection for 4 carriers (green) which has been
used for in-vivo validation of the technique, and 16 carrier frequencies (red) which is planned to be
used in the 32x 32 g-SGFET multiplexed array. Each of the 16 carriers is going to be applied to two
different columns in quadrature (i.e. 90˚ phase shift). The selection of carrier frequencies for the
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operation of a g-SGFET array with multiple columns must obey several rules. First, the frequency
between carriers must be the double of the frequency bandwidth of interest (i.e. neural signals band)
plus a guard band between them to allow separation of channels by filtering after demodulation. The
second rule is that the second harmonic of the signal with the lowest frequency must be out of the
frequency band of operation (i.e. larger than the highest carrier frequency used). The third rule is
that the 2nd harmonic of the highest carrier frequency must be below the Nyquist frequency to ensure
that its third harmonic does not contaminate the band of operation by aliasing. The dashed lines in
Fig. 13 show the 2nd harmonic of the lowest and highest carrier frequency for the 4 and 16 carriers
case. Finally, all the carriers must be within the frequency bandwidth where the 𝐼 and 𝐺 of the gSGFETs is approximately constant (see blue line and right y-axis in Fig. 13a)
Finally, the superposition of a large number of carrier signals might challenge the resolution of the
data acquisition (DAQ) system. The quantization error of the analog-to-digital converter (ADC), given
by its less-significant bit (LSB), must be low enough to ensure signal integrity. When increasing the
number of carriers, the resulting currents collected at the rows of the array increase, therefore forcing
to reduce 𝐴 . This decrease implies an attenuation of the transconductance (i.e. 𝐴 𝑔 ) of the gSGFETs with respect to the LSB, which remains unchanged. To minimize the amplitude of the
carriers superposition for a certain 𝐴 , the phase of the carriers can be adjusted. Fig. 13b shows the
effect of phase optimization for the combination of 32 carrier signals defined in 13a. It is shown that
an attenuation in the amplitude by a factor of 3.2 can be accomplished. The resulting signal can be
then compared with the superposition of 4 carriers used for the in-vivo proof of concept described
previously. Fig. 13d shows that upscaling from 4 to 32 carriers causes an increase in the amplitude
of their superposition by a factor of 2.8. In order to maintain the relation between the sensitivity of
the g-SGFETs and the LSB constant, the resolution of the ADC should be increased by 1-2 bits to
operate larger arrays of up to 32 carriers.

a
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d

Figure 13. Carrier frequency selection. a. The carrier frequencies selected for the in-vivo proof of concept are shown in
green and those proposed for a 32x32 sensor array are indicated in black. The frequency of the high order harmonics
critical for frequency selection are indicated as well as the required sampling frequency. The right axis indicates the
normalized transconductance for g-SGFETs of (50𝜇𝑚 𝑥 50𝜇𝑚, n=4). b. Superposition of 32 carriers with phases optimized
to minimize the peak-to-peak amplitude (blue) and with all carriers in phase (red). c. Histogram representing the distribution
of the signal amplitude for the superposition of 32 carriers after phase optimization (blue) and for all carriers in phase (red).
d. Histogram representing the distribution of the signal amplitude of the 4-carrier superposition used for the in-vivo proof
of concept is compared to the amplitude of a 32-carrier signal with phase optimization.
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3.4.5 In-vivo validation of frequency-domain multiplexing

The frequency multiplexing of g-SGFET arrays has been validated in an in-vivo acute experiment
on the rat cortex. Fig. 14a shows the electrical setup for the operation of the 4x8 g-SGFET array
implanted in an acute setting.
The transfer and output characteristics of the devices demonstrate a high homogeneity as well as
in the 1Hz – 10Hz
100% yield, all 32 g-SGFETs show an equivalent gate noise below 10 𝑉
frequency band (see Fig. 14b and 14c). To validate the recording capabilities in the LFP frequency
range, recordings of visually evoked response have been demonstrated. A light pulse of 100msec
length has been applied in 5sec intervals using a blue LED placed contra-laterally (left eye) to the gSGFET array (right hemisphere). The recorded response has been averaged over 10 consecutive
evoked responses and is shown in Fig. 14d and 14e. The response delay and peak amplitude shown
in Fig. 14d are in good agreement with the values reported in the literature and comparable to
TimeMUX experiments.
To validate the fidelity of the AM operation mode it is necessary to show that the full-band recording
capabilities of the g-SGFETs are preserved (i.e. recording infra-slow signals below 0.1Hz as well as
signals in the LFP range of 1-200Hz). To demonstrate the recording accuracy in the infra-slow range,
we have measured a cortical spreading depression (CSD) signal induced by an injection of 1uL KCl.
Fig. 14f shows the filtered activity in the 1-50Hz frequency band overlaid with the wide band signal
filtered in the 1mHz-50Hz frequency band during a CSD. The depolarization wave results in a large
infra-slow signal drift with a duration over 70s, during which a significant suppression of the
spontaneous activity can be observed. Fig. 14h shows the propagating front of the CSD wave across
the array. These findings confirm that FDM does not cause degradation of sensitivity of g-SGFETs
in the relevant frequency bandwidth for epicortical neural sensing.
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Figure 14. Recordings of epicortical LFP activity: a. Acute experiment setting. The g-SGFET array interfaces the brain
with the custom-built front-end amplifier. The inset photograph shows a detailed image of the array on the brain cortex. b.
from 3 neural probes of 32 g-SGFETs integrated in the 1-10Hz frequency is shown. The logThe histograms of 𝑉
normal distribution indicates the mean and standard deviation of 𝑉
. The values from the specific neural probe which
was implanted in shown in the inset figure. c. The average and standard deviation of the 𝐼
𝑉 and 𝐼
𝐴 curves
obtained in-vitro for the 32 channels is shown. d. Visually evoked potential averaged over 10 consecutive events for all gSGFETs on the 4x8 array. The colour map represents the delay between stimulus and the peak of the response. e. The
visually evoked potential averaged over 10 consecutive events is shown for a single g-SGFET placed on the lower-left
corner of the array. f. Up states in spontaneous activity under anaesthesia. The signal filtered in two different bands
indicates the presence of low frequency components ( 0.5𝐻𝑧). g. The CSD signal recorded in a single g-SGFET is shown.
On the top graph, the activity in the 1-50Hz band is shown in blue (left axis), while the wide-band activity (0.001 50𝐻𝑧) is
shown in black (right axis). The corresponding spectrogram in the 1-50Hz band is shown below. h. The illustration of a rat
skull indicates the position of the craniotomy, the g-SGFET array and the place of KCl injection. The colour maps indicate
the signal amplitude in each of the g-SGFETs on the array during the CSD propagation.
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4. Conclusion
The multiplexing technology developed in BrainCom, as shown in this deliverable, has the potential
to set a new state-of-the-art. Here we demonstrate that graphene active devices (flexible arrays of
graphene sensors) can be operated in time-domain and frequency-domain multiplexing modes.
The superiority of graphene over silicon and organic polymers for high-speed applications makes
the gSGFET an ideal device for multiplexed sensor arrays. In-vitro and in-vivo assessments confirm
the fidelity of broad-band signal representation (infra-slow oscillations and local field potentials) in
multiplexed operation, with signal quality comparable to the state-of-the-art of commercially available
neuro-sensors.
Consequently, next to their potential as efficient transducers of neural activity, gSGFETs show great
promise as a building block for multiplexed brain-machine interfaces of high sensor count. This
deliverable is a major milestone in the BrainCom development of large-scale, flexible gSGFET
μECOG arrays capable of providing high resolution mappings of neural activity, aiming to control
neuroprosthetics and to help exploring the operation and functionalities of the brain.
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