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Abstract— This paper presents a highly scalable readout IC
for high-density microelectrode arrays (MEAs). Although the
recent development of large-scale high-density MEAs provides
opportunities to achieve sub-cellular neural recording over a
wide network area, it is challenging to implement the readout IC
that can operate with such MEAs. The requirement of high-
speed recording in large-scale arrays induces wideband-noise
folding, which makes it challenging to achieve a good noise
performance for high-fidelity neural recording. Moreover, for
the wideband readout, the major noise contributor changes from
the readout circuit to the cell-electrode interface. In this paper,
we first show why the interface noise becomes the dominant
noise source and elucidate its component that contributes the
most: sealing resistance. Then, we propose a new readout circuit
structure, which can effectively cancel the wideband interface
noise. As a result, the signal-to-noise ratio of input neural spike
signals is improved dramatically in all cell-attachment or sealing
conditions. Particularly, it is shown that under weakly sealed
conditions, the spikes can be detected only when the proposed
wideband noise cancellation technique is applied.

I. INTRODUCTION

The microelectrode array (MEAs) have been a crucial
platform for scientists and engineers to investigate the nature
of neuronal networks or implement brain-machine interfaces.
Recent developments in MEA technology have enabled large-
scale high-density arrays of microelectrodes to provide high
resolution and wide network coverage for neural recording [1].
However, the MEA technology has been scaled at a much
slower pace than the CMOS fabrication technology. The
number of simultaneously recorded neurons using MEAs has
been doubled in approximately seven years [2], while the
number of transistors integrated inside a CMOS chip has been
doubled every two years. It indicates that the true bottleneck
of MEA scaling is not with the fabrication technology.

Rather, the bottleneck arises from the limitation of MEA
readout ICs [3]. The conventional readout method (Fig. 1(a))
connects each electrode to a recording channel [4], which
typically consists of an AC-coupling capacitor, a low-noise
amplifier, a variable-gain amplifier, a low-pass filter, and an
analog-to-digital converter. This one-to-one direct wiring
between the electrode and recording channel offers the highest
possible signal-to-noise ratio (SNR) performance with robust
input DC biasing. However, applying the conventional method
to high-density MEAs brings about several design issues.
Above all, it lays an excessively heavy burden on routing.
Since densely packed small-size microelectrodes preclude
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locating recording channels beneath the electrodes, a large
number of routing lines are required to connect the electrodes
to recording channels placed on the periphery of the electrode
array. The resulting large area occupied by routing lines limits
the number of electrodes that can be scaled while maintaining
the targeted high density of MEAs. In addition, the area and
power consumed by recording channels increase rapidly with
the number of electrodes.
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Figure 1. MEA readout methods [3] based on: (a) direct wiring (conventional
method) [4], (b) switch matrix [5], and (c) active pixel sensors [6], [7].

To overcome this limitation of the direct-wiring method,
the readout structure using a switch matrix (Fig. 1(b)) can be
employed [5]. By using multiplexed recording structure,
neural signals can be recorded from a large number of
electrodes with high spatial resolution. However, since the
passive electrodes cannot drive the signal with sufficient speed
and strength required to operate the multiplexing switches
dynamically, only stationary recording from the preselected
set of electrodes is allowed. If we want to achieve full-rate
scanning across the entire set of electrodes, the readout
approach based on active pixel sensors (Fig. 1(c)) should be
used [6], [7]. Here, the active pixel sensor is implemented by
placing an extremely small preamplifier under each electrode.
Due to this strict area limitation, the noise performance of the
preamplifier is far from optimum.

Among different MEA readout approaches, the active-
pixel-sensor-based method seems to be the most promising
way to maximize scalability, although the SNR performance
is compromised mainly due to the significant level of noise
generated by preamplifiers. However, as the electrode count
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increases beyond a certain limit, another critical noise source
starts to make a major contribution. Assume that we target to
record from 160,000 electrodes through full-rate scanning. If
all pixels are always activated consuming static power, the
total power consumption of the readout system will be 160,000
times the consumption by each pixel, which would be too high
to avoid harmful effects on living cells. Therefore, the pixel
should be dynamically activated only when it is accessed by
the recording channel. If 160,000 pixels form the array of 400
x 400, recording channels can be placed on the top and bottom
sides of each column. In this arrangement, each channel is
supposed to record from a half column of pixels or 200 pixels
in a time-multiplexed manner. Assuming 10-kHz recording
bandwidth for each pixel, the time window allowed to read out
from each pixel becomes as short as 500 ns. It means that once
a pixel switch is closed, the neural signal picked up by the
corresponding active pixel should settle within 500 ns with
high enough accuracy, leading to the requirement of wideband
readout circuits. As a result, any band-limiting circuits such as
low-pass filters cannot be used in the signal path, and the
folding of unfiltered wideband noise occurs when neural
signals are sampled in recording channels. Since the thermal
noise from readout circuits is one important wideband noise
source, we need to keep it as low as possible. However, there
is another major wideband noise source that is originated from
the cell-electrode interface. In this work, we introduce and
analyze the wideband noise from the interface first and then
propose a new readout circuit structure, which can mitigate the
effect of this interface noise significantly.

II. NOISE FROM CELL-ELECTRODE INTERFACES

The electrode itself generates some thermal noise. The
electrical properties of the electrode can be well described
using a constant-phase model [8], and the real part of the
electrode impedance generates Johnson noise. Since the real
part of the electrode impedance decreases as the frequency
increases, the electrode thermal noise reduces at high
frequencies, making it a band-limited noise source.

On the other hand, the cell-electrode interface can be
described using two different electrical models depending on
the spatial density of MEAs. The first model describes the
conventional mechanism of extracellular potential generation.
An electrode in a sparse MEA receives multiple electrical
signals from multiple neurons’ current sources [9]. In this
model, obtaining the extracellular potential requires the
integration of electric fields caused by the neurons’ current
sources over distances. A solution resistance is defined from
this voltage-current relationship of the model, and its value is
a function of electrode dimensions [8].

Neuron Cell Vier

Figure 2. Electrical model of the cell-electrode interface in high-density
MEAs [10]-[12].

When it comes to high-density MEAs, a different cell-
electrode interface model should be used [10]-[12]. In high-

density MEAs, the electrodes are so small and densely packed
that each electrode contributes to recording from a single
neuron cell or its sub-cell region because a cell or cellular
compartment covers or seals the electrode. Fig. 2 shows the
electrical model of the cell-electrode interface in high-density
MEAs. In this model, a sealing resistance is present between
the cell and electrode, and it plays a role of converting the
current from the neuron cell to the extracellular voltage at the
electrode [10]. As in the patch-clamp experiment, the captured
signal quality improves under tighter sealing or better cell
attachment conditions.

The values of the solution resistance and sealing resistance
show huge differences. For the electrode with an area of
several tens of wm?, the solution resistance value typically
ranges from tens of kQ to hundreds of kQ, while the sealing
resistance value is larger than 1 MQ [12]-[14]. Therefore, the
sealing resistance adds a significantly higher noise floor to the
MEA readout system than the solution resistance.
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Figure 3. Effects of the sealing resistance noise on filtered MEA readout
systems and wideband MEA readout systems.

This high noise floor contributed by the sealing resistance
impacts the achievable SNR performance greatly, especially in
wideband full-rate-scanning readout systems (Fig. 3). The
recording bandwidth of the band-limited or filtered readout
system spans mainly over the electrode-noise-dominant region.
In contrast, the bandwidth of the active-pixel-sensor-based
full-rate-scanning MEA readout system is wide enough to be
strongly affected by the sealing resistance noise floor. From
the MATLAB simulation using the electrical model of the cell-
electrode interface with typical component values, the noise
integrated from 300 Hz to 5 kHz for the filtered readout system
is 9 Vs, which is an acceptable level. However, the noise of
the wideband readout system having a bandwidth of 2 MHz is
turned out to be 87 wVms, which is excessively high to conduct
any successful neural spike recording. It demonstrates that the
sealing resistance noise affects wideband full-rate-scanning
readout systems significantly while its contribution can be
negligible in conventional band-limited recording systems
[11]. Therefore, a new method that can suppress the effect of
the sealing resistance noise should be introduced to enable
highly scalable high-density MEA readout systems.

III. PROPOSED HIGHLY SCALABLE READOUT IC

A. Active Pixel Design for Wideband Noise Cancellation

The sealing resistance noise comes into the recording
circuit in conjunction with the input neural signal, and thus it
is not straightforward to distinguish it from the input signal.
Considering that its frequency range is much wider than that
of the input signal, we propose a new front-end circuit
structure that performs two-path asymmetric high-pass
filtering and subsequent subtraction (Fig. 4(a)). Two high-pass
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filters with different cutoff frequencies are implemented
within a pixel. The high-pass filter with 300-Hz cutoff passes
the signal together with noise, and the other high-pass filter
with 10-kHz cutoff passes only the wideband noise. These two
filter outputs are then subtracted in the half-column recording
channel to cancel the wideband noise from the sealing
resistance. To minimize the area consumption, the capacitors
in high-pass filters are realized by using the inherent electrode
capacitance, and the resistors are implemented by using
switched capacitors. Note that platinized Pt-black electrodes
can offer about 10-pF capacitance per 1-um? area [8], [15].
Although the electrode capacitance value can vary
significantly due to process variations, the cutoff frequency
can be accurately adjusted by tuning the switched-capacitor
operation frequency. Two input electrodes are placed in a
mosaic configuration to obtain the highest possible input
correlation.
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Figure 4. Active pixel circuit for wideband noise cancellation: (a) block
diagram, (b) circuit schematic diagram.

Fig. 4(b) shows the schematic diagram of the active pixel
circuit. The clock frequency for switched-capacitor resistors is
set to 10 MHz so that the consistent equivalent resistance can
be seen by all frequency components of the input signal and
noise up to 2 MHz. The resistance values required to generate
300-Hz and 10-kHz cutoff frequencies are 5 MQ and 250 kQ,
corresponding to the switched capacitance values of 20 fF and
400 fF, respectively. The switched capacitors are implemented
using MOS capacitors. The switches at the gates of input
transistors are included to minimize the crosstalk between
pixels. Since the input transistor operates as a large coupling
capacitor that causes crosstalk when the pixel-selection switch
at its drain terminal is turned off, the input transistor needs to
be disconnected from the input node to prevent the signal
contamination due to crosstalk between pixels.

B. Half-Column Recording Channel Design
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Figure 5. Block diagram of the half-column recording channel.

Fig. 5 presents the block diagram of the half-column
recording channel. To achieve high-speed switching between
pixels in the presence of large parasitic capacitances due to
long wires running along the half-column, the current-mode
readout is employed for the 1 stage amplification. In the 1%
stage amplifier, the current-mirror-based amplification is
performed with a gain of 4. The current-bleeding technique is
implemented using Ipp to reduce the DC current consumption

of current mirror stages, and bandwidth-enhancement loops
[6], [7] are formed by Mg and Mgg; for fast settling. The 1%
stage amplifier draws a sufficiently large DC current to lower
the circuit thermal noise floor. However, since the pixel
circuits operate dynamically with sharing the DC current of the
1% stage amplifier in the half-column recording channel, the
total power consumption does not grow so rapidly as the
number of electrodes in the MEA increases. After the current
amplification, the current-to-voltage conversion is conducted
by the output resistance (Rour) of 120 kQ. In addition, the
output capacitance (Cour) of 500 fF is used to filter out the
noise at excessively high frequencies beyond 2 MHz, which is
the target bandwidth of the recording channel. The total gain
of the 1% stage amplifier is 100. The circuit schematic diagram
of the 1% stage amplifier is shown in Fig. 6.
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Figure 6. Circuit schematic diagram of the 1% stage amplifier in the half-
column recording channel.

The 2" stage amplifier in the recording channel is based
on a current-balancing instrumentation amplifier (CBIA)
structure [16]. Since the CBIA operates in an open-loop
manner, it can achieve a wide bandwidth with low power
consumption, while the gain of the amplifier can be reliably
set by the ratio between two resistors. The 2™ stage amplifier
gain is designed to be programmable among 10, 20, 30, and 40.
The sampling stage that follows the 2" stage amplifier consists
of buffers, switches, and sampling capacitors. The amplifiers
used in the buffers are conventional Miller-compensated two-
stage amplifiers. The value of the sampling capacitors is set to
1.5 pF, considering kT/C noise.

In addition to the main recording channel circuit, a pixel-
by-pixel DC calibration circuit should be implemented to deal
with DC offset variations across pixels (Fig. 5). The charge
injected by gate switches, switched-capacitor resistors, and
pixel-selection switches at input transistor drain terminals is
discharged slowly through large sealing resistances. Therefore,
the amount of injected charge and its discharging speed are
different from pixel to pixel, leading to varying DC offsets
across pixels. Therefore, the DC calibration circuit is required
to compensate for these DC offsets so that the saturation of the
recording channel can be avoided. The DC calibration circuit
monitors the voltage at the 1% stage amplifier output when
connected to each pixel. If the output voltage exceeds the
predetermined threshold when connected to a certain pixel, the
compensation data stored in the registers for that specific pixel
is updated. The 5-bit current-mode digital-to-analog converter
(I-DAC) is then controlled by the stored compensation data to
compensate for the DC offset of the corresponding pixel. The
I-DAC is connected in parallel with Igip current sources in a
differential manner (Fig. 6).
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IV. IMPLEMENTATION RESULTS

The proposed recording system, including 200 active
pixels and a half-column recording channel, is implemented
using 28-nm CMOS technology, and transient simulations are
carried out using the Cadence Spectre to verify its recording
operation and performances. Three different sealing resistance
values (1 MQ, 5 MQ, and 10 MQ) are used for simulation. The
electrical model of the cell-electrode interface shown in Fig. 2
is used to construct the input source network of the recording
system. Although the constant-phase electrode model can be
constructed using Spectre codes, it cannot be used for transient
simulations. Thus, an equivalent RC model having similar
noise and frequency characteristics is used instead.
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Figure 7. Recording output waveforms obtained from transient simulations
for three different sealing resistance conditions (1 MQ, 5 MQ, and 10 MQ):
(a) without wideband noise cancellation, (b) with wideband noise cancellation.

Fig. 7(a) shows the output waveforms when the proposed
wideband noise cancellation technique is not applied. In this
simulation, the 10-kHz high pass filter in the active pixel is
removed, and the corresponding input node is connected to a
suitable DC voltage. When the sealing resistance is 1 MQ, the
neural spike cannot be distinguished from the noise. For the
sealing resistances of 5 MQ and 10 MQ, the achieved
recording SNR improves slightly, but it is still low. Fig. 7(b)
shows the output waveforms obtained with applying the
proposed wideband noise cancellation technique. It is obvious
that the SNR performance improves significantly when this
technique is applied. For any values of the sealing resistance,
the neural spikes are clearly discernible at the output. The SNR
increases when the value of sealing resistance increases
because the signal magnitude is proportional to the sealing
resistance, while the noise amplitude is proportional to the
square root of the sealing resistance.

V. CONCLUSION

The MEA technology is being scaled incessantly but at a
rather slow pace. One important factor that results in such slow
development is the limited scalability of the MEA readout IC
because reading out from the large-scale high-density MEA is
a challenging task. To operate with the large-scale MEA, the
readout IC should be able to record neural signals from a large
number of electrodes through high-speed or wideband
recording. Considering the adverse effect of the wideband
noise folding on the achievable SNR performance of high-
speed readout IC, the circuit thermal noise performance should
be improved significantly by consuming more power and area.

However, to operate with the densely packed electrodes at the
same time, increasing power and area consumption is not a
viable option due to the risk of cell damage and unavailability
of the large implementation area. Moreover, as the recording
bandwidth of the readout IC increases for full-rate scanning of
large-scale MEAs, the wideband noise from the sealing
resistance in the cell-electrode interface becomes more
important than the thermal noise from the readout IC and
degrades the SNR performance of the wideband readout IC
seriously. In conclusion, it is extremely challenging for the
readout IC to satisfy the requirements of highly scalable
recording and high-density recording simultaneously.

In this work, to overcome this limitation, we present a new
readout IC structure with wideband noise cancellation.
Implemented in a 28-nm CMOS process, it is demonstrated
that the proposed readout IC can achieve dramatically
improved SNR performance in all cell-attachment conditions
with various sealing resistance values. Importantly, recorded
neural spikes in the weak sealing conditions can be
distinguished from the noisy background only when the
wideband noise cancellation technique is applied to the
readout IC.
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