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Abstract—The dual-band recording of the local-field potential
(LFP, 0.1-200 Hz) and the spike potential (SP, 200 Hz-10 kHz)
is important for physiological studies at the cellular level. Recent
study shows that the LFP signal plays important roles in mod-
ulating many profound cellular mechanisms. Although various
bio-signal acquisition circuits have been reported over the years,
few designs are applicable to capture both LFP and SP signals.
To record both signals accurately, acquisition circuits need low
noise and good linearity in both bands. In this paper, we report
the design of a dual-band acquisition IC for microelectrode array
(MEA) recording. The novel design uses a continuous-time (CT)
front-end with chopping te suppress the noise in the LFP band,
and a discrete-time (DT) back-end to achieve goed linearity.
The acquisition channel is fully differential, which leads to a
high common-mode rejection ratio (CMRR) and power supply
rejection ratio (PSRR) without the 50 Hz injection. The design
interfaces the microelectrode with a transistor gate, which has
high input impedance. A prototype monolithic acquisition IC is
fabricated in a 0.35 um CMOS process. It includes 16 channels
and an 11 bit successive-approximation (SAR) analog-to-digital
converter (ADC). Every channel acquires cellular signals up to
20 mVypp, with 32.9 nV/Hz** and < 0.1% nonlinearity. The good
linearity effectively prevents the aliasing and mixing between the
two bands. For LFP signal, the recording noise is 0.9 2 V., . For
SP signal, the recording noise is 3.3 uV_,,,;. The new design has
high input impedance (320 M 2 @1 kHz), high CMRR (> 110 dB)
and PSRR (> 110 dB). The noise-efficiency factor (NEF) of the
acquisition channel is 7.6. The IC is experimented to record the
field potential from cultured rat cardiomyocytes in-vitro. Overall,
the new MEA acquisition channel achieves the state-of-art perfor-
mance.

Index Terms—Cellular recording, chopping, dual-band
recording, low-noise amplifier, low-noise front-end.

I. INTRODUCTION

XTRACELLULAR field potential is usually separated
into the local field potential (LFP, 0.1-200 Hz) and the
spike potential (SP, 200 Hz-10 kHz). Although spikes have
long been recognized as playing major roles in neuronal sig-
naling, more and more recent studies find that LEP modulates a
variety of cellular mechanisms, and plays an important role in
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many important functions, such as memory, attention, and neu-
rological disorders, etc. [1]-[6]. Using the spike field coherence
(SFC) to study the LFP and SP correlation has recently become
an active topic. The SFC is the ratio of the frequency spectra of
the LFP signal and the spike trigged average (STA), which is
generated by averaging the SP signal over time windows (e.g.,
4100 ms) centered on each spike [4]-[6]. To perform accurate
quantitative analysis of the SFC, it requires the acquisition
system to capture the dual-band cellular signal with the noise
lower than the microelectrode interface noise. In addition to
low noise in dual bands, good linearity is also needed for the
acquisition system to avoid the aliasing and mixing between
SP and LFP bands.

Microelectrode array (MEA) has been widely used for
in-vitro field potential recording [7]-[9]. As electrodes in
planar MEAs have limited surface area, which resulis in
high interface impedance, an acquisition channel needs high
impedance at its input. The microelectrode interface also gen-
erates a high offset (up to 100 mV drift over a few seconds,
[10]) and noise. Existing microelectrodes generate 4—10 (' Vpns
noise in the SP band and 1-2 pV ;s in the LFP band [10], [11].
Another major part of the interface noise comes from the seal
resistance formed between the cell and the adhesion layer on
the microelectrodes [11]. Depending on the experiment cellular
system, the seal resistance ranges from hundreds of k2 to M(}
[12]. Overall, the interface noise in existing MEA systems can
be as low as 2-3 uVpys in the LFP band, and 40 nV/Hz%3 in
the SP band [11], [13].

Over the years, various acquisition circuits have been de-
signed for MEAs. Current-mode circuits were designed in [14]
for MEA signals. Although the simple current-mode circuit has
small pixel pitch (< 10 zm), neither the circuit linearity nor the
noise are optimized. Capacitive amplifier front-ends (CAFE)
are commonly used for MEA signal acquisitions [10], [15],
[16]. CAFE easily tolerates large electrode offsets and enables
high CMRR. It generally works well for SP signals. However,
it has several problems. The CAFE has large low-frequency
noise, which is not favorable in LFP signal recording. To record
the LFP signal, CAFE requires large pseudo-resistor to enable
<1 Hz high pass corner frequency [17]. The signal swing can
modulate the pseudo resistance to cause high nonlinearity (1%).
The CAFE also decreases the input impedance of the ampli-
fier. This is increasingly a critical issue for MEA as smaller
electrodes with better spatial resolution are being pursued.

Acquisition circuits have also been developed for in-vivo
neuronal recording. Neuronal recording arrays usually have
larger electrode surface area than MEAs [17], [18]. The noise
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optimization methodology for CAFE was developed
The design achieved an impressive 2.2 Vs noise oves
This CAFE design inspired a series of neuronal signal acqui-
sition circuit designs [19]-[26]. The majority of the designs
only record SP signals. A dual-band acquisition channel design
was reported in [20]. It used CAFE. Hence, the design has
high noise (10 ' Vyims) in the LFP band and low linearity (1%).
A YA modulator was designed in [26] to acquire dual-band
signals. The low-frequency noise is still high (4.3 pVns). A
CAFE was designed with chopping in [24] to acquire LFP
signals with lower noise (0.98 ;1Vys). The electrode offset
is cancelled by feedback, which removes the pseudo resistor
from the signal path. Hence, it achieves 0.1% nonlinearity.
Nonetheless, chopping with CAFE causes low input impedance
(8 MQ).

EEG/ECG systems have even larger electrode surface areas.
It only has LFP signals without the presence of SP signals. The
fully-differential chopping amplifier design in [27] achieved
good CMRR, PSRR with low noise (<1 ftVms). It inspired
a series of EEG/ECG acquisition channel designs [28]-[31].
Nonetheless, its front-end amplifier design has high nonlin-
earity (1%).

In summary, although quite a few designs have been devel-
oped for various bio-potential acquisition systems in recent
years, MEA acquisition circuits with low noise for both LFP
(€1 pVims) and SP (40 nV/Hz®%) signals, good linearity
(< 0.1%) and high input impedance do not exist, In this work,
we report such a design. Chopping is used to reduce the noise
for LFP signals. A new low-noise amplifier is designed to
reduce the nonlinearity. Instead of an all-continuous-time (CT)
acquisition channel, a discrete-time (DT) back-end is designed
to accommodate the large signal with good linearity. Proper fil-
tering is designed to enable sample/hold in the back-end without
noise aliasing. Another benefit of the in-channel sample/hold is
that it relaxes the design of following multiplexing and quan-
tization circuits. All circuits are fully differential so that good
CMRR and PSRR can be achieved without the 50 Hz injection.
The input signal is directly applied to a transistor gate so that
the channel input impedance is high. The monolithic MEA
acquisition chip includes 16-channels with an SAR ADC. No
external component is needed. The chip is fully verified with
biological experiments. A brief description of this work was
presented in [32]. This paper includes more analysis, circuit
details, and experimental results.

This paper is organized into five sections. The MEA interface
and cellular signals are introduced in Section II. The acquisition
chip design is detailed in Section ITI. Measurements are given
in Section I'V. Conclusions are drawn in Section V.

II. MICROELECTRODE-CELL INTERFACE

The electrode-electrolyte interface is critical to the design of
the acquisition channel. This interface is characterized by an in-
terfacial capacitance (C. ) and a charge transfer resistance (Ret)
[11] as shown in Fig. 1(a). Cy, is the membrane capacitor and
R, is the membrane resistor. V,, is the intracellular potential.
When ion channels open in response to the stimulation, the ionic
diffusion forms the current (7, ). The current (i, ) flushes into the
gap between the cell membrane and the adhesion media, and
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Fig. 1. (a) Microelectrode-cell interface model. {b) Simulated interface noise.

flows through a seal resistance (R, ) to the reference electrode
in the solution to form exiracellular potential V. Ci, is the input
capacitance of the acquisition circuit. For Au or Pt microelec-
trodes with tens of um diameter, C, is about hundreds of pF,
and R.: is about several hundred M [11], [33]. For Pt-black
electrode, C,, can be 10 times larger [11], [33]. R, varies in the
range 0.1-10 M(? depending on the cellular system [12], [34].

The electrode-electrolyte interface noise comes from R and
R,. The overall in-band interface noise can be derived [13],
[351, [36] as

Vain = VAKTR, - Af + KT'/C. 1)
where A f is the acquisition channel band. The R, noise is nor-
mally flat within the cellular signal band, while the R noise
is low-pass shaped by the filter at the electrode interface. As
shown in Table I, the noise estimated from (1) agrees with mea-
surements well for different electrodes (Gold, Pt, and Pt black).
Measurements in [11] and [35] only included the electrode
noise: Equivalently, R, equals 0 in (1) for these measurements.
Fig. 1(b) shows the simulated interface noise spectrum for
a Pt-black electrode (Rt = 6.8 M}, C, = 3.2 nF) with a
normal seal resistance R; = 1 M. Within the LFP band, the
noise power is 2.1 uV,n, including 1.1 £V, from ey and
1.8 uVims from R,. Within the 10 kHz cellular signal band,
the noise power is 12.9 uV . The R, noise dominates. The
wideband noise density is 129 nV/Hz%®. The R, value depends
on the cell adhesion condition. For cellular experiments, the
electrode is usually coated with a growth matrix to improve the
cell’s adhesion. In our rat cardiomyocyte experiment system, a
layer of fibronectin is applied to the electrodes [8]. For certain
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TABLE [
NoiSE MEASUREMENTS WITH DIFFERENT ELECTRODES
Material | Diameter | Z @ 1kHz C. Ry R, Noise | (1) estimated Ref
Gold 10pm 32M0Q S0pF 8.1pV 9.1uvV [35]
Gold | 20pm | 07MQ | 130pF 5.1pV 5.6uV [37]
Gold 20um 22MQ | 130pF 1.2MQ | 12.5pV 14.9uV {37]
Piblack | 10pm 20kQ 8oF 14uV 0.7pV [35]
Ptblack | 22um 32kQ | 3.20F | 6.8MQ 1.1pV [11]
neuron cultures, such as tissue slices, R, can be as little as 5210 .
100 k2. Hence, the MEA acquisition channel desires to achieve Amp z 25
the noise power of < 1 #Vyys (LFP band) and <4 p1Vs (SP -g 0 " NN A
band) with the noise density <40 nV/Hz’® in the cellular $t £ TR
signal band. s T & !
The MEA acquisition channel also needs high linearity to (a) et 004 005

avoid the signal mixing between the LFP band and the SP band.
Assume that the 2 mVp,, signal is consisted of three tones with
identical power—LFP1, SP1, and SP2 (Arpp1 = Asp1 =
Aspe = 0.4 mV ) as shown in Fig. 2(a) and (b). If the acqui-
sition circuit has second-order and third-order harmonic distor-
tion, the acquired signal related to LFP1 is

Vo,LFP1 = ALrP1 CO8(wrrp1t)+H D2 - Appp cos(2wrppit)
+ HD3 - Apppi cos(3wirpit) @

The second and third harmonics lie in the SP band as shown
in Fig. 2(a). If they are assumed to be equal, in order to keep
this distortion error less than the SP noise of 4 Vs, HD2
and HD3 should be less than —43 dB. This corresponds to 0.7%
nonlinearity. On the other hand, the inter-modulation (IM) of
SP1 and SP2 is aliased into LFP band in Fig. 2(b) as

o,5P1,5P2 = Asp1 cos(wspi1t) + Aspa cos(wspat)

+2HD2 - Agp; cos(wspit L wspat)  (3)

In order to keep the inter-modulation error lower than the LFP
noise of 1 uVynys, HD2 should be less than —58 dB, which
corresponds to 0.1% nonlinearity. Therefore, the nonlinearity
of the acquisition circuit should be less than 0.1% to limit the
mixing signal error lower than the electrode interface noise. This
nonlinearity specification can be further verified by the typical
MEA recording of dissociated rat hippocampal neurons [16]
as shown in Fig. 2(c). Fig. 2(d) shows the signal spectrum. Its
signal energy mainly focuses in the range 200 Hz—1 kHz. If the
acquisition channel has 1% nonlinearity contributed equally by
HD?2 and HD3, the LFP signal resulted from SP self-mixing is
1.2 £ Vs If the nonlinearity is reduced to 0.1%, the LFP signal
resulted from SP self-mixing reduces to 0.12 pV .

II. DuAL-BAND ACQUISITION CIRCUIT DESIGN

The monolithic acquisition chip is designed as shown in Fig. 3
in a 0.35 pm CMOS process. It includes 16 channels and one
SAR ADC for quantization. Every channel samples at 20 kS/s.
The SAR ADC quantizes the multiplexed channel outputs at the
rate of 320 kS/s.

Each channel includes a CT front-end and a DT back-end.
Circuits in the CT front-end are optimized for both noise and
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Fig. 2. (a) LFP signal harmonics cause error to the SP band. (b) SP signal in-
termodulation aliases into the LFP band. (c) Recorded neuron field potential.
(d) Spectrum.

linearity. The front-end has variable gains (26 dB, 46 dB). To ac-
quire the LFP signal, the front-end performs chopping at 10 kHz
for lower noise. Similar to [27], a feedback in the front-end
cancels the electrode offset up to 100 mV. Circuits in the DT
back-end are optimized for linearity. It further amplifies the
signal by 20 dB.

A. Low Noise Amplifier

To enable high input impedance, CAFE is not used. A source
degenerated low-noise amplifier (LNA) as shown in Fig. 4 is de-
signed at the front-end. Compared to the LNA in [27], this LNA
architecture achieves better linearity. For good linearity, g1/,
should be designed large enough to copy the input voltage Vi, to
the source of M;. A large g1 needs large power, while a large
R leads to high input referred noise. The feedback loop com-
posed of M1-M35 in this LNA is built to achieve good linearity
without sacrificing the power and the noise. The AC current in
R; resistor is split between M1 and M5. The useful portion is
mirrored by Mj; 6 to generate the output signal ¥, on Hp. The
midband amplifier gain is

Bp S _ 1

A =2 S S—
mddne = R S 1+ imi/ims

@
where S6/S5 is the size ratio of M6 and M5. ims/im1 is the
AC current split ratio between M5 and M1. A large and signal
independent current split ratio ¢,,1 /4ms5 helps to achieve a good
LNA linearity. The current split ratio can be derived as

gm3 - (ra]|1/5Cm)

fms _ S5 gm1
1+ gm3/gma

im1 Sagmt+01

&)
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Fig. 3. Circuit diagram of the monolithic MEA signal acquisition chip.
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Fig. 4. Low-noise amplifier circuit diagram.

where S5/84 is the size ratio of M5 and M4. g; is the conduc-
tance of Rj. T4 is the output resistance at node A. Compared
to the LNA in [27], the current split ratio in the new design can
be larger. The loop separates the input signal from the output
signal better. Also, poles in the new feedback loop are higher
in frequency, which can keep the high current split ratio even
at high frequencies. Smaller compensation capacitor is needed.
The Vg, of M1,1’ are clamped to keep g1 independent of the
signal. Both R; and R are poly resistors to keep the good lin-
earity. With this LNA, a high linearity (—70.6 dB THD, total

harmonic distortion) is achieved for 20 mVp,, signal. The LNA
gain is 26 dB. The output signal is band-limited to 30 kHz.

The LNA thermal noise is mainly contributed by M1, 2, 5, 6
and R;. Iis input-referred noise density can be derived as

—— 16T 3 3
Uplne = 3 4 gmi1 491

5 9me Gm2

g —_—_—
et gt (gml//zgl)z] v ©
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By designing large g/ I ratio for M1 (21.9} and small g /Ia
ratio for M2 (2.2), M5 and M6 (4.7), the LNA noise is sup-
pressed to 26.3 nV/Hz%9 at 10 kHz. Operating points of critical
nodes are listed on Fig. 4. The power consumption of the LNA
is 40.1 uW, and its NEF is 4.5 [17].

B. Variable Gain Amplifier and Front-End Feedback

To further suppress the low-frequency noise from the back-
end, the front-end includes a capacitive variable gain amplifier
(VGA). The VGA midband gain is selectable as 0 or 20 dB. A
pseudo-resistor (Rp1) is used to enable a high-pass filter with
comer frequency fi, vga. This pseudo-resistor can cause nonlin-
earity to the VGA. The transfer function of the VGA in Fig. 3 is

Vo sClﬂ‘,,l

'U_,' T 1+ sCaRp1 ™

The nonlinear pseudo-resistance is dependent on the input
signal v;, which can be approximated by R,; - (1 —av; — bv).
For signals with frequency > 1/(2nCoRp), (7) can be
rewritten as
uw_ G G (a2 2
=G prozjom [1+lw, + (a* + b)v:
af{a? +2b)v? + b(a® + b)v}
+ 1 - av; — bv? @

2

The second-term is the nonlinear gain, which is inversely pro-
portional to sCz Rp;. This tells that, by separating the high-pass
comer 1/(27C3R,;) and the signal frequency, the distortion
can be lowered. Simulations in [30] show that, in order to keep
HD2 < 0.1%, the high-pass corner 1/(2rCyRp;) should be at
least 5000 times less than the signal frequency with a = 0.5.In
this design, the VGA high- pass corner is designed at 0.01 Hz. If
chopping is applied, this corner is much lower than the 10 kHz
chopped signal. If chopping is not applied, this corner is still
at least 20000 times lower than the 200 Hz—-10 kHz SP signal.
Hence, the nonlinear pseudo-resistor has little effect on the lin-
earity of the VGA in this new architecture. The THD of the VGA
with the 400 mVy,, signal is —70.6 dB. The VGA close-loop
bandwidth is designed to cut off at 30 kHz.

The low frequency signal is fed back and cancelled in the
LNA, while high frequency components are not attenuated. The
overall transfer function of the front-end is

Amb,]n e’ A'Jim'b,\"ga,[1 + 3/ (27rf hJODP)] v
[1 + 3/(27fﬁ,1na)][1 + S/(Qﬂ'fg’vga)] "

where Amb, vga is the VGA midband gain. fiina, fi,vga are low-
pass corners of the LNA and the VGA. filcop is the high-pass
corner frequency of the front-end loop. With the integrator, this
corer is

Vour = (&)

.f h,loop = -Amb,h:u N Am‘b,vga. - GBWiniGora ity (10
where GBW j; is the gain-bandwidth product of the integrator.
Gt is the transconductance of the feedback operational
transconductance amplifier (OTA). By tuning a pseudo- resistor
(Rp2) in the integrator, the comer frequency can be tuned
<0.1 Hz for the LFP signal and 200 Hz for the SP signal.
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TABLE II
FITER CORNER SETTING IN THE FRONT-END
LFP | SP
fi1na 30kHz
foam 0.01Hz
fiam 30kHz
Titoon 01Hz | 200Hz

As this pseudo-tesistor is not in the signal forward path, its
nenlinearity does not affect the front-end linearity.

C. Chopping

_To acquire the LFP signal with low noise, the cellular signal
is chopped to 10 kHz. As the signal component beyond 10 kHz
is negligible, no band-limiting filter is needed at the input. After
CHP1, the LNA attenuates components beyond 30 kHz. The
VGA has the high- pass corner at 0.01 Hz and the low-pass
corner at 30 kHz. After CHP2, the signal folds back to the base-
band. The DC signal at the output of CHP2 is integrated and
chopped to 10 kHz. If this signal is not zero, it will drive the OTA
to subtract itself from the chopped electrode offset at 10 kHz in
the LNA. The feedback loop settles when the DC output from
CHP?2 reaches zero. Hence, it effectively suppresses the elec-
trode offset with this high-gain front-end. As the offset cancel-
lation current can be large (2.5 nA), the flicker noise of the OTA
can be comparable to the LNA. Therefore, CHP3 is located be-
fore the OTA rather than after the OTA in [28]. Chopping sup-
presses the low-frequency noise of LNA, VGA and OTA. The
integrator low-frequency noise remains. Hence, with chopping,
the input-referred noise of the front-end is

) = o+ 10 k) 4 Pemanll £ 101
Amb,ln a
+ d'uzn,nta.(f + 10 kHZ)
v ius ()

an

" A?nb,ln uA?nb,vga [1 + (f/fh,loop)z]

WhETE Vinina, Via,vga, a0d Vin it are the input-referred noise
of the LNA, the VGA and the integrator. Vo ota 18 the output-
referred noise of the OTA.

To acquire the SP signal, no chopping is applied. The pseudo-
resistor in the integrator sets the loop high-pass corner at 200 Hz.
The VGA high-pass corner stays at 0.01 Hz. Low-pass corners
of the LNA and VGA stay at 30 kHz. Settings of the corner
frequencies in the front-end are summarized in Table II.

The bandpass VGA blocks signals with frequency < fu vga
from entering the feedback loop as shown in Fig. 5. As a result,
signals with very low frequency (< 0.01 Hz) in the LNA can not
be compensated by the front-end feedback. With chopping en-
abled, this component includes only the offset of the LNA and
the OTA. This offset is designed < 10 mV, which does not af-
fect the LNA performance. Without chopping, this component
includes the offset of the LNA, the OTA and the elecirode. As
the reference voltage on the chip will be tuned to match the elec-
trode DC voltage before the signal acquisition, the remaining
electrode offset at very low frequency is little. The drift of the
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Fig. 6. OTA design in the discrete-time backend.

electrode DC offset can be compensated by the feedback with
the designed range of =50 mV.

The 46 dB chopping front-end heavily suppresses the noise
from the following DT back-end. Chopping spikes are filtered
by a passive low-pass filter. Compared to the chopping spike
filter in [27], besides the chopping spike filtering, the passive
filter also limits the noise bandwidth to avoid aliasing by the
back-end sampling. The passive filter is also free of settling is-
sues, and provides excellent linearity (—9% dB) for 400 mVpp
signals. With chopping enabled, the low-pass filter cuts off at
1 kHz. Without chopping, the filter cuts off at 10 kHz.

D. Discrete-Time Back End

A 20 kS/s switched-capacitor amplifier with 20 dB gain fur-
ther amplifies the signal. Signal sampling is achieved at the same
time. The DT amplifier achieves good linearity for large signals.
For 400 mV;, input signal, its THD is —75.3 dB. As shown
in Fig. 6, the OTA in this amplifier uses a switched-capacitor
common-mode feedback to save power.

The noise contribution and power consumption of major
" components in the channel for the dual-band acquisition are
plotted in Fig. 7. The overall input-referred thermal noise of the
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fabricated acquisition channel is 32.9 nV/Hz5. It consumes
74 W power. For the SP signal acquisition without chopping,
the LNA dominates the noise. For the LFP signal acquisition
with chopping, the LNA accounts for 57% of the noise, while
the integrator accounts for about 30% of the noise. The NEF of
the LNA is 4.5. The NEF of the whole channel is 7.6.

E. SARADC

An 11-bit SAR ADC is used to quantize the signal from 16
acquisition channels. The sampling clock of every channel has
/8 phase shift to enable the multiplexed ADC quantization at
320 kS/s. The SAR ADC uses a capacitor array with a bridging
capacitor as shown in Fig. 8. This capacitor array needs only
130 Cp to resolve 11 bits, The size of Cyp is found through Monte
Carlo simulations. For our process, 300 fF is used to enable an
11-bit linearity. The comparator is designed with 3 pre-ampli-
fiers to suppress the latch noise to be lower than 1/4 LSB (least
significant bit, LSB = 1.95 mV). The pre-amplifier gain is 3.
In CO cycle, auto-zeroing is performed to remove preamplifier
offsets. The bridging capacitor is also reset. In C1 cycle, the dif-
ferential input signal is compared, which determines the most
significant bit (MSB) Dy¢. In C2 cycle, based on Dy, the capac-
itor array is charged with either the positive reference (Vzet, 0)
or negative reference (0, Viet). After this sampling cycle, the



common bit cycling procedure determines the remaining 10 bits
within cycle C3-C12.

IV. IMPLEMENTATION AND MEASUREMENTS

The micrograph of the fabricated die is shown in Fig. 9(a). It
includes 16 acquisition channels, a SAR ADC, reference gener-
ation circuits and a testing channel. A zoomed-in channel is in
Fig. 9(b). The size of each channel is 480 pm x 320 pm. Poly-
poly capacitors occupy a large area of the acquisition channel.
By laying metal-insulator-metal {MIM} capacitors on top of the
© activecircuits, the channel size can be fusiber reduced. The SAR

ADC's size is 800 pzm  § e

\U). LUC Zdill VALIauULl IS WILLIL J70, WILIC LT LULLICL Yallauuil
can be as large as 60%. The high corner variation is due to the
mismatch among pseudo resistors.

The channel noise is measured with and without chopping.

- The measured noise density is shown in Fig. 13. For the SP

signal acquisition, the chopping is not applied. The measured
noise in the LFP band is 2.3 pV,,,s- The 1/f noise dominates
the LFP band. The noise corner extends to 1 kHz. The mea-
sured noise in the SP band is 3.3 yV,ys and the thermal noise
density is 32.9 nV/Hz%-%. For LFP signal acquisition, the chop-
ping is applied. The low-pass filter is set to cut off at 1 kHz. The
measured noise in the LFP band is reduced to 0.9 pVys. The
noise corner is cut to 23 Hz with chopping. The residual low
frequency noise is mainly contributed by the pseudo-resistor in
the loop integrator.


















