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Abstract - In this study, a 32-channel low-power neural
recording system was developed to analyze neural activity.
Neural activity recording systems play an important role in
neurosciences as well as the development of neuroprosthetic
devices to treat neurological diseases and assist in recovery
from disabilities. For example, monitoring neural signals allows
prediction of the behaviors of paralyzed patients or explanation
for the causality between behavior and neural activity. A
conventional recording system with an integrated circuit has
several limitations in terms of noise and power consumption.
Herein, we propose a 32-channel low-power fully implantable
neural signal recording system; a low-noise amplifier, a lowpass
filter, an analog multiplexer, and a shift register were designed
for the system. The experimental results highlight the low noise
and adequate frequency response of the system. Further, in the
experiments, ECG signals with magnitudes of up to 100 pV
could be detected clearly. For the 32-channel neural recording
system, a low supply voltage of only 1.2 V is needed, and the
total power consumption is 60 pnW, with a total gain of 58 dB
and input referred noise of 3 pVrms. The bandwidth of the
system is 2-300 Hz for measuring target ECoG signals. The
system was designed with a standard 0.18 pm CMOS
technology to measure neural signals while maintaining very
low power consumption.

Keywords—Brain—-Machine Interface, Low-Noise Amplifier,
Implantable Recording System

1. INTRODUCTION

Brain—machine interface (BMI) refers to the technology

where an external system and the human nervous system can
communicate bidirectionally to help rehabilitate patients
with impaired brain functions [1]. BMI can also be used for
diagnosing mental illnesses, rehabilitating the elderly or
disabled, and life-support systems. Moreover, it includes
functions that can partially replace or supplement the
activities of persons with impairments [1-4] .

Recording neuronal activity is essential in BMI research
and includes an invasive method to implant electrodes on the
surface of the brain; for example, electrocorticography
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(ECoQ), intracranial electroencephalography (iEEG), local
field potential (LFP) or non-invasive methods such as
electroencephalography (EEG) require such implants to
record brain activity [5]. As shown in Fig. 1, ECoG uses
electrodes to record neural activity from the surface of the
cerebral cortex.

Practically speaking, the development of invasive BMI is
required to enable paralyzed patients to control external
devices or to compensate for the damaged vision of visually
impaired people. The invasive recording method is a
technique that utilizes a surgically implanted microelectrode
array in the gray matter to measure signals with high signal-
to-noise ratio and spatial resolution. However, the surgical
insertion of the microelectrode array poses risks that can
induce neurological damage and infection due to the
electrode and electronic devices.
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Fig. 1. Different types of brain signal measurements

Conventional recording systems have several limitations
owing to their excess noise levels and high-power
consumption. Over the past few decades, the need for
developing appropriate approaches to design BMI circuit
systems has gradually increased. For clinical or pre-clinical
applications, ultralow power consumption is desired. As the
integrated chips are located very close to the cells in pre-
clinical or clinical studies, the power consumption should be
reduced to prevent cellular damage. Currently, power
scheduling methods are commonly used, which supply
power only when necessary through a switching network.
An alternative method is to integrate an analog-to-digital
converter (ADC) in each channel, which can increase
sampling time and reduce power but increase the chip size.

In Section II, the schematic design and block diagram are
explained. In Section III, the experimental data and analysis
results are discussed. Finally, the summary and conclusion
are presented in Section IV.
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Il. DESIGN METHODOLOGY

The low-noise amplifier (LNA) is the main block of the
design consisting of a front end that amplifies the brain
signals and  filters  undesired  signals. The
electrocorticography ranges from 0.1-300 Hz and must be
detected clearly. However, in the proposed scheme, the
amplifier was designed to have a bandwidth of 2-300 Hz to
remove low-frequency noise. As the noise level of the neural
recording system is determined by the LNA, it is the most
important block in the entire system (Fig. 2). The designed
32-channel low-power neural recording system comprises a
neural amplifier, an analog multiplexer (MUX), a shift
register, and an additional amplifier system. The complete

system has a size of Smmx lmm.

In early research, the lower cutoff frequency was
determined by a reverse-biased diode or a transistor
operating in the subthreshold region. However, a
pseudoresistor is highly influenced by not only the process
parameters but also the nonlinear characteristics according
to the drain—source voltage. We designed a pseudoresistor
using a PMOS transistor in which a constant voltage was
applied to the gate to always maintain a constant resistance
value. Fig. 3 shows the capacitive feedback structure widely
used in neural signal measurement circuits [6]; the advantage
of this structure is that it can remove noise in the low-
frequency band, such as flicker noise, by the pole generated
by the pseudoresistor and the feedback capacitor. In addition,
it has the advantage of being able to cutoff the offset voltage
by the large input capacitor.

Existing lowpass filters (LPFs) using resistor and
capacitor components need large resistors and capacitors,
which renders the filter inefficient in terms of chip space. In
the proposed system, an active LPF is designed to determine
the cutoff frequency using an operational transconductance
amplifier (OTA). To design a small transconductance value,
there is a limit to simply increasing the length of the input
MOSFET. However, we were able to lower the output
transconductance to the nano siemens level by placing the
MOSFET in series and parallel. The active LPF consisting
of the OTA and capacitor comprises the schematic of the
proposed LNA.
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Fig. 2. Block diagram of the 32-channel low-power neural recording
system.

A. Neural Signal Detection Module

Each neural signal detection module in the proposed
design includes an LNA, an LPF, a buffer, and an analog
switch [7]. In a previous former work, we used current-reuse
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input pairs to reduce the input referred noise and a telescopic
arrangement to achieve higher gain [8]; this topology is
suitable for driving capacitive loads and minimizing noise as
each transistor is designed to operate in the weak, moderate,
or strong inversion region. A common-mode feedback circuit
is designed to stabilize the output common-mode voltage via
adjustment of the common-mode output currents. However,
after Monte Carlo simulations, we found some problems
where the output DC voltage was observed near the ground
or VDD rather than at half VDD as originally designed. This
is because most of the current-reuse architecture consists of
an inverter structure that receives the input voltage from an
NMOS and a PMOS at the same time. In the inverter
structure, since the output changes rapidly to VDD or GND
according to the voltage level of the input terminal, an
auxiliary circuit is essential to maintain a constant output
common-mode voltage. On the other hand, the general-type
fully differential amplifier renders the output common-mode
voltage regulation relatively simple. Therefore, to stabilize
the output DC voltage, we selected a cascode structure, as
shown in Fig. 4.

In order to minimize the noise of front amplifier, we
designed the width of the transistor at the input stage to be
200um. In addition, the input stage was operated in the
strong weak inversion region, and M1 and M2, which
provide bias current, were operated in the saturation region,
and the biasing transistor were designed to operate in
moderate inversion region. The common mode feedback
circuit (CMFB), which regulates the output voltage,
consumes 1/5 of the total power of the main amplifier.
Pseudo-resistor was used for calculating the common mode
of the output stage. The input capacitance of the designed
low noise amplifier is 4pF and the layout size is
100umx*300um.
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Fig. 4. Schematic of low-noise amplifier
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Fig. 5. Schematic of OTA for lowpass filter

B. Analog MUX and Shift Register

In this study, the target neural signal is the ECoG, whose
frequency range is below 300 Hz. Since the target signal
range is in a very low frequency band, a sequential
multiplexing method is used. We designed the analog
multiplexer by sequentially applying the enable signal to the
analog switch, the final output terminal of the neural signal
detection module, and through the 32-bit shift register. The
shift register was directly synthesized using the Synopsys
digital circuit design tool and simulated in Cadence AMS,
which can help simulate analog—digital mixed designs. The
designed shift register had a size of 120 um x 80 um and
consumed 20 pW of power.

Ch[0] 4—]
ref[0]
-
-
-
- 32:1 Vout
- AMUX ——
-
Ch[31] ¢—
ref[31] ¢—7 LNA
Sel
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Fig. 6. Simplified schematic of the analog multiplexer.

C. Additional Amplifier

The additional amplifier was designed with the same
capacitive feedback structure as the LNA. The gain of the
additional amplifier was 18 dB, and the capacitance at the
input stage was 1.2 pF. The total layout size was 60 um x
100 pm.

I1l. RESULTS AND DISCUSSIONS

A. Noise Power Spectral Density

We measured the input referred noise of the LNA. As
shown in Fig. 7, the low-frequency noise (flicker noise) is
dominant below 10 Hz and thermal noise is dominant at
higher frequencies. The output signal waveform was
measured using an oscilloscope, and the results were
extracted to calculate the input referred noise in MATLAB.
The measured total noise level was approximately 3 4 Vrms,
which was almost identical to the simulated value.
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Fig. 7. Measured power spectral density of LNA.

B. Frequency Response

For frequency response of the integrated circuit, the overall
bode plot of the designed analog front end is shown in Fig 8.
As frequency range of target neural signal ECoG is below
300Hz, LPF was needed for cut off high frequency band. The
total gain of the analog front end is about 58dB which is the
result of adding low noise amplifiers and additional
amplifiers.
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Fig. 8. AC response of Analog Front End
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C. ECG signal measurement

Based on the designed integrated circuit in this paper, a
customized test board was fabricated. The experiment setup
is shown in Fig. 9. The signal line and ground line are located
several centimeters apart in the same petri dish filled with
Phosphate-buffered saline (PBS). A virtual ECG signal was
applied to the saline solution at 2Hz by connecting electrodes
to the fabricated board with an omnetics connector as shown
in Fig. 9. We locate electrode on the surface of saline solution
and measure ECG signal using Logic Pro 16 (Saleae, Inc).
ECG signal measurement result is shown in Fig. 10. The
result shows that the ECG signal is measured clearly with an
amplitude of 180uV. We performed 2Hz~300Hz band pass
filtering and supply noise filtering by post processing the
measured data through MATLAB. We confirmed that up to
an amplitude of 100uV was detected well. Also, as shown in
Fig.11, there was no other noise except for low frequency
(flicker noise) in the power spectral density graph.
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Fig. 9. Test setup for recording virtual ECG signal in PBS solution.
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Fig. 10. Transient response of analog front-end when applying virtual
180uVpp ECG signal in PBS solution.
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Fig. 11. Power spectral density of the low noise amplifier when measuring

ECG signal in PBS solution.
IVV. CONCLUSION

This paper proposes a 32ch channel neural recording
system. It was designed as an interactive device between
computer and brain for various neuroscientific studies. The
high-resolution recording AFE, which applied LNA and
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LPF, supports signal acquisition near micro-volts. Through
post-processing and analysis, it works as an effective tool in
an extracellular recording. We designed 32ch LNA, LPF,
Analog MUX, and shift register with low power
consumption and low noise. Power spectral density and bode
plot of the whole system shows better noise and gain
characteristic. ECG measurement in the PBS environment
exhibits that small ECG signals up to 100uV are well
measured without disturbing noise.

Fig. 12. The photograph of a neural signal detection module array

Fig. 12 shows a photograph of the designed 16 channel
neural signal detection module array. The one neural signal
detection module consists of a low noise amplifier, LPF,
buffer and analog switch, and the total size is
190um><330um. 32 channel system consists of two 16
channel arrays.

As shown in Table 1. 32ch wireless neural recording
system specification is summarized. For the 32ch neural
recording system, only 1.2V supply voltage is needed with a
total power consumption of 60uW. The total gain is 58dB
with input referred noise of 3uVrms. Bandwidth is 2~300Hz
for targeting the ECoG signal. Compared to systems
manufactured by other groups for ECoG measurement, the
noise is higher than other group, but it has advantages in
terms of power consumption and size when compared per
channel.

TABLE 1. Comparison with other groups designed ECoG recording

system
[9] [10] This work
Number of
channels ! 100 %
Supply voltage 1.2v - 1.2v
Chip Area - 25.38mm? 5mm?
Total Power 7.2mW (total)
Consumption 15uw 4.5uW (LNA) 60uw
Total Gain 76.34dB 59.2dB 58dB
] 25.4Hz ~
Bandwidth 25 6KkHz 0.05Hz~240Hz 2Hz ~ 300Hz
Input referred 1.2uVrms 1.7uVrms 3uVrms

noise

The designed wired system proved that it could detect a
100uVpp virtual neural signal in PBS solution. The designed
system will be applied to an animal model to conduct a real
neural signal measurement. In addition, we will proceed with
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research focusing on the development of a multi-channel
neural recording wireless system capable of implantation.
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