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Abstract: This brief presents an analog front-end (AFE) for the detection of electroencephalogram
(EEG) signals. The AFE is composed of four sections, chopper-stabilized amplifiers, ripple sup-
pression circuit, RRAM-based lowpass FIR filter, and 8-bit SAR ADC. This is the first time that
an RRAM-based lowpass FIR filter has been introduced in an EEG AFE, where the bio-plausible
characteristics of RRAM are utilized to analyze signals in the analog domain with high efficiency.
The preamp uses the symmetrical OTA structure, reducing power consumption while meeting gain
requirements. The ripple suppression circuit greatly improves noise characteristics and offset voltage.
The RRAM-based low-pass filter achieves a 40 Hz cutoff frequency, which is suitable for the analysis
of EEG signals. The SAR ADC adopts a segmented capacitor structure, effectively reducing the
capacitor switching power consumption. The chip prototype is designed in 40 nm CMOS technology.
The overall power consumption is approximately 13 uW, achieving ultra-low-power operation.

Keywords: analog front-end (AFE); EEG; RRAM-based lowpass FIR filter; ultra-low power; signal
process; CMOS

1. Introduction

With the intersection and integration of many disciplines, such as information sci-
ence, neurophysiology, medical electronic technology, and microelectronics, the research
on bioelectrical signal recording for medical monitoring has formed a new research
field. Especially with the continuous improvement of the CMOS integrated circuit, the
high-performance, low-power bioelectric signal recording system has broad application
prospects and rapid development. The bioelectric signal recording system can enable
doctors to accurately monitor the electrophysiological activities of the human body such as
brain waves and nerve signals in real-time and provide reliable monitoring data and indica-
tors for doctors to accurately diagnose and treat patients. After many years of exploration
and research, we have seen several well-established clinical bioelectrical signal recording
systems such as electroencephalogram (EEG) signal recording, electrocardiogram (ECG)
signal monitoring, urinary control, and functional nerve-muscle electrical stimulation, as
well as in rehabilitation medicine, e.g., epilepsy and spinal injury. It plays an important
role in improving people’s quality of life and improving people’s health [1-7].

The human brain is the most complex structure known so far. It is a comprehensive
organ of complex functions. Elucidating the working principle of the brain is one of the
most profound problems faced by modern science. EEG signal provides vast information
for the diagnosis of neurological diseases. This paper presents the analog front-end (AFE)
circuit for the implantable ultra-low-power EEG recording system. The AFE includes the
front-end amplifiers, filters, and analog-to-digital converters (ADC). Prior works [8-14]
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have many research results on this aspect, but there are still many problems, such as the
input impedance of the amplifier circuit being affected by the coupling capacitance, high
requirements for bias circuits, poor linearity, and too high cost and power consumption.

Considering the current issues, this paper designs an EEG-processing AFE circuit,
consisting of a chopper modulation amplifier, a ripple suppression circuit, a RRAM-based
lowpass filter, and an 8-bit SAR ADC. The core part of this work is the RRAM-based
lowpass filter, FIR filter is an important tool for neural signal processing, and has been
widely used in various biomedical applications, such as motor-imagery-based BMIs [15],
epilepsy detection [16], and speech synthesis [17]. The design of FIR filters is one of the
bottlenecks in conventional neural signal processing ASICs because of high power and
delay [16,18]. In our system, the FIR filter can be implemented by a memristor array, which
has the advantage of parallel analog computing so that the results of multiple FIR filters can
be computed at one time, significantly reducing the computation power and delay. There
have been proposals of designing FIR filters using a memristor crossbar structure; however,
most of them remain on the simulation level [19,20], and the experimental demonstration
so far has been limited to a single 6-tap FIR filter using only six memristors [21]. In this
work, we experimentally implement a long-tap FIR filter on a memristor array, which is
more useful in practical applications. As the filter coefficients are stored in the memristor
array, the output currents under input voltages represent the filter results. The advantages
of the RRAM-based lowpass filter are as follows: First, as a non-volatile memory, RRAM
has been demonstrated to be highly efficient for in-memory computing. Second, RRAM
could directly process analog signals, and parallel computing is also feasible in the form of
cross-point arrays, significantly reducing the computation power and delay. Last, RRAM
have been shown to be fast and highly scalable down to a few nanometers, which could
enable high-throughput processing of large-volume neural signals. For the first time, an
RRAM-based filter has been introduced in an EEG-processing AFE circuit, while meeting
the functions, it also achieves ultra-low power consumption.

2. Proposed AFE Architecture

This work focuses on the implementation of the EEG AFE using the sub-blocks de-
scribed in Figure 1. They are chopper-stabilized amplifiers, ripple suppression circuit,
RRAM-based lowpass FIR filter, and 8-bit SAR ADC.

EEG Data

Chopper Ripp]e RRAM-based 8-bit SAR Digital signal
Modulation Suppression —p Low—pass = =
Amplifier Circuit Filter ADC

Figure 1. AFE diagram processing the EEG data input.

2.1. Chopper-Stabilized Amplifiers

EEG signal has the characteristics of small amplitude, low frequency, and easily
corrupted with the environmental noise. To obtain EEG signals with a high signal-to-noise
ratio, the AFE should have ultra-low noise characteristics. In the process of EEG signal
acquisition, the noise source is mainly contributed by the flicker noise (1/f noise) of the
device, which coincides with the operating frequency band of the EEG signal. To minimize
the effects of the 1/f noise, chopper-stabilized amplifiers are inserted into the AFE circuit
to eliminate 1/£- noise interference and suppress the DC offset voltages.

Figure 2 shows the specific process of the chopper modulation technique. Herein,
the chopper modulation scheme is merged into the fully differential amplifier to suppress
low-frequency 1/f noise and offset voltage. The overall process of the chopper modulation
is divided into modulation-signal, distortion-free, and amplification-demodulation. The
signal conditioning first transfers the low-frequency EEG Vjj, to the chopping frequency
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spectrum (higher than the corner frequency of the device’s 1/f noise) through the first
modulator, and then amplifies the transferred useful signal, low-frequency noise, and offset
voltage at the same time. Then, the amplified signal travels through a second modulator,
which modulates at the same frequency as the first. At this point, the low-frequency
EEG Vjj, is demodulated back into the original frequency band, while the low-frequency
noise and offset voltage are moved to the higher chopped spectrum. Finally, a succeeding
lowpass filter is added to isolate the low-frequency EEG signals separately [22].

Figure 2. Flow chart of the chopper modulation signal.

The input low-frequency EEG V;, is first mixed with the first modulator operating at
feix (10 kHz in this work), V;;, is modulated to the odd harmonics of f.j. The output signal
(Vina) is superimposed with the low-frequency noise and offset voltage (V,) of the amplifier
input to obtain the signal V,;,. Later, V;,;, is amplified by the amplifier and then mixed by
the second modulator controlled by f,j to obtain the output signal (V).

The aforementioned modulator circuit can be realized by a switch circuit composed of
the MOS transistors (Figure 3). It is controlled by two clock signals (clk+ and clk-) with
the complementary phases to change the output of the MOS transistor to realize signal
modulation or spectrum transfer.
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Figure 3. Ripple suppression circuit of the preamplifier.

According to the design requirements of the EEG signal preamplifier, we designed
a two-stage fully differential amplifier, meeting the needs of low noise and low power
consumption, shown in Figure 3. The PM1 transistor is a current source transistor, which
provides the quiescent current required for the normal operation of the op-amp. PM2 and
PM3 are input pair transistors to amplify the input signal. The current mirror composed
of NM2-NMS5 acts as the load of the differential pair, and at the same time provides the
current to the cascode stage to increase the resistance of the output terminal, leading to
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high gain. The first stage uses the symmetric OTA to increase the gain of the first stage
through a cascode branch. The second stage uses a common-source stage loaded with a
current source. Although the resistance of the common-mode feedback will reduce the
output resistance of the second stage and affect its gain, because the gain of the first stage
is larger, the gain of the second stage can be slightly sacrificed to meet other performances
of the preamplifier.

2.2. Ripple Suppression Circuit

Once the chopping modulation technique is introduced into the circuit, the noise
characteristic and the offset voltage has been improved. Yet, due to the offset voltage and
1/f noise of the preamplifier itself, it will superpose a ripple signal onto the output of the
preamplifier after being modulated to the chopping frequency, which causes the output
ripple signal to suffer from severe signal distortion. Its output ripple can be expressed as:

(£wo4o) | 1

L (1w /wp)?

Vripple, PP = 2Voff (1)

where Vg is the offset voltage at the output, wy is the closed-loop bandwidth of the
preamplifier, A is the closed-loop gain of the preamplifier, w? is the bandwidth of the
subsequent stage amplifier, w3 = wcpk = 5w,.

To suppress this distortion effect, a ripple suppression circuit is designed. The structure
of this module is described in Figure 3. The main design ideas are as follows: The output
ripple suppression circuit is connected to the parallel resistance—capacitance coupling
circuit at the output end of the preamplifier. Considering the layout area, the resistance is
generally realized by a MOS pseudo-resistor, which is formed by connecting two diode-
connected MOS transistors in series. If the resistance is greater than the output impedance
of the preamplifier, the RC coupling circuit will become an open circuit of the preamplifier
at low frequencies. At the chopping frequency, if the impedance of the capacitor (at the
chopping frequency) is less than the output impedance of the preamplifier, the RC coupling
circuit acts as a short circuit. Therefore, at the chopping frequency, the output ripple signal
of the preamplifier will not be able to pass through the parallel resistance—capacitance
coupling circuit, achieving the purpose of suppressing the ripple signal [23,24]. The ripple
amplitude at this time is:

. _ 2V0ff (%)(UOAO. 1
ipple, PPGAR, | werk

Vv, ()

NI=

(1+ O‘%LK/(’J%)

where G,,;; is the output impedance of the preamplifier and R, is the resistance value of the
pseudo resistor. For bio-signal amplifiers G,;; ~ 10 pA/V, R, =~ 1 GQ.

2.3. RRAM-based Lowpass FIR Filter

In the EEG signal conditioning circuit, the low-pass filter has the functions of suppress-
ing out-of-band noise and anti-aliasing. Implementing programmable bandwidth control
in the filter can expand the application range of the front-end circuit, making the front-end
circuit adapt to different electrode types and different types of electrode implantation
depths. In the process of EEG recording, we aim to reduce the power consumption of the
system by reducing the sampling rate of the ADC when the EEG signal is normal. At this
time, it is also required to lower the cutoff frequency of the low-pass filter accordingly
to avoid aliasing of ADC samples. The array of RRAM with analog switching behaviors,
where the device’s conductance can be continuously tuned, could carry out parallel analog
computing. Thus, this allows us to run various signal processing algorithms while taking
advantage of its high parallelism and efficiency in analog computing. In our system, the
FIR filter is implemented by the RRAM array, which has the advantage of parallel analog
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computing, significantly reducing the computation power and delay. In this work, we
experimentally implement a long-tap FIR filter on an RRAM array, which is more useful in
practical applications. As the filter coefficients are stored in the RRAM array, the output
currents under input voltages represent the filter results. Thus, an FIR filter with 40 Hz
is designed and then implemented using the RRAM array to generate the waves in the
corresponding frequency band.

A FIR filter can be mathematically expressed as [25]:

K
y(n) =) x(n—k)h(k) ®
k=0

where x represents the input neural signal. k and K are the filter coefficient index and the
filter order, respectively.  is the index of the time step. & represents the impulse response of
the filter, whose pattern determines the property of the filter. y represents the filtered signal.
To implement the filter bank in the RRAM array, Equation (1) is re-written as fol-

lows [26]:
Yn = xyH 4)

where x; and v, are the input and output signal row vectors in the nth time step, respec-
tively. The matrix H represents the filter coefficients, and it is represented by the device
conductance in an RRAM array for hardware implementation. Filter coefficients may have
both positive and negative values; to solve this problem, we set two 1T1Rs for one weight,
one for positive conductance, and the other for negative conductance. The conductance
values of the two 1T1Rs are expressed as Sp and Sn, respectively. In this manner, the
implementation of the filter in an RRAM array can be expressed as:

K
I(n) = I;){V(n —k)(Sp(k) — Sn(k))} ®)

where V is the input voltage vector and (Sp(k) - Sn(k)) represents the mapped element of
the k™ row of the filter coefficients matrix H. I is the output current vector of the filter.

Figure 4 shows how a neural signal is filtered in the RRAM array. For the 1T1R
differential topology, the upper represents S, and the lower represents S;,. When WLy, and
WLgp are high simultaneously, the two transistors are turned ON at the same time. BLyp
and BLg, are added with voltage values Vy+V; and V4-V;, respectively, the current value
flowing to SL is V;/R;- V;/R; by changing the positive and negative 1T1R conductance.
Thus, the weight value of the weight unit can be changed. In RRAM arrays, 0.2 V(V;) is
often used as the read voltage. Loading 0.2 V for a long time will not cause the resistance
of RRAM to change. The coefficients of the designed filters are first mapped onto the
RRAM array as the device conductance values. We set the filter order as 120. As a result,
242 RRAM devices are utilized to represent one filter with 121 coefficients. A clip of the
analog voltage signal that contains the information of the brain state is then applied to the
RRAM array. The sums of output currents are the filtered results from the filter at each time
step. In this manner, the RRAM array filters out the input neural signals over the designed
frequency band. The continuous analog neural signal is conditioned and sampled as the
voltage pulses, which are fed to the input columns of the following RRAM array.
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Figure 4. Implementation of the FIR filter for neural activities in an RRAM array.

2.4. The 8-bit SAR ADC

Figure 5 shows the block diagram of an 8-bit SAR ADC. It is mainly composed of an
8-bit segmented-capacitor digital-to-analog converter (DAC), a successive approximation
register (SAR) logic circuit, and a comparator. In this structure, firstly, the sample and hold
unit (i.e., in the capacitor-array SAR ADC, this unit can be merged into the capacitor-array
module of the DAC) samples and holds the analog input signal (V,), as an input of the
comparator unit. Then, the SAR unit starts the binary search algorithm until the digital
code corresponding to the V;, is obtained. Segmented capacitors (low 3 high 5) effectively
reduce the total capacitance value of the capacitor array, which makes the DAC’s capacitor-
switching power consumption drop sharply. Static errors are created in the SAR ADC
due to the offset voltage in the comparator causing a DC drift in the comparator output.
Therefore, the comparator adopts a three-stage preamplifier scheme with the input offset
storage and output offset storage, which effectively reduces the influence of the DC offset
voltage in the latch and amplifier.

i
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Figure 5. Block diagram of an 8-bit SAR ADC.
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3. Experimental Results

The proposed AFE was fabricated in a 40 nm CMOS process. Figure 6 shows the
simulation results of the gain and the CMRR of the preamplifier, which are 46 dB and
130 dB, respectively. The output offset voltage of the preamplifier was set to 1 mV and this
offset voltage was used for transient simulations. As shown in Figure 7, the output ripple
without the ripple suppression circuit is 360 mV, and the output ripple with the ripple
suppression circuit is 90 uV, and the ripple is suppressed by 400 times. It can be seen that
the ripple suppression circuit has a significant effect on reducing the output ripple of the
preamplifier. Figure 8 depicts the layout of the front-end circuit and a typical DC I-V curve
for a single RRAM device, showing excellent analog switching behaviors in both the SET
and RESET processes. Figure 9a shows the endurance characteristic under pulse conditions.
It is shown that the reversible resistive transition cycles are up to 10° cycles without any
observable degradation. As shown in Figure 9b, the cumulative probability of the HRS and
LRS indicates that the device has little variation. The data are collected from 100 cycles of
30 randomly selected devices.
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Figure 6. Gain and CMRR of the preamplifier.
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Figure 7. The output result of the ripple suppression circuit.
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Figure 9. (a) The typical endurance performance of the 1T1R device and (b) HRS and LRS resistance
stability measurement results.

A 120th-order lowpass filter was designed, which requires a total of 242 RRAM

devices, and a passband frequency ranges from 0 to 40 Hz. The conductance distribution is
measured in Figure 10.

24r

- — ~
[ N (=]
T T T

Conductance( 1 S)

o«

0 20 40 60 80 100 120
Device Number

Figure 10. Conductance map for the lowpass FIR filter.

For the system demonstration, we use the neural signals from the widely used Bonn
Epilepsy Dataset. Figure 11 illustrates the original data and the result after filtering,
respectively. It can be seen that the filter based on the RRAM achieves a good filtering effect.
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Figure 11. Simulated EEG raw data and filtered results.

A one-channel 0.1 s signal clip, which is sampled at 10 kHz, is the standard signal for
power estimation. For a 1 s duration, there are 10 standard signal clips to be processed.
The overall system power consumption is ~13 pW. The performance summary and a
comparison with prior works are summarized in Table 1.

Table 1. Performance comparison with the published work.

[14] [13] [12] This Work
CMOS 25 nm N/A 65 nm 40 nm
technology
Gain 46 dB 48.5dB 80 dB 46 dB
. LC ladder RRAM-based
Low-pass filter network RC network N/A FIR filter
Cut-off 38 Hz 122 Hz N/A 40 Hz
frequency
ADC SAR ADC NO HAD-ADC SAR ADC
Power
consumption 32 uW N/A 85 uW 13 uW

4. Conclusions

This brief presented an ultra-low-power AFE for the detection of EEG signal in the
40 nm CMOS process. The system was designed using four blocks for processing the
acquired EEG signal, chopper-stabilized amplifiers, ripple suppression circuit, RRAM-
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based lowpass FIR filter, and 8-bit SAR ADC. The amplifier circuit provided a gain of 46 dB
for the AFE. The cut-off frequency of the RRAM-based lowpass filter was 40 Hz. Taking
advantage of RRAM for analyzing neural signals, the entire system achieved ultra-low
power consumption of about 13 uW.
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