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Abstract—A high-performance, wide dynamic range,
fully-integrated neural interface is one key component for many
advanced bidirectional neuromodulation technologies. In this
paper, to complement the previously proposed frequency-shaping
amplifier (FSA) and high-precision electrical microstimulator,
we will present a proof-of-concept design of a neural data
acquisition (DAQ) system that includes a 15-bit, low-power
Delta-Sigma analog-to-digital converter (ADC) and a real-time
spike processor based on one exponential component-polynomial
component (EC-PC) algorithm. High-precision data conversion
with low power consumption and small chip area is achieved by
employing several techniques, such as opamp-sharing, multi-bit
successive approximation (SAR) quantizer, two-step summation,
and ultra-low distortion data weighted averaging (DWA). The
on-chip EC-PC engine enables low latency, automatic detection,
and extraction of spiking activities, thus supporting closed-loop
control, real-time data compression and/or neural information
decoding. The prototype chip was fabricated in a 0.13 µm CMOS
process and verified in both bench-top and In-Vivo experiments.
Bench-top measurement results indicate the designed ADC
achieves a peak signal-to-noise and distortion ratio (SNDR) of
91.8 dB and a dynamic range of 93.0 dB over a 10 kHz bandwidth,
where the total power consumption of the modulator is only
20 µW at 1.0 V supply, corresponding to a figure-of-merit (FOM)
of 31.4fJ/conversion-step. In In-Vivo experiments, the proposed
DAQ system has been demonstrated to obtain high-quality neural
activities from a rat’s motor cortex and also greatly reduce recovery
time from system saturation due to electrical microstimulation.

Index Terms—Data acquisition, electrical microstimulation,
dynamic range, high precision, delta-sigma ADC, EC-PC spike
processor.

I. INTRODUCTION

NOWADAYS, bidirectional neuromodulation technologies
with simultaneous recording and stimulation are urgently
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demanded in both neuroscience research and neurobiological
disease treatment, such as brain-machine-interface (BMI) ex-
periments, stroke rehabilitation, Parkinson’s disease, epilepsy,
and severe depression [1]–[11]. Some recent neural recording
experiments show that extracellular spikes are from several µV
to several hundreds of µV, local field potentials (LFPs) or power
line interferences are at a range of mV, and motion artifacts
reach tens of mV [12]–[14]. Thus, a wide system dynamic
range is required to simultaneously record LFPs, extracellular
spikes, motion artifacts, and power line interferences without
saturating circuits. The requirement on system dynamic range
is further pushed when supporting more sophisticated neuro-
science experiments and clinical applications, where electri-
cal microstimulation is used for probing neural circuitry and
identifying networks of neurons. However, large amplitude
stimulation artifacts (>100 mV) that frequently appear in the
experiments/applications [15], [16] will saturate the recording
systems. Thus, one key challenge is how to reduce recovery time
from system saturation due to electrical microstimulation.

Our previous research works have been carried out
step-by-step to solve this problem. In [17]–[19], we have
proposed a new frontend neural amplifier structure called
frequency-shaping amplifier (FSA), which can inherently reject
electrode offset, support full-spectrum recording, and extend
system dynamic range by 4.5-bit. In [16], we have developed
a high-precision electrical microstimulator with multi-level
charge-balanced techniques to reduce residual voltage on the
stimulation electrodes, thus accelerating the recovery process
of nearby recording electrodes. In [20], [21], we have studied
the required system dynamic range for signal digitalization by
analyzing the recorded In-Vivo neural data sequences carefully,
where the dynamic range of full-spectrum (1–8000 Hz) neural
data reaches between 11-bit and 15-bit [22]. After using the
proposed frequency-shaping technique, the required system
dynamic range of the frontend circuits can be reduced to around
10.5-bit (15 −4.5 = 10.5 bits). Another 2−3 bits design margin
is demanded to avoid large harmonic distortions and reduce
recovery time when considering large amplitude stimulation
artifacts. As a result, an analog-to-digital converter (ADC) with
a resolution of more than 14-bit is required when acquiring
full-spectrum neural activities under electrical microstimulation.
One optimal ADC architecture for achieving such a high
conversion resolution is to use Delta-Sigma ADC topology.
However, the drawback is that this topology usually consumes
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much more power consumption and circuit area compared to
successive approximation (SAR) ADC architectures.

In this work, we will present a complementary data acqui-
sition (DAQ) system for simultaneous neural recording and
electrical microstimulation, which includes an area-and-power-
efficient Delta-Sigma ADC and an on-chip spike processor.
To achieve similar power consumption and circuit area like
SAR ADC designs, several techniques are developed in the
Delta-Sigma ADC design. 1) The combination of high-linearity
metal-insulator-metal (MIM) capacitor type and high-density
metal-oxide-semiconductor (MOS) capacitor type is adopted to
achieve a good tradeoff between low harmonic distortions and
small area cost by selecting the optimal capacitor type for each
integrator. 2) Due to the utilization of opamp-sharing technique,
a single amplifier is shared by multiple integrators to further
reduce total power consumption and circuit area. 3) For multi-bit
Delta-Sigma ADC designs, the conventional circuit implemen-
tation of a multi-bit quantizer is flash ADC structure, which usu-
ally consumes much power consumption and circuit area when
the quantization resolution is larger than 4-bit. To overcome this
problem, a multi-bit quantizer based on SAR ADC structure is
preferred for digitizing the integrators’ output signals [23]. 4)
In the feedforward adder block, a two-step summation scheme
is developed to achieve a full-scale output swing without con-
suming much power consumption. 5) To achieve ultra-low dis-
tortion performance, a novel data weighted averaging (DWA)
technique is proposed to calibrate the capacitor mismatch in
the feedback digital-to-analog converter (DAC) block. Besides,
a reliable, real-time exponential component and polynomial
component (EC-PC) spike processor is developed to analyze
the existence probability of extracellular spikes, which can be
used for data compression and online neural decoding. Also,
the EC-PC spike processor can provide a closed-loop control
signal to switch the system operation between two modes: only
LFPs recording mode (1−1000 Hz) and full-spectrum recording
mode (1−8000 Hz). Therefore, the EC-PC spike processor can
optimize the total power consumption of analog frontend circuits
by adjusting sampling frequency, recording bandwidth, and bias
current [24], [25].

The rest of this paper is organized as follows. Section II
explains why a wide dynamic range DAQ system is required
in the simultaneous electrical recording and microstimulation
applications. Section III presents the design and circuit imple-
mentation of the proposed Delta-Sigma ADC and EC-PC spike
processor. Circuit measurement and animal experiment results
are given in Section IV. Section V gives the conclusion on this
paper.

II. BACKGROUND AND CHALLENGES

Parkinson’s disease affects millions of patients worldwide,
and the patients suffer from various forms of motor disability
that severely affect their daily life. To manage Parkinson’s
symptoms, deep brain stimulation (DBS) is an effective way that
is widely used in clinical treatment. In addition, to understand
the actual impact of DBS on the target neurons, it is neces-
sary to perform intraoperative electrophysiological recording of

subthalamic nucleus (STN) or globus pallidus internus (GPi) in
Parkinson’s disease patients during stimulation. In this work, we
will propose one super wide dynamic range neural data acqui-
sition system that is suitable for simultaneous brain recording
and stimulation.

Fig. 1 presents the conceptual block diagrams of one neural
DAQ system with electrical stimulation, which consists of a
low-noise neural amplifier, a low-pass filter, a high-precision
ADC, a neural processor, an electrical stimulator with charge
balance, a field programmable gate array (FPGA), an universal
serial bus (USB) interface, and data display on a computer.
In some conventional neural DAQ systems [26]–[29], the loop
gains of neural amplifier and low-pass filter are usually chosen to
be 100 V/V and 1−10 V/V respectively, and the ADC conversion
resolution is from 8-bit to 10-bit. Therefore, due to insufficient
dynamic range, these DAQ systems are not capable of acquiring
LFPs, extracellular spikes, power line interferences, and mo-
tion artifacts at the same time. As a compromise, a majority
of these systems acquire either LFPs or extracellular spikes
separately. Moreover, they are also not suitable for electrical
microstimulation experiments, where large stimulation artifacts
will saturate the frontend circuits and the recovery time from
system saturation is more than tens of milliseconds.

Fig. 2 (black curve) shows one raw data segment at the ADC
output with electrical current stimulation, the data are acquired
from a conventional neural interface implementing with dis-
crete components. In the experiments, the recorded signals are
digitized by a 12-bit SAR ADC, and the loop gains of neural
amplifier and low-pass filter are set to be 100 V/V and 2 V/V,
respectively. In addition, one NeuroNexus probe is used for both
neural recording and electrical stimulation. As shown in Fig. 2,
large stimulation artifacts appear during anodic phase (1 ms)
and cathodic phase (1 ms), and the recovery time is about 20 ms
when the stimulation current is chosen to be 64 µA.

Several alternative design approaches for wide dynamic range
neural recording have been presented in [30]–[32]. 1) Moderate
Gain Neural Interface Architecture. To increase system dynamic
range for neural interfaces, one simple and efficient method is to
reduce the neural amplifier’s gain in the frontend circuits. There-
fore, one moderate gain neural interface architecture modified
from the conventional architecture is developed to prevent circuit
saturation for large input signals. In this architecture, the loop
gain of neural amplifier is reduced to 20–30 dB, thus a high-
precision (13-bit or 14-bit) ADC is required to avoid the ADC
noise floor will contribute most of the total input noise. Besides,
its system dynamic range is increased by 10–20 dB compared
to the conventional architecture. However, the high-precision
ADC block occupies extra circuit area and power consumption,
and the recovery time from system saturation is still long due to
very large time constant in the neural amplifier stage. 2) ADC-
Direct Neural Interface Architecture. Another neural interface
architecture is ADC-direct neural interface that only uses a
high-precision ADC (>16-bit) to acquire neural activities, where
the system dynamic range is determined by the ADC resolution.
For example, if a 16-bit ADC is used, its system dynamic range is
around 16-bit. Although the implementation of this architecture
is simple, there are two main limitations. First, it cannot suppress
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Fig. 1. Conceptual block diagrams of one neural DAQ system with electrical stimulation. It includes a low-noise neural amplifier, a low-pass filter, a high-precision
ADC, a neural processor, an electrical stimulator with charge balance, an FPGA, an USB interface, and data display on a computer. To reduce total power
consumption, the designed neural processor generates a feedback control signal to adjust total loop gain, recording bandwidth, and bias current in the frontend
circuits and high-precision ADC.

Fig. 2. One In-Vivo data segment from the electrical current stimulation
experiments, where a conventional neural interface implementing with discrete
components is used to acquire the signals. X axis is recording time, and Y axis
is ADC output code. The gray curve is expected result after using the proposed
design strategies for fast recovery after electrical stimulation.

electrode or input signal DC offset, especially under electrical
stimulation, which may saturate the architecture and degrade
its recording performance. Second, the input impedance of this
architecture is not high, especially at low frequencies, which will
decrease the recorded data’s SNR and bring in large harmonic
distortions. 3) Neural Interface Architecture with Artifact Sup-
pression. Neural interface with artifact suppression is another
architecture modified from the conventional version, where one
block (artifact extraction) is developed in the digital backend cir-
cuits to extract the motion/stimulation artifacts, and the artifacts
are subtracted in the analog frontend circuits. Therefore, this
architecture can allow wide dynamic range input signals without
saturating system. However, signal processing distortions will
appear when the artifacts are subtracted from the recorded data.
Also, it may not accurately extract and subtract the artifacts in
time. Another limitation is that the artifact suppression block
will cost extra power consumption and circuit area.

In this paper, we will optimize the DAQ system architecture
as shown in Fig. 1 and develop several design strategies for fast
recovery after electrical stimulation (Fig. 2, gray curve). First,
the proposed FSA structure will be used in the neural amplifier
stage to inherently reject electrode DC offset and extend system
dynamic range by 4.5-bit. Second, the loop gains of both the
neural amplifier and low-pass filter will be reduced, thus the set-
tling time of stimulation artifacts is reduced with same amplifier

Fig. 3. Power spectrum density comparison of In-Vivo neural data, frontend
circuits‘ noise floor, and ADC’s noise floor at the ADC output in Simulink,
where the In-Vivo neural data include electrode-tissue interface noise, and the
loop gains of neural amplifier and low-pass filter are set to be 40 V/V and 1 V/V,
respectively.

gain bandwidth and slew rate. Also, the system dynamic range
will be further increased when small loop gain frontend circuits
(neural amplifier and low-pass filter) are designed together with
a high-precision ADC. Third, oversampling technique will be
used in both the frontend circuits and high-precision ADC, and
larger gain bandwidth and slew rate are demanded to further
reduce signal setting, processing, and updating time.

Fig. 3 gives the power spectrum density (PSD) comparison
of In-Vivo neural data, frontend circuits‘ noise floor, and ADC’s
noise floor at the ADC output in Simulink, where the input-
referred noise of the frontend circuits is supposed to be 2µV [33],
[34], the In-Vivo neural data include electrode-tissue interface
noise, and the loop gains of neural amplifier and low-pass filter
are set to be 40 V/V and 1 V/V, respectively. From the noise
floor comparison, it is found that an ADC with a resolution of
more than 14-bit is demanded in the full-spectrum recording in
order to get a minimum 10 dB signal-to-noise and distortion
ratio (SNDR) at all frequencies. Also, to make sure the ADC’s
quantization noise floor will not contribute most of the total input
noise, the DAQ system as shown in Fig. 1 requires a higher res-
olution (>14-bit) ADC. It is well known that Delta-Sigma ADC
architecture features both high precision and oversampling, thus
it is preferred in this work.
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Fig. 4. Block diagrams of the proposed fourth-order Delta-Sigma modulator with two-step summation technique and dual cycle shift (DCS) DWA.

In addition, to reduce the total power consumption of the
proposed DAQ system, an on-chip neural processor is integrated
into the high-precision ADC design, which can provide one feed-
back control signal to adjust the total loop gain (40–320 V/V),
recording bandwidth (1–1000 Hz or 1–8000 Hz), and bias cur-
rent (50–200 nA) in the frontend circuits and high-precision
ADC.

This paper will focus on the design and implementation of
a 15-bit, low-power, area-efficient Delta-Sigma ADC with an
embedded EC-PC neural processor, which will be detailedly pre-
sented in Section III. Also, the preliminary animal experiment
results of the proposed DAQ system under electrical stimulation
will be presented in this paper.

III. CIRCUIT DESIGN AND IMPLEMENTATION

A. Proposed Modulator Topology

Fig. 4 shows the proposed fourth-order fully-feedforward
Delta-Sigma modulator topology with a 16-level quantization
and an oversampling ratio (OSR) of 32. To achieve high precision
at a low power target, a feedforward loop filter is used instead of
a feedback type in order to reduce the output swing of each
integrator within 0.1 Vpp. Also, the feedforward loop filter
gives extra signal pathways from the output of integrators to the
quantizer and prevents signal energy leaking into the modulator
loop. Besides, multi-bit quantization technique and a local res-
onator with a coefficient of 1/50 are employed to reduce in-band
quantization noise. Compared to one previous work [20], several
techniques are developed in this paper to achieve high precision
with similar power consumption and circuit area like SAR ADC
designs. 1) Because the amplifier in a switched-capacitor (SC)
integrator can be powered off during each sampling phase [35],
[36]. Thus, opamp-sharing technique is used in the integrators to
further reduce power consumption and circuit area by switching
the amplifier between two integrators (1st & 2nd integrators
or 3 rd & 4th integrators). Here, half-delay integrators are
adopted due to the requirement of opamp-sharing technique.

2) A 4-bit quantizer based on SAR ADC structure is preferred
for digitizing the integrators’ output signals instead of flash
ADC structure, which can further reduce power consumption
and circuit area. 3) Two-step summation scheme is used in the
feedforward adder to achieve a full-scale output swing without
consuming much power consumption. Because each integrator
has small output swing (within 0.1 Vpp), an active adder based
on switched-opamp (SO) technique is developed to sum all the
integrators’ output while a positive adder is used to get the final
sum of input signal IN and active adder’s output. 4) A dual cycle
shift (DCS) DWA technique is developed to effectively calibrate
the capacitor mismatch in the feedback DAC, thus achieving
ultra-low distortion performance.

B. Complete Modulator Circuit Implementation

To simplify circuit illustration, Fig. 5 shows the single-end
circuit implementation of the proposed Delta-Sigma modulator
while the actual circuit implementation is fully differential.
The designed modulator includes four integrators, one two-step
feedforward summation block, one 4-bit SAR ADC, one DCS
DWA, one DAC switch control block, and one resonator with a
coefficient of 1/50. Here, A1, A2, and A3 are three amplifiers,
Vcm is common mode voltage, IN is analog input signal,
OUT is 4-bit digital output signal, Pi and Ni (i = 1− 16)
are digital control signals for the feedback DAC. The timing
diagram is shown in Fig. 6, where Φ1, Φ2, and Φr are non-
overlapped clock signals derived from the sampling clock signal
Φs (Φ1 ∩ Φ2 ∩ Φr = Φs, Φ1 ∪ Φ2 ∪ Φr = 0), Φch1 and Φch2

are another two non-overlapped clock signals with a frequency
of fs/2 (fs = 1/Φs) for chopper stabilization technique in the
first two integrators.

To obtain a good tradeoff among small circuit area, low power
consumption, and high precision, several circuit techniques
are adopted. First, to simultaneously achieve low harmonic
distortions and low circuit area cost, both high-linearity MIM
capacitor type and high-density MOS capacitor type are used in
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Fig. 5. Circuit schematic of the proposed fourth-order feedforward Delta–Sigma modulator including four integrators, one two-step feedforward summation
block, one 4-bit SAR ADC, one DCS DWA, one DAC switch control block, and one resonator with a coefficient of 1/50. C1−i (i = 1− 16) are MIM capacitors
used in the input sampling stage and feedback DAC array, C2 −C11 are MOS capacitors adopted in the integrators and local resonator, Cf1 −Cf4 and Ca are
MOS capacitors for the implementation of the active adder while Cp is a MIM capacitor used in the positive adder. A1, A2, and A3 are three amplifiers, Vcm
is common mode voltage, Vrefp and Vrefn are positive and negative voltage references, IN is analog input signal, OUT is 4-bit digital output signal, Pi and Ni

(i = 1− 16) are digital control signals for the feedback DAC.

Fig. 6. Timing diagram of primary clock signals used in the proposed modu-
lator, where Φ1, Φ2, and Φr are non-overlapped clock signals derived from the
sampling clock signal Φs (Φ1 ∩Φ2 ∩Φr = Φs, Φ1 ∪Φ2 ∪Φr = 0), Φch1

and Φch2 are another two non-overlapped clock signals with a frequency of
fs/2 (fs = 1/Φs).

this design by selecting the optimal capacitor type for each block.
For example, as shown in Fig. 5, MIM capacitors C1−i (i =
1− 16) and Cp are used in the feedback DAC array and positive
adder, while MOS capacitors C2 − C11, Cf1 − Cf4, and Ca are
employed in the integrators, local resonator, and active adder.
Second, opamp-sharing technique controlled by Φ1, Φ2, and Φr

is used in both A1 and A2 to allow that one single amplifier is
shared by two integrators, which could further reduce total power
consumption and circuit area. The details of power-efficient
amplifier design will be discussed in Section III-C. Third, a local
power and area efficient resonator scheme with a coefficient of
1/ 50 is applied to spread the zeros of noise transfer function
(NTF) of the proposed modulator on the unit circle, which could
reduce the total quantization noise power in the signal band for
the purpose of achieving high precision. The proposed resonator
consists of several switches and C9 − C11, and its capability on

precision improvement has been demonstrated in [37]. Fourth, a
two-step summation scheme with both active and positive adders
is developed in the feedforward block to achieve a full-scale
output swing without consuming much power. Cf1 − Cf4, Ca,
and one SO A3 are used in the active adder to sum all the
integrators’ output, while Cp and several switches controlled
by Φ1 and Φ2 are adopted in the positive adder to get the final
output of the feedforward adder block. Besides, SO technique is
used in the active adder for saving power consumption. Fifth, it is
known that flash ADC structure usually consumes much power
consumption and circuit area when the conversion resolution is
more than 4-bit. In this work, a 4-bit SAR ADC is preferred
as a multi-bit quantizer for digitizing the recorded signals due
to its low power consumption and circuit area cost. Sixth, a
new DCS DWA scheme is proposed to calibrate the capacitor
mismatch (C1−i, i = 1 ∼ 16) in the feedback DAC block to
achieve ultra-low distortion performance. The digital output of
the DCS DWA block is transferred to a DAC switch control
block, which can generate digital control signals Pi and Ni

(i = 1 ∼ 16) to selectC1−i in the feedback DAC to connect with
positive voltage reference Vrefp or negative voltage reference
Vrefn.

C. Power-Efficient Current-Mirror Amplifiers

Fig. 7(a)-(c) present the circuit schematics of three power-
efficient amplifiers that are used for the implementation of A1,
A2, and A3, respectively. All the power-efficient amplifiers
are designed based on a single-stage fully-differential current-
mirror operational transconductance amplifier (OTA) architec-
ture. To achieve high power efficiency, a Class-AB output stage
is added in all the amplifiers. Besides, a cross-coupling structure
is built-in to obtain a large voltage gain and also reduce recovery
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Fig. 7. Circuit schematics of three power-efficient amplifiers used in the proposed modulator. All the amplifiers are designed based on a single-stage fully-
differential Class-AB current-mirror OTA architecture. Besides, a cross-coupling structure is built-in to obtain a large voltage gain and also reduce recovery time
from the off-state, and one CMFB circuit block is used to make sure the output common mode voltage of the amplifier is around Vcm. To achieve high precision
with low power consumption, several amplifier configurations are developed for the implementation of A1, A2, and A3, respectively. (a) Amplifier implementation
with adjustable current bias and output driving capability for A1. (b) Amplifier implementation with half bias current Ib and quarter output current Io for A2.
(c) Amplifier implementation using switched-opamp (SO) technique and clock-controlled bias circuits for A3. VDD and VSS are power supplies, Vb is bias
voltage, Inp and Inn are amplitude input, Outp and Outn are amplitude output, cmfb is control signal from the CMFB block, and Φ2 is the inverse signal of
Φ2.

time from the off-state. One common mode feedback (CMFB)
circuit block consisting of a switches, two MOS or MIM ca-
pacitors, and a singe-stage amplifier is used to make sure the
output common mode voltage Vcmo of the amplifier is around
Vcm by applying one feedback signal cmfb on two NMOS
transistors at the output stage, whereVcmo = (Outp+Outn)/2
and Vcm = (Vrefp + Vrefn)/2.

The NTF of one Delta-Sigma modulator features noise shap-
ing when dealing with quantization error, which would gradually
relax the design requirements (slew rate, gain bandwidth, and

amplifier voltage gain) for each integrator [38]. Therefore, to
achieve high precision with low power consumption, different
circuit configurations are developed for each amplifier (A1, A2,
and A3). For example, Fig. 7(a) gives an amplifier implemen-
tation with adjustable current bias and output driving capability
forA1. Because the design requirements of the second integrator
are much relaxed compared to the first integrator, thus both
bias current Ib and amplifier output current Io are reduced
by 50% when the amplifier A1 is connected to the second
integrator during phase Φ2. Also, simulation results show the

Authorized licensed use limited to: University of Minnesota. Downloaded on January 20,2021 at 15:40:45 UTC from IEEE Xplore.  Restrictions apply. 



XU et al.: WIDE DYNAMIC RANGE NEURAL DATA ACQUISITION SYSTEM 431

Fig. 8. Circuit schematic of a 4-bit quantizer based on SAR ADC structure, where both Vcm-based and set-down switching procedures are used in the feedback
capacitor array. (a) Complete circuit implementation. (b) Dynamic quantizer with offset calibration. Vinp and Vinn are the differential input signals of the SAR
ADC, Out is the digital output signal of the SAR ADC, Vin+ and Vin− are the differential input signals of the dynamic quantizer, Vout is the digital output of the
dynamic quantizer, and clk is the top sampling clock.

design requirements of the third integrator and fourth integrator
are further relaxed, so an amplifier implementation with Ib/2
and Io/4 is developed in Fig. 7(b) for A2. From the circuit
implementation of the active adder as shown in Fig. 5, it is found
that the amplifier only needs to operate normally during phaseΦ2

and can be turned off during phaseΦ1 for power saving. Fig. 7(c)
presents an amplifier implementation using SO technique for
A3. Here, two MOS transistor switches controlled by Φ2 and
Φ2 are used to provide clock-controlled power supply voltages
VDD and VSS . To reduce the recovery time when the amplifier
is restored from the powered-off state, a series MOS switch
controlled by Φ2 is added in the bias circuits, which has been
demonstrated in our previous work [20]. Besides, MIM capacitor
type is used in the CMFB block to achieve good linearity because
the output swing of the active adder reaches around 0.2 Vpp. The
bias current and output current of A3 are chosen to be Ib/2 and
Io/2, respectively.

D. Multi-Bit Quantizer Based on SAR ADC Structure

A 4-bit SAR ADC operating at a 4.096 MHz top sampling
clock clk is designed as a multi-bit quantizer for digitizing the
integrators’ output. Fig. 8(a) shows the complete circuit imple-
mentation of the designed 4-bit SAR ADC, where both Vcm-
based and set-down switching procedures are used in the feed-
back capacitor array to achieve high power-and-area efficiency,
respectively. Here, the set-down switching procedure employed
on the dummy capacitors can provide an extra 1-bit comparison
result, thus reducing the number of unit capacitors by 50%.
Fig. 8(b) gives the circuit schematic of a fully-differential dy-
namic quantizer including a clock-controlled preamplifier and a
dynamic comparator with SR latch, where a 4-bit MOS capacitor
array is adopted at the output of the clock-controlled preamplifier
in order to calibrate the random offset of the quantizer. In the
circuit schematic,Vinp andVinn are the differential input signals
of the SAR ADC, Out is the digital output signal of the SAR
ADC, Vin+ and Vin− are the differential input signals of the
dynamic quantizer, and Vout is the digital output of the dynamic
quantizer.

E. Dual Cycle Shift Data Weighted Averaging

In multi-bit Delta-Sigma modulator designs, traditional DWA
is a popular technique to calibrate the capacitor mismatch in
the feedback DAC due to its simple circuit implementation.
However, if the input of the Delta-Sigma modulator is a DC
or low-frequency signal, the mismatch errors of unit capacitors
in the feedback DAC will become periodic since the utilization
of the capacitor elements is not completely random. As a result,
large harmonic distortions will appear in the signal band. To
further suppress in-band harmonic distortions, a new DCS DWA
technique is developed in Fig. 9. The basic operation principle
is to disturb the periodic data sequence randomly and increase
the randomness of the control sequence (Pi andNi, i = 1 ∼ 16)
when selecting the unit capacitor elements in the feedback DAC.
As shown in Fig. 9, several extra circuit blocks in the gray
window are added to further process the output sequence of the
traditional DWA with low power consumption and small circuit
area. In the traditional DWA, a binary to thermometer converter
is used to transfer a 4-bit binary input code (B0 ∼ B3) into a
16-bit thermometer code (T1 ∼ T16), and a 4-stage logarithmic
shifter is then adopted to shift the thermometer code based on
the control signal in the pointer register. In the DCS DWA,
according to the position of split pointer, the output sequence
of the traditional DWA is randomly split into two subsequences
by a series subset shifter. After that, when B0 is 1 (0), one
subsequence will be shifted by 1-bit in a clockwise direction
(an anti-clockwise direction) while the other subsequence will
be shifted by 1-bit in an anti-clockwise direction (a clockwise
direction) every 2n cycles. The final output sequence of the DCS
DWA is generated by combining the rotated two subsequences
together. In Fig. 9, INi is shifter input, OUTi and OUTi+1

are shifter output, PRTi and PRTi_b (i = 1 ∼ 4) are control
signals in the traditional DWA, Sf1, Sf1_b, Sf2, and Sf2_b
are control signals in the DCS DWA.

To better understand the operation principle of the proposed
DCS DWA technique, Fig. 10 gives the detailed flow diagram
of data sequence when the DCS DWA is fed with an example
input code. Through comparing the output data sequences, it
is found that the proposed DCS DWA could better disturb the
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Fig. 9. Block diagrams of the proposed DCS DWA scheme. To further disrupt the data sequence randomly that is used to control the feedback DAC array, a DCS
DWA technique is developed to process the output of the traditional DWA. In the traditional DWA, a binary to thermometer converter is used to transfer a 4-bit
binary input code (B0 ∼ B3) into a 16-bit thermometer code (T1 ∼ T16), and a 4-stage logarithmic shifter is then adopted to shift the thermometer code based on
the control signal in the pointer register. In the DCS DWA, according to the position of split pointer, the output sequence of the traditional DWA is randomly split
into two subsequences by a series subset shifter. After that, when B0 is 1 (0), one subsequence will be shifted by 1-bit in a clockwise direction (an anti-clockwise
direction) while the other subsequence will be shifted by 1-bit in an anti-clockwise direction (a clockwise direction) every 2n cycles. The final output sequence of
the DCS DWA is generated by combining the rotated two subsequences together. INi is shifter input, OUTi and OUTi+1 are shifter output, PRTi and PRTi_b
(i = 1 ∼ 4) are control signals in the traditional DWA, Sf1, Sf1_b, Sf2, and Sf2_b are control signals in the DCS DWA.

Fig. 10. Operation principle illustration of the proposed DCS DWA with an
example input code.

data sequence randomly. Besides, Fig. 11 shows the stimulated
in-band harmonic distortion performance in Simulink versus
different input signal amplitudes, where the signal frequency
is chosen to be 1 kHz, the mismatch error of each unit capacitor
in the feedback DAC is randomly set to be within ±0.5%, and
the maximum in-band tone is calculated based on the difference
between peak harmonic distortion and ADC noise floor. Also,
several other DWA techniques, such as tradition DWA, pseudo
DWA, and split-set DWA, are modeled to make a performance
comparison. Simulation results demonstrate that the proposed
DCS DWA can provide lowest harmonic distortions at any input
signal level.

Fig. 11. Simulated in-band harmonic distortion performance of several DWA
techniques in Simulink versus different input signal amplitudes. The mismatch
error of each unit capacitor in the feedback DAC is randomly set to be within
±0.5%, and the maximum in-band tone is calculated based on the difference
between peak harmonic distortion and ADC noise floor.

F. EC-PC Neural Processor

In [24], we first presented the EC-PC spike detection algo-
rithm and also predicted the coexistence of two components (EC
and PC) embedded in neural data dynamics, one in the exponen-
tial form (noise) and the other in the power form (extracellular
spikes). The proposed algorithm was verified in the simulation
experiments of In-Vivo data recorded from the hippocampus,
cortex surface, and spinal cord. In [25], a 16-channel neural spike
detection chip based on the EC-PC algorithm was first imple-
mented in a 0.13 µm CMOS process, where the chip takes 12-bit
raw ADC output data as input and outputs three data streams
simultaneously: LFPs, bandpass filtered neural data, and spiking
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Fig. 12. Implementation diagram of the proposed EC-PC neural processor, which includes a decimation filter, a reconstruction filter with offset removal, a
low-pass filter, a band-pass filter, a Hilbert transform block, a spiking probability generator, and a feedback control block.

probability maps. Also, the chip was tested in both In-Vivo ex-
periments for functional verification and bench-top experiments
for quantitative performance assessment. In this paper, we will
develop an optimized single-channel EC-PC neural processor
that can handle wider dynamic range data signal processing,
where the 4-bit output of the designed modulator is sent to the
processor for further signal processing and a decimation filter
is developed to downsample the recorded data and extend the
word-length of each data sample from 4-bit to 18-bit. Besides,
the designed processor will propose an automatic closed-loop
control scheme to reduce the total power consumption of the
proposed DAQ system. Circuit area and power consumption op-
timization techniques will be also developed when synthesizing
the proposed processor with digital standard cells.

As shown in Fig. 12, the output of the designed modulator is
sent to a digital signal processor for further data processing and
analysis, where a decimation filter consisting of one cascaded-
integrator-comb (CIC) filter and two half-band filters is used
to downsample the recorded data and extend the word-length of
each data sample from 4-bit to 16-bit. To reconstruct data without
saturating system, a matched digital signal reconstruction filter
with offset cancellation is designed, and another 2-bit design
margin is given when processing the recorded data. After that,
a low-pass filter and a programmable band-pass filter are used
to obtain LFPs and spike data, respectively. Usually, there is no
neural activity most of the time during neural recording experi-
ments, especially for multiple-channel data acquisition system.
Therefore, an EC-PC spike detection algorithm is developed to
support real-time data compression and/or neural information
decoding by estimating both EC and PC from the band-pass
filtered spike data, where the proposed algorithm can predict

the presence of neural spikes at any time and give out a spiking
activity map for decoding. Because neural data tend to have more
compact representations in Hilbert space, the band-pass filtered
spike data are sent to a Hilbert transform block to estimate
the probability density function (PDF) of the recorded neural
data and simplify the EC-PC decomposition. To realize Hilbert
transform, fast fourier transform (FFT), and inverse-FFT (IFFT),
a Radix-2 single-path delay feedback structure is adopted in
this work. The outputs of Hilbert transform module are sent to
an EC-PC regression engines, where Hilbert transformed data
are first normalized to their estimated variances and accumu-
lated to build histograms. Besides, a fully autonomous training
mechanism is realized in the regression engine to extract the
EC and PC parameters from the histograms. At last, a spiking
probability estimator is developed to generate the spiking prob-
ability maps based on the trained EC-PC parameters. According
to the detected firing rate and threshold settings, a closed-loop
control scheme is implemented to automatically switch the
system between the two operation modes (only LFPs recording
mode and full-spectrum recording mode). For example, if the
detected firing rate is less than 5 Hz during a period of 2 seconds,
the system will be switched to the LFPs recording mode in
next 2 seconds; otherwise, it will continue to operate in the
full-spectrum recording mode. In this design, the threshold of the
firing rate is adjustable and determined by the real experimental
conditions.

IV. MEASUREMENT RESULTS

The designed ADC and spike processor were fabricated in
a one-poly-eight-metal (1P8M) 0.13 µm CMOS process, and
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Fig. 13. Chip microphoto of the designed ADC in a 0.13 µm CMOS process, where the entire chip area including the pads is 1.35 × 2.9 mm2 and the core circuit
area of the designed Delta–Sigma modulator is only 320 × 420 µm2.

Fig. 14. Evaluation prototype board including the designed ADC and spike
processor chip, an input buffer, a voltage reference block, a clock isolation block,
a digital interface, and a chip control block.

Fig. 15. Measured power spectrum of the designed ADC with/without the
proposed DCS DWA when the sampling frequency is 640 kHz. The input signal
is a −2.4 dB 1.6 kHz sinusoidal waveform with respect to a 1.0 V reference.

the chip micrograph is given in Fig. 13. The entire chip area
including the pads is 1.35 × 2.9 mm2, and the core circuit area
of the designed modulator only occupies 320 × 420 µm2. The
output of the designed modulator is sent to the EC-PC spike

Fig. 16. Measured SNR, SNDR, and dynamic range of the designed ADC
versus different input amplitudes, where the sampling frequency is 640 kHz, the
input signal frequency is 1.6 kHz, and the bandwidth is 10 kHz.

Fig. 17. Measured power spectrum of the designed ADC when the sampling
frequency is 80 kHz. The input signal is a −1.9 dB 200 Hz sinusoidal waveform
with respect to a 1.0 V reference.

processor, which consists of a decimation filter, a reconstruc-
tion filter with offset removal, a low-pass filter, a band-pass
filter, a Hilbert transform block, a spike probability generator,
a feedback control block, etc. Fig. 14 shows the experimental
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TABLE I
NEURAL DELTA–SIGMA MODULATOR PERFORMANCE SUMMARY AND COMPARISON

*FOMSNDR = Power/[2 ∗Bandwidth ∗ 2(SNDR−1.76)/6.02]

**FOMDR = DR(dB) + 10 ∗ log[Bandwidth/Power], DR is dynamic range

TABLE II
POWER CONSUMPTION SUMMARY OF THE MAIN BLOCKS

IN THE DESIGNED DIGITAL SIGNAL PROCESSOR

evaluation prototype, which consists of the designed chip, an
input buffer, a voltage reference block, a clock isolation block, a
digital interface, and a chip control block. The prototypes of the
proposed FSA and electrical stimulator have been presented in
our previous research works [19], [39], which can provide ultra-
low noise signal amplification and different current stimulation
waveforms/patterns in animal experiments.

A. Bench-Top Measurement Results

Fig. 15 to Fig. 17 show the bench-top measurement results
of the designed ADC, where the ADC operates in the full-
spectrum recording mode or only LFPs recording mode. 1) In
the full-spectrum recording mode, the DAQ system operates
at a 640 kHz sampling clock and the power supply voltage is
1.0 V. Fig. 15 gives the measured PSD with (black curve) and
without (gray curve) the proposed DCS DWA technique when
the ADC is fed with a −2.4 dB 1.6 kHz sinusoidal signal, which
clearly shows that the proposed DCS DWA technique could
effectively suppress in-band harmonic distortions, especially
even-order harmonic distortions. Fig. 16 shows the measured
signal-to-noise ratio (SNR) and SNDR over a 10 kHz signal
bandwidth versus different input amplitudes, where the peak
SNR, SNDR, and dynamic range are 92.4 dB, 91.8 dB, and
93.0 dB, respectively. Besides, the total power consumption of
the designed modulator including four integrators, bias circuits,

Fig. 18. Illustrations of animal experiment setup, where a Sprague-Dawley rat
is anesthetized and placed in a stereotypic frame, a NeuroNexus microelectrode
is inserted into the exposed cortical region, and the electrode is connected to an
FSA chip.

Fig. 19. One recorded extracellular spike activity segment from a white rat,
where the data are filtered at 300–8000 Hz.
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TABLE III
NEURAL PROCESSOR PERFORMANCE SUMMARY AND COMPARISON

Fig. 20. (a) and (b) Spike probability map, firing rate, and operation mode switching of two recorded neural activity segments.

Fig. 21. (a) One generated ground-truth data segement. (b) Measured firing
rate when the processor is fed with the generated ground-truth data.

one feedfoward adder, one quantizer, one DCS DWA, and one
clock generator is 20 µW, and the total power consumption

Fig. 22. One recorded In-Vivo data segment with electrical current stimulation,
where the proposed DAQ system is used to acquire the signals. X axis is recording
time, and Y axis is ADC output code.

of the designed digital signal processor including a decimation
filter and an EC-PC spike processor is 52 µW. As a result, the
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Fig. 23. Two recorded spike activity data segments after electrical current stimulation, where the recorded data are filtered at 300–8000 Hz. (a) Neural amplifier
is fed with a 100 µA, biphasic, 1 ms pulse width stimulation current. (b) Neural amplifier is fed with a 64 µA, biphasic, 1 ms pulse width stimulation current.

designed Delta-Sigma modulator features a very competitive
figure-of-merit (FOM) of 31.4fJ/conversion-step. 2) In the only
LFPs recording mode, the sampling frequency is reduced to
80 kHz, and the power supply voltage is still 1.0 V. Fig. 17 gives
the measured PSD at the output when the designed ADC is fed
with a −1.9 dB 200 Hz sinusoidal signal, where the measured
SNR, SNDR, and dynamic range are 91.3 dB, 90.8 dB, and
93.0 dB over a 1.2 kHz signal bandwidth, respectively. Besides,
the total power consumption of the designed modulator and
digital signal processor is reduced to 3.5 µW and 9.5 µW, re-
spectively. Table I gives the measurement performance summary
of the designed neural Delta-Sigma modulator in comparison
with other state-of-the-art publications, and Table II provides
the power consumption summary of main blocks in the designed
digital signal processor. Table III shows the performance sum-
mary of the designed neural processor in comparison with other
state-of-the-art works [45]–[47].

When the DAQ system operates in the full-spectrum recording
mode, the total power consumption of the designed neural inter-
face is 120 µW, which breaks down to 48 µW for the frontend
circuits (FSA and low-pass filter), 20 µW for the ADC, and
52µW for the neural processor. When the system switches to the
LFPs recording mode, the total power consumption is reduced to
25 µW, which includes 12 µW for the frontend circuits, 3.5 µW
for the ADC, and 9.5 µW for the neural processor. The averaged
power consumption of the neural interface is determined by the
closed-loop control parameters and real experiment conditions.

B. Animal Experiment Results

The designed ADC and spike processor chip was also verified
in In-Vivo experiments. Fig. 18 shows the animal experiment

setup, where a Sprague-Dawley rat is anesthetized and placed in
a stereotactic frame, a NeuroNexus microelectrode is inserted
into the exposed cortical region, and the electrode is connected
to an FSA chip. The FSA chip’s output is digitized and analyzed
by the prototype board as shown in Fig. 14, and the electrical
stimulator chip’s output is connected to the electrode. Fig. 19
shows the recorded extracellular spike activities filtered at
300–8000 Hz. The peak-to-peak amplitude of the recorded spike
activities is from −90 µV to 70 µV, and the noise floor is within
±10 µV. Fig. 20 gives two recorded spike activity segments and
their on-chip signal processing results on spike probability map,
spiking firing rate, and adaptive closed-loop control for power
saving, where different noise floor and spike shapes of the
recorded neural data stream are considered. As shown in Fig. 20
(a) and (b), the spiking firing rate changes from 0 Hz to 65 Hz.
Thus, when the threshold frequency for spiking firing rate is
chosen to be 5 Hz, an adaptive closed-loop control signal is
generated to switch the system operation between the only LFPs
recording mode and the full-spectrum recording mode. Fig. 21
shows the measured firing rate when the processor is fed with
one generated ground-truth data sequence, where the designed
EC-PC processor achieves highly accurate firing rate over
time.

To demonstrate the proposed DAQ system can reduce the
recovery time after electrical stimulation, Fig. 22 gives one
recorded data segment at the ADC output, where the neural am-
plifier is fed with a 64µA, biphasic, 1 ms pulse width stimulation
current, the DAQ system operates in the full-spectrum recording
mode, and the loop gains of neural amplifier and low-pass filter
are set to be 40 V/V and 1 V/V, respectively. The recorded
data as shown in Fig. 22 are downsampled to 20 kHz. From
the measurement results, it is seen that the recovery time after
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the current stimulation set is around 3 ms, which is decreased
by around 85% compared to Fig. 2.

Fig. 23 shows two recorded spike activity data segments
after electrical current stimulation, where the recorded data are
filtered at 300–8000 Hz. In Fig. 23(a), the FSA is fed with a
100 µA, biphasic, 1 ms pulse width stimulation current while
the stimulation current in Fig. 23(b) is 64 µA, biphasic, 1 ms
pulse width. From the measurement results, it is shown that the
proposed DAQ system is capable of acquiring spike activities
after electrical stimulation immediately.

V. CONCLUSION

A wide dynamic range DAQ system consisting of an artifacts-
insensitive FSA, a high-precision Delta-Sigma ADC, an on-chip
spike processor, and an electrical stimulator with charge balance
is designed and implemented in this paper. In the neural Delta-
Sigma modulator, several circuit techniques, including opamp-
sharing technique, multi-bit SAR ADC based quantizer, DCS
DWA, two-step summation, and combination of MIM and MOS
capacitor types, are used to achieve the target of low power, high
precision, and small circuit area. In the neural signal processor,
an unsupervised EC-PC neural signal processing algorithm is
developed to generate spike probability map, spiking firing rate,
and adaptive closed-loop control for further reducing power
consumption. The bench-top experiments demonstrate that the
designed ADC features very competitive circuit performance,
and the animal experiments verify that the designed DAQ system
prototype is suitable for simultaneous electrical recording and
stimulation applications, which can help reduce the recovery
time from the system saturation caused by stimulation artifacts
to several milliseconds.

The proposed DAQ prototype presented in this paper is a
proof-of-concept design that features fast recovery from system
saturation caused by stimulation artifacts. To reduce fabrication
and verification cost, only a single-channel Delta-Sigma ADC
and a single-channel neural processor are designed and imple-
mented, and the prototypes of our previous FSA and electrical
stimulator chips are also used to implement a complete DAQ
system for the experiments. The proposed high-precision, wide
dynamic range DAQ system targets for evaluating and under-
standing the effects of DBS in Parkinson’s disease. To reduce
circuit area and power consumption, one single neural processor
would be developed and shared by multiple recording channels
through a digital multiplexer, where the proposed DAQ system
includes multiple FSA cores (up to 8 channels), multiple neural
Delta-Sigma modulator cores (up to 8 channels), one electrical
stimulator, and one neural signal processor.
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