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ABSTRACT Monitoring the electrical neural signals is an important method for
understanding the neuronal mechanism. In particular, in order to perform a cell-type-specific
study, it is necessary to observe the concentration of calcium ions using fluorescent
indicators in addition to measuring the electrical neural signal. This paper presents a
multimodal multichannel neural activity readout integrated circuit that can perform not only
electrical neural recording but also fluorescence recording of neural activity for the cell-type-
specific study of heterogeneous neuronal cell populations. For monitoring the calcium ions,
the photodiode generates the current according to the fluorescence expressed by the reaction
between the genetically encoded calcium indicators and calcium ions. The time-based
fluorescence recording circuit then records the photodiode current. The electrical neural
signal captured by the microelectrode is recorded through the low-noise amplifier, variable
gain amplifier, and analog-to-digital converter. The proposed integrated circuit is fabricated
in a l-poly 6-metal (1IP6M) 0.18-um CMOS process. The fluorescence recording circuit
achieves a recording range of 81 dB (75 pA to 860 nA) and consumes a power of 724
nW/channel. The electrical recording circuit achieves an input-referred noise of 2.7 UWVims
over the bandwidth of 10 kHz, while consuming the power of 4.9 puW/channel. The
functionality of the proposed circuits is verified through the in vivo and in vitro experiments.
Compared to the conventional neuroscience tools, which consist of bulky off-chip
components, this neural interface is implemented in a compact size to perform multimodal
neural recording while consuming low power.

INDEX TERMS Brain-machine interface, heterogeneous cell population, fluorescence recording, calcium
ion, genetically encoded calcium indicator, GECI, G-CaMP, R-CaMP, electrical neural recording.

I. INTRODUCTION key components that enable understanding of the
The brain is a complex structure made up of tens of billions intracellular and  extracellular neural mechanisms.
of neurons and tens of trillions of connections. The brain Furthermore, these electrical signals are used to study
consists of a heterogeneous cell population that engages in neurological and psychiatric disorders, implement neural
neuronal activity by communicating biological signals prosthesis, and perform next-generation neuroscience
between the cells. In an intricate brain neural network, the research.

action potentials (APs) and local field potentials (LFPs) are
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In addition, the recording of APs and LFPs becomes
important for conducting research related to the central
nervous system (CNS) and peripheral nervous system
(PNS). Recently, for the purpose of implementing the
brain-computer interface, drug-screening platform, and
next-generation neuroscience tool such as a large-scale
high-throughput neural recording instrument, multichannel
electrical recording systems have been developed to
monitor the neural activity [1]-[14]. However, recording
solely based on electrical means has inherent limitations as
follows:

(1) Susceptibility to electrical disturbances such as
powerline interferences and stimulation artifacts

(2) Lack of measuring biologically significant signals
induced by chemical elements such as calcium ion,
dopamine, glutamate, etc.

(3) Difficulties in biological network analysis due to the
above limitations

(4) Lack of signal tracking for the specific type of cell
populations

Therefore, the neural recording should be performed in
multiple modalities. Prior works [4], [6], [9]-[11], [14]
presented multimodal neural recording integrated circuits
(ICs), which record neural activities in multiple modalities,
but these systems still have limitations to perform the cell-
type-specific study in a heterogeneous population of cells.

When the neuronal cells are activated, they not only
generate electrical signals but also release neurotransmitters
at their synaptic clefts and ions through the channels in
their membranes. The systems in [6] and [14] can measure
the electrical signals and chemical signals related to
neurotransmitters.  In  particular, by  monitoring
neurotransmitters along with electrical signals, it is possible
to obtain richer information through signal processing
compared to when measuring only electrical signals.
However, the type of firing cells still cannot be specified.

In addition, in the in-vitro platform, multimodal neural
interfaces that perform the optical imaging and impedance
monitoring functions are presented to characterize the cell
morphology and cell attachment, respectively [6], [9].
However, none of these systems provides a cell-type-
specific monitoring function.

To enable cell-type-specific study in a heterogeneous
population of neuronal cells, we present a multimodal
neural activity readout IC with the following two features:
1) a fluorescence recording channel combined with a
photodiode for monitoring the Ca?" associated with the
neural firing, 2) an electrical recording channel combined
with a microelectrode array to acquire APs and LFPs [16].
The simplified system operation, IC performance results,
and in vitro measurement results were first presented in
[16]. In this paper, we present an extended version with
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FIGURE 1. Concept of genetically-encoded-calcium-indicator-based
fluorescence recording and electrical recording.

content, including a review of prior works, circuit analysis,
and animal experiment results.

When the cells produce neural spikes, the calcium ions
are also released through the ion channels in their
membranes. For monitoring the Ca®?" concentration, the
genetically encoded calcium indicator (GECI) is used as the
Ca®" probe, which emits the fluorescence when it is
combined with the Ca?" [17], [18]. At this time, a cell-type-
specific monitoring function is possible by measuring the
emitted fluorescence through the photodiode. In particular,
G-CaMP (emitting green fluorescence) and R-CaMP
(emitting red fluorescence) are representative GECIs that
are composed of green fluorescent protein (GFP) and red
fluorescent protein (RFP), respectively, calcium-modulated
protein (CaM), and M13 fragment of myosin light chain
kinase [17], [18] as shown in Fig. 1. In this work, we
measure the change of the Ca?" concentration using the G-
CaMP6f emitting the green fluorescent light.

Fig. 1 shows the concept of GECI-based fluorescence
and electrical monitoring functions through the photodiode
and microelectrode array, respectively. Before measuring
the Ca?*, the excitation light from the optical fiber excites
GEClIs. These activated GECls operate as Ca®* probes and
emit green (or red) fluorescence when combined with Ca?".
Since the Ca" probes are genetically encoded to attach to
the target cells, it is possible to know which type of cell
population is activated when the Ca®" is released according
to the firing of the target cells.

When neuronal cells generate electrical signals and
release Ca?’, these two kinds of signals have different
characteristics. In the active state, cells generate spikes in a
time scale of 0.15 ms to 10 ms [19], [20], while the Ca®* is
released from their membranes at a slow rate in the time
scale of 200 ms to 10 s [21]—[25]. The neuronal mechanism
that induces behavior, emotion, sensation, and vision
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recognition is achieved by signaling between the functional
areas such as the prefrontal area, premotor area, primary
motor cortex, etc. Each functional area is composed of
various types of cell populations. Therefore, in order to
understand the neuronal mechanism in these cell
populations, fluorescence-marker-based cell-type-specific
recording is an important factor.

This paper is organized as follows. The prior works that
record electrical signals and neurotransmitters are reviewed
in Section II. The details of the fluorescence and electrical
recording circuits are described in Section III. The
measured chip performance is presented in Section IV.
Section V presents the in vivo and in vitro measurement
results and experimental setup. Also, the performances of
the implemented chip are summarized and compared with
other state-of-the-art works. Finally, Section VI concludes
this work.

Il. Prior Works

For characterizing the cells in vivo and in vitro, multimodal
neural recording systems have been implemented. Fig. 2
summarizes the three modalities that are widely applied to
neural engineering tools. The key modalities can be
categorized as follows:

(1) Electrical recording of APs and LFPs

(2) Recording of chemical neurotransmitters such as
dopamine, serotonin, glutamate, etc.

(3) Impedance monitoring between the cell and electrode

A. MODALITY 1: ELECTRICAL RECORDING

In neuroscience and neuroprosthetic research, electrical
recording is the basic and easily applicable modality. For
monitoring APs and LFPs with low noise characteristics
while consuming low power, the recording circuit structure
consisting of the capacitively-coupled instrumentation
amplifier (CCIA) and the successive-approximation-
register analog-to-digital converter (SAR ADC) is widely
used to implement the neural recording system [2]-[4], [6],
[81, [12], [13], as shown in Fig. 2 (a).

The CCIA is used to amplify tiny neural signals with
adding a minimal amount of noise so that a good signal-to-
noise ratio (SNR) can be obtained. Its capacitively coupled
input structure provides an inherent AC-coupling
characteristic, allowing the amplifier operation not to be
affected by the electrode offset voltage at DC. The
following buffer stage drives the sampling capacitance of
the ADC with sufficiently low output impedance and
driving capability. Out of many different types of ADCs,
the SAR ADC is often used for digitizing the recorded
neural signals due to its excellent energy efficiency. Due to
the high voltage gain provided by the CCIA, a low-
resolution ADC such as the SAR ADC can be used to
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minimize the power consumption while obtaining a
sufficient SNR.

However, the recording system employing the high-gain
CCIA followed by the SAR ADC has a limitation in
achieving a wide dynamic range performance. In other
words, if there are external interferences such as stimulation
artifacts present in the bidirectional neural interface system,
the CCIA can easily fall into saturation or distort the signal
significantly due to its high gain. For the applications where
dealing with such interferences are essential, the recording
circuit structure that employs a low-gain CCIA and a high-
resolution AX ADC is proposed [26]—[28].

B. MODALITY 2: CHEMICAL RECORDING

In addition to measuring electrical signals, the recording of
neurotransmitters provides important information for
studying neurological phenomena. For example, the
depletion of dopamine in the striatum is related to the cause
of Parkinson’s disease [29]. Serotonin regulates various
biological phenomena such as cardiovascular function,
bladder control, etc [30]. Fig. 2 (b) presents the circuit
topology used for chemical recording [6], [14], [15].

Three electrodes composed of a counter electrode (CE),
a reference electrode (RE), and a working electrode (WE)
are combined with a transimpedance amplifier (TIA) to
measure the current generated by the chemical reaction on
the electrode surface. When the CE and WE sustain the
voltage difference of Veg—Vye, the chemical reaction occurs
on the surface of the WE. The current resulted from the
reaction flows through the CE and WE.

Due to the feedback formed by the operation amplifier
between the RE and CE, the voltage of CE (V¢g) follows
the stimulation voltage (Vs). According to the waveform of
the applied Vs, the method can be classified into cyclic
voltammetry (CV) and constant potential amperometry
(CA). The method (CV or CA) is widely used for
monitoring neurotransmitters, and the observation of
neurotransmitters is an important factor in studying
neurological disorders such as Alzheimer’s and Parkinson’s
diseases.

C. MODALITY 3: IMPEDANCE MONITORING

Monitoring the impedance of the electrode-cell interface
provides valuable information for understanding the cell
structure, cell distribution, and electrode status. Fig. 2 (c)
shows the topology of the impedance monitoring circuits
[4], [6], [9], [10], [31]. For recording the impedance Zgz
between the electrode and the cell, the excitation voltage Vs
(or current [5) is applied between the reference and working
electrodes. The resulting current Is (or voltage Vs) due to
the applied Vs (or Is) flows through the Zz (Is = Vs/ Zgr).
Then, the Is (or Vs) is recorded through the amplifier, buffer,
and ADC.
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FIGURE 2. Key modalities applied to the prior multimodal neural
recording systems.

Based on such an electrode-cell impedance measurement
technique, the cell distribution and attachment can be
identified in the two-dimensional (2D) in vitro platform [4],
[9], [10]. Other applications generate the images of
individual cell structures by integrating a high-density
electrode array and impedance measurement channels [6],
[31]. Recently, to overcome the drawbacks of the 2D
impedance monitoring system, the three-dimensional (3D)
monitoring system was developed [32]. Cell modeling can
thus be performed similarly to the in vivo environment
using the 3D in vitro platform. As described above,
impedance monitoring is an important neural engineering
tool, which is actively used in the field of drug screening
and cancer cell study [33], [34].

lll. Multimodal Neural Activity Readout IC
A. OVERALL SYSTEM CONCEPT
The proposed multimodal neural activity readout IC is

composed of two kinds of front-ends, fluorescence and
electrical recording channels. While the electrical recording
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FIGURE 3. Block diagram of the proposed multimodal neural activity
readout IC.

channel monitors the electrical signals through the electrode
array, the fluorescence recording channel records the
photodiode current that is induced by green (or red)
fluorescence emitted from Ca?" probes when combined
with the Ca*".

When cells are activated, two kinds of front-ends
measure the Ca?" concentration and electrical signals. Each
of these signals is generated at different rates. The neural
spikes are generated at a rate in a time scale of 0.15 ms to
10 ms [19], [20], while the Ca?" is released at a slow rate in
a time scale of 200 ms to 10 s [21]-[25]. The electrical
recording channel, therefore, should perform fast
digitization of the input signals with an energy-efficient
operation for use in vivo. On the other hand, the
fluorescence recording channel can be implemented to
perform a slow digital conversion of the photodiode current.
In this work, to satisfy the different requirements and
maintain low-power operation while retaining the system
performance for both fluorescence and electrical recording
functions, the time-domain topology is applied to the
fluorescence recording channel, and the CCIA-based
topology is employed for the electrical recording channel.

Fig. 3 shows a system block diagram of the multimodal
neural activity readout IC, which consists of 4 fluorescence
recording channels and 16 electrical recording channels.
The fluorescent light emitted from the Ca*' probes is
measured by the photodiode and fluorescence recording
channel. The electrical signal is measured by the electrode
array and the electrical recording channel. After the digital
conversion of both fluorescence and electrical recording
channels, the digital output voltage level is up-shifted from
1 V to 1.8 V, while the rest of the recording circuits are
driven by a 1-V supply.

B. FLUORESCENCE RECORDING CIRCUIT

Fig. 4 shows a schematic of the time-based fluorescence
recording channel that records the input current Iy
generated by the photodiode. For time-based operation, the
channel is composed of a current digital-to-analog
converter (I-DAC), an operational transconductance
amplifier (OTA) Ao, a feedback capacitor Cr, the delay
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phase.

chain presented in [35], a phase detector, and a controller.
The digitization of Iy is carried out by iterative operation of
the integration and subtraction. To perform integration and
subtraction of Iy, the switches of @, and @&, are controlled
by the output signals of the controller. The operating clock
CLK; is used in the delay chains for converting the voltage
difference to the difference of phase delay. CLK; is applied
to the controller for determining the amount of subtracted
current in the subtraction phase. Finally, the phase detector
generates the output bit of PDoyr as a result of Ijy.

Fig. 5 (a) shows the timing diagram of the time-based
operation. First, to record Iy in the integration phase, the @,
is off, and &, is on (Fig. 5 (b)). When the photodiode
detects the fluorescent light, Iy is integrated through Cr.

The reference current /zzr of the I-DAC flows to the ground.

The voltage difference between the negative output voltage
Vour- and the reference voltage Vzer is then converted into
the phase delay using the delay chain (Fig. 4).

In Fig. 4, when Vour- is smaller than Vzer, the current
sink of the upper delay chain decreases, and the upper delay
chain shows the slow clock propagation. At the same time,
the current source of the lower delay chain increases, and
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the lower delay chain shows fast clock propagation. As a
result, the phase detector generates the logic low. In
contrast, when Voyr- is larger than Vgzer, the current sink of
the upper delay chain increases, and the clock propagation
through the upper delay chain becomes faster. Also, the
current source of the lower delay chain decreases, and the
clock propagates more slowly through the lower delay
chain. The phase detector then generates the logic high.

Then, the circuit enters the subtraction phase by turning
@ on and @, off (Fig. 5 (¢)). Irer, which is set to be larger
than Iy, flows through Cr, and the integrated charge across
Cr is subtracted. During the subtraction phase, the bias
point of the OTA input is set to Vey (= 500 mV). Vour
goes down, and the upper delay chain shows slow clock
propagation.

In this way, the circuit repeats the integration and
subtraction operations, and the phase detector generates a
train of pulses at its output. The output pulse density is
proportional to /;v. The output pulses of PDoyr are counted
over the predetermined length (= 570 us) of a sliding time
window, and the corresponding digital output is generated.
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(c) on.

To implement the integrator, a self-biased cascode OTA
Ao is used, as shown in Fig. 6 (a). 4o is modified from the
design in [12] by adding a cascode stage to improve the
output impedance. To obtain a sufficiently low thermal
noise level, it is designed to consume 600 nA. The sizes of
the input transistors are set to 20 um/0.25 um for PMOS
transistors and 10 pum/0.25 pm for NMOS transistors to
mitigate the effect of 1/f noise. The bias current of Ay is
copied from the bias block 1. The bias voltage Vaus
generated by this bias block 1 using an off-chip current
source Igxr is shared by all the OTAs used in fluorescence
and electrical recording channels. Also, the bias voltages,
Ver (=300 mV) and Ven (= 700 mV), are provided from the
external supply. The input DC voltage Vew of the 4o is set
to 500 mV, which is used as the reverse bias voltage to
drive the photodiode. The measured dark current of the
photodiode is smaller than 30 pA.

The magnitude of Izzr is controlled by a 4-bit (Sn—Su)
current DAC to accommodate a wider range of /iy (Fig. 6
(b)). The I-DAC is driven by copying the bias current
generated by the bias block 2 using an off-chip current
source Igxr.

Fig. 7 (a) shows the input and output voltage waveforms
in the steady state. Figs. 7 (b) and (c) show the operation
examples of the current DAC. If /iy is 10 nA and the switch
S in the current DAC is off, the output bit stream saturates
(Fig. 7 (b)). To avoid this saturation, the magnitude of Izgr
can be increased by turning on the switch Sy (Fig. 7 (¢)). In
this way, the fluorescence recording channel accommodates
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Iy ranging from 75 pA to 860 nA by controlling the
switches (Sn—Su) in the current DAC.

Note that the offset voltage caused by the input transistor
mismatch in Ao leads to the change in the baseline level of
the recording circuit output. However, it does not affect the
output amplitude, which is of our interest. We can control
the Irer generated by the I-DAC or the Vzer used in the
delay chain to prevent the excessive baseline change from
reducing the effective measurement range.

C. ELECTRICAL RECORDING CIRCUIT

Fig. 8 shows the electrical recording channels, which are
composed of the CCIA-based analog front-ends (AFEs),
SAR ADCs, and other circuit blocks. Thanks to the use of
CCIA-based AFE, the DC electrode offset can be
effectively suppressed. Each AFE consists of a low-noise
amplifier (LNA), a variable gain amplifier (VGA), and an
analog buffer. Two recording units, a digital multiplexer,
and an output buffer are used to implement the 16-channel
recording system (Fig. 8 (a)). Each recording unit consists
of 8-channel AFEs, an analog multiplexer, and an ADC. In
order to lower the power consumption while occupying the
smaller silicon area, the 8-channel AFEs share an ADC
through the 8-to-2 analog multiplexer. In particular, for
reducing the power consumed by the analog buffer driving
the input capacitor of SAR ADC, the sampling-time-
extension technique is employed for the ADC [12]. Fig. 8
(b) presents the operation of the ADC with the timing
diagram describing the sampling-time-extension technique.

The ADC is driven by two capacitive DACs. When the
capacitive DAC 1 samples the current input signal Vi, the
other capacitive DAC 2 quantizes the previously sampled
signal V. The two DACs then switch their role when
finishing the quantization of V. In this way, two DACs
perform the sampling and quantization every 12 clocks,
alternately. When carrying out the analog-to-digital
conversion in the conventional manner, charging the input
capacitive DAC for a limited sampling time while
maintaining a sufficient sampling rate as well as accuracy
increases the power consumption of the analog buffer
significantly. To address this challenge, the sampling-time-
extension technique effectively reduces the power
consumption of the analog buffer, and the sampling rate
and accuracy are maintained sufficiently high by alternately
operating two capacitive DACs [12].

For in vivo use, the AFE and SAR ADC should be
designed to have low noise characteristics and consume low
power. The LNA is the most critical building block in the
electrical recording channel for achieving low noise
characteristics. To improve the current-noise efficiency, the
inverter-based structure is used for the first stage 4: (Fig. 9
(a)) [12], [13]. Compared to the structure based on a pair of
PMOS (or NMOS) transistors for the input stage of the
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LNA, the inverter-based structure provides doubled
transconductance value while consuming the same current.
Hence, it is possible to obtain improved input-referred noise
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characteristics. This input stage A; consumes 700 nA for
thermal noise minimization. To suppress the 1/f noise effect,
input transistors have large dimensions, such as 200 pum/1
um for PMOS transistors and 300 um/2 um for NMOS
transistors.

Then, to increase the LNA open-loop gain, the second
stage A, follows the 4; (Fig. 9 (b)). After the amplification
of neural signals by the LNA, the VGA has to amplify the
signals further to fit the optimal input range of the ADC so
that the ADC’s resolution performance can be fully utilized.
The VGA requires relatively relaxed noise performance
than the LNA, and thus the PMOS pair is used as the input
stage of the VGA. Note that the effect of the input offset
voltage of the LNA does not propagate to the following
VGA because they are AC-coupled.

Fig. 9 (c) shows the widely used OTA structure, which is
employed to implement 43 composing the VGA. The output
common-mode voltage of 4> and A3 is set to Vew (= 500
mV) through the common-mode feedback (CMFB) loop
consisting of two pseudoresistors and a CMFB amplifier.
Similar to fluorescence recording channels, the bias current
of A1, A», and A3 is copied from the bias block 1 shown in
Fig. 6 (a) through Vpis.

Using the CCIA-based AFE has key advantages as
follows: 1) It can be designed to have sufficient bandwidth
while maintaining low power consumption, and 2) the DC
electrode offset can be suppressed effectively. In the neural
recording system, the AFE has to provide sufficiently low
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FIGURE 10. Die micrograph.

high-pass cutoff frequency (HPF) for monitoring LFP while
removing the offset. In order to achieve such characteristics,
the voltage-controlled PMOS pseudoresistor is used in the
feedback path of the LNA and VGA (Fig. 8 (a)) [36], [37].

The gate voltage V' is trimmed to have an HPF of sub-1 Hz.

IV. Chip Performances

Fig. 10 shows the die micrograph of the proposed
multimodal neural activity readout IC fabricated using a 1-
poly 6-metal (1P6M) 0.18-um standard CMOS process.
The IC occupies a total area of 3.8 mm x 2.85 mm. The
active areas of the fluorescence recording channel and
electrical recording channel are 0.05 mm? and 0.14 mm?,
respectively.

For testing the functionality of the fluorescence
recording channel under the 1-V supply voltage, the
multistep current is applied to the input of the fluorescence
recording channel. Figs. 11 (a) and (b) show the output
signals measured with varying the number of current steps
from 4 to 32. The maximum current magnitude is
maintained as 5 nA. The repetition frequency of the
multistep current waveform is varied from 50 Hz to 6.25 Hz
as the number of current steps changes from 4 to 32. In the
top of Fig. 11 (a), the output bit stream is measured by
applying the 4-step current input and reconstructed using
the sliding time window. The reconstructed output bit
stream shows a clear multistep current waveform, as shown
in the bottom of Fig. 11 (a). The other reconstructed results
also exhibit clear multistep waveforms, as shown in Fig. 11
(b). Fig. 11 (c) shows the output power spectral density
when applying the DC input current of 300 nA, and the
input-referred current noise is achieved as 22 pArwms over
500-Hz bandwidth.

To verify the detectable ;v range of the fluorescence
recording channel, the DC input current from 75 pA to 860
nA is applied while changing the magnitude of Izzr by
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FIGURE 11. Measured AC characteristics of the fluorescence recording
channel with the multistep current input having the amplitude of 5 nA:
(a) 50-Hz input current with 4 steps; (b) 25-Hz input current with 8 steps,
12.5-Hz input current with 16 steps, and 6.25-Hz input current with 32
steps. (e) Power spectral density when applying the DC input current of
300 nA.
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controlling the 4-bit [-DAC shown in Fig. 6 (b). The I-DAC
increases the magnitude of Irgr by turning on the switches
from Sy to Su. By turning on each switch, the normalized
output according to the DC input current is measured, as
shown in Fig. 12. If the recording channel takes /;y smaller
than 17 nA, the I-DAC produces Izer of Ix (= 124 nA). As
Iy increases up to 860 nA, the I-DAC produces Irer of 161y
(= 1.98 pA). The fluorescence recording channel consumes
power from 724 nW/channel to 2.6 uW/channel as Sy—Su
are sequentially turned on. Each recording channel occupies
an area of 0.05 mm?/channel. Note that the power
consumed by the bias blocks 1 and 2 shown in Fig. 6 is not
counted in this channel power calculation. The power
consumed by the bias blocks 1 and 2 is 10.66 uW and 3.6
uW, respectively. Since these bias blocks are shared by all
the recording channels, the overall power consumption of
the readout IC is not affected significantly.

Fig. 13 shows the measured gain-frequency response and
the input-referred noise of the electrical recording channel.
The system gain can be changed in the range from 61 dB to
73 dB (Fig. 13 (a)). The HPF is set by trimming Vz of the
PMOS pseudoresistor shown in Fig. 8 (a). When V% is set to
0.5 V, the HPF is measured to be about 15 Hz. The HPF
can then be set to sub-1 Hz by increasing Vz up to 0.9 V.
By setting the HPF to be sub-1 Hz, the LFPs can be well
recorded without any signal loss, and the electrode offset
can be filtered out effectively. The integrated input-referred
noise is measured as 2.7 uVrwms when it is integrated from 1
Hz to 10 kHz (Fig. 13 (b)). The spot noise density at 1 kHz
is measured as 30 nV/VHz. Fig. 13 (c) shows the time-
domain measurement result of the input-referred noise. The
peak-to-peak noise amplitude is measured as about 6 puVep.
For testing the nonlinearity of the CCIA-based AFE, a
single-tone test is performed using an input signal having
an amplitude of 200 uVpp at 1 kHz and 4 kHz (Figs. 14 (a)
and (b)). The total harmonic distortion (THD) is measured
as —35 dB at 1 kHz and —45 dB at 4 kHz. As shown in Fig.
13 (a), the low-pass cutoff frequency (LPF) is formed as 10
kHz, and thus the signal having a frequency higher than
LPF is suppressed. Due to this filtering effect, the single-
tone test with the input at 4 kHz shows an improved THD
performance compared to the test with the input at 1 kHz.

Measured ADC performances are reported in Fig. 15.
Fig. 15 (a) shows the ADC output code in the time domain
measured when applying the rail-to-rail input voltage with a
frequency of 1.013 kHz. The ADC is driven by the
sampling rate of 200 kSamples/s and shared by 8-channel
AFEs. The analog output of each AFE designed to have a
10-kHz bandwidth is converted to the digital code with the
sampling rate of 25 kSamples/s. The output code of Fig. 15
(a) is processed to plot the power spectral density (PSD), as
shown in Fig. 15 (b). The signal-to-noise-and-distortion
ratio (SNDR) is achieved as 59.4 dB. The spurious-free
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FIGURE 13. Measurement results of the electrical recording channel: (a)
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FIGURE 15. Measured performances of the 10-bit SAR ADC: (a) output
code when applying the rail-to-rail input voltage with the frequency of 1
kHz, (b) power spectral density of the output code, and (c) differential
nonlinearity ranging from —0.38 to +0.38 LSB and integral nonlinearity
from —0.34 to +0.75 LSB.

dynamic range (SFDR) of 70 dB is obtained. The ADC is
designed to have a 10-bit resolution, and the effective
number of bits (ENOB) is measured as 9.6 bits after
fabrication. The differential nonlinearity (DNL) spans from
—0.38 LSB to +0.38 LSB, and the integral nonlinearity
(INL) ranges from —0.34 LSB to +0.75 LSB (Fig. 15 (c)).
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The whole chain of the electrical recording channel
consumes a power of 4.9 nW/channel under the 1-V supply
voltage and occupies an area of 0.14 mm?/channel. Note
that the power consumed by the bias block 1 shown in Fig.
6 (a) is not included in the channel power calculation.
Thanks to the inverter-based structure applied to the LNA,
the implemented electrical recording channel achieves a
noise-efficiency factor (NEF) of 2.3 and a power efficiency
factor (PEF or NEF?Vpp) of 5.29. The definitions of NEF
and PEF are expressed in [38], [39].

V. Biological Measurement Results

The system functionality is verified through in vitro and in
vivo experiments. Fig. 16 shows the experimental setup for
measuring the Ca?* concentration in vitro using the Oregon
Green 488, which is used as the Ca®" probe to mimic the
GCaMP-based Ca’>" measurement. The Ca?" probe emits
fluorescent light when combined with Ca?'. The optical
fiber emits blue light to excite the Ca?* probe. The
fluorescent light emitted by the Ca?" probe is detected
through the photodiode. The photodiode is equipped with a
filter that blocks the blue light so that the proportion of the
photodiode current caused by the green fluorescence can be
significantly enhanced. The photodiode current generated in
response to the Ca?" release is recorded through the
fluorescence recording channel.

Fig. 17 (a) shows the close-up view of the photodiode
and optical fiber inside the solution of the Oregon Green
488. As shown in Fig. 17 (a), two photodiodes are found.
The photodiode in the solution generates the current by
detecting the green fluorescence. The optical fiber placed to
the left emits blue light, and the solution releases green
fluorescence. In the outside of the solution, the blue light
emitted from the optical fiber is seen. In this experiment, to
build the environment as in vivo where the released Ca**
concentration changes during the neural activation, Oregon
Green 488 mixed with different Ca?" concentrations is
utilized, as shown in Fig. 17 (b). It is reported in [40] that
the intracellular Ca?" concentration is maintained lower
than 0.1 uM in the resting state of the typical neurons and
rises up to 10 uM under activation. Hence, solutions with
the Ca?* concentrations of 0 uM, 0.1 uM, 0.2 uM, 0.5 uM,
1 uM, 2 uM, 5 uM, 10 pM, and 20 uM are used for the test
of the fluorescence recording channel (Fig. 17 (b)). Fig. 17
(c) presents the measured Ca®" concentration through the
photodiode and recording channel. The fluorescence change
is expressed as AF/F, which is defined as the ratio of the
fluorescence intensity change (F(¢#)—Fc.2+=0) to the nominal
intensity for zero-Ca*" condition (Fcpi-0). Fig. 17 (d)
shows the photodiode current measured with changing the
white light intensity emitted to the photodiode. The
functionality of the electrical recording channel is verified
using the pre-recorded neural spike data. The pre-recorded
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FIGURE 17. (a) Fluorescent light measurement setup using the
photodiode, optical fiber, and Oregon Green 488. (b) Solutions (Oregon
Green 488) with different Ca?* concentrations. (c) Measured Ca?*
concentration through the photodiode and fluorescence recording
channel. (d) Photodiode current measured with changing the intensity
of the white light emitted to the photodiode. (e) Measured neural spikes
in the phosphate-buffered saline through the electrical recording
channel.

data are reproduced using the LabVIEW DAC and applied
to the phosphate-buffered saline (PBS). Fig. 17 (e) shows
neural spikes successfully measured using the electrical
recording channel in the PBS.

After the completion of the in vitro experiment using the
multimodal neural activity readout IC, the in vivo
experiment is carried out using the mouse model. In this
experiment, to measure the fluorescent light change
according to the neural activity, the Ca%" probe is injected
into a mouse brain. 4 weeks after the Ca?" probe injection,
the photodiode is inserted into the region of hippocampus
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CAl. The insertion point is 1.71 mm to the right of the
bregma and 2 mm to the bottom of the bregma. The
measurement is performed by changing the insertion depth
from 1.57 mm to 1.7 mm. Fig. 18 (a) shows the photodiode
insertion point and the sagittal plane of a mouse brain for
describing the measurement of the fluorescent light from
the region of hippocampus CAl. After inserting the
photodiode, the optical fiber mounted on the photodiode
excites the Ca?" probe by emitting blue light, as shown in
Fig. 18 (b). The mouse used in the experiment is C57BL/6J.
GCaMP6f is used as the Ca®>" probe. This probe is
specifically combined with the excitatory neurons in the
CALl region of the mouse brain. The GCaMP6f is excited
with the blue light, which has an intensity of 4.8x10~
mW/cm?. To determine the baseline current of the
photodiode during the fluorescence recording, the
photodiode current is measured by turning on and off the
blue light (Fig. 18 (¢)). The photodiode current of 45 nA is
measured when the blue light is turned on to induce the
fluorescent light, while the photodiode current is nearly
zero when the blue light is turned off. All in vitro and in
vivo related experimental procedures were approved by the
Korea Institute of Science and Technology (KIST) and
carried out in accordance with the ethical standards stated
in the Animal Care and Use Guidelines of the KIST.

The measured fluorescence intensity change using
GCaMPof is presented in Fig. 18 (d). The signal shows the
fluorescence change from 0.6 % to 1.4 % and has a duration
of several hundreds of ms. Converting the measured
fluorescence change into the current value, the current
varies from 270 pA to 630 pA. Fig. 18 (e) shows the
measured neural spikes using the electrical recording
channel in the mouse brain. The spike amplitude is
distributed from 40 pVpp to 100 pVpp with a duration of 2.5
ms.

Table 1 presents a summary of the measured
performances and a comparison with the prior works.
Compared with the prior works, the proposed IC can
measure the Ca’" concentration along with the electrical
signals, and thus the cell-type-specific neural recording can
be carried out.

VI. Conclusion

In this paper, we report a multimodal neural activity
readout IC that can perform a cell-type-specific study of a
heterogeneous cell population by monitoring the Ca?*
concentration along with the electrical signals. To
implement an energy-efficient system, a time-based
topology is applied to the fluorescence recording channel,
and an instrumentation-amplifier-based topology is
employed for the electrical recording channel. The
prototype IC is implemented in a 1P6M 0.18-um standard
CMOS process. 724 nW/channel of power is consumed for
fluorescence recording while achieving a recording range
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FIGURE 18. (a) Photodiode insertion point and diagram for G-CaMP-
based in vivo experiment using a mouse model of C57BL/6J. (b) Top
view of in vivo experiment when inserting the photodiode to the
hippocampus and emitted blue light through the optical fiber. (c)
Measured photodiode current when turning on and off the blue light. (d)
Measured fluorescence change using the fluorescence recording
channel 4 weeks after injection of the GCaMP#6f. (e) Measured neural
spikes using the electrical recording channel.

from 75 pA to 860 nA. 4.9 uW/channel of power is
consumed for electrical recording. The implemented IC
successfully demonstrates the measurement of the Ca?"
concentration and electrical signals while providing the
required performance for both fluorescence and electrical
recording functions.
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