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Fig. S1: (a) Circuit to calculate the signal voltage V;;, received by the amplifier; (b)
Circuit to calculate the thermal noise voltage V., generated from the metal electrode
received by the amplifier.

I. Derivation of the sighal-to-noise (SNR) equation

To simplify the derivation, several noise sources in the noise model can be
neglected if noise elimination strategies were used. The surrounding neuron
background noise V4 can be neglected using a small tip opening (high
impedance) metal electrode. The optogenetic photoelectric artifact V3 only
occurs on the onsets of the optical illumination and can be removed using post-
processing signal processing techniques. The power-line interface V,? and the
current fluctuation noise V32 can also be eliminated if good grounding strategy
around the experimental setup and IC design guidelines were used. In addition,
the DC half-cell potential Ej were filtered through the high pass filter preceding
the amplifier, and the metal electrode insulating capacitance Cw can also be
neglected if good insulating material around the metal electrode were used.
Therefore, the signal voltage Vy;, received by the amplifier frontend can be
approximated according to the equivalent circuit depicted in Fig. S1 (a),
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Because of the high impedance of the metal electrode, the thermal noise
generated by this high impedance dominates the measurable noise of the entire
system, the thermal noise voltage V,, received at the amplifier frontend can
also be estimated from Fig. S1 (b),
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Therefore, the SNR of the amplifier can then be approximated as
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The above equation can be simplified using the assumption that for metal electrode, the
impedances of the metal-electrolyte interface leakage resistance Zz, and the electric
double layer capacitance C, are generated experimentally measured to have similar
values [1], i.e. |Zge| = |Z,e| OF 27R,C, = 1.
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The SNR of the amplifier can be approximated that
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Il. Thermal characterization of the IC

Temperature increase of the IC was measured before and after a 20 minutes
section of laser illumination. The two PMOS arrays were running on their
maximum currents of 330 mA with a duty cycle of 3 seconds on and 7 seconds
off over the entire 20 minutes period. The duty cycle is chosen to simulate a
typical experimental condition of optogenetic neural inhibition to avoid laser
toxicity to the neurons. The measurement was performed using a fine-gauge
thermal couple (7001H, Physitemp,Instruments, Clifton, NY) over 25 different
locations uniformly distributed on the top surface of the IC. The IC temperature
before the measurement was 22.4 °C and increased by 3.2 °C to 25.6+0.3 °C
in average. The maximum and minimum temperatures were 27.4 and 24.1 °C
over the 25 different locations.

[ll. Power consumption of the IC

Power consumption of the IC was measured under various operational
conditions and is tabulated in Table S1. The power consumption of the neural
amplifier was 318 pW and the quiescent power consumption of the laser/LED
PMOS current driver was 2.23 mW. When the laser/LED PMOS current driver
was delivering its maximum current of 330 mA, the power consumption of the
entire IC was 1.07 W.



Neural Amplifier Laser/LED Total Power
PMOS Driver Consumption
Laser ON 318 pw 1.07 W 1.07 W
(330 mA)
Laser Off 318 yw 2.23 mW 2.55 mW

Table S1. Power consumption of the IC under different operational conditions.

IV. Characterization of the illumination noise

The illumination noise was carefully characterized by dipping a metal electrode
into a saline solution as a brain phantom and the voltage output of the neural
amplifier were measured when the laser was turned on and off at the maximum
driving current of 330 mA. The plotted results were shown in Fig. S1. Two abrupt
changes - one appeared when the laser was turned on and another one
appeared when the laser was off - were observed at the output of the neural
amplifier. The voltage swings of the two noises were measured to be 1.16+0.03
mV and 0.65+0.02 mV and the two noises lasted for 4.63+0.38 ms and

4.21+0.96 ms, respectively (n=10).
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Fig. S1. (A) The illumination noise observed at the output of the neural amplifier

when the laser was turned on and (B) when the laser was turned off.




V. Comparison to other amplifier designs

The performance of our neural amplifier was compared to that of a commercial
neural amplifier (Isolated bio-amplifier with active probe, 1SO-80; World
precision instrument, Sarasota, FL). In this measurement, the inputs of the two
amplifiers were connected in parallel to a metal electrode to measure the neural
response of an anesthetized gerbil in tandem. Other than this difference, the
rest of the experimental procedure was identical to Section VI(B) of the main
text. Note that under this configuration, the input impedances of both amplifiers
are the same due to the parallel connection. As indicative by the measurement
result, our neural amplifier has a SNR of 9.14. The ISO-80 amplifier, however,
has a higher noise level, which results in a lower SNR of 6.40.

In addition, input impedance of our neural amplifier was compared to those of
two other IC neural amplifiers (RHD2000 and RHA2000, Intan, Los Angeles,
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Fig. S2. Comparison of our neural amplifier to 1SO-80 amplifier. Neural spikes
recorded using our neural amplifier (A) and the 1ISO-80 amplifier (B). Zoom-in views
of one neural spike of our neural amplifier (C) and the 1ISO-80 amplifier (D).



Intan RHDZOOO Intan RHAZOOO Our neural amplifier
Series Series
Input Impedance 1300 MQ 1300 MQ 1640 MQ
(fF=10Hz)
Input Impedance
13 MQ 13 MQ 16.4 MQ
(f=1kHz)

Table S2. Comparison of the input impedance between two other IC neural
amplifiers and our neural amplifier at 10 Hz and 1 KHz.

CA) at both 10 Hz and 1 kHz frequencies and the data was tabulated in Table
S1. For both frequencies, our amplifier has higher input impedances, probably
due to the use of a dedicated unit-gain stage at the amplifier input to increase
the input impedance.
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