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Abstract—Cellular field potential includes local field potential
(LFP, 0.1 Hz-200 Hz) and spike potential (SP, 200 Hz-10 kHz).
In physiological studies of the brain, SP signal has been the
focus. Various circuits have been reported to acquire SP signals
in brain-machine interface (BMI) systems over the years. Re-
cent study shows that the LFP signal plays important roles in
modulating many profound neuronal mechanisms in the brain.

| It is important for new BMI design to record the dual-band
| signal accurately, which demands acquisition circuits to have low

noise and good linearity in both bands. In this paper, we report
the design of a dual-band acquisition integrated circuit (IC) for
microelectrode recording. The novel design uses a continuous-
time (CT) front-end with chopping to suppress the noise, and a
discrete-time (DT) back-end to achieve good linearity. A prototype
monolithic acquisition IC is fabricated in a 0.35 pm CMOS
process. It has 16 acquisition channels and an 11 bit successive-ap-
proximation (SAR) analog-to-digital converter (ADC). Silicon
measurements show that every channel has 29.2 nV /Hz"® noise
and <0.1% nonlinearity. The good linearity effectively prevents
the aliasing and mixing between the two bands. For LFP signals,
the recording noise is 0.9 uV,,,,. For SP signals, the recording
noise is 2.9 p1 V.. Important to the microelectrode recording,
the new design has high input impedance (320 M at 1 kHz),
high common-mode rejection ratio (CMRR) (> 110 dB) and
power-supply rejection ratio (PSRR) (> 110 dB). Noise-effi-
ciency factor (NEF) of the acquisition channel is 6.6. The IC is
experimented with rat cardio-myocytes recording.

Index Terms—Brain-machine interface (BMI), dual-band
recording, field potential recording, low-noise front-end.

I. INTRODUCTION

TYPICAL invasive brain-machine interface (BMI)
system is shown in Fig. 1. Microelectrodes sense field
potential of neurons in various brain regions. Preamplifiers or
more complete acquisition circuits are normally integrated with
electrodes to avoid interference on the wire. The acquired signal
is processed by external computing devices for physiological
or behavioral studies.
Although spikes have long been recognized as playing major
roles in neuronal signaling, more and more recent studies find
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Fig. 1. BMI system diagram.

that LFP modulates a variety of neuronal mechanisms, and plays
important roles in various functions, such as memory, attention,
and neuroclogical disorders, etc., [1]-[5]. The study on LFP and
SP correlation has recently become an active topic in neuron-
science. To perform accurate quantitative analysis of the spike
field coherence (SFC), it requires the acquisition system to cap-
ture the dual-band cellular signal with noise lower than the mi-
croelectrode interface noise. Besides low noise in dual bands,
good linearity is also needed for the acquisition system to avoid
the aliasing and mixing between SP and LFP signals.

The microelectrode interface is critical to the design of BMI.
The interface normally features high impedance with noise and
high offset [6], [17]. As electrodes are further miniaturized in
recent years, higher impedance and noise set more stringent re-
quirements on the acquisition circuits.

Over the years, various bio-potential acquisition circuits have
been designed for microelectrodes. Capacitive amplifier front-
ends (CAFE) are commonly used in previous designs [6]-[10],
[27]. Harrison developed the noise optimization methodology
for CAFE in [11]. The design achieved an impressive 2.2 11V .
noise over 7 kHz. This CAFE design inspired a series of bio-
signal acquisition circuit designs [12]-[15]. Majority of the de-
signs only record the SP signal. The CAFE easily tolerates large
electrode offsets and enables high CMRR. Although it works
mostly well for SP signals, it has several problems. The CAFE
has large low-frequency noise, which is undesirable for LFP
signal acquisition. To record the LFP signal, CAFE requires
large pseudo-resistor to enable < 1 Hz high pass corner fre-
quency [11]. The signal swing can modulate the pseudo resis-
tance 1o cause high acquisition nonlinearity (1%). The CAFE
also decreases the input impedance of the amplifier. The only
acquisition channel designed for dual-band recording was re-
ported in [7], which also used CAFE. As a result, the design
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has high noise in the LFP band and low linearity. A CAFE
was designed with chopping in [16] for LEP signal acquisition.
The low-frequency noise in CAFE is suppressed. The electrode
offset is cancelled by feedback, which removes the pseudo-re-
sistor from the signal path. Hence, it achieves low nonlinearity
(0.1%). Nonetheless, chopping with CAFE causes low input
impedance.

In summary, although quite a few designs have been devel-
oped for various bio-potential acquisition systems in recent
years, acquisition circuits for dual-band signals with low
noise (< 1V, ), good linearity (<0.1%) and high input
impedance do not exist. In this work, we report such a design.
Chopping is used to lower the noise for LFP signal. A new
low-noise amplifier is designed to reduce the nonlinearity.
Instead of an all-continuous-time (CT) acquisition channel, a
discrete-time (DT) back-end is designed to accommodate the
large signal with good linearity. Proper filtering is designed
to enable sample/hold in the back-end without noise aliasing.
Another benefit of the in-channel sample/hold is that it relaxes
the design of following multiplexing and quantization circuits.
All circuits are fully differential, which achieves good CMRR
and PSRR without 50 Hz injection. The input signal is directly
applied to a small transistor gate so that the channel input
impedance is high. The monolithic acquisition chip includes
16-channels with a successive approximation (SAR) ADC. No
external component is needed. The chip is fully verified with
hiological experiments.

TI. MICROELECTRODE-NEURON INTERFACE

The electrode—electrolyte interface is commonly character-
ized by an interfacial capacitance (C. ) and a charge transfer re-
sistance (R.t) [17]. At the interface in Fig. 1(b), the cell ionic
current (4 ) flushes into the gap between the cell membrane and
the microelectrode surface, and flows through a seal resistance
(Rs) to the reference clectrode in the solution. Cy, is the input
capacitance of the acquisition circuit. For normal Au or Pt planar
microelectrodes with tens of pm diameter, C, is about hundreds
of pF, and I is about several hundred M<2 [6], [12], [17]. The
surface capacitance of Pt-black microelectrodes can be 10 times
larger. IR varies significantly from hundreds of A€ to M€ de-
pending on the distance between the neuron and the electrode
surface [18], [19].

The interface noise comes from both Ree(4n,ec) and
Ry(in,s). It can be derived that the E.; noise is low-pass
filtered to the amplifier input as

Gl L R Gl ol ™

Un,in,ret = (1)

The comer 1/(27 R.+C.) is usually low in the Hz range for
planar micro-electrode, while the comer 1/(2xR,C;,) is usu-
ally much higher than the cellular signal band. Hence. in the
cellular signal band, the .+ noise has a low frequency corner
1/(27 Rt (72 ). The overall noise power from R is independent
of Ret as (KT/C.)"5 It can also be derived that the R, noise
is bandpass filtered to the amplifier input as

SR.'«‘ Ginjzaf .
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Fig. 2. Simulated interface noise.
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Fig. 3. (a) Recorded neuron field potential. (b) Spectrum.

This is a wide band noise. Hence, the overall in-band interface
noise power is

kT
C.

Vain = /4T R, - Af +

where A [ is the acquisition circuit bandwidth. This result is
similar to common results derived in previous work [20]-[22]
with the difference that the low-pass .+ noise is integrated.
Fig. 2 plots the simulated interface noise for a planar Pt-black
electrode with 20 pm in diameter (R = 6.8 MO, €. = 30F)
and a seal resistance I, = 1 M£). Within the LFP band, the
noise power 1§ 2.1 Vs including 1.1 ptVyy,s from g and
1.8 1tV s from R, Within the 10 kIz cellular signal band, the
noise power is 12.9 (V... R, noise dominates. The wideband
noise density is 129 nV /Hz%%_ If the neuron is farther away
from the electrode, R, can be much smaller, which causes less
in-band noise. Hence, the BMI acquisition channel desires to
achieve noise power <1 ytV ., (LFP band) and <5 piV . (SP
band) with noise density <50nV /Hz"% in the cellular signal
band.

BMI microelectrode can experience field potential up to
[0 mV. Field potential recorded from an individual neuron
usually has high SP component, while field potential recorded
from group of neurons has high LFP component [16]. If the
acquisition circuit is nonlinear, the SP signal can alias into the
LFP band through self-mixing or the LFP signal harmonics can
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Fig. 4. Acquisition IC system diagrams.

alias into the SP band. A typical recording of dissociated rat
hippocampal neurons and its spectrum are shown in Fig. 3 [10].
Its signal energy mainly locates in the range 200 Hz—-1 kHz. If
the acquisition channel has 1% nonlinearity, which are equally
contributed by HD2 and HD3, the aliased SP signal into the
LFP band is 1.2 gV s If the nonlinearity is reduced to 0.1%,
the aliased SP signal is 0.12 V5. To limit the distortion lower
than the noise within the 20mV,, signal range, a dual-band
acquisition channel requires <0.1% nonlinearity.

TIT1. CIRCUIT DESCRIPTION

Architecture of the dual-band BMI signal acquisition chip is
shown in Fig. 4 in a (.35 pm CMOS process. It includes 16
channels and one SAR ADC for quantization. Every channel
samples at 20 kS/s. The 11-bit SAR ADC quantizes the multi-
plexed channel outputs at the rate of 320 kS/s.

Each channel includes a CT front-end and a DT back-end.
Circuits in the CT front-end are optimized for both noise and
linearity. The front-end has variable gains (26 dB, 46 dB). To ac-
quire the LFP signal, the front-end performs chopping at 10 kHz
to achieve lower noise. Similar to [23], the electrode offset is
cancelled by a feedback in the front-end. Circuits in the DT
back-end are optimized for linearity. It further amplifies the
signal by 20 dB.

A. Low Noise Amplifier

To achieve high input impedance for the acquisition channel,
a source degenerated low-noise amplifier (LNA) as shown in
Fig. 5 is designed at the channel front. The feedback with M | ~
5 drives the M1 source to follow the input voltage V;,,. The AC
current in R, resistor is split between M1 and M5. The useful
portion is mirrored by Mj; ¢ to generate the output signal 1, on
Iy, Hence, the amplifier midband gain is

Ry Sg 1

Aranlna =i s

Ry S 1+

“

imi

bms

where S6/S5 is the size ratio of M6 and M5, 4,,5 /1,1 is the
AC current split ratio between M5 and M1. To achieve good
amplifier linearity, this current split ratio needs to be large and
independent of the input signal. The current split ratio at low
frequency can be derived as
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Fig. 5. Low-noise amplifier circuit diagram.

where 55/54 is the size ratio of M5 and M4. g; is the conduc-
tance of R1. 74 is the output resistance at node A. Compared
to the LNA in [23], the current split ratio in the new design is
larger. Also, poles in the new feedback loop are higher in fre-
quency, which can keep high current split ratio even at high fre-
quencies. The V, of M1,17 are clamped to keep ¢,,,1 indepen-
dent of the signal. Both R1 and R2 are poly resistors for good
linearity. With this LNA, high linearity (—70.6 d3 THD, total
harmonic distortion) is achieved for 20 mV pp signal. The LNA
gain is 26 dB.

The LNA thermal noise is mainly contributed by M1,2,5,6
and RI. Its input-referred noise density can be derived as

Gme

s
2

ey 16K | L 3
T, | 2
Jm1 41 91 5N

Jm2
/Un.,ln s LOERD 3 f

" d
(.{17711//291)2
(6)

9m1 and gl are increased to suppress the LNA noise down to
24.70V/Hz"® at 10 kHz. The LNA power is 40.1 W, which
has 4.14 NEF [11].

B. Variable Gain Amplifier and Froni-End Feedback

To further suppress the low-frequency noise from the baclk-
end, the front-end includes a capacitive variable gain amplifier
(VGA) as shown in Fig. 6. The VGA midband gain is set by the
capacitor ratio to be 0 dB or 20 dB. Its close-loop bandwidth
is designed to enable the low-pass cut-off frequency at 30 kHz.
The THD of this capacitive VGA for 400 mV,, input signal is
—70.6 dB.
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300 fF unit capacitor is needed to enable 11-bit linearity for
our process. The comparator includes three preamplifiers with
auto-zeroing to suppress the latch noise lower than 1/4 LSB
(LSB = 1.96 mV). The pre-amplifier gain is 3. Within the
auto-zeroing cycle (CO), the bridging capacitor is reset and the
pre-amplifier offsets are sampled. In D1 cycle (C1), the differ-
ential input signal is compared to determine the most significant
bit (MSB) D). In the sampling cycle (C2), the capacitor array
is charged with either the positive reference (Vier, 0) or nega-
tive reference (0, Vier) based on Dy. The common bit cycling
procedure follows to resolve the remaining 10 bits.

IV. IMPLEMENTATION AND MEASUREMENTS

The micrograph of the fabricated die is shown in Fig. 12. It
includes 16 acquisition channels, a SAR ADC, reference gen-

Clock Generator

70
&0
m
D
3 a3tz
& - ==z
; v OHZ
"?'I"‘ : hloop
= 200HZ T,
" : hloop
10" 10° 190 10" 10°

Freque ncy {Hz)

Fig. 13. The measured channel gain at 66 dB gain mode.

eration circuits and a testing channel. Every channel’s size is
480 pm x 320 pm. The SAR ADC’s size is 800 pm x 800 pm.
In the layout, poly capacitors occupy large area. The channel
size can be reduced significantly by laying the active circuits
under the metal-insulator—metal (MIM) capacitors.

A. Acquisition Channel

The channel gain is measured by applying sinusoidal signal
with different frequencies to the channel. In the high-gain mode,
the measured channel gain is shown in Fig. 13. The high-pass
corner can be tuned to < 0.1 Hz. To acquire the SP signal, the
corner is tuned to 200 Hz. Similar frequency tuning is available
for the low gain (46 dB) mode.

The measured channel noise density is shown in Fig. 14. For
SP signal acquisition, chopping is not applied. The measured
thermal noise density is 29.2nV /Hz"°. The noise in the SP
band is 2.9 1V 5. The noise corner extends to 100 Hz. The 1/
noise dominates the LFP band. To acquire LFP signals, chop-
ping is applied. The noise corner is cut to 20 Hz. The noise in the
LFP band reduces to 0.9 1tV .. Each channel consumes 74 pW
power, which leads to the channel NEF to be 6.6.

The channel linearity is measured by applying a
20mV 214 Hz sinusoidal signal to the channel. The output
spectrum is shown in Fig. 15. The channel is dominated by
HD3. The THD is —59.6 dB. Equivalently, the nonlinearity
is about 0.1%. This nonlinearity stays similar with and
without chopping. The CMRR and PSRR of every channel are
measured. Due to the fully differential design, both CMRR
and PSRR are beyond 110 dB. No 50 Hz injection has been
observed in chip measurements. The only occasion that 50 Hz
signal is observed is when signal wires in the biological
measurement are not properly shielded.
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Fig. 16. Rat cardiac-myocytes recording setup.

B. In Vitro Biological Recording

The prototype chip is bonded with planar microelectrodes
to test under in vitro physiological conditions. The gold
micro-electrode size is 20 pm x 20 pm. A photo of the
experiment setup is shown in Fig. 16(a) with the system dia-
gram shown in Fig. 16(b). Dissociated cardiomyocytes from
embryonic days 16-19 Sprague-Dawley rats are used to test
the acquisition setup. The cardiomyocytes can initiate field
potentials without external stimulation.

The sample is prepared following the procedure described in
[25], [26]. With the chopping disabled, the acquisition chip dig-
itizes the field potential. The digitized signal is further filtered
by a software filter to select the SP signal. A typically recorded
SP signal is plotted in Fig. 17(b). The signal intensity is
13.5 4V ms. A zoomed-in voltage spike is shown in Fig. 17(a).
With the chopping enabled and the 1 kHz low-pass filter, the
LFP signal can be aquired. A typically recorded LFP signal is
shown in Fig. 17(c). The signal intensity is 48.4 ;fV .. If the
signals are acquired by circuits with 0.1% nonlinearity equally
contributed by HD2 and HD3, the mixed signal component
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aliased into the LFP band is 0.1 4tV .. Therefore, the high
linearity keeps the signal distortion lower than its noise. As
cardiomyocytes have lower pulse rate than neurons, the rms
signal intensity is weaker. With stronger signal, the distortion
component can be more significant.

The overall performance of the dual-band acquisition chip is
summarized and compared with previous benchmark designs in
Table 1. Compared to previous bio-signal acquisition circuits,
this design generally achieves much improved noise and lin-
earity. It enables dual-band recording. It also has much larger
input impedance, which is important for smaller electrodes. The
design also has excellent CMRR and PSRR. Due to the low
noise and good linearity, the new design achieves wider dynamic
range compared to previous designs. Its NEF is comparable to
other designs.

V. CONCLUSION

New BMI requires the accurate recording of both LFP and
SP signals. This demands the acquisition circuits to have low
noise and good linearity throughout the cellular signal band. In
this work, we designed a new architecture for dual-band field-
potential acquisition. A continuous-time front-end with chop-
ping achieves low noise in the LFP band, while a discrete-time
back-end achieves good linearity.

A monolithic acquisition chip including 16 channels is fab-
ricated in a 0.35 ym CMOS process. Each channel has tun-
able gain (46 dB, 66 dB) and tunable high-pass corner. With
chopping, each channel has 0.9 4V, ,,s noise in the LFP band.
Without chopping, the channel has 2.9 /1 V. noise in the SP
band. The channels have 0.1% nonlinearity. Due to the fully-
differential design, the channels have CMRR and PSRR beyond
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TABLE 1
PERFORMANCE COMPARISON WITH BENCHMARK BIO-POTENTIAL ACQUISITION DESIGNS
[11] [6] 171 [15] [10] [24] [16]) this work
Gain 40dB 60dB, 70dB 54-74dB 48-68dB O'i(:gfs)(lg 72-82dB | 41, 50.5dB 46, 66dB
Input
) sMQ 30MQ 32MQ 320MQ
= - 1000MC MO .
ugiiﬁqzce (20pF) (2pF) (5pF) >1000M 100MQ(chopping)
THD 1% 0.25% 1% 0.7% ] <1% <0.1% 0.1%
16.7mV input 1mV input 1V output 4.4mV input 0.4mV input | 5SmV input 20mV input
292nv/HZ** - 101 Vems LFP v 2.41Vims 0.5914Vms 0.981Vims 64nV/HZ"®
Noise (0.014-30Hz) ( lbilgoiﬁz) (<350Hz) (SFLH';’; (1-100kHz) |(0.5-100 Hz) (0.05-100Hz) (1-200 Hz)
26nV/Hz"* ¢TnV/HZS | 3uVems for SP L 00mV/EZS 270V/H2" | 59nV/HZ™ | 98nV/HZS 29.20V/HZ"*
(0.025-7.2k Hz) (350Hz-10kHz) (cal) (200Hz-10kHz)
Dynamic " o 78dB for LFP
Rige 69dB for both 42dB 44-56dB 53dB (cal) 2 48dB (cal) | 71dB (cal) prea s
CMRR >83dB 70dB 90dB - z >120dB >100dB >110dB
Power %gﬁ’ L60uW T5uA 15uW 1604w 6.9uW 1.8uW T4uW
4.8 and 4.0 ] o 4.1 (LNA)
NEF (single amp) 18.1 (cal) 10.4 4.6 (single amp) 7.4 (cal) 43 4.6 6.6
0.22mm” 9 2 2 . 5 2 2 £
Area 0. 16mm> 0.06mm 0.08mm 0.04mm’ 0.07mm 0.45mm 1.7mm 0.15mm
Technology 1.5um 0.6um 0.35mm 0.35um 0.6pum 0.5um 0.18pm 0.35um
Supply 125V sV ; 3v 5v 3V 1.8V 33V ]
Voltage

110 dB without the 50 Hz injection. The chip has high input
impedance of 320 MQ at 1 kHz.

Compared to previous bio-potential acquisition circuit de-
signs, the new design has advantages on noisc and linearity,
which leads to wider dynamic range. It also has high CMRR,
PSRR and input impedance, which are important for BMI elec-
trodes. Overall, the new design is the first design (o enable high-
quality dual-band recording.
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