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Integrated circuit for single channel neural signal regeneration
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Abstract: Based on the 4-channel neural signal regeneration
system which is realized by wusing discrete devices and
successfully used for in-vivo experiments on rats and rabbits, a
single channel neural signal regeneration integrated circuit (IC)is
designed and realized in CSMC’ s 0.6 pm CMOS
( complementary  metal-oxide-semiconductor  transistor )
technology. The IC consists of a neural signal detection circuit
with an adjustable gain, a buffer, and a function electrical
stimulation ( FES) circuit. The neural signal regenerating IC
occupies a die area of 1. 42 mm x 1. 34 mm. Under a dual supply
voltage of +2.5 V, the DC power consumption is less than 10
mW. The on-wafer measurement results are as follows: the output
resistor is 118 m(), the 3 dB bandwidth is greater than 30 kHz,
and the gain can be variable from 50 to 90 dB. The circuit is used
for in-vivo experiments on the rat’ s sciatic nerve as well as on the
spinal cord with the cuff type electrode array and the twin-needle
electrode. The neural signal is successfully regenerated both on a
rat’ s sciatic nerve bundle and on the spinal cord.
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he neural signal regeneration system, which can be used
Tto recover the function of a central neural system as
well as other nerve bundles such as the sciatic nerve bundle,
includes a neural signal detection microelectrode, a neural
signal detection amplifier, a function electrical stimulation
(FES) signal generating circuit, and a stimulating microelec-
trode'".

In the system, a microelectrode is attached to the upper
neural stump near the damage point of the injured nerve, de-
tecting the bioelectrical signal on the neural stump. Because
the bioelectrical signal detected by the microelectrode is
weak, it must be connected to a neural signal detection am-
plifier so as to be amplified to a suitable amplitude. Then,
the neural signal is sent to the FES signal generating circuit.
Finally, the FES signal is sent to the stimulating microelec-
trode that connects with the lower neural stump near the
damage point of the injured nerve, so that a bioelectrical sig-
nal similar to the one from a normal neural channel'” is re-
generated therein.

Based on the neural signal regeneration system, a four-
channel neural signal regeneration system module is imple-
mented by using discrete devices. Combined with a cuff-
type microelectrode or a shaft-type microelectrode, it can
successfully regenerate the neural signal in in-vivo experi-
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ments on rats and rabbits'”’ .

Because the neural function regeneration system should be
implanted into the body, a single channel integrated circuit
(IC) for neural signal regeneration is designed and realized
in CSMC’s 0. 6 um CMOS technology.

1 Circuit Descriptions

The neural signal regeneration system is shown in Fig. 1.
The neural signal detecting microelectrode connects with the
upper neural stump to obtain the neural signal and sends the
signal to the signal detection circuit. The neural signal ob-
tains amplification through the neural signal detection cir-
cuit, and it is then sent to the FES circuit through a buffer to
stimulate the lower neural stump by the FES microelectro-
des.

1.1 Neural signal detection circuit

The neural signal detection circuit consists of a capaci-
tance, a resistance network and an instrument amplifier.
The instrument amplifier is composed of three operational
amplifiers. In accordance with the characteristics of the neu-
ral signals, high common-mode rejection ratio, low noise and
low-power design are of the most importance for the detec-
tion circuit'™'.

The detection circuit adopts the RC network structure in-
stead of the conventional DC-coupled or AC-coupled struc-
ture (see Fig. 1). The RC network realizes the AC coupling
for differential signals, and provides DC bias for the next
amplifier at the same time. Theoretically, this structure leads
to an unlimitedly large common mode rejection ratio( CM-
RR). In reality, however, the CMRR of the RC networks is
limited since the grounding resistance and microelectrode
impedance are unstable.

Three operational amplifiers are the most important parts
in neural signal detection circuits. In Fig. 1,let R, =R,, R, =
R,, and R, = R,. The difference gain of the entire instrument
amplifier is given by

Vo R, R,
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R,, and R,, represent the CMRR of operational amplifier

Al and A2, A is the difference mode magnification of Al

and A2. The equivalent R,,, of the first stage circuit com-
posed by Al and A2 is given by

Ih 1 RyuR,

= = = 2
A Ac1 1/RAl - 1/RA2 RAz _RA] ( )

R

According to Eq. (2), in order to improve the CMRR of
the first stage, two operational amplifiers must have the same
CMRR.
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Fig.1 Neural signal regeneration system

Then the equivalent CMRR of the whole detection circuit

is
RA :AAVIRRA:—RgD (3)
VI-tA3 Al2

Therefore, to improve the CMRR of the whole detection
circuit, the CMRR of a single operational amplifier must be
improved. When R,,, R,,, and R,, are fixed, enhancing the
first-stage magnification can improve R,. R, is the CMRR
of the entire detection circuit.

The operational amplifiers Al to A3 have the same struc-
ture, shown in Fig. 2. It includes a two-stage structure. The
Miller capacitor C and transistor M8 operating in the linear
region are for frequency compensation. The open-loop gain
of the operational amplifier is 78 dB, the unit gain band-
width is 4. 7 MHz, the phase margin is 78°, and the CMRR
is 100 dB. The constant transconductance bias is used in the
operational amplifier whose bias and power are irrelevant.
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Fig.2 Schematic of the operational amplifier

In order to reduce the operational amplifier noise, the in-
put transistor is PMOS type because of its lower noise per-
formance. Also, to obtain lower noise performance of the de-
tection circuit, the sizes of the input and output transistors of

the operational amplifier must be optimized.
The output transistors M8 and M9 should have a larger

W/ L in order to enhance the drive ability of the FES circuit.

1.2 Buffer circuit

The buffer circuit is a unit gain operational amplifier A4.
The structure of the operational amplifier A4 is just the same
as Al, A2 and A3, shown in Fig. 2. The buffer circuit has
small output resistance, and transfers the neural signals to the
next stage without loss. The simulation results show that the
output resistance of the buffer is about 3.7 ().

1.3 FES circuit

The FES circuit amplifies the neural signals coming from
the detection circuit. To regenerate the neural signals in the
lower neural stump, the stimulating signals generated by the
FES circuit must have a large voltage swing, and the output
impedance of the FES circuit must be small"™ .

The whole FES circuit consists of an in-phase amplifier

and an inversion amplifier, so that the two output signals
with 180° phase difference can stimulate the lower neural
stump efficiently to regenerate the neural signals. The sche-
matic of operational amplifiers AS and A6 that constitute the
FES circuit is shown in Fig. 3. The output voltage swing can
reach an amplitude up to the power voltage.
In the circuit, the output transistors M8 and M9 are connect-
ed in the form of common source. This will not decrease the
voltage margin, and the output signal will be rail-to-rail.
Furthermore, to reduce the output impedance, feedback
methods are used in the circuit.

The non-zero offset voltage in the error amplifier will
change the quiescent current of the output transistor. The
high quiescent current can decrease cross distortion and out-
put signal swing and increase power loss. So, the relevant
protection circuits are designed to control over-current of
circuits through negative feedback.

The protection circuit consists of MD1 to MD9. It is used
to control over-current of the FES circuit through negative
feedback. MD9 has a small W/ L. Normally, the current flow
through MD9 is small, and the voltage between source and
drain of MD9 is relatively small, so MD7 and MDS8 do not
act. When the current of the output circuit becomes large, the
current flowing through MDY increases correspondingly.
When the voltage between source and drain of MD9 exceeds
the total conduction voltage of MD7 and MDS, the whole
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Fig.3 Schematic of the operational amplifier A5/A6

over-current control circuit begins to run. Because MD9 has
a small W/L compared to that of MD7 and MDS, a little
change in the voltage between source and drain of MD9 ( >
Viuos + | Viuss |) will lead to great change of current in
MD?7 and MD8. And through MD1, MD2, MD3 and MDA4,
the current feeds back to the gate of M8 and M9, and the
gate-source voltage of M8 and M9 is reduced, so that the o-
ver-current is also reduced.

The largest quiescent current /, ( suppose Vyyp, = Viyp)
of the output transistor is given by Eq. (4), in which B, is
the transconductance parameter of MD9.

B (W/L)
IQ = ]\2/")9( VTMD7 + ‘ VTMDS ‘ - VTMD9)2 (W/L) MZ:EZZ) =
B ; (W/L) MO(MS8)

4
2 TMDS( W/L) MD6(MD5) ( )

2 Test Results

The chip is fabricated using the CSMC’s 0. 6 pm CMOS
technology by means of multi-project wafer (MPW) pro-
ject. Fig.4 shows the photograph of the realized chip. The
die size of the chip is 1. 42 mm x 1. 34 mm. It is tested on-
wafer in our probe station. The static power consumption of
the chip is less than 10 mW, the output resistor is 118 m(),
3 dB bandwidth is greater than 30 kHz, and the gain can be
adjustable from 50 to 90 dB. The output signal measured on-
wafer is shown in Fig. 5, where the V , of the input 1 Hz
sine signal is 2 mV.

After the package, the chip is also measured. The output
signal is shown in Fig. 6 where both the input 100 Hz and
the 10 kHz sine signal have an amplitude of 2 mV.

Fig.4 Photograph of the chip

Fig.5 Output signal measured on-wafer
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Fig.6 Output signal measured after the circuit is pack-
aged, the input signal V, is 2 mV. (a) Input 100 Hz sine sig-
nal; (b) Input 10 kHz sine signal

3 Animal Experiment

Two in-vivo neural signal regeneration experiments are
carried out at the Institute of RF- & OE-ICs of Southeast
University. The experimental objects are rats. Their weights
are about 350 g. The surgery procedure in a rat is as fol-
lows: anaesthesia; rat body fixation; exposure left crus sci-
atic nerve; right crus sciatic nerve; spinal cord around T12;
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electrode location; fixation; and leads connection.

The FES signal has a frequency of 1 Hz, generated by an
arbitrary wave generator in Agilent 33220A. The bioelectri-
cal signals are monitored and recorded by an oscillograph of
Agilent 54624 A.

An experiment is conducted by using two twin-needle
electrodes and a cuff microelectrode connected with the IC
chip. One twin-needle electrode inserted into the spinal cord
located at the rat’ s left crus motor nerve area is used for ap-
plying FES signal. Another twin-needle electrode inserted in-
to the lower end of the rat’ s right crus sciatic nerve is used

a stimulating electrode. The cuff microelectrode enwraps
the rat’ s left crus sciatic nerve, which is used as a neural
signal detection electrode. When the FES signal is applied
and the IC is turned on, the rat moves its left crus as well as
its right crus. Turn off the IC, and the rat only moves its left
crus. Cut off the rat’ s right crus sciatic nerve at the upper
end, and turn on the IC. When the FES signal is applied,
the rat moves its left crus and right crus again. Turn off the
IC and the rat only moves its left crus.

The cuff electrode has 12 dots; several dots are used to
monitor the neural signals by the oscillograph of Agilent
54624 A. So, during the experiment, the neural signals can be
observed. Fig. 7 is one photo of the experiment.

Fig. 7 Photo of the in-vivo neural signal regeneration
experiment on rats

4 Conclusion

A single channel neural signal regeneration circuit has
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@

been realized in the CSMC’s 0.6 pm CMOS technology.
Connected with microelectrodes, it can be used to regenerate
rats’ neural signals of the sciatic nerve or the spinal cord in
in-vivo experiments.
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