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Function electrical stimulation circuit
for neural signal regeneration system
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Abstract: A low-power, high-gain circuit for function electrical stimulation ( FES) is designed for the
microelectronic neural signal regeneration system based on CSMC (CSMC Technologies Corporation) 0.6 pwm
CMOS ( complementary metal-oxide-semiconductor transistor ) technology. It can be used to stimulate
microelectrodes connected with the nerve bundles to regenerate neural signals. This circuit consists of two
stages: a full differential folded-cascode amplifier input stage and a complementary class-AB output stage with
an overload protection circuit. The rail-to-rail input and output stages are used to ensure a wide range of input
and output voltages. The simulation results show that the gain of the circuit is 81 dB; the 3 dB-bandwidth is 295
kHz. The chip occupies a die area of 1. 06 mm x 0. 52 mm. The on-wafer measurement results show that under a
single supply voltage of +5 V, the DC power consumption is about 7. 5 mW and the output voltage amplitude is
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4.8 V. The chip can also run well under single supply voltage of +3.3 V.
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After nerve bundles are injured, the upper or lower
neurons of damaged surfaces are still subsistent. How-
ever, the organism has lost related motorial and sensory
functions, since neural signal channels are interrupt-
ed"”'. In theory, if implant compatible integrated cir-
cuit chips are used to replace necrotic or seriously
damaged nerves as well as to realize functions of the
organism based on the electrical properties of neurons,
an artificial channel will be built which may reach the
goal of reconstructing neural functions. In the neural
signal regeneration system, the microelectrode functions
as neural signal detectors and actuators. It exchanges
signal with nerve bundles through coupling with bioe-
lectricity'”'. The microelectrode is an interface of the
circuit to the organism, so it is a very important com-
ponent'"’ . In this paper, an output voltage circuit is de-
signed to generate a high swing voltage signal that can
stimulate the microelectrode to regenerate neural sig-
nals. According to the characteristics of neural sig-
nals"', the gain should be above 80 dB, and the fre-
quency response bandwidth should be much wider than
the highest frequency of the neural signals. The appli-
cation is considered to be an in-body embedded elec-
tronic system. This design is focused on effective driv-
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ing and is monolithic without any off-chip pieces.
1 Circuit Design

1.1 Full differential folded-cascode amplifier

The schematic of the full differential folded-cas-
code amplifier is shown in Fig. 1. M,, together with
M,, compose complementary NMOS differential pairs,
and M,, together with M,, compose complementary
PMOS differential pairs. My, -Mg,;,, and My, -My,
compose cascode current sinks. My, -Ms,,, With
complementary differential pairs compose a full differ-

ential folded-cascode amplifier circuit.
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Fig. 1  Schematic of the full differential folded-cascode
amplifier
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1.1.1

The input stage is made up of two complementary
NMOS and PMOS differential pairs to achieve the full
swing of V,

Complementary differential input pair

> Which is the common mode input volt-

age. The schematic is shown in Fig. 2. M;, and M,,
compose an NMOS differential pair, and I, is their
current source. Similarly, M,, and M,, compose a
PMOS differential pair, and I,,;,, is their current
source. For the N-channel CMOS differential pair, the
common-mode input can approach V,, but its negative
end is far from V. On the contrary, for the P-channel
CMOS circuit, the common-mode input can approach
Vs, but its positive end is far from V. So if one com-
plements the N-channel different pairs with the P-chan-
nel different pairs, the common mode input range can
reach from Vi to V.7,
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Fig.2 Complementary differential input pair

1.1.2 Current sink circuit

The schematic picture of the current sink circuit is
shown in Fig.3. My, and M, have the same ratios.
Hence, the current through M., and M, must be equal
to the current through M,, and Mg, , which means I, =
I
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Fig.3 High-swing cascode current sink

Assume that the gate voltage of Mg, equals Vo +
Von. Apparently, V,, = Vo, + 2V "". So the current
sink will reduce the common mode input range to

Vemn=Vo + Vi =2Voy + Viy =V, (D

The PMOS current sink has the same structure, so
the currents through M., ,, and Mg, are equal to I,
and will reduce the common mode input range to V_,
<V,

Von can be made comparatively small, which
guarantees a large common-mode input range and cre-
ates a reduction in the current circuit.

1.1.3 Full differential folded-cascode amplifier

When all transistors are active, because of the
effect of the current sink, M,,,, and M,,,, have the
same current which equals /,;, /2. From Fig. 1, the cur-
rent through M, ,,, should be I, /2 more than M, ,
and the current through M,,, ., should also be 1,;,/2
more than M3, .

Connect the grid of M, with My, M,,,, with
M., Myyy) With My, and My, With Mg,. Mg, My,
and M, have the same ratios which are twice M, -
Similarly M,,,,,» My, and M;, have the same ratios
which are twice M,;,,,. Apparently, the currents
through My, ,, and M,,, , equal /;,, which are I,;, /2
more than M,;, ,, and M,,, ,, so the amplifier can
work normally.

1.2 Rail-to-rail output stage

The output stage is made up of two error ampli-
fiers (AMP1 and AMP2), M1 and M2, as shown in
Fig.4. AMP1 and AMP2 are used to detect as well as
to reduce the voltage difference between input and out-
put. M1 and M2 are connected as a common source
form to achieve full swing output. The output resistance
will be far less than the r, of M1 in parallel with the r,
of M2, because of negative feedback through AMP1
and AMP2. And increasing the gain of error amplifiers
will reduce the output resistance'”’.
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Fig. 4 Complementary class-AB output stage with over
current protection
In order to prevent the device being destroyed due
to large output signals, the complementary Class-AB
output stage is optimized by a protective circuit which
is composed of Myp)s-Mycpo- M1 and M2 are mir-
rored by M,; and M,,, and currents through M, M,
and M,,are equal since these transistors are connected
in series. When working normally, the current through
M,, is less. However, when the output signal becomes
larger, the drain source voltage of My, will exceed the
sum of the threshold voltages of My,,and M,,. The ra-
tio of M,, is much smaller than those of My, and M,,,
so My,, and M,, are sensitive to the drain source volt-
age change of My,. Moreover, the current flowing
through My, and M, is mirrored in My, My,, My,



514 Wang Jue, Li Wenyuan, and Wang Zhigong

and Mg, which reduces the gate-to-source voltage of
M1 and M2. Hence, the current through the output tran-
sistors becomes smaller to protect the circuit''” .
1.3 Bias circuit

The bias circuit supports bias voltage (V,;, Vy,)
for the input stage. The schematic picture is shown in
Fig.5.
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Fig.5 Bias circuit

All of the P-channel and N-channel transistors
have the same ratios, except that the ratio of M,, is on-
ly 1/4 of the other P-channel transistors and the ratio
of M, is only 1/4 of the other N-channel transistors.

Since M,4is working in the saturation region, as-
sume that its gate voltage is equal to Vi + Vy. So the
gate voltage of My, should be 2V more than M,,. Be-
cause M, and M,; compose a current mirror, I, = I,s.
The bias voltage of V,, can be calculated as

Vie = VG, w7 — Von = VG, mbs — Von =

(Vig + Vox +2Von) = Von = Vg 2V (2)

Similarly, V,, is equal to Vi, — (Vi +2Voy) -

2 Simulation Result

The key performances of the circuit under a single
supply voltage of +5 V are shown in Tab. 1. The re-
sults are based on CSMC 0.6 pm CMOS technology
and stimulated by Hspice.

Tab.1 Circuit key performances

Parameters Measured results

Open-loop gain/dB 81.42
3 dB-bandwidth/kHz 295
Power dissipation/mW 8.9
Output resistance/ () 12.7
PSRR +/dB 82.7
PSRR -/dB 85
CMRR/dB 99

AC analysis results under a supply voltage of +5
V are shown in Fig. 6.

3 Test Result

The chip micrograph is shown in Fig. 7, and its
die area is 1. 06 mm x 0. 52 mm. The equipment used
in this test include: Agilent 33220A function/arbitrary
waveform generator, Agilent E4438C ESG vector signal

generators and Tektronix TDS5104 oscillograph.
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Fig.6 Frequency response of open-loop transfer function

Fig.7 Micrograph of the chip

Under a single supply voltage of +5 V, the whole
circuit provides a low-power consumption of 7.5 mW
and the output amplitude can achieve 4. 8 V. Moreover,
the circuit can work when the common-mode input va-
ries from 1 to 4 V. The chip can also run well when sup-
ply voltage falls to +3.3 V, with a power consumption
of 2.64 mW and a 3.2 V output amplitude.

Fig. 8 shows the output waveforms at different
frequencies where input signals are a square-wave of
2.5 V DC level and a 50 mV amplitude.
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Fig.8 Output signal waveforms at different frequencies of
input signal. (a) 60 kHz; (b) 100 kHz



Function electrical stimulation circuit for neural signal regeneration system 515

. [4]
4 Conclusion
A voltage driving monolithic circuit with low
power, high gain and wide common-mode input range
advantages is realized based on CSMC 0. 6 pm CMOS (5]
technology. The structure and the principle of this cir-
cuit are described. Finally, the simulation and test re- [6]
sults are displayed. The circuit is expected to be ap-
plied in the neural signal regeneration system in an in-
body mode to stimulate electrodes. (7]
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