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Abstract: This paper presents a microelectronic system which is capable of making a signal record and functional

electric stimulation of an injured spinal cord. As a requirement of implantable engineering for the regeneration

microelectronic system, the system is of low noise, low power, small size and high performance. A front-end circuit
and two high performance OPAs (operational amplifiers) have been designed for the system with different functions,
and the two OPAs are a low-noise low-power two-stage OPA and a constant-g,, RTR input and output OPA. The
system has been realized in CSMC 0.5-um CMOS technology. The test results show that the system satisfies the

demands of neuron signal regeneration.
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1. Introduction

It is well known that the nerves in the spinal cord are hard
to regenerate if crushed or injured.

With the rapid development of semiconductors, micro-
electronics is being applied more and more in the study of neu-
ronal signal recording and nerve stimulation. Many research
results have been reported all over the world!!~#1. Our research
group has realized a bridging system for the spinal cord func-
tion recovery, and undertaken further research on the micro-
scopic study of neuronal population by means of a monolithic
integrated MEA (microelectrode array). In general, the bridg-
ing system contains interfaces, front-end circuits, a neuronal
signal amplifier, a neuronal signal processor, FES (function
electric stimulation), and a power supply module.

The bridging system for the injured nerve bundle can be
formed by two microelectrode arrays of the cuff-type, Utah-
type and so on, which can form multi signal channels, and a
microelectronic circuit, which has bidirectional signal regen-
eration channels!*>!,

The electrode contacts of the two microelectrode arrays
are interfaced with two stumps of the broken nerve bundle.
Some contacts are used for neural signal detection, and con-
nected with the signal input of the channel on one direc-
tion in the microelectronic circuit. The remaining contacts are
used for neural function electrical stimulation and connected
with the signal output of the channel on the other direction in
the microelectronic circuit. Thus a bidirectional neural signal
channel bridge is formed. The neural signals will be regener-
ated in the up- and down-directions, and the neural function
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can be rebuilt.

The fundamental concept of nerve function rebuilding
should be based on some research, minimally invasive surgery,
implant surgery, compatibility of implanted devices, high per-
formance microelectronic systems, method of power supply,
study of long-term effect and so on. The function of the mi-
croelectronic system should include nerve signal detection and
electric function stimulation.

A common detecting circuit in bio-potential measure-
ments is a DC-coupled fully differential amplifier followed
by a differential amplifier, as in the classical three op-amp in-
strumentation amplifier. The environment of the implanted mi-
croelectronics can be complicated. The nerve action potential
coupled from a microelectrode array should be in the mag-
nitude of microvolts, with the frequency below 10 kHz. The
input resistance of the equivalent voltage source will be 5—
30 kQ. The ECG (electrocardiogram) signal and EMG (elec-
tromyogram) signal will also be coupled into the detecting
circuit if not considered carefully. The interface between the
microelectrode and the organism can have a large DC offset,
which can influence the work of the detecting circuit. The in-
put stage should therefore be AC coupled, and the lowest fre-
quency could be at about 1 Hz. One thing that should be con-
sidered carefully is the power dissipation, because the organ-
ism is sensitive to temperature and the power supply is a piece
of hard engineering!®'.

The basic requirements for implanted devices in the body
should be small size, low-voltage and low-power working,
and ability to implant without any external connections!’=*1,
For consideration of implantation for spinal cord signal
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Fig. 1. Three-stage voltage stimulating regeneration system.

recording and stimulation, the regeneration microelectronic
system should be designed with a low-noise, high precision,
and ac-coupled amplifier and a voltage stimulating circuit with
a low inner resistance or a current stimulating circuit with a
high inner resistance.

In this paper, a neuronal signal regeneration system de-
signed in a standard 0.5 yum CMOS process (CSMC, Wuxi,
China) is presented. In the following sections, the system ar-
chitecture, the circuit and layout design, and the test result will
be discussed.

2. System design

The regeneration system contains several modules with
different functions. The neuronal signal detected by a micro-
electrode is very weak, several to hundreds of microvolts. It
should be amplified to a high enough amplitude at first. Then,
it is supplied to another microelectrode to stimulate a spinal
nerve.

According to the consideration of system demands,
a three-stage voltage stimulating regeneration system was
designed!'%~1?!, Figure 1 shows the schematic of the system.
It contains a detecting circuit, a gain circuit, and a stimulat-
ing circuit. The ac-coupled input stage was implemented by
a MOS-resistance in parallel with a capacitance. As the basic
cell of the circuits, two OPAs (operational amplifiers) were de-
signed with low power, low noise, small size, high gain, and
high CMRR. In Fig. 1, Al is a low-power and low-noise two-
stage OPA, and A2 is a constant-gy,, rail-to-rail input and out-
put OPA. They were used in different modules.

3. Circuit techniques

From Fig. 1, it is known that the basic cells of both the de-
tecting and stimulating circuits are OPAs. Therefore, the key
part of the circuit is the design of high performance OPAs.
In addition, the front-end of the system is important for ac-
coupling. The biasing circuit and start-up circuit used by two
OPAs are also discussed.

3.1. Front-end circuit

Figure 2 shows the front-end circuit, with C; = C3, C;
= C4, Rmnost = Rmos2 = Rmos- In this design the circuit has
two functions: to realize ac-coupling by means of a blocking

Rinost
1

Via O

- Rmosz :| f— C,

Fig. 2. Front-end circuit.
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Fig. 3. Simulated amplitude—frequency curves of the system: the
curve represents the gain, from top to bottom, Veon = —1.5, —1.8,
-2,-25V.

capacitance, and to define the gain of the preamplifier.
Avprg = —C1/C;. (1)

Because the on-chip capacitance will be in the pico-farad
magnitude, the low frequency components will be hard to pass.
Therefore, series of MOSFETS are used to realize ultrahigh
resistances. The MOSFETSs work in a linear area by means of
Vs control. The resistance Rpos can be expressed as

1

Runos = , 2
HCox (VGs — Vr)W/L
and the —3 dB frequency is:
f-3aB = ! 3)
B DR mosCa

Figure 3 is the simulated amplitude—frequency curves of
the system, with Vgg =-1.5,-1.8, -2, -2.5 V. The curves show
that the pass-band is from 1 Hz to 10 kHz, when V,,, is
-1.5V.

3.2. Low-noise low-power two-stage OPA

Figure 4 shows the schematic of the low-noise low-power
two-stage OPA. According to the cascade noise formula, the
noise of the first-stage differential input transistor is critical for
the system. In our design, PMOS were adopted as an input pair
for their lower noise coefficient than that of their NMOS coun-
terpart. Further, an NMOS inverter with current-mirror load
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Fig. 4. Circuit schematic of the low-noise low-power two-stage OPA.
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Fig. 5. Noise module of the amplifying circuit.

was adopted as the output stage. Functionally, the input stage
provides high gain and the output stage ensures large output
voltage swing. The open-loop OPA has a gain of

Ay = {—gmi1 [(gm3ras3ras) |l Tase]} I [=8mo (rasg || ras0)].  (4)

The equivalent input noise can be deduced as follows.

Figure 5 shows the noise module of the amplifying sub-
circuit. First, neglecting the DC source noise, the equivalent
output noise spectral density e2 is:

2 _ 2
€0 = 8moRy

2 2 2( 2 2 2 2 2 2
g + € + Ry (gmlenl + 8m2€n2 T 8ms€ns

2 2
e e
2 2 n3 n4
+ 8m6Cne T p + 2 ]] ®))
dsl ds2
Differential gain is gmRigmoRi; the equivalent input
cem 52 e
noise ez, is:
2 2
2 _ € _ 2"”119
€eq = ==
gmi&moRiRu g R
2 232 2
8ms ||[ €ns €n3
+2e [1+ 22 2| +5—=—5| ©
e g .ri e
ml nl ml"dsl "nl
2 _ 2 2 _ 2 2 _ 2 :
and e;, = e, € = €y, € = €. From the equation, the

noise of the second stage can be neglected, because it is di-
vided by the gain of the first stage. The noise of cascade tran-

sistors m3 and m4 also can be neglected, because it is divided

2

oq can be

by (gmi7as))’. So the equivalent input noise e
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Fig. 6. Circuit schematic of the constant-g,, rail-to-rail input and out-
put OPA.

expressed as

g 20,2
el ~ 22 |1+ (15) (%5] . ©)
8ml e
The 1/ f noise module of the MOSFET is:
KF B
e = - = : ®)
2fCaxWiLiK' fWiL;
and the transconductance is:
Wi
i = 2K — | |[p]. 9
8 ( L )I pl )
So Equation (7) can be expressed as:
K\Bx)(Li\
2 2 N 1
=2 1+|—= — 1. 10
Ceql/f €n1 ( KPBP ](LS) (10)

From Eq. (10), the product of W; and L, should be large
enough. So eﬁ , can be minimized. The minimum value of the

equivalent input noise should be Zeﬁl, adjusting the ratio of L,

to Ls.
The thermal noise module of the MOSFET is:
8kT
2
€hni © 3_’
8&m

2 ’

e K. W5L
egqmermal = 26%1 1+ 8ms (%5]] = ZEﬁl 1+ 1,\1—31 s

gmi \ e, KpyWi L3

(11)
where K = 1Cyy, and k is the Boltzmann constant. Equation
(11) shows that the method for reducing 1/f noise also reduces
thermal noise.

3.3. Constant-g,, rail-to-rail input and output OPA

Figure 6 shows the schematic of the constant-g,, rail-to-
rail input and output OPA. The OPA is designed for the de-
mands of low voltage and full swing of input and output range.
In this design, a kind of feed-forward input stage for constant
conductance and gain is adopted. The conductance gy, is kept
unchanged within the dynamic rail-to-rail range.

Figure 7 shows the feed-forward input-stage of the
OPA"31, MP1 and MP2 build up a PMOS different input pair,
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Fig. 7. Circuit schematic of the feed-forward input stage.
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MN1 and MN2 build up an NMOS different input pair, MP3
and MN3 form a diode. MP1, MN1, MP3, and MN3 form a
feed-forward close-loop. The constraint relation is:

Vasavpny + Vasaunty = Vasaurs) + Vasivng),

T (12)
Vos — Vr = _
ST N pCo(W/L)

Define the four input transistors MP1, MN1, MP2, MN2
to have the same value of K = K, Wni/2Lni = KyWn2/2Lno
= K,Wp1/2Lp; = K,Wp/2Lpy, and MP3, MN3 to have a
value of 6 K. The equation can be expressed as

Ip IN \/IBias—ZIN \/IBias—QIP
Vk "V& ~ 6k "V ex = 1

where Iy = Ip = Igj,/8. A MOSFET has a transconductance
of gm = V(2K W/L) |Ip| (1 + AVps), so we have

gm = gmN + gmp = VAKIN + 4Ky = \2KIgis.  (14)

So, the W/L of each MOSFET can be adjusted for the constant
gm- The gain is also kept approximately constant. The OPA
has a gain of

Ay = (gmnl + gmpl){[gmpSVOpS (r0p6 I ronl)] Il

[gmn8r0n8 (ron6 ” ropl)]} (gmnll + gmpll) (ropll ” ronll)
= V2KIgiss {[gmp8r0p8 (ropﬁ [ ronl)] Il [gmn8ron8 (rons I

ropl)]} (gmnll +gmp11)(rop11 Il ronll)- (15)

The function of the feed-forward circuit is to extract part
of the input bias current /g, from MP3 and MN3 in a timely
manner. When the input differential pair is worked in a satura-
tion region, the bias current of the pair is Ipj,/4. The feed-
forward circuit is 3/gj,s/4. Equation (14) is met. When the
input common-mode voltage is high, the PMOS pair is shut
down, and the common-source terminal of NMOS is elevated
by the input common-mode voltage. So the feed-forward cir-
cuit cannot conduct and the current extracted from /g;, 1S zero.
Then Iy = Ipiss, S0 Equation (14) is met again. Similar, when
the input common-mode voltage is low, Ip = Ipj,s. So Equation
(14) is met when the input common-mode voltage changes.
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Fig. 8. Simulation curve of gmn, gmp and gp,.

Figure 8 shows the simulation curve of gmN, gmp, and
gm- The result shows that g, is nearly constant within the
common-mode voltage Vi., from rail-to-rail. The variation of
gm 18 within 9.2%.

To make efficient use of the supply voltage and cur-
rent, the OPA requires class-AB biased output transistors con-
nected in a common-source configuration. As can be seen from
Fig. 6, the class-AB output stage consists of two common-
source connected output transistors, which are directly driven
by two in-phase signal currents. Floating current sources are
adopted in the summing circuit stage.

Ignoring the noise of the biasing current source, the
equivalent input noise of the input NMOS pair and PMOS pair

2 2 : .
are e, ande;. >’ respectively:
2 2 2 2 2 2 2 2
2 _ 2 2 8mn5€nns + Emn6nn6 + gmpSenPS + gmp7enp7
€hinn = €nnl +enn2 2 ’
&mnl
2 2 2 2 2 2 2 2
2 _ 2 2 gmpSenPS + gmp6enp6 + 8mns5€nns + Emn7€nn7
eninp - enpl +enp2 2 .

gmpl
(16)

Therefore, according to the 1/f and thermal noise mod-
ules, the L of MN5, MN6, MP5, MP6 and the W of MNI1,
MN2, MP1, MP2 should be designed with a large size and the
decreased noise.

3.4. Biasing circuit and start-up circuit

The robustness of the biasing sub-circuit is very impor-
tant in the design of an OPA. By analysis and simulation, the
biasing output in this design is stable with variations of power,
temperature and process corners. In order to solve the idle-
state problem of the biasing and amplifying sub-circuit, a start-
up sub-circuit was designed. Figure 9 shows the schematic of
the biasing sub-circuit and start-up sub-circuit.

4. Chip design and simulation

The four-channel regeneration system has been realized
in a 0.5-um CMOS process of CSMC (Wuxi, China). The
NMOS transistors and the PMOS transistors with short chan-
nel have target threshold voltages of 0.87 and 0.97 V, re-
spectively. The layout of the one-channel system is shown in
Fig. 10. The BIAS is the layout of the biasing circuit and start-
up circuit, Al is the layout of the low-noise low-power two-
stage OPA, and A2 is the layout of the constant-g, rail-to-rail
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Fig. 10. Layout of the one-channel generation system. Area: 324 X
344 pm?.

Table 1. Simulation results of one of the four-channel regeneration

systems.
Parameter Value
Supply voltage +25V
Output range -25t0+25V
Power 4.1146 mW
Equivalent input noise 19.3 nV/VHz

(not including 1/f noise) @ 100 Hz

Area 0.324 x 0.344 mm?

input and output OPA.

Table 1 shows the simulation results of the one-channel
regeneration system. Because the technology library does not
include 1/f noise parameters, the simulation result of the
equivalent input noise does not include 1/ f noise.

The layouts and simulation results show that the designed
system is of low power, low noise and small size. A mi-
crograph of the realized four-channel regeneration system is

Fig. 11. Micrograph of the four-channel regeneration system. Area:
1.21 x 1.286 mm?.

(b)
Fig. 12. Waveform graphs of the four-channel regeneration system
test: (a) Input signal is ECG with Vi, = 2 mV, f = 10 Hz; (b) Input
signal is sine signal with V;, =2 mV, f =1 kHz.

shown in Fig. 11. The chip area is 1.21 x 1.286 mm?. All four
channels were tested, with the same test condition. All of them
work well. Figure 12(a) shows the output signal with a gain of
67.9 dB and a rail-to-rail amplitude, and the input signal is of
ECG pulse form with V;; =2 mV and f = 10 Hz. Figure 12(b)
shows the output signal with a gain of 65.7 dB, and the input
signal is of a sine waveform with V;; =2 mV, and f = 1 kHz.
Because the waveform generator used for the test is Agilent
33220, the minimum signal amplitude is 20 mV, and a 20-dB
attenuator was used to attenuate the signal to 2 mV, thus giving
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a high noise level. If attenuated more, the noise becomes larger
than the signal and cannot be recognized by the oscilloscope.
The test results show that the regeneration system satisfies the
demand of neuronal signal detecting.

5. Summary

A microelectronics system has been designed for the sig-
nal regeneration of injured spinal cord. As the basic cells, two
OPAs were designed basically with low noise and low power
and were used for different functions. The chip has been re-
alized in CSMC 0.5-um CMOS technology. The test results
show that the chip works well.
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