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Li Wenyuan', Wang Zhigong, and Zhang Zhenyu

(Institute of RF- & OE-ICs, Southeast University, Nanjing 210096, China)

Abstract: A low-power IC for function electrical stimulation (FES) of nerves is designed for an implantable sys-

tem and fabricated in CSMC’s 0. 6;m CMOS technology. The IC can be used for stimulating animals’ spinal nerve

bundles and other nerves connected with a cuff type electrode. It consists of a pre-amplifier,a main amplifier,and

an output stage. According to the neural signal spectrum,the bandwidth of the FES signal generator circuit is de-
fined from 1Hz to 400kHz. The gain of the circuit is about 66dB with an output impedance of 90Q. The IC can
function under a single supply voltage of 3~5V. A rail-to-rail output stage helps to use the coupled power effi-

ciently. The measured time domain performance shows that the bandwidth and the gain of the IC agree with the

design. The power consumption is lower than 6mW.
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1 Introduction

Generally,the injury of a central neural sys-
tem will result in critical effects. In the last few
decades, scientists and neurologists have engaged
themselves in recovering the function of injured
central neural systems. Two biological methods
are utilized for repairing the injury of spinal
cords. One is to replant cells and organs, and the
other is to lead the growth orientation of nerves
by nutrition, which is essential to the growth of
neurites, through the neurotrophic gene. But bio-
logical methods have been proved helpless to most
central neural system injuries. Our research team
has proposed an idea to recover the function of an
injured central neural system,using microelectron-
ic techniques to create an in-body embedded mod-
ule that bridges the interrupted signal channels of
a nerve'' %),

The neural signal regeneration system, which
can be used to recover the function of a central
neural system as well as other nerves such as the
sciatic nerves, includes a neural signal detecting
microelectrode, a neural signal detecting ampli-
fier,a neural signal processor,a function electrical
stimulation (FES) signal generator circuit, and a
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stimulating microelectrode.

In the system, a microelectrode is contacted
onto the upper neuron or upper neural stump near
the damage point of the injured nerve to detect
the bioelectrical signal on the neural stump. Be-
cause the bioelectrical signal detected by the mi-
croelectrode is weak, it is sent to the neural signal
detection amplifier. There the neural signal will
be amplified to suitable amplitude, for example,

one hundred millivolts™

. Then, the neural signal
is further amplified and filtered by the signal pro-
cessor. Then, the neural signal is sent to the FES
signal generator circuit, and the desired signal is
generated. Finally, the FES signal is sent to the
stimulating microelectrode that is in contact with
the lower neuron or lower neural stump near the
damage point of the injured nerve,so that a bioel-
ectrical signal is regenerated therein, which is sim-

ilar to that from a normal neural channel™-* .

2 Integrated circuit for function elec-
trical stimulation of nerves

In our design,the FES signal generator circuit
consists of a preamplifier, a main amplifier, and
an output stage. The load of the circuit is the cuff
microelectrode contacted with nerves; its imped-
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ance is about several kilo-ohms. The preamplifier
is an amplifier with a constant gain, and it func-
tions to amplify the input signal so that the neural
signal can be processed more efficiently with the
following stages. The main amplifier is an ampli-
fier whose function is to provide great gain, and
the output stage is a buffer between the circuit for
FES of nerves and the load.

The circuit diagram of the preamplifier and
the main amplifier designed in CMOS is shown in
Fig.1.The preamplifier circuit consists of a pMOS
input circuit and an nMOS input circuit, which can

run in a rail-to-rail input voltage, because the in-
put signal is from the neural signal processor and
thus its amplitude may be strong enough. The
nMOS input circuit consists of Maii» Maiz s Mag »
Mz »and My, - Ma; and My, are input differenti-
al pair with M,p as its current source. M,;; and
M, function as the active loads of the amplifying
stage. The gain of the preamplifier is determined
by W/L of Mai (Maz) and Maz (May, ). The
pMOS input circuit ,which is similar to the nMOS
input circuit,consists of Mg, s Mgz s Mg s M3 s and
MB14 .
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Fig.1 Preamplifier and main amplifier of the FES signal generator circuit

For the nMOS input circuit, because the cir-
cuit is symmetric, the half-circuit method can be
used to analyze the performance. Supposing the
DC current of Mug is Ipp saccording to the trans-
conductance formula:

al
8m — QVZS = ZK(VGS - VTH> =
o /Ky = — 1o (D
VGS - VTH

the transconductance of transistors Ma;; and Mags
are

1 w
8m.all :ZN/KAH X 9 X Tpp i/ﬂncox (f)AH I

(2)
1 W
Bmnrs :ZN/KA]3 X 2 X Too :\/l“p Cox (f)ms Too:
3)
The gain of the nMOS input circuit is
Av.nmos-invuT = T Em,All q 4)

m, E + -

ba-a13 Fo.all // ro.a13
This does not account for the effect of channel-
length modulation, which is the effect of ro.an

- _ //ln( W/L)All (5)
,up(W/L)A]S

and 70,13 :

_ 8m.Anl

Av.nmos-NpUT =
8m.A13

According to the above discussion,the gain of
the input stage is determined by the value of W/L
of Maii (Mar2) and Mays (Mais) -

Similar to the nMOS input circuit, the gain of
the pMOS input circuit is given by

— _ /#p( W/L)Bn
/ln( W/L)313
(6)

The main amplifier consists of Maz (Mg )
and Maz, (Mg, ). This is a common-source ampli-
fier. M, and My, are the loads for each other.

Assuming the DC current of My, and Mgy, is
I,,the values of transconductance of transistors
M,z and Mg, are:

8m.A21 = 2 Kan I, = Zﬂpcox( W/L)an I, (7)

8m.B21 = 2/ Kg I, = 2,un Cox(W/L)gn I, (8

When the input is from the nMOS input, My,
is the amplifier transistor and Ms, is the load
transistor,and the gain is defined by
=~ 8m.A2 (ro.az //”0,321 //R ouTPUT )

9

When the input consists of the pMOS input,
My,; is the amplifier transistor, My, is the load
transistor,and the gain is:

8 m.B21 (ro,an //70.321 //ROU'I'PUT)
(10)

_ gm.,Bll

8 m.B13

Av.pmos-INvUT =

A v.NMOS- INTER

Av.pmMos-INTER = —
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Thus the gain of the main amplifier is mainly
determined by W/ L of Mz (Mg,,) .

According to the amplifier circuit shown in
Fig.1,the neural signals pass through the pream-
plifier,which includes an nMOS input circuit and
a pMOS input circuit,and the main amplifier. The
gains of Ay and A, are given by

A N :A V.NMOS-INPUT A V.NMOS-INTER

:N/Z/lncox M(W/L)Aulz X

(W/L) ais
(ro.az // 70,821 // R oureur) 1D
A, =J2#pcox ORI (W /Ly T, X
(ro.an // romn // Roureur) 12)
The total gain is:
A= Ay + Ap (13>
Since the circuit is symmetric, we have:
Axn = Ap ad

This results in:

(W/L)All —
«/”" WLy, W/ =

(W/ L)y,
\/IUP(W/L)B”(W/L)BZ] (15)

We assume:
(W/L)All — (W/L)Bll
(W/L) s (W/L)gs
and therefore,

(16)

/ln(W/L)Azl = /lp(W/L)le an
and
(W/L) ot _
(W/L)w1
The total gain of the preamplifier and the main

(18)

amplifier can be expressed as

A =2y Z}Ln Cox1:(ro.an //”0,321 //ROUTPUT) X

( W/L)All

(W/L) s

The output stage consists of transistors My, »

M., ,and amplifiers A1l and AZ. M3 and Mj, with
high W/L are designed to enhance the tran-

(W/L) (19

sistors’ drive ability; M3 and M,, function as a
common-source amplifier for a rail-to-rail output
voltage, avoiding voltage loss as a source-follo-
wer. Furthermore, the circuit is in feedback
through amplifiers Al and A2 for lower output
impedance.

The output stage of the FES signal generator
circuit is shown in Fig. 2. Supposing transistors
M;; and Mj;, work in the saturation region, the
output voltage can be expressed as
Vou= _(gm,Msl vgs.M31+gm.M32 Vgs.MSZ ) ( r().MSl//r().MSI)

20)

where
Vgs,M31 =
Vgs.MSZ = A, (Vo — Vi)

Fig.2 Output stage of the FES signals generator circuit

Vao
By setting
A = A, = A
we obtain
Ay = h _ ngSA(rO.M.’%I // To.M31) ~ 1
Vin 1+ ngzA(r().M31 // roomst )

@20

The structures of amplifiers Al, AZ are
shown in Fig.3.

Because the output of the FES signal genera-

tor circuit is in a rail-to-rail state,a protection cir-
cuit must be included. The protection circuit con-
sists of Mcpi (Meni ) s Mepz (Menz ) s Meps (Mens ) s Meps
(Mcng) and Mcys »of which the W/ L of transistor
Mcns 1s small. When the current of the circuit is
normal,the current of Mcys 1s weak,and thus Vg
of Mcys is not great enough to turn the transistor
Mcps (Mcng ) “on”;otherwise, when the output cur-
rent becomes too large,the current through Mcys
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Fig.3 Structures of amplifiers Al (a) and A2 (b)

increases, Vps of Mcys becomes strong enough to
open Mcp, and Mey, » and then a feedback circuit
flows to M, , M3, though Mcp, (Menz ) » Meps (Mens )
to protect the circuit.

The FES signal generator circuit was fabrica-
ted in CSMC 0. 6pm CMOS technology. Its photo-
micrograph is shown in Fig.4.

Fig.4 Photomicrograph of the FES signal generator
circuit

3 Measurement results

The chips were measured on-wafer using 500
coplanar test probes. The differential input signals

were generated from the pulse pattern generator,
an Agilent 33220. The oscilloscope was an Agilent
54624.

The DC current of the FES signal generator
circuit is lower than 2mA with the power supply
voltage change from 3 to 5V. Thus, the power
consumption of the circuit is less than 6mW. The
output impedance is about 90(Q). With a 3. 3V pow-
er supply,the maximum output voltage is 3V, and
with a 5V power supply,it is about 4. 7V.

For the input signal amplitude of 20mV and
the frequencies of 1Hz,100kHz,and 400kHz, the
waveforms of the output signal are shown in
Fig. 5. For the input signal frequency of 10kHz
and the amplitudes of 80,50,and 20mV,the wave-
forms of the output signal are shown in Fig. 6.

(a)
==
(b)

\. e\
© |

Fig. 5
frequencies of the input signal
100kHz; (¢) f=400kHz

Waveforms of the output signal at different
(a) f=1Hz;(b) f=

4 Conclusions

An FES signal generator circuit has been re-
alized in 0. 6pm CMOS technology. It has a gain
of about 66dB, a bandwidth of more than
400kHz, and an output impedance of 90Q. It can
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Fig. 6 Waveforms of the output signal at different
amplitudes of the input signal (a) Input V,, =
80mV;(b) Input V,,= 50mV;(c) Input V,,=20mV
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work under a supply voltage from 3 to 5V. The
power consumption is lower than 6mW. The cir-
cuit can be used in an implanted system for neural

signal recovery.
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