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Abgract : A monolithic integrated CMOS preamplifier is presented for neura recording applications. Two ACcou-

pled capacitors are used to eliminate the large and random DC off sets existing in the electrode-electrolyte interface.

Diode-connected nMOS transistors with a negative voltage between the gate and source are candidates for the large

resistors necessary for the preamplifier. A novel anaysisis given to determine the noise power spectral density. Sm-

ulation results show that the two-stage CMOS preamplifier in a closedtloop capacitive feedback configuration pro-
vides an ACin-band gainof 38 8dB ,aDC gainof 0,and aninput-referred noise of 277nV msintegrated from 0. 1Hz to

1kHz. The preamplifier can eliminate the DC off set voltage and has low input-referred noise by novel circuit configu-

ration and theoretical analyss.
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1 Introduction

There is a growing interest in developing an
effective communication interface connecting the
human brain with a computer ,a brain-computer in-
terface’ * (BCI) ,where a preamplifier is used to
sample the brain’ s neural signals. The desgn of
such a preamplifier is complicated because of the e-
lectrode DC off set voltages resulting from the DC
polarization of the electrode immersed in electro-
lyte:DCinput voltages up to 100mV should not re-
sult in the saturation of the preamplifier'** . In ad-
dition ,to realize low equivalent input noise,mono-
lithic integration, and small preamplifier dimen-
sons,some characteristics are important to obtain
apractical desgn:no severe demands should be put

on resistors,nor should any capacitors larger than
100nF be contained.

Some fully integrated CMOS neural recording
preamplifiers® use diode-capacitor feedback to fil-
ter the electrode DC off set voltages. These pream-
plifiers are operated in open loop ,which makes the
gain and output off set voltage difficult to control.
Another approach commonly used to filter the elec-
trode DC offset voltages involves loading the re
cording ste with a high-redstance, reverse-biased
diode so that this resstor and ste capacitor form a
high pass filter. The reverse-biased diodes suffer
from optical sendtivity problems saturating the
outputs of the preamplifiers,and the input-referred
noise is on the order of several U Vms integrated
from 0. 1Hz to 1kHz.

In view of these disadvantages of the present
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preamplifiers,a monolithic integrated CMOS pre-
amplifier is described in this paper. There are no
resstorsinthiscircuit ,andits capacitorsareon the
order of pF. Asaresult ,thispreamplifier can be re-
alized on a single die chip. The capacitive feedback
configuration makes the gain of this preamplifier
independent of process variations. Two AC-coupled
capacitors arein combination with the large equivar
lent input resstor to suppress the DC offset of
hundreds of mV at the electrode-electrolyte inter-
face ,while at the same time forming a high-passfil-
ter.

2 Circuit architecture of the pream-
plifier

Microelectrodes are implanted in the brain cor-
tex to extract neural sgnals much accurately. An e
lectrical model of the electrode-electrolyte interface
isshownin Fig.1.Vin and Ve represent the input
and reference voltage signals of the preamplifier.
Usually the reference microelectrode is attached to
the electrically stable brain electrolyte ,and the in-
put microelectrode is implanted among some neu-
rons in the brain cortex. The components in the
dashed box represent the equivalent microelectrode
input circuit'”. The DC voltages Van and Ve re-
present the DC offsets at the electrode-electrolyte
interface. The signal source Vsisthe requisite brain
neural signal. Ry (spreading resistor in saline)
model s the signal loss due to the distance between
the microelectrode and the cell. G models the car
pacitor of the microelectrode-electrolyte interface.
R: (leakage resistor) accountsfor the charge carri-
ersredlistically crossng the double-layer. R: repre-
sents the microelectrode resistor.

The circuit schematic of the preamplifier is
shown in Fig. 2. Capacitors Cn» of 5pF and G« of
100f F are used to regject the DC offsets Van and
Ve ,respectively. Capacitors G and C: configure
the capacitive negative feedback loop. The in-band
gain of the closed-loop preamplifier can be de-
scribedas 1 + G/ G= G/ G (G >C,GCe € C).
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Fig. 1
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Electricd model of electrode-eectrolyte inter-

With G of 10pF and G of 100f F,the AC in-band
gain can amost reach 40dB.
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Fg.2 Circuit schematic of the capacitive-feedback pre-
amplifier

3 OTA design methodol ogy

The preamplifier is composed of an OTA (op-
erational conductance amplifier) and capacitors Gn ,
G« ,C ,and G as seenin Fig. 2. The trang stor-lev-
el schematic of thisOTA isdigplayedin Fig. 3.V
is the power supply source of 5V ,whilev™ and V"
are the negative and postive input ports of the
OTA. The Miller capacitor Cn» and MOS trans stor
Mm operating in the linear region are for frequency
compensation.

As the preamplifier uses a capacitive-coupled
input structure and capacitive-feedback configurar
tion ,the OTA must haveitsown DC bias circuit as
shown in the left circuit of Fig. 3. Diode-connected
transistors M11 and M12 are in tandem to produce
aDC voltage. It isclear in Fig. 1 that alarge equiv-
alent redstance exists at the electrode-electrolyte
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Fig.3 Transstor-level schematic of the OTA in preamplifier

interface,so a larger equivalent input res stance of
the OTA is necessary to obtain the neural sgnals
with a large enough amplitude. In this desgn, di-
ode-connected transstors Mdl and Md2 with a
negative voltage between the gate and source can
realize a large resistance of over 10"Q with no
effect on the inherent large red stance of the MOS
input structure,and DC bias voltages V" and V-
are generated at the same time.

Taking into account the weakness of the neu-
ral sgnalsof 50 50Q V ,low noiseis an essentia
requirement of thispreamplifier and the OTA. The
noise in this OTA comes from flicker noise and
thermal noise existing in the MOS tran-
sstors® ™. Snce frequencies of brain cortex neu
ral potentials rangesfrom less than 1Hz to severa
kHz flicker noise is the primary noise source. The
voltage of theflicker noiseis shownin Eq. (1).

K 4
= CoWL f (1)

where Kisaprocess dependent constant on the or-
der of 10°*V? . F,W and L denote the trans stor
width and length, Gx is the trangstor capacitance
density ,and f represents the operation frequency.
From this equation,it is clear that increasng the

V2

product of W and L resultsin the decrease of noise
voltage at the expense of the increased chip area.
This causes a serious problem in our application
because the input of the system or the equivalent
impedance of electrode-electrolyte interface has a
high level ,and because the active neural probe usu-

ally contains multiple recording dstes so that one
preamplifier is required for each recording dte. In
this regard it is very important to minimize the ar-
eas of devices at the input stage while meeting the
specification of the noise characteristics required
for the following system.

Snce the input-referred noise of the cascade
stage amplifier is dominated by that of thefirst am-
plification stage ,the noise characteristics of the in-
put stageinthis OTA are emphasized and theoreti-
cally analyzed in detail in this paper. The input-
stage thermal noise spectral densty Nwis

_16 KT Quza
Nin = 3 X nga(l * nga) (2)

where k =1 38 x 10 *J/ K is the Boltzman con-
stant. The flicker noise spectral density N+ is giv-
en by Eq. (3) . The total noise power spectral densi-
ty of the MOStransstors Nmosis given by Eq. (4) .

_ 2 .1 Ko Kn Omzay 2
Nyt = X + )
Cox f "Wwmialmia  Wwmzalmza  Qwia

(3

Nmos = N + Nyt = 16 XJSL(1+QMZa) +
3 Omia Om1a

2 1 Ko Ko Quvzay 2
X
Cox f (WMlaLMla * Wwza L m2a nga) ) @)
According to Eq. (4) ,increasng the transcon

ductance gwia and the device area will smultane-
oudy decrease Ni and Nu ¢ ,then Nms. Another in-
teresting phenomenon in this equation is that Nmos
is badcaly proportional to the ratio of gumza and
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gmia. Accordingly ,reducing gwz/ guia leads to de
crease of Nmos. Figure 4 plots the curve of the in-
put-referred noise versus gwza/ gwia With frequency
integrated from 0. 1Hz to 1kHz. As shown in
Fig 4 ,the input-referred noise increases with in-

creasng gwza/ Qwia.
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Fig.4 Input-referred noise versus guza/ guia

Transgstor Mm and capacitor Gn compose the
lead compensation configuration ,and the amplitude
and phase of the OTA output as functions of fre-
quency are plotted in Figs. 5 and 6, respectively.
From these curves,a satified phase margin of 83°
i s obtained.

In accordance with the above description,de
vice parameters of this OTA are determined, and
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Fig.6 OTA output phase versus freguency

the ultimate device dmensonsin this OTA deter-
mined by optimization desgn arelisted in Table 1.

Table 1 Device dimensons of MOS transistors

MOS trans stor Mss | Mla| Mi1b| M2a| M2b| M3 | M4

M5| M6 | M7 | M8 | M9 | M10| M11 | M12 | Md1 | Md2 | Mm

W/ L (U m/m) 20/ 4 {300/ 4)300/ 4] 56/ 4] 56/ 4 1600/ 4]100/ 4]

20/4]120/4]120/4]120/4]120/4]120/4] 4/4 110/4]| 4/4 | 4/4 | 44

Simulation results of the preampli-
fier

The whole circuit schematic of the preamplifi-
er is the combination of Figs.2 and 3. This pream-
plifier is smulated by the HSPICE smulator with
model parameters from CSMCHJ 0 ¢ m CMOS
double-metal-double-poly process technology , and
the capacitors will be fabricated usng double poly.
With the MOS transstor dimensions listed in Tar
blel,C of 10pF and G of 100f F,smulation re-

sults show that the AC in-band gain of the pream-
plifier is 38 8dB with frequency from Q 1Hz to
1kHz as shown in Fig 7. Consdering the sgnal
loss due to capacitor Gn,the AC inrband gain of
38 8dB isalittle smaller than the theoretical value
of 40dB.

5 Conclusion

A novel monolithic integrated CMOS pream-
plifier is presented in this paper. Two AC-coupled
capacitors are used to eliminate the DC off set volt-
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Fig.7 AC inband gain of the preamplifier with fre-
quency from Q. 1Hz to 1kHz

age in the electrode-electrolyte interface. A capaci-
tive negative feedback circuit configuration a
chieves an adjustable AC inrband gain,and its ex-
pressonisalso provided. A novel analyssis given
to determine the noise power spectral densty. The
oretical analyss shows that the noise power spec
tral density of the OTA used in the preamplifier is
proportional to gwz/ gwia ,and this theory is veri-
fied by smulation results. The smulation results
also show that the two-stage CMOS preamplifier in
a closed-loop capacitive feedback configuration pro-
videsan AC inrband gain of 38 8dB ,a DC gain of
0,and an input-referred noise of 277nVms integrat-
edfrom 0 1Hz to 1k Hz.
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