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AbstractmThe electrochemical noise from dry NASICON-based surface electrodes and 
pregelled Ag-AgCI electrodes is evaluated in saline solutions and on the skin. The 
electrochemical noise from the electrode/electrolyte interface is found to be negligible 
(less than 1 laV peak to peak),. On the skin, the noise level is highly dependent on the 
patient. At high frequencies, the skin~electrode interface noise is equal to 'thermal noise' 
and can be related to the real part of the skin~electrode impedance. At low frequencies 
(f < 100 Hz), excess noise is observed that varies as f-2. It is tentatively ascribed to a 
non-stationary process or noise of electrochemical origin due to the ionic nature of the 
skin. The contribution of residual EMG signal of low amplitude (5 I~V peak to peak) is 
suggested for electrodes with large surface area. 
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1 In t roduct ion  

NOISE RESULTING from electrodes and the electrode/skin 
interface can contribute to signal distortion in recordings of 
low-amplitude bio-electric signals (FLASTERSTEIN, 1966a; b; 
FERRIS and STEWART 1974). Theoretically, the voltage noise 
generated by an electrode (i.e. an electrochemical system) that 
is in equilibrium with its surroundings is equal to the 'thermal 
noise' given by the Nyquist equation (NYQUIST, 1928; 
fALLEN and WELTON, 1951; BARKER, 1969; FLEISCHMAN 
and OLDFIELD, 1970) 

rgRe(f ) = 4kTRe(f)  (1) 

where qbRe(f ) is the frequency-dependent noise power spectral 
density (PSD), k is the Boltzmann constant, T is the absolute 
temperature, and Re ( f )  is the real part of the impedance of 
the system, which is frequency-dependent. Clearly, any noise 
that is to be measured must be detectable above the thermal 
noise of the system. 

As early as 1958, Nightingale developed a low-noise 
amplifier to measure the electrical fluctuations generated at 
the electrode/skin interface (NIGHTINGALE, 1958; 1959). The 
observed voltage fluctuations were found to be greater than the 
expected thermal noise associated with the impedance. 
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According to Nightingale, they could not be due to incomplete 
relaxation. Later, De Vries et al. proposed that these observed 
electrical fluctuations could originate from muscle action 
potentials (DE VRIES et al., 1976). 

More recently, Godin et al. reported that stainless-steel 
surface electrodes tested in saline solution have no noise 
above amplifier noise (GODIN et aL, 1991). On the skin, the 
electrode voltage noise was the amplifier current-generated 
noise. Fernandez et al. measured the noise PSD of pairs of Ag- 
AgC1 electrodes placed face to face and found a low frequency 
l / f  noise (FERNANDEZ et al., 1991; FERNANDEZ and PALLAS- 
ARENY, 1992). They also measured a noise greater than the 
thermal noise for electrodes placed on the skin. In previous 
experiments on pairs of dry NASICON-based electrodes, a 
low-frequency excess noise was also found (GONDRAN et al., 
1995b). 

Accurate measurements of electrode noise levels are diffi- 
cult to achieve because of the low amplitude of the signal and 
contamination by the noise of  the amplifiers. Special attention 
must be paid to the measuring conditions and techniques to 
obtain reliable data. 

This paper reports on the voltage noise levels of pregetled 
Ag-AgC1 and dry surface bio-electrodes based on NASICON. 
NASICON is a fast Na + ionic conductor (ceramic) that has 
been proposed (GONDRAN et al., 1992) as a sensitive mem- 
brane for the recording of bio-electric signals. The electrode 
noise levels were evaluated in saline solutions (noise from the 
electrochemical process) and on the skin (electrode/skin 
interface noise). The dependence on the electrode surface 
area was investigated. The voltage noise was analysed with 
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respect to the thermal noise generated by the impedance of the 
electrodes. 

2 Electrode noise measurements 

2.1 Auto-spectrum 

The principle of measurements with a one-channel system 
is schematically depicted in Fig. 1. The voltage fluctuations 
between a pair of electrodes are amplified. Such a measure- 
ment system is subject to undesired noise from the amplifier. 
The amplifier noise can be modelled as shown in Fig. lb 
(FITCH 1973). e 0 and i 0 are uncorrelated voltage and current 
noise generators and e is the signal source. The noise of the 
amplifier output results from these three uncorrelated noise 
sources. The PSD of the output signal r can therefore be 
expressed as 

Os( f )  = IG(f)12[Oeo(f) + IZe(f)lZr + Oe(f)] 

(z) 

where ~io( f  ) is the amplifier current noise PSD (A z Hz-~); 
~ e o ( f )  is the amplifier voltage noise PSD (V 2 Hz- l ) ;  ~ ( f )  
is the PSD of the signal source (pair of electrodes); IZe(f) I is 
the modulus of the impedance of the pair of electrodes; and 
G ( f )  is the voltage gain of the amplifier. 

The electrode noise is composed of the thermal noise and an 
excess noise. It can be expressed as 

Oe(f )  = t~Re(f ) -'}- Oexs(f) (3) 

where ORe(f ) is the PSD of the thermal noise generated by the 
real part of the impedance of the pair of electrodes, calculated 
according to eqn. 1; Oe~(f  ) is the PSD of the excess noise. 

With this experimental set-up, the electrode noise levels 
must be greater than the amplifier current and voltage noise 
contributions to be measured with good accuracy. 

2.2 Cross-spectrum 

As proposed for the measurement of low-level electroche- 
mical noises (BLANC et aL, 1975), a two independent channel 
measuring mode can be used to eliminate the amplifier voltage 
noise contribution. The principle of the measuring system and 
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Fig. 1 Principle of  noise measurement with a one-channel system." 
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Fig. 2 Principle of noise measurements with two-channel system." 
(a) principle of measuring system; (b) equivalent noise 
model 

the equivalent noise model are depicted in Figs. 2a and b. Two 
amplifiers with identical gain are used. 

The noise at the output of the amplifiers, denoted Os,(f), 
can be calculated according to eqn. 2. It can be expressed as 

Os,(f) = IG(f)12[Oeo,(f) + Oe( f )  + IZe(f)12[Oiot ( f )  

+ Oio2(f)]] (4) 

It results from the amplifier voltage noise signal, denoted hi(t), 
and the signal source B(t), which is composed of the electrode 
noise and the noise related to the current noise of both 
amplifiers. 

The cross-correlation function of these two signals Rl2(z) is 
equal to 

R12(z ) = E[(n 1 (t) + B(t))(nz(t + z) + B(t + z))] (5) 

where E(x) is the expected value of x. 
AS nl(t), n2(t ) and B(t) are uncorrelated, eqn. 5 becomes 

Rxz(z ) = Rs(z) (6) 

where RB(z ) is the auto-correlation function of the signal B(t). 
According to the Wiener-Khintchine theorem, the PSD is 

obtained through a Fourier transformation of its auto-correla- 
tion fimction. It gives 

OOs, s2(f  ) = F[Rlz(Z) ] = F[RB(z)] = O s ( f )  (7) 

The power interspectral density of the two output signals is 
equal to the PSD of the noise generated by the electrodes and 
the noise resulting from the amplifier current. It can be 
expressed as 

~slsz( f)  = IG(f)lZ[lZe(f)12(Oiol ( f )  + r + Oe(f)] 

(8) 

If  Z~(f)  is low, or ~io, ( f )  and �9 i ( f )  are low, eqn. 8 is 
�9 . ~ . 0 2  

slmphfied and Os, s2(f)  ts simply the PSD of the signal source. 
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2.3 Estimation of  peak-to-peak voltage value 

The noise power Ps in the bandwidth [fl ,f2] is expressed as 

Ps = ~ , ( f )  d f  = ~ (V 2) (9) 

where ~r 2 is the variance of  the signal. 
I f  the noise is assumed to have a Gaussian distribution, the 

peak-to-peak voltage value can be calculated according to 

epp = 6cr, (V) (10) 

This definition results in a peak-to-peak value that will not be 
exceeded 99.7% of  the time. 

3 Experiment 

3.1 Instrumentation amplifier performance characteristics 

Two identical low-noise amplifiers were designed. The 
AD620 instrumentation amplifier was used as the input ampli- 
fier. It was followed by an RC high-pass filter and a second 
amplifier. The total gain was equal to 90 dB. The 3 dB 
bandwidth was 1-800 Hz. The PSD ~e was evaluated with 

�9 0 . 
the inputs of  the amphfier shorted. The amplifier current noise 
Oi0 was measured with a resistance equal to 2 Mf~ at the 
amplifier inputs. The results are reported in Table 1. Such 
input amplifiers were selected because of  their low levels of  
noise and their low drift (<0.2 IxV rain-  l). The influence of  a 
linear drift on the PSD has been studied (GABRIELLI et al., 
1986). A 1 I f  2 shape can be obtained for the noise spectral 
when the drift is significant. 

3.2 Experimental set-up 

The experimental set-up is represented in Fig. 3. to mini- 
mise interference from the exterior, the electrodes and the 
amplifier were placed in a Faraday cage. Impedance and noise 
measurements were performed quasi-simultaneously. 

Impedance measurements were carried out with a frequency 
response analyser* coupled to an electrochemical interfacel'. 
The amplitude of  the current I o was equal to 1 ~ RMS, so that 
the system could be considered as linear. The PSD measure- 
ments were performed with an analyser~. The signal was 
assumed to be ergodic. The ensemble average was therefore 
assumed to be equivalent to the time average. The measure- 
ment was averaged over 16 elementary spectra. The stationar- 
ity of  the signal was verified by an oscilloscope and by 
calculation of  the signal power (eqn. 9) at the end of  each 
measurement. We checked that the power calculated by the 
spectrum analyser remained the same for all the experiments. 
In this way, the stationarity of  the second order was checked. 

* Solartron 1250 
t Solartron 1186 

w HP 35660A 

An example of  an experimental result recorded on the skin 
is given in Fig. 4. Fig 4a shows a typical noise PSD, as well as 
the amplifier voltage noise and the noise generated by the 
resistance equal to 2 MfL Fig. 4b shows the Nyquist plot of  a 
typical impedance diagram. The PSDs of  the signal were then 
calculated by interpolation o f  the experimental spectra by the 
mean square fitting procedure. The correlation coefficients 
were always higher than 0-95. 

3.3 Electrodes 

The dry NASICON-based electrodes were assembled as 
described previously (GONDRAN et aL, 1992). Three electrode 
diameters were tested (5, 7 and 10 mm). The noise of  pairs of  
electrodes was evaluated in saline solutions (NaC1 concentra- 
tion varying from 0.01 to 1 mol.1-1) and on the skin. The 
electrodes on the body surface were placed on the inner 
forearm to avoid contamination by EMG signals. The skin 
was slightly humidified before electrode application, so that 
the impedance could stabilize more rapidly (GONDRAN et al., 
1995a). 

The Ag-AgCI electrodes were pregelled electrodes**. The 
diameter of the gel reservoir was 22 mm. The electrodes were 
tested face to face and on the skin. Different surface areas of  
the gel/skin interface were tested. 

4 Results and discussion 

4.1 Analysis of measured noise as function of instrumentation 

As expected, the cross-correlation technique allows a better 
evaluation of  the PSD of low-amplitude signals when the 
contribution of  the term IZe(f)[2Oio(f) is negligible. This 
point is illustrated in Fig. 5, which compares the noise PSD 
measured by the auto-correlation and cross-correlation func- 
tions for a pair of  NASICON-based electrodes in saline 
solution. To determine the contribution of  the different noise 
sources described in eqn. 2, the noise from the amplifier is also 
indicated in Fig. 5. It corresponds to the term 
Oe~ + ]Ze(f)2~io(f) for the one-channel analysis and 
2(~(f)[zoio(f)  for the two-channel analysis method. The 
noise measured by the one-channel method is almost at the 
same level as that generated by the amplifier and corresponds 
to the amplifier noise at high frequency, whereas that mea- 
sured by using the cross-correlation function can be attributed 
to the electrodes across thel whole frequency range. When the 
impedance of  the signal source is high, the contribution of  
[Ze(f)lzoio(f) becomes predominant and the cross-correla- 
tion method is no longer necessary. 

According to this result, the electrode noise levels in saline 
solutions were determined by the cross-correlation method 
whereas on the skin, measurements were carried out with a 
one-amplifier system. A typical example for a pair of  electro- 

* *  Red dot, 3M 

Table 1 Amplifier noise performance characteristics 

amplifier O~o, V 2 H z  - l  bandwidth, Hz Oio, A 2 Hz -1 bandwidth, Hz 

10-~5"2f -~ 0.5-2.5 10-24'7f  -1 0-5-30 

10-15-9 2.5-100 1 0--24"8f -0"8 30--100 

10-15"2f -0"8 0.5--4 
10-24"9f -1 0.5--100 

1 0  - 1 5 " 7  4 - - 1 0 0  
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Fig. 3 Experimental set-up 
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des placed on the skin is shown in Fig. 6, which compares the 
measured noise and the noise from the amplifier. In the 
frequency range 1-100 Hz, the measured noise can always 
be attributed to the electrode/skin interface. At higher fre- 
quencies and for high values of the electrode/skin impedance 
real part, the noise is mainly from the amplifier. Godin et al. 
also concluded that the noise generated by the amplifier term 
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8 Hz-10 kHz. (GODIN et al., 1991). With the present amplifier 
design, a significant electrode noise component can be seen at 
frequencies lower than 100 Hz. 
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4.2 Electrochemical  noise o f  the electrode 

The amplitude distribution of the electrode noise was found 
to be Gaussian. Figs. 7 and 8 show the PSD of the voltage 
fluctuations of NASICON-based electrodes in saline solution 
as a fimction of the electrode surface area (Fig. 7) and the 

2"5 x 10 S 

2.0x 105 

1.5x 10 s 

E" 1.0 x 10 s 
I 

5"0 x 10 4 

0 

0 

Fig .  4 

1 
o ,  . . . .  - I -~  ~ o ~ �9 o ~  - ~  

, o ,  % .  ~ �9 ,b 

2 . "  "t o 
o~ / +" 

3 I I r 

1 • 5 
I I I I I [ 1 

2 x 1 0  s 3x10  s 4 x 1 0  s 5 x 1 0  s 

Re(Z), O 

b 

Typical experimental results for pair of  NASlCON-based 
electrodes placed on skin; signals are measured at output o f  
amplifier; (a) (i) noise spectra; (ii) noise generated by 
resistance equal to 2Mr2; (iii) amplifier voltage noise; (b) 
impedance Nyquist plot 

Fig. 5 

-14 

-15 

-16 

- -17 a 

~ -18 

"1- 

Fig.  6 

8 
o 

o 888~ooo ~ 
�9 . . . . .  :~oo~O~o~ 

"==~ gga. ~ ' ~ 1 7 6 1 7 6  a 
�9 " " = ' " = "  ~ggg 

- o o o o o o o o o o o  o o o  

�9 o o Q q j � 9  �9 � 9  00 o 0 0  

-19 � 9 1 4 9 1 4 9 1 4 9  

-20 J = 
- 0 5  0 ols ~ ~Is 

log (frequency, Hz) 

(a, c) Noise measured with pair of  NASICON-based electro- 
des in NaCI 0.1 mol.l -~ and (b, d) noise from amplifier," 
(a, b) one-channel system (auto-spectrum); (c, d) two- 
channel system (cross-spectrum); electrode surface area = 
0.8 cm 2 

-10 

-11 

-12 

-13 

-14 
b 
o 

-15 

-16 
---0"5 

�9 ~ OOOoo �9 Ooo ~ 

% � 9  

0 1 0 � 9 1 4 9  �9 

�9 IJ�9 

o 
o o O o o o o o o o  

�9 I I ~ 1 7 6 1 7 6 1 7 6 1 7 6 1 7 6 1 7 6  O O O O o o o o p o o  o o o o  

0 0"5 1 1-5 2 

log (frequency, Hz) 

(a) Noise measured with pair o f  NASlCON-based electrodes 
placed on skin and (b) noise from amplifier; Electrode 
surface area = 0.8 cm- -  

M e d i c a l  & B i o l o g i c a l  E n g i n e e r i n g  & C o m p u t i n g  N o v e m b e r  1 9 9 6  4 6 3  



-141 
I o ! a ~J 

-14"5 ~ 

-15 �9 

-155 I 

-16 I 
-16"5 

-17 
-0'5 

Fig. 7 

0 

0 000~ 
~ o  ~ ~0 

�9 o o ~176 o 
o o o ~ooo ooo 

�9 . . ,  . . . . . . .  . . . . . . .  

�9 e ' l ~  ~, e o o �9 �9 �9 �9 

o o  O o o o o  o o o o  

�9 I l l � 9  

D @@Q 

0 000 

I I I I 

0 0"5 1 1 "5 2 

log (frequency, Hz) 

Voltage noise power spectral density o f  NASICON-based 
electrodes in NaCl 0.1 mol.l - I  for different electrode sur- 
face areas." (a) 0.2 cm2, �9 (b) 0.4 cm2; (c) 0.8 cme; (d) 
represents the thermal noise corresponding to electrode a 

r 

d 

Fig. 9 

-15-5 - 
i 

a 
-161 

[ o o 

I ~ 1 7 6  

1651 ~176176176176176  ~ o 
~176 Oo o 

' b 

-17:- " 
] �9 �9 

-17"5 t �9 �9 e e . . o  ~ 1 7 6  
O @ @ Q @  

! 

_ 1 8  ~ I I 
-0.5 0 0"5 1 

~176176176176176 Oo ~ 

ee  ooo~eooo e 

115 
log (frequency, Hz) 

0 O00 

�9 I@@ 

(a) Voltage noise PSD of  Ag-AgCI pregelled electrodes 
placed face to face and (b) corresponding thermal noise; 
gelskT"n surface area = 3.8 cm e 

sodium chloride concentration in the electrolyte (Fig. 8). The 
PSD of the noise generated by the real part of the electrode 
impedance ~Re(f) is also plotted for a typical electrode in Fig. 
7. At frequencies higher than 10 Hz, the electrode noise 
corresponds to the thermal noise generated by the real part 
of the impedance, in agreement with the Nyquist theorem. As 
predicted by the impedance measurements, it is slightly 
dependent on the salt concentration in the solution, but also 
depends on the electrode surface area. The higher the surface 
area is, the lower the noise level. At lower frequencies, an 
excess noise ~=s( f )  is found. It was calculated by subtraction 
of the amplifier noise and the thermal noise generated by the 
real part of the impedance. It was found to vary as f - "  with 
0.5 <n  < 1-5. The frequency for which this excess noise 
appears was higher the salt concentration in the electrolyte 
was low. No significant variation as a function of the electrode 
surface area was found. The adjunction of agar in the electro- 
lyte to eliminate natural convection was also found to have no 
influence. Polarisation currents as low as l laA were found to 
have no effect on the PSD of the electrode fluctuations. It can 
be concluded that the measured noise does not result from a 
polarisation of the electrodes due to the input stage bias 
current of the amplifier (I s = 10 nA). 

The noise PSD of Ag-AgC1 electrodes placed face to face is 
given in Fig. 9. In the frequency range 0-5-100 Hz, excess 

noise is also evidenced. It varies as a function of the frequency 
according to the relationship 

r ) = 10-16f -0"5 (V2Hz -I)  (11) 

This noise level is lower than that reported by Fernandez and 
Pallas-Aveny with the same type of electrode (FERNANDEZ 
and PALLAS-ARENY, 1992). 

More recently, Gabrielli et al. checked that electrochemical 
noise is equal to thermal noise with a redox system at 
thermodynamic equilibrium (GABRmLLI et al., 1993). Our 
present results suggest that biomedical electrodes are not in 
thermodynamic equilibrium with our operating conditions, 
even in the absence of any applied current. Comparison 
between Figs. 8 and 9 shows that the electrochemical noise 
generated by the Ag-AgC1 electrodes placed face to face is 
lower than that of the NASICON-based electrodes in NaCI 
0.1M. However, whatever the levels, the electrochemical 
noise is very low. Typically, the peak-to-peak voltages are 
of the order of 0.25 gV for the Ag-AgC1 electrodes and 
0-5 gV for the NASICON-based electrodes (surface 
area = 0.8 cm 2) in the bandwidth 0.5-100 Hz. 

4.3 Electrode~skin interface noise 

A typical example of noise PSD measured with NASICON- 
based electrode and pregelled Ag-AgC1 electrodes placed on 
the skin is given in Fig. 10. For comparison, the thermal noise 
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Table 2 Excess noise PSD a f - " ( V  2 Hz-]) for eight patients with 
NASICON-based electrodes 

patient a n 

1 10 -11'6 1.6 
2 10 -11 2.1 
3 10 -H3 1.8 
4 10 -11"3 2 
5 10 -11 2.1 
6 10-11.3 1.5 
7 10 -10"6 2.1 
8 10 -1~ 2,1 

electrode surface area = 0.8 cm z 

generated by the real part of  the impedance is also indicated. 
For the patient corresponding to this Figure, the noise mea- 
sured at high frequency is of  the same order of  magnitude as 
the thermal noise. For patients with higher electrode/skin 
impedance, the noise measured at high frequency results 
from the amplifier. In the frequency range 1-100 Hz, the 
noise generated by the electrode/skin interface is higher 
than the Nyquist noise generated by the impedance. This 
excess noise was determined with the NASICON-based elec- 
trodes (surface area= 0.8 cm 2) on eight patients. Results are 
reported in Table 2. A relationship of the type 

~e~s(f)  = a f - "  (V2/Hz - t )  (12) 

is obeyed. The value of  a is highly dependent on the patient 
and in the range from 2 x 10-12 to 5 x 10-  * 1 V 2 H z -  t. The 
magnitude of  the peak-to-peak voltage associated with these 
fluctuations is of  the order of  10--60 p.V. The shape of the 
spectra differs from that typically observed with surface EMG 
signals (INBAR and NOUJAIM, 1984). This excess noise cannot 
be attributed to EMG signals but rather related to the 
skin/electrode interface. 

The impedance and noise levels were studied as a function 
of  the electrode surface area. Results for two patients are 
reported in Fig. 11. As expected, the impedance decreases as 
the electrode surface area increases, and a proportionality 
between Z and the reverse surface area is found with good 
accuracy. For small values of  electrode surface area, the noise 
level decreases when the electrode surface area increases, 
indicating that the noise is related to the nature of  the 
skin/electrode interface. However, no clear relationship can 
be established. In particular in Fig. 11, the electrode/skin 
noise level seems to reach a limiting value when the electrode 
surface area increases. This result could be explained by the 
presence of  residual EMG signals, as EMG signals would be 
almost surface-independent, or rather increase as the electrode 
surface area increases. This signal would contribute more for a 
large surface area. The presence of  EMG in the observed 
excess noise has also been proposed by others (GoDrN et al., 
1991; FERNANDEZ and PALLAS-ARENY, 1992). 

The electrode/skin interface noise level was also evaluated 
on abraded skin. Skin abrasion was found to decrease the 
excess noise level, indicating that excess fluctuations might be 
associated with out-of-equilibrium processes in the stratum 
comeum layer of  the skin. 

From the results, two tentative explanations could be 
proposed. First, the excess noise could result from a non- 
stationary process. This could be a slow drift o f  the electrode 
voltage, for example. If, over the time scale of  the experiment, 
the voltage drift is approximately linear with time, the PSD 
varies as f - 2 ,  according to 

Ta ~ 
~ e ( f )  - 4n2f2 (13) 
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where Tis the time of  integration and a is the magnitude of  the 
linear drift. The voltage drift deduced from our measurements 
and eqn. 13 would be in the range 3-15 p.Vs- [. This could not 
have been detected during measurement using an oscilloscope. 

Secondly, the excess noise is of  electrochemical origin, 
coming from the ionic nature of  the skin (fluctuation in the ion 
concentration or mobility, for example). This noise should 
decrease as the electrode surface increases, as observed for 
electrodes of  small surface area (Figs. 10 and 11). The noise 
variation as a function of  the electrode/skin interface area 
could suggest that, for large surface electrode areas, some 
residual EMG signal contributes to the electrode/skin inter- 
face noise. According to Fig. 11, this assumption would result 
in a residual EMG signal peak-to-peak voltage of  the order of  
5 ~tV. 

5 Conclusions 

From the results, it can be concluded that great care  must be 
taken in amplifier design to obtain reliable data. The cross- 
correlation method must be used to evaluate noise of  electro- 
chemical origin from electrodes. The noise generated by the 
electrode/skin interface can be determined with a one-channel 
analysis method. 

The electrochemical noise from the electrode/electrolyte 
interface is negligible. Typically, peak-to-peak voltage fluc- 
tuations as low as 0.3 p.V are observed for the Ag-AgCI 
electrodes and 1 p.V for the NASICON-based electrodes in 
contact with 0.1 M NaC1 solution. 

On the skin, the noise level depends on the patient and the 
skin preparation rather than the electrode. At high frequency 
(> 100 Hz), the electrode/skin interface noise is in agreement 
with the Nyquist theorem. It is therefore related to the real part 
of  the impedance of  the electrode/skin interface. The noise 
generated by the electrode/skin interface can therefore be 
diminished by reducing the impedance of  this system. 
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Depending on the amplifier design (Oio(f) value), the noise 
from the amplifier (component ]Ze(f)12Oio(f)) can be- 
come predominant. This situation was observed by Godin et 
aL (GODIN et al., 1991). 

At low frequencies (F  < 100 Hz), excess noise is evidenced. 
The origin of  this noise is still unclear. Non-stationary and out- 
of-equilibrium processes in the skin can be suggested. What- 
ever the origin of  this noise, it leads to peak-to-peak voltage 
fluctuations of  the order of  5-60 I.tV. This represents the 
minimum value that the electrophysiological signals must 
have to be detected in this frequency range. It was shown 
that increasing the electrode surface area does not lead to this 
extra noise decreasing and that residual EMG signal could 
contribute to the extra noise. A limiting value of  the order of  
5 p.V is obtained. Abrasion of  the skin is the best way to 
diminish this excess noise. 
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