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The article deals with the method of the inherent noise estimation in each channel of a four channel relax-type
magnetometer in general laboratory conditions. The day-long development of ambient magnetic field has been
recorded and then the data were processed by correlation methods to separate inherent noises of the channels from
ambient noise in the statistically best times. The method is applicable for noise estimation of any multi-channel
sensoric system and also for the separation of deterministic and stochastic components of signals.
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1. Introduction

As at the department we do design of magnetometers
for scientific and industrial applications, the serious esti-
mation of their inherent noises is among other parameters
one of the crucial tasks [1]. Especially, when the sensors
have open magnetic circuit and they use the relaxation
working principle [2, 3]. However, precise magnetic mea-
surements of this type are affected by ambient magnetic
noise that is often non-stationary and spatially hetero-
geneous. Often there is not the possibility to perform
the measurements in a magnetically shielded chamber, so
the magnetic parameters have to be estimated from large
amounts of data with the help of statistical processing.

2. Theory

Suppose that the output signal of the sensor is a lin-
ear superposition of the ambient input signal that is the
sum of deterministic and stochastic components and the
inherent noise of the sensor. The variance of the output
signal is

1 N
var(z) = N_1 z; (zi —2) (v — 2)
i—
which represents the total power of the signal. The co-
variance of two output signals
;XN
cov(z,y) = ¥ 1 Z (x; — %) (yi — 7)
=1
is the power of ambient input signal only, assuming that
the inherent noises of two different sensor channels are
uncorrelated [4]. The covariance matrix for four chan-
nels is defined as:

(2.1)

(2.2)

var(zy) cov(zy,xa) cov(zy,xs) cov(zy,zq)

cov(ze,x1) var(xe) cov(xg,x3) cov(xa,xs)
b

cov(xz, 1) cov(xs,xe) var(xs) cov(xz,xsq)

cov(zg,x1) cov(zg,x2) cov(zy,x3) var(xy)

(2.3)
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where x1, x2, x3 and x4 are appropriate output signals
of four channel magnetometer sensors located in paral-
lel and spatially placed close to each other. This total
power matrix has the value of the total power includ-
ing inherent noise of each channel in the diagonal and
off the diagonal there are common powers of the signals
between the corresponding channels. Assuming homoge-
neous and stationary magnetic field as the input signal,
the off-diagonal elements would be equal. The standard
deviation of the inherent noise of the i-th channel could
be then calculated as

var(z;) — cov(z;, ;). (2.4)
Unfortunately, aforementioned assumption is not ful-
filled in general laboratory conditions. Spectral analysis
clearly shows that the dominant component of the hetero-
geneity and non-stationarity of the field in low frequency
range are interferences that occur mostly (and almost
everywhere) on the industrial frequencies of 50 Hz and
150 Hz, sometimes also on higher harmonics. With the
help of the autocorrelation and cross-correlation we can
evaluate the powers of these deterministic interferences.
By the subtraction of these powers from the appropri-
ate total power matrix elements we remove the spatial
heterogeneity of the interferences. Consequently, only
the random elements remain in the resulting noise power
matrix. However, the magnetic field have to be station-
ary during the measurement. So, we have to choose the
appropriate statistic criteria and select the most suitable
time intervals of the measurements.

g; =

3. Measurements and results

In this article, as the multichannel sensoric system the
VEMA series four channel magnetometer with simultane-
ous sampling [5] developed at our department was used.
The magnetometer channels were calibrated using the
algorithms based on the neural networks [6]. The band-
width of the magnetometer is 250 Hz (-3 dB), the sam-
pling frequency f; = 1000 Hz and the full scale range
is £70 pT. Considering the statements from the theory,
we had to evaluate the stationarity of the ambient (mea-
sured) magnetic field at first. A 24 hour time develop-
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ment of the AC magnetic field recorded from Saturday
May 21st 00:00 a.m. is shown in Fig. 1 for the four mag-
netometer channels — x1, 9,23, 24. As it can be seen,
there are obvious disturbances in the time development
of the standard deviations as a result of the power grid
activity in the laboratory or near the laboratory. We can
also estimate the best time interval for the measurements,
but this is not necessary, because we are processing large
amount of the data and in the utility program written in
the C language rules to avoid processing of data files with
non-stationary signals are implemented, based on the dif-
ferences of the cross-correlations symmetrically along the
diagonal of the matrix, and a rule to detect spatially het-
erogeneous signals, based on the differences among the
off-diagonal elements.
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Fig. 1. 24 hour development of the magnetic field stan-
dard deviation at the measurement place.

For the purpose of the measurements, a fixture made
from hard wood was made on a CNC machine, to sup-
press the uncertainties in the positioning of the sensors.
All of the sensors were placed in the fixture in parallel in
the points of a square with the side of 100 mm.
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Fig. 2. Time development of a typical recorded signal.

Figures 2-5 show typical measured signal in the mea-
surement place, with the subtracted mean value for a bet-
ter illustration. From the figures we can assume that the
dominant interferences are on the industrial frequency
and its harmonics.

Prior to the data recording, we had to find a place in
our laboratory, where the ambient DC field is homoge-
neous within tolerable limits — to evaluate the sensors
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in similar working points on their transfer characteris-
tics, and where also the interference has acceptable val-
ues. The data were recorded in 5 s time intervals in 2 s
long recordings.
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Fig. 3. Frequency spectrum of the typical recorded sig-
nal.

Autocorrelation

R, [nT?]

T[s]

Fig. 4. Autocorrelation of the typical recorded signal.
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Fig. 5. Power frequency spectrum of the typical
recorded signal.

After 24 h of measurement, each of the data recordings
was processed in these steps:

e the covariance matrix was computed — this is the
total power matrix,

e the deterministic power matrix was computed with
the help of the cross-correlation — 1 s of the channel
with number equal to the first index was correlated
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with 2 s of the of the channel with the number
equal to the second index, then with the discrete
Fourier transformation the powers of industrial in-
terferences were computed,

e the noise matrix was computed as the difference
between the total power matrix and deterministic
power matrix elements,

e the stationarity and homogeneity rules were applied
— based on these the recording was or wasn’t ex-
cluded from inclusion into statistics.

The matrices were averaged to obtain the average noise
matrix. For the stationarity tolerance of 1 nT? and ho-
mogeneity tolerance of 2 nT2?, we obtained the average
total power matrix:

101.124 92.092 91.958 91.449
92.092 102.814 92.651 91.129
91.958 92.651 102.384 91.878 |’
91.449 92.129 91.878 109.252

the average deterministic power matrix:

85.650 86.404 86.232 85.715
86.336 87.232 87.006 86.497
86.186 87.012 86.908 86.361 |’
85.662 86.505 86.343 86.063

and the average noise matrix:

15.473 5.690 5.726 5.734
5.756 15.583 5.645 5.632
5.773 5.639 15.476 5.519 |’
5.785 5.623 5.535 23.189

where on the diagonal we have average noise estima-
tions for the four channels, z1,x2,x3,x4. Off-diagonal
elements represent the ambient random interferences and
different values point to the heterogeneity of the field. As
visible from almost equality of the average noise matrix
off-diagonal elements, the homogeneity and stationarity
of the field was acceptable.

We tested this method in different places and the re-
sults were always almost the same, showing that the 4-th,
the x4-channel has the worst properties — combination
of the sensor and electronics noise. Finally, to obtain
the noise floor estimation, we can subtract the minimum
value of the off-diagonal elements from the diagonal val-
ues — Table 1, but we have to add the quantization noise,
in our case 0.182 nT2.

Noise estimations. TABLE I
channel 1 2 3 4
noise power [nT?] | 10.138 | 10.247 | 10.141 | 17.853
o [nT] 3.184 3.201 3.185 4.225
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Based on the theory and previous measurements of the
frequency characteristics of the magnetometer, the band-
width and based on the equation:

2

lor
L 1
250 (3:-1)

we can compute the power spectral density (PSD) and
linear spectral density (LSD) estimations — Table II, in
1 — 250 Hz bandwidth.

PSD; =

Noise estimations. TABLE II

channel ‘ 1 ‘ 2 ‘ 3 ‘ 4
PSD [nT?/Hz| | 0.0405 | 0.0410 | 0.0406 | 0.0714
LSD [nT/Hz'/?] | 0.201 | 0.203 | 0.201 | 0.267

4. Conclusions

The method used to estimate the noise of multichan-
nel sensoric system discussed in this paper can be used in
general laboratory conditions. Although there are some
rules to follow, this method is relatively simple and is
based on the statistical data processing and spectral anal-
ysis. This method can be used to estimate noise also for
different types of sensors, also for novel magnetic mi-
crowire sensors in biomedical applications [7].

The matrices obtained with this method contain infor-
mation not only about the noise of each channel of the
multichannel system but also about ambient field — the
diagonal values of the power matrix for the deterministic
field and the off-diagonal elements of the noise matrix for
the random fields.
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