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Abstract— Schumann resonances are very weak natural
electromagnetic signals, produced in the Earth-ionosphere
cavity are located in the ELF band (7 to 60Hz), and the
sensors that measure them produce amplitudes of few
microvolts. Strong signals from power lines (50 to 60Hz)
occur in the same frequency range. Amplification
techniques play a key role in acquiring resonance modes
with the best signal-to-noise (S/N) ratio. This paper presents
a study of the various structures of amplification systems
that optimize the S/N ratio for the signal of interest. The aim
of this study is to measure all possible resonances modes
with low time acquisition. To this end, we compare four
instrumentation amplifiers and design a new indirect
method for obtaining the noise floor of the system with
sensors manufactured on magnetic cores that are several
meters long. We present the measurements of the
Schumann resonance achieved using these techniques at the
ELF electromagnetic wave observatory at Calar Alto
(Spain). The solutions adopted allow to measure seven
resonance modes with acquisition times of 30 minutes,
where the S/N ratio in the fundamental mode was 39dB.

Index Terms —ELF band, instrumentation amplifier, noise,
Schumann resonnance, measurement, magnetic sensor.

1. INTRODUCTION
HE electromagnetic waves due to natural phenomena
and human activity that reach the earth's surface cover a
wide range of frequencies in the spectrum. In the
extremely low frequency (ELF) range, the 5 to 100 Hz band is
associated with a phenomenon known as the Schumann
resonance [1]. This phenomenon occurs in the cavity formed by
the Earth’s surface and the ionosphere, which acts as a
waveguide for ELF signals arising from electrical activity in the
atmosphere [2]. Measurement of this phenomenon allows
characterization and diagnosis of the terrestrial environment [3]
as well as the calibration of global temperature [4]. It can also
be considered a tool for preventing earthquake disasters [5] and
for measuring lightning activity [6] and the average
conductivity of the earth's ionosphere [7]. This natural
phenomenon can also be applied to investigate the
electromagnetic environment of other planets in the solar
system and to provide information on climate and other
properties of the lower part of any planet that has an ionosphere
[8].
The majority of published papers are related to the study of
ELF wave propagation in the Earth-ionosphere cavity,

demonstrating the complexity of the measurement process and
amongst other factors, the non-uniformity of the ionosphere, the
presence of natural electromagnetic noise [9], the presence of
interference in industrial areas, and background noise [10].
Studies tend to present the spectral characteristics of the
resonance models and their amplitude [11], making
comparisons between observed data and theoretical models of
components for the magnetic field associated with the
phenomenon [12] as well as variations in the signals, depending
on local and universal time [13].

These studies consider only the first three resonance modes,
located in the frequency range 7 to 28 Hz [14]. Occasionally,
capture extends to the fourth mode [15] although, under
extreme conditions of nearby lightning strikes, up to 13 modes
have been observed [16].

Very few publications give any indication of the general
aspects of the measurement system used, given that they should
be comprised of a receiving magnetic loop antenna, low-noise
amplifier, low-pass filter, an A/D converter and a datalogger
[17]. A recent publication [18] presented descriptively a
measuring station of Schumann resonances in Mexico but no
details of measurement electronics are given. In no instance do
the authors consider problems such as those arising from the
electrical characteristics of the sensor, its adaptation to the
amplification system, the structure and analysis of the
amplification system, or the low-level signal obtained. In
addition, they do not provide data regarding the noise where the
signal is embedded, the signal-to-noise (S/N) ratio of the
measured signal or the method for obtaining it. Moreover,
several hours or days are usually needed to provide relevant
data from the ELF signals [11] without regard to the benefits to
be achieved by reducing the averaging time because long
records of resonances can vary over the acquisition time,
leading to an incorrect assessment of the results. The need to
reduce the noise in spectral estimation techniques is a topic of
current interest [19]. A solution would be to reduce the
amplifier noise to a possible minimum. Some authors propose
methods of reducing noise through an amplifier by using a field
effect transistor (FET) preamplifier [20][21], Other recent
studies are focused on noise reduction in amplifiers coupled by
capacitor [22]. But an evaluation of the signal-to-noise ratio is
indispensable for obtaining quantitative rather than qualitative
assessments of ELF signals. Optimization of the amplification
system will enable an improvement of the signal-to-noise ratio
and a reduction in the capture time needed for their analysis in
the frequency domain.

To study the ELF electromagnetic waves, the University of
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Almeria designed the first observatory of ELF waves in Spain
at Calar Alto (Almeria province) and began operation in 2011.
The observatory consists of two magnetic antennas, oriented
north-south (NS) and east-west (EW). Each antenna consists of
two symmetrical windings, providing balanced differential
signals to minimize common mode effects [23].

The off-line study undertaken at the Universidad de Almeria
estimated the spectral density based on fast Fourier transform
(FFT) algorithms using averaged periodograms [24].

A complex study for measuring the Schumann resonances is
required to correctly quantify the measurements and optimize
the time averaging. By developing these systems, the efficiency
of capture of the signals coming from the Schumann resonance
will be improved, thereby facilitating their subsequent study
and analysis.

The present study has the following objectives:

1. Design an optimal amplification system for measuring
ELF signals and, in particular, the Schumann resonances.
This system must meet certain specifications, such as low
noise, minimal intermodulation, filtering of power line
signals, and it must use techniques that improve the overall
dynamic range of the system.

2. Perform a comparison from a noise perspective using
four instrumentation amplifiers supplied by three leading
manufacturers.

3. Design a new method for obtaining the noise floor of
the system, which allows an assessment of the signal-to-noise
ratio of the signals obtained and sensors manufactured on
magnetic cores that are several meters long.

II.  ELF SENSORS AND INTRINSIC NOISE

The structure of the measurement system needs to consider
the characteristics of the sensors that comprise it because these
elements act as the source of the signal for the system. Because
of the frequency range to be measured, the sensors usually used
are coils with a magnetic core and a large number of windings
with high internal impedance that is dependent on the operating
frequency. Fig. 1 shows the classic model of a sensor coil and
its series equivalent circuit.

a) model coil sensor

b) equivalent series circuit
Fig. 1. Model of a sensor coil.

As it crosses a solenoid L, the magnetic field B induces an
electrical voltage Vs in accordance with Faraday’s law (1),
where A is the surface area of the solenoid and n is the number
of windings.

_A.n.9B 1
Vi(t)=A-n " (D

In the case of sinusoidal signals: B(t)=B-sin(t), the induced
voltage is expressed by (2).

Vs(w)=A-n-w-B 2)

Because of the dependence of the induced signal on factor
<e>- B a cored coil with a large number of turns in the ELF
range cannot be modeled; thus no formal relationship can be
obtained between the voltage induced by the magnetic field, Vs
(from Fig. 1a) and the voltage of the generator Vx(f) of the series
equivalent circuit of the sensor (Fig. 1b). To establish this
relationship, we have to study the response of a “source-sensor-
amplifier” system, as described in section III. The correct
characterization of the sensor in terms of adaptation and noise
requires the experimental measurement of the impedance
versus frequency Z(f) to determine the adaptation
characteristics and the spectral density of the noise. The noise
can be modeled in the series equivalent circuit using a generator
Vn(fi), which is a function of the real part of the impedance
Re[Z(f)] and the frequency (3).

V,, (f,) =J4KT Re[Z(,)] 3)

K: Boltzmann constant; T: temperature in Kelvin degrees.

Trials were established using three balanced sensors and a
high-permeability core. Table I shows the most important
characteristics: @ is the diameter of the thread, n is the number
of windings, lcore is the length of the core, Ry is the resistance of
the sensor in DC and L is the inductance at 5 Hz, considering a
single section of the balanced coil.

TABLE
SENSOR CHARACTERISTIC
Sensor & (mm) n leore (M) RL(KCQY L(H)
Sensor 1 0.5 29225+29225 2 1.35 479
Sensor 2 0.5 29225+29225 2 1.35 943
Sensor 3 0.15 150000-+150000 2 34 11632

The difference between sensors 1 and 2 is their self-
resonance: in sensor 1, self-resonance is far away from the 0 to
100 Hz range, and this enables measurements of up to 1 KHz.
Moreover, sensor 2 is resonant at 7.5 Hz and is only suitable for
high resolution measurements of the first Schumann resonance
mode. Sensor 3 was designed so that it has a bandwidth of 0 to
100 Hz.

A. Characterization of the Sensor

Characterization of the ELF sensors was performed using a
vector network analyzer (VNA), model E5061B (Agilent). The
most direct method for measuring an impedance Z using a VNA
is by measuring the Si; port, which provides a direct ratio with
Z. Using this method, the higher the impedance, the larger the
error because Z is measured in relation to the characteristic
impedance Z,. For values of impedance of hundreds of KQ, the
error invalidates the measurement. Another method consists of
using the impedance Z as a quadrupole between the two ports
of the VNA and measuring the transmission parameter Sy; [25].
This parameter is given in equation (4) from which the
impedance Z is obtained by means of expression (5).

s, =220 (4)
Z+2Z,



Z= 220[1—1J ®)
S21

This method was used for values of Z greater than 5 MQ. It
has very little error in the low-frequency range and is
considered adequate for characterizing sensors that have a large
number of fine windings, such as sensor 3.

The real part of the sensors impedance depends on the
frequency. Fig. 2 compares the impedance module of each
sensor (Z) and the real part of this impedance (Re(Z)). One can
see that in sensor 3, there is close coincidence between Z and
Re(Z); likewise, in sensor 2 even though here, the coincidence
is not as close. In contrast, the divergence in sensor 1 spans an
order of magnitude.

Based on the experimental impedance curves of the sensor,
we can represent Vn(fi)) and calculate the total noise that it
introduces into the measurement frequency range.

Fig. 3 compares the spectral density of thermal noise from
the sensors connected to an amplifier with an input impedance
of 5 MQ. We can see that in sensor 3 (with its large number of
turns of fine wire) there is greater thermal noise than in the other
sensors, which have a shorter length of thicker copper wire.

The total noise Vnr is calculated numerically for a particular
temperature, given that the vectors for the real part of the
impedance Re[Z(f)] increase as the frequency increases (6):
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Fig. 2. Comparison of sensors in terms of the Z module and its real part Re(Z).

where f; and f, are the lower and upper frequencies of the
range in which the total noise of the sensor is determined and
Af'is the frequency increment of vector Re[Z(f)]. Knowing the
total noise of the sensor, we can determine the equivalent noise
resistance Rneq (7). This parameter is useful for comparing the
noise of the sensor with the noise of the amplifier within the
frequency range being studied, B = fo-fi:

V2
Ryeg = o (N
N 4KTB
where K represents the Boltzmann constant and T is the
temperature.

The total noise obtained at 300° K in sensor 1 was 0.20 pV.
In sensor 2, it was 0.11 pV and in sensor 3, it was 2.5 uV. The
noise in sensor 3 is an order of magnitude higher than the others,
even though this factor does not determine the efficiency of the
measurements because the sensor may deliver a greater signal
level than the others. To determine the quality of the

measurements, it is necessary to compare the signal measured
against the total noise of the system.
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Fig. 3. Spectral density of noise for sensors connected at 5 MQ.

III. AMPLIFICATION SYSTEM
The amplification system is heavily dependent on the input
impedance, sensitivity and noise because of the characteristics
of the sensor, which will determine its structure and gain.

A. Impedance Matching of the Sensor-Amplifier

With respect to the adaptation of the sensor-amplifier, it is
very important to study the impedance of the sensors as a
function of frequency. The loading effect on the sensor-
amplifier and the noise generated in the system are conditioned
by the dependence of the real part of the sensor’s impedance on
frequency. Therefore, the value of the direct current resistance
of the sensor is not a valid value. (see Fig. 2).

On the basis of the impedance data from the sensors studied,
the need for a first amplifier stage with high input impedance
and low noise is confirmed, and an instrumentation amplifier is
the most suitable for this stage.

According to the data in Fig. 2, the dominant part of the
impedance is the real part, and it is not appropriate to establish
a passive network that fits the imaginary part because the
detriment in the nonlinear response does not compensate for the
improvement in insertion.

To determine the insertion losses for each case, we need to
numerically solve for the attenuation value as a function of the
frequency. Fig. 4 shows the insertion losses of the three sensors
with respect to frequency, connected to an amplifier with a 5
MQ input resistance. This value might be considered high, but
note that the standard oscilloscopes have an input resistance of
1 MQ, and 10 MQ with a x10 attenuator probe.

Sensor 3 exhibits the greatest insertion losses and is greater
than 5 dB at certain frequencies, while sensors 1 and 2 do not
show any appreciable losses. In view of the above results, it is
clearly important that the input impedance of the first amplifier
stage has a value high enough to avoid the loss of a large
proportion of the energy delivered by the sensor when
connecting to the amplifier.
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Fig. 4. Insertion losses of the sensors with Z= 5 MQ.

B. Sensor-Amplifier Transmission Line

The connection of the sensor to the amplification system will
always be in differential mode. Non-differential connections
imply a significant degradation of the signal due to the capture
of common mode signals because the cable acts as an electrical
antenna. For the differential connections, the unbalanced
configuration (Fig. 5a) has the drawback of the sensor-amplifier
connection cable capturing unwanted signals, thus constraining
its length. This problem is typical for cases of stage adaptation
for audio [26], whereas selecting balanced configurations (Fig.
5b) allows a cable length of 10 m without attracting unwanted
signals. In field trials, we discovered the benefit of using a
balanced configuration, which allowed a cable length of 10 m
without increasing the level of interference from the main
supply. The sensor was grounded using a copper peg because
without this, we captured signals generated by instruments used
during the set up of the installation, such as portable
oscilloscopes. The electrical effect of the cable can be modeled
by only considering the value of the distributed capacitor Cc
presented by a cable, in parallel with the sensor output with a
value proportional to the length of the cable in which case, the
use of cables with low distributed capacitance (<100 pF/m) is
advisable. The distributed effects in transmission lines in the
ELF band are negligible for lengths of a few tens of meters. Fig.
5 shows different connection configurations.

coiL INSTRUMENTATION coiL
SENSOR AMPLIFIER SENSOR

INSTRUMENTATION
AMPLIFIER

1000000,

a) unbalanced differential input
Fig. 5. Connection between the sensor and first-stage amplifier.

b) balanced differential input

C. Amplification Stage

The most suitable structure for the first-stage amplification,
with a specification for a high-input impedance (Z > 1 MQ)
and high gain (G > 60 dB) corresponds to an instrumentation
amplifier.

The tests undertaken lead us to believe that the system will
require a gain of between 60 dB and 110 dB. The first stage can
provide a gain of up to 60 dB without instability problems. To
achieve the remaining gain, a second
amplification/conditioning stage is required and does not
demand a high-quality instrumentation amplifier so that two

low-noise, high precision operational amplifiers are sufficient.
Fig. 6 shows the overall structure of the system.

The measurement system includes an optional notch filter
implemented using an active cell in double T [27] to attenuate
the signal from the main supply (Fig. 6). The filter is inserted
between the two amplification stages to prevent the degradation
of the overall noise figure, even though this filter is optional.
This type of filter is useful when taking measurements close to
power lines or when the high intensity of signals from the power
lines, captured by the sensor, saturate the dynamic range to
produce minimal gain because it has a negative effect on the
linearity of the data and poses problems around the suppressed
frequency.

During the development of this system, four instrumentation
amplifiers were tested. The models tested were AD524 [28],
INA110[29],INA126[30]and LT1167 [31]. These models are,
currently, the most relevant devices of different brands, and
they range from very low-cost amplifiers (INA126) to the most
expensive amplifiers, including top of the range (ADS524).
Amplifiers AD524 and INA110 feature an integrated resistance
setting that can access preset gains without the need for external
components. Fig. 7 is a scheme of the internal make-up of
amplifier AD524. In addition, the noise sources of these
resistances can be included; these sources are among the
features provided by the manufacturers. The LT1167 and
INA126 models are instrumentation amplifiers that require
additional external resistances to fix their gain. The internal
configurations of amplifiers INA110, INA126 and LT1167 are
traditional with three operational amplifiers (OA), while
amplifier AD524 is configured with five OAs, which means it
has a broader bandwidth (Fig. 7).
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Fig. 6. Structure of the measurement system.

For amplifiers AD524 and INA110, the maximum gain
possible was selected for their internal resistances, 60 dB and
54 dB, respectively. For amplifier LT1167, a gain of 60 dB was
selected and for amplifier INA126, a gain of 54 dB was
selected. We limited the gain of these amplifiers to 60 dB
because of the instability problems encountered during the tests.
The high gain used for each of the devices together with the
high impedance of the sensors led to the use of input resistances
of 5 MQ for all of the amplifiers, and the AD524 amplifier was
the one with the greatest tendency for instability as the
resistance seen by the inputs increased.

The selection of these high gain values causes the band of the
amplifier to be limited, but it is not possible to use capacitors
because of the lack of access to the internal resistances in
models AD524 and INA110. One solution to resolve the band
limitation is to introduce an inductor in series with Ry (Fig. 7).
According to (8), a pole is introduced at S = S;. In the circuit, L
has a value of 60 mH, which situates the pole at approximately
100 Hz. The inductor is made of a material called T38 around a



ring core, which means it has a small size, few windings and an
insignificant internal resistance in comparison to Ri. In
addition, the ring core minimizes the capture of the external
field.
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Fig. 7. Structure of the instrumentation amplifier, AD524.

The final amplifier stage was realized using the LM833
subsystem, which consists of two, low-noise operational
amplifiers joined in cascade, sharing the gain between the two
sub-stages such that the total gain of the system can be adjusted
between 0 dB and 52 dB. Fig. 8 shows the final amplifier
diagram that delivers the signal to the A/D converter.
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Fig. 8. Diagram of the final amplifier. -

Amplifier U; has an adjustable gain from 1 to 40, and its
values are given in Table II. The capacitor array (Ci to Csg)
allows two poles to be maintained at 100 Hz for any of the gains
selected.

TABLE II
GAIN OF AMPLIFIER U1 IN THE FINAL STAGE
Gain 1 2 5 10 20 30 40
G(dB) 0 6 14 20 26 295 32

Amplifier U, has a summing configuration to correct the zero
adjustment before delivering the signal to the conversion stage.
With the switch GAIN[x10], we can set the gain to 0 or 20 dB.
Moreover, the resistance array (Ris to Rzs) of the output is
configured as a volume selector that reduces the overall gain of
the system. This adjustment is required so that no clipping
occurs in the input stages of the A/D converter because the
converter used has a narrower dynamic range than the dynamic

range of the amplifier. Table III shows the reduction factors of
the output level.

The resistances Riz (10 KQ), R14 (20 KQ) and Ris5 (20 KQ)
are used for the zero adjustment, given that the A/D converter
introduces a certain direct component at its input.

TABLE III
REDUCTION IN OUTPUT LEVEL
Reduction 1 09 08 07 06 05 04 03 02 0.1
dB o 09 -2 -3 45 -6 -8 -10.5 -14 -20

D. Noise Study

With the test amplifiers, we proceeded to the theoretical
calculation of the equivalent input noise RTI using the method
provided by Art Kay in [32].Then, we tested it with resistors of
different input values, simulating the internal impedances of
possible signal sources. The resistor values tested were 0 KQ
(short-circuit), 1.2 KQ, 25 KQ, 110 KQ, 220 KQ and 470 KQ.
The goal was to determine the rms noise and spectral
distribution of the equivalent input noise (RTI) by comparing
their behavior to different signal sources characterized by their
internal impedance.

Table IVgives a summary of the data for calculating noise
taken from the manufacturers’ datasheets. The following noise
components were used to calculate the equivalent noise
Referred To the Input (RTI):

1) From the sensor:

e The noise voltage corresponding to the equivalent
resistance of the sensor (Rs), €nyp.

e The influence of current noise on the instrumentation
amplifier (IA), in. The latter can have two components:
broadband ingg and flicker ins. This noise source is transformed
to voltage when multiplied by the Rsof the sensor.

2) From the instrumentation amplifiers:

e Broadband noise voltage, engs.

e Flicker noise voltage, en.

Once the sources have been identified and the operational
bandwidth has been defined, the total equivalent noise at the
input is expressed by equation (9); factor 2 is the result of the
sensor being balanced differentially and the two branches that
contribute noise.

RTI = /2-en;, +2-(in-R,)* +eng, +en; ©)

In experimental calculations, the equivalent RTI is obtained
by measuring the noise voltage at the output and by dividing it
by the gain.

Table IV shows the noise source equivalent to the input RTI
in real rms values for each resistance tested.

From Fig. 9, we can compare the results of the theoretical
noise analysis (Fig. 9a based on the data in Table IV) with the
data obtained in the tests (Fig. 9b based on the test data shown
in Table V). There is clearly a close correlation between the
calculated and measured values with the greatest fidelity
provided by amplifier AD524.

TABLE IV
FEATURES OF THE INSTRUMENTATION AMPLIFIERS



AD524  INA110 LT1167 INA126
Noise voltage (nV/VHz) 7 10 75 35
Flicker voltage (1Hz)
(nV/Hz) 10 100 25 200
Corner frequency (Hz) 2.5 600 7 30
Noise Current (fA/NHz) 350 1.8 124 60
Flicker Current (1Hz)
(FANHZ) 25000 - 400 200
Corner frequency (Hz) 30 - 40 30
Bandwidth (MHz) 25 40 12 1

Using the data obtained in the tests, we also calculated the
input noise spectral density, displayed in Fig. 10. An analysis
of these graphs allows the following conclusions to be drawn:

e Amplifier AD524 is the most suitable for signal sources

with a low internal impedance of approximately 1 KQ.

e For high values of up to 100 KQ, amplifiers INA110 and
LT1167 give similar values.

o For values above 100 KQ, the INA110 amplifier is ideal,
providing an inappreciable current noise source compared to
the other amplifiers and an absence of flicker noise.

TABLEV
RMS NOISE MEASURED (NV) AT THE INPUT RTI

Short 12KQ 25KQ 110KQ 220KQ 470 KQ

ADS24  87.1 126.4 649.7 1996.4 3460.6 7302.2
INA110 1773 2019 474.1 933.2 1290.5 1830.9
INA126 4063 4163 573.9 940.7 1272.0 1806.0
LT1167 1374 1628 411.7 926.2 1453.1 2352.0
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Fig. 9. Noise comparison of the four instrumentation amplifiers: a) theoretical, b) experimental.
IV. NOISE FLOOR ESTIMATE Re(Z )_ R,
To determine the S/N ratio in the experimental phase of ® (1 — &’ LCL)Z +(aCR ) (an

real measurements using the sensor, it is necessary to
determine the system noise floor as the sum of the thermal
noise of the sensor, the total amplifier noise and the A/D
converter noise. A more direct procedure is to isolate the
sensor away from any external noise (in an anechoic
chamber) and take measurements under the same conditions
as the ambient radio signal (gain, averaging time, calibration,
etc.). This method requires the availability of a chamber in
the ELF range that must be large enough not to affect the
sensor’s features, which is a situation beyond our control.
Another indirect method is to take measurements,
substituting the sensor by resistances whose values match the
real part of Z for the sensor at various frequencies within the
range of measurement.

A. Analysis of the signal and noise in a coil

To determine the spectral distribution of the total noise at
the output of the sensor, it is necessary to study the behavior
of the coil. Analyzing the model of Fig. 1a, the output voltage
of the coil is defined by the following equation:

2 .
Vab =Vs 1-w LCL—J(OCLRL (10)
(1-’LC, J +(eCR )

On the other hand, the real part of the impedance presented

by the coil meets the equation:

Considering that Zan(w) of the sensor coil can be
measured by the vector network analyzer and known data,
Vap can be expressed as a function of Zap:

Vo =Vs Re(zab)l_G)ZLCL —JeCR,
i (12)

In this particular case for setting the frequency of the
w=w,=1/,/LC_

sensor, the coil autoresonance is:

. C
V(@) == Vs RelZ,, -
wlen) =~V Refz,) S .

Which shows that the induced voltage in a sensing coil is
directly proportional with the real part of the sensor’s
impedance Za. It also shows that the maximum of the
voltage induced in the sensing coil occurs in the
autoresonance frequency, which corresponds well with the
maximum value of the real part of the impedance of the coil.
In the case of sensor 3, the maximum is placed at 55 Hz, as
shown in Fig. 2. Because noise is a signal that is induced in
the coil, the spectral distribution of the voltage noise
corresponds to that expressed in equation (12), and the
maximum of the noise spectral distribution, wich is present
at the autoresonance frequency of the coil sensor, is stated in

(13).
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Fig. 10. Noise spectral density for different internal resistances at the source.

B. Calculation of the Noise Floor

The indirect method is to take measurements, substituting the
sensor by resistances whose values match the real part of Z for
the sensor at various frequencies within the range of
measurement. Using this method, we obtain the real value of
the noise floor valid at frequencies corresponding to each
resistor. For sensor 3, if one of the resistances selected
corresponds to the maximum Re(Z), (in this case at 55 Hz and
also for upper frequencies), the dominant noise is the noise from
the sensor because the impedance of the noise floor Zap is higher
than 1.5 MQ (as shown in Fig. 2), and the noise voltage, in this
case is indicated by equation (14), where k is a constant
depending on the system of amplification.

V, =k /Re(Z,,) (14)

This adjustment is not valid close to the origin (f=0), where
the influence of the noise amplifier exceeds the noise from the
sensor, given that Re(Zap) is substantially lower. In this case, the
previous curve is adjusted, forcing it to pass through various
known correspondence points (Re[Z(f)] at 3 Hz, Re[Z(f)] at 10
Hz).

Table VI shows the level of the noise floor measured
experimentally (only for sensor 3), connecting resistances to the
input of the amplifiers. These resistances correspond to the ones
seen by the amplifier at different frequencies, as if sensor 3 had
been connected to the input.

The product of the measured noise signal, replacing the
sensor by a resistor of equal value to the Rap, and Adjustment

Function corrects the uncalibrated signal noise outside
resonance and obtains the calibrated noise floor. Fig. 11 shows
the calibration process of the noise floor. The adjustment
function is used as an exponential function whose coefficients
depend on the true value noise points (red in Fig. 11).

TABLE VI
NOISE FLOOR CALIBRATION FOR THE FOUR AMPLIFIERS FOR DIFFERENT
RESISTANCES
AD524 INA110 LT1167 INA126
Frequenc Re|Z
quency  RelZ®OI oy o1 oD oD
90 Hz 1.5 MQ 1.7-10" 1.5-102 2.9-10% 2.1-102
55 Hz 3.3 MQ 1.5-10" 1.5-10 2.8-107 2.0-10?
10 Hz 220 KQ 1.5:10"! 1.8-1072 3.5-102 2.1-107
3 Hz 50 KQ 2.0-10" 3.0-107 3.8-1072 3.4-107

The adjustment function model proposed and used in this
application is implemented by setting exponential functions.
The A, B, and C coefficients modify the amplitude, and the Fc,

Fca, and Fcz coefficients define the frequency to apply.
—f —f

=[1+(A-De' |-[1+(B-1)e"

—f

| 1+(C —1e'

F

adjust
(15)

Equation (15) shows the adjustment function model. The

amplitude coefficients A, B, and C, and the position coefficients

Fc1, Fcz2 and Fcs are calculated, so that the uncalibrated function
matches in true value points. The constant K is chosen to correct




a slope of exponential change. In this case, we assign the value
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Fig. 11. Calibration process of the noise floor.

V.RESULTS

Over the course of more than two years of operating the
measurement system away from human activity, we have
obtained a wealth of information. This information, properly
processed, has been very useful in establishing objective criteria
regarding the techniques for measuring Schumann resonances.
Trials were performed using four different instruments on the
first stage amplification but ultimately used the same amplifier
to be able to make a comparative study. The measurements
were taken using sensor 3, comprising 300000 turns of wire that
was 0.15 mm in diameter and grouped into four windings with
a 2-meter-long core. The total gain was maintained at 66 dB and
was adjusted to optimize the quality of the capture, achieving
maximum amplification with minimal clipping. Fig. 12 shows
the signal aspects in the time domain, sampled with a 24-bit
A/D converter and a dynamic range of +/- 2.5 Volts. Fig. 12a
shows a correct adjustment of the gain, fixed at 66 dB
(Ga1+Gaenp), while Fig. 12b indicates excessive gain, which
results in false spectra in the frequency domain, due to the
clipping effect.

Time domain of ¢,013,3,5,23016
25

-2
25 i L v -
0 200 400 600 800 1000 1200 1400 1600 Time s
A)

The selection of four measurements was made over 30
minutes, each using a different instrumentation amplifier in the
frequency domain, as shown in Fig. 13. Each graph shows both
the ambient radio signal and the system noise floor of the
measurement. To obtain the record of the system noise floor,
the sensor was substituted by the main electric supply, whose
real part of the impedance coincides with that of the sensor in
the frequency range 0 to 100 Hz, when it is isolated to avoid the
capture of external fields. All of the captures were subject to the
same spectral averaging procedure using temporal windows,
which is the norm when studying Schumann resonances. The
measurements were chosen to have a similar level of ambient
signal for each amplifier to achieve objective comparisons. As
seen in Fig. 13, the noise level of the system (including the noise
of the sensor itself) is well below the signal level detected by
the sensor for every case, even with the low-cost amplifier
INA126. This indicates that any commercial instrumentation
amplifier is suitable for this purpose.

Time domain of :201 3D222D84644

Volts

Level

2.5

0 200 400 600 800

B)

1000 1200 1400 1600 Time s

Fig. 12. Time domain signal: a) capture with adequate gain, b) capture with excessive gain.

In the graphs in Fig. 13, we can see the first three modes with
their greater amplitude, coincide with the references consulted.
The remaining resonances are generally much more subdued,
and the bandwidth is 100 Hz.

As a means of comparison, we can use the difference
between the level of the mode of the first resonance and the
level of the system noise floor at the same frequency (= 7.5 Hz).
In this case, we obtain the following data: with the AD524, 20

dB and with the INA110, 39 dB; using the LT1167 and
INA126, 31 dB. A very important factor for these results is the
sensitivity of the sensor. In cases using smaller sensors with less
sensitivity, the system noise floor cannot be overcome at some
frequencies. The lowest frequencies are the most susceptible to
this because of flicker noise. The amplifiers with lower current
noise perform better in this application.



E ! 'INA110: 116-02-2013 18:12:54 E ! ! |AD524: 05-04-2013 15:28:52
= = g S S T p———
Qb S 0 S S S S SOt SN SESSES ST S
\ﬁ
JRN A TAW AW | N
10 F "u"' i bﬂwm ,»" !
: b o
I W S N [ —— RADIOSIGNAL. 107 -t g M
S S S S . -1 Vf Wahdiasi e i a
-1
L e e e oo oy e scerocsces o NN IS DR N S S 1. ™V D N
;\ ............ M"’ﬂ“‘w% RADIO P
A i ) TR
’ ...SYSTEM.NOISE FLOOR. -1 : A e sverM NOI
A bt e 10 H i T ‘ T Rt !“ bkl il EE ‘»,;}Pw?unz
0 80 90 Hz O 10 20 30 40 50 60 70 80 90 Hz
E [ ! INA126: 12-04-2013  23:48:28 E o ! _LT1176: [06-03-2013 13:00:47
D pre -z IS S S |
3 e =
Ot A OO P i
SN RO U S SR SRR NI SRR S N R A N |
i 1 | i
10° ‘UWJ'M ™ .)s:'t ,,.44 S+ o G 10°| |
C W NN N T : B s e
b I"“Mv i :
M, .. RADIO SIGNAL i
iy i bl *'*"'HWWM . RADIO SIGNAL
f P |
10’1 U FUUUUUUUUINN USRI, S L _ 4 Vs abpsra bt
: 3 1 O b e e e e e e e e s e e s s 2 e i 5 o e i e s s -
Ry r——— - T —— —— —————— RN B — B —
[ vt b I sy BT MY WA +vuas SYSTEM NOISE FLOOR
4 i v A Skl T ; i : Al i s
0 10 20 30 40 50 60 70 80 90 Hz 0 10 20 30 40 70 80 90 HZ
Fig. 13. Spectral averaging and system noise floor in the four amplifiers for 30 minute captures.
VI. CONCLUSIONS may require several days of records. Using compression

Published studies that are state of the art for measuring
Schumann resonances reflect the interests of the researchers but
do not consider improvements to the systems of measurement.
Optimization of this system allows better records and shorter
averaging times. We propose an optimized system of
amplification for bettering the signal to noise ratio, and
consequently the averaging time. The first stage of this system
is an instrumentation amplifier with a balanced input for the
sensor and cable. We conducted a comparative study of four
devices that are available from three brand leaders. Analyzing
the results of more than one year of measurements, we can draw
the following conclusions:

1. The type of instrumentation amplifier is not a critical
factor for the correct measurement of Schumann resonances so
long as the sensor supplies a sufficient level of ambient radio
signal, and the instrumentation amplifier (IA) linearity is
sufficient to avoid artifacts in the true spectra at higher
frequencies. The offset does not affect this application, and the
CMRR is not of great significance. Low-cost (38) devices are
sufficient.

2. An IA that optimizes noise in the current regime is more
suitable for sensors with a large number of windings of thin
wire and exhibits high values for the real part of the impedance.
Meanwhile, the instrumentation amplifiers that optimize noise
in the voltage regime are better when the sensors have fewer
turns, and the wire is thicker.

3. The averaging time must be as short as possible because
we detected significant variations in the results of captures
separated by 30 minutes.

4.1t is very important to precisely tune the level of
amplification for all stages. Determining the optimal setting

systems (such as A Law) to place more weight on the weak
signals without clipping the strong signals does not yield good
results because deviation from linearity means that restoration
without an artifact is impossible.

5. The digitization stage must have the highest resolution as
possible: 24 bits is sufficient to allow weak signals to be
recorded with adequate converter-account because the
Schumann Resonances have relatively low amplitude compared
to the natural ambient radio noise level. Furthermore, there
must be a sufficient dynamic range to avoid clipping —in
accordance with the previous conclusion. The signal of interest
occupies approximately 1/5 of the dynamic range.

6. The method of estimation of the noise floor, without the
free signals sensor connected, yielded experimental results that
provide validation and allows measurements of the Schumann
resonances with assured quality with captures of only 30
minutes, as shown in Fig. 13.

It should be noted that the results obtained with the
instrumentation amplifiers are pertinent to this particular
application. For other applications with a broader bandwidth or
lower input impedance (audio, PT100, etc.), the results would
be different.

The solutions adopted are highly satisfactory: in the Calar
Alto ELF observatory, we were able to measure the first seven
resonance modes (the eighth coincides with the 50 Hz electrical
power lines) with acquisition times of 15 to 30 minutes and with
a signal-to-noise ratio in the fundamental mode of 39 dB, as
evident in Fig. 13.
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