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Abstract
In two electrochemical transmutation experiments, unexpected oscillations in the recorded signals with a daily period were observed
for deuterium/palladium loading ratio (D/Pd), temperature (T ) and pressure (P ). The aim of the present study was to analyze the
time courses of the signals of one of the experiments using an advanced signal-processing framework. The experiment was a high
temperature (375 K), high pressure (750 kPa) and long-term (866 h ≈ 35 days) electrochemical transmutation exploration done in
2008. The analysis was performed by (i) selecting the intervals of the D/Pd, T and P signals where the daily oscillations occurred,
(ii) filtering the signals to remove low-frequency noise, (iii) analyzing the waveforms of the daily oscillations, (iv) applying Ensemble
Empirical Mode Decomposition (EEMD) to decompose the signals into Intrinsic Mode Functions (IMFs), (v) performing a statistical
test on the obtained IMFs in order to identify the physically most meaningful oscillation mode, (vi) performing an power spectral
analysis, (vii) calculating the correlations between the signals, and (viii) determining the time-dependent phase synchronization
between the signals. We found that (i) in all three signals (D/Pd, T and P ) a clear daily oscillation was present while the current
density J did not show such an oscillation, (ii) the daily oscillation in T and P had similar waveforms and where anti-correlated to
the oscillation in D/Pd, (iii) D/Pd and T had the highest correlation (r = 0.7693), (iv) all three signals exhibited phase synchronization
over the whole signal length while the strongest phase synchronization took place between D/Pd and T . Possible origins of the daily
oscillation were discussed and implications for further investigations and experiments were outlined.
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1. Introduction
Changes in the distribution of chemical elements and in their isotopic abundances where surprisingly reported to happen
during electrolysis experiment using both heavy and light water [1–26]. The physical mechanisms of these low-energy
transmutations processes are not yet understood. There are many indications that they are not based on conventional
nuclear reaction mechanisms, especially since they took place at low energies. Therefore, the term “low-energy nuclear
reactions” (LENR) was defined to refer to such kinds of nuclear reactions.
In two electrolysis experiments, besides the transmutations observed, an unexplained oscillation in the recorded
signals (loading of deuterium (D) in a Pd lattice expressed as the D/Pd loading ratio, temperature and pressure) with a
daily period (i.e. with a period of approx. 24 h) was observed [27]. This is surprising since it has been assumed that
LENR were independent of the time of day.
To gain further insight into the daily oscillation, the aim of the present study was (i) to extend and refine the data
analysis using the dataset with the best record of daily oscillations (the data set from the experiment conducted by
Mizuno et al. [15] available, (ii) to discuss possible causes for the daily oscillations, and (iii) to outline the implications
for further investigations and experiments.
2. Materials and Methods
2.1. Data
For the current analysis, we used the recorded data obtained by a high temperature (375 K), high pressure (750 kPa ≈ 7.4
times of the mean atmospheric pressure at mean sea level) and long-term (866 h ≈ 35 days) electrochemical transmutation
experiment done in 2008 [5]. During the D/Pd loading, the following signals where recorded simultaneously: D/Pd
loading ratio (D/Pd [%]), temperature (T [K]), pressure (P [atm]) and current density (J [A/cm2 ]). All of these four
signals where recorded inside the experimental flask. The sampling frequency of the signals was 0.25/h, i.e., every
4 h a measurement was done. The D/Pd loading ratio was determined by continuously measuring the pressure of the
oxygen gas inside the electrolysis cell and relating this to the amount of deuterium incorporated into the Pd sample.
2.2. Data pre-processing
Visual inspection of the four signals revealed a daily oscillation in the D/Pd, T and P signals when the D/Pd loading
was above approximately 90%. This period started after approximately 320 h and ended after approximately 760 h,
spanning a time of 440 h. According to this observation, for the next steps of the analysis only the data in this interval
where used. The current density J showed no oscillations; it had a constant value (J = 0.2 A/cm2 ) over the whole time
span.
In order to get rid of the low-frequency noise in the recorded signals, a finite impulse response (FIR) high-pass filer
of order 20 and with a cut-off period of 57 h was applied to the signals. To avoid distortion of the phase of the signals
due to the filtering, a zero-phase FIR filtering was realized by processing the input data in both the forward and reverse
direction.
2.3. Waveform analysis
To analyze the waveforms of the daily oscillation, a block average was computed for all three signals by using the FIRfiltered version of the signals. The block average was calculated by segmenting the signals to intervals with duration
of 24 h each, and calculating the mean and standard deviation of the block averaged signals for these intervals.
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2.4. Ensemble Empirical Mode Decomposition and selection of intrinsic mode functions
In order to extract the daily oscillation from the signals optimally, an advance signal processing technique (Ensemble
Empirical Mode Decomposition, EEMD) was used. It allows decomposing of the signals into characteristic oscillations
modes (called Intrinsic Mode Functions, IMFs). EEMD is a further development of Empirical Mode Decomposition
(EMD), first introduced 1998 by Huang et al. [28]. EMD can be regarded as a type of adaptive wavelet decomposition
[29] or a time-varying filter bank consisting of band limited filters with band widths that vary in time [30,31]. EEMD
is a truly noise-assisted data analysis (NADA) method [32].
The IMFs are calculated from the signals such way that they fulfil two conditions: (i) every IMF has the same number
of extrema and zero crossings and (ii) each IMF is symmetric with respect to the local mean. The EMD calculation
process (called the ‘sifting process’) is the following [28, 33–35]: (1) All local minima and maxima of the given signal
x(t) = {x(ti )|i = 1, 2, . . . , N} are identified, (2) the upper eu (t) and lower el (t) envelopes of the signal are calculated
by interpolating the local minima and maxima by a cubic spline function, (3) the mean of the two envelopes mi (t) =
[el (t) + eu (t)]/2 is then subtracted from x(t) which gives the first component: hi (t) = x(t) – mi (t). The steps (1)–(3)
are performed again on hi (t) until hi (t) is a function that fulfils the two described conditions defining an IMF.
If hi (t) fulfils the conditions, hi (t) is an IMF denoted as ci (t). The residual ri (t) = x(t)–ci (t) is then treated as a
new signal and the sifting process is applied on it.
Finally, the original signal x(t) is given as a sum of the IMFs and the residual:
x(t) =

M
!
i=1

ci (t) + rN (t),

where ci (t) is the i-th IMF, M the total number of IMFs, and rN (t) the final residual.
Since, during the sifting process, high-frequency components are firs extracted, the high-order IMFs represent fast
variations, and low-order IMFs characterize slow oscillations.
In comparison to EMD, EEMD also performs the sifting process but with the elaboration that the following additionally steps are performed: (1) white noise (with a given amplitude) is added to the input signal, (2) the sifting process
is performed to the new signal (raw signal + white noise), (3) steps (1) and (2) are repeated with different realizations
of white noise, and (4) the ensemble mean of the corresponding IMFs of the decompositions is calculated [32]. This
procedure improves EMD by avoiding the mode mixing problem (not optimal decomposition of the input signal, leading
to IMFs that not represent the true oscillations component of the input signal) that can appear by applying EMD [32].
When using EEMD, two parameters are needed to be set: (i) the amplitude of the added white noise in relation to the
standard deviation of the input signal (astd ), and (ii) the ensemble number (n). The ensemble number refers to the
number of repeated sifting processes.
For the present study, an ensemble number of n = 100 was used by applying EEMD to the three input signal (D/Pd,
T and P ). The parameters astd were empirically chosen for every signal so that the daily oscillation could be extracted
optimally. The following values are used: astd (D/Pd) = 0.5, astd (T ) = 2, and astd (P ) = 1.
After decomposing of each signal (D/Pd, T and P ) into IMFs, we tested whether each IMF is a really a physically
meaningful oscillation or only noise. The method proposed by Wu and Huang [36,37] was used. It calculated for each
IMF whether it contains statistically significant information or not. For this statistical test, the rescaled energy of each
IMF is calculated and compared with the theoretical white noise level.
2.5. Power spectral analysis
Power spectral analysis was applied to the signals by performing a n-point discrete Fourier transform (DFT) using the
fast Fourier transform (FFT) method. For having a good frequency resolution, we choose n = 500.
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2.6. Correlation analysis
The correlation between the signals was quantified by calculating the Pearson correlation coefficient r, which measures
the linear dependency between two variables, resulting in a value in the range [–1, 1], with r = 0 implying that there
is no linear correlation and r = –1 or r = 1 that the relationship between the two variables is perfectly described by a
linear equation. The statistical significance of the correlations was computed using a t-test.
2.7. Phase synchronization analysis
In order to gain insights into how well the signals are in phase, a phase synchronization analysis was performed. The
phase synchronization for two signals x(t) and y(t) can be calculated by a three step process [38,39]. First, the analytical
signals of x(t) and y(t) are calculated using the Hilbert transform:
ψ1 (t) = x(t) + i x̃1 (t) = A1 (t) ei ϕ1 (t) and ψ2 (t) = y(t) + i ỹ2 (t) = A2 (t) ei ϕ2 (t) ,

where A1 (t) and A2 (t) are the instantaneous phases, ϕ 1 (t) and ϕ 2 (t) the instantaneous frequencies, and x̃1 and x̃2 the
Hilbert transforms of x(t) and y(t), respectively. In general, the Hilbert transform of a signal z(t) is given as
1
z̃(t) = P V
π

"∞

−∞

z(τ )

1
dτ ,
t −τ

where PV refers to the Cauchy principal value.
In the next step, the instantaneous phase difference %ϕ(t) of the two signals x(t) and y(t) is calculate according to
%ϕ(t) = ϕ2 (t) − ϕ1 (t).
#
#
Finally, the synchronization index γ (t) is calculated by γ (t) = #ei%ϕ(t) #. All values of γ (t) are in the range [0, 1]
where γ = 1 refers to a perfect synchronization and γ = 0 to no synchronization between the signals.
3. Results
3.1. Waveforms
Figure 1 shows the raw signals, the selected time span and the filtered version of the signals. The waveform analysis
revealed that the waveforms of the daily oscillations where different in the three signals (see Fig. 2). The amplitudes
of the T and P signals had a negative maximum where the waveform of D/Pd had a positive amplitude maximum. The
average values for the amplitudes A of the oscillations where A(D/Pd) ≈ 2%, A(T ) ≈ 2 K and A(P ) ≈ 0.06 atm.
3.2. EEMD and IMFs
The results of the signal decompositions are depicted in Fig. 3. It was found that for all the three signals, the second
IMF was statistical significantly above the theoretical white noise level (p = 0.05) (see Fig. 3(d–f)). Therefore, for the
further analysis the second IMF (see Fig. 3(g–i)) was used from each of the three signals.
3.3. Power spectra
The calculation of the power spectra revealed that the statistical significant oscillation (the second IMF) of the signals
is a daily oscillation with a frequency of 1 d−1 (see Fig. 4(a–c). In order to see the effect of the filtering, the spectra
where also calculated using the raw data for comparison (see Fig. 5). The additional peaks in the spectra are clear;
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Figure 1. Raw signals (a–c), selected intervals (d–f) and results of the FIR-filtering (g–i).

Figure 2. Block averages of the consecutive time intervals with a duration of 24 h from the three measured signals. Bold line: mean, error bars:
± standard deviation.

they appear at the frequencies of approx. 2 and 3 d−1 as well as in the low-frequency (LF) band (< 0.5 d−1 ). Only the
daily oscillations where significant (as the statistical test of the IMFs indicated). Hence, one can conclude that (i) the
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oscillations of 2 and 3 d−1 are harmonics in the power spectra that are caused by the non-sinusoidal waveforms and
are not own oscillations present in the signals, (ii) the LF components are non-linear trends in the signal that also do
not represent a physically meaningful oscillation component of the signal.

Figure 3. Results of the EEMD signal processing. IMFs (a–c), results of the statistical test (d–f) and statistically significant oscillations (g–i). The
lines in the subplots (d–f) are the theoretical white noise levels with correspond to the 5% significance level (p = 0.05).

3.4. Correlations
As the correlation analysis showed, D/Pd and T as well as D/Pd and P were significantly negatively correlated (r =
−0.7693, p < 0.001 and r = −0.4324, p < 0.001) while the correlation between T and P was significantly
positive (r = 0.307, p < 0.001) (see Fig. 4(d–f)).
3.5. Phase synchronization
The analysis of the phase synchronization between the signals showed that all signals are synchronized during the whole
time where the strongest synchronization was detectable between D/Pd and T (see Fig. 4(g–i)).
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Figure 4. Power spectra (a–c), correlations (d–f) and time variations of the phase synchronizations (g–i).

4. Discussion, Conclusions and Outlook
The different methods of signal analysis performed in the present study revealed that (i) in all three signals (D/Pd, T
and P ) a clear daily oscillation was present (confirmed with statistical testing of the IMFs, power spectral analysis and

Figure 5. Power spectra calculated with the raw and filtered signals.
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waveform analysis) while the current density J did not showed such an oscillation, (ii) the daily oscillation in T and P
had similar waveforms and where anti-correlated to the oscillation in D/Pd, (iii) D/Pd and T had the highest correlation
(r = 0.7693), (iv) all three signals exhibited phase synchronization over the whole signal length, with the strongest
phase synchronization between D/Pd and T .
Concerning the possible cause of the daily oscillation one can conclude from the obtained results that it is not
probably that a daily variation in the current density J caused the daily oscillations in the three other signals. That
is, the power supply was stable independent over time. Also, there might be a causal relationship between D/Pd and
T (since they are the best correlated). The direction of causality could not be analyzed since of the poor sampling
frequency. Having an higher sampling frequency would allow performance of a causality analysis, such as the Granger
causality test [40] for example.
In general, the factor causing the daily oscillation could be an internal or external one.
An internal factor could be that the electrochemical LENR dynamics exhibit characteristics of a nonlinear physiochemical oscillator, driven by the thermodynamic non-equilibrium and the composition of the reactants. Such selfoscillations where found to occur in different chemical and physiochemical reactions [41–45], where the Belousov–
Zhabotinsky reaction [46] is the most famous one.
The observed daily variation could also be caused by an external factor. The most obvious factors could be a
meteorological variable such as atmospheric temperature, atmospheric pressure or relative humidity. Daily oscillations
are present in the fluctuations of atmospheric temperature [47], atmospheric pressure [48] and relative humidity [49].
Also the concentration changes of NO2 , O2 , O4 [50], CO2 [51,52] and radon [53,54] exhibit a daily oscillation.
Other external factors could be of geophysical (e.g. changes of the geomagnetic field strength and orientation) or of
cosmophysical origin (e.g. changes in cosmic ray intensity and solar wind strength). Periodic geo- and cosmophysical
influences were reported for different physiochemical processes. For example, Piccardi et al. [55] observed daily,
annual and long-term variations in chemical reaction rates. Similar effects where found in crystallisation processes
[56]. They were explained as originating mainly from low-frequency oscillations of the earth magnetic field.
Unexpected daily oscillations were also found in a world-wide network of physical random number generators [57],
in the frequency drift of two quartz resonators [58] and even in the value of the gravitational constant measured using
a torsion balance [59].
Interestingly, unexpected oscillations with different periods where also registered in nuclear decay process. Oscillations with daily [60–63], monthly [60,61,63] and yearly [61,63–72] periods where found. In addition, even an
oscillation with a period in the range of 11–12 years could be identified [70,73] (maybe corresponding to the 11-year
solar cycle).
In order to evaluate whether one of the mentioned internal and external factors caused the observed daily oscillation
in this LENR experiment, further analysis has to be done. One good start would be to replicate the original LENR
experiment of Mizuno et al. [5] and to optimize the experimental setup and measurement with respect to:
(1) Increasing the duration of the experiment and the measurements (suggestion: > 1 month).
(2) Increasing the sampling frequency (suggestion: 1 Hz).
(3) Improving the experimental setup so that there could not be any effect from temperature, pressure and humidity
on the LENR process in the flask.
(4) Continuous measuring temperature, pressure and humidity inside and outside the flask, as well as in the room
where the experiment takes place.
(5) Continuous measuring of the magnetic field strength and the strength of electromagnetic radiation in different
frequency bands.
(6) Performing the experiment at different global locations in order to evaluate whether the daily oscillation is
dependent on the geographical location.
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(7) Simultaneously performing the experiment on different locations and analyzing the time correlation of the
measured parameters.
(8) Applying different kinds of shielding (e.g. lead, aluminium, mu-metal) to the experimental setup.
(9) Intentional variation of the potential influencing parameters (temperature, pressure, humidity, magnetic field
strength, etc.) and analyzing their impact on the occurrence and characteristic of the daily oscillation.
(10) Performing a causality analysis between all measured parameters to determine their relationships.
(11) Measuring the D/Pd ratio with two different methods (gas and resistance method) and evaluating whether the
daily oscillation is present in both parameters or not.
In conclusion, the present study investigated the observed phenomenon of a daily oscillation in an LENR experiment.
No clear answer could be given regarding the origin of the daily oscillation. However, a promising signal processing
framework was demonstrated. It could be employed in further analysis using data from proposed experiments, which
extend the original experiment regarding the duration of the experiment and the recording of internal and external
parameters. Thus, further analyses might indicate the origin of the daily oscillations in nuclear reaction rates.
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