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Abstract. We have analysed the statistical properties of thetured sidebands around the injected radio frequemitydé
stimulated electromagnetic emissions (SEE) spectral featurest al, 1982. It has been given the name stimulated elec-
in the steady state, reached after a long period of continuousomagnetic emissions (SEE) and has spectral and temporal
HF pumping of the ionosphere in experiments performed atcharacteristics which exhibit systematic and repeatable be-
the Sura ionospheric radio research facility in Russia. Us-haviour. A comprehensive description of SEE is given by
ing a digital filter bank method, we have been able to anal-Leyser(2007).

yse complex valued signals within narrow frequency bands. Most models for SEE (e.gStubbe et a).1984 Thidg,
Each of the SEE spectral features are thereby separated intoj@9( are based on parametric processes, which are in-
number of narrow spectral components. Statistical tests Wer@erently phase cohererivgiland and Wilhelmssqnl977
performed for all these spectral components and the distribut eyser 2001). The decomposition products of these wave-
tions of the spectral amplitudes and phases were evaluategyave interactions are strictly phase coupled to the pump
Also, a test for sinusoidal components was performed. Thes@ave. Since the pump itself is highly phase coherent, the
tests showed that all observed SEE features were IndlstlnSEE features should also show a h|gh degree of Coherency
gUiShabIe from coloured Gaussian noise. The test results exf they are to be exp|ained pure|y by parametric processes.
clude that the SEE features can be the result of a single isorowever, from the PSD alone it is not clear whether the
lated coherent process, but does not rule out that there coulghectral SEE features correspond to coherent or noise-like
be many statistically independent parametric wave-wave proprocesses. To answer this question we have analysed the am-
cesses taking place simultaneously at various parts of thgjitude and phase distributions of the spectral SEE features

HF-pumped ionosphere, as long as the superposition fromynd also considered their first order statistics.
all these is incoherent. Furthermore, from the test results, we

cannot exclude the possibility that the waveforms of some,
or all, of the SEE features may be chaotic.

Keywords. lonosphere (Active experiments; lonospheric ir- 2 Hypothesis

regularities) — Space plasma physics (Wave-wave interac- S _ _
tions) A simple model for a deterministic signal is a superposi-

tion of sinusoidal modes with well defined amplitudes and
phases. Therefore, we apply a sum-of-sines model with the
calculation of a windowed Fourier transform and the use of
a digital filter bank approach. The filter bank contains all
the narrow frequency bins obtained from the Fourier trans-

the ionosphere at a frequency near a resonance frequency qum and here the term spectral component refers to these

the ionospheric plasma gives rise to secondary radiation fromy arow frequency bands. The Fourier transform resolution

the ionosphere. This secondary radiation has a power speé§ chosen such that the SEE features span over many spec-

tral density (PSD) with weak, asymmetric, and richly struc- tral components. Background noise is also present dqung
the measurements and the data can therefore be considered

Correspondence tdR. L. Karlsson as weakly deterministic. Furthermore, after several seconds
(rk@irfu.se) of continuous pumping of the ionosphere, the statistics for

1 Introduction

A powerful HF radio wave transmitted from the ground into
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the PSD do not change over time and the SEE is said to be iffest 2 (T). Test for the distribution of the spectral component
steady-state. phases.

Most basic SEE models are based on parametric decay
processes, which conserve energy and momentum. For Here the phase distribution of the spectral SEE features are
three-wave decay process, the conservation of energy angompared with the uniform distribution.

momentum implies that We rejectHp if the SEE spectral component amplitudes
are not Rayleigh distributed or if the SEE spectral compo-
®mother = Wdaughte; + ®daughtey (1) nent phases are not uniformly distributed. In that case we

suspect that the SEE features contain a DC component and
coloured complex Gaussian noise, but to insure that the DC

Letting ¢ denote the phase of a wave, we hawhitham component is present, a third test for sinusoidal components

kmother = kdaughte{ + kdaughtef . (2)

1974 must be undertaken.
w— _3_¢ 3) Test 3 (T3). Test for sinusoidal components.
Y,
k=V¢. 4) Sinusoidal components give rise to a non-zero mean value of

o ] the spectral component amplitudes and we test the data for a
This implies that the total phase also is conserved for the,;org mean value.

interaction: Under the assumption tha@t has shown that the spectral

component amplitudes of the SEE features are not Rayleigh
distributed, we have two possibilities. Eith&g shows pres-
In other words, if the pump wave is monochromatic and ence of sinusoidals which implies that the amplitudes are
phase coherent, the decay products should also be phase dgice distributed Rice, 1944, or T3 does not show any sign
herent. of sinusoidals and the amplitudes have an unknown distribu-
We investigate whether the SEE features are coherent anton. If, on the other handT; and T> show that the spec-
can be described as a sum-of-sines with additive noise. A sitral components of the SEE features cannot be distinguished
nusoidal gives rise to a DC component of the amplitude androm narrowband Gaussian noise, ilgg,can not be rejected,
the amplitude distributions of noise added sinusoidal signalghe outcome ofz is irrelevant.
follow Rice distributions Rice 1944). On the other hand, if Radio interferences are present in most SEE data. These
no sinusoidal components are present we have narrowbanghan-made signals should be different from noise. Conse-
or coloured, Gaussian noise with Rayleigh distributed ampli-quently, we expect them to show deviations from the spec-
tudes of zero mean value and uniformly distributed phasesral amplitude and phase distributions of coloured complex
(Bendat and Pierspl971). Gaussian noise.
The statistical properties can be used to assess the stochas-
tic/deterministic nature of the SEE features. This has been
done in the form of a number of statistical tests, where we
expect to reject the null hypothesis: 3 Method

®mother = $daughte; + Pdaughtes - (5)

Null Hypothesis (Hp). SEE is coloured complex Gaussian noise. In order to test the statistical hypotheses of the spectral SEE

_ ) features, we have performed in total three goodness-of-fit
In other wordsH states that the complex amplitudes in nar- (asts. The first tesT, is a x2 test to investigate the simi-

row frequency bands of the SEE spectrum do not contain anyy ity hetween the measured amplitude distibutions and the
DC components and are the results of a narrowband Compleﬁayleigh distribution. The second tdtis also a2 test in-

Gaussian process. _ vestigating if the phases are uniformly distributed. Finally, a
According toHo, the SEE spectral amplitudes should be risher's tests is performed to examine if the spectral com-
Rayleigh distributed while the phases should be unlformlyponemS contain sinusoidals.

distributed Bendat and Pierspll971). In order to validate
Ho, we perform a number of tests. In the first two tests We3 1  Filter bank
investigate the amplitude and phase distributions and com-

pare with the distributions of narrowband Gaussian noise. The analysed complex valued SEE data) were divided

into M non-overlapping segments 61024 samples. For
each of these segments, a windowed Fourier transform was
calculated using the von Hann (Hanning) window. Thereby
In this test a comparison between the amplitude distribution1024 spectral components were formed and these make up
of the spectral SEE features and the Rayleigh distribution ighe filter bank. Defining=Lf/fs as the frequency index or
made. spectral indexz =t fs as the time indexfs as the sampling

Test 1 (T1). Test for the distribution of the spectral component
amplitudes.
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frequency, and as the temporal window function, the win- whereM is the total number of estimates per spectral com-

dowed Fourier transform becomes ponent, andVpy , (s) denotes the number of amplitudes in
L ionsi/L bin n as predicted by the normalised Rayleigh distribution.

2z X(T + Dh(De . (6)  The test parameteD4(s) is x? distributed with 99 deg of

S k(D)2 freedom.

The windowed Fourier transform is used in the statistical3.3 Ta: Test for the distribution of the spectral component
analysis of the spectral amplitudes and spectral phases. Im-  phases

plementing no overlap, the number of independent estimates

M per spectral component is equal to the total data lengthThe expected result of is that the spectral component

X (s) =

divided byL. phases of the SEE features are not uniformly distributed in
By squaringX. (s) and averaging over all thil estimates, ~ time so thaHo can be rejected. _
an essentially noise free power spectrum is obtained: In this case it is not necessary to normalise the data. In-

stead we add a phase shift corresponding to the total phase
- 1Y 5 shift measured from the start of the time series. After that, the
() = MZ | X ()17 - ) corrected phases were, for each spectral component, binned

=1 into a histogram ofV=100 bins between the outer limitsr.

Historically, for convenience and simplicity, the spectral Let p,, denote the probability that a uniformly distributed
properties of the SEE data have been represented in ternphase will show up in bin and letP, (s) denote the number
of the power spectrum or the PSD. Here the power spectrunef spectral phases in bin Then they 2 phase test parameter
of Eqg. (7) will be used to visualise the SEE features. becomes

3.2 Ty Test for the distribution of the spectral component NSO, (s) — Mpua ()]
amplitudes Qp(s) = ; Mpun(s)

: ©)

According toHo, no DC component is present and the Spec-yyherey is the total number of estimates per spectral compo-
tr_al gmplltudes should have zero mean value ant_j be Rayleughent, andVpy,, (s) denotes the expected number of spectral
distributed. In presence of sinusoidals, the amplitudes have Bomponents in bim according to the uniform distribution.

non-zero mean value and do not follow a Rayleigh distribu-Tpe phase test parame@p (s) is x 2 distributed with 99 deg
tion. By performingTy, we expect to show that the spectral 4 freedom.

amplitudes are not Rayleigh distributed so tHatcan be re-
jected, with implication that the SEE features are statistically3 4 T5: Test for sinusoidal components
different from coloured complex Gaussian noise.

In order to put spectral amplitudes of different power on Test T; examined whether the spectral component ampli-
an equal footing, the data was normalised by dividing eachtudes were Rayleigh distributed. If a deviation from the
spectral amplitude with the square root of its time-averagerayleigh distribution is found, the spectral component am-
power as given by Eq.7]. For each spectral component, plitudes should contain sinusoidals, which is indicated by a
the normalised spectral amplitudes were then binned into @on-zero mean value. [fs, the mean value is tested. This is
histogram with linear spacing. done by studying the first order spectrum, which is the mean

Let pr.» denote the probability that an amplitude belonging value of the spectral amplitudes. Expressed in power units,
to a Rayleigh distribution will show up in bin. Then the  the first-order spectrum is
productMp; , represents the total number of amplitudes in
bin n. The limits of the first and last bins has been chosen
so that the number of amplitudes in the outer bins is slightly Sm(s) =
higher than five. For smaller values than five, gtfetest will

i isleadi It. | I, 101 bi h . )
give a_m|s ea@ng resu't n total, 101 bins were used a}nd t el'he test parameter has been chosen as the quotient of the first
first N=100 bins were intended for the useful data, while the .

to the second order spectrum. With the second order spec-

highest bin was used to collect all the large amplitudes of low . . .
probability which were excluded from the test, trum given by Eq. ), the Fisher’s test parameter becomes

2
(10)

M
D Xe(s)
=1

1
M

For a spectral index, we denote the number of ampli- u 2
tudes within binz by A, (s) and thex? spectral amplitude s ’Zf=1 XT(S)’ 1)
§) = ————
test parameter becomes 3 1:4:1 X, (5)[2
N=100 2 S L .
04(s) = Z [An(s) = Mpra(s)] @) which is F distributed with 2 and 2/—2 deg of freedomRer-
= Mpy , (s) ’ cival and Walden1993 p. 499;Thomson 1982.
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ol T I:I Interfereace ] . Interferences .orig.inating frc_)m other.radio sources are in-
dicated by shading in Fidl. Since the interferences are of
approximately the same intensity as the SEE features, it is

-40 1 PUMP 1 illustrative to use them for comparison.

& 60| g 5 Results
5, z
& = gL
§ _sol % sum The probability density of observing a certain amplitude is
£ < shown in Fig.2. Most of the spectral components show dis-
8 > ] tributions close to a Rayleigh distribution. This is particu-
-100t | larly clear in the figure for the frequeney120 kHz, which
describes an almost perfect Rayleigh distribution. Some
spectral components seem to deviate from the Rayleigh dis-
120 50 0 =0 100 tribution. This is the case for the interferences marked in
Frequency shift relative to the pump [kHz] Fig. 1, the pump wave, and the tentative BDM. Comparisons

with the Rayleigh distribution are shown in detail for spec-
Fig. 1. The SEE spectrum with the visible SEE components indi- tral components of the DM, the pump wave, and the tenta-
cated. Interferences from other radio sources are marked by shadive BDM in Figs.3, 4, and5, respectively. In these figures,
ing. The data was taken at the Sura ionospheric HF pumping facilthe amplitude distributions are plotted with solid lines and
ity, Russia at 15:46 LT on 22 September 1998. the Rayleigh distributions with dashed lines. Visually, the

DM appears to be Rayleigh distributed while the amplitudes

of the pump and the tentative BDM seem to deviate from
4 Experiment and data a Rayleigh distribution. The BUM, UM, NC, and 2DM alll

show distributions similar to the DM.
The data we have analysed was measured at the Sura iono-

spheric HF pumping facility, close to Vasil'sursk, Russia on 5.1 Test analysis
22 September 1998. The receiving antenna was directly cou-
pled to an Hewlett Packard E1437A VXI digitiser without While Figs.2-5 only give indications about the shapes of
any filters or amplifiers in between. The HP E1437A pro- the amplitude distributions, the goodness-of-fit tests provide
vides up to 23 bits linear sampling at 20 Msamples/s, per-a more precise answer. The value of jifetest parameters
forms digital down-conversion, and outputs complex valuedare shown in Figs6a andéb. Figure6a displays the spec-
signals (I and Q) in calibrated units. tral amplitude test parameter @f and Fig.6b the spectral

In this paper, we present data captured at 15:46 LT. Duringohase test parameter . In Fig. 6c, the SEE power spec-
the experiment, the pump was turned on for 60 s at 6760 kHzrum is shown. The vertical dotted lines are the same as in
in O mode and injected vertically into the overdense plasmaFig. 1 and have been drawn to make it easy to identify the
of the ionosphere. We have omitted the first 12.5s aftertest parameters of the SEE features.
pump onset, thus allowing the SEE features time to reach In both tests, the test parameters aredistributed with
a steady state. In total, about 12 million samples at a base®9 degrees of freedom. The values of 5%, 0.1%, and
band sampling rate of 320 kHz were used. With a filter bank10~#% have been plotted in Figéa and6b. These corre-
of L=1024 spectral components, the total number of samplespond to values of the test parameter giverBy:(99)=123,
gives M=11718 independent estimates per spectral compox§001(99):148, and(f(re(99):181- respectively. The mean-

nent. ing of a p value of, for example, 0.1% is that with a proba-
Using Eq. 7), the time-averaged power spectrum can bebility of 99.9%, values exceeding? ,,,(99) are not noise.
calculated for the data as it is shown in Fig.The pump and Figure7 shows the sinusoidal component test or Fisher's

some of the SEE featurekdyser 2001), such as the broad testTsz. The first order spectrum given by EQ.0f is shown
upshifted maximum (BUM), upshifted maximum (UM), nar- in Fig. 7a, where the presence of noise makes it hard to iden-
row continuum (NC), downshifted maximum (DM), and sec- tify the SEE features. These features are much clearer in the
ond downshifted maximum (2DM) are indicated in Fig.  smooth second order spectrum, the average power spectrum,
The figure also shows a structure-&80 kHz which is where  shown in Fig.7b (and Figs1 and6c), which has been formed

the broad downshifted maximum (BDM) may appear. This by averagingM/=11718 spectra and thereby effectively re-
structure does not have exactly the shape we would expegnoving the noise.

from the BDM and in the following we will denote it ten- The result of the sinusoidal components t&stis dis-
tative BDM. The tentative BDM is most likely instrument played in Fig.7c, showing the test parametgi(s) given
driven and will be discussed in more detail in S&cE. by Eq. @1). Lines corresponding tgp values of 5%,

Ann. Geophys., 24, 1851859 2006 www.ann-geophys.net/24/1851/2006/



R. L. Karlsson et al.: Statistical properties of ionospheric stimulated electromagnetic emissions 1855

Probability density [%/dB]

Probability density [%/dB]
Probability density [%/dB]

) A 10
Mplitude re, to mean [dB]

20

Fig. 2. The probability of measuring a certain spectral amplitude is shown in percent per dB for the same data ak imRige upper

panel, positive frequency shifts relative to the pump wave are displayed, while the lower panel displays negative frequency shifts. In order to
clearly visualise both small and large values of the spectral amplitudes, a logarithmic scale has been chosen and the spectral amplitudes ar
given in dB relative to their time-average.
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Fig. 3. Comparison between the measured amplitude distributionFig. 4. Comparison between the measured amplitude distribution
of the DM (solid line) and the Rayleigh distribution (dashed line). of the pump (solid line) and the Rayleigh distribution (dashed line).
The same axes as in Figthave been used. The axes are the same as in Fg.
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10

‘ ‘ ‘ ‘ ‘ ‘ ‘ can be rejected for the tentative BDM. In Figg, T3 shows
BDM probability density function no sign of sinusoidals.

Comparing the tentative BDM amplitude distribution of
Fig. 5 with the DM amplitude distribution in Fig3, we see
/ | that the tentative BDM is more spread out than the other SEE
features. Itis because of this spread the test shows a deviation
from the Rayleigh distribution.

An inspection of the time series (not shown here) reveals
that the tentative BDM is caused by a periodic pulse of short

o
T
~
—~

Probability density [%/dB]

i duration with a period of 6.7 ms. It spreads ove85 kHz
from the pump with maximum at30kHz. This structure

ol is not present before pump turn-on but appears directly after,
while the BUM and the DM are not excited until after about a
second. The tentative BDM is most likely a pump transmitter

0 : ‘ : : : > induced interference, but should be investigated further.

-25 -20 -15 -10 -5 0 5 10 15

Amplitude relative to mean [dB] 6.3 The pump wave

Fig. 5. Comparison between the measured amplitude distribution ofj, Figs.6a andéb, T; andT, show that the pump has a clear
the tentative BDM (solid line) and the Rayleigh distribution (dashed yayiation from the Rayleigh and uniform distributions, re-
line). The axes are the same as in Fg. spectively. Furthermore, in Figic Tz displays a non-zero
mean value of the spectral component amplitudes. Therefore,
0.1%, and 10%% has also been plotted. These cor- W€ ¢an conclude that the spectral amplitudes of the pump

responds to values of the test parameter given by theVave is Rice distributed and contain a sinusoidal plus noise.
F-distribution: Fpo5(2,2M —2)=3.0, Fp001(2,2M —2)=6.9,
Fip-6(2,2M —2)=13.8, respectively. Spectral components

with a test parameter larger than, €.ga001(2,2M~2) IS Figure 6a shows that most of the interferences have am-

within 99.9% certainty not noise. Figuite shows that the pjitudes which deviates from Rayleigh distributions, but in

two largest peaks of the test parameter are the pump and theig g only the interference at —95kHz deviates from an

interference at-95kHz. Four other peaks reach above the nitorm phase distribution. This same interference is also

p=0.1% level, but none of them match any SEE feature evene only one for whictis shows presence of sinusoidal com-

though one peak lies between the DM and the 2DM. Thesgonents. Therefore, the spectral amplitudes of the —95 kHz

four peaks are small compared to the two largest peaks anghierference are Rice distributed.

at least one of them should corresponq to the 0.1% of the Eyen though we have modified the phases by adding the

frequencies expected to reach above this level. phase shift from the start of the time series, the interference at

+85 kHz has a phase which wraps around regularly resulting

in very evenly distributed phases and therefore also a clear

minimum for the phase test parameter in F6Q. This in-

6.1 The SEE features terference does not show presence of any sinusoidals and the
spectral amplitudes cannot be Rice distributed.

In Figs.6a and b, the SEE features BUM, UM, NC, DM, and  Therest of the interferences also display large values of the

2DM are seen to have the same values, or even lower valuegmplitude test parameter, which excludes the possibility that

of the spectral amplitude and spectral phase test parametetisey are noise-like. These interferences show uniform phases

as the background noise. Statistically, this means that thén T, and no sign of sinusoidals s, making it probable that

SEE features can not be separated from narrowband Gauso carrier wave is present.

sian noise. No sinusoidal components are therefore expected

to be found andrs does not show any significant deviation 6.5 Detection of hidden signals

from zero mean value.

6.4 Radio interferences

6 Discussion

An interesting property o1 can be noted for the interfer-
6.2 The tentative BDM ence at 40 kHz, which hardly is detectable in the power spec-
trum of Fig.6¢. This interference is almost completely hid-
From T in Fig. 6a we see that the tentative BDM deviates den by the BUM in the power spectrum in Fige, but ap-
significantly from the Rayleigh distribution while in Figb, pears much clearer in the spectral amplitudeTe# Fig. 6a.
T, shows that the spectral phase distribution cannot be disThis suggests that the t€Ef also can be used to detect sig-
tinguished from the uniform distribution. Consequenkly, nals which are concealed by more powerful, but noise-like,

Ann. Geophys., 24, 1851859 2006 www.ann-geophys.net/24/1851/2006/
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(@)
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)(2 amplitude test parameter

x2 phase test parameter

-100

Spectrum, power [dBm]

-110

-120 -100 -80 -60 -40 -20 0 20 40 60 80 100 120
Frequency shift [kHz]

Fig. 6. The result of the amplitude and phase goodness-of-fit tests. Rgratlows theT x2 spectral ampliude test parameter, paing!

the T, x2 spectral phase test parameter, and pé&)ehe average SEE power spectrum with vertical dotted lines marking the SEE features.
The power spectrum is identical to Fify. The p values of 5%, 0.1%, and 1% are marked with the horizontal dashed lines in panels a)
and b).

signals in the power spectrum. The method should also b&oherent, and since the radio transmitter used in our experi-
possible to use in the opposite way to remove interferencesnent is highly stable this explanation is not sufficient on its

hidden in data which are expected to be random. own. Our results does not, however, rule out the possiblity
that there could be many statistically independent parametric
6.6 The SEE generation process wave-wave interactions taking place concurrently, at various

locations in the pump-ionosphere interaction region. Thus
We have found that, based on the statistical tests used her#he parametric wave-wave model can be reconciled with our
steady-state SEE features cannot be distinguished from coFesults, but only if we assume that there are a large ensemble
ored Gaussian noise. This result has implications for whichof such wave-wave interactions, over both space and time,
processes may be involved in the generation of SEE. Nowand that the induced fields superimpose incoherently at the
the established explanation for several SEE-features (such dgceiver.
the DM) is that they are induced by parametric wave-wave It should be pointed out that the statistical tests we have
processes initiated by the pump. The results of our testaised here do not exclude the possibility that some, or all, of
are, however, not compatible with a single, isolated para-the time series of the SEE frequency component waveforms
metric process. This is because the waves induced in thisould be chaotic, since, for instance, our statistical tests did
way are necessarily coherent as long as the pump wave isot involve higher-order (cross) moments of the time series.

www.ann-geophys.net/24/1851/2006/ Ann. Geophys., 24, 18533-2006
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Mean value spectrum [dBm]

-100

Power spectrum [dBm]

-110

10°

2
10

10"

F-test parameter, f

10°

-120 -100 -80 -60 -40 -20 0 20 40 60 80 100 120
Frequency shift relative to the pump [kHz]

Fig. 7. TestT3 for sinusoidal components. Par(@) shows the mean value spectrum (first order spectrum) according td 8car(d
panel(b) the power spectrum (second order spectrum) from Eq. This power spectrum, with vertical dotted lines indicating the SEE
features, is identical to the power spectrum in Figand6. In panel(c), the T3 test parameter, given by EdL1), is shown together wittp
values of 5%, 0.1%, and Td%. The two largest peaks in panel (c) are the pump and the interference at —95 kHz.

In particular this may be the case for the BUM feature, which computationally demanding to use for the large number of
is difficult to explain in terms of parametric wave-wave pro- samples needed to obtain a satisfying result.
cesses.

Expressed with respect to the sampling frequency of
320kHz, the 1024 sample von Hann window, which was
used in the analysis, has the uncertainty in tixwe=0.453
A clear indication that the presented method works is givenms and in frequency\ f=180 Hz. This gives an uncertainty
by the fact that the pump wave and the man-made interferproduct of Af At=0.0817, which can be compared with the
ences, which all are known to be coherent, also are indicate¢hegretical minimum of 1/(#)=0.0796. Further, the time
as coherent by the statistical tests, and that the spectral COMpgment usage is 14% and the effective bandwidth 58%.
ponents not corresponding to any SEE features or other margy also implementing overlap, the usage in time can be in-
made processes all appear as noise in the tests. creased, but the price to pay is that the data will contain re-

The multi taper methodRercival and Walden1993 dundant information. In this paper we have not used any
Thomson 1982 could also have been used for the analy- overlap for the Fourier transform so all the spectral compo-
sis, but that method is not optimal in this case because it is1ents are independent.

6.7 Remarks

Ann. Geophys., 24, 1851859 2006 www.ann-geophys.net/24/1851/2006/
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