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Abstract

Low frequency electrostatic waves excited by the two-stream insta-
bility in the auroral zone E-region over northern Scandinavia are
studied. Electric field fluctuations and electron density fluctuations
were detected by instrumented rocket payloads during the ROSE
campaign. The origin of these waves and their driving mechanism
are discussed by looking into the physics of the E-region. These
waves were excited by an instability in partially ionized gas, where
dc magnetic and electric field are present. The magnetic lines are
almost perpendicular in the auroral regions and have practically in-
finite conductivity. This causes a projection of a horizontal electric
field from the magnetosphere to the ionosphere. The E x B drift
in the instability region, due to the high collision frequency for the
ions and the high mobility of the electrons, generates a Hall cur-
rent. In substorm conditions, a drift of electrons, the Hall current,
generates the two-stream instability waves when this drift velocity
exceeds that of the ion acoustic sound velocity. The energy for the
waves is generated by the external mechanism which maintains the
dc electric field. The dispersion relation, phase velocity, direction
of propagation and some statistical properties of these waves are
discussed. Various signal processing methods are tailored to the
nonstationary signals and the results are analyzed in the context
of the constraints resulting from the nature of the measurements.
In that respect, the application of parametric spectral analysis are
justified treating short data series. The justification on the applica-
tion of a parametric spectral method is then transfered to the higher
order spectral analyses where we have used AutoRegressive models
as the basis for evaluating the bispectrum and bicoherence. Pos-
sible nonlinear couplings like harmonic generation are investigated
by a study of the higher order spectral properties of the detected
signals. The results support a model where energy cascades from
low frequency, long wavelength fluctuations towards smaller scales
with higher frequencies. To acquire the dispersion relation of these
waves, different Time Delay Estimation (TDE) methods have been
discussed and applied to the data. The phase velocities found by
these methods for the waves generated by the instability confirm the
suggestions that in spite of the standard models of the two-stream
instability which predict a phase velocity near the drift velocity, the
phase velocities are at much lower levels. The local gradients in
plasma density can be responsible for such low velocities. We also
established a dispersion relation for the waves. The results indicate
a dispersion, where low frequencies have the smallest phase veloci-
ties.
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1. INTRODUCTION

Low frequency electrostatic waves in the auroral
oval over northern Scandinavia were studied by
instrumented rocket payloads (Rose et al., 1992).
These waves were excited by an instability in an
ionized gas, where dc-magnetic and electric fields
are present. The free energy exciting the waves
was supplied by the external mechanism which
maintains the dc electric field. The consequence of
the process is fluctuations in plasma density and
an associated electric field (Pecseli et al., 1993).
Two-stream unstable waves driven by E x B drift
in the E-layer have been investigated in partic-
ular (Pecseli et al., 1989). The magnetic lines
are almost vertical in the auroral regions and the
conductivity along B is practically infinite. This
causes a projection of a horizontal electric field
from the magnetosphere on to the ionosphere. If
the electric field strength exceeds a certain thresh-
old which is of the order of 20-50 mV/m, the elec-
trojet current caused by this electric field gives
rise to unstable plasma waves. The purpose of
the present study is to analyze the data obtained
by rocket born sensors launched into the instabil-
ity region and to observe any ordered structure in
the perturbations in the plasma. Characteristic
phase velocities and wavelengths of these waves
are estimated. Also the possibility of couplings
between different frequency modes is investigated.
Parametric spectral estimation is used both for
power spectral density functions and as a basis
for higher order power spectral characteristics such
as bispectral and bicoherence analysis (Iwama et
al., 1992). These latter quantities serve as in-
dicators for nonlinear wave-couplings in plasma.
A statistical analysis is presented, demonstrating
the nonGaussian nature of the data, indicating
the existence of coupled harmonics. It is demon-
strated how parametric spectral analysis, as Au-
toRegressive (AR) methods (Kay & Marple, 1981),
can be used in preference to Fourier transform for
short data sequences. This procedure is necessary

since the data stream is non-stationary due to high
speed of the rocket and its spin together with tem-
poral inhomogeneities in plasma conditions. The
algorithm renders a better evaluation of the tran-
sitory nature of data in following the development
in time of different modes of irregularities. A bis-
pectral estimator can also be obtained on the ba-
sis of an AR-estimator replacing the Fourier trans-
form when estimating the bispectrum (Iranpour &
Pecseli, 1994). The methods used are nonstandard
in investigations of ionospheric data. We demon-
strate the presence of fine structures which have
not been noticed previously by studies of these or
similar data. Also simulations with synthetic data
were performed to demonstrate the reliability of
the applied methods. The analysis indicates that
for large amplitudes, wave-wave coupling can be
responsible for the cascade of energy to higher fre-
quencies where the energy driven by the Hall drift
is dissipated by the viscosity of the medium.

To highlight some of the nonlinear coupling
mechanisms statistical approaches like variance
and higher moment analysis methods were applied
to the data. We also applied the concept of En-
tropy and information measure (Gressilon et al.,
1993) to ionospheric data analysis in search of or-
dered structures. Fluctuations detected by rocket
born sensors are analyzed by this method in order
to reveal statistical relationship between different
probe signals. We have shown that in some regions
where classical methods like Cross Correlation are
not yielding clear results, the information measure
algorithm gives a clear indication of the existence
of wave structures (Iranpour & Pecseli. 1995).

2. NONLINEARITY IN SPACE
PLASMA WAVES

2.1. Nonlinearity
Many of the physical processes, specially in me-
chanics were seen as linear systems. Later on, in
spite of observing nonlinear effects, nonlinearity
was and still in many cases is treated as a small de-



viation from a linear approach. Physical processes
are inherently nonlinear. Sometimes the nonlin-
earity is observed first when a physical threshold is
exceeded. In strong nonlinear systems we observe
this inherent nonlinearity immediately. Often a
simple technique is used to solve for the state of
the phase space in a weak nonlinear process and
in the vicinity of a given state through lineariz-
ing for small deviation from that state. Taylor
series can be used to calculate a deviation in the
neighborhood of a certain state. The swinging of
a pendulum is an example of a physical process
in which the nonlinearity is hardly observable for
small amplitudes. For small angles we can ap-
proximate 'sin #' and thus linearize the equation
of motion of the pendulum.

2.2. Swinging Pendulum
The swinging pendulum is a good example of a
nonlinear phenomenon generating higher harmon-
ics. The solution of a pendulum motion can be
simplified by linearization.

or (1)

where u> is the angular velocity and t is the
length of the pendulum. When the deviation angle
from the equilibrium point is small we can linearize
the above equation by approximating sin 6 ~ 6.
We will then have

— ?-6 = 0. (2)
df2 I

The above equation is the equation of a simple
oscillator with u2 = f. When simulating equation
(1) in its exact form and sampling the process,
the resulting time series indicates the existence
of higher harmonics. This simulation was imple-
mented for MatLab. By introducing a damping
factor in equation (1) and including a pumping
frequency from a constant amplitude oscillator or
pendulum a more general picture appears. Then
for the first pendulum we can write:

at
^

where <f>(t) is the external forcing, A is the damp-
ing factor and c the coupling constant between the
two oscillators. A set of simultaneous equations
will determine the state of any similar complex
system consisting of a multitude of interacting os-
cillators. The resulting frequencies in such a sys-
tem will be the differences and the sums of the

fundamental harmonics interacting with the prod-
uct components as long as the bandwidth of the
oscillators allow this interaction. The fundamental
frequencies thus decay to other frequencies. The
order of the nonlinearity can be decided by replac-
ing sin 0 term with a finite order taylor series which
approximates this function.

.
(4)
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Contrary to linear systems where a bounded in-
put generates a bounded output the stability of a
nonlinear system can be a function of initial con-
ditions. Thus there is no way to define a simple
general law for the stability of a nonlinear system
and the system often is treated for each possible
initial condition in order to map its behavior. Of-
ten we resort to simulation to observe the behavior
of the system a.s a function of initial conditions.

2.3. Nonlinearity in Plasma
A good example illustrating a nonlinear system
is a periodic input, creating a harmonic response.
Imagine a system which multiplies the input fre-
quencies to give

y{t) = sin(uxt + dx)sm{u)2t + 62). (5)

The resulting output consists of frequencies at
the sum u>i -\-u)-> a n d the difference uj\ — wn . These
frequencies in turn can couple and cause the en-
ergy of the system to be dispersed into other fre-
quencies. A second order system where a harmonic
input gives rise to higher harmonics is called a
Quadratic Phase Coupled system. As an example,
harmonic generation in plasma can be regarded as
a forward scattering of a wave by itself (Porko-
lab & Chang, 1978). Another nonlinear effect en-
countered in plasma physics are the parametric in-
stabilities. The analogy is two coupled oscillators
which are driven by a pumping frequency. If the
oscillators have a finite bandwidth to allow a num-
ber of modes, it can be shown that the pumping
frequency decays to other unprohibited frequen-
cies, namely sums and differences of the pumping
frequency and the oscillators' natural frequencies.
In its plasma equivalent this means that a cer-
tain mode on a dispersion diagram can decay to
its components on other dispersion relations per-
mitted by the physical medium. For example an
incident electromagnetic beam can excite two elec-
tron plasma waves (Chen, 1990).

If nonlinearity did not exist, the amplitude of
some wave modes could increase to infinity. The
reason that it does not happen is that nonlinear



Figure 1. A possible mechanism for the projec-
tion of the electric field from magnetosphere to
the ionosphere is illustrated (Bostrdm, 1964)• The
electric field mapped on the ionosphere together
with the polarization electric field cause the cross-
field drift which sets up the instability in the auro-
ral region.

mechanisms restrict the infinite growth of the am-
plitude.

3. THE PHYSICS OF THE E-REGION
IONOSPHERE

3.1. The Parameters in the E-region iono-
sphere

The waves studied here are excited by a two
stream instability in the magnetized plasma. The
model consists of a plasma beam injected into a
partially ionized gas environment with dc mag-
netic and electric fieldc present. The energy of
the plasma stream goes into exciting these waves.
This process takes place in the auroral regions in
the ionosphere where an electric field is superposed
on the ionosphere through the magnetic field lines.
Magnetic field lines interconnect the ionosphere
with the outward space in the magnetosphere.

In the near Earth space the solar wind is influ-
enced by and may also be trapped in the Earth's
magnetosphere. Many of these particles find their
ways into the atmosphere and in this way transfer
energy to the upper layers of the atmosphere in
the polar cap region. This plasma injection affects
the polar ionosphere in many ways. The particle
injection causes the conductivity to vary in auro-
ral regions. The conductivity along the field lines
is practically infinite. This causes the electric field
components in the magnetosphere to be projected
onto the ionosphere. Birkeland currents parallel
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Figure 2. Typical conductivity values for the day-
time and night-time ionosphere (Brekke, 1993).

with the magnetic field lines close the circuit be-
tween the magnetosphere and the ionosphere be-
cause of the high conductivity of the field lines.
However, currents in the auroral oval can also set
up strong local polarization electric fields. The
ionosphere itself acts as an ohmic load in this cir-
cuit. Figure 1 illustrates a simple view of the ge-
ometry and the dynamic of this process. The dc
electric field, particle accumulation and conductiv-
ity cause electric currents to be set up in the polar
auroral oval. The electric field configuration inside
the auroral oval drives a Hall drift in the auroral
region. The high collision frequency with the neu-
tral gas in the ionosphere, for altitudes near 100
km, makes the ion Hall drift negligible. This is
because the relation %-<&£• holds for this re-
gion where •£*• and •£• are the ratio between colli-
sion frequency to the cyclotron frequency for the
electron and ions respectively. This also means
that for this region, the electrons are magnetized
(z/e

2 -C Qg) while the ions are collisionally domi-
nated (i/i2 » Q-). If the electric field's strength
exceeds a certain threshold, the relative Hall drift
velocity between the electron and the ion com-
ponents surpasses the ion-acoustic sound veloc-
ity and the linearly unstable are excited (Farley,
1963).

The general equations for the current configura-
tion in the plasma are :
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j = yVg(V i-Ve) (6)

where N is the charge density, q is the positive ion
charge and a is a tensor.

up

-<7H

0

oH 0 \
^p 0 (8)
0 <r(| J

ap is the Pedersen conductivity in the E direction,
aH is the Hall conductivity in the E x B direc-
tion and <7|| is the parallel or the Birkeland con-
ductivity parallel to the B. Radar facilities can be
used to obtain the electron density height profile
and to convert them into the conductivity profile
(Liihr, 1992). The term V| - Ve is the difference
between the ion and the electron drift velocities.
The ion drift velocity due to the collision frequency
with neutral atoms and molecules is small com-
pared to the electron drift velocity in altitudes be-
tween 90-120 km. Hence, the E x B drift causes
a net current, perpendicular to both of the field
vectors. While this E x B drift is operating on
a large scale, intense localized currents arises dur-
ing the polar magnetic substorms. These currents
flow from East to West along the midnight sec-
tion of the auroral oval and are called electrojets.
According to the generalized Ohm's law we have

Ex x B
B

in = ffnEn

(9)

(10)
in terms of the parallel and the normal components
with respect to the magnetic field lines. Writ-
ing the equation for an ion moving in an electric
and magnetic field for high collision frequencies we
have

0 = ^(E + V, x B) -mji/jVi (11)
where Vi is the collision frequency of the ions with
the neutral gas. The same relationship can be
written for electrons. With some manipulation we
will arrive at

(12)

where a and j3 are mobility coefficients for the par-
ticles along and normal to the electric field respec-
tively and are functions of ^, the ratio between
collision frequency to the cyclotron frequency. The
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Figure 3. Typical electron density profiles for so-
lar maximum and minimum. The electron density
profiles are given for both daytime and nighttime.
The notations D. E, Fl and F2 here denote the
different layers in the ionosphere (Egeland, 1994-
Adaptedfrom Rees. 1989).

conductivities are defined by aP = qN(Qi — ae)/B
and aH — qN{3e — J,)/B while the mobility coef-
ficients are :

<* = rfe (13)

or as a function of i//Q:

a —
v/Q.

(14)

The mobility coefficient a becomes maximum
(a = |) when v — f2 . Since it is the ratio of
the Hall conductivity to the Pedersen conductivity
which decides the appearance of the electrojet cur-
rents (Egeland et al., 1992) during auroral activity
and the conductivities are themselves defined by
the mobility coefficients, we expect the two-stream
instability in an approximate altitude of 100 km.

The polarization field which is set up in the au-
roral region is a function of the conductivity, while
conductivity itself is a function of the densities of
the charged particles. The densities of the charged
particles are subjected to strong local particle pre-
cipitation caused by substorms. These densities
change with altitude, latitude, time of the day,
season and solar activities. A typical profile of the
conductivity variations and of the electron density
changes as functions of altitude are given in fig-
ure 2 and figure 3 respectively. Since the mobility
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Figure 4. Typical values for the plasma parameters
during the Rose flights (Rinnert, 1990).

factors are themselves functions of the cyclotron
frequencies, conductivity too depends on these
frequencies. Because the cyclotron frequency is
ft = \q\B/M, these frequencies are functions of the
mass of the ionized particles A/,. In the E-region,
the dominant positive ion types are NO+ (30 amu)
and Of (32 amu) which are in almost equal abun-
dance (Rose et al., 1992). The cyclotron frequen-
cies together with some other plasma parameters
are given in Table 1, while the collision frequencies
can be read in figure 4.

Parameter
Qe

Qt for Ot
Qi for NO+

Eo (F4 flight) (Rose, 1992)
Bo

Eo/B0

Ct (F4 flight)

Value
9.4 x 106

1.6 x 102

1.7 x 102

42
53
790
~400-450

unit
rad/s
rad/s
rad/s
mV/m

m/s
m/s

Table 1. Some local plasma parameters at the alti-
tudes where the two-stream instability occurs. The
drift velocity (Kohl et al, 1992) is 850 m/s while
the ion sound velocity for F4 (Flight-4 or Rose4)
is given to be almost 400-450 m/s at an altitude
of 110 km.

and momentum equations describing these plasma
waves, are according to Fejer et al. 1984 (Rinnert,
1990) defined by :

= u;r +
F is the growth rate

(15)

?~]- (16)

The first term in the bracket is due to the two-
stream instability and the second term due to the
gradient-drift instability. Both instabilities are in-
cluded in the same dispersion relation. The re-
combination term is negligible in the region under
study and is not included here. Furthermore

k - V d

1 -f- ifi

^ = ft7^(1 + ^ )

c* - ( I?

(17)

(18)

(19)

where C, is the ion sound velocity and kB is the
Boltzman factor. The phase velocity V^ = u>r/k
can be found from equation 17 and has a value
near the drift velocity Vd. As we will see, our ex-
perimental results will dispute this. The phase ve-
locities in a two-stream instability reach a satura-
tion level near the ion-sound acoustic velocity. As
seen from equation 19, thesound velocity depends
on both the ions and the electron temperatures
and the ion mass. Consequently, the ion composi-
tion in the instability region is important for the
ion sound velocity. The cross-field drift velocity
should exceed the ion sound velocity for the insta-
bility to be excited. Thus the threshold value for
the cross-field drift velocity and the threshold elec-
tric field which causes this drift are all functions of
those parameters which determine the sound ve-
locity. We have furthermore that

3.2. Two-Stream Instability waves
The electrojet currents are responsible for the
plasma instabilities and the electrostatic wave
structures we are encountering in the E-layer iono-
sphere. Exceeding a threshold, the drift veloc-
ity induces the instability. The linearized equa-
tions, derived from the electron and ion continuity

Vd = (20)

(21)

where L^ is the characteristic length of the elec-
tron density gradient perpendicular to B. If we
take L;v to be a very large quantity in the region



of the observed instabilities, the gradient-drift in-
stability in that region becomes negligible. There
has to be an electric field parallel to the density
gradient Vn0 for the gradient-drift instability to
be excited. The growth rate depends on L^ and
not directly on any threshold electric field. The
sign of the density gradient either increases or de-
creases the drift velocity necessary for the insta-
bility to occur (Blix et al., 1994). The cooperative
effect between the two instability mechanisms oc-
cur when Eo • S7n0 is positive (Hasegawa, 1975).
The growth rate of the gradient-drift instability
depends on the ion collision frequency, which re-
stricts this kind of instability to the lower E-region.
In the expression for the growth rate, we have ne-
glected the damping term caused by recombina-
tion. The density of the neutral atmosphere de-
termines the collision frequencies. The remaining
terms have the usual meaning. The growth rate
does also depend on ip, a function of the ions and
electron collision frequencies. When i/e^,/QeQ, is
very small, which is the case in altitudes near 100
km, rp becomes a very small quantity for k\\ near
zero. Therefor, the growth rate F is positive when
Vd exceeds the sound speed C,, which makes the
wave growing. Typical values for the terms Qe, Q,
and C, are listed in table 1. We expect that these
waves propagate with the velocity Vd or slightly
below that velocity (Pecseli et al., 1989). The drift
velocity Vd decreases with the altitude. This is be-
cause the ion collision frequency decreases and the
cross-field drift for electrons and ions approaches
the same value. Since C, increases with the al-
titude, as illustrated in figure 4, the first term in
equation 16 is only positive in a limited range of al-
titudes. It follows that the instability occurs when
ui - k2C] has a positive value and the growth is
limited to altitudes below 115-120 km (Rinnert,
1990).

A look at figure 4 helps us to understand the
physical environment in the instability region.
EISCAT measurements support the profiles pre-
sented in this figure. The drift velocity Vd, repre-
sents the approximate velocity of the electrons, i.e.
E/B. From figure 5, we observe that the velocity
of these particles, for electric fields of 50 mV/m,
exceeds the ion sound velocity Cs illustrated in
figure 4.

The processes which limit the exponential
growth of the instability is envisaged to be ei-
ther the nonlinear effects, which cause the energy
to be cascaded to higher frequencies where they
can be dissipated by viscous interaction with the

160 _

50 mV/m

1000

Figure 5. The profile of the drift velocity Vd =
V. - Vi for a southward electric field of 50 mV/m
('Rinnert, 1990).

molecules in the ambient gas, or the convectively
growing wave entering into a stable region, as the
instability region is not infinitely long. Assuming
that the instability region is long enough, the first
process is responsible for limiting the growth of
the instability waves (Pecseli et al., 1989).

4. ROSE PROJECT

The Rose rocket project was designed to investi-
gate low altitude auroral ionosphere instabilities
in the electrojet zone. The Rose project con-
sisted of four instrumented sounding rockets which
were launched from And0ya in Norway (Rosel and
Rose2) and Kiruna in Sweden (Rose3 and Rose4).
The altitude versus flight time trajectory for the
Rose4 flight is given in figure 6.

The flights were coordinated with measurements
from STARE (Scandinavian Twin Auroral Radar
Experiment) radar and EISCAT (European Inco-
herent SCATter system) radar. While STARE es-
timated the phase velocity of the plasma waves in
the instability region, EISCAT was used to eval-
uate parameters that are not measured by the
rocket experiment, i.e. T, and ne (also called Ne)
and the dc electric field (Kohl et al., 1992). A mass
spectrometer was also on board in the rockets to
measure the positive ion composition.

One of the most important objectives of this
project was the study of the nature of the insta-
bilities in the plasma composition of the auroral
E-region. The project was launched in order to in-
vestigate the parameters driving the instabilities,
parameters like electron density and magnetic dc
field. The project was also designed to investi-
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Figure 6. The altitude trajectory of the Rose4 flight
versus the flight time.

gate the effect of the instabilities in terms of elec-
tron density fluctuations and electric and magnetic
field fluctuations. An ac magnetometer measured
a magnetic component coupled with the electric
fluctuations. Since no such coupling was observed
it was concluded that the electric field fluctuations
are purely electrostatic. A modified two-stream
instability is excited due to the E x B drift. The
dc electric field is measured by a radar. The data
from the radar are used to estimate the E x B drift
velocity in altitudes near 150 km where the colli-
sion frequency is much less than the corresponding
frequency in the instability region. The dc electric
field can be deduced from this velocity (Rinnert,
1992).

The fact that the ac electric field fluctuations
vanishes when the drift velocity falls below the
ion sound velocity indicates that the instability is
caused by the two-stream mechanism. Also the
study of the altitude profile of the growth rate for
these waves, which is a function of gyro- and col-
lision frequencies, indicates that these waves can
be ascribed to the two-stream instabilities (Kohl
et al., 1992).

We will primarily investigate data from the
Rose4 launch. While Rose4 was launched in a
westward electrojet, the other three rockets were
sent into an electrojet directed Eastward with elec-
tric fields having opposite signs (Rose et al., 1992).
Rose4 flight was launched on the 9th of February
1989 at 23:42:00 UT from the Esrange in Kiruna,
Sweden. The geographical position of the launch
site is <j> = 67°53'40"iV, A = 21°06'42"£\ with the
rocket reaching an apogee of 123 km. A general
sketch of the rocket is given in figure 7.
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Figure 7. Payload configuration for a Rose rocket (Rose et al., 1992).
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Figure 8. Raw data from the U2 probe pairs (top
figure) together with the corresponding filtered data
(bottom). The dc electric field is seen as the strong
spin modulated low frequency component in the top
figure. Also a close look at the filtered data shows
the spin modulation of higher frequency compo-
nents.

4.1. Electric field measurements
While the dc electric field, was derived indirectly
by measuring E x B drift with the help of radars,
the electric field fluctuations were measured in-situ
by a combination of probes residing in the corners
of a tetrahedron. In figure 7, probes 3 and 4 in
the sketch of the rocket make the lower pair while
the upper pair consists of the probes 1 and 2. The
pairs make an angle of 90° in respect to each other.
The separation distance between the two probes of
a pair placed at the ends of a boom connecting the
pair is 3.6 meters. The distance between the two
booms is 1.85 m. If each probe has a potential </>x,
the permutation of all the possible potential differ-
ences A(j) between these 4 probes yields 6 different
combinations. Hence, we have a redundancy rel-
ative to a three dimensional orthonormal vector
basis. The six combinations are

(PI
04
ol

02
4>i
62

- 4>2
- 0 3
- 04
- 0 3
- 0 3
- 64

= C/6
= US
= t/4

= [73
= (72

= tn

Any two probes combination can be assumed
placed on the ends of an axis interconnecting them.
Later, we will be referring to the angle these axes

make with the normal to the wavefront. The dc
probes and their amplifier units are designed to
measure low frequency electric field fluctuations.
The sampling rate is 4 kHz but the data file re-
ceived had a sample for each 0.5 ms (2000/s). Fig-
ure 8 shows the raw data from the U2 probe pair.
In the bottom illustration the spin modulated dc
electric field has been removed by filtering the low-
est frequency components. Figure 9 (bottom) il-
lustrates the spectrogram for one of the 6 com-
ponents of the electric field measurements made
during the Rose4 flight. The spectrogram has a
Nyquist frequency of 1000 Hz. A discussion on the
signatures observed in this spectrogram is given in
the figure caption. The encounter of the rocket on
its route with the instability region ou the upleg
and the downleg is clearly observed in this spec-
trogram.

The first results from the analyses of electric
field measurements showed strong correlation be-
tween the independent measurements of separate
probe pairs. The results of a cross correlation
study between spatially separate measurements
showed high correlation coefficients. Figure 10
presents these results for a short period of time on
the upleg. Because of the spin modulation and the
spatial displacement of the rocket, the strength of
such a correlation is influenced by the number of
samples used in the calculations. Figure 11 illus-
trates a stack of cross correlations as a function of
delay time between the time series and the flight
time for a time interval on the downleg trajectory.
Illustrated in figure 12 are the Root Mean Square
(rms) values integrated over the frequency range
10-1000 Hz . As seen, the energy of the waves
on the downleg is approximately 10 times greater
than the values during the upleg trajectory. These
preliminary results, altogether, pointed at quasi-
coherent structures in the ambient ionized gas and
encouraged a further study of the nature of these
structures.

4.2. Electron density measurements
Two RPA (Retarding Potential Analyzer) sensors,
one in the direction of the rocket axis and another
perpendicular to it. measure the relative electron
density fluctuations Anefne by sensing the varia-
tions in the current Aj/j which flows into a probe.
According to K. Schlegel (1990) the saturation
current into the collector is defined by

j = GeneveF (22)
where G is related to the geometry of the RPA
device, e is the electron charge, ne and ve are the
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Electron Density Fluctuations
Hose4, Electric field. Frequency range 5-1000 Hz

120 140 220 240 260

Electric Fidd Rose4

140 160
Flight Time

200 220 240
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Figure 9. The spectrogram for both the electron
density fluctuations measured by RPA2 (top fig-
ure) and the electric field fluctuations (bottom
figure) measured by the Rose4 flight (frequency
range 10-1000 Hz.) Both of the spectrograms were
treated as images and filtered as such by a two-
dimensional filter in order to smooth the spectro-
grams and enhance the sense of any particular
spectral characteristic. The signatures at the up-
leg and the downleg at about 400 Hz have also
been observed during other campaigns (Pfaff, et
al., 1992) and at approximately similar altitudes.
These spectral signatures are clearly visible at the
approximate flight times of 140 and 220 seconds,
at an altitude of about 114 km. The origins of
these signatures, to my best knowledge, are still
not known. The power is shown by arbitrary units,
logarithmic scale. The data sequence used in the
calculation of each Fourier spectra is 64 milisec-
onds long. The observation window was moved 32
miliseconds each time.

123.5 124
Flight Time Seconds

Figure 10. This figure illustrates the existence of a
coherent structure normal to the rocket axis. The
correlation coefficient and its time development
prove the existence of an ordered structure sensed
by Ul and L'2 probe pairs measuring the electric
field fluctuations during the Rose4 flight. The se-
quences used for 11 and U2 while calculating each
coefficient, is 128 miliseconds (256 samples) long.

Cress-Correlation, U1/U2, Rose4, 5-1000 Hz

Fligh Time Seconds

Figure 11. Cross correlation coefficients as a func-
tion of the time lag betiveen the two probe pairs
Ul and U2 (downleg) indicate the time delay for
the wave to move from one probe pair to another.
The data belong to the Rose4 experiment. The
spin modulation of the time delay is clearly evi-
dent from this figure. The data sequence used in
the calculation of each cross correlation function
is 128 miliseconds long. The window was moved
25 miliseconds each time.
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Altitude
Electron Density Fluctuations, Rosel, 10-1000 Hz
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140 160 180
Flight Time

Figure 12. Energy of the electrojet beam at the E-
region is transferred into waves in a broad band, of
frequencies. The above figure shows a measure of
the relative intensity (rms equivalent) integrated
over the frequency range 10-1000 Hz. The data
belong to the U2 probe pairs measuring the electric
field fluctuations. The active region on the upleg
and downleg is clearly centered around an altitude
of 100 km. The rms was calculated for successive
64 miliseconds long data sequences.

density and the thermal velocity of the electrons
and F is the collecting area. Because of the un-
certainties on the G factor, it is more reliable to
find changes in j , namely A j , rather than j itself.
The signal produced by each RPA was sampled by
a 2000 Hz sampling frequency. The RPA sensors
can be seen in the sketch of the rocket produced
in figure 7. Figure 14 (top) illustrates a segment
of the raw data sampled by RPA2 together with
the filtered data (bottom figure).

The spikes in the data were filtered by using
nonlinear filters. The nonlinear filters developed
used thresholding and statistical characteristics of
the signal like standard deviation or mean value
as a basis for recognizing the spikes and removing
them. The spikes were often related to the tem-
perature mode of operation. The spin frequency
was removed by a 2000 points high pass FIR (Fi-
nite Impulse Response, non-recursive) filter. Us-
ing a FIR filter instead of an IIR (Infinite Impulse
Response, recursive) filter is because of the IIR fil-
ter's need for initial condition and the overshoot
characteristics which depend on the initial condi-
tion. Besides, an IIR filter is not necessarily phase
linear or stable.

The spectrogram of the relative electron den-
sity fluctuations, measured during Rosel flight,

180
Flight Time Seconds

24C

Figure 13. The. spectrogram of the electron den-
sity fluctuations measured by RPA2 during Rosel
flight. The spectrogram was treated as an image
and filtered as such by a two-dimensional filter.
The narrow band signature at approximately 550
Hz is observed in the vicinity of the apogee of the
Rosel flight at 116 km. At one moment, approx-
imately at 170 seconds in the time frame of the
flight, this band seems to be broken by the appear-
ance of a lower than 100 Hz frequency band. The
origin of these signatures, to my best knowledge,
is still not knoicn. The power is shown by arbi-
trary units, logarithmic scale. The data sequence
used in the calculation of each Fourier spectra is
64 miliseconds long. The observation window was
moved 32 miliseconds each time.

Relative electron density fluctuations by RPA-2, Rose4-Raw data

500 1000

Frequency range 10-1000 Hz (bottom figure)

500 1000
Milliseconds

Figure 14. Raw data from the RPA 2 device are
shown in the top figure together with the filtered
data for the frequency range 10-1000 Hz (bottom
figure). The spin modulation is clear in both of the
illustrations.
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is shown in figure 13. The Rosel rocket was
launched on 26th of November 1988, 17:00:00 UT
from Andoya Rocket launch site in Norway with
geographical positions of <f> = 69° 10' N and A =
16°1'15" E with an apogee of 116 km.

The instability region's signature can be clearly
distinguished in this spectrogram. After flying
through it at an approximate altitude of 100 km.
it flies beyond this region and comes back, meet-
ing the instability region again on its way down.
The second encounter is also clearly seen on the
spectrogram. The spectrogram shows higher am-
plitudes for all the frequency components in the in-
stability region. It is in this region that the cross-
field current transfers its energy to the waves.
Most likely, the energy spreads over into the en-
tire frequency range by frequency cascading and
through mode-mode coupling mechanisms. The
energy is cascaded to the higher frequencies where
it is dissipated through viscosity into heat.

There is also an unexplained signature around
550 Hz in the Rosel spectrogram. It is not clear
what kind of physical mechanism has lead to this
signature. A double filter was used on the spectro-
grams in figure 9 to enhance the feature recognized
on the downleg and upleg data, at approximately
400 Hz, both for the electron density fluctuations
and electric field fluctuations.

K. Schlegel (1990) writes that the spectral power
is expressed as a power law where P(f) = afk with
k, the exponential index, being approximately -0.6
at the height where the fluctuations are strongest.
Outside the instability region the exponential in-
dex k is zero, which denotes the spectra of a white
noise process.

The relation between the electric field fluctua-
tions and the relative electron density fluctuations
for the Rose4 flight was investigated by determin-
ing the cross correlation coefficient at each mo-
ment. The spin modulation is visible in all of these
figures. Cross correlation coefficients were also de-
termined between the integral of the electric field
fluctuations and the relative density fluctuations.
Similarly we determined these coefficients for the
differential of the field and the relative density fluc-
tuations. The result of such a correlation between
the RPA signal and the integrated electric field sig-
nal, as expected for harmonic structures, showed a
180° phase shift in respect to the RPA correlation
with the differentiated electric field signal. The
level of correlation seems to be higher for the cor-
relation of the 'raw' data with no prior integration
or differentiation. The results of such a correla-

U6/RPA2 Cross-Correlation, 10-1000 Hz

254 2545 255
Seconds / Smoothed

Figure 15. Cross correlation coefficients between
the electric field fluctuations (U6) and the rela-
tive electron density fluctuations (RPA2) during
the downleg of the Rose4 flight. The spin mod-
ulation is visible in this illustration. Number of
samples in each data set used for calculating every
coefficient is 64- Tht observation window was also
moved 64 samples each time.

tion study are shown in figures 15 to 18. These
results mostly support a linear relation between
the electric field and density fluctuations. Further
studies as to the wavelength dependency of this
correlation is under investigation.

5. SPECTRAL ANALYSIS

5.1. Time series and some statistical defi-
nitions

Previous to a sampling process, the signal is first
filtered by an anti-aliasing analog filter for the
highest frequency to be resolved. The sampling
rate should be at least twice as great as the highest
frequency in the spectra, the Nyquist frequency.

Statistical characteristics can stay constant even
if a signal is nonperiodic as in the case of white
noise. A signal is stationary if statistical moments
are invariant and not functions of time. A signal
can be weakly stationary or strictly stationary. A
Wide Sense Stationary (WSS) signal is when the
first and the second moments are constant while a
strongly stationary signal has all its moments in-
variant. In many investigations of the time series
the signal is required to be WSS. If for instance
a signal is said to be covariance stationary, it im-
plies that its covariance is only a function of the
lag time. It is clear that the rocket signals can
only be assumed to be locally stationary. By this
we assume that if the rocket had stayed in one
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D6WA1 Cross-Correlation, 10-1000 Hz

254 254.5 255
Seconds/ Smoothed

Figure 16. Cross correlation coefficients between
the electric field fluctuations (U6) and the relative
electron density fluctuations (RPA1). The data
belong to the Rose4 experiment during the down-
leg trajectory. Number of samples in each data set
used for calculating every coefficient is 64- The ob-
servation window was also moved 64 samples each
time.

lnl(U6)/HPA1 Crass-Correlation, 10-1000 Hz

254 254.5 255
Seconds/ Smoothed

Figure 17. The relation between the integral of
the electric field fluctuations (U6) and the relative
electron density fluctuations (RPA1) was also in-
vestigated. This figure illustrates this relationship
for a period during the downleg of the Rose4 flight.
Number of samples in each data set used for cal-
culating every coefficient is 64- The observation
window was also moved 64 samples each time.

d!«(U6)/RPA1 Cross-Correlation, 10-1000 Hz

254 254.5 255
Seconds / Smoothed

Figure 18. Cross correlation coefficients between
the differential of the electric field fluctuations
(U6) and the relative electron density fluctuations
(RPA1). This figure illustrates this relationship
for a period during the downleg trajectory of the
Rose4 flight. Number of samples in each data set
used for calculating every coefficient is 64- The ob-
servation window was also moved 64 samples each
time. The cross correlation of the integral and the
differential of the electric field fluctuations with the
relative density fluctuations of the electrons, as it
is expected for harmonic structures, show a 180°
phase shift in respect to each other.
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place, the process measured would have been a
WSS. We have used this assumption in the dis-
cussion on AutoRegressive spectral analysis of the
Rose rocket data.

We could have assumed the 6 electric field mea-
surements, with 3 as redundants, as parallel mea-
surements of the same process. However, the
statistics over the space are different from the
statistics over the time. The target of the study of
the resulting time series is then to investigate the
deviation of these measurements from the Gaus-
sian statistics. We seek to establish any temporal
and spatial structures which imply ordered fluctu-
ations due to the generation of waves. The same
argument goes for the two RPA sensors.

5.2. Spectral Analysis and phase coupling
A persistent pattern of various frequencies may
point to a coupling between these frequency com-
ponents. Though coupled, these components may
shift together in time.

An estimate of the Power Spectral Density
Function (PSD) of a series of samples, is deter-
mined by first applying a Discrete Time Fourier
Transform (DTFT) operation on a finite observa-
tion window. If ST(f) is the Fourier transform
of a sample vector x[n] then PSD is simply de-
fined by 5 « ( / ) = Sr(f)S'(f). To investigate the
simultaneous existence of a multitude of frequen-
cies at a specific time, we may opt to look at the
PSD. However, PSD does not contain any phase
information. Each individual periodogram, par-
ticularly for the short time series, is susceptible to
stochastic variations. Some spectral peaks do not
represent more than random fluctuations. Due to
the length of the time series, it is quite possible
that while one frequency component 'A' can be
present in the first half of the sample sequence,
the other component 'B' may only first appear in
the other half when the first frequency 'A' is no
longer persisting. When a DTFT is applied to the
entire time series, both components appear in the
PSD while they may not be in any way correlated.
Thus, to establish a phase coupling, we investi-
gate the statistical properties of the relative phase
changes between these frequency components over
time. However, statistical estimates in search of
internal phase relations as a function of frequency,
have their own disadvantages in case the frequen-
cies of the coupled modes are not stationary and
shift together. When the signal is inherently non-
stationary, evaluating ensemble averages in order
to establish any phase relation is not straightfor-
ward. In an attempt to indicate the existence of

internal phase relations, a higher order spectral
algorithm will be discussed under the topic of bis-
pectral analysis.

Figure 19 shows a stack of local Fourier trans-
forms indicating harmonic structures in the fre-
quency spectra of the electric field data. The
length of the local Fourier transform should be in
proportion to the rate of temporal changes in the
spectra. A stack of Short Time Fourier Trans-
forms (STFT), defined by local Fourier operations
in time, may indicate a correlation between dif-
ferent frequency components. In order to deter-
mine the persistent nature of the transient struc-
tures and to determine the stationary nature of
the signal, we look at the Autocorrelation Func-
tion (ACF) for the electric field data.. Figure 20
shows the ACF for a short interval of the elec-
tric field data during the Rose4 flight. What this
figure illustrates is the signal's short time station-
arity. with an order of magnitude greater than 100
msec, for at least the dominant low frequency com-
ponent conspicuous in this figure.

To be strictly correct, we have to also deal with
the dispersiveness in the media. Considering a.
dispersive media with a nonlinear k = k(u;) dis-
persion relation, the local PSD may contain fre-
quency components that can be attributed to dif-
ferent time origins.

5.3. Short Time Fourier Transforms
Investigating the spectral density of a set of sam-
ples is often seen as equivalent to a simple DTFT
operation. In reality, many factors may cause our
PSD function to become uninformative or even
misleading.

In most analyses, when the signal is nonstation-
ary, very short sequences of data have to be used.
By doing so we assume, to some extent, a local
stationarity. However, using short intervals of data
means broad spectral mainlobes, rendering the ad-
jacent frequencies to appear indistinct.

Short Time Fourier Transform (STFT) defines
a series of DTFTs performed locally on the short
subgroups of a long series of data. A general study
of this topic is presented by Nawab et al. (1988).
The sample space is partitioned into many smaller
intervals and a DTFT operation is implemented on
each of them. Assuming a finite number of samples
is equivalent to multiplying an infinitely long sam-
ple sequence with an observation window which
has zero values outside the analysis region. This
multiplication in time is equivalent to a convolu-
tion operation in the frequency domain between
the Fourier transform of the signal and the Fourier
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Autocorrelation Coefficients. Hose4, Electric flew, 5-IOOO Hz
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Figure 20. The autocorrelation function for the
electric field data shows often a correlation of an
order of 100 miliseconds for the lowest frequency
components. This figure illustrates the signal's
short time stationarity for at least the dominant
low frequency component conspicuous in this fig-
ure.

transform of the window. If the k-th sample is de-
noted by x(k), choosing a window which has a cor-
responding element w(k), with w(k) nonzero for a
finite length 'N\ we will have

F{ej9) = DTFT{x{k)w{k)}

Figure 19. The harmonics can be observed in each
of the local time Fourier transforms but the fre-
quencies are shifting. These spectra belong to the
electric field measurements of the Rose\ rocket and
are calculated for the 30-500 Hz frequency range
at an approximate altitude of 104 km. The spectra
starts at 118.8 seconds^and the last one is at 119.6
seconds after the start of the flight time. Each
Fourier spectra is calculated for 128 miliseconds
while the observation window has been moved 8
miliseconds after each spectra. No smoothing was
used.

(23)

When W in the frequency space approaches a
delta function, all the x(k) samples are taken into
consideration and the sequence is not truncated.
This means that the observation window is in-
finitely long. When the length of the window is
finite, the operation means discarding the samples
outside the analysis window. For a rectangular
window we will have w(k)=l inside the analysis
region and zero outside this region. For such a
window with the length N :

sin(iY0/2)
R[ ' sin6>/2

(24)

The effect of the convolution of such a response
function on the Spectrum of the signal is smooth-
ing the spectrum. The sidelobes of this function
causes what is called the window leakage. The ra-
tio of the mainlobe amplitude to the first sidelobe
in this function approaches a constant value when
N increases. This is the result of using a rectan-
gular window and the discontinuity it generates
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when performing a DTFT operation and is known
as Gibbs phenomenon (Roberts & Mullis, 1987).

The choice of the number of samples used in the
Fourier transform is determined by the merits of a
trade-off between resolution and the preservation
of temporal events. The local Fourier transform
is then a function of time. For a discrete Fourier
transform at the time V" we have :

(25)

where on the right side of the equation the param-
eter V is not explicitly included, assuming implic-
itly that the data interval belongs to the specified
time '£.' It is obvious that for short time transient
phenomena, the choice of small observation win-
dows is the most suitable. Besides, the measuring
device is moving through both spatial and tem-
poral structures. Small temporal changes are not
noticed when integrated over a long period.

Applying a finite length window causes spec-
tral leakage due to the width of the mainlobe
and the existence of the sidelobes. At the same
time the sidelobes of a powerful spectral compo-
nent can drown the neighboring weak components.
Applying specially designed data windows will re-
duce the negative effect of the sidelobes but in-
creases the width of the mainlobes. For that rea-
son the optimal frequency estimator is achieved by
no data-windowing (Kay, 1988). However, to sup-
press the sidelobes we applied a Hamming win-
dow to our data. According to the Welch method
and to reduce the spectral variance, due to the
noise in the periodogram, it is better to average
the power estimates for several consecutive time
intervals. In this way however, interesting tran-
sient spectral features can be smoothed away.

When calculating a spectrogram we often ap-
plied zeropadding. By performing zeropadding,
resolution is not enhanced but the evaluation of
the general picture is improved (Roberts & Mullis,
1987).

6. AUTOREGRESSIVE SPECTRAL
ESTIMATION

Both the ACF and the PSD are nonparametric
representations of the second order statistics. The
finite length of an observation window, implies a
finite resolution inversely proportional to the num-
ber of the samples. Particularly, when the signal
is stationary and the spectral properties do not

change over time, the finite length of the observa-
tion window is the only hindrance to get a perfect
resolution. However, when dealing with a stochas-
tic signal like a discrete white noise sequence, per-
forming a DTFT operation on such a sequence,
the variance of the resulting periodogram turns
out not to depend on the length of the time series
(Kay, 1988).

Strong peaks located in a distance comparable
to less than 1/N. N being the number of samples,
drown the less conspicuous components and melt
together to form a broad lobe. Since the data
sequence should be segmented to time intervals
much smaller than the spin period, we need to use
techniques which produce higher resolution for the
spectral estimation than the classical ones. By ap-
plying a Fourier transform on an estimate of the
ACF we arrive at another PSD estimate based on
the Wiener-Khintchine theorem. An estimate of
the power at the frequency '/'is :

.v
P(f) =•• (26)

Since the estimated ACF, rxx, is not known out-
side the observation interval, our resolution is in-
versely proportional to the number of the samples.
By this, we implicitly have assumed the ACF to
be zero outside the observation window. However,
the shape of the ACF should give the possibility to
extrapolate it outside the known interval based on
the already observed region. As the ACF increases
in length, the resolution of the spectral estimate
improves. The idea behind the method is to make
an assumption based on the known ACF, outside
the observation region. Based on the assumptions
and the model, the implicit result of the paramet-
ric modeling is the extension of the ACF outside
the observation window. The finite window's sub-
sequent distorting effects are thus eliminated and
the spectral peaks are better distinguished.

The general linear model for defining every time
series is called an ARMA (AutoRegressive Movin-
gAverage) model. In the case of an ARMA model
we have :

(27)

Since solving the set of equations resulted from
such a model involves only linear operations we
will only restrict ourselves to investigating the AR
model. An AR prediction model of order 'p' means
that we approximate the present sample value by
a weighted sum of 'p' previous samples or
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Electric field data. Rosei

(28)

The term un in the AR model can be interpreted as
the residual error which results from a Linear Pre-
diction (LP) approximation. It can also be seen as
the driving input to an AR or an ARMA process,
'dfc' is the 'k-th' parameter while p is the order of
such a model. In the ARMA model, the present
output xn is not only a weighted sum of the 'p'
previous outputs but also a weighted sum of both
the present and 'q' previous inputs un.

It can be shown, based on the difference equa-
tion defining an AR model, that the related para-
metric PSD is :

A(z)A'(\/z')

PAR(J) = (29)

where A(z) — J2k-oakz k ' s the Z transform
of the difference equation and we have .4(/) =
A(ej2ir-f). The variance of the un series is given by
a\ . According to the Wold theorem any WSS ran-
dom process can be decomposed to a completely
random and a deterministic process. The deter-
ministic process can be expressed as an AR process
of an infinite order (Kay, 1988). Looking at the AR
process as a prediction filter and minimizing the
power of the error residue, with the constraint of
the N known observations, the unknown param-
eters are easily found. This operation results in
a set of linear equations called Yule-Walker equa-
tions and are expressed by

- fx (30)

where A is a vector of the 'p1 unknown parameters
and Rxx is a set of autocorrelation estimates for
different lags. rrx is also a known vector derived
depending on the type of the ACF estimate used.
Based on the type of the ACF estimate applied,
the results are slightly different. 'a'k parameters
found are then used to generate an estimate of the
PSD. The related parametric PSD is not indicative
of the real intensity at different frequencies! We
apply AR modeling first and foremost for its bet-
ter frequency resolution comparing to the classical
Fourier transform, also called the nonparametric
approach.
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Figure 21. Though this spectra is not represen-
tative of the electric field spectral properties mea-
sured by Rose4, it was chosen to show the merits
of the parametric spectral estimation. The dotted
line shows the Fourier transform of a 32 ms long
data with zeropadding used. The solid line shows
AR estimate for the same data. The order selected
for the 64 data samples is 31. From, this figure you
can see how the AR spectral estimate can better re-
solve a multitude of spectral lines.

Electric field data. Ftose4
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Figure 22. This is a spectra of the electric field fluc-
tuations in the instability region during the upleg
of the Rose4 experiment and is representative of
the Spectra in that region. The parameters used
to make the above spectral estimates are similar
to the ones in the previous figure. We can easily
observe a double peaks by the AR estimate in the
lowest part of the frequency range where the non-
parametric estimate only indicates one broad lobe.
Another discrepancy is with the fifth peak in the
AR estimate standing almost in the middle of two
peaks from the nonparametric estimate.
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6.1. Order Selection for the AR model
In a true AR process of order 'p' a nd from the
perspective of the linear prediction, the present
sample xn can be predicted by a weighted sum
of its 'p' previous samples, with the correspond-
ing prediction error un. The sequence of the un

residues is also equivalent to the driving Gaussian
noise with a known a\ characteristic to that AR
model.

Every physical measurement is corrupted by ei-
ther an observational noise or a background noise
often of no interest. This noise transforms a true
AR processes to a more general ARMA process.
With an added white noise the equation of the
AR spectral estimate changes and becomes

PrAf) = (31)

where u^ is the variance of the white noise process.
Such a process can no longer be defined by a finite
order AR model.

According to Kolmogorovs theorem, an AR(oc)
is adequate to model any WSS process (Kay,
1988). The rocket data are not WSS. However,
for short sequences the driving process can be as-
sumed to be WSS and our measuring device can
be assumed to be relatively at rest. If the length of
the data set is N, all having real values, by solving
the Yule-Walker equations we arrive at maximum
N/2 peaks. Choosing a higher order results in
singularities when solving the Yule-Walker equa-
tions. A too high order causes spurious peaks.
However, the existence of broadband noise makes
it possible to choose an order up to N/2 without
the risk of encountering any singularity. The re-
sults were compared with that of the nonparamet-
ric PSD, derived from the DTFT operation. These
results generally conform well with that of the non-
parametric method in locating important spectral
lines. In some regions where the nonparametric
PSD indicates only a broad mainlobe, AR analy-
sis indicates a multiple of spectral lines. According
to Kay, the rule of the thumb is to choose an order
ranging from N/3 to N/2. LeBlanc et al. (1991)
discuss order selection in a paper on wavenumber-
frequency analysis for towed arrays. Having N
sensors, each separated by a distance A, an order
N/3 was chosen for their AR model. According to
LeBlanc et al. it was observed experimentally that
a large value order causes the spectral estimate to
be unstable and noisy. The SNR and the richness
of the spectrum in the number of peaks make the
decision on choosing the order dependent on the

type of data. We opted for a model order close
to N/2. The calculation time and the length of
the data sequence are the other important param-
eters to be taken into consideration. For long data
sequences, when the important signal components
are restricted to the low frequencies containing al-
most all the energy, we can assume that increasing
the order may only generate spurious peaks in the
high frequency region where the spectra can only
be related to pure noise. However, choosing a low
order model proved to cause a bias in determin-
ing the positions of the peaks. Various types of
synthetic data were used to investigate the order
selection.

• Two types of the synthetic data used :

1. Data produced from the pendulum (de-
terministic).

2. White noise filtered by a a set of narrow-
band filter banks.

We introduced additive noise to the above sig-
nals, with varying SNR, investigating its effect ex-
perimentally. Although the classic PSD estimates
gave approximately similar results when applied
to the two different situations, AR analysis re-
sponded differently to these two types of data.
In case 1, the order chosen had to be exactly the
double of the number of sinusoids in order for the
method to yield results which gave any sense. A
greater order caused singularity when solving for
the AR parameters. The results were unreliable
and often outright wrong. Simulation proved that
adding some white noise to such a deterministic
sequences may be helpful, making the result less
susceptible to the order chosen. In general, an
AR model is not suitable for spectral estimation
of this kind of deterministic sinusoids. However,
the result is much more reliable in the second case,
when a stochastic set of data is filtered to gener-
ate narrow spectral bands. This may actually not
be suprising, since regardless of how narrow these
bands are, they still define a stochastic band and
not a deterministic spectral line.

There are some methods, the best known is the
Akaike method, for determining the optimum or-
der for an AR process. These methods are based
on choosing an order which minimizes the power of
the prediction error, i.e. the variance of the differ-
ence between the real data and the predicted data.
This is time consuming and difficult to implement.
At the end the large order model was chosen and
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was tested by a comparative study with the non-
parametric power spectral density of our data.

7. WAVENUMBER
ESTIMATION-DISPERSION

RELATION

Acquiring insight into the physics of wave propa-
gation makes the knowledge of the dispersion rela-
tion k=k(u;) indispensable. To acquire this knowl-
edge, various Time Delay Estimation (TDE) algo-
rithms are discussed and the results of their appli-
cation on the Rose data are presented.

7.1. A Simple Theoretical Model for Elec-
tric Field Measurements

A simple theoretical model is proposed for the
rocket-wave interaction. The model assumes a
monochromatic plane wave with the phase veloc-
ity V$ sampled by a spinning rocket, having the
angular frequency JJS- The angular frequency of
the wave is taken to be u>. We assume a dc elec-
tric field Edc perpendicular to the direction of the
wave propagation. Hence, the potential q> mea-
sured by a probe is

4>x — Edcrcos{ust

<t>\ — Edcrs\nu>st

n/2) + Aocos{k- r - ut)

A0cos(-—r cosujst - u>t)
A

= Edc{-r)sinust +Aocos{——-rcosust-u>t)

The potential difference then becomes

cf>2 — = 2Edcrs\nojst
,2K

+ 2Aocos(-

(32)

cosut

where A is the wavelength and Ao is the amplitude
of the wave. The distance between a probe and the
main body of the rocket is V with each probe cir-
cling around the main body due to the spin. This
model can be extended to include all the 6 poten-
tial differences possible between the four probes.
In our calculations, the first term or the modu-
lated dc field is usually removed through filtering
(figure 8).

In reality each individual probe measurement
can not be demodulated on its own. We can not
find the absolutely exact demodulating harmonic
function. At the time this function is close to zero,
it can not any longer be used as a divisor.

The measuring device's geometry gives rise to
a smoothing effect on the spatial measurements.

This topic is treated in the signal processing lit-
erature under the finite-length aperture transfer
functions and is also extensively discussed for opti-
cal devices. The real wavenumber-frequency spec-
trum of the field is smoothed by a convolution with
the space Fourier transform of the finite-aperture
(Johnson & Dudgeon. 1993). The effect is analo-
gous to windowing in time which causes a broaden-
ing of spectral peaks. The observed wavenumber-
frequency spectrum is then

= f
J —:

W(k-\)F(lu>)d\ (33)

where Z(k,uj) is the observed wavenumber- fre-
quency spectrum. F(l.u>) is the real wavenumber-
frequency spectrum of the field and Vl'(k) is the
space Fourier transform of the aperture iv(x),
called the aperture smoothing function. Assum-
ing that a pair of probes are placed at coordi-
nates xt and 2%2, each measuring the potential,
the aperture function related to the electric field
is w(x) = S{xi) - S(-i'i), sampling the potential
at only two points. The electric field measured
with the help of these probes is E = d>2~'*'. <t>->
and e>) are potentials measured by each probe re-
spectively. If we have an incident monochromatic
wave on these probes, thinking one-dimensionally
and only in terms of the x-axis, we have :

E = A,
cos(ut — kx2) — cos(u)t — kx^

x% — £ i

~ — Aoksin(ujt — kx)—-^-—•

o — x l )

where x ~ ^(xi+x2) and \ = x2 — Xi. The transfer
function of our finite-length two points linear aper-
ture includes a 'Sine' function. The 'Sine' function
approaches 1 in the above equation when the dis-
tance between the probes \ is small, namely when
k\ approaches zero {^-\ <£ 1). This gives

A
~ -A0~s\n(ut- kx)

A
(34)

7.2. Joint Frequency-Wavenumber Spec-
trum Estimation

Our objective is to determine the dispersion re-
lation and the direction of propagation of coher-
ent waves excited by the two-stream instability.
Sometimes, the physical insight provided by the
joint frequency-wavenumber spectrum is used to
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Velocity, upleg

determine the dispersion relation (Dudok de Wit,
1995). Many characteristics of a random field
can be specified by this Wave Distribution Func-
tion (WDF) in the u> - k space (Lefuvre & Pin-
con, 1992). Assuming s(x,t) to be a monochro-
matic plane wave s(x, t) = ej("*t-ko.x)^ t ^ j s s mgi e

harmonic can be represented in the wavenumber-
frequency space as

S(k,Lj) = S(k-ko)S{u-uo) (35)
This monochromatic wave is characterized by only
one point in the joint frequency-wavenumber spec-
trum. In case many more harmonics are involved,
every point which corresponds to a harmonic ap-
pears on the locus determined by the dispersion
relation. Generally speaking, the four-dimensional
Fourier operation on the spatiotemporal signal
s(x, t) is defined by

5(k,w)= r r
J —CO J —O

s(x, (36)

where x stands for the three-dimensional spatial
coordinates. This shows the relationship between
the spatial wavenumber and the temporal fre-
quency (Johnson & Dudgeon, 1993). As in our
case, when only few spatial samples are available,
determining the joint frequency-wavenumber spec-
trum is not straightforward. When an extended
array of sensors is available in space, continuously
measuring the temporal variation of the signal, the
four-dimensional spatiotemporal correlation func-
tion can be calculated. For a stationary and spa-
tially homogeneous signal, the correlation function
R{x, r) , instead of the absolute position or time,
depends only on the differences of position and
time. The power spectral density function is the
four-dimensional Fourier transform of this corre-
lation function. Therefore, the dispersion relation
becomes apparent from the joint spectral density
function.

7.3. Phase Velocity-Dispersion Relation
To determine the joint wavenumber-frequency
spectrum we should ideally sample the field at
many points in the space, while at the same time
we are measuring the temporal variations by sam-
pling in time. Having very few measurements in
the space, we apply a more straightforward algo-
rithm to estimate the dispersion relation. By car-
rying out a correlation study between the outputs
of the relevant probe pairs, in order to estimate
the propagation delay between these devices, the
phase velocity component can be determined.

96 98 100 102 104 106 108 110
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Figure 23. The estimates of the apparent phase ve-
locity, normal to the rocket axis, in the instability
region are presented here. The phase velocity es-
timates belong to the upleg trajectory of the Rose4
flight.

Using this algorithm we found the phase velocity
in the instability region for both the downleg and
the upleg trajectories. The results of this study
are produced in figures 23 and 24.

Ideally, to define an estimate for the phase veloc-
ity Vf at each frequency, we choose the maximum
propagation delay for that particular frequency,
using the maximum of the cross correlation func-
tion. Knowing the phase velocity estimate, a mea-
sure for the local wavenumber k can be achieved
by the relation V0 = j . In this way we can con-
struct the dispersion relation in the space by cross
correlating the outputs of two probe pairs at each
time.

If a harmonic field is assumed to exist and the
first measuring device is placed at x and the second
at x + x measuring a quantity $, then we have

, t) = Acos(kox — uot)

(37)

For an estimate of cross correlation Ciy(r) we find

A-
- u,r) (38)

where r is the time delay. This function has a max-
imum when cos(kox — wor) = 1 at r = x^~ = v~-
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Figure 24. In this figure the apparent phase velocity
estimates, normal to the rocket axis, in the insta-
bility region are illustrated. The results belong to
the downleg trajectory of the Rose4 flight.

This means that the maximum in the correlation
estimate occurs when the wave has traveled the
distance x with the velocity V$. Thus the maxi-
mum in the estimate of the cross correlation can
be used to estimate V^ for any single harmonic and
a dispersion relation could ideally be constructed
through this algorithm.

Figure 26 shows the correlation over an interval
of the flight time. The frequency range is 20-1000
Hz. The modulation due to the spinning rocket is
clearly seen in this interval. A sinusoid is fitted
into this pattern. The phase velocity calculated in
this way is approximately 250 m/s, which is much
less than what we expect for the cross-field insta-
bility and closer to the ion acoustic sound speed.
Although, when waves are excited in a medium
which is moving due to a constant drift velocity
Vo , i.e. a wind, the apparent frequency is Doppler
shifted. If (k, Vo) denotes the angle between k and
Vo , in order to evaluate the rest frame frequency,
Vocos(k, Vo)/A should be subtracted from the ob-
served frequency (Lefuvre & Pincon, 1992). The
results achieved by applying the cross correlation
function to a broad band signal in order to de-
termine the phase velocity, are dominated by the
frequency components with the strongest ampli-
tudes involved. Contrary to the wavenumber es-
timation for each frequency component, a cross
correlation algorithm generates only a one point
estimate on any deterministic dispersion relation.
Previous to calculating the phase velocity and in

Parallel Phase Velocity
5000

3 © 0 © 0
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Figure 25. The apparent phase velocity estimates
in the direction of the rocket axis in the insta-
bility region seems to center around the rocket's
own velocity. The rockets velocity is illustrated
by the solid line and is calculated from the time-
position profile. These velocities are probably due
to the stationary structures which are sensed in
the rocket's rest frame as if passing by the rocket
with the velocity of the rocket. If the normal to
the wavefront was absolutely perpendicular to the
rocket axis, we could expect an infinite apparent
velocity in this direction. The higher value veloci-
ties, 2000-3000 m/s, point at a deviation of almost
1° from the normal to the rocket axis.
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Rose4- Elederic field data - frequency range 20-1000 Hz
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Figure 26. A contour plot as a function of time
of the cross correlations for Ul and U2 potential
differences over an interval of Rose4 flight time,
upleg. Frequency range is 20-1000 Hz. The dis-
tance between the Ul and U2 measuring probe sets
is approximately 2.54 meters. A sinusoid is fitted
into the spin modulated pattern seen in this figure.
This sinusoid is used to find the angle between the
normal to the wavefront and the probes' axes at
each time. The angular information is needed for
determining the apparent phase velocity normal to
the rocket axis. The correlations at the maximum,
time delays are vanishing as the two probes in each
of the probe pairs ideally lie in the same wave front.
In the case of propagating planar waves the poten-
tial di~erence measured at such positions is van-
ishing.
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Figure 27. V$ as a function of v. The results are
based on the propagation delay calculated for nar-
row bands centered around the points rendered in
this figure.

order to obtain a dispersion relation which extends
over the observed frequency range, the data are se-
quentially filtered so that it only consists of a, nar-
row band frequency. The phase velocity Vq, compo-
nent then corresponds to that particular frequency
band and a dispersion relation can be constructed.
The VQ versus UJ achieved through this method, us-
ing short intervals of R.ose4 electric field data, is
featured in figure 27. Needless to say, each point
in this figure is calculated for a frequency band
centered around that point and not for that ex-
act frequency. Due to the uncertainty caused by
the neutral wind's effect, the phase velocity can be
different in the rest frame.

We arrived at similar results applying another
algorithm developed for the estimation of the
wavenumber, using fixed probe pairs discussed by
Beall (1982). Beall et al. also discusses the sta-
tistical dispersion relation k{ui) and the degree of
turbulent broadening of the dispersion relation by
computing the wavenumber spectral width ak(u)).
The fixed probe approach is applied to the rotat-
ing probe system by assuming local stationarity for
the short sequences of data. The wavenumber cor-
responding to each frequency component is mea-
sured by estimating the phase difference caused
by the propagation delay between any two probe
pairs.

2* A0
(39)v ' A v y -

The phase information is acquired by Fourier
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transforming the local data for each measuring de-
vice. The phase difference is AO and is estimated
by subtracting the phase information extracted
from the Fourier transforms of the two data sets
each produced by each of the two spatially sepa-
rated probe pairs. The phase difference indicates
the time delay for the second probe pair to sense
the same wavefront as the first one.

The distance between the two pairs of probes,
relative to the normal to the wavefront. changes
slowly during the rotation. If Yf is the distance
between the two measuring devices, then A.r can
be expressed as a function of V/sin#'. where 6 is
the angle between the normal to the wave front
and the axis of a probe pair. It is clear that when
9 approaches ±£, each probe pair lies in the same
wavefront and ideally measures almost the same
potential plane that is to say a zero electric field.
In case we have a monochromatic wave hidden in
an additive Gaussian noise the probes should mea-
sure only the Gaussian background noise. On the
other hand if 6 approaches zero, the direction of
the probe's axis is approximately along the direc-
tion of the wave propagation, both of the pairs
are ideally measuring the electric field at its max-
imum. In this case Ax approaches zero and so
does Ad. At the limit Ax - 0, AB = 0, the above
relation becomes invalid. It means that the opti-
mum angle between the axes and the normal to the
wavefront, for the calculation of wavenumber, is
somewhere between the zero points and the maxi-
mum | or the minimum =f- values. The estimates
of the phase velocity-frequency relationship, pre-
sented in figure 28 are based on a few averages
centered around this optimum angle. Notice that
to circumvent the inevitable problem of the phase
wrapping caused by the spatial aliasing, an ambi-
guity which arises when the spatial Nyquist sam-
pling criterion has not been heeded, we have used
a phase unwrapping algorithm. However, these al-
gorithms are not always reliable. The shorter the
wavelength, the more susceptible to mistakes is the
estimate. This is not only because the SNR is very
small but also because any error is accumulated
and inherited from lower frequencies. An estimate
of A0 was made by averaging the A(?s produced
by Fourier transforming a few local cross correla-
tion functions during a short time interval. The
k versus ui relationships derived by this method
have both negative and positive slopes, as the two
probe pairs interchange their positions during each
spin.

Alternatively, we used the cross power spec-

Power Spectrum 5-160 Hz Flight Time 122.2-123 Sec.

Figure 28. The top figure features an average of
power in the frequency range 5-160 Hz. The bot-
tom figure illustrates the phase velocity as a func-
tion of the frequency for the same frequency range.
The estimates above are calculated during the up-
kg.

(rum. Sxy{u>) or the Fourier transform of the cross
correlation between the two devices 'x' and V to
estimate the phase lag A6 for a propagating wave
measured by the two separate devices. We assume
that the first device measures x[t) = S(t) -f- W\{t)
and the second device measures the signal y(t) =
S{t - D) + W2{t), where W\ and W2 are the ad-
ditive Gaussian terms uncorrelated to each other
and to the signal S(t). The term 'D' is the time
delay for the signal to propagate from one probe
pair to the other probe pair. For an estimate of
the cross correlation Cxy(T) we can write that

(40)

and

Furthermore

(u) = r Czy{T)e-^dr (41)
J — CO

Fourier transforming this expression
(42)

(43)

which is an estimate for the power of the signal
term 'S' at the location of the sensor 'x' shifted
by AO = —UJD, 'D' being the estimate of the time
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delay. If the sensor 'y' is located at a distance \
so that y — x 4- \ , we have V^ = %. The phase
difference derived from the above result is then
A8 = ^-o \ We could also have Fourier trans-
formed the expression we found for the cross cor-
relation in case of a harmonic field, where we have

C'ryi^'o. T) = cos(ko\ - OJ0T) (44)

Fourier transforming the above relation we arrive
at

Amplitude Probability Density Function

= F{(Cry(u;0,T)} =

(45)

where fi shows the angular frequency axis. The
phase shift caused by the propagation delay is
clearly evident in this expression. Iwama et al.
(1977) discussed a method where a statistical dis-
persion relation, an estimate of the wavenum-
ber spectral width, can be calculated using cross
spectral density between the two measuring de-
vices. Also the vvavenumber spectral width ak(u>)
is viewed as a measure of the turbulent broadening
of the dispersion relation.

7.4. Statistical properties
A Gaussian process is defined entirely by its aver-
age and the second order statistics. All the higher
moments of a Gaussian process can be written as
functions of its first moment and its second order
central moment, i.e. its mean value and its vari-
ance.

We studied the first four moments when inves-
tigating the instability region. The deviation from
the Gaussian statistics proved the existence of or-
dered and coherent structures in the form of plane
waves in this region. While mean value and stan-
dard deviation reflect the location and the disper-
sion of the data respectively, the third nondimen-
sionalized central moment, skewness, indicates the
degree of the symmetry of the amplitude values
compared to a Gaussian distribution. Another
shape parameter is the fourth nondimensionalized
central moment kurtosis which is a measure of the
peakedness or flatness of the data (Lumley, 1970).
These coefficients, are used to investigate the de-
gree of similarity between the Amplitude Distri-
bution Function (ADF) of the data and a Gaus-
sian distribution. Figure 29 (top figure) illustrates
a typical ADF. The distribution is skewed. This
particular effect is due to the wave structures in
the environment and can also indicate harmonic
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U2 probe pair. Rose4. Electric Field, 10-t000 Hz

123 123.5 124
Flight Time. Sec. / Smoothed

Figure 29. The figure on the top shows the ADF
for the electric field measurements. The deviation
from a Gaussian distribution is evident. The bot-
tom figure shows the standard deviation as a func-
tion of the flight time. The spin modulation due to
the nonGaussian environment indicates the exis-
tence of the wave structure in the ambient plasma.
The modulated dc electric field has been removed-
prior to the calculations by a FIR filter. The length
of the data sequence used for calculating the statis-
tics was 64 miliseconds (128 samples) while the ob-
servation window was moved 16 miliseconds each
time. The extreme values, due to possible spikes,
in the tails of the ADF were removed from the data
before calculating the statistics. The standard de-
viation was smoothed by a [1 1 l]/3 filter.

generation. A Gaussian background would have
given rise to a Gaussian amplitude distribution.
The data have been filtered for the spin frequency
to remove the strongest frequency component due
to the Edc modulation. Still when we stack the
ADFs, each representing a short interval of time,
the spin frequency can clearly be observed (figure
30).

The ADF is expected to have a maximum and
a minimum skewness in each spin period. This is
due to the direction of the probe pair's axis which
during each spin is positioned once hi the direction
and once opposite to the direction of the propaga-
tion. The standard deviation should be maximum
in these two positions and minimum when this axis
is normal to the direction of the propagation, thus
having twice the frequency of the skewness. The
kurtosis ia also expected to show two maxima and
two minima during each spin.

A stack of the ADFs is given in figure 30. The
ADF evolution over the flight time seen in this fig-
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Figure 30. The ADF stack as a function of time
shows clearly the spin modulation and the wave
structure in the ambient plasma. Each ADF was
smoothed by a [1 1 1 lJ/4 filter. The length of the
data sequence used for calculating each. ADF was
64 miliseconds while the observation window was
moved 16 miliseconds for each time.

ure indicates the ADF modulation by the spin fre-
quency / , . This can only be explained if a coherent
structure is present in the ionospheric plasma as
contrasted to a purely Gaussian signal.

The length of the data record used in each test
algorithm is essential to the outcome. Hence, for
longer data records the results tend to become
more Gaussian-like. It is due to the fact that
the signal is inherently nonstationary so that an
analysis of the moments works best for relatively
short sequences of data. Therefore, the time inter-
val of a data record should be much shorter than
the spin period. The transient nature of data is
defined by the parameters which determine this
transiency, including those measurement param-
eters which determine the spatial coordinates of
the probes, namely the rocket speed and the spin
period. During a spin period, the probes measure
the incident waves from different angles.

The maxima of the statistical moments are indi-
cators of the preferred direction of propagation of
these waves. Figure 29 which illustrates the stan-
dard deviation through a short interval of the flight
F4, proves our expectations. During each spin, the
probe pair's axis aligns itself with the direction of
the propagation twice and passes the normal to
this direction twice when the standard deviation
is a minimum. Thus a degree of unidirectionality
of the structure is discerned by observing the de-
velopment of the standard deviation in time. The

U2 probe pair. Rose4, Electric Field, 10-1000 Hz
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Figure 31. Skewness and kurtosis of the ADF
for the electric field measurements are shown as
a function of the flight time. Both figures prove
the nonGaussian structure of the ambient plasma.
The spin modulation is clearly seen. The pat-
tern indicates the preferred direction of propaga-
tion for the instability waves. The length of the
data sequence used for calculating the statistics
was 64 miliseconds while the observation window
was moved 16 miliseconds for each time. The ex-
treme values, due to possible spikes, in the tails of
the ADF were removed from the data before calcu-
lating the statistics. Both the top and the bottom
figures are smoothed by a [1 1 lJ/3 filter.
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minimum variance can be used to determine the
normal to the wavefront. Furthermore we observe
that while in one case the rise of the standard de-
viation is simultaneous to the rising of skewness,
next time the standard deviation rises skewness
falls. This is quite natural, since in the second
alignment of the probes' axis with the direction
of the propagation, the two probes have changed
their positions. Figure 31 illustrates the skewness
as a flight time variable. The kurtosis indicates the
degree of the peakedness of the distribution func-
tion of a signal and as already stated is a good
indicator of the direction of the wave propagation.

7.5. Coherency observations
By assuming that the two probe pairs Ul and
U2 are measuring propagating waves, we expect
coherency between the two measurements. The
simplest way to estimate coherency is by calculat-
ing the cross correlation coefficient. This estimate
provides information on the linear dependency be-
tween two measurements. We defined an estimate
of this coefficient as the mean of a sequence of ab-
solute values of many such coefficients, each cal-
culated for a 100 ms of data. The number of the
coefficients averaged is M=20 and the data win-
dow was moved 100 ms each time. The absolute
values were used, instead of the coefficients them-
selves, since the probes change positions during
a spin and the coefficients can take both positive
and negative values. The coefficient estimate be-
tween 'x' and 'y' measurements, according to this
algorithm, were thus expressed by

Right Time : Solid line 122.5-124.5 Sec, Oashed line 257. 5-259.5 Sec.

M

(46)

where M is the number of the coefficients used to
determine the mean value. The coefficient esti-
mate is less than the real correlation coefficient,
since the ideal estimate only assumes maximum
values when the two probe pairs lie in the same
direction as the direction of the wave propagation.
Otherwise the value of each coefficient is affected
by the angle which the probes' axes make with the
normal to the wave front. This estimate, accord-
ing to our definition, is defined as a function of the
frequency. To achieve a frequency dependent rela-
tionship, we filtered the data for narrow frequency
bands each 40 Hz wide for a number of such bands
and calculated the coefficient estimate for each of
these frequency bands. Figure 32 shows these coef-
ficients as a function of the frequency for two time
intervals, one on the upleg and one on the downleg.

150 200
Hz / Rose4- Electric field

Figure 32. The correlation coefficient estimates be-
tween the two measurements Ul and U2 are shown
as a function of frequency. The dashed line cor-
responds to the measurements during the downleg
while the solid line belongs to the corresponding
upleg measurements. As we observe the correla-
tion estimate falls in value with the increasing fre-
quency. Each data window was 100 ms long. The
number of the coefficients averaged is M=20 and
the data window was moved 100 ms each time.

As expected the correlation estimates fall in value
with the increasing frequency, corresponding to a
decreasing wavelength. This can be explained by
the fact that waves with the largest wavelengths
do not change considerably for the length scale of
the same order of the magnitude as the distance
separating the two measurements.

According to the definition of the Complex Re-
gression Coefficients, the first of such coefficients
is defined by

R{u>) =
Cxy{u>)

(47)

where Cxy and Cxx are the cross spectrum and
power spectrum respectively (Nikias & Petropulu,
1993) and are the Fourier transforms of the respec-
tive second order cross cumulant and second order
cumulant. The higher order regression coefficients
can similarly be found by applying the concept of
higher order curnulants.

Applying the concept of the first complex regres-
sion coefficient, when determining the coherency
between the two measurements, we define the fol-
lowing estimate
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Figure 33. The estimates of the coherence func-
tion between the two measurements VI and U2 are
shown as a function of frequency for both the up-
leg and the downleg. The results generally con-
firm the estimates achieved for the rxy. It seems
that even for the higher frequency region where the
power is diminishingly loir, there is a resemblance
between the two coherence functions for the upleg
and the downleg. It can be suggested that this is
an e"ect of the aperture function and the corre-
sponding coarray function (Johnson & Dudgeon,
1993). But such a signature could not be easily es-
tablished. Each data window is 100 ms long. The
number of the coefficients averaged was M=80 and
the data window was moved 25 ms each time.

[— Z->;=i
(48)

where fx and fy are the Fourier transforms of the
sample sets generated by the x and y devices and
/* is the conjugate of the fy. The above expression
is an estimate of the coherence function (Brown &
Hwang 1992). This estimate can vary between 1
for absolute coherency and 0 for no coherency at
all. As before each component, e.g. /,(<*;), was
determined for a 100 ms of data and averaged for
M=80 numbers of such data records. The data
window was moved 25 ms each time. The mean
values shown in figure 33 correspond to an average
of 2 seconds of the flight time. The time intervals
are the same as the ones used when calculating
the estimates of the correlation coefficients on the
downleg and the upleg course of the flight.

By comparing figures 33 and 32 we observe that
the general picture of the estimates for 7xs,(w) con-
firms the picture we arrived at applying the notion

100 150
Frequency

Figure 34. The relative powers for the U2 device,
each integrated over a 2 seconds period, are com-
pared for the upleg (solid line) and the downleg
(dashed line). The powers are normalized in re-
spect to the maxim am value of the power during
the downleg.

of rry{u>).
As evident by comparing the figures 32 and 34.

the coherence is not exactly falling with the same
rate as the power.

The integrals of the power, during the 2 seconds
intervals of the upleg and the downleg, are com-
pared with each other in figure 34. This figure
shows that the integral of the power during the 2
seconds flight on the upleg is more than an order
of the magnitude weaker at its peak value than the
corresponding peak value during the downleg.

8. D I R E C T I O N OF P R O P A G A T I O N

The instability waves excited by E x B drift are
expected to propagate in the direction of this drift
and normal to the E field. We remember, from
the theoretical model, the spin modulated dc term.
This term has, due to the high dc E field in the in-
stability region, the strongest amplitude compared
to the spin modulated fluctuation levels. This was
investigated by comparing the phase difference,
measured by a probe pair, between the variance
of the instability fluctuations and the modulated
dc E field. We expect the phase difference to be
90°. The results shown in figure 35 indicates that
it is almost the case. As we will see it is not a
sufficient enough proof because of the role of the
induced V x B field. To get a more reliable re-
sult, a more accurate algorithm, using a sinusoid
fit, was applied.

As observed from the cross correlation analysis
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Figure 35. Variance of the instability-driven fluc-
tuations is shown versus the modulated dc E field.
The maximum variance has approximately 90°
phase dij~erence with the spin modulated dc E field
shown by the dashed line. Since we are look-
ing for the phase relations here, the intensity val-
ues and the number of samples used in determin-
ing the standard deviation is not importnat here.
However, in order to keep the angular sensivity,
the number of samples used when calculating each
variance should not exceed 128 samples.

for these fluctuations in figure 26, a sinusoid was
fitted into the delay pattern for the time interval
under investigation. The maximum delay appears
when the axes of the two probe pairs are paral-
lel to the wave front. If the direction of the wave
propagation is normal to E, each probe pair will
measure a maximum dc field in the E field direc-
tion. This is only true if the induced electric field
V x B is zero which is the case when the rocket is
moving parallel to B. Otherwise the effect of this
induced field should be taken into account. The
magnitude of the induced field, knowing the ve-
locity of the rocket (approximately 1000 m/s) and
knowing the magnitude of the Earth's magnetic
field (53 fiT) and depending on the angle between
the two vectors, can be of the same order as the
dc E field itself. The spin modulated sum of the
dc E field with the induced field was estimated
by removing the frequencies higher than the spin
frequency from the signal. The result is shown in
figures 36 and 37 both for the upleg and the down-
leg respectively. If not for the ambiguity of V X B
contribution, we could determine the angle which
the dc E field vector makes with the direction of
the wave propagation.

We also attempted to find the change of direc-
tion of propagation relative to a fixed direction in

Dashed line : Modulated dc E. field 4 Solid line : lifted sinusoid into Cross-Correlation
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Figure 36. The best sinusoid fitted in the cross
correlation delay pattern is estimated to have an
approximately 50° phase dij"erence with the spin
modulated dc E field represented by the dashed
line. The fitted cross correlation sinusoid is shown
with solid line.

1400
Dashed line : Modulated dc E field i Solid line : fitted sinusoid Into Cross-Correlation
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Figure 37. The phase di^erence between the fitted
sinusoid into the cross correlation delay pattern
and the spin modulated dc E field, shown by dashed
line, is estimated to be 10°—20° on the downleg. To
estimate the phase di^erence, the maximum values
of the two curves are compared. The dc electric
field seems to slide slightly in respect to the direc-
tion of the wave propagation. This is probably due
to the changing V x B induced electric field.
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Figure 38. The estimates of the direction of the
propagation of the instability waves relative to a
fixed point in space are presented here. These es-
timates belong to the upleg trajectory of the Rose4
flight.

the space. This direction proved to be fixed within
5° to 10". The results are produced in figures 38
and 39 both for the downleg and for the upleg.
The knowledge of the spin period is used together
with the cross correlation estimates similar to the
one in figure 26 to construct these results.

9. BISPECTRAL ANALYSIS

9.1. Mode-mode coupling and bispectral
analysis

The STFT analysis or the local PSD and the sta-
tistical analysis indicated that our signal is devi-
ating from a Gaussian signal. We applied Higher
Order Statistics (HOS) methods to investigate the
nonlinear nature of the measured processes.

In a mode-mode coupling, two waves interact
to create a third mode. Linear spectral analysis
is not adequate to verify the interaction between
different spectral components (Kim et al.,1979).
We are then searching for algorithms which can
help us recognize the phase-coherent components
due to the interaction between various frequency
modes. Nonlinear effects like mode-coupling can
be the mechanism behind limiting the unlimited
growth of the wave amplitudes. In the weak turbu-
lence approximation of the Farley-Buneman two-
stream instability waves, the three mode interac-
tion is seen as a possibility for the amplitude satu-
ration. Through mode-coupling mechanisms, the

100 102 104 106 108 110

Altitude Km

Figure 39. The direction of the propagation of the
waves seems to be constant within 5° to 10°. These
estimates belong to the downleg trajectory of the
Rose4 flight.

energy of a mode is transfered to other frequencies,
where it eventually gives up its energy by thermal
heating of the ambient gas.

Second order nonlinearities in wave equations
generally give rise to harmonic generations and
harmonically related frequencies with related
phase relations. This phenomenon is called
Quadratic Phase Coupling. The example put for-
ward here (Nikias & Petropulu, 1993) can best
explain this phenomenon. The signals Yi{t) and
Y2{t) are defined by the following expressions

Yi{t) ~ cos{ujxt

cos(u>3t

4- cos(u2t
(49)

and

Y2(t) ~
(50)

where u>3 = w2+wi and fa, fa, fa are independent
and uncorrelated random phase variables. While
we have a phase coupling between the components
constituting the Y2{t) signal, no such relation ex-
ists between the frequencies comprising the Yi(i)
signal. To recognize this internal phase relation,
we need more than the knowledge of the second
cumulant or the correlation function and its re-
lated Fourier transform, the power spectrum. In
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other words the two signals \\(t) and Y2{t) are in-
distinguishable in the context of their power spec-
tra. Dealing with propagating waves in space,
another condition have to be fulfilled, i.e. the
wave-vectors have to satisfy the vectorial relation
k3 = k2 + k i . In the two-stream instability, the
waves are damped in any other direction but a
small cone around E x B. However, in a simple
model of the two-stream instability we only as-
sume the scalar sum k3 — ko+ki as a precondition.
Oppenheim et al. (1996) have investigated the di-
rection of wave propagation in the two-stream in-
stabilities and some complex nonlinear effects like
<£E x B drifts running on the crest and valleys of
the wavefronts through simulation studies. Also
Sahr (1996) has studied the three wave resonance
excitation, the wave-wave coupling, and the selec-
tion of mode triplets by numerical studies. The in-
ner phase relation can be investigated by establish-
ing the third cumulant for both of the signals and
the corresponding Fourier transform, bispectrum.
Such situations, where we have a phase coupling
are not uncommon. An everyday example is the
Amplitude Modulation (AM) technique, where the
carrier signal and the modulation signal interact
and create sums and differences of the involving
frequencies. Another example is the generation of
the higher harmonics by acoustic waves in a gas
(Whitham, 1974). Keeping the second order term
results in the following relation

dv dv
(51)

By linearizing this equation we arrive at the lin-
ear dispersion relation u> = ±V^,k, where V$ is
a constant and defines the phase velocity of the
acoustic waves. The second order nonlinearity
term, i.e. u |^, gives rise to the quadratic phase
coupling.

Discussing the intersignal coherency we first in-
troduce the intersignal coherence matrix C, by ap-
plying an analogous concept in signal array pro-
cessing (Johnson k. Dudgeon, 1993). If the vec-
tor X[n] defines the Fourier transform of a sample
vector x[n], then the matrix C is defined to be
C(fk, /() = £[A\-A'*], where £ indicates the ensem-
ble average or the expected value operator and fk
and ft are those frequencies which their coherency
is investigated. The diagonal of this matrix is the
power term at each frequency. If two frequency
components are phase coupled together over time
this average shows the correlation or the degree
of coherency between these two frequency compo-
nents. Triple correlation can indicate the existence

of a quadratic relation between three frequency
modes and their internal phase relation. Higher
order correlations can be applied when searching
to establish the existence of higher order nonlin-
earities. The triple correlation in the time is de-
fined by the following expression

o{t)4>{t (52)

The integration should ideally be implemented
over a time period much less than the period of a
Rocket spin (Pecseli et al., 1993). However. For
very short data sequences the spectral resolution
is lost. When a probe pair lies in the same wave-
front it only measures the background noise and
no coupling is observed. In every other position
the pair measures an electric field which is related
to the wave's amplitude by the angle it makes with
the wavefront. In order to acquire some statisti-
cal significance and for. we rather average over an
entire spin period.

Defining the bispectrum as a two dimensional
Fourier transform of a triple correlation (Hinich et
al.. 1992), in discrete lime we write

B(fk,fi)= Y. H c(r,s)e-i-"<rfl'+'M (53)

where the expected value of the triple correlation
is defined by

c{r, s) = £[x(n + r)x{n + s)x(n)} (54)

The bispectrum estimate in the frequency do-
main is easier for an algorithm implementation.
The bispectrum can be expressed as

M l
t = i

(55)
where M is the number of the data records used to
determine the estimate. The £ operator indicates
an ensemble average. As before, this ensemble av-
erage was substituted with an average over time,
as if assuming the signal to be ergodic. Strictly
speaking it is not the case. A 64 ms (128 sam-
ples) data sequence was chosen for calculating each
spectral vector 'A'.' The results are presented in
figures 40 to 45. Since a Hamming window was
applied to the data previous to calculating the
Fourier vector, and in order to counterbalance the
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Figure 40. The contour plot here illustrates the bis-
pectrum for the electric field fluctuations measured
by Rose4, upleg. This figure indicates a cascad-
ing of energy towards higher frequencies by har-
monic generations and the coupling of carious fre-
quency modes. The results obtained here are from
the downleg trajectory in the instability region.

effect of the windowing which reduces the effec-
tive amount of data, the observation window was
moved only 32 ms for each time. As we know for
a Hamming window, the weight factor diminishes
towards the edges. Thus by choosing M = 20,
we averaged over one spin period. If there is no
coupling between the three frequency components
and the phases of the components are randomly
distributed in respect to each other, this average
vanishes. The expected value operator makes any
insignificant phase relation (stochastic transients)
to be averaged out. Establishing the statistical
significance of such a coupling over the integra-
tion time, we make sure that such a coupling is
persisting in time.

9.2. Bicoherence
Bicoherence is the normalized form of the Bispec-
trum and its values can range between 0 and 1.
Bicoherence is defined as

(56)
Since no parallel independent measurement ex-

ists, we had to use the same set of data parti-
tioned to M smaller subgroups. A Hamming win-
dow is applied to each observation window in order
to reduce the sidelobe's effect, also called spectral
leakage. When calculating the spectral vector, the

Bispectrum (FTj-EI. Field- Rose4 (Oownleg)
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Figure 41. This contour plot illustrates the same
mechanisms at work similar to the one for the
downleg but for the upleg data and during the same
flight as the previous figure. The cascading of the
energy has not only happened along the diagonal,
but also to the sideline. These are two ways for
carious modes to couple together and cascade the
energy to higher frequencies.

Bispectnjm (FT)-El. Field- Rose4 (Downleg)

Frequency Hz

Frequency Hz

Figure 42. This is the 3D plot of the bispectrum for
the downleg. We see three conspicuous mainlobes.
But it is still difficult to resolve for any other pos-
sible mode drowned in these mainlobes. The figure
illustrates the resolution problem for short data se-
ries when applying the nonparametric approach.
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Figure 43. The 3D plot of the bispectrum for the
upleg trajectory showing a multitude of possible
mode-couplings.

mean of the data was subtracted from the data
and a linear detrending operation was performed
on the data record, all in order to reduce the influ-
ence of the edge effects or the Gibb's phenomenon
on the spectrum. The test out the algorithm we
applied it to a saw-tooth function. Since the bi-
coherence function is normalized for all the fre-
quencies, for small numbers of M, it is prone to
stochastic fluctuations. The bicoherence or the
normalized bispectrum can take a maximum value
of 1 for 100% coherency and 0 for a zero coupling.
Discussing the simple model of rocket-wave inter-
action we observed that any frequency component
is broadened by the spin modulation. This has its
own broadening effect on the resulting bispectral
peaks.

9.3. Software Implementation
The adapted algorithms for both the parametric
and nonparametric bispectrum and bicoherence
were all written in Matlab, making use of its vector
product capability. An overview of the bispectrum
algorithm is delivered here.

A DTFT operation is first performed on a record
of 2N samples. The N first elements in the result-
ing vector are the Fourier components in the [0 ir]
frequency range, n being the Nyquist frequency.
The operations are as follow :

x = [xux2,...,x2N]
X = DTFT{x)
X = [XUX2,...,XN] (57;

A spectral matrix, similar to the intersignal matrix
is formed by the following operation
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Figure 44. The bicoherence for the electric field
fluctuations was also derived. Since the statistics
is not build up on ideal assumptions, because of
the nonstationarity of the signal, the numbers im-
plying the coherence are only indicatory. The data
belong to the downleg trajectory of the RoseJ, ex-
periment. The signatures on the diagonal point to
the phase coupling processes.
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Figure 45. This contour plot illustrates the bico-
herence for the electric field fluctuations for the
Rose4 experiment, upleg. As already mentioned,
the numbers only indicate the degree of coherency
and the peaks need not be related to the ampli-
tude of the waves but only indicating the phase
coherency.
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Sxx — (58)

Since none of the vectors in the operation are
conjugated, this matrix is different from the in-
tersignal coherence matrix defined earlier. Since
XiXk — XkXi, this matrix is symmetric with re-
spect to its diagonal. First step in forming a bis-
pectrum estimate is to multiply a third term with
every element in this matrix, i.e. the conjugate
of the k + I term in the DTFT vector or A'fc*+;.
Each element in the resulting matrix indicates a
simultaneous relation between the three engaging
spectral components. The bispectrum estimate is
then defined as the expected value of many of these
matrices over a period of time, each belonging to a
short time interval. This is done as a replacement
for the ensemble averaging. The average indicates
the existence of a statistically significant peak in
regard to the persisting nature of a coupling, if
any. Each element in the product can be substi-
tuted by any other spectral component in order to
investigate any other triple spectral coherency or
as we will presently to find the cross-bispectrum.

9.4. Cross-Bispectrum and Time Delay
Estimation

The cross-bispectrum's application in the field of
Time Delay Estimation (TDE) is discussed here.

We assume that the first device measures x(t) =
S(t) + W\{i) and the second device measures the
sample sequence y{t) = S{t-D) + Wi(t), where Wx

and Wi define the additive Gaussian noise terms
which are spatially correlated to each other but
are uncorrelated to the nonGuassian signal S(t).
The term 'D' is the time delay for the signal to
propagate from one probe pair to another probe
pair. The cross-spectrum will not in this case give
satisfactory results as the noise terms measured
by the two sensors are spatially correlated (Nikias
& Petropulu, 1993). However third-order statis-
tics suppresses Guassian terms and can be used
satisfactory in this case where we get :

Cxxy{T,p) = $[x(n)x(n + T)y(n + p)]

= S[S(n)S{n+T)S(n + p- D)]
= Cs

xxr{r,p~D). (59)

As observed, the bicovariance does not contain
noise related terms.

The cross-bispectrum is as easily derived and
can be used to estimate the phase velocity of a

propagating non Gaussian signal between two mea-
suring devices (Hinich et al.,1992). The cross-
bispectrum between the two sensors x and y is
expressed by :

r = -?c « = — c o

(60)
where the cross bicovariance Cixy is defined as :

C«v(r,/>) = £[x(n + r)x(n + p)y(n)]. (61)

Assuming that a nonGuassian signal has propa-
gated in space without any distortion, the relation
between the bispectrum and the cross-bispectrum
is :

where 'D1 is the time delay for the signal to prop-
agate from one sensor to another. The estimate of
the propagation time is

(63)
2nfk

where &xxy and $xxx represent the phase estimates
of that of the cross-bispectrum and the autobis-
pectrum respectively and are derived from the ex-
pression 4> = *Qft~1(r'e

fa»fn)' The property which
allows us to extract the phase delay information
is based on the phase characteristics of the cumu-
lant spectra and the fact that cross-cumulants and
cross-spectra do preserve the phase shift (Nikias
& Petropulu, 1993). This property can be used in
the time delay estimation for propagating waves
between two sensors. Knowing that higher order
cumulants (n > 2) suppress any additive Guassian
noise and the fact that higher order cumulants for
a Guassian process are zero, the time delay esti-
mation applying the notion of the higher cross-
spectra becomes preferable in some instances.

Hinich et al. have made a comparative study
between the cross-power spectrum and cross-
bispectrum applied when estimating the phase ve-
locity. This is done through a variance analysis of
the phase velocity estimates. The relationship of
the variance with the SNR is also discussed. In
general, cross-bispectrum algorithm is to be pre-
ferred in case of correlated noise and high SNR.
Otherwise, particularly when signal-to-noise ratio
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Figure 46. Time delay estimates, presented here
as a function of the flight time, are determined
by applying the cross-bispectrum method. A close
look discloses the expected spin modulation of the
estimates. The estimates have values which fall
well into estimated values found through applying
other concepts.

is low and for longer time series, the cross-power
spectrum algorithm becomes increasingly more re-
liable as the algorithm of choice determining the
TDE.

We applied the cross-cumulant time delay es-
timation method on part of the downleg data
and found phase velocities comparable to the ones
found using cross-phase spectra and cross correla-
tion methods. The results are illustrated in fig-
ure 46. Standing alone this result, because of the
shortcomings of the algorithm applied to a non-
stationary signal, is very speculative. Only by
comparing the time delay estimates found by this
method with the ones found by applying the other
algorithms, recounted previously, that we find the
estimates reasonable. First of all "M," the num-
ber of the sequences to be averaged in the cross-
bispectrum expression, was put to 1. This makes
the statistical advantages of applying third order
statistics which suppresses any Guassian compo-
nents meaningless. Increasing the number of "M"
tended to decrease the value of the estimates of
the time delay, because of the nonstationarity of
the signal. The algorithm was implemented to
search for the maximum delay in a specific fre-
quency range where the bispectrum showed maxi-
mum values. We looked for the maximum among
the absolute value of the time delay matrix, cor-
responding to a cross-bispectrum matrix. For this
reason we do not see any negative time delay ex-
pected because of the rocket spin.

9.5. Disadvantages of bispectrum
Simulations indicated a few weak points in the bis-
pectral analysis approach when detecting phase-
phase coupling. The spinning and moving rocket
measures the wave parameters from different di-
rections and locations. Any amplitude measured
by the sensors is modulated by the spin frequency
and is depending on the angle the axis of the probe
pair define with the wavefront. When calculat-
ing the bispectrum, a. weighted average is there-
fore obtained. The weighting of the amplitudes,
is shaded by this angular dependency. We also
expect that the sidelobes of a spectral line will
modify the bispectrum. Sidelobes are correlated
with the mainlobe thus creating many false peaks
in the bispectral matrix. The sidelobes were sup-
pressed by using appropriate windows but as a
trade-off the resolution was reduced. The main-
lobe's finite resolution due to the finite length of
the data means a transfer of the resolution prop-
erties from the DTFT domain to the bispectral
domain. Since the less conspicuous components
can be drowned by the spectral leakage and the
finite spectral resolution, many spectral peaks can
remain unresolved.

9.6. Modern Spectral Analysis and bispec-
trum

We used parametric bispectral estimation for its
high resolution capability (Iranpour &; pecseli,
1994). The DTFT vectors in the bispectral esti-
mation can not simply be replaced by their equiv-
alent AR vectors which were defined for the para-
metric spectral estimation, because the AR coef-
ficients here are defined differently. In that case,
estimating the AR parameters, we applied second-
order methods which make use of the autocorre-
lation estimates. But second-order statistics sup-
press the phase information. The AR coefficients
here are obtained by making use of the third cu-
mulant estimates. Estimation methods based on
AR concept are discussed by Nikias & Petropulu
(1993). Aside from a simple transfer of the ad-
vantages and disadvantages of AR spectral esti-
mation to the bispectral analysis and remember-
ing the discussion on parametric spectral estima-
tion, new characteristics arises when incorporat-
ing the AR concept into the bispectral algorithm.
The fact that the positioning of the spectral peaks
are narrowly decided by an AR spectral estima-
tion implies that only well-positioned coupled fre-
quencies will analytically interact to produce bis-
pectral peaks. This can be both a strength and
a disadvantage. The disadvantage is due to the
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fact that a little malpositioning will give less con-
spicuous tops even if they can still be of concern.
We know that this malpositioning can arise as a
consequence of the noise and the wrong choice of
the order. However, the strength is more clear in
the sense that when the interacting peaks are well-
positioned, the matching is perfect and the resolu-
tion is greatly enhanced in comparison to the clas-
sical Fourier-based bispectrum where the mainlobe
and the sidelobe* create voluminous paraboloid-
like peaks. These peaks can easily drown the less
conspicuous or less resolved peaks. In calculating
the AR spectral estimator no shading of the data
is performed prior to estimating the spectra. How-
ever, using a nonparametric approach, a window
function is convoluted with the spectra, thus re-
ducing the effective amount of the data subjected
to the spectral analysis and broadening the spec-
tral lines. In that respect, the effective number of
the samples in AR estimation used to form a sin-
gle bispectral matrix, before evaluating the mean,
is greater than the number of samples used in the
classical Fourier estimation of the spectra.

The number of samples used in calculating the
parametric (AR) bispectrum and bicoherence is
the same as the one used in the nonparametric
method (128 samples). Also, the observation win-
dow was moved by 32 miliseconds (64 samples) for
each time and by choosing M = 20, we averaged
over one spin period. Because of similar choices for
these parameters, the results of the parametric and
the nonparametric approaches can be compared
directly by comparing the corresponding figures.

9.7. Data Analysis
The results of the nonparametric and paramet-
ric bispectral analysis and a comparison between
these two methods were presented by Iranpour &
Pecseli (1994). The data which were investigated
and have been analyzed here belong to the Rose4
electric field measurements. Figures 41 to 45 show
the results of nonparametric analyses. The data
belonged to a couple of short time intervals. The
intervals were chosen from both the upleg and the
downleg trajectories. The signal analyzed is gen-
erated by the electric field measurement by Rose4.
Different figurative presentations of the results,
the contour plots and the 3-dimensional (3D) plots
treat the same data sequences, one for the upleg
and one for the downleg. The corresponding re-
sults using parametric bispectral and bicoherence
analyses are shown in figures 47 to 52.

A comparison between nonparametric and para-
metric analyses show the strength and the weak-

ness of the methods to some extent. The figure
captions point at these discrepancies and similar-
ities.

The results indicate a cascading of energy to-
wards higher frequencies by harmonic generations
and the coupling of various frequency modes.
Rather than being excited directly by the linear in-
stability, a nonlinear cascading from longer wave-
lengths is likely an explanation of the existence of
the shortest wavelengths.

Because of the nonstationarity of the signal, the
statistics is not built on ideal assumptions. Pecseli
&: Trulsen (1993) showed that the results of such
analyses should be interpreted with care. Through
simulation they showed that for finite data se-
quences, a signal with no internal phase relations
can give rise to a nonvanishing bispectrum while a
signal with such phase relations may have a van-
ishing bispectrum. Physical insight and the ap-
plication of other methods can help to solve this
ambiguity. They also discuss the proposed am-
plitude correlation algorithm by Crossley et al.,
(1992). The algorithm separates the signal into a
multiple of time series, each belonging to a differ-
ent frequency band, and finds the cross correlation
as a function of time delay between the resulting
time series. The amplitude correlation function
has been proposed as a substitute for the bispec-
trum but in essence and definition is a coarse sim-
plification of the bispectrum method. Crossley et
al. (1992) have also proposed that the amplitude
correlation function can be applied to determine
the direction of the cascading from the longer to
shorter frequencies. Alternatively any time delay
relation between different frequency components
can be inferred by considering the ratio of the
imaginary term to the real term of the bispectrum,
at least for the ideal conditions.

The numbers which mark the figures, show-
ing the bicoherence coefficients, imply the coher-
ence but are only indicative of such a coherence
and can't be considered as absolute numbers. It
has to be added that bicoherence analysis merely
points at the existence of the second order nonlin-
earities in the E-region ionosphere. Investigating
some different types of nonlinearities other than
the quadratic phase coupling needs higher order
(n > 2) polyspectral analysis.

10. INFORMATION MEASURE

An algorithm based on information measure is de-
veloped for analyzing ionospheric data (Iranpour
& Pecseli, 1995). The parameter dependency of
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Figure 47. This 3D representation illustrates the
AR-based bispectrum for the electric field fluc-
tuations during the Rose^ experiment, downleg.
The better resolution achieved by the paramet-
ric method compared to the Fourier-based analy-
sis (nonparametric), confirms the existence of only
three major distinct modes. We have to compare
this figure with the corresponding result achieved
by applying the classical approach in figure J^2.

Bicoherence (AR)-EI. Ftsld-Rose4 (Uplog)
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Figure 49. The contour plot of the AR-based bis-
pectrum for the thctric field fluctuations during
the Rose4 experiment, upleg. Unlike the 3D repre-
sentation where the impression was crowded peeiks.
this contour plot shows us the much better resolu-
tion in comparison to the corresponding nonpara-
metric analysis. The structures on the diagonal
is eery rich and interesting, indicating harmonic
generation. We hace to compare this illustration
with the corresponding nonparametric presentation
in figure 40.

Frequency H2 Frequency Hz

Figure 48. This figure illustrates the AR-based bis-
pectrum for the electric field fluctuations during
the Rose4 experiment, upleg. There are a mul-
titude number of peaks here and the picture is
crowded. In this case, the impression of coupling
between distinct modes seems to be better percepted
in the corresponding nonparametric representation
in figure 43. However, a few sharp peaks may
increase our perception of the coupling using this
method.
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Figure 50. The contour plot of the AR-based bispec-
trum for the electric field fluctuations during the
Rose4 experiment, downleg. Notice the structure
on the diagonal.
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Figure 51. This contour plot illustrates the AR-
based bicoherence for the electric field fluctuations,
Rose4, downleg. As known the signal amplitude is
not directly proportional to the real intensity of the
signal in the AR method. However, this should not
affect the results of the coherency calculation. Still
the numbers on this figure are at best indicative as
also explained for the nonparametric bicoherence
analysis. The result from the bicoherence analysis
from the nonparametric method (figure 44) seems
to be in good agreement with the result presented
in this figure.

Bicoherence (AR)-EI. FieW-Rose4 (Upteg)
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Figure 52. The contour plot illustrates the AR-
based bicoherence for the electric field fluctuations
during the Rose4 experiment, upleg. The result of
the bicoherence analysis, applying nonparametric
method (figure 45), seems to show some discrep-
ancies with the outcome of the parametric analysis
in the time interval presented here.

the algorithm is investigated by numerical simula-
tions. Ionospheric data from Rose4 rocket experi-
ment is studied by this method.

The second statistical moment is often used as
an indication for a statistical relation between two
signals. It can not. however, always demonstrate
a higher order dependency between two phenom-
ena. Cummulants of higher orders can be used
to indicate such correlations. Nonlinear processes
in plasma, like mode-mode coupling, for instance,
can be investigated by applying higher order sta-
tistical methods (Gresillon et al., 1993).

Applying bispectral analysis to determine in-
ternal phase relations caused by Quadratic Phase
Coupling, however, we should have a priori in-
formation on the order of the correlation. The
method which is discussed here should indicate
any order of correlation, but it can on the other
hand not distinguish the order of the correlation
involved. As an illustration, fluctuations detected
by rocket born sensors in the ionospheric E-region
are analyzed by this method in order to reveal a
statistical relationship between separate measure-
ments.

10.1. Applying Entropy or information
content as a correlation method

The idea is to create a bivariate probability func-
tion for the two processes X and Y. By look-
ing into the disorderness of the distribution we
find a measure for the common information be-
tween these two processes. Two distinct sig-
nals X and Y define a joint probability distribu-
tion function which results in a bivariate prob-
ability distribution P(X,Y). The process A"
produces a data set X = {ai,a2,a3, an,---}
which can be interpreted as a sampled time se-
ries while Y equivalently produces a time series
Y — {6i, 62, 63,..., 6n , . .}. The indices indicate that
the two sets of data share the same time argu-
ment. The bivariate Probability Density Func-
tion (PDF) is built around the two axes A' and
Y with a finite definition range Xmin-Xmar, Ym,n-
Ymax respectively. Each range is divided into M
number of finite length intervals. The PDF plane
is thus discrete and of finite resolution creating an
M x M matrix 5 = [Nij], where Ntj is defined
to be the frequency of the occurrence of a certain
event, namely the number of times the A' and Y
processes have the amplitude fitting in an element
of the S matrix defined by that element's indices.
The finite resolution and the mesh structure of this
probability distribution cause (x, y) pairs of nearly
the same values to fall into the same probability
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box increasing the value of the corresponding ma-
trix element. This discretization is equivalent to a
smoothing process. An estimate for the probabil-
ity that a pair (x. y) is falling into one of the cells
in the distribution mesh is

<V
(64)

The symmetrical measure is defined through us-
ing the notion of Entropy or disorderness on the
probability image which appears and is calculated
as follows:

V{x,y) =
[H(x)U(x\y) + H(y)U(y\x)]

(65)

where H(x) and H(y) are defined as marginal en-
tropies and U{x\y) and U{y\x) are defined as the
measure of the dependency of x on y and y on x
respectively. We have implemented many simula-
tions with synthetic data to investigate the para-
metric dependency of this algorithm on the bivari-
ate probability function's resolution, the length of
the sample series, the transient nature of the data
and etc. An example of these results is shown in
figure 53.

10.2. Discussion
We have suggested an algorithm based on infor-
mation measure for investigating ionospheric data.
Heuristically, it can be argued that the idea is
based on generating an image by using the sig-
nal from two probes as x and y coordinates of
the pixels and subsequently obtain the informa-
tion content of this image. The dependence of
the algorithm on parameters like resolution, length
of data-sequence etc. was analyzed by numerical
simulations. We applied the method for analyzing
actual ionospheric data and demonstrated that in
some cases it gave better results than for instance
conventional cross-correlation of the two signals.
For certain time-intervals, the information mea-
sure is thus reproducing the spin modulation of
the signals much better than the cross-correlation.
A comparison of these two measures can be seen
in figure 54. As seen from this figure, while U(x,y)
shows clearly a periodic structure, the same peri-
odicity can hardly be seen in the correlation coef-
ficients.

11. CONCLUSION
In the study presented here we analyzed the data
obtained by the Rose rocket project designed to

3840 samples

3 4 5 6 7
Exponent "m" of the PDF's mesh resolution

Figure 53. U(x.y) is calculated for various func-
tions. X axis shows the power m of the mesh reso-
lution M X M where M='2m. Functions are labeled
in the following order A: x=t, y=sint, B: x=sint,
y=sin(t+7r/2). C: x = y'1, D: x = if, E: x= ran-
dom, y= random, F: x=sint, y=sin(t+n/4)

Rose4 / El. Field / 300 Points / Correlation Coefficient

127 128 129

Rose4 /El . Field / 300 Points / U(x.y)

126 127 128 129 130
Flight Time / High pass Filtered 20-1000 Hz

Figure 54. The correlation Coefficient r is com-
pared to the U(x,y) in a flight time interval where
r hardly shows any clear structure. This is also
evident from figure 6 for the same time interval.
On the other hand, U(x,y) as seen shows clearly a
periodic structure in this interval. The periodicity
coincides quite accurately with the spin period of
the rocket.
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investigate the low altitude auroral instabilities
in the electrojet zone. We looked mainly at the
electric field fluctuations. The spectral and the
statistical analyses of the data indicated the exis-
tence of unstable waves in the ionized gas in this
region. We investigated the direction of propaga-
tion of these waves and showed this direction to be
well-defined. We also established an experimen-
tally obtained dispersion relation for these unsta-
ble waves using the Rose4 data. We found that the
characteristic phase velocities of these waves are
much lower than what we expect from the stan-
dard theoretical results. We also carried out both
parametric and nonparametric bispectral analyses.
The results of these studies indicate the cascading
of energy from lower to higher frequencies.
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