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Tonospheric scintillation effects are investigated in the high-latitude conductive collisional
ionospheric magnetized (COCOIMA) plasma by calculating the statistical characteristics of
multiply scattered radio waves (RW) applying the modified perturbation method. Polariza-
tion coefficients in the polar COCOIMA plasma are derived for the first time. Differential
equation for a random phase is derived. The variance and the auto-correlation function are
obtained for any auto-correlation function of electron density fluctuations considering diffrac-
tion effects. Statistical moments contain: complex refractive index, polarization coefficients of
both extraordinary and ordinary waves; orientation of an external magnetic field, Pedersen,
Halls and longitudinal conductivities, parameters of elongated plasmonic irregularities and
the velocity of a plasma flow. The scintillation level of scattered radio waves (RW) in the
COCOIMA plasma is computed for the first time using zeroth, 1 st and square root 2nd
moments of the power spectra. Oscillations of the scintillation spectrum are caused by the
Fresnel filtering effect. It is possible to solve the opposite problem - calculate the velocity of
a plasma flow and restore a structure of small-scale inhomogeneities than the Fresnel radius.
Numerical simulations are interpreted for 3D anisotropic Gaussian and power-law spectral
functions including axial ratio and an inclination angle of prolate plasmonic structures using
the IRI model.

Keywords: Conductivity, plasma, statistical moments, radio waves, scintillation level,
spectral width.
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1. Introduction

Random variations in the received signal due to the ionospheric plasma turbulence
can represent the most severe limitation to the satellite and navigation systems
caused by spatial-temporal variations of the signal amplitude and phase. The struc-
ture and formation of the ionospheric plasmonic inhomogeneities cause fluctuations
in the propagation characteristics of scattered RW, which should be taken into
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account when calculating statistical characteristics [1-4]. The ionospheric scintilla-
tion phenomenon is one of the most deleterious factors, at least up to a frequency
of 6-7 GHz in communication systems using the earth-space path. It is apparent
that high-latitude electron density irregularities are caused by different geophysical
processes. lonospheric conductivities play an important role in these phenomena.

In order to assess the problem of degradation caused by scintillation and to work
out remedies for a user in the subauroral to polar latitudes, two types of data are
essential, namely, signal statistics and the morphology of scintillations. The signal
statistic describes the distribution of the amplitude of scintillation and the fade
rate along with the morphology, aim to present the designer of the system with
an evaluation of the problems associated with the propagation path that are likely
to be encountered by an operational or a planned satellite link. It also helps to
supply the designer with the characteristics of the fading patterns that deteriorate
the information flow. Scintillations disturb useful information about permanently
existing anisotropic elongated plasmonic structures and various parameters in the
polar conductive collision ionospheric plasma.

The geomagnetic field has an influence on the refractive index and anisotropy
of electron density irregularities (on the axial ratio and orientation angle of elon-
gated plasmonic structures). Using the GNSS characteristics sheet-like elongated
plasmonic structures have been revealed. The wavefront of the GNSS signal un-
dergoes refraction or diffraction depending upon the spatial scales of irregularities
compared to the first Fresnel scale. The geomagnetic field causes the birefringence
- generation of the ordinary (O-) and extraordinary (E-) waves. Peculiarities of
the statistical characteristics of scattered RW scattered in the collision magneto-
plasma have been considered [5-8] using WKB (Wentzel-Kramers-Brillouin) method
or complex geometrical optics approximation.

Investigation of the scintillation effects in the polar conductive ionosphere is of
great interest. The signal generating from that satellite propagates through the
ionosphere contains information about moving irregular plasmonic irregularities
along the whole path. The evolution of the diffraction pattern in the phase of the
signal, is caused by the motion and the temporal changes of both the radio source
and the motion of the irregularities. Scintillation level is based on the 3D spectral
auto- correlation function of a random phase, the drift velocity of a plasma flow,
the axial ratio of elongated plasmonic structures, orientation of an external mag-
netic field and the diffraction effects. Small-scale inhomogeneities are field aligned
in a high-latitude ionosphere causing phase and amplitude fluctuations. Coherent
scatter radars give the information on the Doppler shift of a scattered signal and
the speed of motion of elongated plasmonic structures. Scintillation contains the
spatial spectrum of field-aligned ionospheric irregularities and the relative velocity
of these irregularities.

Scintillation phenomena of the O- and E-waves in the collisionless turbulent mag-
neto plasma for the Gaussian and power-law spectral functions of electron density
fluctuations have been investigated in [9-13| considering the diffraction effects.

In this paper we have presented evidence that the statistics of RW intensity scin-
tillations can be accurately modeled by the Gaussian spectral function which is in
conjunction with the diffraction effects. The second-order statistical moments of
scattered RW in a high-latitude conductive terrestrial ionosphere are computed in
Section 3 by applying the WKB method using the complex refractive index, polar-
ization coeflicients of both O- and E-waves and all the above-mentioned anisotropy
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parameters. Numerical simulations are carried out for the anisotropic Gaussian
auto-correlation function of electron density fluctuations in Section 4 applying IRI
model. Conclusions are made in Section 5.

2. Diffraction parameter in a homogeneous conductive ionosphere

Initial is the wave equation for the electric field
(ViVj — Adij — kiéij) Ej (r) =0 (1)

where: &;; = ¢;; — idmo;;/koc, oi; is the conductivity tensor, ky = 27/\, X is the
radio wavelength, A is the Laplacian, ¢;; is the Kronecker symbol. The external
magnetic field Hg in the polar ionosphere is directed along the Z-axis vertically
upwards, the wavevector of a refractive RW is located in the main (YOZ) of the
Cartesian coordinate system. The dielectric permittivity tensor for a high-latitude
COCOIMA plasma is given by

Eox =€1 — (0L +39),
Epy = —Eyz = C0s0 [seed — i (o + )],
Eyy = (e +pousin®0) — i [(51 cos® O + | sin” 6)
+s (g — Poug1 sin? 9)} ,
£, = (1 + pou cos? 0) —i [(6“ cos® 0 + & sin? 0)
+s (g — pougi cos> 9)]
where: pg = v/(1—u), g = p(l4+u)/(1—-w), § = 2/(1—-w), g =

B—u)/(1—u), &&= pou, v(r) = g(r) Jw? and u = (eHy/mecw)? are nondi-

mensional magneto-ionic parameters of the plasma, wy, (r) = [47N, (r) €?/m] 2

An imposed magnetic field makes an angle 6 with the wave vector k, 6;; = 4mo;;/koc
[14]
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here: 0, oy and o) are Pedersen, Hall’s and longitudinal (parallel to Z-axis) con-
ductivities, respectively; ne (r) = ng + ni(r) is the electron density containing
constant mean (ng) and fluctuating term np (r) which is a random function of
the spatial coordinates; e and m. are the charge and the mass of an electron,
Ve = Ve + Vep is the collision frequency of electron-ion (ve;) and electron-neutral



84 Bulletin of TICMI

particles (Ven,)

T3
Vi = N [59 +4.181og (N)] x 10773/2[m k 5|

and v, = 5.4 % 10*16NnT61/2 [m.k.s|; we and w; are the cyclotron frequencies for the

electron and ion. Solution of (1) we will seek as Ej (r) = Eoy; exp (ikoz + ik 1y + ¢1);
the direction of an incident wave coincides with the Z axis; the second term describes
the diffraction effects; Third term is a random function of the spatial coordinates.

If 9 = 0° i.e. k || Hy we obtain an algebraic equation for the diffraction parameter

p=ki/ko

ézm:,u4 + [(éx:r + 522) (1 - élvm) - 6:1/:y] K

tes ([0 +8,]) =0

describing an attenuation of RW in a homogeneous conductive plasma. For RW
with the frequency of 3 MHz at an altitude 260 km the dumping coefficient is equal
to 0.06, phase velocity is 103 km/sec.

3. Second order statistical moments of scattered radio waves in a
high-latitude cocoima ionospheric plasma

When a plane wave is incident at a small angle on a plane layer of the COCOIMA
plasma we will assume, that electron density irregularities are smooth in a scale of
wavelength, i.e., transversal and longitudinal correlation scales satisfy the following
conditions [, [ > A. Diffraction effects are essential if a distance L (thickness of
a plasma slab) propagated RW in the COCOIMA plasma is great enough: L > .
Using the 2D Fourier transformation, in a first approximation from (1) we obtain

) i

s 1. . oL xX -
0z kyGi2 — 2k (ko (ky + k1) Pro+ kakyGi o
ik?
- +2 S (N (3)
b (hy - 2R0)]Y kyG12 — 2ko

. (5;(3132 + E%)Pm) ny (r)

here: Pio = (Ey) / (Ez), G12 = (E.) / (Ey) are the polarization coefficients, indices
1 and 2 correspond to the O- and E- waves, respectively. The ensemble average is
denoted by the angled brackets. Below indices in the polarization coeflicients are
omitted for brevity.

The complex refractive index of the polar COCOIMA plasma at s < g;5, 0j is
given in [15]. In this region the polarization coefficients of scattered RW can be
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written as
E .
Py = éEy; = P[,— iP5,
X
(4)
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Let a plane RW be incident on a turbulent COCOIMA plasma containing a large
number of irregularities and propagates along the Z direction in a rectangular coor-
dinate system. If phase fluctuations substantially exceed the amplitude fluctuations,
using a double Fourier transform and the boundary condition ¢ (ks, ky, L =0) =0
at s < g5, 0;; from (3) we obtain

k L
0y D) = 2 (C+iC) [ dem (20,
0

(do + idl) ko (L — Z,)]

[ 1
exp —Z

where: Cyp = pg + P” (e + 6p7) cos 6,

Ci1=6,+ P (+6y)cosh
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dy = [2G'G" — (G'P" + G"P') (y + )] 2*
[G"y? +2 (uG" = P")y =2 (G" — uP")] =
d = [(G?+G"™) = (G"P" + G'P) (y + )] 2>
+ G +2 (G - Py—2(Pu-G)a
+ 2y (y + 2p)
& = ky/ko and y = k,/ko are nondimensional wave vector parameters.

For an arbitrary spectral function V,, (k) of electron concentration fluctuations
the variance of the phase fluctuations can be written as

O'% fgk‘oL .
() = 1557 — [(C§ = CF) + 2iCoC]
/ da / dyVi, [k, koy, ko (B4 — i®3) (6)

here:
By = (G,P”—{—G”P,) ny + [—G"y+2 (G”—i—uP”)] ,
Oy = (G"P"+G'P)ys® + [-G'y+2(Pp— Gz —4uy

The auto-correlation function is given by

Wo (Gas Gy L) = (1 (1) 1 (r + p)) = ZE%kaL (CF + CF).

e [ Vi (o oy, ko) exp (<6~ i) 7)
here:
‘I’O — [(G/Q + G//Q) - (G//P// + G/P/) (y + M)] 1:2
+ [G/y2 +2 (HG' — P') y—2 (P’,u — G')] T+ 2 (y2 + 2uy)
Cz = kopz, ¢y = kopy, py and p, are distances between observation points in

the main and perpendicular planes, respectively; an asterisk indicates the complex
conjugate.

Small-scale plasmonic structures (from hundreds of meters up to kilometers)
mainly have an influence on the amplitude scintillation of radio signals, while the
large-scale irregularities give a contribution to the phase fluctuations. The index
Sy describing the expected diffraction pattern on the ground is connected with the
phase auto-correlation function.

The drift velocity V,, of “frozen-in” electron density irregularities is inversely pro-
portional to the Fresnel radius ()\L)l/ %, The scintillation level S; (1st and square
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root 2nd moments) describing the scintillation rate can be calculated using the
power spectrums Py(v) [16]

(0.) 4 o
S2 :/ dvPs (v), g = 2/ dvvPs (v) ,
0 51 Jo

9 00 1/2
Vg = — [/ dvi® P, (V)] ,
Sa [Jo

o [ 2
P,(v,L) = V7T/0 ke, V,, (/% = ;V,ky,L>

Ps (v, L) = 4P, (v, L) sin® <:f> 2 (8)

v is the scintillation frequency. For weak scattering if rigid plasmonic irregular-
ities are moving along the X direction (perpendicular to the main plane), the
power spectrum is proportional to the phase spectrum Py (v) = 4P, (v), where
vp = Vg/ (77)\L)1/2 is the Fresnel frequency, F (v) = 4sin? (I//Vf)2 is the Fresnel
filtering factor. There is a coupling between the irregularities and a drift velocity.
The sinusoidal term describes oscillations in the scintillation spectrum.

4. Numerical calculations

Currently the high-latitude ionosphere is of great interest. Phase scintillation is
an experimentally observing parameter by receiving antennas or radar systems.
Scintillation becomes essential if the Fresnel radius of a scattered RW is of the order
of the linear scales of elongated ionospheric irregularities at different altitudes of the
ionosphere. It depends on a magneto-ionic parameters, the velocity of a plasma flow,
thickness of a plasma slab, parameters of anisotropic electron density irregularities,
the frequency of an incident RW, orientation and activity of the geomagnetic field,
local time and seasons.

It is well known that the frequency range of 0.08-1 Hz relates to the 1-st Fresnel
zone of small-scale electron density inhomogeneities from hundred meters to several
kilometers. The cross-field anisotropy, being more significant for phase scintillations,
appears at the scales [| > 0.5 km and increases up tol; > 510 km, where the N-S
component of the power spectrum of the phase fluctuation tends to the saturation;
at high latitudes generate “sheets” and “wings” with different inclination angles
relatively geomagnetic field.

Geomagnetic field in a high-latitude COCOIMA plasma generates mainly field
aligned vertically elongated electron density irregularities of different scales. The
transverse characteristic linear scales (relative to the geomagnetic field direction) of
these plasmonic structures vary in the interval 1 <7} <10mupto 0.5 <1} < 5+10
km playing an important role in the phase fluctuations. Observations show [17-21]
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that in summer these inhomogeneities represent horizontally stratified structures
and are transformed into plume structures in the equinox. In the height range
150+ 257 km small-scale electron density irregularities with the linear scales of few
hundred meters are also observed in this region. Small-scale plasmonic structures
are mainly aligned with an external magnetic field, but sometime inclination angle
varies in the interval. 10°+20°. Spectral functions of similar irregularities can be
described analytically by power-law and anisotropic Gaussian spectral functions.
The IRI model [22,23] is applied for the investigation of RW propagation in the
polar ionosphere.

One important problem is the spatial spectral function at different altitudes. In
numerical simulations we adopt a 3D anisotropic Gaussian spectral function [8].
Incident RW with a frequency of 3 MHz (ko = 6.28-10~2m~!) propagates along Z-
axis. A numerical simulation is described by the anisotropic power-law and Gaussian
spectral functions [15,24,25]

Vi (i) = 7 Al
! 872 21412 (k2 4+ k2) + 2 k2]7°

B kKD )
exp <— L P TPy — p3kyk:l]

o2 R R R 2
VN(k):Sﬂ'?’/Q? P{— 4 —P1 1 — P2 4 _p3kykle (9)

where: p; = (sin2 Yo + X2 cos? 70)_1 {1 + (X2 — 1)2

-sin? 4 cos? 70/X2] , P2 = (Silfl2 Yo + X* cos® 70) /X2,

p3 = (X2 — 1) sin o cos Yp/2x?, o2 is the variance of electron density fluctuations,
X = [ /11 is the ratio of characteristic linear scales of electron density irregularities
in a field aligned and transverse directions, 7 is the orientation angle of prolate
plasmonic structures relative to the ambient geomagnetic field, is the spectral index,

Ap =T (p/2).
L[(5—p)/2]sin[(p—3)r/2]

The Gadanki MST radar observations show that elongated plasmonic structures
with linear scales between a few centimeters to a few hundreds of kilometers are
exited [21,26] due to the Rayleigh-Taylor instability. In equinox, they have plume
structures, in summer - horizontally stratified structures. Below 350 km velocity of
plasmonic structures drifting normal to the geomagnetic field is of the order 10-100

m§1 and sometimes reaches 300 mgl.
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Numerical simulations are carried out using the IRI model [21,22]. The variance
of the phase (6) for the Gaussian spectral function (9) has the following form:

(o) = 16fkoL— [(C2 = CF) +2iCoC]

/_ Z dx /_ Z dy exp [—i (Ay — iAg)] (10)

where: A1 = %xQ + p1y* + p1 (@Z - @%) + 4dpsyP,
Ay = 204 (p2(1>4 + 2y)
Second order statistical moments of the phase fluctuations may be written as

WG t) = g0zt S5 GG+ 08) [ an [~ ay

2 1
exp {—54 [@01334 + o + <¢3 + 4><2> 2? +uz + (Py® + 1115)] } (11)
where: 1 = pa€d, 12 = 2paeger, ez = 2 (y* + 2uy)

13 = paei + 2paeges + dpsyeo, Vs = €2 (paea + p3y)
Y = 2e1 (paea + 2pser),  ea =2 (y* +2uy) ,
eo = (G?+G") — (G"P"+G'P)(y+np),

=Gy +2 (MG' - P’) y—2 (P’,u — G') .

20 0

Figure 1. 3D auto-correlation function of the phase fluctuations.

The scintillation level is estimated for different anisotropy parameters x and .
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Figure 1 illustrates 3D correlation function of the phase fluctuations versus nondi-
mensional distance parameters between the observation points in the main and
perpendicular planes.

400

300 1

" 2 4 6 8 W n
Difference of refractive indices of O—
and E- waves AN = 107 (km)

Figure 2. The dependence of the difference between refraction indices of the O- and E
waves versus altitude

From Fig. 2 follows that the shapes of the curves correlate with the electron
concentration profiles along the ray trajectories.

Figure 3 represents the scintillation level S4 versus the variance of the normal-
ized RMS deviation of electron density fluctuations o, at vertical sounding of RW
(© = 0°) and different phase spectral index p. The error of the phase of the navi-
gation radio signal radiating by the satellite contains the variance of a radio signal
phase fluctuation, the variance of a thermal noise and the variance of a generator’s
noise. lonospheric scintillations caused by phase fluctuations of the navigation radio
signals are considered. The scintillation level Sy is used to estimate the depth of
ionospheric fading at the observation point. Three levels are distinguished on Fig.
3. At Sy < 0.3 characterizes low-intensity scintillation; 0.3 < S4 < 0.6 - average
intensity; Sy < 0.6 — high intensity. Measurements show that at natural ionospheric
perturbations, the typical value of the scintillation index for the equatorial regions is
S4 =~ 0.3 and sometimes it reaches Sy =~ 0.5-+-0.8. At high latitudes, the scintillation
index is quite small and rarely exceeds S4 = 0.2

0=0°

10° 100 101t 1012

Figure 3. Scintillation level Sy at vertical sounding of RW.
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Figure 4 illustrates the normalized scintillation level S, = Sy/ <cp%> of scattered

RW as a function of the parameter ¥ = 2k3/ k‘? based on the spectrum (9) if
observation points are located at small distances. Left asymptotic area T < 1 is
devoted to the significant filtering, right area T > 1 describes the fully developed
diffraction area. In this region excitation of harmonic oscillations corresponds to
the new waves propagating in the polar conductive terrestrial ionosphere. Second
area connects these areas. In a Fig. 4a curve 1 describes the isotropic case (x = 1,
~vo = 0°),curve 3 describes excitation of new wave in the terrestrial ionosphere due
to conductivity (x = 14, v = 15°), curve 4 (x = 20, 79 = 20°) is the same as in a
nonconductive ionosphere. Oscillations are at T = 25 for field-aligned irregularities.
In the case x = 30 and ~9 = 20° oscillations are stationary T = 38. That is
conductivity leads to the generation of new wave and /or geomagnetic Pc pulsations
propagating in the ionosphere and/or in space. Figure 4b represents the normalized
scintillation level Sy at & = 80 (Ij = 1.5 km), (; = 5, {, = 4. Curve 3 does
not oscillates in the area 2; four minimums arise in the fully-developed diffraction
region. Curve 4 contains 15 minimums satisfying the condition: ...

0.0001 &

1E-5 |

LIRE.LL L) 0 e R A
001 0.1 1 10 Y‘ 100

Figure 4a. The normalized scintillation level S, = Sy/+/(¢?) versus parameter T at
& = 20, observation points are located at (, =6, ¢, = 11.

10'

10;0'2 10" 10° 10 10°
Y

Figure 4b. The normalized scintillation level versus parameter T at £ = 10, x = 10 + 30,
Yo =5+ 20°

Figure 5 shows the scintillation level versus anisotropy coefficient x at parameters:
p=0.06, & =200, ¥ = vy/vy =10, vy = koV, /27, koL = 0.1, “frozen-in" elongated
plasmonic structures are moving along the X-axis with a velocity of 100 m/sec at
an incident 3 MHz RW. For a field aligned irregularities o = 0° the spectral index
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reaches Sy ~ 0.2 for both waves at y = 12 (for the O-wave) and at x = 19 (for
the E-wave); at 79 = 10° we have Sy = 0.1 (x = 12 and x = 19 for O- E-waves,
respectively); for 79 = 30°: Sy = 0.05 at x = 12 (for the O-waves) and Sy = 0.09 at
x = 18 (for the E-wave). Hence, the scintillation index decreases in proportion of
the orientation angle and anisotropy coefficient of electron density irregularities.

0.1}

0.05¢

Figure 5. The relation between the scintillation level S; and the anisotropy factor y at

different inclination angle . Red color is devoted to the O-waves, black color — to the

E-wave. Curves 1 and 4 are devoted to the angle v9 = 0°; curves 2 and 5 correspond to
Yo = 10° curves 3 and 6 — to the vy = 30°;

0,010

Y
1s
(8

0.0105k cemmmmmmmmmem e

e LA

et i

0.0103

0.0100—
10

Figure 6. The width (1st moment) of the power spectrum.

Figure 6 describes the width (8) of the of the power spectrum (9). Curve 1 is
devoted to the field-aligned elongated plasmonic structures (y9 = 0°), curve 2 -
Yo = 20°, curve 3 — 9 = 30°. Breaking parameters are at: ¥ = 17 (curve 1), ¥ = 19
(curve 2), U = 21 (curve 3). The spectral width is of the order of vo5 = 104 mHz,
while 115 ~ 10 MhZ; If irregularities move along the Y axis with the same velocity,
the width of the power spectrum increases up to rog = 118 mHz. Scintillation
period is of the order of T ~ 80 sec.
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5. Conclusion

Second order statistical characteristics of a scattered RW are calculated and the
scintillation effects in the polar COCOIMA plasma are considered for the first time
applying the modified perturbation method taking into account: orientation of an
external magnetic field, diffraction effects, polarization coefficients of both O- and
E- waves, complex refractive index, anisotropy parameters of elongated plasmonic
structures. In this region elongated plasmonic structures have different shapes due
to the diffusion processes.

It was established that scintillation effects substantially depend on the ionospheric
conductivities and the perturbation level of the ionosphere at different altitudes.

Log-log plots of the normalized scintillation level show that oscillations arise in a
fully developed diffraction pattern (significant Fresnel filtering region). Excitation of
new waves depends on the anisotropic parameters and a location of the observation
points. First and second moments of the power spectrum are computed using the
scintillation level.

The scintillation level decreases in proportion of the orientation angle and
anisotropy factor of elongated plasmonic structures.

The obtained results will have great practical application in the satellite commu-
nications.
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