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Results of investigating the spatial and temporal HF field structure near the skip distance are pre-
sented. The data were obtained on midlatitude radio paths less than 1000 km in length, using broadcasting
stations as sources of the probe signals. The signals reflected by the ionosphere were received and proc-
essed with a multichannel coherent receiver and the large phased array of the decameter radio telescope
UTR-2. The strong dependence of the probe signal parameters on the ionospheric plasma conditions has
allowed formulating and solving a number of model inverse problems of ionospheric diagnostics. It proves

possible to determine parameters of the parabolic ionospheric layer, and the effective electron collision
frequency, to evaluate horizontal gradients of the electron density and some parameters of the medium
scale-size ionospheric irregularities. A number of tests made both within the method and by means of

comparison of the restored parameters against the

data of other diagnostic techniques demonstrate the

* high potentiat and accuracy of the approach described in the paper.

1. Introduction

The main requirements to modern radio sys-
tems for remote sounding of the circumterrestrial
space are the high spatial and temporal resolution
and accuracy of restoration of the medium pa-
rameters. To match these conditions, special
transmitters of sufficient power, with complicated
kind of the signal modulation are used. Mean-
while, in the case of radio propagation through
inhomogeneous media, the probe signal may hap-
pen to be concentrated in particular spatial areas
and show especially high sensitivity to parameters
of the propagation channel in such areas. It con-
cerns the near-caustic regions in the vicinity of
which even small changes of the propagation con-
ditions lead to significant variations in the signal
parameters, which makes these regions very suit-
able for solving problems of radio diagnostics. It
makes possible in some cases to use the already
existing sources of radio emission instead of dedi-.
cated transmitters. In the paper this possibility is
illustrated by the example of ionospheric diagnos-
tics, where the radiation of a broadcasting station
has been used as the probing signal.

The wave field behavior near a caustic has been
analyzed in many theoretical and experimental
papers. The theoretical investigations are in most
cases aimed at developing techniques for the cal-
culation of near-caustic fields and analyzing their
region of validity (see, for example, Warren, et al.,
1982; Kryukovski, et al., 1984; Babitch, et al,
1984; Anyutin and Borovikov, 1984). The experi-
mental works concern, in general, determination
of pre-caustic field parameters (like amplitudes,
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Doppler frequency shifts, periods of fading etc.)
for different radio paths and ionospheric condi-
tions (see, for example, Argo, 1993; Taraschuk, et
al., 1982; Chernov and Zhyltsov, 1982). But, to the
best of the authors' knowledge no attempts made
to use the near-caustic fields in ionospheric diag-
nostics. Below, a review of the several approaches
to the appropriate inverse problems is given: The
experimental results include the data that have
been collected since 1980's.

2. Measurment technique

All the experimental results presented in the
paper as an illustrative material, have been ob-
tained by the authors with the use of a special
measuring facility set up at the Institute of Radio
Astronomy, Ukrainian National Academy of
Sciences (Kharkov, Ukraine) in mid-1980's. The
measuring complex is located on the territory of
the Radio Astronomy Observatory in the vicinity
of Kharkov. A characteristic distinction of the
complex is the use of the unique phased array of
the world largest decameter wavelength radio
telescope UTR-2 as the receiving antenna [Braude, -
et al., 1978). It has a T-shaped configuration, the
largest arm of which (North-South) is 1800 m x
50 m in size and oriented along the meridian. The
other sub-array (East-West) is 900 mx 50 m in
size and oriented normally to the first one. Both
antennas are six row arrays, each of them consists
of broad-band dipoles of horizontal polarization.
The total number of such elements is 2042. The
operating frequency range of the UTR-2is 7 to 25
MHz . A conversion matrix forms a five-beam
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knife reception pattern of the North-South array
and a single beam pattern of the East-West an-
tenna. The beamwidth of the resulting pattern is
25’ at 25 MHz. The electrically steerable beams

can be oriented independently for each sub-array.
+180°, while the cone

in elevation angle is 5° t090°.  Although the

UTR-2 is before all a radio telescope, aimed at
radio astronomy observations, its long time usage
as a HF direction finder has shown the high po-
tential of the antenna in determining angles of
arrival for the signals from ground based stations.
In particular, this concerns short, single-hop radio
paths less than 1000 km in length. For such radio
paths it is possible to measure elevation angles

The azimuthal coverage is

with an accuracy Ag = 1°. As will be shown be-
low, measurements as precise as this provide sepa-
ration of the interfering spatial components of the
HF signals near the skip distance.

To record the signals reflected by the iono-
sphere, a special multichannel highly sensitive
receiver was used. It is 8-channel coherent super-
heterodyne recéiver with three conversions of the
signal frequency. All the three local oscillators are
synchronized with the high stability reference os-
cillator (rubidium generator). As a result, the rela-

tive frequency instability of each channel Af/fo

is less than 107 within the frequency operating
range (7 to 25 MHz). After the third frequency
conversion, signals at the difference frequency
(usually units of Hz) are fed to low frequency fil-
ters of three fixed bandwidth. namelv 4, 10, and 20
Hz. The use of narrow band filiering makes it
possible to separate the radio-frequency carrier of
the broadcasting stations that normally have
highly stable master oscillators. This way, non-
dedicated transmitiers can be used for analyzing
the Doppler frequency shifts (DFS) of the iono-
spheric signals to an accuracy about 0,01 Hz. To
determine angles of arrival, an amplitude measur-
ing technique is used. The reception patterns of the
two sub-arrays are scanned independently to ob-
tain the elevation angle and azimuth dependences
of the signal amplitudes. They are stored in a
computer permitting quasi real time direction
finding. The receiving complex being a multichan-
nel one, various measuring regimes can be effectu-
ated, such as simultaneous recording of signals at
different frequencies, use of a set of spaced single
dipoles or crossed antennas of a polarimeter. The
measured data are stored in a hard disk of a com-
puter with an analog-digital converter and a mul-
tichannel tape-recorder. Pre-processing of the data
can be conducted with a spectrum analyzer.

Taking into account the midlatitude location
of the receiving site and the sizable number of
broadcasting stations within a circle 1000 km in
radius, it is possible to find for any time a suitable

radio line where the operating frequency [,
would be close to the maximum usable-one
(MUF) fMUF . This enables conducting long term

observations of the HF field behavior near the.
caustic surface trace. Since the angular selectivity
of the largest arm North-South is the best along
the meridian, radio paths of this orientation are
preferable for the measurements. The results given
below were obtained on the Moscow-Kharkov
radio path about 700 km in length.

3. Experimental data

The most complete information on the spatial
and temporal distribution of HF fields near the
caustic surface trace (CST) could be obtained with
the use of a set of spaced receivers located in the
vicinity of the skip distance. Taking into account
the characteristic scale-size of the HF near-caustic |
field (NCF) (hundreds of meters .to kilometers,
depending on the path length and' ionospheric
conditions) it should rcquire tens of reception
points. Evidently, such an experiment is compli-
cated cnough to be conducted. There is, however,
another, simpler way to obtain the data of interest.
Owing the regular (diurnal changes of the electron
density profile N‘,(r‘,t) y and stochastic (medium-

and large-scale fluctuations in the electron density
profile caused, for example, by TIDs) variations of
the ionospheric parameters, the CST moves per-
manently along the Earth's surface. If the propa-
gation path length and the operating frequency are
fixed, then the CST may cross the reception point.
Provided spatial shifts of the caustic are small
enough, the hypothesis of uniform motion can
suitably describe the variations of the near-caustic
HF field distribution. As will be shown below, this

approach is quite justified and fruitful when Ax is -
of order of units of kilometers. Some inadequacy
of the approach does not ruin the situation,
moreover allows dynamics of the parameter
changes to be detailed.

In Fig.la, a three-channel record of the HF
signals is shown. The record was obtained when
the CST crossed three spaced single dipoles. The
geometry of the dipole location and orientation of
the two first interference minima (dash lines) are
shown in Fig.1b. Cross-correlation analysis makes
it possible to check the hypothesis of uniform
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Fig. 1. A three channel record of the HF signal obtained in the vicinty of the skip distance
using three spaced dipoles (a); geometry of the dipoles (b,.
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Fig. 2. A record of the HF signal in the vicinity of
the SCT (channel 1 - the “North-Seuth” arrey of
the UTR-2; channels 2 and 3 - crossed dipoles of a
polarimeter).

motion and also to find the velocity V' and mo-
tion direction y of the signal diffractive pattern

along the Earth's surface:

y = arctan{1-2At,_,/At, },

V =2lcosy [At,_,, {))
where/ is the spatial separation of the dipoles;
At,_; is the time lag between the moments of ap-
pearance the same interference minimum at the
antennas ¢ and j . As is known [Bremmer, 1949],
the field structure like presented in Fig.la is

caused by superposition of two rays: the lower and
the upper (Pedersen) one. This fact is especially
evident in Fig.2 showing the data obtained with
the use of crossed antennas of a polarimeter
(channels 2 and 3) and the North-South array of
the UTR-2 (channel 1) characterized by a high
directivity in the elévation angle plane. The syn-
chronous fadings in the two polarimeter channels
are evidence for the interference of two waves of
the same polarization, i.e. the lower and upper
rays. At the same time, there are no interference
fadings in the channel of the directional antenna..
The smooth variation of the signal envelope here -
reflects variations of the elevation angle of the ray
separated by the antenna, while orientation of its
reception pattern has remained fixed (the re-
orientation moment is shown with the dashed line
in Fig.2). It indicates that the reception pattern of
the North-Seuth array is narrow enough to sepa-
rate a single ray (in this case it was the lower ray).
Analysis of the interference structure of the signal
shows that the shorter is the distance between the
CST and a receiver, the greater beat periods and
fading depth of the signal amplitude. This implies
bringing the lower and upper ray trajectories to-
gether until they become physically undistinguish-
able. Knowledge of the shape of the antenna pat-
tern and its orientation allows measuring time
dependences of the elevation angles of the lower

and upper rays (s,(t) and 8u(t) , respectively).
Aleng with this, there is no problem in measuring
the phase difference AY,_,(z) between the spatial -
components and amplitudes of the interfering
waves, 'az(t) and au(t). In addition to the
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analysis of the signal envelope it is possible to
register the Doppler spectra of the signals. In Fig.3
the spectra of the signals presented in Fig.2 are
shown. The integration time 7 with which the
spectra were obtained was 10s, the spectral line
resolution is 0,1 Hz. The origin of the vertical

coordinate corresponds to the carrier frequency f0

of the transmitted signal. As the distance between
the CST and the receiver becomes shorter, the
phase paths of the rays lengthen and Doppler
frequency shifts of the upper and lower rays

(Fy (t) and FDM(t) respectively) have negative
sign. In the nearest vicinity of the caustic the rays

prove to be undistinguishable in the frequency
domain as well. The above described results corre-

spond to focusing of the extraordinary "X"-wave
that occurs on a single-hop radio path near the
sunset time (the CST moves toward the transmit-
ter). Actually after "X"-wave focusing one can see
focusing of the ordinary component "O" of the
probing signal. When the CST moves from the
transmitter (usually it being near the sunrise), the
inverse development of the events is observed.
Usually by the moment of focusing of the "O"-
wave the upper ray of "X"\ polarization has been
damped and there remain three significant com-
ponents in the resulting signal: lower rays of the
"0" and "X" polarizations and upper ray of the "O"
polarization. Generally, the "O" and "X" compo-
nents can be reliably separated in the frequency
domain. while the spatial filtering does not allow
resolving them because their trajectories are too -
close 1o each other.
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Fig. 3.Time sequences of the specira of the signal plotted i the Fig. 2. (channel 2).

Analysis of the time dependences A'Y, (z),

a, (t) and 4, (t) shows that they are not always

monotonic functions. As a rule, there are some
random fluctuations in these parameters caused by
ionospheric irregularities. These variations are
especially strong when the spatial scale-size of the

irregularities [ is commensurable with the first
Fresnel zone vAD (A being the wavelength of

the propagating signal and D the path length). If
such disturbances are powerful enough, then the
"shadow-light" boundary spreads out and the
interference structure of the signal becomes more
complicated. Several years of investigations of this
effect have shown that for midlatitude single-hop
radio paths the Fresnel-size irregularities have a
strong effect on the near-caustic fields in about 30
% of the day-time measurements and 40 % to 50 %
at night. Comparison of the results with the data
of vertical ionospheric sounding_data obtained in
the vicinity of the radio path can allow concluding
that the events coincidence in time with F-
scattering.

4. Formulating and solving the problem
of ionospheric sounding

The motion of the CST relative an observer .
due to the regular and stochastic variations of the .
electron density profile, as has been mentioned,
leads to extremely strong changes in the parame-
ters of the resulting field. It is worth noting, that
when the CST passes across the reception site, the
signal strength changes by tens of dB over dis-
tances of a few hundred meters, while far off the
caustic its typical attenuation is units of dB per
1000 km [Davies, 1990]. Sincg the integral repre-
sentation of the near-caustic fields providing an
uniform asymptotic expansion is rather complex,
any attempts of solving the inverse problem in the
nearest vicinity of the caustic face difficulties of
principle that have not been overcome until now.
At the same time, in the illuminated zone near the
SCT, beginning from the first interference mini-
mum, the ray-optical approximation is accurate
enough to be used. Special investigations of this
problem using the interference integral technique
[Anyutin, et al., 1985] have shown, that within the '
measurement accuracy, the inadequacy of the ray-
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optical approximation is not essential. These re-
sults allow using the ray-optical approximation
for solving the inverse problem of ionospheric
sounding.

To demonstrate the possibility of solving the
problem of ionospheric diagnostics with the use of
the near-caustic field measurements, let us con-
sider the simplest ionospheric model, namely the
_parabolic electron density profile. For a plane-
stratified isotropic ionosphere the electron density
profile can be written as

N,(z)= N[1- (e -2 /2]

z €lz,, — 1|
z é{zm - z!

Here N, and z, are the magnitude and loca-
tion of the electron density maximum. respectively
and 1y, is the half-thickness of the ionospheric
layer. As is known [Davies, 1990]. the dependence
of the horizontal distance /) .n the clevation
angle € is determined, in the case of single-hop

propagation and the profite of equation (2), by the
relation:

1+ wsing
D =2z,cote + y,rcoseln- - (3

1-wsing’

where oo = [/ f.,;
(i.e. the highest plasma frequency) of the iono-
sphere. It is easy to derive the expression tor the
eikonal

2z

_ <o :

Y= —+y,sme+

SINE

., is the critical frequency

. (4)
1+ sine

1-sing
Using equations (3) and (4), it is possible to de-
rive a set of equations like

Sz[zo(ti)gym (ti)’ﬂr(ti)] = gl(ti)’
Su[ZO(ti)’ym (), fn(ti)] =e,(t) O
IS EX AR (AWM (Y B A (3]

The equation set (5) is complete, which allows
determining the unknown parameters of the model

zo(t,.), ym(ti) and fn(tl-) for the time moment
t

+l”i[a +0ocos’ € —a'l]ln
2

., using the measured values 8,(1‘,), 8"(1,)
and AY,_, (ti) . The set can be solved numerically

[Bliokh et al.. 1986}, as illustrated in Fig.4. These
are constant-value curves for the lower ray eleva-

tion angle €, and phase path difference AY,_,.
The curves have been drawn for a fixed half-

thickness 7y, (its value can be determined, for
example, from other independent data) and path
length D as functions of the ionospheric bound-
ary height 2z, and ratio of the operating fre-
quency fo to the critical one fn. Obviously,
AY,_, at the

time moments f;allows determining unambigu-

knowledge of the values €, and

ously the ionospheric parameters z, and fw for
the same moments. as coordinates of the intersec-
tion points of the appropriate  curves
(AY,_, = const and €, = const). An example

of recovering Z()([), ym(t) and /“(I) in this
technique for two cases - near the sunrise and '
sunset, is shown in Fig.5.

— = ires of constant phase
240 \43% patt aifference: 1 -0m;
\ 2-30m; 3-450m;
\\\ 4-900 m;
220 1 \ \ — _lines of constant lower
N\

ray elevation angle:
Q 1-409 2-36°; 3-35°

Lower boundary height, km

200 4- 34 5- 30
180
4

1.3 1.4
Operating-to-critical frequency rafio

Fig. 4. Constant-value lines of the phase path differ-
ence benween the lower and the upper ray, and eleva-
tion angle of the lower ray for fixed half-thickness.

Of principal importance for the restoration
technique are the uniqueness and correctness of
the inverse problem. These have been checked in
three types of tests. The first one was based on
comparison of the restored parameters with the
data obtained simultaneously in a different tech-
nique, for example, vertical ionospheric sounding.
The gist of tests of the second type consists in the
analysis of the excess data measured and calcu-
lated for the determined ionospheric paramecters
that have not been used for the restoration. for
example, Doppler frequency shifts for the lower,
F,,, and upper, Fp, , rays. While conducting the

third type of the tests, multifrequency measure-
ments were used. All the above mentioned signal
parameters were measured for each of the frequen-
cies. Then, using the data obtained for one of these
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frequencies, parameters of the ionospheric layer
were restored. These were used to calculate signal
parameters at other frequencies for ultimate com-
parison with the measurements. The agreement
was assumed as satisfactory if the data differed
from each other by a smaller value than the meas-

uring accuracy, that is Ag £0,5° and

AF,) <0,05 Hz . All the tests have demonstrated

the high accuracy of the procedure suggested for
restoration of the ionospheric parameters.

A further refinement of the ionospheric model,
namely employment of a biparabolic plasma layer
(layers E and-D), has not furnished a significant
correction to the restored electron density profile

near its main maximum if £, > F, 0. That

is only natural as the major general contribution
to the near-caustic fields is given by the rays re-
flected in the vicinity of the main ionospheric
maximum where the parabolic approximation is
suitable. In the lower ionosphere the lower and
upper ray trajectories are practically indistin-
guishable so that the near-caustic field parameters
depend but weakly on the electron density profile
- in this range.

Taking the geomagnetic field into account (i.e.
using both the "O" and "X" focusing) has not re-

vealed a significant influence upon the results
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Fig. 5. Time dependences of the restored pa-
rameters of the model ionospheric layer the sunrise
and sunset. .

of solving the inverse problem. However, it has
allowed determining the magnitude of the electron
gyrofrequency. v

It is clear that for the plane-stratified iono-
sphere the "shadow-light" boundary looks like a
circle around the transmitter. Hence, the SCT
always moves exactly towards or from the trans- -
mitter because the normal to the SCT is oriented
along this direction. In the presence of horizontal
gradients of the electron density the shape of the
"shadow-light" boundary becomes more compli-
cated, which, in its turn, leads to a deviation of the
motion direction from the transmitter azimuth.
The effect is particularly bright in the vicinity of
the sunrise/sunset or when the TIDs pass through
the reflecting region. An example of the data ob-
tained at dusk for a set of experiments using the
triangulation technique is shown in Fig.6. The
measured data are represented in polar coordi-
nates showing the velocities (radii) and directions
(angles) of the SCT motion, the dashed line is
oriented toward the transmitter. One can see that
the points lie mostly on the right side of the
dashed line. This corresponds completely to the
gradients that most likely occur near the sunset.
Comparison of these data with calculations in a .
model with a slant ionospheric layer has allowed
evaluating the angle characterizing horizontal
gradients in the ionosphere [Galushko, 1984]. In
our measurements, its average value was about

—5° and maximum approached —10° to —12°
for near-sunset time when most experiments of
this kind were conducted.

V, m/s 8°

200

160

120 !

T30 160 200 v, mis

Fig. 6. Velocity and motion direction of the pre-
caustic field pattern near sunset.
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So far we have analyzed the HF trajectory pa-
rameters only. Now let us consider the behaviour
of the HF signal envelope in the vicinity of the
SCT. For this purpose we have analyzed depend-
ences of a parameter 72 versus the distance D .
The value m is determined for a set of discrete

points D, as
m(Di) _ Anay (Di+1) = A (Di) ’
Amax (Di+1) + Amin (Dt)
where A__ (Dm) and Amin(Di) are the maxi-

mum and the minimum value of the signal enve-
lope, respectively, for corresponding distances;
recalculation of the time dependences into range
has been made on_the assumption of uniform mo-
tion. Analysis of the data has shown that in a

(6)

number of cases the parameter m(Di) decreases

at longer range D faster than it follows from the
calculations made for the restored ionospheric
parameters. The effect apparently being due to
. propagation losses, we have introduced the effec-

tive collision frequency v, of electrons, such

that the refractive index n(z) of the ionosphere
takes the form

n2(2)=1— er(Z) 1_(2_2111]2 (7)
mo(mo—ive) ym .

The value v, has been assumed independent

of height z, which is quite realistic for the iono-
spheric F layer [Alpert,1972]. Absorption in the
lower ionosphere (E and D layers) was also ne-
glected because the difference between the upper
and lower ray trajectories depended primarily on
the T layer parameters. As follows from numerical
estimates, the contribution of the lower ionosphere
absorption into 72 is about ten times smaller than
that of region F. The calculations were made in
the interference integral technique [Anyutin, et al,,
1985] and some results are shown in Fig.7. It rep-
resents range dependences of the signal envelope
A (relative units) calculated for a set of values
s=v,/®, . As can be seen, the envelope maxima

and minima practically are not displaced as s
increases. The magnitude of the maxima decreases
significantly, while the minimal amplitude changes
only slightly. Fig.8 shows range dependences of
the parameter 7 for a set of values of v, (solid

lines), and measured results for two observational
days(crosses and points, respectively). Comparison
of the measured data with the calculations allows

determining the effective collision frequency v, of

electrons (this case equal to ~1,2 x 10°s™  for

one day and ~3,1x 10°s™ for the other). To test

correctness of the method for measuring the effec-
tive electron collisionr frequency, the following
experiments were conducted. On a midlatitude
radio path about 940 krh in length the value v,

was determined simultaneously in the above de-
scribed technique and by means of the Al method
with the use of a vertical ionospheric sounder lo-
cated in the vicinity of the middle point of the
radio path [Beley, et al., 1990]. Comparison of the

.data demonstrated their good mutual agreement.

The apparent overestimation of v, is a result of

the signal scattering by the medium-scale iono-
spheric irregularities which produced additional
attenuation of the coherent component of the
probing signal. :

Along with the additional attenuation of the
near-caustic signals, ionospheric irregularities
produce distortions of the field pattern, bringing
forth, for example, varidtions of the positions of
the resulting field minima. These manifest them-
selves, in particular, through non-monotonic de-
pendences of the periods of the interference fad-
ings versus time. In its turn, the ionospheric dis-
turbances bring in some additional errors in the
ionospheric parameters restored.

Lu.
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4 _ — _s=5x10°

1.0: \
0.5f = ~
RN
/o
S

SRR VR
///: - Y \~»/ '

639 640 641 642 643 644D, km
Fig. 7. Signal envelope for different values of the
parameter S =V, | @,

ma
101 | -
} \ s=10
‘ —~e 5 = 5x107
0.5- Ss= ]0-4
a2 644 646 D, km |

Fig. 8.”Parameter m versus distance” dependences,
calculation (curves) and measurement on two ob-
servation days

Investigations of the influence of ionospheric
irregularities upon the near-caustic field pattern
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were conducted in the ray optical approximation
using the perturbation method for eikonal. Me-
dium-scale irregularities (L =10...50 km) alone
were taken into account. This is stipulated, on the
one hand, by the high degree of spatial correlation
of the near-caustic fields for the distances
d = 2km , which allowed neglecting irregulari-
ties of scale-size L < d . On the other hand, the
large scale-size disturbances with L >y_ do not
produce significant variations of the fading peri-
ods of the resulting field. As a result, it has been
shown that the ionospheric irregularities cause
shifting, on the average, positions of the interfer-
ence minima towards the SCT on the value
2

= - -1
Ax  =x,—<x;> 2><

se, (8D/) " sing

§

S=E"'

(6D/ 68)_1 sine
X b

3
(COSEy —COSEW-)

3
where X, is the undisturbed position of the j -th

e 2. .
minimum; S ;s determined as

St =< B‘P,Z(xoj) >+ < Sle(xoj) p

-2< S‘P,(xoj)é‘l’u(xoj) >;
d¥,, and 8¥, are fluctuations of the eikonal for

the lower and the upper ray respectively; and the
angular brackets denote averaging. Also estimated
were the errors of the ionospheric critical fre-
quency and variance of the periods of the signal
fading. Comparing these data with the measure-
ments makes it possible to estimate the most prob-
able values of the parameters of ionospheric dis-
turbances, namely the characteristic size has been

found to equal L = 15km and intensity of the
fluctuations <(6N)2 > Y2/N_ lies within the

interval 107...107.

It is clear that wider employment of the pro-
posed methods of ionospheric diagnostics is re-
stricted by the necessity of using highly directional
antennas capable of resolving the interfering sig-
nals in elevation angle. Meanwhile, the diagnostics
has been extended to allow near-caustic field
measurements with a set of spaced small-size an-
tennas (single dipoles) [Anyutin, et al., 1990]. The
gist of the method is as follows. For the parabolic
model of the ionosphere, the set of equations can
be derived using (3) and (4), (9).

\I; _\I{t =E(81’Eu’20’ym.fcr) = A\H-ll’

1+osing
D-2z, cote, —y, 010088, ]-nm = Pz‘(sbzo:ymﬁr)a
D_zzl)mu _ymamgulnm =I‘;(8u’20’ym’f;r)'
—olsing,
Table I.
Results of the ionospheric parameter restoration
JfoMhz | lonospheric Spaced UTR-2
parameters Dipoles
S MHz 7.15 7.2
10 2y, km 141.9 150
Yoo hm 95.5 100
050 40.3 - 1397
S MHz 8.81 8.8
12 Zy,km 140 150
Yok 97.5 100
B0 40.3 40.3

The set has been written for some fixed dis- -
tance D and involves 5 unknown parameters,

namely, 2,, V,, Jf., €, and €. If the

measurements of AW, were performed at least

at-three spaced points, then a set of 9 equations
can be derived for 9 wunknown values:

20> V> Sers€115€013€12:€,2,8p3, and € 5.
Solution of the system can be found numerically in

the W -conversion technique[Chichinadze, 1983]. .
The results of restoring ionospheric parameters in
this approach and those obtainéd simultaneously
through angular measurements with the UTR-2
are shown in Table 1.Comparison of the data
shows that they are in good agreement. This al-
lows practical application of ionospheric diagnos-
tics not only with the unique antenna array like
UTR-2, but with single spaced dipoles, too

5. Conclusion :

Measurements of the diffractional HF field
pattern in the vicinity of the skip distance and

further comparison with theory allow recovering a

number of ionospheric parameters, such as the
model electron density profile, effective collision
frequency of the electrons, horizontal gradients of
the electron density and parameters of medium
scale ionospheric disturbances. Comparison of
these data with the results obtained simultane-
ously in another technique of ionospheric diagnos-
tics (for example, verticdl sounding) has shown-a

high accuracy of the methods proposed for iono-
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spheric sounding. In particular, the regions of
natural field localization near the caustic have
proven very suitable for ionospheric diagnostics.
E.g., the accuracy of the developed method for
determining the layer height and the critical fre-
quency is 5 km and a few KHz, respectively, which
is comparable with the potentialities of modern
vertical and oblique ionospheric sounders. A great
advantage of the methods described is their eco-
logical harmlessness, in the sense that they require
no dedicated transmitters but employ the already
existing broadcasting stations as sources of the
probing signals. The great number of such stations
and the relative simplicity of the proposed tech-
niques permit expecting a wide practical employ-
ment of the developed methods.
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IIpukaycruueckne noss u noHocdepnas
JIMArHOCTHKA

B.T".I'aaywmiko, FO.M.Amnoasckruii

OnucaHbl pe3yabTaThl  MCCAENLOBAHUN  NPO-
CTPAHCTBEHHO-BPEMEHHOH CTPYKTYpPbl. KB noncit B
OKPECTHOCTH MepTBOM 30Hbl. aHnble nonyucHs
Ha CpeIHelIMPOTHON Pa/IMONMHHKN AJIHHOM MeHee
1000 KM ¢ UCTIOJIB3OBAHHEM LIHPOKOBEILATENbHbIX
CTAHUMHA B KAueCcTBE HCTOUHHKOB MNpoOILIX
curnanoB. OTpaxKeHiblc 0T HOHOCHEPDl CHIHAbI
MPUHHMANIHCL W 00padaThiBaslich € NOMOLUBIO
MHOTIOKaHAJILHOTO KOTEPEHTHOrO [MPHEMHHKA 11
Kpynueliuieid uccnegoBartenbekoli QasipoBaHHOI
AHTEHHONH  pelleTKH  JIeKaMeTpoOBOro  pPa/iio-
teneckona YTP-2. CusbHas 3aBHCHMOCTL Mapa-
METPOB 30HAHPYIOLLHX BOJIH OT COCTOSHIA HOHO-
cepHOH MIa3Mbl MO3BO.IUIA CHOPNMNTHPOBUATL 1
PEeLIMTb  PSA MOAEJbIBLIX  OOpalHBIN  3d/1ay
HOHOCGhEPHOH AHATHOCTHKH. JTO LaCT BO3MOXK-
HOCTb ONPEACIATL NApaMETPbl, HAPADOIIHUECKOTO
vwoHocepHoro  ciost, 3QQCKTHBHYIO  HACTOTY
COyAapeHnil  MEeKTPOHOB, OUCHUTL  BEJNHYHLY
TOPHU3OHTANIbHBLIX TPAAHEHTOB YIEKTPOHHOI KOH-
LEHTPAUHH M HEKOTOPbIE NapaMeTpbl CpeaHe-
MaclTabHBIX  HOHOCGHEPHbIX HEOJHOPOAHOCTENL.
Panx npoBepok, BLIIIONHEHHBIX KaK B PaMKaX
NpeJIOKEHHOr0 METOAd, TaK H IyTeM Co1o-
CTABJIEHUSA BOCCTAHOBJCHHBLIX [PAMETPOB ¢ LiH-
HBIMH JPYTHX AHACHOCTHUECKHX CPEACTB. CHIlLC
TENbCTBYIOT O BLICOKON 3(DdekTUBHOCTIE 11 o
HOCTH ONMCAHHOTIO B CTAThLE MMOAXOJA.

IlpukaycTuuni noas ta ionocdepHa Qiariocika
B.I". I'anywko, FO.M. AMnoabcknit

OnucaHo  pe3yabrart  JOCHIIXKEHb  MpPO-
cTOpOBO-4acoBoi CTpykTypnt KX rnonis nobansy




Near Caustic Fields and lonospheric Sounding

mepTBoi 30HK. Jlani Oynu oTpumani Ha cepen-
HbLOLIMPOTHIR panioTpaci JOBXKHHOIO MEHbLUE
1000 xM 3 BHKOPHUCTAHHAM UIMPOKOMOBHHX
cTaHUifl sk JoKepen npobHUX curHamiB. BigbuTi
Bix ioHochepu cHUrHanu npuiMamucs Ta
006pobaanuca 3a AOMOMOrol 0araToKaHaabHOI'O
KOTepeHTHOI'0  npuiiMaya Ta  Haibinblioi
DOCHiZHULbLKOI (a30BaHOI aHTEHHOI peiTKH
nekaMmeTpoBoro paznioteneckony YTP-2. Pisbka
3aNeXHICTh NapaMerpiB 30HAYIOUHMX XBWIb BiA
craHy ioHocdepHOi nmasmu jgo3Bonmna cdop-
MYJIOBATH Ta BUPIIUMTH pPAd MOAEIbHHX 3BO-
poTHUX 3ajxau ioHochepHoi miarHocTHkd. Llenie
MOXTHMBICTL BU3HAYMTH RapaMmerpu mnapabo-

JiuHoro ioHocdepHoro wapy, edekTHBHY YaCTOTY
3iTKHEHHS - €JIEKTPOHIB,  OUiHMT#  BENHYUHY
TOPHU30HTANbHUX  [PaABETHTIB eNEKTPOHHOI
CYCTMHM Ta JeAKi mapaMmerpu  napabomniyHoro
ioHocpepHoro  wapy, . ehekTUBHY  YacToOTy °
3iTKHEHHS ENEKTPOHIB, OLIHUTH BEJIMYMHY TOPH-
30HTAJILHUX TPAMIEHTIB eNEKTPOHHO! TYCTHHH Ta
Oedki nmapaMeTpH cepeaHboMaclITabHUX iOHO-
chepHHX HeomHopigHocTed. Psaa nepesipok, wo
OyJlin BHKOHAaHI AK y paMKax 3alponOHOBAHOIO
METOAY, TaK i LIAXOMMNOPIBHAHHA BiXTBOPEHHX
napaMeTpiB 3 AaHUMH iHIIMX OIATHOCTHYHMX 3a-
co0iB, cBifuaTh Npo BHCOKY e(EKTHUBHICTL Ta
TOYHICTb ONHCAHOI'O Y CTATTI AIAXONY.
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