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We give an overview of the design and results of the optical-backscatter-heating campaign
which we conducted at the Sura facility near Nizhniy Novgorod, Russia on August 10-20, 2004.
This campaign was the first to combine optical observations with simultaneous plasma diagnos-
tics by the method of artificial periodic irregularities and with multi-position backscatter mea-
surements and is an example of the clustering of instruments for the purpose of enhancing
research results. Some of the results of the campaign have been published in a special issue
of Radiophysics and Quantum Electronics and in Physical Review Letters and will only be
summarized here. New results include offset of the optical emissions by 1+2° from magnetic
zenith; broadening of the backscatter spectrum for heating at the fourth harmonic of the electron
gyro frequency; observation of self-scattered signals at the second harmonic of the heater fre-
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quency; first observations of vector plasma drift/electric field measurements using field-aligned
irregularities as tracers; verifying the refractive index mechanism for the Doppler shift of self-
scattered signals and first observations of synchronized variations in self-scattered and backscat-
tered signals. The electric field observations confirm that the ionosphere over a mid-latitude site
such as SURA can be affected by high latitude processes.

1. Introduction

The optical-backscatter-heating campaign
took place at the Sura facility (the geograph-
ical coordinates are 56.13° N, 46.10° E, the
magnetic dip angle is 71°, the declination
angle 10°) on August 10-20, 2004. The goal
of the campaign was to accomplish, as com-
pletely as possible, 3D diagnostics of natural
and induced processes in the ionosphere and
neutral atmosphere using multi-instrument
remote sensing of the HF-illuminated volume.
This campaign was the first to combine opti-
cal observations with simultaneous plasma
diagnostics by the method of artificial perio-
dic irregularities and with multi-position
backscatter measurements. We complement-
ed our diagnostics by making use of the re-
cently discovered self-scattering effect [1]
based on the distant receiving of the funda-
mental and second harmonics of the trans-
mitted signal (including an approximately
16,000-km long-distance reception along the
path Sura — Antarctica) [2]. We also record-
ed geomagnetic field variations in the imme-
diate proximity of the transmitter site to com-
pare dynamic effects in the heated volume
with geomagnetic field data.

The first part of the experiments (August
10-15, 2004) was devoted to studying low-
altitude ionospheric processes by inducing spo-
radic E-associated airglow [3-4] with simulta-
neous diagnostics by the method of artificial
periodic irregularities [5-6]. In the second part
of the observations (August 16-20, 2004) we
planned to study the F-region processes.
Multi-position backscatter observations of the
heated volume were carried out throughout
both parts of the campaign. The first part of
the campaign includes the special consider-
ation for carefully choosing the time of the
experiment which has an optimal combina-

tion of maximum occurrence of sporadic ion-
ization, maximum dark time for optical ob-
servations, and a high enough F-region crit-
ical frequency to reflect the transmitted ra-
diowaves. Measurements of this type were
expected to allow reconstruction of sporadic
ionization structure and the 3D neutral wind
velocity vector in the E-region proposed in
[4-5] and the 3D drift velocity and estimates
of electric and magnetic fields in the F-re-
gion [7-9].

The advantage of Sura over other operat-
ing powerful radiowave facilities which are
all located at high latitudes (the only other
midlatitude heating facility in Arecibo, Puer-
to Rico, was destroyed by a hurricane in 1999)
is that as a midlatitude facility it lacks a great
number of sources of energy present at high
latitudes. Sura’s disadvantage is the lack of
its own optical instrumentation, which pre-
vents optical observations on a routine basis.

Some of the results of the campaign have
been already published [10] and some are in
press in the special issue of Radiophysics and
Quantum Electronics devoted to the VI URSI
Suzdal Symposium in October 2004, which
held a special workshop on our Sura cam-
paign in August 2004 [11]. In this paper we
give an overview of all results from our cam-
paign with only a brief description of the pre-
viously published effects.

The paper is organized as follows. We
describe all instruments and techniques in
Section 2. We give short introductions to pre-
vious work in each of Sections 3-7. We start
with a brief overview of the results obtained
with the use of the artificial periodic irregu-
larities (API) technique in Section 3 (more
details can be found in [10-11]). In Section 4
we report the main results from the optical
observations, including a brief description of
our discovery of the hydroxyl red artificial
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aurora [10]. In Sections 5-7 we show the re-
sults from multi-position bi-static HF Dop-
pler radio-scatter observations of the radio-
wave-modified ionosphere volume above the
Sura facility. Section 5 discusses the spectral
characteristics of signals scattered by artifi-
cial ionosphere turbulence when the pump
frequency was close to the 4™ electron gyro
harmonic. Sections 6 and 7 present multi-
position bi-static HF Doppler radio-scatter
observations of artificial field-aligned irregu-
larities and recently discovered self-scatter-
ing phenomena [1]. We give summary and
conclusions in Section 9.

2. Instruments and Techniques

The Sura facility belongs to and is operat-
ed by the Radiophysical Research Institute
(NIRFTI). The powerful radio wave transmit-
ter is composed of three 250 kW transmitters.
Each of these, if necessary, can be operated
independently. The transmitter frequency can
be varied from 4.3 to 9.5 MHz and may be
changed step by step. This capability allows
complicated programs to be run, such as, for
example, stepping through the electron gyro
harmonics. Phasing of the transmitters per-
mits steering of the antenna beam within +40°
from the zenith in the geomagnetic north-south
direction. The full antenna beam is 12°x12°
at 4.3 MHz, 10.7°x10.7° at 4.7 MHz and
9°x9° at 5.8 MHz for vertical pumping. An-
tenna gain is also frequency dependent, be-
ing equal to 80 at 4.3 MHz, 120 at 4.8 MHz
and 150 at 5.8 MHz.

To monitor ionospheric conditions we ran
the ionosonde (vertical sounding) about every
10 minutes. The ionosonde located at the Sura
site was sensitive to the plasma frequencies
above 1.75+2 MHz (corresponding to the plas-
ma densities at the reflection level in the range
3.8x10* to 4.9x10* cm?®) and up to 9 MHz
(corresponding to the plasma density of about
10° cm™ at the reflection level). A ground-
based magnetometer located 30 km to the
south-west from the Sura facility provided
data on the geomagnetic field.

The campaign was equipped with an all-
sky charge-coupled-device (CCD) camera
(made by Keo Scientific Ltd.) from the
NORSTAR project at the University of Cal-
gary. The CCD camera used three interfer-
ence filters, namely the 557.7 nm-filter with
the bandwidth 2 nm, the 630.0 nm-filter with
the bandwidth 2 nm, and a background
(BGND) filter with the wavelength 541 nm
and the bandwidth 2 nm. The software de-
veloped at Cornell University and used for
operating the CCD imager allowed us to
manually set any desirable sequence of filters
and adjust the exposure time as needed.

In Fig. 1 we give a map showing the geom-
etry of the observations. Three coherent scat-
ter receiving sites located near Kharkov,
Rostov and St. Petersburg were used to mea-
sure the signals scattered by the perturbed
ionospheric volume above the SURA heater.
For backscatter measurements we used what
is now called the passive radar technique (for
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Fig. 1. Geometry of the Sura experiment on Au-
gust 10-20, 2004. Locations of the broadcasting
stations and receiving sites are shown in grey and
black, respectively
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details see [12-13]). To this end we chose the
broadcasting stations near Moscow, Ser-
pukhov and Armavir, whose CW signals (scat-
tered by field-aligned irregularities which were
induced by high-power radiowaves above the
Sura facility) satisfied the Bragg resonant
scattering condition to be registered at the
four above-mentioned radar sites, thus al-
lowing reconstruction of the 3D Doppler
velocities inside the Sura-illuminated iono-
spheric volume.

For the first time in this kind of experi-
ments, we supported optical observations with
simultaneous plasma diagnostics using the so-
called artificial periodic irregularities (API)
technique [6].

In the second part of the campaign devoted
to the F-region diagnostics we used a spectrum
analyzer to observe stimulated electromag-
netic emission (SEE) from the radiowave-
modified ionosphere to determine such plas-
ma parameters as, for example, the frequen-
cy of electron gyro harmonics. The real-time
observations allowed prompt adjustments of
the pump frequency in accordance with ion-
ospheric conditions if necessary.

3. Artificial Periodic Irregularities

Artificial periodic irregularities (APIs) are
generated in antinodes of the standing elec-
tromagnetic wave formed due to interference
of the HF radio waves transmitted vertically
and reflected from the ionosphere. The APIs
are horizontally aligned with a vertical scale
of one-half of the wavelength A of the trans-
mitted wave. When probed with radiowaves
of the same wavelength, this weak API grid
(imposed on the existing natural ionospheric
structure) returns an enhanced signal from
the altitudes occupied by natural plasma in-
homogeneities, thus giving information about
ionospheric structure up to the pump wave
reflection level. The receiver and transmitter
are located at the same site. There are two
ways to satisfy the Bragg resonant backscatter
condition, namely, [1] using the same frequen-
cy and polarization for the pump and probe
waves and [2] using different frequencies.

As a rule, the API method uses the X-mode
polarization to avoid inducing plasma insta-
bilities. However, to combine optical obser-
vations with the API diagnostics, we had to
use the O-mode polarization for both pump-
ing and probing in order to have the maxi-
mum possible power for inducing optical
emissions.

Among other advantages, the API meth-
od is capable of detecting sporadic ioniza-
tion with plasma densities as low as about
1000 cm, thus showing (more than an order
of magnitude) better sensitivity than ion-
osondes. In the upper panel of Fig. 2, we show
the E-region sporadic ionization (Es) as seen
by the API technique on August 15-16, 2004
(during the daytime, no optics) as an enhanced
backscattered signal and plotted as a func-
tion of local time and altitude (more details
on producing altitude-time distributions of the
scattered signal intensity using API technique
can be found in [14]). In brief, the standing
wave pattern produced by reflections from
F-layer creates Bragg scattering targets which
are more effective in the sporadic E-layers.
In the lower panel we show three ionograms
taken at times 18:28:05 LT, 18:45:41 LT and
20:29:44 LT. Here we created API using an
X-mode polarization radiowave at the fre-
quency 4.7003 MHz, which then was probed
with X-mode waves at 4.7 MHz. From Fig. 2
it is clear that the ionosonde was capable of
detecting reflected signals only when the am-
plitude of the API-scattered signal was near
50 dB or higher (the upper part of the double
Es near 100 km altitude). For example, it did
not register the signal backscattered from the
low-altitude ionization layer at altitude near
80 km detected by the API technique.

The backscatter from the above-mentioned
weakly ionized layer of ionization at altitude
near 80 km registered on August 15-16, 2004
by the API method looks like mesosphere
summer echoes (MSE) that have been regis-
tered at Sura using the API method many
times, including simultancous observations at
3 and 9 MHz [15]. These low-altitude ioniza-
tion clouds caused radiowave focusing, thus
providing enough energy to vibrationally ex-
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Fig. 2. Altitude-time distribution of the scattered signal intensity (upper panel) reconstructed using the
API data recorded from 17:30 to 20:30 LT on August 13, 2004. The O-mode heating was at 4.3 MHz
with the pumping scheme 1 min on /2 min off. APIs were formed and sounded by X-mode radiowaves at
4.7 MHz. The lower panel shows the ionograms taken from the Sura ionosonde sequentially (from left
to right) at 18:28:05 LT, 18:45:41 LT and 20:29:44 LT

cite hydroxyl molecules [10]. We will give
more details on induced optical emissions in
the next section.

Note that to effectively induce optical emis-
sions the high-power radio waves of O-polariza-
tion and continuous heating schemes are used.
To match this requirement and to be able to
do simultaneous atmospheric diagnostics by
the API technique we developed a special
pumping/probing scheme shown in Fig. 3.
We use the O-mode polarization for pumping
(5 min on / 5 min off) and O-mode polarization
of the same wavelength for probing during
the heater-off periods. For 2 s after every 13 s
of continuous heating during each 5-min heat-
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er-on period, we transmitted the 30-ms pulses
(at a repetition frequency of 50 Hz) to probe
the induced API structure. We use the usual
probing scheme during the heater-off peri-
ods. Although we cannot run the complete
API diagnostics using O-mode heating be-
cause of distortions caused by induced iono-
spheric instabilities, it is very important that
O-mode heating is effective in detecting even
relatively weak sporadic ionization. For ex-
ample, it showed weak patchy-type Es pul-
sating near 80 km altitude during the night of
August 15-16, 2005, when we observed ra-
diowave-induced hydroxyl airglow (for de-
tails see [10]).
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Fig. 3. The scheme of API diagnostics that was used during dark time of the day simultaneously with

optical observations

Along with plasma and atmospheric diag-
nostics, the API observations were aimed at
studying the effects of the ionosphere modifi-
cation on the E-region sporadic ionization.
Obviously, to make it efficient the Es critical
frequency should exceed the pump frequency.
These ionospheric conditions were at the
end of the daytime API observations on Au-
gust 15, 2004 (see Fig. 2). The respective ion-
ograms show the strong overdense sporadic
ionization near 100 km altitude and the API
method additionally recorded a weaker spo-
radic E-layer just below it, near 90 km.
Bakhmet’eva et al. [11] found that while the
amplitude of the probing signal coming from
90 km remained unchanged, the amplitude
of the signal from 100 km was decreasing
with heating (the heating did not noticeably
affect the API relaxation time). The reasons
for such a difference are not yet understood.
A possible explanation may be related to the
difference in the magnitude of the electric
field of the radiowaves at the two altitudes
and the influence of heating on ionospheric
irregularities, for example the triggering of
different instability mechanisms at different
altitudes. Frolov et al. [16] showed that for a
patchy type Es the intensity of the backscat-
tered signal increased with heating and in-
duced signal fluctuations appeared. Clearly,
high-power radiowaves can modify sporadic
ionization, but to understand how and why
this modification takes place requires further
experimental and theoretical investigation.

226

4. Optical Observations

Artificial airglow occurs when, due to the
interaction of a powerful electromagnetic
wave with the ionospheric plasma, electrons
acquire enough energy for collisional excita-
tion of neutral species. The most frequently
observed artificial emissions occur when ex-
cited atomic oxygen in the O('D) state relax-
es to the ground state, emitting a photon with
a wavelength of 630.03 nm (the excitation
energy is 1.97 eV). This emission comes from
altitudes 250150 km and may be accompa-
nied by a significantly weaker F-region green-
line emission of atomic oxygen (because of a
higher excitation energy, 4.19 eV, compared
to that of the 630.0-nm airglow), which oc-
curs when atomic oxygen in the O('S) state
relaxes and emits a photon with a wavelength
of 557.7 nm.

All three preceding campaigns at the Sura
facility involving optics (in 1990, 1993 and
1995) were aimed at measuring the F-region
airglow in 630.0-nm emission from atomic
oxygen in the O('D) state and at using these
measurements for determining plasma drifts,
neutral winds, diffusion coefficients, and col-
lisional quenching times [17-18]. Bernhardt
and coauthors did not observe green line
emission of atomic oxygen at 557.7 nm. Con-
cerning the F-region 557.7-nm radiowave-in-
duced airglow, most probably Bernhardt and
co-authors did not observe it because there
were not enough accelerated electrons with
sufficiently high energy to excite a detectable
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airglow. Neither of these three campaigns was
aimed at measuring the E-region airglow, since
it had not yet been discovered, and therefore
the experiments were carried out when there
was no E-region sporadic ionization.

In the F-region study-oriented part of our
August 2004 campaign, we investigated the
630.0-nm optical signatures of the radiowave
pumping toward the geomagnetic zenith,
which for the Sura location was predicted
to be the most effective for transmissions at
the 12° geomagnetic south [19-20]. Because
the weather was not favorable for optical
observations, we were unable to accomplish
the planned program. However, the observa-
tions were performed for two days, specifi-
cally on August 13 (vertical heating) and
August 20 (pumping toward the magnetic
zenith by heating at the 12° angle), when
the ionospheric conditions were very similar
(the F-maximum critical frequency in both
cases was 5.8 MHz) as well as the effective
radiated power of about 120 MW and the
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heating schedule 5 min on / 5 min off in both
cases. The heating frequency was 4.7 MHz
on August 13, 2004 and 4.7853 MHz on Au-
gust 20, 2004. The angular dimensions of the
heater beam for these two days were also very
close, namely 10.7° E-W by 10.7° N-S for the
vertical heating and 10.7° E-W by 11.1° N-S
for the heating at the 12°-south angle in the
geomagnetic coordinates. According to the
ionosonde observations, the pump wave was
reflected from the virtual height of about
330 km in both cases.

In Fig. 4 we show two images of the F-re-
gion 630-nm induced airglow unwarped at
300 km altitude (a) for vertical radiowave
transmission (22:33:47 LT on August 13, 2004;
the heater was on for 167 s) and (b) for trans-
mission at the angle of 12° to the geomagnet-
ic south in order to radiate the electromag-
netic power toward the magnetic zenith
(22:13:57 LT on August 20, 2004; the heater
was on for 177 s). The exposure time for both
images was 30 s. We also took 30 s back-
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Fig. 4. All-sky images of the F-region 630-nm induced airglow unwarped at 300 km altitude (a) for verti-
cal radiowave transmission (22:33:47 LT on August 13, 2004, the heater was on for 167 s) and (b) for
transmission at an angle 12° to the geomagnetic south (22:13:57 LT on August 20, 2004, the heater was

on for 177 s). The intensities are given in Rayleighs
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ground exposures (off-band) to correct the
630.0-nm images after applying a star remov-
al algorithm to both background and red line
images. We mark the center of the heater
beam with the dot. We impose a geomagnetic
meridian and show the location of magnetic
zenith by the cross to make it easier to iden-
tify the location of the 630.0-nm artificial air-
glow for heating at the 12° angle. One can
clearly see that on August 20 the center of the
induced airglow cloud lies on the geomagnet-
ic meridian to the geomagnetic south from
the center of the heater beam, indicating that
the radiowave energy was going about 1+2°
off the magnetic zenith (note that the dip angle
at the Sura location is 71°).

The width of the airglow spot in this case
was about one half of that for vertical heating
observed on August 13, 2004. We are plan-
ning to analyze these data in more detail, al-
though preliminary analysis of sequential im-
ages shows that (i) for well-developed airglow
the maximum of relative intensity was more
than twice as high for heating at the 12° an-
gle than for vertical case, and (ii) the center
of the airglow cloud for the oblique heating
seems to appear at a longer distance from the
geomagnetic zenith and then to move closer
to it with heating going on.

The E-region radiowave-induced airglow
was discovered recently, and the two types
observed are the 557.7-nm emission from
atomic oxygen [3-4] and the red hydroxyl
aurora (this campaign, [10]). Both types are
associated with sporadic ionization. While the
O('S) 557.7-nm airglow was a footprint of
the overdense E-region sporadic ionization
(E,) (the pump frequency was less than the
Es critical frequency) [4], the red hydroxyl
aurora was a result of radiowave focusing by
low-altitude ionization clouds near 80 km al-
titude (the pump frequency was higher than
the Es critical frequency) [10]. A schematic
illustration of the two mechanisms may be
found in [21]. As we have already mentioned
in Section 3, the density of these low-altitude
ionization clouds was not high enough to be
detectable by the Sura ionosonde but was reg-
istered with the method of artificial periodic

irregularities (API) [6] using the diagnostic
scheme of simultaneous optical and API ob-
servations suggested in [5]. The key point in
these observations is that the light detected
in a 2 nm wide filter centered on 630 nm was
seen quite soon (1+2s) after launching the
radiowaves. This short response time rules out
the 630 nm emission origin from atomic oxy-
gen, since it has a rise time of about 30 s [22].
We successfully induced the 557.7-nm air-
glow from the atomic oxygen in the O('S)
state. However it was much weaker than
we observed in Arecibo [4] and did not ex-
ceed 10 Rayleighs on all occasions. The
sporadic ionization in all these cases had a
critical frequency exceeding the pump frequen-
cy and was located near 110 km altitude. Sim-
ilarly to atmosphere clouds, the ionization
clouds sometimes could be of a quite unusual
shape. As an example, Fig. 6 in [11] presents
a 557.7-nm image of patchy sporadic ioniza-
tion of a V-shape pointing to the west with a
size of the shoulders of 10 by 3 km and 9 by
1+1.5 km (Es critical and blanketing frequen-
cies were 5.4 and 2.7 MHz, respectively) ob-
served at 23:04 LT on August 19, 2004.

5. Spectral Characteristics of Backscatter
from Artificial Ionospheric Turbulence
when the Pump Frequency is Close
to the 4" Electron Gyro Harmonic

The second part of the campaign was pre-
dominantly aimed at studying radiowave-in-
duced processes in the upper atmosphere (the
ionosphere F-region), the artificial ionosphere
turbulence (AIT) in particular, using simul-
taneous diagnostics of the heated ionospher-
ic volume by multi-position backscatter mea-
surements and by the method of stimulated
electromagnetic emission (SEE). Multi-posi-
tion backscatter observations give informa-
tion on the dynamics of artificial small-scale
irregularities (field-aligned irregularities with
a field-perpendicular scale less than about
50 m) and drifts in the heated volume [7-9],
while the SEE measurements allow us to ex-
perimentally find the frequency of the eclec-
tron gyro harmonics [23]. The latter are seen
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as a complete depression of the down-shifted
maximum component in the SEE spectrum
when the pump frequency is close to the fre-
quency of the electron gyro harmonics.

Recent SEE experiments have shown that
the AIT properties in the perturbed iono-
spheric volume change significantly when the
pump frequency lies in the 100+200 kHz
vicinity of the frequency of the electron gyro
harmonics [24-28].

Backscatter spectra were found to broad-
en from fractions of Hz during AIT develop-
ment and relaxation to several Hz at the stage
of well-developed turbulence [29]. Koloskov
et al. [30] showed that the splitting of the
Doppler spectra of backscattered signals into
a series of well-defined harmonics was caused
by induced plasma heating by radial drifts
inside the heated volume. Alternatively, the
splitting may be due to a radial electric field
causing rotation about the heated volume [29].
Indeed, [31] have reported quasi-dc electric
fields created inside a heated volume. Yam-
polski and coauthors [9, 12] discovered the
20+150 -s quasi-periodicity in Doppler shifts
of backscattered signals and its correspon-
dence to Pc 3+4 magnetic pulsations. Pono-
marenko et al. and Honary et al. [32, 33] ob-
served that when the pump frequency was
close to the 4% gyro harmonic, in addition to
depression of the downshifted maximum and
broad continuum components in the SEE
spectra, there was a minimum of the back-
scatter intensity accompanied by SEE spec-
tra broadening for the pump frequency slightly
exceeding the 4" gyro harmonic compared to
the case when the pump frequency was slightly
less than the 4" gyro harmonic. The magni-
tude of spectral broadening depended on the
pump power. The transition from broad to
narrow spectra after the pump turn-off took
no more than 50+70 ms and it took 10 to 20 s
for these narrow spectra to relax.

To understand the above-mentioned broad-
ening of Doppler spectra near the 4% gyro
harmonic on August 19, 2004 (15:00-17:00 UT),
we observed backscatter from the radiowave-
modified ionospheric volume over the Sura
heating facility using the so-called “passive
radar” technique. Three radio systems (in-

cluding the UTR-2 radio telescope) located
near Kharkov, St. Petersburg, and Rostov
were registering signals from the Time Ser-
vice station RWM (Moscow) operating at
9.996 and 14.996 MHz that, according to the
Bragg resonance conditions, were backscat-
tered by radiowave-induced field-aligned ir-
regularities with field-perpendicular scales of
16 and 11 m, respectively.

The Sura facility allows pumping at fre-
quencies close to those of the 4" to 7 elec-
tron gyro harmonics. The electron gyro fre-
quency above Surais f, =1.3+1.35 MHz. We
vertically transmitted the O-mode polarized
waves with an effective radiative power
ERP =150 MW. The frequency of the elec-
tron gyro harmonics (the 4™ one in this case)
was determined from the depression of the
downshifted maximum [23, 34] and the prop-
erties of the broad upshifted maximum [27] in
the SEE spectra at the double resonance when
the pump frequency f,., = fun =4fe (fin 18
the upper hybrid frequency and 4f,, 1is the
frequency of the 4" electron gyro harmonic
at the level of the upper hybrid resonance).
The SEE method was capable of detecting
4f.. with an accuracy better than 5 kHz.

We started each observational cycle by
finding 4f,,. Based on the ionospheric con-
ditions we then chose a frequency range of
about 80+100 kHz enveloping 4 f,, for radio-
wave transmissions and step-by-step changed
the transmitter frequency with a 20 kHz step.
The transmitter at each sequential pump fre-
quency was 105 s on / 15 s off. The pause for
15 s provided enough time to switch to the
next pump frequency. Such a diagnostic
scheme allowed obtaining information on the
temporal evolution of the scattered signal
intensity with optimum spectral resolution in
the backscatter measurements.

During each cycle of the above-mentioned
frequency scanning we kept diagnosing iono-
spheric conditions with the SEE observations
to follow variations in the electron gyro fre-
quency caused by changes in natural ionospheric
conditions. This allowed us to promptly correct
the magnitude of 4f,, and to determine the
frequency range for the next scanning cycle.
The duration of one observational cycle was
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about 10+12 min. From 15:00 to 17:00 UT we
ran in total 8 observation cycles.

The day of August 19, 2004 was geomag-
netically quiet with K, =1.

Figure 5 presents examples of dynamic spec-
tra of signals scattered by the 11- and 16-m
irregularities recorded near Kharkov at 14.996
and 9.996 MHz from 15:59 to 16:10 UT
(4f. =536 MHz, the scanning range was
5.34+5.44 MHz). It is clear that a noticeable
spectral broadening occurred when the pump
frequency was close to or above 4f,..

The backscatter from 11- and 16-m artifi-
cial field-aligned irregularities is seen as hav-
ing two components (narrow and wideband)
distinguished by their relaxation times and

i o 40}

Time, 5 0 200 ETHY]

dependence on the pump frequency. The ef-
fect of backscatter spectral broadening is
clearly seen in both the narrow and wideband
backscatter components near f,,.. =4f.,
reaching its maximum at a frequency offset
Soump —4Jee =20+40 kHz which corresponds
to the most effective generation of the second
component in the broad upshifted maximum
in the SEE spectra and to the most effective
excitation of the electron Bernstein modes [27].
The spectrum broadening decreases with a
further increase of f,,,, —4f.. The narrow-
band backscatter component carries the ma-
jor part of the backscatter power, which is
about an order of magnitude higher than the
wideband one.

534 5.36 5.38

Fig. 5. Doppler spectra of the scattered signals recorded by the N-S array of UTR-2 in Kharkov at 14.996
and 9.996 MHz (corresponding to the field-aligned irregularities with field-perpendicular scales 11 and
16 m) from 15:59 to 16:10 UT (UT=LT + 4 h) on August 19, 2004. The heater frequency was changed
sequentially from 5.34 to 5.40 MHz with a step of 20 kHz. The transmitter at each sequential pump fre-
quency was 105 s on and 15 s off. The 4" gyro harmonic frequency was about 5.36 M Hz
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We estimate the growth time # of the
broad-band component after the pump switch-
on and its relaxation time ¢, after the pump
switch-off as #,=0.5+1 s and #,<1 s. This
relaxation time is significantly shorter than
the relaxation time of the 11+16 -m irregular-
ities generated by the radiowaves with the
frequencies far from the electron gyro har-
monics, which is about 10+15 s [29, 35].
Therefore the broadening of the backscatter
spectra at pump frequencies close to the 4%
electron gyro harmonics seems to be caused
by the radiowave-induced random motions
of scatterers inside the perturbed ionospheric
volume rather than due to irregularity drift,
which would shift the backscatter spectrum as
a whole. The velocity of these random mo-
tions may reach 100 m/s and is independent of
the scatterer scales. Ponomarenko et al. [32]
explained these motions by excitation of the
electron Berstein modes. An alternative ex-
planation may be excitation of irregularities
that move not so markedly along the magnet-
ic field as is usually the case. Then the diffu-
sion coefficient would be greater, the lifetime
shorter and the Doppler spread, which is in-
versely proportional to the lifetime, would be
greater. Rocket observations in the presence
of a pump wave revealed irregularities with
short parallel wavelengths at the heights
where the local plasma frequency was equal
to an electron gyro harmonic, suggesting gen-
eration of electron Bernstein modes and pos-
sibly lower-order hybrid waves which have a
finite field-aligned wave number [36]. Note
that while the pump in this rocket experiment
was not matched to an electron gyro har-
monic, nonetheless irregularities formed at
altitudes which were not related to the re-
flection heights.

6. Multi-Position Bi-Static HF Doppler
Radio-Scatter Observations of Artificial
Field-Aligned Irregularities

To study dynamics in the HF-illuminated
volume we used signals from three broadcast-
ing stations located in Moscow (55.80° N,
38.30° E; the distance to Sura was 490 km;
the operating frequencies were 14.996, 9.996

and 12.070 MHz), Serpukhov (55.00° N,
37.50° E; the distance to Sura was 550 km; the
operating frequency 11.630 MHz) and near
Armavir (45.00° N, 39.50° E; the distance
to Sura was 1320 km; the operating frequency
15.455 MHz). The broadcasting HF signals
were scattered by the 10+15-m irregularities
generated by high-power radiowaves above
the Sura facility and were received at three
sites located near St. Petersburg, Kharkov and
Rostov (see the map in Fig. 1). The Doppler
spectrum technique was used for analyzing the
fine structure of the scattered signals. Viewing
line-of-sight Doppler velocities from different
angles allowed reconstructing the temporal
behaviour of the 2D velocity of the scatterers
in the radiowave-illuminated volume.

We observed diagnostic signals scattered
from artificial field-aligned irregularities
(AFAIs) during most of the high-power ra-
diowave transmission sessions. The intense
scattered signals were simultaneously regis-
tered at the three receiving sites on August
13, 15, 17, 18, 19, and 20. As an example,
Fig. 6 presents dynamic Doppler spectra (sono-
grams) obtained on August 20, 2005 from 18:20
to 19:30 UT for the Armavir—Sura—St. Peters-
burg (f =15.455 MHz; top panel), Serpukhov—
Sura-Kharkov (f =11.630 MHz, east-west and
north-south subarrays of the UTR-2; upper and
lower middle panel, respectively), Serpukhov—
Sura—Rostov (f =11.630 MHz; bottom panel)
and Moscow—Sura-Rostov (f =14.996 MHz;
bottom panel) paths. A signature of HF-in-
duced field-aligned irregularities is seen as
additional tracks shifted from zero Doppler
frequency corresponding to the direct signal
propagating from the transmitter to the re-
ceiver along the great-circle path. From Fig. 6
one can see that scattered signals were ob-
served during all heater-on periods shown
with bars along the UT axis.

From multi-position bi-static Doppler scat-
ter observations it is possible to estimate the
magnitude and direction of plasma motion
velocities in the HF-induced ionospheric
patch. Calculations for the model described
in [37] showed that from 18:20 to 19:30 UT on
August 20, 2004, AFAIs were moving in the
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Armavir-Sura-5t, Pelersburg, =13435 kHz

Serpukhov-Sura-K harkov, EW, /=11630 kHz
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Serpukbov-Sura-Rostov, ~11630 kHz
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Fig. 6. Dynamic Doppler spectra of HF broadcasting signals observed from 18:20 to 19:30 UT on August 20,
2004 at radio paths Armavir—Sura—St. Petersburg at 15.455 M Hz (top panel); Serpukhov—Sura—Kharkov
path at 11.630 MHz with EW (upper middle panel) and NS (lower middle panel) subarrays of the UTR-2;
and Serpukhov (Moscow )—Sura—Rostov path at 11.630 and 14.996 MHz (bottom panel). For each path the
direct signal propagating from the transmitter to the receiver along a great circle corresponds to the zero
Doppler frequency shift. The intervals of high-power radio transmissions are marked by bars on the time axis
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south-west direction (the azimuthal sector of
210° to 250° counted clockwise from the
North). From Doppler measurements we
found the magnitude of AFAI velocity to be
varying from about 50 to 150 m/s. Note that
the day of August 20, 2004 was geomagnetical-
ly perturbed with K, =3+4. A similar recon-
struction for the previous day, August 19, 2004,
that was geomagnetically quiet (K, =1), gives
a north-eastward motion (the azimuths be-
tween 30° and 60°) of the AFAIs with much
more modest velocities of 30 to 70 m/s. These
results are in good agreement with the cur-
rent ideas about the penetration of magneto-
spheric processes to middle latitudes. For
example, [38] found that at very low K the
zonal drifts at Millstone Hill Observatory were
small and eastward oriented, while at modest
K,’s they were westward. This could be due
to penetration of the convection electric field
or because of disturbances in the dynamo
region produced by winds blowing out of the
polar cap/auroral oval.

The most prominent feature in the observed
line-of-sight velocities (Doppler frequencies f;)
of the artificial field-aligned irregularities is
their wavelike behavior presenting a wide
spectrum of wave processes. The oscillations
in Doppler frequency shifts showed two types
of wave processes. The first one is a relative-
ly slow process with periods between 10 and
45 min, which is close to the periodicity of
medium-scale traveling ionospheric distur-
bances caused by atmospheric gravity waves.
The amplitude of these oscillations was about
2 to 5 Hz. These relatively slow f; variations
were often modulated by shorter-period wave
processes with periods of 30 to 60 s and am-
plitudes of 0.5+1 Hz, which corresponds to
the Pc 3+4 magnetic pulsations.

The pulsations with periods 20+80 s in the
intensity of signals scattered by artificial irreg-
ularities above the Sura radio transmitter have
been routinely observed earlier [7-8, 39, 40].
During the second part of the campaign we
modulated the power of one of the Sura trans-
mitters using the scheme 15 s on / 15 s off to
artificially induce Pc3 geomagnetic pulsations.
Some of our attempts were successful and we

observed quasi periodic variations in Doppler
frequency shifts around the transmitted fre-
quency with the same period of 15 s and am-
plitude up to 0.5 Hz. We are going to discuss
these results in more detail in the near future.

Another feature of the signals scattered
by radiowave-induced irregularities is the
splitting of the scattered signal into two (or
sometimes three) components, which effect
was already mentioned in Section 5 above
(see, for example, cycles 18:21-18:26 and
19:16-19:26 UT in Fig. 6). This effect has been
observed in both midlatitude [30] and highlat-
itude ionosphere [41]. Koloskov et al. [30] saw
a possible explanation of the phenomenon in
the radial drift of artificial irregularities from
the center of the heated volume.

Based on the rocket measurements during
the heating experiment in Arecibo [42] that
revealed the presence of several altitude-sep-
arated regions of artificial small-scale irregu-
larities, [43] supposed that a temperature-gra-
dient-driven instability such as the drift wave
could be responsible for the patches of heat-
er-induced striations at different heights. The
question is still open and to answer it more
observations are needed.

Finally, we would like to note that (i) dur-
ing some of the HF transmitting sessions when
the Sura ionosonde observed intense sporadic
ionization in the E-region and no F-spread (as,
for example, from 17 to 18 UT on August 18
and from 19 to 20 UT on August 19), the
signals scattered by the artificial field-aligned
irregularities in the F2-layer showed strong
spectral broadening in the Doppler sonogram;
and (ii) we successfully excited Alfven waves
using +15 s modulation and pumping toward
the geomagnetic zenith (transmitting at 12°
to the south) on August 19, 2005.

7. Multi-Position Observations
of the Self-Scattering Effect

The self-scattering effect was discovered
during the 2002 campaign when the high-pow-
er radio signals radiated by the Tromsg heat-
ing facility were scattered by the irregulari-
ties it had induced in the heated volume [1].
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The distinctive feature of the self-scattering
compared to any backscattering is its wide
angular indicatrix. This allows observing the
scattered radio signal from different locations
corresponding to propagation paths of differ-
ent lengths and orientations. Coherent recep-
tion and spectral analysis of the self-scattered
signals were performed simultaneously near
St. Petersburg (Russia), Kharkov (Ukraine) and
at the Ukrainian Antarctic station “Academi-
cian Vernadsky”. Along with regular narrow-
band signals at the pump frequency (associ-
ated with radiation from side lobes of the
heater antenna) we observed wide-band com-
ponents which were well correlated in intensi-
ty and Doppler frequency shifts (as a rule of
several Hertz in magnitude) at all the receiv-
ing sites. Such a similar behavior allowed us
to suppose that the Doppler variations were
produced by the processes inside the heated
volume. Since this is the only common vol-
ume for all radio paths, natural processes
generated by electric fields, neutral winds,
atmospheric gravity waves, magneto-hydro-
dynamic waves, etc. inside the heated vol-
ume may cause changes in the radiowave-
induced irregularities, thus resulting in a sim-
ilar modulation of the scattered signals at
different radio paths.

The exciting discovery of the self-scattering
effect [1] triggered several questions which
we made an effort to clarify during the Sura
campaign in August 2004. The primary issues
were (i) the mechanism of radio signal scat-
tering over a large range of azimuthal angles
that assumed a horizontal isotropy of the scat-
tering irregularities; (ii) the nature of the mo-
tions causing synchronous variations in the
Doppler frequency shifts and in the intensity
of the scattered signals at very distant receiv-
ing sites; and (iii) the relation between the
variations in the self-scattered signal and the
signals scattered by small-scale radiowave-
induced irregularities.

In addition to the observations of scat-
tered signals at the pump frequency f,,,, (as
in the Tromsg campaign), we simultaneously
tried monitoring the scattered spectra at the
second harmonic of the pump frequency,
2 foump- Synchronous registration of the three

components of geomagnetic field variations
near the Sura heating facility allowed us to
correctly identify the nature of motions inside
the heated volume. As usual, we routinely
monitor the critical frequency of the iono-
sphere from ionosonde measurements.
Shown in Fig. 7 is an example of dynamic
spectra of the self-scattered signals at the first
harmonic of the pump frequency observed
near St. Petersburg (the radio path is 963-km
long) and Kharkov (the radio path is 994-km
long) (see panels b and a, respectively), at the
second harmonic of the pump frequency ob-
served near St. Petersburg (panel d) and syn-
chronous variations of one component of the
Earth’s magnetic field (panel ¢). A cross-cor-
relation analysis of the Doppler frequency shifts
in the self-scattered signals showed their high
correlation with geomagnetic variations, with
the maximum of the cross-correlation coeffi-
cient about 0.65. This allows suggesting that (i)
the signals at both radio paths were indeed
scattered over the Sura heating facility and (ii)
the motion of the ionospheric plasma was due
to crossed electric and magnetic fields asso-
ciated with MHD processes and therefore the
velocity of the stimulated irregularities was
modulated by geomagnetic field variations.
Concerning the nature of variations in the
Doppler shifts of the self-scattered signals,
two possible mechanisms can be suggested.
The first one is true physical motions of the
scattering irregularities. In this case

fa=V. f./e,

where V, is the projection of the scatterer
velocity on the scattering direction, f, is the
carrier frequency of the scattered signal (in
our case f; was equal to f, .~ or 2f )
and c¢ is the velocity of light. The second
mechanism consists in variations of the re-
fraction index n(l) along the radio propaga-
tion path. Then

\‘S
|

N

c

fa=

QU

IJ;n(l)dl.
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J.Hz

Fig. 7. Spectrograms of “self-scattered” signals observed at RAO between 17:57 and 18:05 UT at the first
harmonic of the heater (a), and at the first (b) and second (d) harmonics at AARI. Panel ¢ presents
geomagnetic field variations ( H,— component) measured close to the Sura heater

The two mechanisms follow different fre- inversely proportional to f, in the second
quency dependences. The f, variations are case. Either of the two mechanisms could
proportional to f, in the first case, while are work. However, our analysis of simultaneous
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observations of the self-scattering effect at
the first (Fig. 7, b) and the second (Fig. 7, d)
harmonics of the pump frequency shows that
the refractive mechanism dominates. Indeed,
the maximum variation of f; of self-scattered
signals at 2f,,. was about one half of that
at fpump'

This suggests that the upgoing trajectory
segment from the heater to the scattering
volume, which is common for all the radio
paths, is the major contributor to the Doppler
shift variations. Therefore the magneto-hy-
dro-dynamic (MHD) process modulates not
only the position of irregularities inside the
scattering volume but also the electron densi-
ty above the high-power radio source.

In Fig. 8 we show an example where modu-
lation of the scattered signals was caused by
MHD processes. One can clearly see that the
Doppler velocities (in m/s) estimated from the
Doppler frequency shifts f; of the self-scat-
tered signals at 4.785 MHz recorded simulta-
neously near St. Petersburg (curve 1) and
Kharkov (curve 2) are well correlated with

Doppler velocity, m/s
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Fig. 8. Doppler velocities estimated from Doppler
frequency shifts of the self-scattered signals at
4.785 M Hz recorded simultaneously near St. Peters-
burg (curve 1) and Kharkov (curve 2), and varia-
tions of the H -component of the geomagnetic field
measured close to the Sura heater (curve 3). Shown
by curves 4 and 5 are variations in the Doppler ve-
locity and intensity of the aspect-scattered signal at
11.630 MHz as observed near Kharkov

each other and with the geomagnetic varia-
tions (curve 3). Variations in the Doppler ve-
locity and intensity of the aspect-scattered
signal at 11.630 MHz as observed near Kharkov
are shown by curves 4 and 5, respectively.

Understanding the formation of a self-scat-
tered signal in the perturbed ionospheric vol-
ume requires reconstructing the 3D structure
of the high-power radio wave near its reflec-
tion level. The task is extremely difficult.
Obviously, there are two factors that should
be taken into account, namely the regular
structure of artificial periodic irregularities
below the reflection level produced by the
incident and reflected waves and stochastic
irregularities associated with the plasma tur-
bulence inside the heated volume. We will
present the corresponding model calculations
in our future publications. Comparison of the
model with observations would allow using
the effect of self-scattering for diagnostics of
the spatial structure of the high-power radio-
wave and 3D spectra of the radiowave-in-
duced irregularities. We expect to obtain fur-
ther insight into the self-scattering effect from
a comparative analysis with API observations
where we used the diagnostic scheme (see
Fig. 3) specifically developed for O-mode
continuous heating in order to induce optical
emissions. For understanding the generation
mechanism of the self-scattering at the se-
cond harmonic of the pump frequency, further
purposeful experimental studies are required.

8. Summary and Conclusions

This paper is aimed at giving an overview
of the optical-backscatter-heating campaign
which was conducted on August 10-20, 2004
rather than at presenting several detailed case
studies that will be the subject of separate
publications. We believe that our campaign
was so successful because of two major fac-
tors: (i) properly chosen time of campaign to
have the best possible combination of the
sporadic E occurrence and dark time required
for optical observations at the highest possi-
ble maximum plasma density of the iono-
sphere, and (ii) simultaneous observations by
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different instruments and methods. For ex-
ample, in order to make use of several diag-
nostic methods (as, for example, optical and
API) we developed the scheme of the API
diagnostics shown in Fig. 3, based on O-mode
probing during O-mode continuous heating.
Despite the fact that such a scheme is signif-
icantly less effective than the classical one
[6], it served well to the purpose of observing
weak sporadic ionization which would be
undetectable by the ionosonde. We also ex-
pect that this regime of the API method, as
well as processing the self-scattered signals
recorded at the Ukrainian Station “Acade-
mician Vernadsky” in Antarctica, will give a
further insight into the self-scattering effect.

Below we briefly summarize the main re-
sults from our optical-backscatter-heating cam-
paign at the Sura facility on August 10-20, 2004.

Optics and API

— Discovery of radiowave-induced red
OH(9+3) Meinel band emission caused by
ray focusing due to weak (underdense) spo-
radic ionization near 80+85 km altitude [10];

— Es-associated 557.7-nm radio-induced
airglow from O('S) [11];

— pumping the radiowave energy toward
the geomagnetic zenith by transmitting at a
12° -to-the-south angle from the vertical ac-
companied by 630.0-nm emissions from
O('D) and offset of these optical emissions
by 1+2 degrees from magnetic zenith;

— natural bore wave observed in red
OH(9+3) and 557.7-nm from O('S) (to be
submitted as a separate paper).

Backscatter

— Reconstruction of the temporal behavior
of the 2D velocity vector of the radio wave-
induced irregularities in the heated volume [44];

— Alfven Wave generation using £15 s
modulation and pumping toward the geomag-
netic zenith (transmitting at 12° to the south);

—long-lasting “independent” life of the back-
scatter signal after the pump turn-off which
most probably is associated with sporadic
ionization (18:00+18:20) UT on August 13,
2004);

— splitting of the Doppler spectra of the
scattered signal into two (sometimes three)
components [41];

— two well-distinguished components (nar-
row- and wide-band) in the Doppler spectra
of the scattered signal with the narrow com-
ponent being more intensive than the broad
one by a factor of 10 [44-45];

— broadening of the frequency spectrum of
the artificial ionosphere turbulence when the
pump frequency was close to the 4™ electron
gyro harmonic with a maximum spectral
width at the frequency offset of about 20+40
kHz [45]. We have proved that the effect of
spectral broadening was not caused by the
irregularity drift in the heated volume.

The self-scattering effect [2]

— First observations of self-scattered sig-
nals at the second harmonic of the pump fre-
quency that allowed pinning down the re-
fractive mechanism of Doppler variations;

— first observations of synchronous varia-
tions in backscattered and self-scattered ra-
dio signals;

— establishing the correlation of the self-
scattered signal with the magnetic field fluc-
tuations.

We are going to give more detailed pre-
sentations of case studies in separate publi-
cations to follow.
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BEKTOpa IIBUAKOCTI Jpeiidy Tura3mu i enekT-
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10 TPOLIECH Yy BUCOKUX IIMPOTAX MOXKYTh
BIUTUBATH Ha i10HOC(EpYy B CEPEAHIX MIMPOTAX
HaJl TAKUMH ycTaHOBKamH, sik Cypa.
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Cmamous nocmynuna ¢ pedakyuio 4 uions 2006 .

PazpaboTan MeTOJ] 4aCTOTHO-YTJIOBOTO 30HIMPOBAHUS TEPEMEIIAIONINXCS HOHOCHEPHBIX
Bosmytiennit ([T B), ocHOBaHHBIN Ha M3MEPEHUN BapHalldii YIII0B MPUX0JIa U JOTUIEPOBCKOTO
CMEIIeHHS YaCTOThI OTPaKeHHBIX OT noHochepsl KB curnanos. O0paTHas 3agava perieHa Jjist
Mojien [T B B Bujie TpeXMepHBIX BOJIH INIOTHOCTH, PACITPOCTPAHSIIONIUXCS B PealbHOM HOHOC-
tbepHomM croe. [IpoBeaeHO KOMITBIOTEPHOE MOACTUPOBAHNE CO3/TAHHBIX TUATHOCTHYECKUX aJIrO-
PUTMOB, Pe3yJIbTaThl KOTOPOTO CBHJIETEILCTBYIOT 00 3(pPeKTUBHOCTH MeTO/A.

BBenenue

OJIHUM U3 TIEPCIIEKTUBHBIX HAITPABJICHUN
HCCIIeIOBAHUM (PUBUKU OJIMHKHETO KocMoca
SBIISIETCS] CO3/1aHUE TI00aIbHON CHCTEMBI
JUATHOCTUKHU TIEPEMENIAIOIINXCS UOHOC]ED-
HbIX Bo3MylieHuit (ITMB). Takas cucrema
ITO3BOJIUT MPOBOJUTH HENPEPBIBHBIC HAOIIIO-
JIEHUST TMTHAMUYECKUX MTPOIIECCOB B OKOJIO3EM-
HOM MTPOCTPAHCTBE HAJT BCEM 3€MHBIM IIAPOM,
KOTOPBIC SIBIISIIOTCS OYEHb BAKHBIMHU KaK IS
pacuMpeHus 3HAaHUNH O (PU3WYECKUX TpolIec-
cax B BepxHel aTMocdepe, Tak U ISl pa3pa-
OOTKM KOHIETIIUU “KOCMHYECKOW TOTOIBI .
OT0 obycnosieno teM, yro 1B, npencras-
JISTFOIIE COOOM KBA3UTIEPHUOIUICCKUE BO3MY-
IIEHU ST JJIEKTPOHHOM KOHIIEHTPpAIuU HOHOC(e-
DB, SIBJISIFOTCS CJIEJICTBUEM PACIIPOCTPAHEHUS
B Hel aTMOC(EpHO-ITPaBUTAIIMOHHBIX BOJIH
(AT'B) [1], koTOpBIE, B CBOIO OYEpE/b, UTPAIOT
Ba)XXHYIO pOJIb B DHEPreTUUYECKOM oOMeHe
Y B3aUMOJICCTBUM PA3TTUIHBIX O0JIACTEH BepX-
Hert atMocdepbl. Kpome toro, TTMB sBrnsroT-
¢ CBOeOOpAa3HBIM MHAUKATOPOM IPOIIECCOB,
reaepupyromux AI'B, kak ecrecTBeHHOTO
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(3emIteTpsiCeHN s, BHICHIITAHMS YACTHII B TTOJISIP-
HBIX IIMPOTAX, MOIIHBIE YparaHsbl, I[yHAMH,
COJTHEUHBIH TEPMUHATOP U T. [.), TAK U HCKYC-
CTBEHHOTO (IIPOMBIIIIJICHHbIE aBapHUHU, JKCIIe-
PUMEHTBHI IO MOAM(PHUKAIINN HOHOC(EPHI, MOIII-
HbIE B3PBIBBI, XUMUYECKHE BBHIOPOCHI U T. II.)
MIPOUCXOXKICHUS. B CBS3M C 3TUM 3HAYUTEIb-
HOE BHUMAaHUE yJenseTcst pa3paboTKe HOBBIX,
CPaBHHUTEIBHO HEIOPOTUX M B TO K€ BpeMs
HAJISKHBIX U 3(p(PEKTUBHBIX METO/IOB JMCTAH-
LIUOHHON TUATHOCTHKH TAKOTO KJlacca MOHOC-
(hepHBIX BO3MYIICHUH.

OauH 13 TaKUX METOAOB OBbLT MPEAIOKEH
B paborax [2, 3]. OH oCHOBaH Ha U3MEPEHUU
TPAeKTOPHBIX MapaMeTpoB (YIJIOB MPHUXOAA
U JIOTIJIEPOBCKOTO CMEIEHUS YaCTOTBhI) MPOO-
HbIX KB curaamoB Ha OTHOCKAYKOBBIX HAKIIOH-
HBIX paauoTpaccax. OQHUM U3 MPEUMYILECTB
JTAHHOTO METOJIa SIBIISIETCS BO3MOXKHOCTD HC-
MOJIB30BATh B KAUeCTBE MPOOHBIX CHUTHAJIOB
M3IIy4eHUs NIMPOKOBEIIATEIbHBIX CTaHLUM,
YTO TMO3BOJSIET CHU3HUTH IKCIUTyaTAIlMOHHBIC
3aTpaThl TAKOW CUCTEMbI TUAarHocTuku. O6-
patHas 3agada pewanach s moaenu [TMB
B BH/I€ B3BOJTHOBAHHOH OTPaKaIOLIEH MMOBEPX-
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HocTU. Takast MOJIeTb SIBIISIETCSI JTOCTATOYHO
MPOCTOM, HATJISTHON U MO3BOJISIET JIETKO UH-
TepNpeTUPOBATh JaHHbIe W3MepeHuid. Kaxk
CBUJIETEIIbCTBYIOT PE3yJIbTAThI KOMITBIOTEPHO-
0 MOJIETTUPOBAHUS [2], AMaTrHOCTUUECKHE aJl-
TOPUTMBI, KOTOPbIE pa3padboTaHbl Wist 3¢-
(eKTUBHOI OTpakaroleil MoBepXHOCTH, TO-
3BOJISIFOT BOCCTAHABIUBATH 3TU MapaMeTPbl
C BBICOKOH TouHOCTbhIO. B Hauane 2001 r. me-
Tox ObL1 BHeApeH B cuctremy DPS (Digisonde
Portable Sounder) [4] u mpogeMOHCTpUPOBATT
CBOIO 3 (EKTUBHOCTH BO BPEMSI IPOOHBIX U3-
MEpEHUH OJIHOBPEMEHHO C pajapoM HEKOore-
peutHOTO paccesausi (HP) Maccauycerckoro
TEXHOJOTHUYECKOTOo MHCTUTyTa (Muncroyx
X, CIITA) [5, 6]. CpaBHeHHEe pe3yIbTaTOB
BoccTaHOBJIeHUs MapameTpoB IIMB, takux,
KaK HampaBjIeHUE JBUXKEHUSI, JIMHA BOJIHBI
1 CKOPOCTh PACIPOCTPAHEHHS, TIO TAHHBIM U3-
Mepennit HP u DPS taxke mokaszano addek-
TUBHOCTBH 3TOTO METOJIa, OJHAKO HEKOTOPHIE
TPYAHOCTH BO3HUKAIOT MPU AHAIHM3E AMIUIH-
TYJT BO3MYIIIEHUI, KOTOPHIE CBSI3aHBI C HCTIOJh-
30BAaHHUEM CYIIIECTBEHHO YIIPOINEHHONU MOJIEITH.
B yacTHOCTH, Bapualnuu BBICOT OTpakaroIien
MOBEPXHOCTH HE MOTYT OBITh HEMOCPE/ICTBEH-
HO CBSI3aHBI C peaJIbHBIMU (DIIYKTYALIUSIMU JJICK-
TPOHHOU KOHIIEHTpauu. 1t ycTpaHeHus 9To-
ro HeIocTaTKa B HACTOSIIEH paboTe mpesyia-
raercs MeToj HakinoHHOW muarHoctuku [TMB
B Oojee (pU3MUECKON MOJEIH B BUIE TpeEX-
MEPHBIX BOJIH IDIOTHOCTH TUTA3MEHHOHN KOMIIO-
HEHTBI, PACTIPOCTPAHSIIONIUXCSI B peaIbHOM
noHochepHom cioe.

ITocTranoBka 3aJaun

s pemenus 3amaun guarsoctuku I[TMB
HEOOXOJIMMO TIOJIYYUTh CUCTEMY YpaBHEHUH,
CBSI3BIBAIONINX U3MEpPSIeMbIe MapaMeTPhbl CHUT-
HAJIOB C XapaKTEPUCTUKAMHU HEOTHOPOTHOCTEM!.
Haunem c ananuza npsMol 3aja4n pacimpocT-
panenust KB curHagoB B TpexmMepHO-HEOIHO-
ponHoi nonocdepe. Ilycts mepenaTuuk, Ko-
TOPBIN PACIIONIOKEH Ha MOBEPXHOCTH 3eMITN
B Hayalle JEKapTOBOW CUCTEMBI KOOPIAUHAT
(puc. 1), nznyyaer KBa3MMOHOXPOMATHYEC-
KM curHai Ha ydacrore f,. Ha paccrosanun
D, oT HEro Ha OCH X PacCIOJIOKEH ITPUEMHBIH

ZA

A= '_-::.:::.:: ________________
e .
7 ," \\\
s ’ e 0] 7: 1 [, ‘e/|
o H S,

: -, X

IMepemarang L;O/ 2o >
A e il
Pyrmmmmmmmmmmt ¢  IIpmemHMK

¥y

Puc. 1. I'eomempus 3adauu

IMyHKT, PErUCTPUPYIOIINI BapyUallid TPaeKTOP-
HBIX TTapaMeTpoB (YIJIOB MPUXO/Ia U JOTUIEPOB-
CKOT'0 CMEIIEHUS YaCTOTHI) ITPOOHBIX CUTHAJIOB,
OTPaXKAIOIIUXCS OT MOHOC(EPHI C TUIJICKTPH-
YECKOM MpOoHUILIaeMoCThiO &(7,¢). [IpeacraBum
(dbyHkuo €(7,t) B BUAE CYMMBI IByX COCTaB-
JISTIOTITUX

e(F,t) =€,(z) +&,(F,1), (1)

IJe €,(z) — BBICOTHBII MPOGMIb IUAIEKTPU-
YECKOW MPOHUIIAEMOCTH HEBO3MYIIEHHOTO
noHocgepHoro ciosd, a €(7,t) — nobaska,
00yCITOBIIEHHAs BIUSHUEM KPYITHOMACIITA0-
HBIX HOHOC(HEPHBIX BO3MYIIIECHUH.

Bynem cuutath, 4TO

£,(2) =1-’F(z), )

rae o= f,./ f, — COOTHOIICHNHE MEX/Y KPUTH-
4YecKOH 4acTtoToil moHocdepHoro cuos, f,,,
U 4aCTOTOU ITPOOHOTO curHaja, F(z) — BBICOT-
HOE pacIpeieieHe HeBO3MYILIEHHON 3JIEKTPOH-
HOW KOHIEHTPAIIMU HOHOCPEPHI, a

&, (F,1) = D(2)V(F,1), (3)

rae ®(z) — BBICOTHOE pacHpeeiieHue aMil-
JUTYIbI BO3MYIIEHUH, V(7,t) — QyHKIIUS BO3-
MYIIEHUM.
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ITomryunMm cucrtemy ypaBHEHMI, KOTOpPBIE
CBSI3bIBAIOT U3MEPEHHBIE MApaAMETPbl TPOOHO-
ro curHana (yria npuxojia B a3UMyTaIbHOM,
(0, U BEPTUKAJIBHOM, O, MIIOCKOCTSIX U JOTLIE-
POBCKOE CMEIIEHNE YacTOThl, Fj,) ¢ Xapak-
TepUCTUKAMH Bo3MylleHui. st aToro Boc-
MOJIb3YEMCSI TIEPBBIM MPHUOJIMIKEHUEM METO-
Jla MaJIBIX BO3MYIIIEHUH JIJTsI 9TKOHAIa B TIpe/l-
MOJIO)KEHUH, UTO pa3Mep HEOJHOPOAHOCTEH
3HAUUTENILHO OoJible TIepBOi 30HBI DpeHe-
Jsl, @ UX aMIUIMTyAa JOCTATOYHO Maja, T. €.
|max e, |« €, B 11060 TOYKE TPAEKTOPUHU
curHajna. Torga sMKoHan BOJHBI, L, MOXET
OBITh MPE/ICTABIIEH B BUJIE CyMMbI PEryJIIpHON
(HeBO3MYLIEHHOI) cocTaBistomeil L, 1 00yc-
JIOBJIECHHOW BO3MYIIECHHEM J00aBKU L, :

L=I,+L, )

B nanpHelineM npu aHamm3e Mbl OTPAHUYMMCS
clly4aeM OJHOCKAYKOBOTO PACIPOCTPAHEHUS.
Torna, cormacHo [7], MOXHO 3aIHMCATh:

Dn/sm 6,

= [ e(z@)dp, u
i 5)

D, /sin®,

81 (F(p)’t)dpa

I7ie THTErPUPOBAHUE BEAECTCS BJIOJIb HEBO3-
MYIIIEHHO! JIy4eBOH KOOPAUHATHI (TPYyIIIOBOTO
nyTH) p. s 10miepoBCKOTO CMEIeHUs Jac-
TOTHI MOJKHO 3aMucaTh

__lon
bPmon o ©)

re A — JUIMHA BOJIHBI CUTHAJIA.

UToOBI MOITyYUTH BBIPAKEHUS IS QITYKTY-
alui yriioB MPpUXOAa, MPEACTABUM ITPOCKIIUU
BOJIHOBOTO BEKTOPA, k, B TOUKE D, B BujE:

k,=ksinOcosq, k,=—ksinBsing wu
k, =—kcos®.

[Ipunumasi BO BHUMaHUE, YTO HOPMAJb
K (pazoBomy dpoHTy ompenensercs kak VL,
MOJKHO 3aIicaTh:

oL . oL C
— =sinBcosQ, — =—sinBsin@ u
ox dy

oL

— =—cos6.
Z

3):[601: H Jajic€ BCEC IMPOU3BOAHBIC BBIYMCIIAIOTCA
B TOYKC DO' Tornma nns YIIJIOB IIPUXOJda MMEEM:

(M
AL(ALY'
tgp=——| — Wi
dy | dx
@®)
oL
sin@ = — oy =
oLY (oL
- + -
ox dy
Ucxons u3 (4), MOXKHO 3amucarh:
L 0 8LO oL, 90, 871,l 99,
o ax b th)= ax T30, ox 9, ax
ai i _ aL1 00, E)Ll B(po
(LO Ll) 890 ay a(pO dy

ITockonbky a—l‘) =5sin6,, % =0, ai ﬁ
ox ox ox | do,

(3mech B, COOTBETCTBYET YIly BBIXOJA HEBO3-

MYIIIEHHOU TPAEKTOPHN), 0 _ Ou 99, _ L’
dy dy D,
OKOHYATEIIbHO UMEEM:
-1
L o1,
ox 29, 860 ’ dy D, 00,
&)
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IMoacrasus (9) B (7), moayunm

oL, | )
sin®=sin0, {1+ ohy sin@, ——
29, 00,
9 ) 1)
NEA ) N
09, 29, D, sin6, 99,

-1
bynem cuurats, 4TO [%J[Sin Goa—DJ <1
0

00,
1 oL,

D, sin6, 09,
3pEHMUs] 3TU HEPABEHCTBA O3HAYAIOT, UTO
V.,L <V, L, T.¢c (birykTyanuuu yrioB IIpH-
XOJIa SIBJISIFOTCS. MAJIBIMU, & TAKXKE YTO MyHKT
HaOJIIOAEHUSI HAXOAUTCA NOCTATOYHO [aJie-
Ko oT kayctuku. Torna, 3anucas 0=0, + A0
U IpeHebperasi BeIMYMHAMU BTOPOTO U BbIC-
HIUX MOPSAAKOB MAJOCTH IO MapaMeTrpy
AB <« 1, st diryKTyanuii yria mpuxo/a B Bep-
TUKJIBHOHN IJIOCKOCTU HMEEM

«1. C ¢usuueckoid TOUKH

1o
cosO,— 70

? 00,

AHAJTOTUYHO JIS a3UMYTATBHBIX (DITyKTyalnii
MOYHO TMOJYyYUTh

A L (1)
D, sin6, 09,

(HammoManM, 4TO Bce (DYHKIIMM U UX MPOU3-
BOJIHBIE BBIUMCIISIIOTCS B TOYKE PACIIOJIOXKe-
HUS IPUEMHOTO IyHKTA, T. €. IPU TaKUX 3Ha-
YeHUusix @, u 0,, KOTopble 0OECIeUnBaOT M10-
NajiaHue Jyda B TOUYKY HaOIIIOIeHMUs.)

Taxum obpazom, oovenuass (6), (10) 1 (11),
MOXHO 3aMHcaTbh CUCTEMY ypaBHEHUU i
peleHus 3aaud BOCCTAHOBIIEHUSI MapaMer-
poB tpexmepubix [TMB.

Pemenue oopaTHoi 3a1aun

O6paTHyro 3a1a4y yI00HO peraTh B CIeK-
TpajabHON obsactu. st 3TOrOo mepenuiiemM
ypaBaenus (6), (10) u (11). Ucxons u3 (3),
npeacraBuM (5) Kak

D, /sin6,

L= D (z(p))v(F(p).1)dp,
a v(F(p),t) 3amumem B Buae Qypbe-obpasa:
v(F(p).r)= [ dQe ™ [ dRS, (Q.%)e™™.

3necp Q — kpyroBasi yactota QIyKTyarui
9JIEKTPOHHOM KOHIEHTpALNK; K — BOJTHOBOU
BEKTOP BO3MYLIECHHI C KOMIIOHEHTaMH K, K,
U K_; F — OPOCTPAHCTBEHHBIH BEKTOP. Hpi/I
9TOM OyJeM cuuTaTh, YTO QyHKUIUS V(F,t)
SIBJISICTCS CTAIIMOHAPHOM M CTATUCTUYECKH OJ1-
HOPOAHOM, a (V(7,1))=0 (yrioBble CKOOKH
03HAUYAIOT CTATUCTHUYECKOE YCPETHEHHE).
Torna

L= ;ngeiQ’ZdﬁSv (Q,K)x

D(6,)/sin8,

X j dp® (z(p))e™®. (12)

O6o3naunM uHTEerpan mo p B (12) uepes
Q(KaGOa(pO)v

D(6,)/sin8,

Q(K,GO,(pO) = dp® (z(p))eiﬁ(p) =

0

D(6))/sin6
o)/ siny i{KXpsinGOcosq)OJrK‘,psinensin(p0+l<zz(p)}
= dp®(z(p))e : )

Kak cBUAETENbCTBYIOT PE3yNIbTATHI MUCCIIEN0-
BaHuii [6, 8], [IMB gBurarorcs mpeumyiie-
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CTBCHHO I'OPpU30HTAJIBHO, T. €. MOXHO II0JIO-
KUTb Kz =0. B takom cIydya€ MOXHO 3aliu-
CaThb:

ReQ(K,0,,0,) = G(K ,0,,0,)cos F(K, ,0,,0,),
(13)

ImO(K,,0,,0,) = G(¥,,0,,0,)sin F(K ,0,,0,),

rjIe K, — FOPU3OHTajIbHAS MPOEKIHs BOJIHO-
Boro Bekropa I1VB ¢ koMnoHeHTamu K, 1 K ,

1D(8,)

2 sin@,
G(k1.00.00)= [ dp®(z(p))x
_1D(8y)

2 sin 6,

XCos [p(Kx sin6, cos@, + K, sinf, sin(po)], (14)

- 1 .
F(K,.6.00) = ED(GO)(KX cosP, + K, sin@y).
(15)

Torma (12) MOXHO IIPEICTaBUTh B BHJIE:

100 —ith = ¢ =
=— | dQ dg S, (Q,K,) %
L 2:[0 e _J; 18, ( 1)
x{ReQ(k ,0),9,) +iImO(K,,0,,¢,)}.

DTO MO3BOJISET MOJYUYHUTh SIBHBIE BBIpaXKe-
HHS JUISE BDEMEHHBIX CIIEKTPOB (JIyKTyarui
U3MEPSEMBIX MMAapaMETPOB, KOTOPHIE B IO-
JAPHOM cHUcTeMe KoopAMHAT (K, =KCosY,
K, =Ksiny) UMEIOT BUMI:

o 27
. : d
Sy(Q) = A [ dic [ dyS, (Qy,56) -2 x
e<>Ae£ {v(y)a%
X{RCQ(K’Y’GO’(pO)+iImQ(K’Y’eO’(pO)}’

oo 2n
. . 9
S,(Q) =4, j dKj &8, (Q.1,1)5 -
0 0 00

X{RCQ(K’Y’ eO’(pO) + l ImQ(K’Y’eO’(pO)}’

(16)

. 2 21.[ .
$(Q) =iA, [dx [ dyS, (Q.7. %)%

0 0
x{Re O(x.,7,6,,0,) +iImO(x,v,0,,9,) }

oD N 1 Q
rac = 27 e ) :7’14 =—
e A aeocoso i 2D,sin6,” " 2\

Crnenyer Takke INOMHHUTB, 4TO 0, COOTBET-
CTBYET YIUIy BBIXOJa HEBO3MYILICHHON TpaeK-
Topuu, a @, =0.

Takum 00pa3zoM, MbI MOJIYYUIU CUCTEMY
ypaBHEHMI, KOTOpas B CIIEKTpaJIbHOU o0ac-
TH cBsi3bIBaeT xapakrtepuctuku [IMB ¢ nzme-
PEHHBIMHU TMapaMeTpaMH TUATHOCTUYECKOTO
curHaia. [lanHas cucrema 1mo3BoisieT (op-
MYJIUPOBATh OOpaTHYIO 3ajlauy B CTATHCTH-
YECKOU M NTUHAMMYECKON MOCTAHOBKAX.

Just perienust oOpaTHOM 3ajadu B cTa-
TUCTUUYECKON MOCTAHOBKE 3alUIIEM SIBHBIE
BBIPpAXXEHUS JJIS1 SJHEPTEeTUYECKUX U B3aUM-
HBIX CHEKTPOB Sxy(Q)=<SX(Q)Sy(Q)>, rme
x,y=0,0,F Quykryauui nmapamMeTpoB CHI-
Haja (sl COKpalleHus 3anucu o0603HaunuM
0(K,Y,0,,9,) mpocTo Kak Q):

So0(Q) = A7 X

Y dReQ ’ 9ImQ ’
2

x{dK.l.dySv(Q,y,K)[( 2, ]+( 2, J ,

chp(g)zAéX

deKTdySz(QyK) dReQ 2+ 9Im0 |

0 0 e 09, 0, ’

3 27
e (@) = 4 [ [ ays3 @0 (Re) +(1m) |
0 0

oo 2n
Re S (Q) = —AyA, [ dx [ dyS] (Q.7. %)%
0 0
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aReQ dReQ BImQ BImQ
200, 0J9, 200, 0J9,

oo 2n
Im S, (Q) = AgA, j di j dyS2(Q,y,K) X
0 0

o dReQ 0ImQ _BImQ dReQ
08, 99, 98, 09, |
(17)

oo 2n
Re Sy (Q) = A Ay [ di [ dvS3 (@7, 1)
0 0

E)ImQ_ dOReQ
[R eQ 20, ImQ 20, J

oo 2m
Im Sy (Q) = =Ag Ay [ dic [ dyST(Q.7,5) %
0 0

| Re QE)ReQ - 9ImQ
00, 20, |

oo 2n
Re Sy (Q) =—A,A; [ di [ dyS] (Q.7, %)%
0 0

0ImQ d0ReQ
Re —Im s
[ 0 90, 0 99, J

oo 2n
Im S, (Q) = A Ay [ dic [ dyS] (Q.7, %)%
0 0

[R QE)ReQ Im QE)ImQJ'
99, 99,

[Ipeanonoxum, 4To Kax ol yacrore Qiryk-
Tyanui {2 COOTBETCTBYET OJJHA ITPOCTPAHCTBEH-
Hasi rapMOHMKa (TUIocKasi BOJIHA), KOTOpas
JBWKETCS B HAIPpABJIEHUU Y, T. €.

STQ,7,K) = S2(Q)8(k —K(Q))3 (v~ ¥, ().
(18)

Torna, ¢ yauetom (13), cucremy (17) MOxHO
3anucaTtb B BUIC:

Sop(Q) = AZS” (9)[[86 } +G(§§'” (19)

oG o[ ¥
Spe (D)= AS: (9)[{ %J +G (a%” (20)

Ser(Q) = ALSHQ)G?, (21)
0G oG _, o¥ 0¥
Q)= Q or or
Re Sy (€2) = =AyA, Sy ( ){ae P o+ %, a%],
(22)
0G 0¥ 0¥ 0G
Im Sy, (Q) = AA,SS(Q)G| —— =
m g, (Q) = AyA,S, (Q) (aeo J0, 00, 8@0}’
(23)
Re Sy, (Q) = AA, S, (Q)Gza—\P (24)
00,
m Sy () = 44, (@G 22 )
00,
Re S, (Q) =—A,ApSe ()G —— ¥ (26)
a(Po
Im S, (Q) = A,ApS (Q)Ga(pG 27
0

PaccMoTpuM BO3MOKHOCTB PEIICHUSI CHC-
TeMmbl (19)—(27) OTHOCHTEIBHO MapaMETPOB
BO3MYIIEHUH, & UMEHHO: 3HEPTreTUYECKOTO
criekTpa S (L), BOIHOBOrO uncia k(Q) u Ha-
MpaBICHUs ABWKEHUS Y,(L). OTMeTum, uTo
MOCJICIHUE JIBa TapaMeTpa BXOIAT B apry-
MeHThl ¢yHkimii G u W ((14) u (15)). Hano
IIOMHUTH TaKXke, uTo G MPEACTABIISIET COOOM
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WMHTErpaJjl BI0JIb HEBO3MYIIIEHHOH TPACKTOPUHT
OT BBICOTHOT'O pACIpE/ICICHUS] aMIUTUTY/ bl
Bo3MmylleHui, ®(z), ¢ MHOXUTEIEM, B ap-
TYMEHTBI KOTOPOIo BXOIAT K(Q) u y,(£2). Ta-
KUM 00pa3oMm, JUIsl peleHnst oO0paTHOM 3a/1auun
HAaJI0 3HATh MMapaMeTpPbl HEBO3MYIIEHHOTO
HOHOC(EPHOTO CJIOSI, UTO ITO3BOJIUT BBIYHC-
JINTh HEBO3MYIIEHHYIO TPACKTOPHIO, U (PYHK-
muo ®(z). Uro kacaercs ammutyasl [TMB,
TO, KaK CBUJIETEIIbCTBYIOT PE3yJIbTAThI HCCIIe-
noBaHuit [6], ®(z) MPaAKTUUECKU MOBTOPSET
BBICOTHBIN MPO(IIIH HIEKTPOHHON KOHIIEHT-
panuy HEBO3MYIIIEHHON WOHOCGhEpHI, KOTO-
pBIii, B CBOIO OU€peTh, MOKHO BOCCTAHOBUTD,
HAIIpUMeEP, MO JTAHHBIM CTAHAAPTHOTO BEp-
TUKAJILHOTO 30HIUPOBaHMs HOHOChEpHI. B TO
YK€ BpeMsI aHAJIU3 TIOJIYYeHHON CUCTEMBI MOKa-
3aJI, 4TO JUIsl BOCCTAHOBIIEHUS K(L2) U 7Y,(L)
B paMmkax mnpemitoxeHHol moaenu ITMB sta
nHpopmaius He saBIsieTcs HeOOXoaUMOH. Jlet-
CTBHUTEIBHO, pasaenuB (24) u (26) na (21),
MOJIyYUM COOTBETCTBEHHO

ReSy(@)_ A ¥ | RSy (@) A, v

Spr(Q)  Ap 09, Srr(£2) Ap 99, '
Ucxons uz (15), nmeem:
oV 10D
—=——K u 28
38, 200, osYo (@8)
v 1 .
E =3 Dgksiny,. (29)

Torna, ¢ yuerom BepakeHHit 111 Ay, A, U
A,, MOXHO 3aIMcaThb:

KcosY, =2§3COS90R;S9€£(;)2),
FF
Re S, (Q
Ksiny, =—2Asineow,
FF

OTKyAda JIETKO BUACTH, UTO

2 Q

Q)=——X
K(E) Spr(Q) A

x\/(Re Sor ()’ cos” 0, + (Re Sq,F(Q))2 sin” 0, ,
(30)

Re S, (Q)

’ ReSeF(Q)‘ Gh

tgy, (L) =—tgb

Taxum obpa3om, I HAXOXKAEHUS K(L2)
u Y,(L2) HeT HeOOXOAMMOCTH 3HATH HEBO3MY-
IEHHBINH TTPOGUIIL IIEKTPOHHOM KOHIIGHTpA-
K. JlocTaToOuHO OLEHUTH yrod 0, KOTOPbIH
B CWJIy CTAlIMOHAPHOCTU U CTATUCTUYECKOU
OIHOPOIHOCTH BO3MYIICHMIT paBeH 6 = (6).

CormnacHo (21) aJ1st 3HEPreTUYECKOTO CIeK-
tpa 1B, Sf (Q), MOXHO 3amucaTh

Srr (L)

S;(Q) ="

Y AFG?

NTak, HEOOXOAUMO BBIUUCIHUTH CJICTYIONTHI
uHTerpai (cM. (14)):

1D(6,)
2 sin0,

G= [ dp®(z(p))cos(pKsin6,cosy,). (32)
_1D(®y)
2 sin6,

Kax yxe 6puto ynomsuyrto, ®(z) Oompluei
YACThIO TOBTOPSET BEICOTHBIN MPOQUIB 3JIeK-
TPOHHOW KOHLEHTpauuu, N,(z), HEBO3MY-
IIEHHOTO MOHOC(HEPHOTO CIIOS, KOTOPBIM MBI
cuutaem u3BecTHbIM. MHTerpan (32) MoxKHO
BBIYUCITUTD WIIH C TIOMOIIBIO YHCIICHHBIX Me-
TOJIOB MHTETPUPOBAHMS JTYUEBBIX TPACKTO-
Ui, UM aHATUTUYECKU ITPU UCTIOJIH30BAHUHT
JOCTaTOYHO NPOCTHIX Mozenel N, (z), Hanpu-
Mep, JUHEHHON Wiu mapaboimmdeckoii (6oee
JIeTaJbHO TOCHenHssl OyaAeT paccMOTpeHa
HITKE).

Taxum oO6pazoM, B paMKax CTaTUCTHUYEC-
KOTO TIPUOJIMKEHUSI CTAHOBUTCSI BO3MOYKHBIM
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BOCCTAHOBHUTH MPOCTPAHCTBEHHO-YTJIOBOM
CIEKTP BO3MYIICHUH TUIA3MEHHON KOMITOHEH-
Tl HOHOC(epHoro ciosi. OTMETUM, UTO CTa-
TUCTUYECKasi oOpaTHas 3aja4ya Obuia pere-
Ha C MPUBJICUYCHHUEM JIUIIb TPEX YpaBHEHUIH
u3 cucteMsl (19)—(27). OcranpHble YpaBHEHUS
MOYKHO HCIOJIb30BATh JJIsl TTPOBEPKH YCTOM-
YUBOCTH U JOCTOBEPHOCTH PEIICHUS MPU 00-
paboTKe TaHHBIX PEATHbHBIX U3MEPEHHI C TI0-
MOIIBIO pa3zpaboTaHHOTO AJITOPUTMA.

s aHanmu3a BO3MOXHOCTH PEIIeHus! 00-
paTHOM 3a/1aul B AUHAMUYECKOHN ITOCTAHOBKE
cHOBa obOpatmmcs k cucrteme (16), koTopyro
B MPE/IOI0KEHUN O JUCIEPCHOHHBIX CBOM-
crBax IIMB, ananornunomy (18), T. e.

Sy (Q.7,K) = 8,(Q)8(xk —K(Q))3 (Y —7,()),

3aIIMIIEM B BH/C:

Re S, (Q) =
—AQ[R $ (g)aReQ—ImSV(gz)aImQ} (33)
0 ae()
ImS,(Q) =
—AB[I S(Q)aReQ+ReS'V(Q)aImQ} (34)
0 ae()
ReS,(Q) =
=—A({R S (sz)aReQ—nns'v(gz)ath} (35)
0Q,
ImS,(Q) =
:-A({I $ (Q)aReQ+ReSV(Q)aImQ} (36)
Dy 09,

ReS,(Q)=-A [Res ImQ +Im§, (Q)ReQ]

(37)

ImS, (Q) = A, [ReSv ReQ’—ImSV(Q)ImQ'].
(3%)

Anamu3 cucremsl (33)—(38) mokaswiBaer,
YTO CXeMa €€ PEIeHUs MOYTU HEe OTINYAETCS
OT TOH, KOTOpasi OblJIa MpeIOKeHa IS CTa-
THCTUYEeCKOM 3amaun. Tax, ¢ yaetom (13)—(15)
u (28), (29), ypaBaenus (33), (35) u (37) mo3Bo-
JISTFOT 3aITUCATh:

Q
KcosY, = 2Icos60 X

ReSe(Q)ReS (Q) +Im Sy (Q)Im S, (Q)
1S, (Q)F

B

Q
Ksiny, = —2Isin60 X

ReS o(QRe S, (Q)+ImS$, (@) ImS, @)
|S-(Q)F

OTKy,E[a JICTKO IIOJIYYUTb:

2 Q
Q)= - Q Q
K(Q) = S @F {[Rese( YRe S, (Q)+

+Im S, () Im S, (@) cos’ 6, +

+[ReS, (QRe S, (Q) +

. . 12
+ImS, (@) Im S, ()| sin® 90} , (39)

t2Y,(Q) = ~tgh, X

ReS (Q)ReS (Q)+ImS (Q)ImS (9))
ReS (Q)ReS (Q)+ImS (Q)ImS Q)

(40)

Ntak, Kak 1 Npu pelieHuu CTaTUCTUUECKON
0o0paTHOM 3a1a9u, 1T BOCCTAHOBJICHUS BOJI-
HOBOTO 4uHcia, K(L2), ¥ HalpaBJICHUS JIBUKE-
Hus, Y,(€2), HEOJHOPOAHOCTEH HET HeoOXo-
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JMIMOCTH 3HATh MapaMeTpbl HEBO3MYIIIEHHOTO
MOHOC(EPHOTO CIIOS.

Cornacuo (37) u (38), ¢ yuerom (13), mns
KOMIIJIEKCHOTO CIIeKTpa (IyKTyalui 3J1eKT-
POHHOM KOHIIEHTPAIMA UMEEM:

ImS, (Q)cos¥ —Re S, (Q)sin'¥P

ReS,(Q) = G
r

(41)

_ImS,(Q)sin ¥ +Re S, (Q)cos ¥

ImS,(Q) = G
F

rae, kak cnenyer us (15) mpu @, =0 (Tpacca
1
OPHEHTHPOBAHA BJIOJb OCH X), ¥ = B DyKcosY,.

Taxkum oOpa3zoM, Mbl CHOBAa CTOJIKHYJIUCH
C HEOOXOAMMOCTBIO BbluMclieHus G, T. €. UH-
terpaia (32). Kak yxe ormeuanoch, 3T0 MOX-
HO ClIelaTh, UCIIOJb3YsI YUCIICHHBIE METOJbI,
WJIM B AaHAJTUTUYECKON (hopMe JTsI HEKOTOPBIX
MOJIETLHBIX TTPOdUIIEeH JIEKTPOHHON KOHIICH-
Tpallui HEBO3MYIIEHHOTO HOHOC(hEepHOTO
ciosi. PaccMoTprM BTOPYIO BO3MOXKHOCTb 151
napaboanyeckoil Moaenu noHochepsl, KOTO-
pasi yaile BCero MCIoJIb3yeTcs AJIsl ONMCAHUS
BBICOTHOT'O pacIpe/IesIeHuUs 3JIeKTPOHHON KOH-
ueHTpauuu N, (z) B cnoe F,

N [1-Gz=2,0° /32 ] 2= 20| < 0
0, \z—zm\>ym,
(42)

N,(2)=

rae N,, —2JeKTpOHHAas KOHIEHTPALUs B MaK-
CHUMYyMe CII0$l, 7, — BBICOTA MAaKCUMyMa, y, —
MOJIyTOJIIIMHA PETYISIPHON HOHOC(hEPHI.
CornacHo [7] ny4yeBoe ypaBHEHHE MOYKHO
MIPE/ICTAaBUTh B TAMUIIBTOHOBOH (popmMe Kak

dzz_ 2272,
@—0‘ PR (43)

m

rie o= f,/f.

ByneM oTcuuTBhIBATH P OT TOUKU OTpa)e-
HUS JTydya OT moHocdepsl. Toraa, yauTheiBas,

dz dz

4To — =cosO, m —
Plo=p., p=0
BETCTBYET TOYKE IaJeHMs JIyuya Ha HOHOC]e-

=0 (p,, coot-

py), pelieHueM ypaBHeHuUs (43) siBisiercs

2=z, ==~ (cos6, /B)’ cosh(Bp),

rae B=0o/y,.

Bynem cuntath, 4TO BBICOTHOE pacIpese-
senne aMmunTy el [IMB noBTopsier mpoduitk
JJIEKTPOHHOM KOHLEHTpaluu N,(z), KOTOPbII
3ajaH ypaBHeHusiM (42). Torna, mockoybKy
TPAEKTOPUS SIBJISIETCS CUMMETPUYHOM OTHO-
CUTEJIBHO TOYKH OTPAKEHUS, B KOTOpoH P = 0,
uHrerpai (32) MOXKHO 3amnucarh Kak

G= 2a2pjx dp{l - [1 —(cos 90/06)2 Jcosh2 Bp}x

0

xcos(kpsinO, cosy,),

1 a+cos0,
—In———.
2B o—cos6,

Jlerko BUAETH, YTO 3TO BBIPpAKEHHUE ITPEI-
CTaBJIIET COOOM CYyMMY TpeX MHTErpajoB, Kax-
JIBI 13 KOTOPBIX CBOJIUTCS K TabmmaHomy [9].
3aTeM mMeeM

TaC P, =

2 .
_ 4(124:-1 _ (COSZ 8, + o ) sin(p,,&) _
Y& g

—y,,€080,cos(p,.E) . (44)

rae &=xKsin6,cosy,.

Taxum 06pa3zoM, cxema peleHus JUHAMH-
4ecKoi 0OpaTHOM 3agaun Ui apadosudec-
KOTO MPOGUIS MEKTPOHHON KOHIEHTPAIUK
HEBO3MYILEHHOTO HOHOC(HEPHOTO CII0ST SIBJIsI-
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ercst crnenyronieit. CHavana CHeKTpbl Bapua-
WA U3MEPEHHBIX MMapaMeTPOB CUTHAJIOB WC-
MOJIB3YIOTCS JIsl BOCCTAHOBJIEHUS 110 (OPMY-
mam (39) u (40) COOTBETCTBEHHO BOJIHOBOTO
YyHCia U HANpaBJIeHUsl JBU)KEHUS HEOHOPO/-
HocTei. IToToM 1 BOCCTAaHOBIIEHHBIX K H Y,
U 3aJaHHBIX MMapaMETPOB HEBO3MYIIEHHOMN
KOMITOHEHTBHI IIJIA3MEHHOT'O CJI0S1 C IIOMOIIBIO
(44) Beruncisiercs napamerp G, KOTOPbIHA MO-
craBusieTcst B (41) st OlleHKU peabHOU
Y MHUMOH YacTell MpOCTPAHCTBEHHO-BPEMEH-
Horo crnektpa IIMB. B cinyuae Gomnee ciox-
Horo npoguns N,(z), KOTOPBIii HE TO3BOJISET
nojayunTh G B aHAJTUTHUYECKOW (GopMme, HAJIO0
BOCITOJIb30BAThLCS YUCIICHHBIMU METOIAMU MH-
TErpUPOBAHUS JIyUEBBIX YPaBHEHUH.
CrienyeT OTMETUTBD, UTO JJIs1 PeLleHUs JUHA-
MUYECKOM 0OpaTHOM 3a1a4M ITOKa ObLIO 3a/IeH-
CTBOBAHO TOJILKO TPU YpPaBHEHUS W3 IIIECTH,
cocrapsttonux cucremy (33)—(38), T. e. ocTaB-
LIMECS] MOT'YT OBbITh UCIIOIB30BAHBI 11 ITPOBEP-
KM YCTOWYMBOCTH U JIOCTOBEPHOCTH PEIICHUSI.

Pe3y.]IbTaTbI KOMIIBIOTEPHOI'O
MOACIUPOBAHUA

[TpennoxeHHbI aIropuT™M ObLIT MPOBEPEH
C TIOMOIIBIO KOMITBIOTEPHOT'O MOAETTUPOBAHUS.
CxeMa JKCIEpUMEHTOB ObLIa CIIEAYIOMICH.
C nmomoupio crnenuaibHO CO3JaHHOM Mpo-
rpaMMbl YUCIIEHHOTO MHTEIPUPOBAHUS JTyUe-
BBIX TPAEKTOPUN B HEOAHOPOIHOU cpefie pac-
CUUTBIBAJIUCH YIJIbI IPUXOJa U JOIIEPOBCKOE
CMEIIIEHHE YACTOThl CUTHAJIOB JJIs 3aJaHHBIX
napaMeTpoB PaUOTPACCHl U MOJIEITbHBIX HEO-
nHopoaHoctel. [1poduib aeKTpoHHON KOH-
HEHTPAIIMHI HEBO3MYIIECHHOH HOHOC(HEPHI OTTH-
CBIBAJICS TapabOTMIECKON MOIETTBIO (CM. (42)),
a aMIUIMTY/JIa BO3MYILEHUI 3a/1aBajack B IIpo-
IIEHTAaX OTHOCUTEIHHO (DOHOBOM AMEKTPOHHOM
KOHLIEHTPALINH.

Paccunrannple Bapuanuu napaMmeTposB
CUT'HAJIOB MCIIOJIb30BAIIMCh B KAUECTBE BXOJ-
HBIX JTAHHBIX JJISI PEIIeHUs] OOpaTHOU 3a]iaun
B COOTBETCTBUM C MPEITIOKEHHBIM AITOPHUT-
MOM. Pe3ynbTaThl BOCCTAHOBJIEHUS CPaBHHU-
BAaJUCh C MCXOAHBIMU IapaMeTpaMu BO3MY-
IIEHU.

Bcero 6wu10 mpoBemeHo okojio 30 3KcIie-
PUMEHTOB [IJISI pa3HBIX MapaMeTpoOB MOHOC-
(depbl 1 HEOJTHOPOIHOCTEH, Pe3yIbTAThI KO-
TOPBIX CBUACTCIILCTBYIOT 00 3((heKTUBHOCTH
MPEUIOKEHHOTO JUATHOCTUUECKOTO METO/A.
B kauectBe mpumepa B Tabiulle mpencTaBiie-
HBI TTApaMETPbI UCXOTHOTO U BOCCTAHOBJICHHO-
ro ¢ TMOMOIIBIO Pa3pabOTAHHOTO AJITOPUTMAa
IIMB ans ogHOro M3 SKCEpUMEHTOB. BuaHo,
YTO METO/]I 0OECIIeUnBaET BBICOKYIO TOYHOCTh
BOCCTAHOBJICHHSI MTaPAMETPOB MOJEIbHBIX
II1B. Tak, HanpuMep, MOTPEITHOCTh BOCCTa-
HOBJICHUSI CKOPOCTH JIBUXKEHUSI, IJTMHBI BOJTHBI
u ammuatyael [TMB He npesbimaer 3 %, a Ha-
IIpaBJICHUS OBMKEHUA 1+ 2°.

Ha puc. 2 mis 3Tux ke MOJEIBHBIX Tapa-
METPOB H300pakeHbI UCXOHOE M BOCCTAHOB-
JIEHHOE paclipeielIeHe BO3MYIICHHONW KOMIIO-
HEHTBI 3JIEKTPOHHON KOHIIEHTPAITNH B TOPU30H-
TaJbHOW TUIOCKOCTH Ha BBICOTE MAaKCUMyMa
HEBO3MYIIIEHHOTO NMOHOChepHOTO crtost. JIerko
BHUJIETh, YTO TIPEACTABIICHHBIE PaCIpEIeTICHUS
MMPaKTUYECKH OJUHAKOBEI.

AHAJIOTUYHbBIC PE3YJILTATHI OBIIH ITOTYYCHBI
JUIS BEpTUKAJIBHOTO CCUCHUSI HOHOC(DEPHI BJIOJTH
ocu x (cm. puc. 3).

Takum o6pa3zomM, cpaBHEHHE BOCCTAHOB-
JIeHHbIX mapaMmeTpoB [TMB ¢ ucxoausimu ajis
KOMIIBIOTEPHOTO MOJIEIUPOBAHUS TTOKA3AIIO
BBICOKYIO 9(D(heKTUBHOCTH M HAJIE)KHOCTh pa3-
paboranHoro mMerona nuarHoctuku [1MB
B MOJIETTA TPEXMEPHBIX BOJIH IJIOTHOCTH TLTA3-
MEHHOW KOMITOHEHTBI B MOHOC(HEPHOM CIIO€.

Tabmuua. Pezyiomamsl 60ccmanosieHusi napamems-
pos ITHUB 6 modenu mpexmepHvIX 80J1H NIOMHOCIU
Na3MeHHOT KOMNOHEHMbL

IMapamerper | Mcxomnoe |BoccranosienHnoe
I111B I111B I111B
Cropocts 100 99.4
JIBYDKEHUS, M/C
Hania 300 298
BOJIHBI, KM
Hanpasnenue
JIBUKCHUS, 30 29.97
rpaychbl
Ammuryna,
3 2.98
ON,/N,. %
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Puc. 2. Hcxoonoe (a) u eéoccmanognennoe (0) pac-
npeoenemue 603MYUWEeHHOL KOMNOHEHNbL DIeKIMPOH-
HOU KoHyenmpayuu 6 20pu30Hmabiol niocKocmu
Ha 6blCOMe MAKCUMYMA HEeBO3MYUEHHO20 UOHOC-
Gepnoeo cnos s napamempos mooeavhvix [1THB
u3 maobauyvl. Ilnomnocms niazmennol KOMnoOHeH-
mul npedcmasiena 8 ycaosuvlx ysemax. 1 opuzom-
manvHas, X, U 6epMUKAIbHAA, Y, OCU NPUEEOEHbl
8 KUIOMEempax OmHoCumenbHo cpeomeil mouku pa-
ouompaccol x,y =0

BuiBoabl

B nanHOil paboTe nanbHeilee pa3BUTHE
ITOJIy4MJIa TEXHOJIOTUSl YaCTOTHO-YITIOBOT'O 30H-
JTUPOBAHMS TIEPEMEIAIOIINXCS HOHOC(HEPHBIX
BO3MYIIIEHWH, MpeNIOKeHHasl paHee B [2, 3].
B uactHOCTH, pa3paboTaH METOJ YaCTOTHO-
yIJIOBOro 30HAMpoBanus [T B, mo3Bosistommii
BOCCTaHaBnuBaTh napamerps! I1MB B BHne
TPEXMEPHBIX BOJIH INIOTHOCTH, paclpocTpa-
HSIFOIIUXCS B peajlbHOM HOHOC(epHOM cloe.
MeTo OCHOBaH Ha M3MEPEHHUM BapHalUi

Z. Enl
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Puc. 3. Hcxoonoe (a) u soccmanogiennoe (0)
pacnpedenetue 803MYUWEHHOU KOMNOHEHNbL €K
MPOHHOT KOHYEHMPAYUUu 6 8ePMuKaiIbHOM cede-
HUU UOHOCHEPHO20 €105 800b OCU X 0 napda-
mempos moodenvuvix IHHHUB uz maoauyvl. Iliom-
HOCMb NAA3MEHHOU KOMNOHEHMbl NPedCcmagietd
8 YCI08HbIX Ysemax. Bepmukanvuas, z, u 2opusoH-
manvHas, X, ocu npusedensvl 8 Kuiromempax. Koop-
ounama x=0 coomeemcmsyem cpeoHeti mouke
paouompaccwl

YIJIOB IPUXOJA U IOINIEPOBCKOTO CMELIEHUS
4acCTOTHI OTpPaXeHHBIX OT noHocheprr KB
CUTHAJIOB. 3a/laya BOCCTAHOBJICHUS ITapaMeT-
pos IIMB pemena B cTaTUCTUUECKON U AUHA-
MMUYECKON ITOCTaHOBKAX, YTO IIO3BOJISIET BOC-
CTaHABJIMBATh UX M3MEHEHUE BO BPEMEHHU, a
TaK)X€ BU3YAJIM3UPOBATH CaAMU BO3MYLIEHUS.
Pa3zpaboTan makeT NpHKIaIHBIX MPOTrpaMM
JUTSL pelieHus MPsSIMOM 3aJlauv MOJEINpOBa-
HHUSI TPAEKTOPHBIX IapaMeTPOB CHUIHAJOB,
PacrpoCTPaHSIOMUXCS B pealIbHOM HOHOChep-
HOM CJIO€, U BOCCTaHOBJIEHUS NapaMeTPOB
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U BU3yanuzanuu Bo3myneHuil. Ilposemeno
KOMITBIOTEPHOE MOJICIIMPOBAHKE, KOTOPOE TI0-
Ka3aJ0 BBICOKYIO 3((DEKTUBHOCTh M HAJCHK-
HOCTH pa3pabOTaHHOIO METO/a, YTO JAaeT pe-
aJIbHBIC IIPEMTOCHUIKH JUTS KCITOJIb30BaHUS €0
B cucTeMe rioodanpHoi guarHoctuku ITHB.

ABTOpBI npusHaTenbHbl FO. M. SImmonbe-
komy (PU HAH Yxpaunsl) 3a moyie3Hble 3a-
MeuaHus U coBeThl, a Takxke A. B. Konocko-
By (P HAH VYkpaunsr) 32 TOMOIIb B KOMITb-
IOTEPHOM MOJIEIMPOBAHUU.
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YacToTHO-KYTOBE 30HYBAHHS PYXOMHUX
ioHOC(epHUX 30ypeHDb Y MojeTi
TPUBUMIPHUX XBHJIb IILJILHOCTI,

110 NOMMPIOTHLCS B ioHOchepHOMY 1Iapi

B. I'. I'anymko, A. C. KameeB

Po3po6i1eHO MeToa 4acTOTHO-KYTOBOTO
30HyBaHHS PYXOMHX 10HOC(HEPHUX 30ypeHb
(PI3), xoTpuli IPYHTYEThCS HAa BUMIipIOBaHHI
Bapialliil KyTiB IPHUXOIY 1 JTOMILIEPIBCHKOTO
3CYBY 4acTOTH BimOuTux Bim ioHochepu KX
CUTHAJIB. 3BOPOTHY 3a/a4y pO3B’S3aHO IS
moneni PI3 y BUrIsal TpUBUMIPHUX XBHIIb
IIUTBHOCTI, IO TOIIMPIOIOTHCSA Y peaTbHOMY
10HOCepHOMY IIapi. BUKOHaHO KOMIT'IOTEp-
HE MOJICITIOBAHHSI CTBOPEHUX IIarHOCTUYHUX
AJTOPUTMIB, PE3YJIbTATH SIKOTO CBIAYATH MPO
BUCOKY €(peKTHUBHICTb METOIY.

Frequency-and-Angular Sounding
of Traveling Ionospheric Disturbances
in the Model of 3D Electron Density Waves
Propagating in a Real Ionospheric Layer

V. G. Galushko and A. S. Kascheev

A frequency-and-angular sounding tech-
nique is suggested for diagnostics of traveling
ionoshperic disturbances (TID) based on mea-
surements of arrival angles and Doppler fre-
quency shift variations of HF radio signals
reflected from the ionosphere. The respective
inverse problem was solved for a TID model
in the form of 3D electron density waves prop-
agating in a real ionospheric layer. The de-
veloped diagnostic algorithms were tested
through computer simulation whose results
demonstrate a high efficiency of the tech-
nology suggested.
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O MeETOoaAC MaAJIbIX BOBMY[IIBHI/Iﬁ B TCOPpHUH pacCCedaHUsA BOJIH
CTAaTUCTHIECCKH HepOBHOﬁ IOBEPXHOCTbIO

A. C. bproxoBenkuit

Hnemumym paouogusuxu u snexkmponuxu um. A. A. Yceuxosa HAH Ykpaunwi,
yn. Ax. Hpockypel, 12, 2. Xapvkos, 61085, Vkpauna
ire@ire.kharkov.ua

Cmambsi nocmynuna 6 pedaxyuio 5 anpensi 2000 e.

Ha ocHoBe ennHO¥W METOIUKM PAcCMOTPEHBI TPU BapUaHTA METOJa MajbIX BO3MYIIEHUM
B PEIIIEHUN 3aJ]aUl PACCESHUS BOJH CTATHUCTHYECKN HEPOBHOMN IMMOBEPXHOCTHIO: OOPHOBCKOE pas3-
noxenue, npuommkenue byppe u mpubmmkenne Kpelitunana. YcraHoBiieHa B3aUMOCBSI3b B BHJIE
MpeeSIbHBIX MEPEX0/I0B MEXAY YKA3aHHBIMU MPUOIMIKEHUSIMH B OTpEACSICHHBIX 00IaCTAX 3Ha-

YeHUH (PU3NUECKUX MapaMeTpPOB.

Beenenne

Meron manbix Bo3MmyleHuit [1] sBusiercs
JIOCTATOYHO 3(D(PEKTUBHBIM CPEACTBOM TPH-
OJIM)KEHHOI'O PELIEHUS 3a/1a4l O PACCEeSTHUU
BOJIH MJIBIMHM CIIy4aiHBIMU HEPOBHOCTSIMU
MTOBEPXHOCTH pa3/ielia Cpe/l paclpOCTPaHEHUS.
TeopeTuyeckUM HUCCIIEIOBAHUSM 3TOU IMpPO-
0J1eMbl TIOCBSIIIEHO OOJIbIIOE YUCIO OPHUTHU-
HaJIbHBIX pabOT, KOTOPbIE HALIUIM CBOE OTpa-
XKeHne B MoHorpadusx [2-4]. BummartenbHoe
O3HAKOMJIEHUE C HUMH IOKa3bIBAaeT, YTO Ba-
PUAHTBI METO/Ia MAJIBIX BOSMYIIIEHHH Y Pa3HBIX
ABTOPOB MHOT/IA CYIIECTBEHHO OTIMYAIOTCS.
B 0cHOBHOM MOHO BBIAETTUTH TPU BapUaHTa:
OOPHOBCKOE Pa3JI0kKEHUE, TAaK HA3bIBAEMOE
npubmkenne byppe n npubnamxenne Kpeitu-
HaHa. Takass MHOrOBapHaHTHOCTH OOYCIIOBIIE-
Ha BO3MOXHOCTBIO BEIOOpA pa3HbIX 33124 B Ka-
YeCTBE HEBO3MYIIEHHBIX, KaK 3TO OYyAeT BUIHO
B XOJ/I€ TAJIbHEUIIIETO pacCMOTPEHUS.

CnocoObl 1 TEXHUKA MOJYYEHUS PELICHUS
JUTSl yKa3aHHBIX PUOJIMKEHUH BecbMa MHOTO-
o0pasubl: MeTo]1 Dypbe, HHTErpo-TuddepeH-
LuagbHas (OpMyIUPOBKA 3aa4M C TOCTIEeNY-
IOLMMU UTE€pPALUSIMU, THarpaMMHasi TEXHUKa
delfHMaHa, METOJbl aOCTPAKTHOM anreGpbl
JIMHENWHBIX ONEPaTOPOB, METO/] BAPUALIMOHHBIX

© A. C. bproxoseukuii, 2006

MMPOU3BOJIHBIX U T. JI. [Tojlydaemble TIpu 3TOM
KOHEYHbBIC BBIPAXKCHUS 3a4acTyI0 OTINYAIOT-
Csl JINIIIb HECYIIECTBEHHBIMU JIETAJISIMHU.

ITpu Bcem MHOro0oOpa3uu padOT MO JaH-
HOW TeMaTHUKE MPAKTHUCCKH HE TTPOBOJIUIIUCH
aHaJIN3 B3aUMOCBSI3U yKa3aHHBIX PENICHHH,
ompejieicHue oOIux obracTedl 3agaHus Qu-
3UYECKUX MapaMeTPOB, T/Ie OTIUUUS TPUOITH-
JKEHHBIX pemieHuil 0053aHbl OBITH MaJIbIMU
B CHJTy TpeOOBaHMI €TMHCTBEHHOCTH PEIIICHUS
COOTBETCTBYIOIIEH (PM3UIECKON MPOOIIEMBI.

HccneqoBanue 3TUX BOMPOCOB SIBISETCS
LIelbI0 HacTosIe paboTel. MaTeMaTuiec-
KO€ ITOCTPOEHHUE JIJTSI pACCMaTPUBAEMBbIX ITPH-
OMMKEHUHM OCYIIECTBISIIOCh C MOMOIIBIO
OJTHOTO U TOTO ke MeToja — Metosia Dypsoe,
YTO B 3HAYUTEIIHLHOU Mepe 00Jeryaer nmposee-
HUE CPaBHUTEIIBHOTO aHAJIN3a TTOJTyYaeMBbIX pe-
eHnH 17151 Qyphe-aMITTUTY] UCKOMBIX TTOJIEH.

ITocranoBka 3axaun

PaccmoTpuM 3a1auy 0 paccessHuM CKaJIIpHO-
ro BOJIHOBOTO 1ot U (x, y, z) MAJIBIMU CITy4dai-
HBIMH HEPOBHOCTSIMHU ITOBEPXHOCTH Z =G(X, y),
B “cpemHeM” (110 aHCaAMOJIIO pean3aluii) siB-
JISIOIIIeHics MIOCKOCTBIO 2 = (G(x, y)) =0.
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PaccmaTpuBaeMyo MaTeMaTHYECKYIO 3a-
Javy COCTaBJISIIOT:

a) BOJTHOBOE ypaBHeHHe (ypaBHeHUe [ 'elrbM-
roJIbIIA):

(Ap +k*U(R) =0, R={x,y,z}, (1)

0) rpaHUYHOE YCIOBHE CMEIIAHHOTO THUIIA
Ha CIIy4alilHOM MOBEPXHOCTH:

£V+ﬂmov —0,  F=(xy: @

z=¢(¥)

B) YCIIOBHE Ha OECKOHEYHOCTH Z —> +oo:

UR)— (Ce™ + Coe™* )™ + CY(x, y.2).
(3)

rie C, u C, — xoHcTauThl, a Cy(x,y,z) —0
npu ¢(x,y) — 0.

3ntech k =k, +1,k, — BONHOBOI BEKTOP Ma-
JQFOIIEH TTIOCKOM MOHOXPOMATHYECKO BOJI-
B, k| M ik, — COCTABJISIOIIHE €r0 B IOCKO-

cru z=0 ¥ neprneHMKyIsApHO K HEH, i, — OpT

2 2 2
ocH z, kzzw/kz—kz; AR:;2+§2+;ZE
X 'y Z

2
A,+— — omneparop Jlammaca B TpeXMepHOM

I N | oz
(1 + (Vrg)z) — IPOM3BO/IHAS ITO HOPMAJIH K I10-
0 d

BEPXHOCTHU Z=C(X,V),, IPUUYEM Vr= —,T— (-
p ¢(x,y),, mp FRE

HOBCpXHOCTHBII;'I HUMIICAAHC 1), CHHUTACTCA

< d (0
MPOCTPAHCTBE X,),Z; —(—V,QV,)X

vansiv (g < 1).
Taxast moCcTaHOBKA 3a/1aud OTBEUYAET pac-
. i(lzj—kzz)
CesSIHUIO TUTOCKOH BOJIHBI Ce , Tajiaro-
el u3 objacTu z—> +eo Ha LIEPOXOBATYIO
TUIOCKOCTH [2]. Ee pelieHue sBisieTcsi OCHOBOM
JUIS. UCCIIeTOBaHUs OoJtee OOIel 3amadym pac-

CCSIHUA IT10JIA TOYCUHOTI'O UICTOYHUKA, €CIIN ITPU-

HSTH BO BHUMaHHE pasiioxkeHne Beirs no Heo-
JTHOPOJIHBIM IIJIOCKMM BoIHaM [2, 3]. be3s more-
pu O6IIHOCTH MOXHO cuntaTth C) =1.

ManeiMu napamMeTpaMy 3a4auu SIBIISIFOTCS
Ge3pasMepHasi BbICOTa HepoBHOCTell |kg| <1
U UX HAKJIOHBI ‘Vrg‘ <1 [3, 4]. Orpanuunmcs
BO BCEX PA3JIOKEHUSIX IO CTENEHSM 3THX Ia-
paMeTpoB KBaJApaTHUYHBIMM UYJIEHAMHU. DTO
MO3BOJIMT B JajbHEHIINX MpeoOpa3oBaHUIX
HCTIOJIb30BaTh AETAJbHO pa3paboTaHHBIN
MaTeEMATHYECKUI alllapaT KOPPEISIIUOHHON
TEOpUM CIydalHbIX (QyHKUIMI. YdueT B pas-
JIO)KEeHUsAX OoJiee BBICOKMX CTEIeHeH ciyyJaii-
HBIX BEJIMYMH O3HAYAET BBIXOJ 3a PaMKHU
KOPPEJISILMOHHON TEOPUM U B IIJIAHE IOJY-
YEHUs1 KOHKPETHBIX PEe3yJIbTaTOB SIBJISETCS
Majope3yiabTaTuBHbIM. C y4eTOM BblIIECKa-
3aHHOTO T'PAHUYHOE yclioBue (2) 3aMeHsIeT-
Csl IPUOJIMKEHHBIM:

it

a .
aiN‘f‘lkT]O U

z2=¢(¥F)

&) 1 , 0
~| =-VeV,-—(Vo)? —|U =0. (4
|:aZ rg r 2( rc.>) aZ:| . ()

[TepeHeceM rpaHUYHbBIC YCIOBUS HA CPEl-
HIOIO TTOBEPXHOCTh z =0, pa3noxus (4) B psa
Teitopa ¢ TOUHOCTBIO IO KBAAPATUIHBIX UJIe-
HOB:

a . 27 7 -y
Sotikmy U =L@+ L)+ W) =0.
oN 2=g(F)
(5)
31ech
, 0 oU ¢’ U
U)=| —+ik U+¢c—+2>——+ ,
PO o T | YT e T e
(6)
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ll’(U)=—V,gV,(U +gaan , )
< z=0
Bwy=-LtwerdY ®)
2 ' aZ 2=0

JanbHelime npeobpa3oBaHUs 3aBUCIT OT
KOHKPETHO BBIOPAHHOTO METO/a BO3MYILICHUIA.

BOpHOBCKOC pa3JjiokeHue

Koneunoii nenpio paccMaTpuBaemMoi 3a/1a-
Un ABJILACTCA ONPCACTICHUEC CTATUCTUYCCKUX
XapPaKTEPUCTUK PACCESHHOTIO MOJIS, YTO MPe/-
royiaraeT MpoBe/IeHUe oNepauil ycpeaHeHusl.
OHHU MOTYT BBIIOJIHATBCS ITOCIIE MTPUOINKEH-
HOT'O pellIeHMs NMOCTaBIEHHON MaTteMaThyec-
KoM 3a1aum 100 A0 ee pelIeHUs B UICXOIHbIX
YPaBHEHMSIX, MEHsSISI TAKMM 00pa3oM caMmy Io-
CTAHOBKY 3aJlauu.

ITpu onpeneneHHbIX YCIOBUAX ONEPALNU
NPUOIMKEHHOTO pEeLIeHUs] U YyCPEeIHEeHUs
HE KOMMYTHUPYIOT, B UeM MbI yOeIUMCS B X0O/1€
UCCIIEA0BAHUS.

B OopHOBCKOM pa3iioKeHHU CHadaja Io-
Jy4yaercs MpUOJIMIKEHHOE pelIeHHe, a 3aTeM
npousBoauTcs ycpeanenue. [Ipennonaraercs,
YTO pELIEHNE MOYKHO MPEACTABUTh B BUJE psla

U=U,+U,+U,+..., 9)

rae U, ~lg/', (j=0,1,2,..).

Takas 3aBUCMMOCTh O3HAYAET AHAMTUY-
HOCTb PEIIEHHs], KOTOPOE CTAHOBUTCS HETPH-
MEHHUMbBIM B OOJIACTH 3HAYEHMH (DU3MUECKUX
NapaMeTpoB, IJle BO3MYILEHHS HMEIOT CUHTY-
JNIAPHBIN xapakTep. [1ocTaBUM €ro B ypaBHe-
Hue (5) ¥ MpUpaBHAEM HYIIO YWIEHbl OJHOTO
TIOPA/IKA BEIMUUHBI, OT PAHMYMBLINCH KBa/[pa-
THYHBIMH 110 |¢| WIeHAMH:

=0, (10)

z=0

- d
Ly(Uy) = (a +ikn, on
<

256

LW,.U,)) =[a+iknoj><
0z

X(U1+gaU°]—VrerUO —0, (11)
aZ z=0
ia(Uo’Ul’Uz)z
oU, ¢*9o'U
=| —+ik Uy+g—t+2—0 |-
( lnoj 26 3 92
U, 1 ,0U,
_vrgvr U1+g7 - ( r ) N =0.
z ) 2 0z |,
(12)

B xavecTBe MaTeMaTUUECKOTO METO/IA T1O-
crpoenus permeHuid ypaBaenuii (10)—(12), sB-
JISTFOIIUXCST OJTHOBPEMEHHO PEIICHUSIMU YPaB-
Henws (1), ucrionb3yem meton Dypsbe.

[pencraBum ¢(r) u nonst U; Ha TIOCKO-
ctu z=0 pasnoxenusmu Oypbe ¢ aHATUTH-
YEeCKHM ITPOJIOJDKEHHEM moJiei [3, 4] B 00-
macte z>0:

o) =[[dHE@e™,  T=xn)  (13)

- - o~ (= i(k; F+k.z
Uj(r’z):J.J.d2ij_Uj (ij_)e( ),
(14)
lng_ z(klj’k2j)a

rae k;, = k? —kf.l, (j=1,2,...). IIpenemns! un-
TErPUPOBAHUS TIO KOMITOHEHTAM BEKTOPOB ¥
uk jL OT —oo JI0 oo JUIS KPATKOCTU 0003HA-
YCHUH OIyIIECHBI. 31eCh U Aajiee THIIbAOH (~)
IToMeYeHbI (Dyphe-aMITTUTY bl BEITMUMH.
[TpenmonoxeHue, YTO paccessHHOE TOJIe
COJICP)KUT JIUIIh YXOJISIINAE OT IMOBEPXHOCTH
z=0 BOJHBI, Ha3bIBaETCS TUIOTEe301 Panes
([4], c. 221). B pa3noxxeHUn HEBO3MYIIICHHOT'O
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nonst U, B cuny yciosus (3) cieayer y4ecTb
Kak yxojsiue (~ eik:z), TaK U NPUXOAAIINE
BOJIHBI (~ e %),

Pemenne ypaBuenus (10) a1t aMIIATY IbI
®ypbe L70 (IEOL) BBITJISITUT CIIEIYIOMHUM 00-
pazoM:

Uy (EOL) = [e_ikzz W% (li)e”“ }S(Em _IEL), (15)

Vo (ky )= (k. —kng)/(k, +kn,) — (16)

ko3 punreHT orpaxeHus MpeHens KorepeH-
THOM BOJIHBI OT miockocTu. HeTpyaHo noxa-

- |2
3aTh, YTO U3 TPEOOBAHNUS ‘VO (k i )‘ <1 nns pu-

3UYECKH peajin3yeMbIX 3HAUCHUH HMMIIe/IaHca
ciefyer orpanndyenue Ren, =0.

AHJIOTUYHBIM 00pa3oM I aMILIUTYIbI
Dypbe Ul (lg1 l) u3 (11) momyuaem:

<l (k- ) -2 1+ va (R

e[ 14V, (kL) } (17)

|
N—
[
|

3amMeTuMm JJIA ﬂaaneﬁmero, qTo

1+V, (k, ) =2k, /(k, +my),
(18)
—1+V, (k, ) =2k, / (k. + kny)

ko (ki =k, )=k2 =K Ky, — k. (19)

Hcnons3ys (15) u (17), n3 (12) HaxoguM:

U, (Eu ) = kzz‘l_'lkno{fo (lgu ) +5 (Eu )} (20)

31ech fo(lg2 ) fl(lg2 1) — qbypbe-aMIIuTy bl
BbIpakeHuit B (12), cogepxamux U, u U,
COOTBETCTBEHHO:

Fo o) = =it [ e (o, ~k, =) ~1+5 (k) |

X{;X(Eu—’i—%)—fc(@rfc)}, @1

h (lgu ) = _J.J.dzlgué (lgu -k, )01 (ki )x
k. (k. +kng) =k (Ko, =Ky ) (22)

Ecnn npesictaButh none U B BHAE CYMMBI
cpennero (U) n uykryarmmn u=U —(U), To
C MPUHATON TOYHOCTBIO MOTYUHM:

\U)=U,+{U,), (23)

u=U,+U,-(U,). (24)

JanpHeliee NpoABMKEHUE B BBIUUCIICHUSIX
BO3MOJKHO, €CJIM MPEANOJIOKUTh CTATUCTHYEC-
KYI0 OJHOPOIHOCTH CIIydallHOro mousst ¢(7),

oW (F —F) = (g(F)s(F)). (25)

O3HAYAIOIIYI0 CUMMETPHUIO KOPPEISIITUOHHON
(DYHKIIMM OTHOCUTENIBHO TPyl TPAHCIISIITUN
B miockoctn z=0. B dopmyre (25) BBeaeHa
nucrepenst 6° = (¢

B cootBetcTBUU ¢ TeopeMoit Bunepa—XuH-
yuHa [5] A1 KOppensiTopa CHeKTPaIbHBIX
AMIUTUTY/] IEPOXOBATOCTEH MMEEM COOTHO-
IIIEHHE!

EREE)) = WG+ (26)

raec
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W (F) = PW (Pl ™ — (27)

npeobpazoBanne Dypbe oT KOPpeIsLHOH-
HOI QyHKIMH (cuMMeTpuaHbIi W (%) =W (=%)
IIPOCTPAHCTBEHHBIH CIIEKTP HEPOBHOCTEH [5]).
C y4eToM CKa3aHHOTO CpeHHe 3HAYCHUS
ciaraeMbIx B mpaBoil yactu (20) paBHBI:

_71.<J?0 (];u )> =-9 (Eu k )kafkT:;)
0

x[[ deW(X)(zxz + 7k, ] (28)

ky. + k1, k. +kn, k
_ Wk, =k ) -

x[[ %%, k(lzl+ knj)[klku K>+ kg ]

x| Kk, — K =Kk, | (29)

Hanwnuue d-GpyHKIIMU OT apryMeHTa E2 L -k il
MOKA3bIBAET, UTO MOTPABKU HA HEPOBHOCTHU
HE MEHSIIOT “3epKaJIbHOTO” OTPakeHUS Cpe/i-
HEero moJisi. 3aMeTUM, YTO BKJIAJ B PE3yiIb-
TaT UHTETPUPOBAHUS OT BTOPOTO ClIaraeMo-
ro XE | B (28) paBeH HyIIIO B CHIIy CHMMETPUHU
W) =W (=)

ITpudau:kenne Kpeitunana

J1st ToCcTpoeHUs pelIeHUus] B 3TOM TpH-
OJIMKEHUU BOCIIOJIB3YEMCSI CITOCOOOM, Mpe/I-
JIOXKEHHBIM paHee B paborte [6]. [ITpubaBum
K 0o0euM 4yacTsM paBeHcTBa (5) BEIMYHMHY
ik(—My)U| .y, Te MU — pesyabratr peii-
cTBUs Ha U HEKOETo JIMHEHHOTO MHTErpasib-
HOTO OTlepaTopa, KOTOPBIN OYAET ompeaeeH
HUXKE.

B pesynpraTe nmomyunm:

258

d 0
—+ikn U] =-| —+ik
e s
0 ¢’ 0z ou
U+ 22U [+V,eV, | U+ 2 |+
(Gaz 2 0 J S r[ SBZJ

v 2urikn-nu (30)
2 0z

z=0

ITpencraBum U B BUJIe CyMMBbI CPETHETO <U >
n aykryaumit u ~0(g). Ycpennss (30), mo-
JIYUUM:

=Fy+F +F,+F,+0(c),

z=0

d
(az+zkn)< )
(31)
rIe

B

z=0

d 1 d
Fy= V,QV,(G&<U>)+2(V,9)2 a—Z<U>

k= <{Vrgvr —gaaz(;z+iknoﬂU>

el >aa; (aa +zkn0)< >

Fy=ik(m=-ny)(U)|_ -

B

z=0

B

z=0

I1pu sTom mpeanonaraercs, yto N-m, —0
KaKk o°, ecmu ¢— 0.

Berutem (31) u3 (30), orpaHHYMBIINCH JIH-
HEUHBIMU II0 G YWICHAMH:

d
2tk
(o7t

={Vrer—Q;Z[aaz+iknoﬂ<U>+O(gz). (32)

z=0
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Oco60 ToaYepKHeM, 4TO BEIpaxeHus O(C’)
B (31) u O(c*) B (32) comepkaT CTATHCTHYEC-
KHE€ MOMEHTBI MICKOMBIX BEJTMYMH OOJiee BBI-
COKOTO TIOPS/IKA TI0 CPABHEHUIO C SIBHO BBIMH-
caHHBIMH. VIX cOXpaHeHHe MPUBOIUT K HE3aM-
KHYTOCTH CTATUCTMYECKOW IIEMOYKU ypaBHeE-
HUI JJ1s1 ©ICKOMBIX MOMEHTOB. [IpeneOpexenne
UMM AeltaeT cuctemy ypaBHeHuii (31), (32) 3am-
KHYTOU U SIBJISIETCS TAKUM 00pa3oM “THUITOTe-
3011 3aMBbIKaHUS .

[Tonoxum, yto npeobpazoBanue Pypbe
oT MU cBOJUTCS K YMHOXEHHIO (yphe-aMIi-
matymst U(k,, ) Ha HEKOTOPOE 3HAYEHHE (byH—
KLIUU n(k oT ¢ypbe-nmepeMeHHON ku
OrmepaTop M UrpaeT IpH 3TOM POJIh HEJTOKAITb-
HOTO MMIlemaHca ImoBepxHoctH ([3], c. 364),
IPYTUMHU CIIOBAMH, UMIIEaHCA C TPOCTPaH-
CTBEHHOMH ftuctiepcreit. YToObI yHKIMS M (l;z n )
Obu1a 3((HEeKTUBHBIM MUMIIETAHCOM CPEIHErO
MoJIs <U > notpedyeM oOpartieHus B HyJIb Jie-
Bo# m mpaBoi yacteit (31). M3 ycmoBus pa-
BEHCTBA HYJIIO JICBON YaCTH U yCIOBUS Ha Oec-
KOHEYHOCTH TOJTyYUM BBIpaKEHHE 115 pyphe-
AMIUTATY/IBI CPEIHEro TOJS:

’

+V (lgl)e_ikzz] By

(33)

O],

= S(Eu - kl)[e_ikfz

rae

V(R =) e +in(e). 0

Koadpdpuument orpaxenus (34) cpennero
nojst V (k2 L ) OTIMYAETCs OT TaKOBOrO (16) 14
HEBO3MYIIEHHOTO IIOJISl 3AMEHOU 1), Ha BEIU-
YUHY 7](722 l), KOTOpasi OIpenensieTcs U3 yc-
J0BUS oOpaleHus B Hyllb npaBoif uactu (31).
IIpenBapuTenbHO HEOOXOAMMO OIPENEITUTH
(GIIyKTyaluu moJisi uepe3 CpeHee U3 ypaBHe-
Hus (32). OueBuaHO, oHO oTimdaercs ot (11)
samenamu U, —u, U, — (U), n,—mn. Cie-
JIOBaTeIIbHO, 110 aHaoruu ¢ (17) mis dypbe-
AMIUTUTYIbI (QIIyKTyaluu OyaeM UMEThb

(6.)= k. +kln(1€u)§(kll ki
o (e =k, )=k2 v (k1) ]-
~tde ng[ 14V () [} (35)

Brruncnenus ¢ypbe-aMIUIUTY 1 BBIPAKEHUIH
F; B npaBoii wactu (31) MPUBOIST K pe3yiib-
Tary:

K (ku ) = n(’i )BGZJ- deW(X)(;xz + ]‘C_ﬁz),

(36)
)87 %
<[ dzkuk (fzn (]Zl))[lilgu K+ k(& )]
x| Kk, — K =Kk, |, 37)
Fy (k)= (kzcz/z)[( 1)- no] (38)
Py (ko )==B[m(k.)-7, |, (39)
B=- Zi""zE )s(zzu_zzl).

k. —kn(k,

IIpupaBHAB HYJIIO CYyMMYy BBIpaXCHUU
(36)—(39), monyyaeMm HHTETpajJbHOE ypaBHe-
HUE, OIpPEesIoNee n(kl):

An=n(k, )-n, =

= (1-&26*2)" [[ &k, ko
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X[l _)u —k* +k*ngn (EL )][Ellgu -k _kklzno]"'

" gp o oo (3,
m(k, )(1-k2e 1) [ d2x02W(x)(2x2+klx).

(40)
Kak ykasslBaloch paHee, ciaraemoe k ¥
BO BTOPOM MHTErpae Ipu HHTErpUpPOBAHUH
JaeT HyIeBOii BKJIaJ, a BKIaj IEepPBOTO pa-
BEH (3/2)<(Vg)2> < 1. BennuuHa nepBoro MH-
Terpaiga Toro e mnopsaka. Toraa B cumy

MaJIOCTH ‘r](lg L) BTOPBIM UHTeTrpajoM B (40)
MOJKHO IpeHeOpedb, a KPOMe TOT0, TTOJI0KHUTh
(1—]{12(52/2)71 =1, MOCKOIBKY k. O<1 — Ma-
JBIH mapameTp 3amaun. [Ipu ykazaHHBIX yoI-
poreHusx popmyna (40) coBnagaet ¢ hopMmy-
soit (12) u3 paboThI [6], rae ¢ camoro Havala
B pas3ioXkeHuu (5) He YUYUTHIBAIUCH YJICHBI

~ (Ve u ().

Ipudau:kenne byppe

DKBHUBAJICHTHBIC TPAHUYHBIC YCIIOBUS IS
9TOTO MPHUOJIMKEHUS TTOTYYaFOTCS U3 YCIIOBUI
(31), (32), ecniu B HUX HOJIOKUTE N =T),, IPH
9TOM [JIsl CPETHETO IOJISI TIOJIyYyaeM BhIpa-
KEHUE:

()

’

= S(IEM —lgl)[efiklz +V, (/gl)e”%z} »

(41)

7=

Vy ()= [, =hy (k0 ) |/ [ &, +hng (L) ] 42)

a Mg (k L) — TIepBasi UTepaIysl B UHTErPalb-
HoM ypaBHeHuu (40) B npudmmkenun Kpeitu-
HaHa, €CIIM 32 HYJIEBYIO MUTEPALUIO B TIPaBO
vacTu (40) IpUHATEL 7).

DyKTyallMOHHOE TI0JIE B 9TOM MTPUOJIHKE-
HUU BBITJISAUT CIIEAYIONUM 00pa3oMm:

ﬁ<E1L)=M§<E1L -k, ){I:EJ_EIJ_ _kz]x

X[ 14V, (kL) |- e mg [ <14V (K, )}} 43)

B otnmume ot mpubmmwkenus Kpeliunana
(35) 3HameHarensb (43) COIEPKUT T), BMECTO
n(El l). OtianuneM oT nepBoro OOPHOBCKOIO
npuonmkenus (17) sBiasercs Hanudue Ko3d-
(uLreHTa OTpakeHUs CPeAHEro Mnojs Vy (lg L)
BMECTO KO3((PUIIMEHTA OTpaXKEeHUS VO(IEL)
HEBO3MYILEHHOTro ot U,,.

IMockoibKy cooTHOLIEHNE Mexkay [1o| 1 k°0°
MOXET OBITh NMPOU3BOJBHBIM, B CHIIy 3TOTO
B (40) TpOU3BOJIBHBIM MOXET OBITH U COOTHO-
LeHne MeXY |AN| 1 [1y|. s nreparmii Bpiiie
MEepPBOM AT CYIIECTBEHHO MEHSIETCSI, €CITH IS
pe3yabTaTa HHTETPUPOBAHUS OTPEISIISIFOIIH-
MU SBIISTFOTCSI MaJible 3HAUEHUSI 3HAMEHATEs
k. +kn (lg1 1 ) Taxoe BO3MOKHO JIMIIIb B OUYEHb
CIIelUATLHOM cllydae OOpaTHOrO PE30HAHC-

HOTO paccestHUS (lgl ==k L) ITOBEPXHOCTHBIX
(k. =0, T. e ‘I_{L‘ =k) BOJH Ha OJHOMEPHBIX
HEPOBHOCTSX C Y3KOIIOJOCHBIM (Sk‘n(lgl L )‘)
criektpoM (cM. [7, 8]).

IIpenenbHbie nepexoant

J7151 TpOM3BOIBHBIX IBYyMEPHBIX HEPOBHO-
creit B ypaBHeHuu (40) mpakTUUYECKHU J10CTa-
TOYHO TEPBOW UTepallvu, T. €. MPUOIIIKe-
Husa byppe mins addexTuBHOTO MMIIEIaHCca
1r](l€l ) =MNg (IEl ) I1pu atom cpennee mote (33)
B npubmmwkenun Kpeliunana OymeT paBHO
cpeaHeMy nouo (41) B mpudmmkenun byppe.
3aMeTnM, 4TO B OTJIMYHE OT OOPHOBCKOTO
pazmoxenus: 3aBUCUMOCTh (33), (41) u (35),
(43) OT BO3MYIIEHUIA (OT AUCHIEPCUH G°) UMe-
€T CUHTYJISIPHBIM XapaKTep U OMUCHIBAET CMe-
IEHUE MoTtoca Kod(DPUIIMEHTa OTPaKCHUS
B KOMIUIEKCHOM TIJIOCKOCTH YIJIOB TaJICHUS
B 3aBHCHMOCTHU OT J100aBKU B 3(PPEKTUBHOM
UMIIeaHCe.

[MTpubnuxenHOe paBEeHCTBO (IYyKTyallu-
OHHBIX MoJjel B npudnmxenun byppe (43)
u B npubmmkennu Kpeitunana (35) Bo3Mox-
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HO, €Clli, KpOMe PaBEHCTBA n(kl)an (kl),
BBITTOJIHEHO TPHOJIMKEHHOE PABEHCTBO

(klz + kn0)71’ (44)

(k. +n(8) -

JJIA 9€ro H€O6XOI[I/IMO, YTOOBI BBINOJIHIIOCH
yCI10BHEC

‘(An)l/(klz + kno)‘ <1,
(45)

(An)l = nB(ku_) —MNo-

B ciyuyae Maynoro BIMSHUS paccesHU,
‘(An)l‘ <
T00BIX YIJIOB pacCessHUs pacHpoCTpaHsio-
umxcst BosH (cos®, =k, /k >0) B cuiy ycio-
Bust Ren, =0.

Ecnu Bkiag paccessHUsI B UMIIEAAHC 3HAYM-
TEJICH, TO ycitoBHe (45) BBIITOJIHS-

eTcs JIUILIb IS cose > |(An), |,

HO, 1 cos6, >‘n3 1 l) YTO O3HAYAeT OTJIMY-
HBIE OT CKOJIB3SIIETO HAIIPABICHUS PACCESTHUSL.
B oOnactu ckonb3sIIMX yrioB HNPUOIMKEHUE
Kpeitunana (35) B 3TOM citydyae He MEPEXOqUT
B npubnmxenue byppe (43) A HeKorepeHTHO-
IO PacCessHHOTO ITOJI.

J11st IpeieNIbHOT O MEPexo/1a K Pas3IosKeHUIO
BopHa Heo6X0aMMo, YTO6BI V, (E l) MOKHO
OBLJIO NPEICTaBUTh B BUJE:

v, (E)z%(h)—m[lwo (k) [+ 46)

z nO

i€ MHOI'OTOYME O3HA4YacT 0ojiee BBICOKHUE
CTCIICHU IIapaMeTpa

KA (47)
k., +kn,
B pasnoxxeHuu (46), a (An), =n, (’i)‘ﬂo-

Vcnosue (47) niist cpeaHEro TOJIs aHaJo-
rU4HO (45) AJI HEKOTEPEHTHOTO TIO0JIs, a T0-

TOMY HAKJIQ/IbIBaCT TaKUE K€ OTPAHUUYCHUS
Ha yroj majcHus 0 (paBHBIH yIlly OTpake-
HMSI) KOTePEHTHOM BOJIHBI, KaK U yCI0BHE (45)
Ha yroJj paccesiHusl O HEKOTepPEHTHOTO IOJIS.

IToacranoBka (46) B (41) MpUBOIMT K BBI-
PaXKCHHIO ISl CPETHETO TIOJIS

<U(122L )>‘z:0 - 5(];2L - ];L )[e_ik‘"'z +V (];l )eikzZ ] 220

~5(ky, K, ) kkz(fz;lo [1+v (k)] (48)

CpasuuBasi (48) u (23), BUIMM, UTO IIEPBOC
craraemoe paBHo U, 1_52 ). Torna BTOpOE C1a-
raeMoe JIOJIKHO COBIACTH ¢ (U ) > \ =0 JleicTBu-
TENTbHO, TPUHUMAs BO BHUMaHue (19), nmeem:

2kk

<02(E2¢)>220= (k. +kn0)( n),d ( EJ.)Z
=-3(k,, —k )7(]{ ik:n - (1+k20% /2) (0 [k )x
0
Wi i
X” &l k( +kn;l)><

X{[l?ﬂ?u —k*+ kzng][lgju —k* - kkuﬂo]}_

i, )2"’%)2% (£, )

~5(k
( > (k. +kn,

(ka ) H[@aw @ (o +7k.). (49

31ech nB( ) N, +(An), =n, <1 B cuty ycno-
Busi (47). Ecimu, kpoMe Toro, IIpeHeOpeys B KPYT-
JBIX CKOOKAX BETMUMHON k2G> /2«1, T0 (49)
B TOYHOCTH coBnagaeT ¢ popmyioii (20) ¢ mo-
CTaHOBKOH B Hee BbIpakeHUi (28) u (29).
3aMeTuM, UTO MpH Iepexoae oT dypbe-
MPEJCTaBICHUS] K KOOPIMHATHOMY CpelHEee
1 QIYKTyallMOHHOE TOJIsl OYIyT COEPKATh
0000IIIEeHHbIE MHOXHUTEIN OClalJieHu Ha
COOTBETCTBYIOMUX Tpaccax (popmynsr (13)
u (15) B [6]). HAJ1st KPYTHIX YIJIOB 3TH MHOKH-
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A. C. BproxoBerkuii

TENIU MEePexXosaT B OTpaxaTelabHble (popmy-
abl. [Toatomy ycrnosus (45) u (47) 1o cyTH siB-
JISTFOTCS YCIIOBUSIMA MaJIOCTH U3MEHEHHST MHO-
xuteneil ocnadneHus. [Ipu ux BBITOTHEHUU
BBIpAKEHUS ISl TIOJIEH, CoJiepIKalre OTpH-
LaTeJIbHbIE CTENEHN O 3a cueT 1(k, ) B 3HaMe-
Hatensx (33) u (35), mepexoasiT B pa3iioxke-
HUS TI0 TIOJIOKUTEIBHBIM cTerneHs M 6. Ciyyait
cos0>> T](E l) OTBEYAET KOMITJICKCHBIM 3Haue-
HUSIM O BIamu oT mostoca Koadduimenra oT-
paxenus, a |(An),|< | — Manmomy nsmene-
HUIO TIOJIOXKEHUS TMOJIFOCA B aHAIMTHYECKHUX
MPOJIOJIKEHUSIX TOJYYEHHBIX BBIPAXKCHUH.
B nepBoM ciydae majio MeHseTcs caMm Koagd-
(bUIMeHT oTpakeHus, a BO BTOPOM — 3Haue-
HUE BbIYETa B TOUYKE TOJIOCA.

Taxum 00pa3om, CyIIeCTBEHHOE pa3indyue
B 3HAYCHUSIX TTPOCTPAHCTBEHHBIX CIIEKTPAIIb-
HBIX KOMITOHEHT KOTEPEHTHOTO WU (PIIYKTY-
AIIMOHHOTO TOJISI, OTPEIEIISIEMBIX TPEMS BbI-
IIEU3JI0KEHHBIMI BapUaHTAMU METOJIa BO3-
MYINEHUH, UMEET MECTO TNPU BBITTOJHEHUHU
JIBYX YCIIOBUH: CKOJIB3SIIIIEM PACIIPOCTPAHEHHUH
COOTBETCTBYIOIIEN CIEKTPAIIBHON KOMIIOHEH-
THl ¥ 3HAYUTEIbHBIX U3MEHEHUsIX d(PPeKTuB-
HOT'O UMITeIaHCa JIJIS1 TOM KOMITOHEHTHI 3a CUET
paccestHisI HA HEPOBHOCTSIX IMOBEPXHOCTH.

[TpoBenennslii B paboTe aHATU3 OTHOCUT-
Csl K CAaMOMY IPOCTOMY CIIy4ar0 pacCerBalO-
1Iell IIOBEPXHOCTH, “B CpeaHEM” SIBIISIFOIICHCS
IJIOCKOCTBIO. 3 TTOBEpXHOCTEH, IOMyCcKaro-
IIMX TOYHOE PElIeHIe HEBO3MYIIICHHOW 3a/1a-
4yu, OOJIBIIION MHTEpeC MpeacTaBiseT cdepa.
BopHoBCcKkoE pa3noKeHue ISl CTATUCTUUYECKU
HepoBHOH cdeprl uccienoBaiocs B [9, 10],
a npubnmxenue byppe st KOorepeHTHOH co-
crasysroinet most — B [11]. B mpubmmxkenun
Kpeiiunana sta 3amada BooOie He UCCIIeno-
Basiack. PerieHne sKBUBaJICHTHBIX TPAHUYHBIX
ycroBuit aHanoruyHbeix (31), (32) mis aToro
ciydasi ropas3zmo cioxHee. TpymaHocTn o0yc-
JIOBJIEHBI HE TOJIBKO JUCKPETHOCTHIO MOJTyya-
eMBIX MPU 3TOM CHEKTPATHHBIX PA3JIOKEHUN,
HO U CIIO)KHOCTBIO aHAIIM3a PEIICHUN B Iepe-
XOJIHOM 30HE U B 30He TeHu. [loaTomy pe3yiib-
TaThl IPOBEIEHHOTO B pa0OTe aHAIN3a MOTYT
CITY’)KHUTh OPUEHTUPOBOUHBIMHU JJTs 33]Ia4H Pac-
CESTHHSI BOJTH MEJTKOMACIITAOHBIMU HEPOBHOC-
TAMH OONBIION cdepbl, Koraa 3PGeKTUBHBIN

HUMIIEAAHC BBRIYUCIISICTCS B “IIPUOIMKCHUN Ka-
caTtenbHOM turockocTu” [11].
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Iloxo MeToay Majimx 30ypeHb
B Teopii po3CisiHHSI XBHJIb
CTATUCTUYHO HEPIBHOI MOBEPXHEID

A. C. bproxoBeubKkuii

Ha ocHOBI €11HOT METOTMKY PO3IIISTHYTO TPU
BapiaHTH METOJy MajMX 30ypeHb y PO3B’SI3KY
3a/1a4i pO3CISIHHS XBIJIb CTATUCTUYHO HEPIBHOIO
MTOBEPXHEIO: OOPHIBChKE PO3KJIaAaHHS, HAOJH-
xeHHs1 byppe 1 Habmkennst Kpeiiunana. Bera-
HOBJICHO B3a€MO3B’SI30K y BUIJISII TPAHUYHUX
Mepexo/IiB MK BKa3aHUMHU HAOJMIKCHHSIMU
y TIEBHUX OOJIACTSX 3HAYEHb (Pi3MUHUX Mapa-
METpIB.

On the Perturbation Method
in the Theory of Wave Scattering
by Statistically Rough Surface

A. S. Bryukhovetski

Three versions of the perturbation method
are considered as applied to the solution of
wave scattering by statistically rough surface:
the Born expansion, the Bourret approxima-
tion, and the Kraichnan approximation. The
correlation is established between the men-
tioned approximations as the passage to the
limit in certain ranges of physical parameters.
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CHCTEMbI CKPEelIEHHBbIX UMIIeIAHCHBIX BUOPATOPOB
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IToxazana BO3MOXHOCTH CO3/IaHUS TOJISI U3TyUEHUs KPYTOBOH (QJUTMIITUYECKON) TIOIsIpU3a-
UM CUCTEMOU CKPEIICHHBIX BUOPATOPOB OJMHAKOBBIX TEOMETPUUECKUX Pa3MEPOB C PA3IMUHbBI-
MM TOBEPXHOCTHBIMU UMIIE/IAHCAMU, PACIIONIOKEHHBIX B MATEPUATIBHOM cpejie HaJl UealbHO Mpo-
BOJISIIIIEN TUIOCKOCThIO. [IpoBesieHbl pacueTsl M MpeJCTABIICHbl TpadUKU pacrpeneieHus Mos
B OJIMDKHEN 30HE U TOJISIPU3AIMOHHBIX XapaKTEePUCTUK TAKOW CTPYKTYPhI B 3aBUCUMOCTH OT Tia-
paMeTpoB Cpeibl ¥ TOBEPXHOCTHOTO UMIIEaHCa BUOPATOPOB.

BBenenue

OnHO#M M3 BO3MOXKHBIX oOJlacTeil mpume-
HEHUsI 3JeKTpoMarHuTHoro usnyudenuss CBY
Mana3oHa B COBPEMEHHOU KJIMHUYECKOU Me-
JIMLIMHE SIBJISIETCSI MUKPOBOJIHOBASI THUIIEPTEP-
MUsI, TTO3BOJISIONIAST CO37aBaTh ITyOOKHH
yIpaBIISIEMbI HArPEB PA3IMUHbBIX TKAHEH 1 op-
TFaHOB KMBOI'O OpPraHM3Ma, HaXOJAIINUXCS KaK
BOJIM3M MOBEPXHOCTHU, TAK U BHYTpH Hero [1, 2].
B 3aBuUCHMMOCTH OT pacrosokeHus Mporpesa-
eMbIx obmacteit CBY sHeprus MoxeT moJiBo-
JIUThCA Yepe3 HapyKHbIE U3NTydaTeIn-anIuiu-
KaTOPBI WJIY C TOMOIIbIO aHTEHH-30H0B, BBO-
JIMMBIX HETIOCPEACTBEHHO B opranm3M. Cpenn
TpeOOBaHUMN, MPEABSIBIIEMbIX K U3IIyUaTEIsIM
st CBY runeprepMun, OCHOBHBIMH SIBIISIFOT-
cs caenyromue [2]: obecreyeHue riIyoOKOro
HarpeBa ¢ BO3MOKHOCTBIO (DOKYCUPOBKHU H3ITY-
YaeMOoro TOJsl U €ro CKAaHUPOBAHUS U PABHO-
MEPHOTO PACHpPEIEIEHUs TeMIIEPATYPHOTO
MOJII B 3aBUCUMOCTU OT THUIIA U CTPYKTYPbI
MPOTrpPEBAEMbBIX TKAHEI; XOpOIllee COTTIACOBAHUE
C MUTAIOUIUM TPAKTOM; MaJible TeOMeTpHiec-
KHE pa3Mepbl U BeC alUINKATOPOB M 30HIOB.
st obecnieueHust 3TUX TpeOOBAHUIN HaA Mpak-

© M. B. Hecrepenko, B. A. Karpuu, B. M. [laxos, 2006

THUKE MPUMEHSIOTCS pa3JINIHbIC TUITBI AHTEHH,
HAIpUMEP: BOJHOBOJHBIE W pyMOpHBIE [3-6];
MHUKPOTIOJIOCKOBBIE [7-10]; MUKPOITOJIOCKOBBIE
B KoMOMHaIuM co 1eleBbiMu [11]; Ha Oase
JIMRJIEKTPUUECKOTO BOTHOBOA [12]; ¢ mcnosb-
30BaHUEM KOJIBIEBBIX IeIel BO BHEIIHEM
MPOBOJIHMKE KOAKCUAIBHOW JIMHUU, 3aKITIO-
YEHHOU B JUAJIEKTPUUCCKYIO 000J10uKYy [13-15];
nuHeiHbIe [2, 16] u V-00pa3ubie [17] BubpaTo-
pel. HecmoTpst Ha MHOTOOOpa3ue UCIOb3ye-
MbIX Jisi runeprepmun CBY usnyuareneit
(1 pemeToK Ha MX OCHOBE), UX OOBEOUHSET
OJTHO O0I1Iee CBOMCTBO — JIMHEHHAS MMOJISIpU3a-
ys u3iaydaemoro mojis. [loeimenus 3¢dek-
THUBHOCTH IpOIiecca MUKPOBOJIHOBOM THIIEP-
TEPMUU MOXHO JOOUTHCS, HA HAII B3TJIAMI,
IyTeM MPUMEHEHUs TOJIel KPYroBOH (3JLIUI-
THYECKON ) ITOJISIPU3AIINH, CO3/1aBAEMbIX, HAITPH-
Mep, CUCTEMOM CKPEIIIEHHBIX BHOPATOPOB C pa3-
JIUYHBIMU MMOBEPXHOCTHBIMHM HMMIIEIAHCAMU.

B Hacrosimeit pabote ucciie1oBaHbl IHEP-
FEeTUYECKUE U TOJISIPU3AIIMOHHBIC XapaKTepH-
CTHUKHU CHCTEMBI M3 JIBYX CKPCIICHHBIX MMIIe-
JIAHCHBIX BUOPATOPOB, PACIIOIOKEHHBIX B T10-
rJIoMIAloIel cpesie Hall UujealbHO MPOBOJIS-
e TIOCKOCThIO, & TaK)Ke MPOCTPAHCTBEH-



ITose B GimvokHEH 30He U TOJIAPU3ATUOHHBIC XaPAKTCPUCTUKU CUCTEMbBI CKPEIICHHBIX UMIICTAHCHBIX BI/I6paTOpOB...

HBIC pacnpeacIICHUSA SJICKTPOMATrHUTHOTIO
I10JI4 pa3HI/I‘IHOI>'I IoJIApu3aliun BOJIM3U TaKOM

CTPYKTYPHI.

Teopus

PaccmatpuBaeMasi CTpykTypa U TIPUHSITHIC
B 3a/1a4e 0003HAUEHMsI IPEe/ICTaBIIeHbI Ha puC. 1.
3necy {X,Y,Z} — nexkaproBa cucrema Koop-
JIUHAT, CBA3aHHAS CO CKPEIIEHHBIMU LIMIINH/I-
puueckuMmu Bubpatopamu V, u V, nauHoi
2L, v paguycamu r, (n=1,2), ocu {Os,} xo-
TOPBIX napannenbnm OECKOHEYHOH njieaaIbHO
MPOBOJISIIIEH TIJIOCKOCTU U HAXOSTCS Ha pac-
crosiHuM /i oT Hee. BubpaTops! cuH(da3HO BO3-
Oyxnatorcst B ueHtpe (s, =0) rumoreruuec-
KUM TE€HEPATOPOM HAMPSHKEHUS U U3IY4YaroT
B MTOIYITPOCTPAHCTBO C KOMITIEKCHBIMH JIUIJIEK-
TPUYECKOW W MATHUTHOW NPOHMUIIAEMOCTSIMH
€ M WU,. DJIEKTPOMATrHUTHOE IOJIE U3ITy4YEHHUS
CHCTEMBbI BUOpPATOpPOB B C(HepUUECKON CHUCTe-
Me KoopauHaTt {p,0,¢0} OymeT mMeTh Bce
IECTh COCTABJISIFOIINX, M3 KOTOPBIX Oy/1eM pac-
CMaTpUBATh TOJIBKO aneKTpW{ecm/Ie E(p.0,0) =
E“"+E" =8,E; +é)Ey +¢é,E;, e Gy, Cys €y —
eNVMHUYHBIE OPTHI, 2=V, +V,.

o ———— e
%

.

Puc. 1. Drexmpoounamuueckas cucmema u 2eomems-
pus 3a0ayu
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Boeipaxkenus ais E;/l, Eg‘, E(‘;l B cily4yae
OMHOYHOTO UMIIEIAHCHOTO BUOpaTopa, pac-
MOJIOKEHHOT'0 HaJ OECKOHEUHBIM 3KPAHOM,
nojyueHsl B [18] u uMeroT crneayromui Bu
(k, :km, k=2m/A, A — jMHA BOJHBI B
CBOOOJTHOM MPOCTPAHCTBE, () — KPyroBas yac-
TOTA MPH BPEMEHHOM 3aBUCHMOCTH 1oJIsl €' ) :

k
Ej =—1x
0E,

XJ. J(5) sl’R(sl )]- [SI’RO(SI )] = Fy (8,)2ikhx

X[those + sin(p(s1 sin@+ %p sinZGHF(f(sl)}dsl,

By =t I J){Fs[s RG] -

—F, 5, Ry(s)) ]~ F, (5,)2ik, [ 21 5in 0 + sin @ X
x((p —s,cos0) + psin2 9)]F03(51)}ds1,

k
Eg =—1x
0E,

L
X J. J(5))F, (5,)2ik,hcos@(s, —pcosO)F; (s,)ds,,
-L

148 [SI’R(O)(SI)] =

X[ 2R () Fg, (51)c0s 0= ik,pF g (s,)s, sin” 6 |,

F(IO)(S1)X

1)
Fel:sl’ (0)(51)] (0)(Sl)sme><
[2R<0>(S)F<o>(S1) ikpF g, (s)(P— slcose)],
| —ikiR o) ()
F (S ) =
(0)\"1 )
R(30)(S1)
I 1
s TR —
(0)( 1) iklR(O)(Sl)
_ X .
F2 (s)=|1+- _ .
51 I ik R o) (5)) kfR(zo)( 5,)
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3nech R(s;,0,0) =" —205,c080+s7, Ry(s,,0,6,0) =

(9” —2p5, cosO+5; +4h(psinBsing-+h))", J(s)—
TOK B BUOpaTtope V|, omnpenensieMblii clieayio-
UM BbIpaxkeHueM [18]:

1WE, [ . ~
J(s) =—0,V, 12151 {smk (Li—1s; )+

vou {P[ky(r +h), k(L +5) |-
—(sinlgs1 +sink | s, |)PS [kl(r1 + h),lgld}}x
x(coskL, + o P, [k (1, + h),kL,1) . 2)

B (2) npunsT o6o3Havenns: k =k, +i (o, /1 )x

Zoe /W, F;[lﬁ(’i +h),]€lq]= J.G(Sl,l,l)coslgsldsl,

) W -k
Pk +h).k(L +5) = [ [G(s/,~L) +G(s{. L)] %
sink(s; —s)ds;,  G(s;,5]) = F—no—

V(s = 51,)2 + "12
e—ikl«/(sl—sl’)z+(2h+rl)z 1

v =

Jo-s+@nen? O 2in(/2L))
maublit mapamerp (Joy |<1); Z, =R, +iX,, —
HOpMUpOBaHHbBIN (Ha 120 OM) KOMIUTEKCHBIN
IOBEPXHOCTHBIM MMIEAaHC Bubparopa, V, —
amimutyna CBY wmanpsbkenus. s BToporo
BubOpaTopa V, ¢dopmyna s Toka Takxke Oy-
JIeT UMeTh BUJ (2), 2 KOMIIOHEHTHI JJIEKTPH-
YECKOT'O MOJIs MOKHO OIpeIeNuThb coriacHo (1)
C HUCIIOJIb30BAHUEM COOTBETCTBYIOIIUX MPE0o-
pa30BaHUN CUCTEM KOOPAMHAT.

B pabGore [19] B npuOIMIKEHUHN 3JICKTPHU-
YECKU TOHKUX IIWINHPUIECKUX POBOTHUKOB
MOJTy4eHBI (POPMYJTBI /17151 BEIYHMCIICHUS pacIipe-
JIETIEHHOTO TOBEPXHOCTHOT'O MMITEAaHCa ITH-
JIMHJPUYECKUX BUOPATOPOB PA3IIMUHON reo-
METPUHU IS PA3TUUHBIX IJTEKTPOPUZTISCKIX
rmapaMeTpoB MaTtepuaia, u3 KOTOporo OHU U3-
rotoBieHbl. [IpuBeneM HEKOTOPbIE M3 ITHX
(hopmyI1, XapaKTepU3yIOIIUe pa3TMIHbIC THITHI
MMITEe/IaHCA.

1. UnaykTuBHBIA umnenanc (X s >0).

a) Jlis ciydast MeTaJsIM4ecKoro IIHHIPA
paauyca 7, ¢ MOKPBITUEM U3 MAarHUTOAMIIIEKT-
pHKa C MPOHUL[AEMOCTBIO U U TOJIILUHON 7 —F;

Z, =ikruIn(r/r). 3)

0) DTOT TUIl UMITeAaHCA UMEIOT TaKXKe rog-
pUpoOBaHHbIE (peOPUCThIC) HUIUHAPHI, & TaK-
’Ke BUOpATOpPHI B BUJIE OJTHO3aXOAHOM MeTal-
JINYECKOMN CITUPAJIU.

2. EMKocTHOI nmrnienane (X <0).

a) B cnyuae nusnexkTpuyeckoro IWIMHIpA
C NIPOHUIIAEMOCTBIO € U PATUYCOM 7

_ . 2
Zs —_lm. (4)

0) st AMdIeKTPUYECKOro LIWIMHAPA Pany-
ca r ¢ IPOHUIAEMOCTBIO € C METAJUINYECKUMHU
BeraBkamy TonumHol d, (d, +d, <A/ e,
rjae d, — TONIIUHA JUIIIEKTPUKA):

d 2

€

Z oo 2
TN v d, ke )

OtMmeTtnM, uTo B dopmyisl (3)—(5) BXxomsT
napaMeTpbl € U W, IUIABHOE N3MEHEHUE KOTO-
PBIX (B CiIydae MX 3aBUCHUMOCTH OT CTaTHUYeC-
KHMX 3JIEKTPUYECKOTO U MArHUTHOTO IOJIEi)
U, CJIe/IOBATENIbHO, XapAKTEPUCTUK U3ITyUYEHUSs
cucTeMbl (pu ee (PUKCHPOBAHHBIX TEOMETPH-
YECKMX pa3Mepax) MOKHO OCYIIECTBIISATh, Ha-
MIpUMep, BO3AECHCTBUEM BHEIIHUX IOJIEH.

YucneHnsle pe3yibTaThbl

M3meHeHneM BEIWYMHBI M THUIIA MHUMOM
YaCcTH MOBEPXHOCTHOIO UMIIe/IaHCa BHOPATO-
pa Ipu ero PUKCUPOBAHHBIX T€OMETPUUCCKUX
pasMepax 1 pa3iInYHbIX IapaMeTPax Cpeasl €,
U U, MOXHO IPOU3BOAMUTH HACTPOHKY BHO-
paTtopa B pe30HAHC, ONpeaeIsieMblii COOTHO-
Mo 0, rne 2, -
J(s=0)

BXOJIHOE COIIPOTHUBJICHHE BUOpaTOpa B TOY-
kax rmmTaHus. Ha puc. 2 npeacraBieHbl pe3o-
HAHCHBIE 3HAYEHUSI TOBEPXHOCTHOT'O UMIIEIaH-
ca X . OJMHOYHOIO BUOPATOPA B 3aBUCHMO-

sres

CTH OT PACCTOSIHMS /1 1O TUIOCKOCTH (IITPUX-

menueM ImZ, =Im
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ITose B GimvokHEH 30He U TOJIAPU3ATUOHHBIC XaPAKTCPUCTUKU CUCTEMbBI CKPEIICHHBIX UMIICTAHCHBIX BI/I6paTOpOB...

X

Sres

0.1 N

—-02 . 1 . 1 L 1 L 1 L
0 0.2 0.4 0.6 08  hin

Puc. 2. Peszonancuvie 3HaueHus noeepxuHocmuo20
umneoanca X, O0OUHOUHO20 6UOPAMOPA 6 306U-

CUMOCMU OM PAcCMOsHUs 00 NIOCKOCIU 8 PA3IUY-
Hblx cpedax: 1 — ceobooHoe npocmpancmeo, 2 —
ACUPOBOIL €10, 3 — MblUleUHAs MKAHb, CHIOUWHbIE
kpuevte — 2L = A/2, nynkmup — 2L = A4, wmpux-
nyukmup — h— oo

MyHKTUPHBIE KPUBBIE COOTBETCTBYIOT CITydato
h— e, A, — AIMHA BOJHBI B CPEAE) LIS T1O-
JIyBOJIHOBOTO (2L =)/2) W 4eTBEpTHBOIHO-
Boro (2L=A/4) BUOpaTOpPOB (37€Ch U Jajee
R, =0.001, r/A=0.0033). Duekrpodusmyec-
KHe IMapaMeTphl Cpejl — KUPOBOTO CIIOS U MbI-
[IEYHON TKaHU — mpu A =10 CcM B3ATHI K3
moHnorpaduu [20]. Kak BugHO M3 TpadmKoB,
yBEJIMYEHUE TJIOTHOCTH CpeAbl MPUBOIUT
K YMEHBIIIEHUIO BIIMSTHUSI PACCTOSIHUS /I MEXK-
JIy BUOPATOPOM M IUIOCKOCTBIO HA 3HAUCHUS
X,,,» KOTOpbIE B 3aBUCHMOCTH OT JIIEKTPU-
YECKOM JJTMHBI BUOpATOPa U MAapaMeTPOB cpe-
JIbl MOTYT COOTBETCTBOBATH MMIIE/IAHCAM KaK
uHIyKTHBHOTO (X >0), TaK U eMKOCTHOIO
(X. ~<0) Tumnos.

sres

sres

[Tonspu3anuio mMoJIst U3ITYyYEHHS CUCTEMBI
CKPEILEHHBIX BUOPATOPOB MOXHO OXapak-
TepU30BaTh KOIPPULIIMEHTOM IIUIUIITUIHOC-
TU 7,, KOTOPbIA ONMPEIENAETCS BbIPAKEHHEM

2| psiny
|pF+1
u pasa otnowenus p=Ey(p)/E,(p) B nanbHei
30He BUOpaTOpoB. M3BeCTHO, UTO TOIIE M3ITyde-
HUsl cuH(pA3HBIX PE30HAHCHBIX BUOPATOPOB
MMEeT JIMHEHHYIO0 TOJSPU3AIMIO, B TO BpPeMs
KaK OJHOBPEMEHHOE M3MEHEHHE MOBEPXHOCT-
HOTO UMIIEaHCa KaXXIOr0 M3 CKPEIIEeHHBIX
BUOPATOPOB MO3BOJISIET CHOPMUPOBATH IOJIE
W3JIYyUYEHUS JJUTUITUYECKON (KpyTroBOii) MoJis-
puzaiuy. To BUIHO Ha puc. 3, a, B, 11 U3 3a-
BUCUMOCTEN KOA(PPUIMEHTA ITUTUIITUYHOCTH
OT MMIIEJAHCOB KaXXJ0Tr0 M3 BHOPATOPOB
r, (X, X,,) B PA3IMUHBIX CPEIAX IPH P = 5\,
0=@=m/2. Ha puc. 3, 0, I, ¢ Ipe/ICTaBIICHbI
COOTBETCTBYIOIINE PACIIPEIETICHUS BETUIMHBI
|E* (3mech u ganee uepTa CBepXy O3HAUaeT
HOPMHUPOBKY Ha MaKCHMaJbHOE 3HA4YEHUE
| E [*). TIpu u3MeHeHUH NMITEAaHCOB BHOPATO-
POB, TIO HEWl MOXHO OLEHUTH 3PPEKTUBHOCTH
M3JTYYEHHUS C 3a[[aHHbIM 7. 3HAYEHUS TIOBEPX-
HOCTHBIX MMIIEIAHCOB CHUCTEMBI CKPEIIEHHBIX
BUOPATOPOB PA3INYHON IEKTPUICCKOH JIITH-
HBI, COOTBETCTBYIOIIIME H3Ty4aeMOMY OO
KPYrOBOH TIOJIAPU3ALMU, U BEJTUYMHBI X,
JUTSL pa3IIMYHBIX Cpell MPUBEACHBI B TaOJIHIIE.
OTMmeTHM, UTO NP 3HAYSHUSIX TOBEPXHOCTHO-
ro ummnenanca X,,, HEOOXOMMBIX IS CO3/1a-
HUS U3IIYYEHUsI ¢ KPYTOBOH Mojspusanuen
(r, =%1), TOKM BHOPAaTOPOB MMEIOT PA3IIHY-
HBIE pacripeesieHus 1Mo JJTMHE U MaKCUMallb-
HbIe aMIUTUTYbl. Da3bl TOKOB pa3INyaroTCs
Ha T0/2.

N3menenne Toka BUOPATOPOB OKa3bIBACT-
TaKXe BIIUSHUE Ha pacIpeiesieHne Hepruu
INEKTPOMATHUTHOTO TIOJISI B TIPOCTPAHCTBE.
Ha puc. 4 mpencraBieHbl MpOCTpaHCTBEHHBIE
pacnpenenenns enmuuusl |E[ mpu g =1
JUISl CUCTEMBI PE30HAHCHBIX IOJIYBOJIHOBBIX
(puc. 4, a) 1 4YETBEPTHBOIHOBHIX (puc. 4, 0)
BUOPATOPOB, a TAKXKE B CIIydae MOJIs H3IIyue-
HUS KPYTOBOH MOJISIPU3ALINY JIJIS1 YeTBEPTHBOJI-
HOBBIX BHOPATOPOB C Pa3HBIMH ITOBEPXHOCT-
HBIMH UMIenancamu (puc. 4, B). M3 puc. 4, 0, B

1 .
r,=tg Earcsm , TIe | p| uy Monynb
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(05

) s ol

A

nis X,

=

P

13}

X,

—_ 10
.12

.14

-, 12
a)

=114

—i. 16 -0 X,

Puc. 3. 3asucumocmu xosgppuyuenma snaunmuunocmu

CKPEWEHHbIX 4emeepnbe0jiHo6blX 6u6pam0p06 npu P =

2ACUPOBOILL CILOIL, 0), €) — MbleuHas MKAHb

CIIEZIyeT, YTO B CIIy4ae KPYroBOH MOJspU3a-
2

U noJis pacrnpeneneaue |E |~ B mpocTpaH-

CTBE CTAHOBUTCS 00Jjiee OJHOPOJIHBIM C POC-

268

1 LY T 0 L B

(b5 i A,

Ll ill

12 —1
|ET, ab
[{]
014 I—?!
i1
0
M2

S
=002 -0, 10

ch

—. 14

r, u |EF om nosepxnocmnozo umnedanca cucmenmst

5A;: a), 6) — c60b600H0€e npocmpancmeo; 8), e) —

TOM PACCTOSIHUSI OT BUOPATOPOB. DTO BUJIHO
TaKXke n3 rpauKoB Ha pHC. 5-7, HA KOTOPBIX
JUISL pa3NIUYHbIX CPell U I Pa3IMUHbIX CHC-
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IMose B GiivkHEH 30He M MOJISPU3ALIMOHHBIC XaPAKTEPUCTUKN CUCTEMbI CKPEIIEHHBIX MMITIETAHCHBIX BUOPATOPOB...

Tabanua. ITapamempol 3a0auu u 3Hauenus NOBEPXHOCMIO20 umnedarnca eubpamopos X ,

Mapaserp npocrpanormo | Kpovolt enoit | METETHAS
A, M 10 10 10
g 1.0 6.5-il.6 46.5-i18.0
A, cM 10.0 2.92 1.44
R, 0.001 0.001 0.001
h, cm 2.5(0.25M,)) 1.0(= 0.25A,) 1.1(=0.75),)
Pe3oHaHCHbBIE 2L=2/2 | {-0.023;-0.023} | {-0.131;-0.131} {-0.18;-0.18}
(%) BUOPaTOPBI 2L=)\/4 {0.106;0.106} {-0.055;-0.055} | {-0.131;-0.131}
’ Kpyrosas 2L=2/2 {0.009;:-0.061} | {-0.116;-0.147} | {-0.174;-0.188}
nonspusauys r, =1 2L =\/4 {0.152;0.052} | {-0.098;-0.022} | {-0.120;-0.145}
ERY:: =l

-1

—21)]

e L

L

™,
o,
o
e,
n
-

Puc. 4. Pacnpeoenere |E [P 6 Gmuoicneri 3ome cucmen
CKPeUeHHBIX GUOPAMOPO8 6 C60D0OHOM NPOCHIPANCINGe:

a) 2L, =24/2, X, =X,=-0.023; 6) 2L, =A/4,
X =X;=0106; ¢) 2L,=A/4, X;=0152,

X, =0.052

=T

—3(0

b=
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Puc. 5. Pacnpedenenue |E [ & Gnusicei 301e cucmembl ckpewjenibix nonyeonossix (da, 6) u 4emeepmveoo-
8bix (6-3) UBPamMopos 6 c60600HoM npocmparicmee: a)-2) — ZjA=0.03; 0), e) — Z/A=0.06; sc), 3) — Z/A=0.12
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IMose B GiivkHEH 30He M MOJISPU3ALIMOHHBIC XaPAKTEPUCTUKN CUCTEMbI CKPEIIEHHBIX MMITIETAHCHBIX BUOPATOPOB...

PesoHAHCHBE BROPATODE Hepeonanceuie Babpatopsd (r,=1)
Xin AT
04 04t
1l F:_' aE i : - |£ 11 ak
i s fs 0
4 I-m (4 e d I-m
—20 i i
8 _30 - s EE 3p
04 i 04 ¥ 04 [T [T VT
1) &)
XA Al
0.4 0.4F
0 |ET, AB OF |ET, aB
I f- i
04 I—II:I 04k I ]
_20 L 20
o _ ' . 88 30
vy A 770
X7k X
0.4t (4
0 |E], ab Y . aE
i 0
—04 I e L N4+ I — 10
— M3 i 20
s B s
T, 30 040 od  ¥m v

Puc. 6. Pacnpedenenue |EF 6 Guugicneti 30ne cucmemvl ckpeuenibix noiyeonnossix (d, 6) u uemeepmveoi-
HO6bIX (6-3) 6ubpamopog 6 srcuposom cioe: a)-e) — Z/A=0.03; 0), e) — Z/A=0.06; xc), 3) — Z/A=0.12
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Puc. 7. Pacnpedenenue |EF 6 6nusicueil 30ne cucmemvl cKpeuyennsix noiysoossx (d, 6) u 4emeepmyeoino-
8bix (6-3) 6ubpamopos 6 mvieunoil mxanu. a)-e) — Z/A=0.03; 9), e) — Z/A=0.06; snc), 3) — Z/A=0.12
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ITose B GimvokHEH 30He U TOJIAPU3ATUOHHBIC XaPAKTCPUCTUKU CUCTEMbBI CKPEIICHHBIX UMIICTAHCHBIX BI/I6paTOpOB...

TEM CKPCIICHHBIX BUOPATOPOB, MapaMeTphbI
KOTOPBIX JaHBl B TAOJIMIIE, MPEICTABICHBI
pacripenenesus B ceueHusx Z =const. OTme-
TUM OCHOBHBIC OCOOCHHOCTU ITPHUBEICHHBIX
Ha puc. 5-7 rpadukoB. s pe30HAHCHBIX BUO-
paTtopoB (Kak MOJyBOJTHOBBIX, TAK U YETBEPTh-
BOJTHOBBIX) pacnpenencuns |E [ nmeroT BbI-
TSHYTYIO B Hanpaslieanun X =Y ¢opmy, B TO
BpeMsI KakK JJIsl CUCTEM CKPEIICHHBIX HEpe30-
HAHCHBIX BHOpaTopoB pacmpenencuust |E [
pruoopeTaroT GopMy € OCbIO CUMMETPHUH 4-TO
MOopsKa, KOTOpasi COBMAaeT ¢ HOPMAJbIO
K MACAJIbHO MPOBOJIAIIECH MIOCKOCTU. BumHo
TaKKe, YTO YeM BBIIIE TUIOTHOCTD CPEJIbl, TEM
Gosee cuMMeTpUuHOe pacrpeneienne |E [
MOXKHO TIONIy4uTh. Kpome Toro, juis der-
BEPTHBOJIHOBBIX BUOPATOPOB, HAXOJISIITUXCS
B OTHOCHUTEJIbHO IUIOTHOHW cpefe, pa3sMephl
o0JyacTi ¢ HAaMOOJIBLIUM ISl TAHHOTO ceve-
Hust Z =const 3HaueHueMm |E [ (Hanmpumep,
|E>-5 nb) cnabo 3aBUCAT OT paccTOSHUS,
YTO MOXKHO PACHEHUTH KaK OIPEJIeICHHOE
KOHIIEHTPUPOBaHUE 3Heprun. Takum oOpazom,
YETBEPTHBOJIHOBBIE BUOPATOPHI MPETOUTH-
TEIIbHBI HE TOJIPKO C TOYKM 3PECHHS MajbIX
FeOMETPUIECKHX Pa3MePOB MO CPABHEHHMIO C I10-
JIYBOJTHOBBIMH, HO M KaK CO3/atoIIre 60jiee KOH-
LIEHTPUPOBAHHOE PACIIPECIICHUE U3TyUeHUS,
4YTO B OOJIBIIIEH CTETNIeHN MTPOSIBIISETCS C YBEIIH-
YEHWEM TUIOTHOCTH CpEIlbl.

OTMeTUM elie OJHY OCOOEHHOCTh (op-
MHUPOBAHUS MOJIsI B OJIMIKHEHW 30HE CUCTEMOM
MMIIEIAHCHBIX BUOPATOPOB B MaTepUAIbHON
cpene, 0OyCIOBIECHHYIO HAJIMYUEM HJ€aJIbHO
npoBosiiel miockoctu. Ha puc. 8 mist cuc-
TEMBI CKPEIICHHBIX HEPE30HAHCHBIX MOJTYBOJI-

HOBBIX BI/I6paTOpOB IIOKa3aHbl 3aBUCUMOCTH
2

- mT
E p’E’E , KOTOpble HOpPMHUPOBAHBI HA 3HA-

uenne |E[* mpu p=0.2. Ilpu yaaseHun ot

= TN
CTPYKTYpPBI 3HAUCHUE BEIUUMHBI |E p,g,—

2
(kpuBas 2) cHayana pe3Ko MajaeT, JTOCTUras

MHWHUMAJIbBHOT'O 3HAYCHUS, ITIOTOM PACTET U Ja-
Jlee IJIAaBHO YMEHBIIAETCS C POoCToM p. Takoe
MOBEJICHUE CYIIECTBEHHO OTJIMYACTCS OT 3aBU-
CUMOCTHU B CJIyda€ OTCYTCTBHSA UACAJIBHO ITPO-

0 2 4 6 8 p,cM
6
12+
—18F
—2 -
|E| N I[B 1 1 1 L™ .

Puc. 8. 3asucumocmy senuuunvt |E P om paccmos-
HUst P 00 CUCHeMbl NOLYBOIHOBbIX GUOPANMOPOE HAO
naockocmoio ( Xy, =-0.116, X, =-0.147) 6 sncu-
posom cnoe: 1 — h=08 cm, 2 — h=1.0 cm, 3 —
h=1.2 cm, nynkmupnas Kpueas — h — oo

BOJSIIEH TNIOCKOCTH (KpuBas “e=”). Ha ¢par-

MEHTE, BCTPOEHHOM B pHC. §, TOKA3aHO BIIMSI-
HUE PACCTOSIHUS /i OT MPOBOJSIIECH TMIOCKO-
cTu 110 cuctembl Bubpartopos. Ilpu yBennue-
HUU /i TIOJIOKEHNSI MUHIMYMOB U MAaKCUMYMOB

( mm
(moka3aHbl CTpPEJIKaMH) KPUBBIX |E p,g,—

2

CMEIIAIOTCSl B CTOPOHY MEHBIIMX 3HAYEHUH P,
a camu 3HaueHus |E | yBemmumBaroTcs. ITo
OTKPBIBAET BO3MOKHOCTH IIJTABHOM ITEPECTPOI-
KU HarpeBaTelIbHBIX CBOMCTB BCEH CTPYKTYPBI
B LIEJIOM C cOXpaHeHueM ee 3(ppekTUBHOCTH.

3ak/rouenne

[TpoBeeHHBIC UCCIIETOBAHUS TTOKA3AH
CIIe/IyIOoIIIEe.

1. Ayist cructeMbl BO30YKIaeMbIX CHH(A3HO
CKPEIICHHBIX BUOPATOPOB HAJT MJICAJTBHO MPO-
BOJISINEH TIOCKOCTHIO BO3MOXKHA PeaTh3alins
TIOJISI U3JTyYSHHS] KPYTOBOM (3JUIMITTUUYECKON)
TOJISIPU3AIIMU TIPU OTIPEIICIICHHBIX BETMUYMHE
Y THUIIE TIOBEPXHOCTHOTO UMITEIAHCA KAXKIOTO
13 BUOPaATOPOB.

2. Ha HeoOxomumple ISl CO3MaHUS TIOJIS
KPYroBOH MOJISIpU3AIMKA 3HAYCHUST UMITe/IaHCca
CYIIECTBEHHOE BIIMSIHUE OKA3bIBAIOT JJICKTPO-
busnyecKue mapaMeTpbl OKpYKaIoIICH CpeIbl,
B KOTOPOM HAaXOJUTCS JaHHASI CTPYKTYpA.
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3. I pacCMOTpPEHHBIX B paboTe Cpell pac-
TpeNieieHne MMojsl B OMMKHEH 30HE CHUCTEMBbI
OKa3bIBaeTcsl 0ojiee paBHOMEPHBIM B CIydae
U3JTYyYCHUA DJICKTPOMATrHUTHOI'O ITOJIsA C ITOJIA-
pusaiueit, 6TM3K0NM K KPYTrOBOH.
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ITose B GimvokHEH 30He U TOJIAPU3ATUOHHBIC XaPAKTCPUCTUKU CUCTEMbBI CKPEIICHHBIX UMIICTAHCHBIX BI/I6paTOpOB...

IToJjie y O/1mzkHiil 30HI Ta nmoaspu3aniiHi
XAPaKTePUCTUKH CHCTEMH
cXpelleHUX iMNeaHCHUX BiOpaTopiB
y HaniBHECKIiHYEHHOMY cepe10BHII
3 BTpaTamMu

M. B. Hectepenko, B. O. Katpuu,
B. M. /laxoB

[TokazaHa MOXJIUBICTH CTBOPEHHS OIS
BUIIPOMIHIOBAHHSI KOJIOBOI (ETINMTUYHOI) TO-
JSpU3allil CUCTEMOIO CXPEUICHNX BiOpaTopiB
O/THAKOBHX T€OMETPUYHUX PO3MIpPIB 3 pI3HH-
MU TTOBEPXHEBUMH IMIIEAAHCAMH, PO3TAIIO-
BaHMX B MaTepiaJIbHOMY CEPEIOBHII HA ie-
aJIbHO TPOBIHOIO IJIOUMHOIO. BukoHaHO
PO3paxyHKH Ta HaBEAECHO rpadiki PO3MOALTY
nmoJtisi B ONMVDKHIN 30HI 1 TONSIpU3ALIHHUX Xa-
PAKTEPUCTUK TAKOI CTPYKTYPHU 3aJIEKHO Bi
napaMeTpiB CepeoBUINA Ta MOBEPXHEBOTO
iMrejanca BiOpaTopis.

The Near-Zone Field and Polarization
Characteristics of the System of Crossed
Impedance Vibrators in a Semi-Infinite
Lossy Medium

M. V. Nesterenko, V. A. Katrich,
and V. M. Dakhov

The possibility to create the radiation field
of circular (elliptic) polarization by a system
of crossed vibrators of equal geometrical di-
mension and different surface impedances lo-
cated in the material medium over the per-
fectly conducting plane is shown. The spatial
distribution of the near-zone field and polar-
ization characteristics has been calculated and
is shown graphically vs. the medium parame-
ters and the vibrators’ surface impedances.
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A Ku-band airborne SAR, which is a cost effective system in terms of the development and
exploitation costs, has been recently developed and tested at the Institute of Radio Astronomy
of the National Academy of Sciences of Ukraine. The SAR system is capable of producing
real-time, high-resolution images, and it can be effectively operated from light weight aircrafts.
The system benefits essentially from the introduction of a novel algorithm of a real-time
estimation of the aircraft orientation angles, which is based on the analysis of backscattered
signals. This paper describes the principles of the SAR operation, the setup of the SAR system,
its main components, and the signal processing technique used. The results obtained during

flight tests are summarized as well.

1. Introduction

Synthetic aperture radar (SAR) systems are
recognized now as the most effective instru-
ments for high resolution mapping of earth
surfaces and for other related applications
[1-3]. Up to now, several dozens of SAR sys-
tems operated from spaceborne and airborne
platforms have been put into exploitation. One
of the promising directions of the further ex-
tension of SAR applications is related with
the development of cost effective systems which
can be operated from light weight aircraft
[4-6]. Having a real-time signal processing op-
tion as well as a rapid deployment, such sys-
tems are very much needed, for example, to
monitor disaster areas. However, until recent-
ly, the application of light-weight airborne plat-
forms has been seriously limited by the prob-
lem of an accurate estimation of the platform
orientation angles which should be known in
real time in order to produce high quality imag-
es [7-10]. The solutions, which are used for this
purpose in case of heavy aircrafts and satel-
lites, have appeared to be not accurate enough
and, besides, they are rather expensive. We

have proposed [5] a radical solution to this
problem, which is based on the estimation of
the aircraft orientation angles directly from
radar returns. This solution has been tested
with a squinted SAR operated from a light-
weight aircraft and it has demonstrated a high
efficiency and robustness [4]. The application
of the proposed technique enables us to use
a simple navigation system consisting of a ra-
dar altimeter and a single GPS receiver only.

We have also used some other solutions in
order to make the system cost effective. In
particular, a high range resolution has been
achieved by using the pulse compression tech-
nique with binary phase coding of transmit-
ted pulses. The application of such pulse com-
pression instead of the conventionally used
frequency sweeping technique reduces re-
quirements to the digital signal processing
system and enables the realization of real-
time signal processing easily.

We also introduced and implemented a
specific pre-filtering procedure to enable an
accurate range migration correction for the
squinted SAR mode accounting for the de-
pendence of the Doppler centroid on range.
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Possible areas of the application of the
developed system have been extended by in-
troducing a moving target indication technique
and a capability to perform measurements
at two linear orthogonal polarizations.

In this paper, we describe the principles of
the SAR operation, the setup of the devel-
oped SAR system with the focus on the pro-
posed technique of the estimation of the air-
craft orientation angles directly from radar
returns. Main components and the signal pro-
cessing technique used in the system are pre-
sented as well. The results obtained during
flight tests are also summarized. The paper
is organized as follows: In Section 2, we give
a review of basic principles of the radar oper-
ation. This section can be considered as a short
tutorial of the SAR operation. The method of
the estimation of the aircraft orientation an-
gles is presented in Section 3. In Section 4,
a novel autofocusing technique, which is used
for post-processing of SAR images, is described.
Section 5 gives a description of the radar hard-
ware, and Section 6 contains the results ob-
tained during flight tests.

2. Basic Principles of the SAR Operation

2.1. Pulse Compression in Range

The described SAR system has true coher-
ent processing scheme, the transmitter is based
on TWT operating in the amplification regime.
The transmitted peak power is P, =100 W,
and to provide the required mean power the
long pulses of duration T, =5 us are trans-
mitted. The pulse compression based on bi-
nary phase coding is used in the discussed
SAR system to obtain the high range resolu-
tion of p,=3 m. The phase-coded pulse
bandwidth B, and the duration of the com-
pressed pulse T, are related by

Bep =1/1cp.

If T, denotes the duration of the long pulse,
then the compression ratio can be written as
a product of the pulse bandwidth and the
pulse duration:

K =7Tp/Tcp = BopTp. (D

The effective power of the compressed pulse
is greater than the power of the long pulse by
a factor Ky: P, =KyP.. In the described
SAR system, the compression ratiois K =255
and, consequently, the effective peak power is
P, =25.5 kW, and the slant range resolution
is pr=cTep/2=cTp/(2K;)=3 m. The sam-
pling frequency in the slant range is 100 MHz,
which corresponds to a 1.5 m sampling.

There are two mostly used pulse compres-
sion techniques: linear frequency modulation
(FM) (also known as “chirp”) [11] and phase
coding [11, 12]. The advantage of FM pulses
is related to a possibility to achieve a rather
low side-lobe level. However, in this case,
any practical pulse compression algorithm
(complex convolution) involves a number of
complex multiplications, increasing the cost
and complexity of the processing system.

In case of the pulse compression based on
the phase coding, the phase inside of a long
pulse is changed repeatedly by m according
to some binary sequence, called the code
sequence. Therefore the reference waveform
in the convolution takes values —1 or +1 only,
and the multiplications in the convolution
are replaced by summations or subtractions,
resulting in a more effective computational
algorithm, which can be easily implemented
in the digital hardware.

In the discussed SAR system, we have
used the PN-sequences (also called M-se-
quences) [13] of the length of 255. The side-
lobe level of the compressed pulse coded with
such sequence is —22.5 dB, limiting the dy-
namic range of radar images. An important
property of the M-sequences is that the cir-
cular shifted sequences (that yields 255 dif-
ferent sequences) give practically uncorre-
lated side-lobes. To decrease the side-lobes,
we change coding sequence in random order
from pulse to pulse. In such a way, after a
pre-filtering procedure and the azimuth syn-
thesis we achieve the side-lobe level in a range
as small as —34.5 dB.
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2.2. Strip-Map Synthetic Aperture Technique

The synthetic aperture technique is used
in order to get a high along track resolution
by using a physically small antenna. This is
achieved via collecting and processing the
radar backscattering signals during some time.
We are considering a strip-map mode of ope-
ration, when the radar antenna beam illumi-
nates a strip on the ground surface, which
is almost parallel to the flight trajectory. Pro-
vided that the antenna beam width is 6,, the
distance from the antenna phase center to
the target is R, and V is the plane velocity,
one can find that the maximum illumination
time of a point like target, called the time of
synthesis, is

T,=RO,/V, 2)

under the condition that the antenna beam
is oriented perpendicularly to the flight tra-
jectory. This is the case of so called non-squint
SAR. The term “squint mode” means that
the antenna beam direction is not in general
perpendicular to the fight trajectory.

Let us derive the main relations governing
the signal processing for the strip-map SAR.
In the ideal case, the strip-map mode implies
that the aircraft (or, more precisely, the phase
centre of the transmitting-receiving antenna)
moves along a straight line with a constant
velocity at a fixed height, and with the anten-
na beam pointed exactly across the line of
flight. In real flight conditions, all of the above
mentioned idealizations are incorrect, espe-
cially for small aircrafts. In the general case,
the antenna beam orientation can deviate
from the perpendicular side-look direction and
the trajectory is in general curved.

The orientation of the antenna beam is
described by three angles: the pitch angle, o,
the yaw angle, B, and the roll angle, y, which
are the angles of the three consequent rota-
tions around axes of the airborne coordinate
system (however, with the origin shifted to
the phase centre of the antenna), which turn
the antenna beam from the side-looking,
transverse direction to another one. The con-

sequent rotations are 1) around the pitch axis,
which goes parallel to the aircraft wings; 2)
around the yaw axis, which is perpendicular
to the pitch and roll axes; 3) around the roll
axis, which goes from the tail to the nose of
the aircraft. The roll angle determines only
the antenna elevation diagram position with
respect to range samples, but it does not af-
fect the mean Doppler frequency of the re-
flected signals, which is also known as the
Doppler centroid. If the pitch and/or the yaw
angles are non-zero, the antenna beam will
be pointed forward or backward from the
direction across the line of flight, and thus
the received backscattered signals will have
a non-zero Doppler centroid. It is supposed
hereinafter that the orientation angles are
changed slowly, and that they can be consi-
dered as constant during the time of synthesis.

The strip-map mode SAR geometry is il-
lustrated in Fig. 2.1. We use a local coordi-
nate system with the axes x and y, placed on
the Earth surface, and with the z-axis which
goes through the antenna centre. At each
moment of time, the x-axis is oriented along
the horizontal component of the flight vector.

The vector R=(xg,yz,—H), where H is
the flight altitude, is the slant range from the
antenna center to the point (xg,yg) on the
line which is the intersection of the ground
plane with the antenna elevation plane. The
equation of this line is given by

=

(p.3R)

H
~
o~
\

0

Fig. 2.1. General case of the strip-map mode SAR
geometry
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yx = (xz — H tanoy/cosf)/tanf. 3)

If we know the slant range R to the point
(xg,yg) on this line, then the coordinates of
this point are given by

xg = (H tanct)cosP+sinyR* — H> — (H tan )’
(4a)

Vg = —(Htanoc)sin6+cosﬁ\/R2 —H®—(Htano)’.
(4b)

At any given point, the trajectory can be
approximated by parabolas

x()=Vi+Ar*)2,
YO =Vi+AL )2, (5)
W)=H+Vi+Ar)2,

where ¢ belongs to the synthesis interval (2):
~T/2<t<Tg/2, and V., V,, V_ and A,
A, A, are the components of the velocity,
V, and acceleration, A, respectively.

Under this approximation, the slant range
to a target at the point (x,,y,) in the interval
of synthesis is given by

RO=| (x5 =Vi= A7 [2) +(=Vit= s 2] +

+(-H —Vzt—Ath/z)2 }1/2. (6)

Taking into account that V, =0 because at each
moment the x-axis is oriented along the horizon-
tal component of the flight vector, the above
relation (6) for the slant range can be written as:

R(t) = \/RZ —2(R-V)z+[v2 —(R-A)]tz ~

B

zR_(R-V)H[V_Z_(R-SV)z _(R-A)F
R R R 2

()

where R=|R| and V =|V|. The instantaneous
Doppler frequency of backscattered radar
signal is given by

_2dR(t) _2(R-V) _
A dr A R

f)=

2 2
_Z{V_ (R-V) _(R-A)}' ®

Al R R? R

It is convenient to write this frequency in terms
of the Doppler centroid, F., and the Dop-
pler frequency rate, F,, as

f(t)=Fpe + Fppt,

where

_2R-V)

F. =

B

©)

A

2V (R-V)® (R-A)
MR T R R

Thus, as one can see from (4) and (9), in the
strip-map mode, both the Doppler centroid
and the Doppler rate depend on the pitch
and yaw angles o and 3, and on the slant
range, so that signal processing is complicated
considerably.

The synthesis of the aperture is equivalent
to the linear FM pulse compression by apply-
ing the matched filter in time domain. The
synthesized aperture I(z) is obtained as a
convolution in time domain of the received
radar return, s(¢), with the reference func-
tion of the matched filter, h(¢). Here the ref-
erence function is given by

h(t) = wy () exp[—zni (Fpct + Fot® /2)},

where wy, (¢) 1s a weighting window, and thus
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Ty/2 2

Ti j s(t+)h(r)dr] .

S ~1y/2

I(r)= (10)

Usually, the normalized Hamming window

wy (1) =1+ gcos(%‘ct/TS ),
27
T2 2

— f wy (1)dt
S ~Tg/2

=1

is used to reduce the side-lobes of the syn-
thetic aperture pattern.

The synthetic aperture diagram can be
calculated from (10) by substituting the single
point target return as a received signal:

Ty /2 2

L [ spr+On@)ar

S ~Tg/2

1,p(t)=

S
— sz exp[izn(FDc(z+z’)+FDR(t+t')2/2)}<

S -7,/2

2

Xwy, (1) exp[—i2n(FDCt'+ Fout?/ 2)}dt'

TS/2
-1 f [1+(23/27)cos (2mr'/ T ) |x
TS ~Ts/2
* (sin(nF. Tt}
xexp[i2nF,,tt’|dt’ =[Sm(;f’)7’ftst)J X
T prls
2
y 1—(FDRTSt)2(4£27) ‘ (0
1= (FpeTit)

One can find that the synthesized aperture
pattern (11) takes exactly the half of its maxi-
mum value for 7 =%z, :

I(+FpTsty, ) =1/2, FppTsty, =0.6515.

Therefore, for the azimuth resolutions, p,,
we can write:

V

1.3'%. (12)

P :Vx .2t1/2 =

Taking into account (2) and (12), the coeffi-
cient of the azimuth pulse compression can
be introduced as:

K,="5=B,T,, (13)

where L, =V T is the synthesis length and
B, = F,;T/1.3 is the azimuth response sig-
nal bandwidth. The coefficient 1.3 is only due
to the weighting Hamming window used here.
Similar to the range pulse compression (1),
the azimuth compression ratio (13) is a prod-
uct of the azimuth pulse bandwidth and the
azimuth pulse duration. This is one of the ba-
sic relations in the SAR technique and it does
not depend on the type of signal coding.

From the theoretical point of view, the
antenna aperture synthesizing (the azimuth
pulse compression) is a somewhat simplier
task, when the orientation of the radar plat-
form is not changed and the aircraft moves
uniformly along a straight horizontal line with
a constant velocity at a fixed height. In prac-
tice, these conditions are never fulfilled, es-
pecially for the airborne radar systems in-
stalled on light weight aircrafts.

Variations of the aircraft velocity compo-
nents and the aircraft attitude angles exert a
strong effect on the reference function (also
called the single point function response — SPRF)
in the synthesizing filter (10). This leads to a
necessity to compensate these variations in real
time, as it will be discussed in Section 3.

Besides that, as the antenna ground foot-
print position depends on the aircraft atti-
tude angles, the range migration effect in-
creases. While an aircraft is flying over a
ground target, the target is moving through
the antenna footprint, the slant range to the
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target is changed and it can cross several
range gates. This behavior is called the range
migration. To achieve a high azimuth resolu-
tion, the range migration should be properly
accounted and compensated, because it is
necessary to synthesize the signal from a tar-
get during the whole time while it is illumi-
nated by the antenna beam. This means that
the one-dimensional signal required for the
aperture synthesis (10) should be sampled
from a 2D-array of 1Q-signals “range-azimuth”
with the corresponding interpolation (see Sec-
tion 2.4 for details).

2.3. Moving Target Detection

Ground moving target detection and indi-
cation (MTT) with SAR is generally a separate
and difficult task. The problem is related with
the fact that the filter which performs the
synthesis of the aperture, for any realization
of the filter, is designed to match the signals
scattered from the terrain and ground sta-
tionary targets. Fast moving targets with con-
siderable radial (line-of-sight) velocity com-
ponents could not be seen in SAR images
because their Doppler frequencies can be
beyond the pass band of the synthesized
filter. Slowly moving targets, whose Dop-
pler frequencies are within the pass band
of the filter (usually the pass band of the
filter fits the Doppler bandwidth of the ter-
rain signal) can be seen in SAR images. How-
ever, even detection of slowly moving targets
is not an easy task, because of several prob-
lems. Firstly, the image of such a target can
suffer from considerable radiometric distor-
tion. Secondly, the moving target appears
shifted from its true positions in the SAR
image because of its own radial Doppler ve-
locity. Finally, the image of the moving target
can be defocused due to its own along-track
(azimuthal) velocity [14].

To detect and indicate slowly moving
ground targets, whose Doppler frequencies
are within the Doppler bandwidth of the ter-
rain (clutter) signal, the displaced phase cen-
ter antenna (DPCA) method [15] or the along-
track interferometry (ATI) technique [16-18]
are commonly used. The idea of these meth-
ods consists in the following. By using two

antennas (for DPCA or ATI) or one antenna
with two phase centers (for DPCA), which
are separated in the along-track (azimuthal)
direction, it is possible to perform imaging of
the same terrain patch twice from the same
point of the trajectory of the SAR platform
with a time delay. Then, by comparing the
signals from two receiving channels, a filter
can be built for clutter suppression and mov-
ing target detection. The methods call for
using two antennas or one sophisticated an-
tenna with two phase centers (switchable
phase array or monopulse antenna), and im-
plementing two receiving channels, so that
the cost of the radar system increases. The
problem of the synchronization of the two
receiving channels in time and space also
arises, complicating the signal processing
tasks and imposing additional constraints on
the radar operating modes and the radar
hardware.

Nowadays, the space-time adaptive pro-
cessing (STAP) is also being developed rap-
idly and considered as the most powerful
method for clutter suppression and moving
target detection [19-21]. However, the STAP
technique calls for a phase array antenna and
a multi-channel receiver and provides a huge
computational load on the radar processing
system.

In practice, fast moving targets are also of
interest. In the described SAR system, mov-
ing targets with radial velocities greater than
+0.5 m/s, which are equivalent to the Dop-
pler shift of +50 Hz at Ku-band, are required
to be detected and indicated. In the SAR sys-
tem, the antenna length and, consequently, the
antenna beam width in the along-track direc-
tion, were chosen to provide the Doppler band-
width of the terrain (clutter) of 100 Hz,
by taking into account the maximum aircraft
flight velocity. This has allowed us to use the
simplest method of moving target detection —
by detecting radar returns with Doppler fre-
quencies beyond the bandwidth of clutter [15].
Typical dynamic Doppler spectrum of such a
target along with a ground clutter is shown in
Fig. 2.2. In this approach, the azimuthal res-
olution for moving targets is determined by
the beam width of the real antenna, which is
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Fig. 2.2. Dynamic Doppler spectrum with ground
clutter and moving target

worse then the azimuth resolution provided
by the synthetic aperture for stationary tar-
gets and terrain. However, taking into account
that a moving target appears on several con-
sequent Doppler spectra (up to 10) during the
time of synthesis, the azimuthal position of
the moving target can be improved by finding
the spectrum with the maximum power. Thus
the single antenna and the single-channel re-
ceiver are used in the described SAR, mak-
ing the introduced MTI technique simple and
inexpensive in comparison to other MTI tech-
niques. However, this realization does not
allow detecting and indicating slowly moving
targets in clutter.

In the described radar, the Doppler spec-
tra in the azimuthal direction are calculated
for all range gates after the range compres-
sion, but before the pre-filtering. An example
of the Doppler spectrum with a moving tar-
get is shown in Fig. 2.3. The part of the spec-
trum, which appears above the noise and
which is different from the Doppler spectrum
of clutter (with the known Doppler centroid)
indicates the presence of a moving target. The
mean radial velocity of the target can be esti-
mated. The minimal detectable radial veloci-
ty is 0.54 m/s, and the unambiguous range of
the radial Doppler velocities is from —100 m/s
to +100 m/s. The accuracy of the velocity mea-
surement is about 0.2 m/s.

Doppler velocity, m/s
20 10 0 -10  -20

=2

Radial target velocity

Moving target |<-4») Ground
\

15 05 05 15
Doppler frequency, kHz

|
0
(=

Power spectrum, dB
L
je)

Fig. 2.3. Doppler spectrum with ground clutter and
moving target

2.4. Range Migration Correction
and Pre-Filter Design

While an airborne or spaceborne SAR is
moving along its trajectory, the slant range to
a target according to (7)—(9) changes as

A A7
RO =R+ Foct + 7 F (14)

When the distance to the target changes
more than the range resolution, the radar sig-
nal reflected from the target migrates to neigh-
bouring range gates. This effect is called the
range migration. The second term in (14)
determines the linear part of the range mi-
gration referred to as the range walk, and the
third item in (14) describes the quadratic part
of the range migration known as the range cur-
vature. What type of the migration dominates —
the range walk or the range curvature — de-
pends on the geometry of the SAR mode and
the parameters involved in (14): the time of
synthesis, the Doppler centroid, and the Dop-
pler rate. An illustration of the range migra-
tion effect is given in Fig. 2.4, where a radar
image is shown obtained with the discussed
SAR system working as an ordinary side-look-
ing radar (without producing the synthetic
aperture) with a small (25 cm) horn antenna
forming a wide beam of 8° in the azimuth. In
the image, traces of migrating bright targets
are clearly seen.
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Range

Azimunih

Fig. 2.4. A side-looking radar image illustrating
the range migration effect. The antenna beam width
in the azimuthal direction is &

The direct solution of the range migration
problem is an interpolation in a two-dimen-
sional SAR “range-azimuth” data array along
the migration curve (14). For the slant range
R, =Ry +m(pg/2), where m=0,1,2,.., M is
the range gate index and is the slant range to
the beginning of the swath strip, it is conve-
nient to express the migration curve (14) in
terms of the range gate index:

mo o oom U
R, () =R, _2 Foct tFory
pR/2 2 (pR/Z)

N, (1)

Here the upper index m indicates the partic-
ular gate number.

In Fig. 2.5 the range migration curve cal-
culated in accordance with the above expres-
sions is presented for two cases. Fig. 2.5,a
corresponds to the case shown in Fig. 2.4,
where both parts of the range migration are
essential. Fig. 2.5,b illustrates the application of
an antenna which forms a narrow beam of 1°.
In the latter case, which is typically realized
in the discussed radar, the range curvature
effect is negligibly small for the time of syn-
theses of 1 s.

However, in spaceborne SAR systems,
because of the specific geometry and a rather

NG
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Fig. 2.5. The theoretically calculated range migra-
tion curve for the azimuth antenna beam width of
& (a) and P (b): A=0.02174 m, R= 2000 m,
V. =40 m/s, H=1500 m, a=2° f3=35°

long time of the synthesis, both the range walk
and the range curvature usually have essen-
tial values [22-24].

During signal processing in airborne SARs,
the range curvature can be neglected provid-
ed that the time of synthesis is not very long,
and the Doppler rate is not very big. But the
range walk in the squint SAR mode can be
significant (see Fig. 2.5,b). This is particularly
important for a SAR system installed on a
light-weight aircraft whose orientation in
space can rapidly vary in a wide range, caus-
ing large values of the Doppler centroid. If a
linear frequency modulation is used for the
pulse compression in range, then the linear
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part of the migration can be compensated at
once during the pulse compression. Moreover,
special subaperture SAR processing methods
were proposed for high squint angles, which
allow to correct range walk inherently [22, 23].

As have already been mentioned, in the
described SAR system binary phase coding is
used for the pulse compression in range.
Therefore, the range walk migration correc-
tion is performed by interpolating the SAR
data in time domain in the two-dimensional
array “range-azimuth” before the synthesis of
the aperture. The need to use a pre-filter in
the system imposes a limitation on the realiza-
tion of the range migration correction. This
filter has to be introduced, since we use a high
pulse repetition frequency (up to 20 kHz)
to achieve the required unambiguous speeds
of £100 m/s for moving target detection and
to enhance the radar sensitivity. Such high
sampling frequency is redundant for the ap-
erture synthesis. Therefore, a pre-filtering is
introduced to perform a coherent signal ac-
cumulation (taking into account currently
measured Doppler centroid of the signal) and
decimation from PRF to a sufficient output
sampling frequency (for example, 130 Hz for
1 m resolution). The pre-filter has been de-
signed to retain the phases of the central sam-
ples of the corresponding sums in the samples
of the pre-filter output. This has been done in
order to perform a correct range interpola-
tion on decimated data for the range migra-
tion correction, accounting for the depen-
dence of the Doppler centroid on range.

The range migration correction is per-
formed on decimated data at the output of
the pre-filter. After that the signals from all
gates are convolved with a set of reference
functions to synthesize the aperture. It should
be noted that before applying synthesizing
filter, the known Doppler centroid frequency
is shifted to zero. The level of side-lobes of
the synthetic aperture is about —35 dB pro-
vided that the pitch and yaw angles are with-
in the interval *15° and £25° respectively.
The pre-filtering, the range migration correc-
tion, and the aperture synthesis are performed
in real time.

The complex data at the output of both
the synthesizing filter and the pre-filter can
be stored during a flight. Since the phase his-
tory of the signals is preserved, the stored
data after pre-filtering can be used for fur-
ther improving quality of the SAR images by
using a novel post-processing autofocusing
algorithm, which is described in Section 4.

3. Compensation of the Motion Errors and
Calculation of the Doppler Centroid Values

To produce undistorted high-quality, high-
resolution images with an airborne SAR, it is
necessary to measure accurately:

— flight altitude,

— aircraft orientation angles — pitch and
yaw angles,

— aircraft velocity vector,

— aircraft acceleration vector.

The above parameters are required to
calculate current values of the Doppler cen-
troid F,. and the Doppler rate F,,, which
are used in the SAR synthesis. These param-
eters are supposed to be changed slowly and
considered as constant during the time of syn-
thesis. Only the absolute, integrated aircraft
trajectory is needed for an accurate ground
mapping.

In order to measure the above parame-
ters, special navigation systems consisting of
an inertial navigation system and a system of
GPS receivers are typically used. For an ini-
tial version of the radar, we have also devel-
oped and tested the navigation system based
on the satellite orientation and positioning
attitude system JAVAD AT4. This system,
which is installed on an aircraft, as shown in
Fig. 3.1, consists of one master-receiver and
three slave GPS-receivers operating in the
real-time kinematics mode relatively to the
master-receiver [25]. The performed flight tests
have shown that such a system does not al-
ways provide desired accuracy and reliability
of the measurement of the aircraft angles.
It has appeared that because of multi-path
reception of GPS-signals, the accuracy can
become too low for producing undistorted
high-resolution SAR-images. An example of
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Fig. 3.1. A way of the installation of the attitude
GPS system on an aircraft

the measurement of the pitch angle is shown
in Fig. 3.2. One can see that there is a strong
trend in the pitch angle evaluation with re-
spect to the true value which for this case
was equal to 0.

Another problem is related to loosing the
GPS signals from the satellites due to phase
locking failure during an aircraft maneuver,
and a long time (from seconds to several minu-
tes) is required for the restoration of the nor-
mal operation of the attitude determination
system, which is not acceptable when a per-
manent earth surface monitoring is needed.

In order to overcome the problem of the
orientation angles measurements, we have
proposed a novel effective method of the es-
timation of the Doppler centroid, the aircraft
orientation angles and the acceleration di-
rectly from the radar returns. In the final
version of the SAR system, we have used only
a simplest navigation system consisting of a
single GPS receiver for measuring velocity
vector and an altimeter.

Pitch, degrees

0.8
0.4
0
04
0 400 800

1200 Time, s

Fig. 3.2. Example of the pitch angle measurement
with the GPS attitude system
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So, this navigation system provides the
measurements of the coordinates, the flight
height, and the velocity vector of the aircraft
only.

In order to describe the proposed methods
of the measurement of the orientation angles,
let us go to the expression (9). Expanding this
expression and taking into account the ex-
pression (4a), for the Doppler centroid we
can write

_gxmvx _HVZ
A R ’

m

m
FDC
or

A
FDmCERm =V, [H tanocosf3 +

+sinByR2 - H? - (H tan @)” ]—VZH. (15)

In Fig. 3.3 the Doppler centroid is plotted
versus the slant range for different values of
the pitch and yaw angles. This figure demon-
strates that there is a strong variation of the
Doppler centroid on these angles. It means
that there is a theoretical possibility to esti-

Doppler centroid, Hz

1000+

—1000 -

1500 2000 2500 3000 3500
Slant range, m

Fig. 3.3. The dependence of the Doppler centroid
on the slant range for different values of the pitch
and yaw angles: H = 1500 m, V. =50 m/s, V. =0

285



D. M. Vavriv, V. V. Vynogradov, V. A. Volkov et al.

mate the orientation angles from the analysis
of the dependence of the Doppler centroid on
range. At the beginning of our study, the ques-
tions were: Is it possible to achieve the needed
accuracy of the estimation of the orientation
angles via an analysis of this dependence? And,
whether it is possible to realize the correspond-
ing algorithm in real time. Fortunately, we have
found solutions which proved positive answers
at the above questions.

We have found that the pitch and yaw
angles, o and B, can be estimated by fitting
the range dependence of the Doppler cen-
troid to a set of Doppler centroid values
{Fg"c }, m=0,1,2,... M (M is the number of
the range gates), roughly estimated at each
range gate from the Doppler spectra. We have
developed the following fast and effective fit-
ting procedure. By introducing new variables
X! and Y, as

X\ =R~ H> - (Huna,, ), (16a)
Ym%l‘imF,;"ﬁH“f, (16b)

equation (15) can be transformed into the
equation of a straight line

Y,, = (H tanco, cosp; )+ X, (sinf; ). (17)

The proposed procedure is iterative with re-
spect to the pitch angle which is considered
as a small parameter. The index i=1, 2, ... is
the iteration index. At the first iteration, i =1,
it is supposed that o, =0. At each step of the
iteration, the least-mean square error fitting
of the line described by (16) to the set of
points {X fn,Ym} given by (17) is performed,
and the orientation angles oo and 3 are esti-
mated. The transformation to the coordinates
X! and Y, is illustrated in Fig. 3.4. The fit-
ted curve of the Doppler dependence on range

Doppler centroid, Hz

1000+

900+

800+

700 . : .
1500 2000 2500 3000 3500
Slant range, m

Y-coordinate, m

600

500+

400+

3001

200 . . . .
500 1000 1500 2000 2500 3000
X-coordinate, m

Fig. 3.4. The transition from the original coordi-
nates (15) to the X, and Y, -coordinates (17)
for the Doppler centroid representation

and the corresponding straight line are shown
in the figure as well. It has been found that
two iterations are typically enough to achieve
an acceptable accuracy of the estimated an-
gles. As soon as the orientation angles are
found, the Doppler centroid can be calculat-
ed from (3) and (5). The procedure of fitting
the straight line to a set of point is very simple
and does not require much computation.

In contrast to known Doppler centroid
estimation techniques [28, 29], for which the
dependence of the Doppler centroid on range
i1s undesirable, the described method effec-
tively exploits this dependence.

The described technique of the estimation
of the orientation angles and the calculation
of Doppler centroid values is fast enough to
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be realized in real time. The method was suc-
cessfully introduced in a real-time signal pro-
cessing system of the discussed airborne SAR
[5, 26, 27]. In Fig. 3.5, an example of the
Doppler centroid range dependence mea-
sured during a flight is depicted. Due to bright
targets Doppler centroid estimated directly
from the spectrum on each range gate has a
noisy bias from true value. Besides that, there
are a number of gates where the reflected
signal was weak and the estimation of the
Doppler centroid has a valuable error. Never-
theless, the Doppler centroid values estimat-
ed in accordance with the above described
algorithm fit good the measured values, as one
can see from this figure.

The proposed method of the pitch and yaw
angles estimation has appeared to be rather
robust and efficient. At the same time, it pro-
vides a high accuracy of the angles estima-
tion, which is about 0.1°. Taking into account
that the antenna beam width in our case is
about 1°, such accuracy is quite enough to
realize a high quality image synthesis. Our
computer simulations and experimental re-
sults indicate that the allowable values of the
pitch and yaw angles are o=%15° and
B =125°, correspondingly. The sampling rate
of the angle estimation in the SAR system
is about 20 Hz, while the time of the aperture
synthesis is about 1 s.

e
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Pk M'”r e TR

f ‘T e

e
-

Doppler centroid, kHz
<

2000 2500 3000
Slant range, m

Fig. 3.5. The thin line is the Doppler centroid range
dependence measured in real-time on reflected sig-
nal spectra. The thick line shows the estimated
Doppler centroid range dependence (15) after es-
timation of the pitch o and yaw B angles
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4. Autofocusing by Estimating
the Aircraft Acceleration

In order to obtain well-focused SAR imag-
es, the Doppler rate (9) should be calculated
with a high accuracy. The estimation of the
Doppler rate directly from the radar returns,
called autofocusing [29-31], provides better
accuracy than the calculation, which
is based on sensor data only [1, 2, 29]. Ex-
panding (9), we find for the Doppler rate, Fjy,

2
m _ 2 1 (VXZ + VZZ ) _ ('mexI;ZHVZ ) _

m m

J%¢+¥¢—mw. s

m

One can see that the only unknown parame-
ter is the acceleration vector, given that the
orientation angles and the velocity vector have
been estimated.

During the on-board, real time signal pro-
cessing, the focused SAR images are built
assuming zero acceleration. However, as has
already been mentioned, in the discussed SAR
system there is a possibility to save complex
data after pre-filtering and decimation (and
even raw data) during a flight. This provides
additional opportunities for post-processing
of the radar images.

In general case, it is possible to assume
that the along-track component of the accel-
eration, A_, is compensated. This can be done,
for example, by slaving the pulse repetition
frequency, Fpg-, in order to keep the ratio
V. /Fpgr constant, supporting A =0. To esti-
mate the unknown across-track components
of the acceleration, A, and A_, we have pro-
posed an autofocusing technique, which is
a combination of the contrast optimization
technique [2, 3] and the multi-look registra-
tion method [2].

According to the contrast optimization
technique [2], the same part of a SAR image
is synthesized by using different values of the
Doppler rate. It is assumed that the usage of
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the correct Doppler rate value results in the
image with a maximum contrast. The local
variance of the image can be used as a mea-
sure of the contrast. This method works well
on image segments which have contrast im-
age features and may failure on uniform re-
gions filled with speckle.

The multi-look registration method [2] con-
sists in the following. The whole interval of
the synthesis is divided into several parts (for
example, 3 or 5), and then several indepen-
dent images of the same ground patch are
formed. These images have worse resolution
and are called “looks”. If the used Doppler
rate for the synthesis is incorrect, then these
images will be shifted to each other. Accord-
ing to the multi-look registration method, these
shifts are estimated and used to determine
a correct value of the Doppler rate. If the
SAR aircraft motion is unstable, the Doppler
rate strongly depends on range and azimuth,
and the shifts will be different at each point
of the SAR image, and the application of this
approach is problematic.

According to the proposed technique,
which can be called the strip-map multi-look
contrast optimization technique, the contrast
is calculated on a multi-look image obtained
by summation of independent looks. In such
approach, the maximum contrast is obtained
not only when contrast features are focused
well on each look (the contrast optimization
aspect), but also when the independent looks
are summed up without shifts (the multi-look
registration aspect). In addition, the contrast
is calculated on the multi-look image, on
which speckle noise is reduced due to non-
coherent averaging [1, 2]. Moreover, during
such contrast optimization we vary the accel-
eration rather than the Doppler rate itself,
accounting in this way for the dependence of
the Doppler rate on range. Therefore, for the
contrast estimation, it is possible to choose the
most contrast parts of the range line within the
whole swath width. Such peculiarities of the
proposed technique make the estimation more
stable and reliable. When the acceleration is
found, the Doppler rate values are calculated
for each range gate by using (18).

The proposed strip-map multi-look contrast
optimization technique still has the following
difficulty. During the contrast optimization,
it is necessary to estimate two across-track
components of the acceleration: A, and A..
It has appeared that this problem can be
solved out as well. One should note that the
component A appears in (18) with the coef-
ficient, which depends on range, while the
component A_ appears with the coefficient,
which does not depend on range:

(R, -A)=y,(R,)A, —HA.,.

This fact is illustrated in Fig. 4.1, where
the dependence of the Doppler rate on range
is shown for different combinations of the
acceleration components.

Performing the autofocusing by assuming
A, =0 in the near and in the far 1/3 of the
swath independently, then the estimated values
of the acceleration, A, ,,, and A ., can be
used to separate the two across-track compo-
nents of the acceleration by solving the follow-
ing system of linear equations:

Doppler rate, Hz/s

Acceleration, m/s™ 4, 4) .- -(0.50, 0.00)
yor. (0.25,-0.25)

.-(0.00, -0.50)
. -(0.25, 0.25)
-~ ~(0.00, 0.00)
. (-0.25-0.25)
" .(0.00,0.50)

- 7 (-0.25,0.25)
(—0.50, 0.00)

—504

—100+

—150+

—2004— . : . :
1500 2000 2500 3000 3500
Slant range, m

Fig. 4.1. The range dependence of the Doppler rate
JSor different values of acceleration components A,
and A, : H=1500 m, V,=50 m/s, V,=0, =0,
B=0
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It should be noted that in the most known
autofocusing techniques [29, 30] the depen-
dence of the Doppler rate on range is undesir-
able. Here, similar to the Doppler centroid
estimation method (see Section 3), we effec-
tively exploit this dependence. The described
method of autofocusing has appeared to be
rather robust and accurate. The accuracy of
the acceleration estimation is about 0.05 m/s>.
However, so far realization of this method
requires essential computational resources, and
it was introduced as a post-processing algo-
rithm. The method was successfully tested for
post-processing of the radar data recorded
during flight experiments with the airborne
SAR [4, 5, 26, 27]. In Section 6, the results
of the method application are discussed.

5. Radar System Hardware

A simplified block-diagram of the radar
system is shown in Fig. 5.1 and the main radar
characteristics are summarized in Table 1.
The radar transmitter is based on a TWT
amplifier operating in a recuperation regime.
An efficient high voltage power supply pro-
duces all needed voltages and contains cir-
cuits to provide both monitoring of transmit-
ter critical parameters and safe operation
of the TWT. A high voltage solid state mod-
ulator is used to produce a required voltage
swing across the TWT control grid. The trans-
mitter circuits are controlled by a microcon-
troller which communicates with the radar
host computer.

The receiver uses one frequency conversion
with the intermediate frequency of 400 MHz.
It contains a digitally controlled attenuator
for extending the receiver dynamical range.
The receiver protection circuitry is designed
by using a circulator along with a P-i-N modu-
lator. It also contains a noise source coupled
to the receiver input for calibrating the re-
ceiver sensitivity.

\ 4 ¢

A 4
TWT Pulse Phase : Amplitude Synthesized Transmitter
Amplifier 94— modulator modulator  [€ Master Oscillator
¥ f
Transmi.tter Synthesized XTAL GPS
gf’rl(jfeccilizzr > Y Local 4 Oscillator Navigation
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COHO | Determination
v >- 0° 00° System
Polarization v v
Switch Quadrature
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, A \ 4 A
I ] Data
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Fig. 5.1. Simplified functional block diagram of the radar transmitter-receiver module
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Table. 5.1. The main radar hardware characteristics

Transmitter specifications

Operating frequency Ku-band
Transmitter pulse
output power, W 120
Platform velocity, m/s 30+100
Pulse repetition rate, Hz/(m/s) <200
Pulse duration, us 5.12

Pulse compression Binary phase coding

Pulse compression length 255

Receiver specifications

Receiver noise figure, dB 2.5
System loss (Tx+Rx side), dB| (3.1+0.9)=4.0
1, Q bandwidth, MHz 50
ADC dynamic range, dB 36
Antenna specifications
Type Slotted waveguide
Antenna length, m 1.8
Azimuth beam width 1°
Elevation beam width 40°
Gain, dB 30
Polarization Horizontal

and vertical

Polarization decoupling, dB >40

In the radar, two separate antennas are
introduced — for horizontal and vertical polar-
izations, respectively. We have used two types
of the radar antenna systems: a horn and
a waveguide-slot grating. The horn antenna is
rather compact with a maximum dimension
of 25 cm so as to simplify its installation on
an aircraft. In order to increase the accuracy
of moving target detection and to increase
the radar potential, a waveguide-slot anten-
na has also been developed and tested. The
antenna cross-section is shown in Fig. 5.2.
There are two antenna gratings: one with
axial slots in the wide waveguide wall, and
the second with transverse slots in the narrow
waveguide wall for the vertical and horizontal
polarization, respectively. The antenna pattern
in the tilt direction is formed by 2-D horns
made of metallic plates. The antenna system

1 /_ 2 4
%//////////////W/////A

Fig. 5.2. Cross-section of the antenna system.
1 — waveguide-grating for the vertical polarization;
2 — waveguide-grating for the horizontal polari-
zation; 3 — 2-D horns; 4 — antenna airframe;
5 —radome

is protected by a radome, which has a multi-
layer structure. The radome is made of com-
posite materials used in aircraft constructions.
The power losses in the radome are as low as
0.2 dB. The antenna system is connected to
the transmitter-receiver module via a p-i-n
modulator.

The radar data acquisition system contains
dual-channel, high-speed ADCs, FPGA, and
DSP along with SRAM and DRAM mod-
ules. The following functions are realized in
FPGA: pulse compression, fast Fourier trans-
formation (FFT) for moving target indication
(MTI) and rough estimation of Doppler cent-
roid values, pre-filtering with the Doppler cent-
roid compensation, and the focused aperture
synthesis with the range migration correction.
The DSP performs the following functions:
accurate, real-time estimation of the pitch and
yaw angles, calculation of the Doppler cent-
roid and Doppler rate values, and final pro-
cessing for MTI.

The signal processing starts from data digi-
tizing and pulse compressing along range.
After that, by using the FFT with the length
of 1024 (along the azimuth), the Doppler spec-
tra of the signal for each gate are calculated.
By using these spectra, a rough estimation of
the central Doppler frequencies for each gate
is performed and moving targets, if any, are
detected. Next, the antenna beam orienta-
tion angles are estimated by using the pro-
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