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INTRODUCTION

Th e title of the monograph “Transmission of information us-
ing meteor radio channels” refl ects the fact that information 
is transmitted using radio waves, and the information carri-
ers can be meteoroids themselves in the ionosphere at an al-
titude of 60...130 km, where an ionized meteor trail (“meteor 
zone”) is formed, as well as sources of information directly 
connected to the transmitting devices that form radio com-
munication systems.

In radar studies of meteoroids, we obtain information 
about their physical and dynamic parameters by process-
ing signals refl ected from the head of meteoroids and me-
teor trails resulting from the interaction of meteoroids with 
the Earth’s atmosphere. Th e amplitude-time characteristics 
(ATCH) of signals scattered by ionized meteoroid trails 
(IMTr) obtained from radars or radio communications ob-
servations implicitly contain information about both the me-
teoroid itself and the state of the atmosphere at the height of 
the trail formation. Depending on the path geometry, diff er-
ent ATCHs can be observed for meteoroids identical in all 
parameters. Knowing the height of the specular refl ection 
point and the velocity of the meteoroid, obtained as a result 
of measurements or prediction, opens up additional possi-
bilities for extracting information about the meteoroid and 
the geophysical parameters of the atmosphere. However, this 
problem cannot be solved using only statistical processing of 
the results of observations due to the uncontrollability of the 
initial data. Th erefore, prognostic models are necessary to 
determine the probability of the occurrence of meteor trails 
with a specular refl ection point (SRP) as well as radiophysi-
cal scattering models that adequately describe the ATCH of 
radio refl ections from meteor trails.

Th e radiophysical model of a meteor radio channel 
(MRCh) is based on the model of a time-varying meteor trail 
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and the solution of the diff raction problem of signal scattering for a given relative 
position of the transmitter, receiver, and ionized trail. It is almost impossible to 
formulate and solve the diff raction problem of radio wave scattering on a meteor 
trail for all phases of its development in a strict formulation, and it is problematic 
to obtain reliable empirical calculation formulas directly from the observation re-
sults since the initial data are unknown. In this regard, to construct a radiophysi-
cal model of signal scattering on a meteor trail, heuristic methods were employed 
to solve the diff raction problem. 

Th e availability of prognostic and radiophysical models makes it possible to 
choose the parameters of transceivers and the direction of orientation of antennas 
toward the zones of the most probable occurrence of meteor trails (“hot areas”), 
to reasonably use signal-code structures, and, ultimately, to set the topology of 
the meteor radio communication network and transmission protocols messages. 
Th e radiophysical model of the scattering of probing signals on the IMTr can 
be used to classify meteoroids, as well as to more reliably interpret the results of 
observations when studying the ionosphere in the meteor zone if the parameters 
of radio frequency equipment, the type of probing signals, and the geographical 
coordinates of transmission and reception points are known.

Th e complexity of constructing a suffi  ciently complete radiophysical mod-
el of MRCh is determined by the fact that astronomy, mathematics, meteoroid 
physics, geophysics, aerodynamics, radiophysics, plasma physics, spectroscopy, 
radar, radio engineering, and many other sciences are interconnected during its 
construction. Specialists in these fi elds of science oft en conduct research on me-
teor phenomena without necessary information from related fi elds, which some-
times leads to unfortunate misunderstanding.

Th e absence of a book refl ecting the current state of research in the fi eld of 
physics of meteor phenomena and transmission of information via meteor ra-
dio channels has prompted the authors to undertake the task of generalizing and 
system analysis of the known results and supplementing them with their own 
research. It should be noted that some problems that are essential for practice 
have not yet been resolved and require further research, and some solutions are 
approximate and need to be refi ned.

Th e history of the development of the science of meteors is not given in the 
monograph, since it is described in detail in the works of B. Lovell, T. Kaiser, 
E. Öpik, D. McKinley, B. Levin, V. Fedynsky, I. Astapovich, L. Katasev, P. Babadzha-
nov, V. Bronshten, B. Kashcheev, and other authors, where the respective bibliogra-
phy is also given. Th e methods of visual, telescopic, and photographic observations, 
which have been described in detail in many papers and are undoubtedly of great 
independent importance for studying the physical properties of meteoroids and the 
lower ionosphere, have not been discussed either. When used together, these meth-
ods can signifi cantly complement the data obtained by radio engineering methods.

In the fi rst section of the monograph, the fi elds of application of meteor radio 
channels for radio communication, synchronization of time scales, and geophysi-
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cal and astrophysical research are considered. Th e advantages and disadvantages of 
meteor radio communication systems (MRCS) are assessed. Data on the existing 
systems and networks of meteor radio communications for general and military 
purposes, as well as on the principles of constructing these systems, are presented.

In the second section, information from the fi eld of meteor astronomy is 
presented for readers who may not have relevant knowledge for understanding 
the material presented in the book. 

Th e coordinate systems used and the design ratios are given, which make it 
possible to transform the coordinates of meteoroid radiants from one coordinate 
system to another. Th e transition from the ecliptic geocentric system to the hori-
zontal system at a given date and time makes it possible to point the antennas at 
the true or apparent source of radiation, which may be the radiant of a meteor 
shower or a sporadic meteor complex (SMC). Th e implementation of the reverse 
transition provides the possibility of collecting data and mapping the density of 
the SMC radiant distribution during long-term observations.

Th e section then discusses the views of modern science on the origin of me-
teoroids and their genetic relationship with comets and asteroids, which allows 
making reasonable assumptions about the physicochemical properties of meteor-
oids that form an ionized trail.

Th e third section provides the technical characteristics and geographic 
location of specialized and multifunctional radar systems used in studying at-
mospheric physics, radiant mapping of sporadic meteor complexes and meteor 
showers, as well as in assessing the parameters of the orbits and velocity of me-
teoroids. Th is is necessary because when interpreting the results of observations, 
one should take into account the features of the systems through which the cor-
responding data were obtained.

Th e fourth section is devoted to the development of a physically and as-
tronomically substantiated parametric model of the SMC. Th e radiant density 
distribution map serves as the basis for developing a prognostic (probabilistic) 
model for the frequency of observation of ionized trails that takes into account 
the orbital motion and axial rotation of the Earth. With the coordinates of the 
points of transmission and reception and the time of observation, such a model 
makes it possible to predict the seasonal and diurnal variation in the frequency of 
occurrence of meteor trails with a specular refl ection point belonging to the main 
SMC sources and meteor showers.

Studying the main sources of SMC and meteor showers allows for reasonable 
assumptions about the genetic relationship between the meteoroid that generates an 
ionized trail and its parent body. As a result, assumptions about the physicochemi-
cal properties of the meteoroid can be made, which is of interest to both astrono-
mers and astrophysicists, as well as specialists in the fi eld of telecommunications. 

Reasonable assumptions about the source of the SMC or the radiant of the 
meteor shower can provide additional information when choosing the parame-
ters of the radiophysical model of signal scattering on the ionized meteoroid trail.
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Th e fi ft h section proposes a predictive model for the frequency of observa-
tions of IMTr belonging to the main SMC sources or meteor showers. Th is model 
opens up additional opportunities for extracting information about the meteo-
roid and geophysical parameters of the atmosphere in the case of the bistatic scat-
tering of a radio signal.

Given the observation time, zenith angle, and trail azimuth, this model can be 
used to determine the area where the specular refl ection of radio signals is observed 
with a given probability. Th is allows one to optimize the parameters of the transmit-
ting and receiving antennas and the protocol for transmitting information while 
ensuring the maximum throughput of meteor radio communication systems.

Th e calculation of the coordinates and height of the meteor trail SRP with 
a given radiant and entry point of the meteoroid into the meteor zone was per-
formed by analytical methods. Th is required solving a third-degree equation. 
When solving this equation, Vieta’s method was used.

Th e possibility of using the direction-fi nding-time radio method for measur-
ing the SRP height under bistatic scattering is shown. A simple and geometrically 
illustrative method is proposed for fi nding the SRP coordinates with an unknown 
radiant of the meteoroid that generated the trail.

Th e sixth section presents the physical theory of the formation and trans-
formation of an ionized meteoroid trail, which is the basis for creating a general-
ized model of radio signal scattering on the meteor trail during its formation and 
development.

An adequate physical model of the formation and transformation of the IMTr 
takes into account many factors that determine the characteristics of the trail over 
the interval of its observation. When constructing such a model, the main physi-
cal processes occurring during the interaction of a meteoroid with atoms and 
molecules of the atmosphere were taken into account-preheating, evaporation, 
and fragmentation of the meteoroid, as well as the formation of the ionized trail 
head in the thermalization interval and the trail expansion under the ambipolar 
diff usion. 

Th is model is based on the use of a two-dimensional axisymmetric trail 
electron density, which is determined by the linear electron density of the trail 
(LEDTr) created by the meteoroid. 

Th e model uses estimates of the ionization coeffi  cient, the initial radius of 
the meteor trail, and the ambipolar diff usion coeffi  cient. When calculating these 
parameters, the physicochemical properties of the meteoroid were taken into ac-
count, as well as the physicochemical characteristics of the atmosphere, which, in 
turn, depend on the height of the specular refl ection point, the time of year and 
day, the latitude of the observation site, and solar activity.

In seventh section, a radiophysical model of signal scattering on a meteor 
trail is proposed, which takes into account the presence of coherent and incohe-
rent components of the scattered signal and all phases of the trail transformation. 
Since it is practically impossible to solve such a problem in a strict formulation, 
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we employed a heuristic method which relies on physical optics approximations 
used to solve it. An analytical expression based on the use of the MRCh time 
scatter-function is obtained, which makes it possible to calculate the power of the 
scattered signal, estimate the lifetime of the meteor trail suitable for information 
transmission, and describe the features of the observed diff raction oscillations of 
the received signal amplitude. Th e scatter-function was obtained by numerical 
methods for the time-varying equivalent radius of the meteor trail.

Th e radiophysical scattering model provides the possibility of estimating the 
signal form at the receiver input at characteristic times and calculating the change 
in the average signal power over the trail observation interval. Th is made it pos-
sible to suggest such a type and parameters of the used radio signal that could be 
resistant to fading and provide an increase in the reliability of information trans-
mission over the meteor radio channel. Using the example of linear frequency 
modulated signals (LFMS or chirp signals), it is shown that the use of broadband 
signals with a large processing gain (“base” of signal) makes it possible to reduce 
the diff raction oscillations of the ATCH and provides an increase in the through-
put of the MRCh.

Numerical calculations performed using the heuristic model showed good 
agreement with the results of experimental observations of scattered signals over 
a time interval from 0 to 3 seconds. Outside this interval, the calculated values 
of the the scattered signal power somewhat exceed the observed values. Th e de-
crease in the signal level may be due to the interference caused by the meteoric 
body fragmentation and the additional infl uence of turbulent diff usion, which 
were not taken into account in the scattering model. Th e eff ects of recombination 
and attachment of free trail electrons, the infl uence of hyperthermal chemistry 
and ionic reactions with mesospheric ozone, as well as the possible infl uence of 
wind displacement were not taken into account. Th is indicates the need for fur-
ther improvement of the radiophysical model of signal scattering on meteor trails 
of various types.

Th e eighth section discusses classifi cation methods based on the use of arti-
fi cial neural networks (ANNs) and proposes a new approach to classifying mete-
oroids based on the use of model images of signals scattered on IMTr.

When using ANN, the main signs signifi cant for classifi cation are deter-
mined. Th e model image of the signal for the given meteoroid parameters and 
the atmosphere in the SRP was obtained using the radiophysical model of signal 
scattering and presented in the form of ATCH. It is indicated that when estimat-
ing the mass of a meteoroid, the main feature is the product of the amplitude and 
duration of the refl ection; the necessary additional data are the SRP height and 
the velocity and expected physicochemical characteristics of the meteoroid.

Th e possibility of predicting the type and characteristics of the meteor trail 
from measurements at the initial stage of its existence is estimated, which pro-
vides a fundamental possibility of choosing the transmission rate and protocol 
that maximize the throughput of the meteor radio channel. Th e possibility of us-

Golovan.indd   15Golovan.indd   15 30.10.2024   16:16:1630.10.2024   16:16:16



INTRODUCTION

ing early fast Doppler as one of the refl ection indicators with large amplitude and 
duration is considered as well.

In the ninth section, special attention is paid to the development of the 
concept and technology for building advanced meteor radio communication 
systems. Several methods are proposed aimed at increasing the throughput of 
the MRCS, reducing the connection waiting time, increasing the number of sub-
scribers served, and increasing the noise immunity and secrecy of the system. 
Th eir implementation is focused on the use of soft ware-controlled antennas, 
algorithms for adapting to changing operating conditions, and the use of SDR 
technology, which makes it possible to introduce new signal processing methods 
and information transfer protocols to unify and subsequently upgrade almost all 
MRCS elements without a signifi cant change in the circuit design.

Th e method for optimal reception and synchronization of signals used for 
large ensembles of signals with direct spread spectrum and based on matched 
fi ltering using the fast Fourier transform and narrowband interference rejection 
in the signal spectrum is described.

Various structures and operating principles of meteor radio communication 
networks depending on their purpose are considered. It is noted that it is pos-
sible to increase the effi  ciency of using meteor radio communication networks 
by linking base stations (BS) with satellite or other channels with a suffi  ciently 
high bandwidth. It is shown that in solving some problems, it may be expedient 
to use asymmetric MRCh. In this case, information from BS is transmitted using 
one type of signals, and when transmitting data from subscriber stations (SS) (or 
remote stations), signals of a diff erent type are used. Since the protocol for the ex-
change of information between SS and BS depends on the purpose of the MRCS, 
its detailed description is beyond the scope of this monograph.

References to the sources of information used are given for each section of 
the monograph in the order in which they were cited. At the end, there is a bibli-
ography of all sources of information in alphabetical order.

Th e authors hope that this book will be useful to diff erent categories of read-
ers: scientists and designers involved in meteor radio communications; geophysi-
cists studying the ionosphere in the meteor zone; astronomers looking for new 
relationships between meteoroids and their parent bodies; graduate students, 
university professors, and students of relevant specialties.

Th e authors will be glad to cooperate in the area of research under consider-
ation, as well as to receive constructive comments and suggestions on the content 
of the monograph. Please send comments and suggestions to the email address: 
holovan.helen@gmail.com.

If you believe this publication violates copyright, please contact us with de-
tails.We will immediately investigate your claim and take an appropriate action.
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APPLICATION AREA 
OF METEOR RADIO 
CHANNELS

SECTION 1

Th e meteor radio channel is a discontinuous channel with 
random parameters, such as the time and place of the appear-
ance of the meteor, the number of meteor radio refl ections, 
the duration of existence, and the electron density of the me-
teor trail.

Despite the discontinuity and relatively small average 
throughput (up to several kilobits per second), meteor radio 
communication (MRC) has a number of advantages that dis-
tinguish it from other traditional types of communication:

• Signifi cant range of the radio channel (up to 2000 km) 
and the absence of so-called “dead zones”, which allows cov-
ering large areas and puts meteor communication on a par 
with other “above-the-horizon” types of communication.

• Th e relatively small size of the meteor trail and the radio 
wave propagation make it possible to receive a signal from a 
specifi c meteor in a limited area, which, on the one hand, al-
lows simultaneously serving a large number of correspondents 
at the same operating frequency, and on the other hand, gives 
meteor radio communication systems an advantage in electro-
magnetic compatibility and secrecy of the operation.

• Relatively low energy costs during transmission 
through the meteor channel are due to the low noise level 
and low absorption in the ionosphere. Th is provides a reduc-
tion in hardware costs and provides small size and power 
consumption of communication equipment.

• Resistance to natural and artifi cial disturbances in the 
Earth’s atmosphere allows one to work in northern latitudes 
in conditions of ionospheric disturbances. Th is property is of 
particular interest in emergent and critical situations, when 
MRC systems may be the only ones capable of providing 
communication in a short time.

Meteor radio communication systems can be a low-cost 
alternative to satellite communication systems and are used:

• in the interests of the Ministry of Defense and diplo-
matic missions;
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• in environmental monitoring systems;
• for automatic monitoring of the state of extended, territorially dispersed 

technical systems, such as oil and gas pipelines, high-voltage power lines, main 
cables, etc.;

• to organize service communication between mobile objects;
• for communication in hard-to-reach and remote areas;
• in systems of automatic remote data collection for the benefi t of hydrome-

teorological services;
• in warning systems for emergency events and natural disasters;
• to dispatch control vehicles and collecting information about the location 

of moving objects (icebergs, buoys, etc.);
• to provide high-precision synchronization of spatially spaced time and fre-

quency standards;
• for geophysical research.

1.1. Overview of foreign meteor radio 
communication systems for general 
and military purposes

In the 1950s, MBS received considerable attention. It was 
considered an alternative to other long–distance communication methods: high-
frequency radio, microwave radio, and backbone cable lines. With the develop-
ment of satellite communications in the early 1960s, interest in MRS diminished. 
However, growing concern about the vulnerability of satellite communications 
and its low cost-eff ectiveness in transmitting information with low traffi  c made 
MBS an attractive alternative method for long-distance communication again 
(Allen, 1989; Weitzen1993; Jernovics, 1990). 

1.1.1. JANET meteor radio communication system

One of the fi rst, in 1952, the Canadian Defense Research 
Council established the MBS JANET system, which provided communication 
channels of 900 to 1200 km in length at an average data rate of 34 words per min-
ute (Forsyth, 1957).

Th e US National Bureau of Standards incorporated some of the techniques 
developed on the JANET system and conducted experiments over 628 and 1277 
km paths. Th ese experiments showed an average data rate of up to 30 bits per 
second with a system error rate of 3.5 × 10–3 per bit (Bartholome, 1968).

1.1.2. COMET operational military 
meteor radio system

In 1965, NATO’s Supreme Headquarters Allied Powers Eu-
rope (SHAPE) implemented the meteor communication system COMET (COm-
munication by MEteor Trails). Th is fi rst operational military MBC system oper-
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ated between stations in the Netherlands, France, Italy, West Germany, the United 
Kingdom, and Norway. Th e COMET system used a 2000 baud signaling rate and 
FSK with a 6 kHz deviation. It could maintain from two to eight 60-word-per-
minute teletype circuits and, ensure an average throughput of between 115 and 
310 bits per second, depending on the time of year. Hourly average data rates of 
150 bps have been achieved. Th e expediency of using MBC COMET in various 
conditions of application is shown.

1.1.3. SNOTEL meteor radio communication system

Th e fi rst civil system SNOTEL was built for the Department 
of Agriculture by the Western Union. It started operations in 1977 under the 
management of the Soil Conservation Service (SCS).

SNOTEL collects information on snowpack conditions in the Rocky Moun-
tains. Th e information is critical to water management planning in the West. Th e 
system covers eleven western states with 511 remote MBC stations.

Th e remote stations are located in harsh, inaccessible terrain. Th ey are un-
manned and solar-powered. Th e remote stations are controlled by two master 
stations located in Boise, Idaho, and Ogden, Utah. Th e master stations collect 
data from the remotes each morning when the meteor activity is the strongest. 
Each remote sends data collected over the previous 24 hours in a 200-bit message. 
Th e collection process averages 20 minutes for the entire system (Hellweg, 1987; 
Johnson, 1987).

1.1.4. AMBCS and USAF meteor radio systems

Several MBC systems are operating in Alaska; two of them 
are the Alaska Meteor Burst Communication System (AMBCS) and the USAF 
Alaska Air Command MBC system. 

Th e AMBCS, operating since 1977, is used by several government agencies. 
Th e Bureau of Land Management uses it to communicate with its survey teams 
operating in the Alaska wilderness. Th e SCS uses it for the same purposes as the 
SNOTEL system.

Th e Federal Aviation Administration (FAA) sends weather information over 
the AMBCS and employs it during search and rescue operations in remote areas 
(Hellweg, 1987).

Th e USAF system is used to provide backup connections among the Region-
al Operations Control Center (ROCC) located at the Elmendorf Air Base near 
Anchorage and 13 Long Range Radar (LRR) sites located throughout Alaska. It 
has demonstrated the ability to deliver enough data to display radar information 
in real time.

Th e USAF system includes a limited voice capability, allowing the ROCC to 
control interceptor aircraft  over the MBC system. Routine dialog between a con-
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troller at the ROCC and an intercept pilot is limited to a small set of commands. 
A voice synthesizer added to the aircraft  has a coded vocabulary large enough 
to handle most of these routine commands. When conducting an intercept, the 
controller types a command code into the MBC terminal, and the pilot hears the 
command in English. Th e pilot is limited to acknowledging receipt or non-receipt 
of the message (Heacock, 1984).

An example of a modern integrated MBC network is the North American 
Aerospace Defense Command (NORAD) network consisting of three master sta-
tions and 18 remote terminals. Th e network covers two-thirds of the U.S. and is 
managed by the USAF’s 25th Air Division. Headquartered at the United States 
Air Force Base McCord (Hoff , 1988).

Th e main purpose of the MBC network is the global control of strategic air 
transport aft er a nuclear strike (restoration of control).

Further development of US Air Force meteor communications is aimed at 
integrating these systems into a unifi ed meteor communication system that will 
cover all major operational centers.

1.1.5. The concept of constructing a meteor 
subsystem for the emergency service 

Th e US Federal Emergency Management Agency (FEMA) 
has developed a concept for the Meteor Burst Warning/Communications Sub-
system (MBWCS), which is an addition to the fi xed National Warning System 
(NAWAS). It includes 10 regional master station (MS) meteor terminals, meteor 
transceivers at Emergency Operations Centers (EOC) of the 48 contiguous coun-
tries, and warning receivers at 5,000 designated warning points (including 2,600 
NAWAS warning points) th roughout the Nation (Cohen, 1989).

Table 1.1. Th e main equipment characteristics for the NWC system 

Transmitters

Master stations — 10 
State EOCs — 48 (transceivers) 
Power —1 kW 
Modulation — Bi-phase shift  keyed (BPSK)
Directionality — omnidirectional point-to-point connections

Receivers 
At master stations sites — 2—4 (about 24 total)
State EOCs — 48 (transceivers)
At warning points — 5000 

Frequency range 
40—50 MHz (three frequencies for the system; each MS 
transmits at one and receives at two frequencies. Each EOC uses 
one transmit and one receive frequency)

Data Rate 4000 bps
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Coded warning messages from the National Warning Center (NWC) or 
an alternative NWC are acknowledged and broadcast to neighboring MS, state 
EOCs, and warning receivers. MBWCS also can provide two-way point-to-point 
communication between adjacent MS, as well as MS and state EOCs within de-
signated areas. Th e system is non-adaptive. Th e main characteristics of the equip-
ment for the NWC system in are presented in Table 1.1.

1.2. Meteor radio systems 
for time scales synchronization

Th e problem of high-precision synchronization of time sca- 
les is one of the actual problems of modern science and technology (Kascheev, 
1989; Antipov, 2006; Korneev, 2007; Koval, 2012). At present, systems for trans-
mitting time over long distances have already been created and are constantly 
being improved, providing measurements with an error not exceeding nanosec-
onds. Th ere are three main methods for nanosecond synchronization of time 
scales (Antipov, 2006):

• Passive satellite methods (GPS, GLONASS — accuracy 10—40 ns, GPS 
Common View — accuracy 1—10 ns).

• Active methods using geostationary satellites (accuracy 1—5 ns).
• Phase meteor synchronization systems (accuracy 0.3—0.9 ns), which are at 

the stage of further technological development.
Th e meteor method of transmitting time stamps uses the counter transmis-

sion of interrogation and response radio signals in a channel with a high degree of 
reciprocity of propagation conditions. Th e measurements are organized in such 
a way that the request signal is tied to the time scale, and the response signal car-
ries information about the scale shift . Th e currently available theoretical estimates 
and experimental results show that the meteor radio channel is very promi sing 
for synchronization. Th is is because the potential accuracy of single measure-
ments of the time discrepancy in the meteor radio channel is fractions of a nano-
second, and these measurements do not require time to accumulate results, as, 
for example, in the case of GPS/GLONASS. Th is modern method, which uses 
measurements of the phase of the carrier oscillations in the GPS, is similar to the 
meteor time transfer system but so far it is at the stage of technological develop-
ment and has not been presented in commercial operation.

Th e main diffi  culties in using the meteor channel are related to the unequal 
accuracy and non–uniformity of measurements. Whereas the technology of the 
measurements themselves is suffi  ciently developed, the problem of controlling 
the time scale in the absence of measurements, which is relevant for the meteor 
radio channel, has not been considered so far. Th erefore, work in the fi eld of opti-
mizing the use of uneven and unequal meteor radio measurements for real–time 
scale control needs further developed.
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1.3. Ionospheric research based 
on radiolocation of meteor trails

Th e most important problems in the physics of the iono-
sphere include theoretical and experimental studies of motions in the high lay-
ers of the atmosphere, which occupy a large place in international programs of 
geophysical and space research. Knowledge of the parameters of the velocity fi eld 
of macroscopic motions of both the neutral and ionized components of the iono-
spheric plasma is necessary for constructing models of the upper atmosphere, 
understanding the physical nature of the interaction of various atmospheric lay-
ers, and solving several applied problems.

A signifi cant part of the experimental data on motions in the ionosphere was 
obtained by a meteor trail radar using the method of diversity radio reception 
in vertical and oblique sounding. Th e method is based on the study of scattering 
processes on meteor trails. Th e speed of movement and lifetime of irregularities 
at these heights are mainly related to the processes of dissipation and transfer, 
which makes it possible to estimate the wind speed and temperature gradients, 
as well as turbulence and ozone concentration in the meteor zone at diff erent 
latitudes and diff erent times of the year and day (Arnold, 2003; Hocking, 2011; 
Hocking, 2001; Hocking, 1997; Hocking, 1987; Hajduk, 1999; Jones, 1990; Fukao, 
2003; Kawamura, 2007; Kascheev, 2000; Portnyagin, 1978; Fedynsky, 1972; Bel-
don, 2008; Ye, 2017; Sukara, 2013; Younger, 2014).

1.4. Astrophysical research based 
on radiolocation of meteor trails

Astrophysics studies the origin (cosmogony), structure, 
chemical composition, physical properties, and evolution of individual celestial 
bodies and systems up to the Universe as a whole (cosmology). Unlike physics, 
which is based on experiments associated with given conditions for the occur-
rence of a phenomenon, astrophysics is based mainly on observations. At the 
same time, the researcher cannot infl uence the course of the physical process but 
has the opportunity to observe it on many celestial objects under various condi-
tions. Ultimately, this turns out to be no less informative than a physical experi-
ment and oft en leads to the discovery of new physical laws.

Observation data on small celestial bodies (meteoroids) based on the radio-
location of meteor trails make it possible to obtain information on the genetic 
relation of meteor showers and sporadic meteoroids to the parent body (comet or 
asteroid), their chemical composition, mineralogical and bulk density, which is 
necessary for the development of the theory of origin and evolution of meteoric 
matter (Babadzhanov, 1991; Obrubov, 1991).

In this case, continuous measurements of the parameters of the orbits of 
meteoroids entering the Earth’s atmosphere are performed. Mapping of a spo-
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radic meteor complex (measurement of radiant distribution density) and meteor 
showers, as well as the measurement of meteoroid orbital parameters and veloc-
ity, makes it possible to predict the level and duration of the signal refl ected from 
the meteor trail and optimize the construction of meteor radio communication 
systems (McKinley, 1961; Voloshchuk, 2011; Kharchenko, 2011; Holovan, 2020a; 
Holovan, 2020b).

Th is information can also be used to assess the risks of collisions between 
small celestial bodies and space vehicles in near and deep space.

1.5. Conclusions

Meteor radio communication systems can be an alternative 
to satellite and shortwave radio communication systems. Th ey can be used in the 
interests of the Ministry of Defense of Ukraine, diplomatic missions, and for or-
ganizing radio communications in areas of natural disasters, as well as in hard—
to—reach and remote areas.

Since MBSs have a relatively low cost, small dimensions, and power con-
sumption, it is advisable to use them in transmission systems where the informa-
tion delivery time is not critical:

• in environmental monitoring systems;
• in systems for monitoring the state of extended, territorially dispersed 

technical systems, such as oil and gas pipelines, high-voltage power lines, main 
cables, etc.;

• in systems of automatic remote data collection for the benefi t of hydrome-
teorological services;

• in service communication between mobile objects in areas with low infor-
mation infrastructure;

• in dispatching control vehicles and collecting information about the loca-
tion of moving objects (icebergs, buoys, etc.).

Th e possibility of using MRCS to provide high-precision synchronization of 
spatially spaced time and frequency standards is shown.

Th e use of MRS opens up new opportunities for ionospheric, geophysical, 
and astrophysical research.
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COORDINATE 
SYSTEMS USED AND BASIC 
ASTRONOMIC TERMS

SECTION 2

For readers who do not have the appropriate professional 
training, the section presents some information сoncerning 
the fi eld of meteor astronomy, necessary for understanding 
the essence of the materials presented in the book. Coordi-
nate systems and astronomical quantities characterizing the 
orbits of celestial bodies are given in (Zharov, 2006; Abalakin, 
1979; Blazhko 1954; Kulikov, 1976; Green, 1985).

Celestial coordinate systems are spherical and used in as-
tronomy to describe the position of luminaries in the sky or 
points on an imaginary sphere. Th ey diff er from each other 
in the choice of the main plane and the origin. Depending 
on the problem being solved, the corresponding coordinate 
system or a set of coordinate systems can be used. Th e most 
commonly used are horizontal, equatorial, and ecliptic coor-
dinate systems. Th e expediency of using the apex system of 
spherical coordinates for studying the distribution density of 
radiants of celestial bodies is shown. Th e Galactic coordinate 
system, which is used in the study of the problem of hyper-
bolic orbits of small celestial bodies, is briefl y described.

2.1. Horizontal coordinate system

Th e horizontal (“alt-azimuth”) coordinate system is used by 
an observer located in a certain place on the Earth’s surface to 
directly determine the positions of luminaries on the celestial 
sphere using goniometric instruments mounted on an azi-
muthal installation or oriented relative to terrestrial objects, 
the azimuth of which is considered known. During measure-
ments, the observation time should be fi xed and corrected to 
take into account refraction in the atmosphere.

In the horizontal coordinate system, the main plane is 
the plane of the mathematical horizon. Th e direction on the 
object is determined relative to two mutually perpendicular 
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2.2. First equatorial coordinate system

planes: the plane of the mathematical horizon and the plane of the celestial me-
ridian, which, when intersecting with the celestial sphere, form large circles.

Th e object position is given by two coordinates — the zenith distance z (or 
the height  h  = 90° −  z) and azimuth A. Th e zenith distance is the vertical arc 
from the zenith to the luminary, which corresponds to angle βz. Th e height of the 
luminary 0 is the arc of the vertical from the horizon to the luminary. Th e zenith 
distances vary within 0° < z < 180°, and the heights for northern hemisphere 
stars vary within 0° < h < +90° and −90° < h < 0° for southern hemisphere stars. 
Azimuth A (the arc of the mathematical horizon SC’) determines the position 
of the star’s vertical relative to the plane of the celestial meridian at the moment 
of observation (Fig. 2.1). It corresponds to the azimuth angle αs. Th e astronomi-
cal azimuth is measured from the south point S to the intersection of the star’s 
vertical with the mathematical horizon and increases to the west from 0 to 360°, 
whereas in geodesy and navigation from the north point to the east. Th erefore, 
before using the azimuth, one need to clarify in which system it is indicated. In 
the horizontal coordinate system, due to the daily rotation of the celestial sphere, 
both coordinates of the luminary participating in the daily movement change 
continuously, that is, they depend on time. Th erefore, any measurement of the 
horizontal coordinates of a luminary must be accompanied by the fi xation of the 
moment at which these coordinates are obtained.

2.2. First equatorial coordinate system

Th e fi rst equatorial system (declination and hour angle) is 
used primarily in determining the exact time — one of the main tasks of practical 
astronomy. In this system (Figure 2.2), the main plane is the plane of the celestial 
equator QC’Q’, which is perpendicular to the axis of the World. 

Fig. 2.1. Horizontal coordinate system
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Th e great circle arc passing through the luminary determines the circle of 
declination. Declination δ of an astronomical object is the circle arc of declina-
tion from the equator to the luminary, which characterizes the angular distance 
of the luminary from the celestial equator. Th e declination from the plane of the 
celestial equator is counted and varies in the direction of the north pole within 0° 
< δ < 90°, and in the direction of the south pole within −90° < δ < 0°. For astro-
nomical objects located near the pole, instead of declination, the polar distance 
is used – the arc of the circle of declination from the north pole to the luminary. 
Th e polar distances vary within 0° < p < 180°.

Th e hourly angle t is the dihedral angle between the plane of the circle of dec-
lination and the plane of the celestial meridian, which passes through the zenith, 
the north celestial pole, the nadir, and the south celestial pole. It corresponds to 
the angle QOC’ in the plane of the equator, which determines the angle of rota-
tion of the circle of declination relative to the plane of the celestial meridian. Th e 
hour angle is measured from the equator point Q to the west (clockwise) from 0 
to 360° in degrees or from 0 to 24 h in hours (360° corresponds to 24 h, 1 h — 15°, 
1 min —15', 1 s — 15"). In the fi rst equatorial coordinate system, the declinations 
of the luminaries remain constant if their proper motions are not taken into ac-
count, while their hour angles continuously change.

2.3. Second equatorial coordinate system

Th e second equatorial system is the main one in solving 
problems of fundamental astrometry. In this system, lists of star positions (star 
catalogs), star charts, etc. are compiled.

Fig. 2.2. Th e fi rst equatorial coordinate system
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2.3. Second equatorial coordinate system

Th is system (Fig. 2.3) was introduced to determine the coordinates of the 
Sun in such a way that, over long time intervals, they do not depend on the daily 
rotation of the Earth. Th e declination of a luminary δ satisfi es this condition, but 
the hour angle t does not correspond to it. To introduce a second constant co-
ordinate, it is necessary to associate the position of the circle of declination with 
such a plane that, together with all the luminaries, participates in the visible daily 
movement. Th en, the angle between the circle of the star declination 0 and this 
plane will be constant.

On the celestial sphere, the circle passing through the vernal equinox Υ, 
which lies in the plane of the celestial equator on the line of its intersection with 
the orbit plane, was taken as the initial circle of declinations. Th e center of the 
solar disk passes this point on the day of the vernal equinox.

Right ascension α is counted in the direction opposite to the daily rotation of 
the celestial sphere (counterclockwise) from 0 to 360° or from 0 to 24 hours . It re-
tains its value, since star hour angles and vernal equinox points change at the same 
rate due to the daily rotation of the Earth. From the defi nition of right ascension, 
the equality of sidereal time and the hour angle of the vernal equinox follows.

Sidereal time S cannot be determined directly from observations, but at any 
particular moment, it can be represented as the sum of the hour angle and the 
star’s right ascension.

At the moment when the vernal equinox passes the celestial meridian over 
the south point, its hour angle is equal to zero, hence S = 0h0m. Th is moment is 
taken as the moment of the beginning of the sidereal day on the given meridian. 
In addition, when an arbitrary luminary passes the celestial meridian over the 
south point, its hour angle is also equal to zero, therefore S = αc is the sidereal time 
at the moment of the upper climax of the celestial C on this meridian. Recall that 
the climax in astronomy is the moment of passage of the star through the celestial 
meridian in the process of its daily movement. During the day, all the luminar-
ies cross the celestial meridian twice. Th ere are upper and lower climaxes of the 

Fig. 2.3. Th e second equatorial coordinate 
system: angle QOC’ — hour angle of star С; 
angle QOΥ — hour angle of the vernal equi-
nox point; angle ΥOC’ — right ascension 
of the luminary; α — the arc of the equator 
from the point of the vernal equinox to the 
point of intersection of the equator with the 
circle of the star declination
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luminary. In the upper climax, the height of the luminary is the greatest, and in 
the lower — the smallest.

When determining the point of the vernal equinox, one can take into account 
the precession of the earth’s axis and nutation (small oscillations of the earth’s axis 
superimposed on the precessional movement) in diff erent ways, or not take it into 
account at all. Depending on this, true, quasi-true, and mean sidereal times are 
distinguished. In the fi rst case, the true point of the vernal equinox Υtrue, which 
has precessional and nutational motion, is considered. It shift s in the plane of the 
ecliptic at a velocity of 50. 25" per year due to the general precession in longitude 
and simultaneously fl uctuates periodically due to nutation. In the second case, 
quasi-true sidereal time, its short-period part, is excluded from nutation, and, 
fi nally, the exclusion of all nutation gives the point spring equinox Υmean, which 
determines the mean sidereal time.

Th us, there are distinguished :
• Local true sidereal time (Local Apparent Sidereal Time, LAST) — the hour 

angle of the true point of the vernal equinox Υtrue at the given site (for the local 
meridian).

• Greenwich true sidereal time (Greenwich Apparent Sidereal Time, 
GAST) — the hour angle of the true point of the vernal equinox Υtrue on the 
Greenwich meridian.

• Local mean sidereal time (LMST) — the hour angle of the midpoint of the 
vernal equinox Υmean.

• Greenwich Mean Sidereal Time (GMST) — the hour angle of the average 
position of the vernal equinox Υmean on the Greenwich meridian.

2.4. Ecliptic coordinate system

When studying the motion of the bodies of the solar system, it 
is more convenient to use not the equatorial but rather the ecliptic coordinate sys-
tem. Th e basis for constructing the latter is the equations of celestial mecha nics that 
describe the movement of the Earth and other objects of the solar system in orbits 
around the Sun. Th e middle plane of the Earth’s orbit is called the ecliptic plane. 
According to the International Earth Rotation and Reference Systems Service stan-
dards, this is the plane that is perpendicular to the orbital angular momentum vector.

For an observer, the actual movement of the Earth in orbit leads to the ap-
parent movement of the Sun. Th us, the apparent annual movement of the Sun is a 
refl ection of the movement of the Earth around the Sun during the year. Th e great 
circle formed by the intersection of the celestial sphere with a plane passing through 
its center parallel to the plane of the Earth’s orbit is commonly called the ecliptic.

In astrometry, several ecliptic coordinate systems are used:
• Th e ecliptic heliocentric coordinate system, which is used primarily in 

theo retical astronomy when determining the orbits of celestial bodies — planets, 
comets, asteroids, meteoroids, etc.
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2.3. Second equatorial coordinate system

• Th e ecliptic geocentric coordinate system, which is used to display the po-
sition of celestial bodies and radiants of sporadic meteoroids and meteor showers 
in catalogs and on star maps. It is also used to determine the starting point of 
time reference in the second equatorial and geocentric coordinate systems.

Fig. 2.4 shows the ecliptic heliocentric and ecliptic geocentric coordinate sys-
tems. Th e axis of the Earth’s rotation is oriented at an angle of 90°-ε, where ε is the 
angle of inclination of the ecliptic plane to the plane of the celestial equator. Con-
sidering the Earth’s orbital movement (Fig. 2.4a), one can see that at certain times 

Fig. 2.4. Ecliptic heliocentric (a) and ecliptic geocentric (b) coordinate systems: 1 — point of the 
vernal equinox; 3 — point of the autumn equinox; 2 — point of the summer solstice (maximum 
day length for the northern latitude); 4 — point of the winter solstice (minimum day length for 
the northern latitude)
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(positions 1 and 3 in Fig. 2.4a), 
the axis of rotation of the Earth is 
perpendicular to the Sun rays, the 
terminator (light-dividing line) 
passes at such moments through 
the geographic poles, and there is 
observed an equinox — the day is 
equal to the night at all latitudes.

For an observer located on the 
Earth’s surface, the movement of the 
Sun occurs along the ecliptic (Fig. 
2.4b). As a starting point of time 
reference in the second equatorial 
and geocentric coordinate systems, 
the moment is chosen when during 

the equinox period, the Sun passes from the southern hemisphere of the celestial 
sphere to the northern one. Th is point of intersection Υ is called the vernal equinox. 
Th e opposite point of the celestial sphere is called the autumnal equinox.

At the beginning of our era, the vernal equinox was in the constellation Ar-
ies, from which it received its designation (Υ), and the autumn equinox was in 
the constellation Libra (♎). Since then, point Υ has moved to the constellation 
Pisces, and point ♎has moved to the constellation Virgo, but their designations 
have remained the same.

Without taking into account disturbing factors aff ecting the position of the 
plane of the Earth’s orbit and short-period oscillations (nutation) of the Earth’s 
rotation axis, we can assume that the ecliptic plane is inclined to the plane of the 
celestial equator at an angle

         ε = 23°26'21.448" – 46.8150" t – 0.00059" t² + 0.001813" t³,         (2.1)
where t is the number of Julian centuries since January 1, 2000. Th is formula 
is valid for the coming centuries. In meteor measurements, one can quite oft en 
restrict oneself to the value ε  =  23°26'21.448" (for trigonometric calculations, 
ε = 23.439281°).

Th e ecliptic geocentric system of celestial coordinates is based on the vernal 
equinox and the ecliptic — the line of intersection of the plane of the Earth’s orbit 
with the celestial sphere. Th e main axis in this coordinate system is normal to the 
plane of the Earth’s orbit (straight line EN ES in Fig. 2.5).

Th e perpendicular to the ecliptic plane intersects the celestial sphere at two 
points – the poles of the ecliptic. Th e north ecliptic pole EN in the present era 
has equatorial coordinates α = 18h 0m 0.0s (exact value), δ = +66°33'38.55" and 
is located in the constellation Draco. Th e south ecliptic pole ES is in the constel-
lation Dorado and has equatorial coordinates α = 6h 0m 0.0s (exact value), δ = 
= –66°33'38.55".

Fig. 2.5. Ecliptic geocentric coordinate system
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2.5. Galactic coordinate system

Th e ecliptic coordinates are similar to the corresponding equatorial coordi-
nates of the second type. Th e determining factors are the ecliptic (astronomical) 
latitude β and ecliptic longitude λ. A large circle drawn through the luminary C 
and the ecliptic poles EN and ES is called the circle of ecliptic latitudes. Ecliptic 
latitudes are measured from 0 to +90° to the north pole (EN) and from 0 to –90° 
to the south ecliptic pole (ES).

Ecliptic latitude determines the position of the luminary on the circle of lati-
tude. Th e position of the circle of latitude itself is determined by another coordi-
nate – the ecliptic longitude λ, which is measured from the vernal equinox Υ in 
the direction of the apparent annual movement of the Sun along the ecliptic, i.e. 
from west to east, and can take values from 0 to 360°. With the daily rotation of 
the celestial sphere, ecliptic latitudes and longitudes do not change.

2.5. Galactic coordinate system

Th e problem of studying the complex of highly eccentric 
orbits of meteoroids of the Solar System, observed instrumentally, is connected 
with the Solar System. Nevertheless, the solar system is not closed, and there is 
a fundamental possibility of astronomical objects from other parts of our gal-
axy falling into their limits. Th e hyperbolic heliocentric velocity of meteoroids 
is related to their geocentric velocity; therefore, the possibility of registering 
the hyperbolic orbits of meteoroids is limited by large errors in measuring their 
observed velo city. Th ere is not a single suffi  ciently accurately measured orbit 
not only of meteoroids but also of larger small bodies (asteroids and comets), 
reliably classifi ed as uniquely hyperbolic, but search in this direction continues. 
In this regard, we present some data on the Galactic coordinate system used in 
stellar dynamics.

In the Galactic coordinate system, the main plane is the plane of symmetry 
of our Galaxy (the Milky Way), which is classifi ed as a spiral galaxy, and the main 
axis is normal to it, crossing the celestial sphere at points called galactic poles.

Th e Sun is located on the periphery of the Galaxy (at a distance of about 
28,000 light-years from its center) and is one of the stars that make up its disk. 
It moves at a speed of approximately 230 km/s in the direction of the constella-
tion Cygnus. Th is movement is explained by the rotation of the galactic disk. Th e 
Sun makes a complete revolution around the center of the Galaxy in a period 
of ~2.5 ∙ 108 years . In this case, the movement relative to the nearest stars (the 
main movement of the Sun) occurs at a speed of ~15.5 km/s.

A simplifi ed scheme for constructing the Galactic coordinate system is shown 
in Fig. 2.6 [https://en.wikipedia.org/wiki/Galactic_coordinate_system]

Th e position of the main plane of the Galactic coordinate system — the Ga-
lactic equator, is set relative to the second equatorial system. As a result of pro-
cessing data from the HIPPARCOS project, the following coordinates of the north 
galactic pole (located on the same side of the galactic plane as the celestial North 
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Pole) in the second equatorial system 
for the J2000.0 epoch were accepted: 
α = 192°.85948; δ = 27°.12825.

Galactic coordinates are similar to 
equatorial and ecliptic ones. In this case, 
one coordinate is the galactic latitude b, 
and the other is the galactic longitude l 
(see Fig. 2.7).

Th e galactic latitude b of a lumi-
nary is the circle arc of galactic latitude 
from the ecliptic to the luminary, or the 
angle between the plane of the galactic 
equator and the direction to the lumi-
nary. Galactic latitudes are measured 

from 0 to +90° to the north galactic pole and from 0 to −90° to the south ga-
lactic pole. Th e galactic longitude l of the luminary is the galactic equator arc 
from the reference point C to the circle of the luminary’s galactic latitude, or the 
angle between the direction to the reference point C and the plane of the circle 
of the galactic latitude of the luminary. Galactic longitude counted clockwise 
when viewed from the north galactic pole, that is, east of the reference point C, 
ranging from 0 to 360°.

Fig. 2.6. Simplifi ed scheme for constructing 
the Galactic coordinate system

Fig. 2.7. Galactic coordinate system combined with the equatorial coor-
dinate system of the second type
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2.6. Ecliptic geocentric c oordinate system centered on the Sun

Previously, galactic longitudes l0 were counted from the ascending node ♌, 
that is, the intersection point of the galactic and celestial equators, the right as-
cension of which was ~18h40m. 

Since 1971, a new system of galactic coordinates has been adopted. In it, lon-
gitude is measured not from the ascending node but from the CG point (Fig. 2.7). 
Th is point is l

♌
 = 32°. 93192 (at epoch J2000.0) to the west of the ascending node 

and is close to the direction to the galactic center but does not coincide with it, 
since the latter, due to the slight displacement of the solar system above the plane 
of the galactic disk, lies approximately 1° south of the galactic equator. Th erefore, 
the galactic longitude l in the new system and the longitude l

♌
 in the old frame of 

reference are related by a simple relationship

          l = l0+ l
♌

 = l0 +32°,93192 .             (2.2)

If, in this case, it turns out that l > 360, 360° should be subtracted from the ob-
tained value of l.

Formulas for the transition from the second equatorial coordinate system to 
the galactic one and vice versa are derived using known methods (Zharov, 2006).

2.6. Ecliptic geocentric c oordinate 
system centered on the Sun

When the Earth moves along the ecliptic, according to the 
results of radar and optical measurements, the geocentric ecliptic latitude and 
longitude (λ and β) of radiants and other parameters of meteoroids are calculated. 
Aft er obtaining raw results, it is possible to correct them by taking into account 
the zenithal attraction, diurnal aberration, and the acceleration of gravity at the 
latitude of the observation site.

Obviously, the measurement results depend not only on the local time of ob-
servation but also on the date (date, month, and year) of observation, i.e., on the 
position of the Earth in the ecliptic heliocentric coordinate system.

Th e ecliptic geocentric coordinate system makes it possible to fi x the distri-
bution density of radiants and other parameters of meteoroids over a given time 
interval (during a year, several years, or within a month ). Th ese results may vary. 
More informative are the results obtained for a given month. Th ey make it pos-
sible to estimate not only the distribution of the radiant density in the geocentric 
coordinate system but also to make reasonable assumptions about the origin of 
the observed meteoroids and their relationship with meteor showers. Th e most 
informative would be data on the distribution of radiant density for a given day 
of the year, but this statistics collecting is problematic.

Th e Earth rotation around the Sun leads to the fact that the maximum val-
ue of the zenith angle of radiants of sporadic sources changes during the year. 
Th e Earth rotation around its own axis also leads to the fact that the zenith 
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angle and azimuth of these sporadic 
sources change during the year and 
day. In this regard, the quantity of 
meteoroids that form a specular re-
fl ection point varies depending on 
sources within radio visibility and 
their location relative to the radio 
link (geometric factor). Th erefore, 
the motion of the Earth around the 
Sun and around its own axis will 
cause both a seasonal change in the 
total daily meteor count rates and 
a diurnal variation in the meteor 
count rates.

To unify the representation of the distribution of radiants, an ecliptic geocen-
tric coordinate system centered relative to the Sun is used (Fig. 2.8). In this case, 
the solar longitude (λ0) for a given epoch measured relative to the vernal equinox 
is subtracted from the longitude of the ecliptic, and the apex coordinates become 
equal to 270° (Campbell-Brown, 2008). Th e latter is not mandatory, and some re-
searchers associate zero longitude with the apex (Younger, 2009; Kascheev, 1982).

To change from a Sun-centered to an ecliptic geocentric coordinate system, 
one should add the calculated value of λ0 and, if the result is more than 360°, 
subtract 360°.

2.7. Converting data from 
one coordinate system to another

Th e coordinate’s transformation from one coordinate system 
to another for celestial bodies or apparent sources (radiants) of sporadic meteor-
oids is performed to solve the following problems:

1. Star maps based on the results of astronomical observations and measure-
ments. In this case, data transformations are performed sequentially: from the 
horizontal coordinate system to the equatorial one and then from the equatorial 
to the ecliptic geocentric coordinate system.

2. To determine the coordinates of a luminary or radiant, the position of 
which is given in the ecliptic geocentric coordinate system. Th e coordinates must 
be determined for a specifi c date and time and for an observation point with 
given geographic coordinates. Th is is necessary for pointing telescopes at the lu-
minaries or optimizing the pointing of antenna patterns to areas of the celestial 
sphere, where the appearance of meteor trails with a specular refl ection point is 
most likely. In this case, data transformations are performed sequentially: from 
the ecliptic geocentric coordinate system to the equatorial one, and then from the 
equatorial to the horizontal coordinate system.

Fig. 2.8. Apex plane of the ecliptic geocentric 
coordinate system centered relative to the Sun
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2.7. Converting data from one coordinate system to another

2.7.1. Converting data from horizontal 
to equatorial coordinates and vice versa

Th e horizontal coordinate system is used in the collection of 
data on the radiants of sporadic sources and meteor showers in radar and optical 
measurements to determine and display the body position on the celestial sphere. 
Here, it is necessary to fi x the geographical coordinates of the observation point 
(the diff erence between geographical, geocentric, and topocentric coordinates is in-
signifi cant when measuring radiants), as well as the date and time of observations.

Th e measurement result looks like this:
• geographic coordinates of the observation site (latitude φ and longitude λ);
• date of observation (year, month, day);
• local mean solar observation time Тm (hours, minutes, seconds), which is 

related to the coordinated universal time Т0 (UTS) by the simple relation Тm = Т0+
+ λh, where λh is the longitude of the observation site, in hours;

• zenith distance z (or height h = 90° − z) of the luminary (radiant) above the 
horizon;

• azimuth A of the radiant.
To present the results of measurements (mapping) of radiants and other pa-

rameters of meteoroids obtained over long observation intervals at observation 
sites with diff erent geographical coordinates, the second equatorial coordinate 
system is used. In this system, the infl uence of the Earth’s daily rotation is exclud-
ed by introducing a reference point that participates in the visible daily move-
ment along with all the luminaries. As such a point, the vernal equinox Υmean is 
used, which determines the local mean sidereal time (LMST), which provides 
suffi  cient accuracy for radiant measurements (without taking into account the 
infl uence of precession and nutation) (see subsection 2.1.3). In this case, the dif-
ference between true and mean sidereal time will not exceed 0.9 s. If necessary, 
for the transition to the Greenwich true sidereal time (Strue), it is necessary to take 
into account the correction for nutation (Na) in right ascension at epoch t and 
perform calculation by the formula Strue = Sp + Na. Sidereal time at midnight on 
the Greenwich meridian is denoted by S0. Th e Astronomical Yearbook contains S0 
values for each day of the year.

Th e transition from the horizontal coordinate system to the second equato-
rial one and the inverse transformation are illustrated in Figure 2.9. Th is was per-
formed using the known relations (Zharov, 2006; Abalakin, 1979; Blazhko 1954; 
Kulikov, 1976; Green, 1985):

               sin δ = sin h sin φ – cos h cos A cos φ,          (2.3а)
            cos h cos A = cos δ cos t sin φ – sin δ cos φ,                       (2.3b)
                           cos δ sin t = cos h sin A,           (2.3c)
                 sin h = sin δ sin φ + cos δ cos t cos φ,           (2.3d)
            cos h cos A = cos δ cos t sin φ – sin δ cos φ,                        (2.3f)
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Fig. 2.9. Transition from the horizontal coordinate system to the second equatorial and inverse 
transformation

where φ is the latitude of the point of observation, and the hourly angle of the 
star t is related to the local sidereal time s (time on the meridian of the point of 
observation) by the relation 

t = s – α.

If instead of the luminary (radiant) height h above the horizon, the zenith 
distance z is used, then based on the relationship h = 90◦ − z, instead of (2.3a – 
2.3f), we obtain

                            sin δ = cos z sin φ – sin z cos φ cos A,          (2.4a)
                        cos δ cos t = cos z cos φ + sin z cos A sin φ,        (2.4b)
                                         cos δ sin t = sin z sin A,          (2.4c)
                              cos z = sin δ sin φ + cos δ cos t cos φ,         (2.4d)
                         sin z cos A = cos δ cos t sin φ – sin δ cos φ.                       (2.4f)

Formula (2.4a) allows us to calculate δ, (2.4b) and (2.4f) allow us to deter-
mine t and α = s – t.

To determine the right ascension α at the found t, it is necessary to calculate 
sidereal time s on the meridian of the observation site from the date and time of 
observation. It is convenient to represent it using Greenwich true (Strue) or mean 
(Smean = S0) sidereal time measured relative to the Greenwich meridian and given 
in the Astronomical Yearbooks for each day of the year.
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Greenwich mean sidereal time S0 (midnight time on the Greenwich meri-
dian) for any date can be found using the formulas:

in hours (minutes, seconds)
            S0 = 6h41m50s,54841 + 236s,555367908 × d + 86400s ×M + 
                                + 0s,093104 × τ2 – 6s,2 × 10–6 × τ3;         (2.5а)
in degrees
            S0 = 100°,460618374 + 0°,9856473662 × d + 360o × M +
                      + 3°,879333 × 10–4 × τ2 – 2°,583 × 10–8 × τ3;        (2.5б)
in radians
S0 = 1,7533685592 + 0,0172027918051 × d + 6,2831853072 × M + 
                    + 6,7707139 × 10–6 × τ2 – 4,50876 × 10–10 × τ3,         (2.5в)

where h is the hour, m is the minute, s is the second, and d is the time interval 
from epoch T0 to epoch t (number of days elapsed from epoch 2000, Jan. 1, to 
GMT midnight of the date in question) in mean solar days calculated from the 
formula

                          d = JD – 2451543.5 = MJD – 51543.0;           (2.6)
JD (Julian Date) — the number of days that have passed since noon GMT on 
January 1, 4713 BCE; MJD (Modifi ed Julian Date); М — universal time UT1 of 
the date under consideration, expressed in fractions of a day; τ — time interval 
from epoch Т0 to epoch t in Julian centuries of 36525 mean solar days calculated 
by the formula τ = d/36525. 

You can calculate the JDN Julian date integer value directly from the calendar 
date as follows (Schlyter, 2013):

    

                   
 
 

367

97
12 275 1 730530,

4 9
JDN Y

MY
M D       (2.7)

where Y is the year (4 digits), M is the month (1, 2, ... 12), D is the day (1, 2, ... 
31), and the parentheses indicate an integer operation (i.e., division remainders 
are discarded).

                   
24,0

,
24 1440 86400

UT
JD JDN JDN

h m s
           (2.8)

where UT — universal time expressed in hours, h — hours, m — minutes, s — seconds. 
Th e above formulas (2.7) and (2.8) provide acceptable accuracy from March 

1900 to February 2100. 
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Sidereal time s used in astronomical observations is related to universal tim  e 
UT by the relationship: 

    s = S0 + UT + λ + c,            (2.9)

where S0 is the sidereal time at Greenwich midnight; λ is the longitude of the ob-
servation point expressed in units of time (λ > 0 for east longitude and λ < 0 for 
west longitude); c = 9.86UT (UT expressed in fractions of an hour) is the correc-
tion in seconds (usually not exceeding 240 seconds).

When calculating sidereal time and hour angle, it should be taken into ac-
count that time in any system must take values from 0 to 24h. Otherwise, it is 
necessary to subtract n ∙ 24h from the result obtained, where n is chosen such that 
it provides the specifi ed condition. 

To calculate horizontal coordinates based on given equatorial coordinates, 
the following working formulas can be used

         

2
.

,

cos sin sin cos cos cos ,

cos cos sin sin coscos
1 cos

t s a

z t

tA
z

   

   

 

    

   


                             (2.10)

In this case, the initial data for the calculation are:
1. date — XXXX year, XX month, XX day;
2. standard time Md — XX hours, XX minutes, XX seconds of a point with 

longitude λ;
3. time zone P; 
4. λ — longitude of the observation place;
5. φ — latitude of the observation place;
6. α — right ascension;
7. δ — declination.
It should be noted that when calculating time and hour angle, their values in 

any system are in the range from 0 to 24h. To calculate trigonometric functions, 
the hour angle must be converted to degrees, according to the formula t0 = 15th. 
All calculations are performed with an accuracy of 10–8. 

Th e procedure for calculating the zenith angle z and azimuth A is as follows: 
1. Based on the date, calculate JD and mean sidereal time (S0) in hourly mea-

sure at midnight on the Greenwich meridian. Th e S0 value can be taken from the 
Astronomical Almanac for a given date. 

2. Сalculate the universal time on the mean Greenwich meridian UT1 ≈ Md − P. 
3. Based on S0, UT1, and λ, calculate the mean sidereal time at the observa-

tion site s = S0 + UT1 + λ. 
4. Determine the hour angle t = s – α. 
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5. Perform the calculation by the formulas:

2

cos sin sin cos cos cos ,
cos cos sin sin coscos .

1 cos

z t
tA

z

   
   

    
   




6. Find the taget values of z and A

Arccos(cos ); Arccos(cos ).z z A A 

7. Since the azimuth A of the radiant (luminary) can be in the range from 
00 to 3600, determine the quadrant in which its true value is located. Calculation 
control can be performed based on the sine theorem, using the expression cos δ 
sin t = sin z sin A. In this case, the equality sin z / sin t = cos δ / sin A must match 
up to 7 signifi cant digits.

To quickly convert equatorial coordinates into horizontal ones, instead of 
calculating by the above formulas, one can use WEB-calculators in the online 
mode (for example,”Universal coordinates transformer” [http://astro. prao. ru/
utilities/utilcoor. html])

2.7.2. Converting data from equatorial to ecliptic 
geocentric coordinate system and vice versa

Observation data obtained at a given point over time in the horizontal co-
ordinate system are used in the second equatorial system to compile star cata-
logs, star maps, and the distribution of radiant densities of meteor showers and 
a sporadic meteor complex (SMC). Th e ecliptic geocentric coordinate system is 
used to represent the results of measurements of the coordinates of true or ap-
parent sources of radiation obtained 
over long observation intervals. Th ese 
sources can be celestial bodies and 
radiants of meteor showers or a spo-
radic meteor complex.

Recalculation of the ecliptic geo-
centric coordinates λ and β into equa-
torial coordinates α and δ, followed 
by transformation into horizontal co-
ordinates (see Section 2.7.1), makes it 
possible to point antennas at a given 
radiation source.

Fig. 2.10 presents the ecliptic geo-
centric coordinate system combined 
with the second equatorial coordinate 
system. Th e formulas for transition 

Fig. 2.10. Ecliptic geocentric coordinate sys-
tem, combined with the second equatorial co-
ordinate system (Zharov, 2006)
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from the latter to the former are derived from the spherical triangle formed by 
the World Pole (PN), Ecliptic Pole (EN), and Luminary (C) (Zharov, 2006).

To calculate the ecliptic latitude β and longitude λ from angle ε, right ascen-
sion α, and declination δ, the following formulas are used: 

          sin( ) sin( ) cos( ) cos( ) sin( ) sin( ),                (2.11a)

                            cos( ) cos( ) cos( ) / cos( ),             (2.11b)
       cos( ) sin( ) sin( ) sin( ) cos( ) cos( ) sin( ).                  (2.11c)

Th e calculation order is as follows:
1. Determine sin(β) by formula (2.11a).
2. Calculate angle β using the inverse trigonometric function Arcsin (β), 
3. Calculate 2cos( ) 1 sin .  
4. Find cos (λ) by formula (2.11b). 
5. Calculate angle λ using the inverse trigonometric function Arccos (λ). 
6. Based on (2.11b) and (2.11c), determine the quadrant in which angle λ is 

located and, if necessary, correct its value.
To move from the ecliptic coordinate system to the second equatorial coor-

dinate system, formulas similar to (2.11) and the corresponding calculation order 
are used:

       
sin( ) sin( )sin( )cos( ) cos( )sin( ),

cos( )cos( ) cos( )cos( ),
cos( )sin( ) cos( )sin( )cos( ) sin( )sin( ).

     
   

      

 


 
                  (2.12)

To quickly convert ecliptic coordinates to equatorial (or vice versa), in-
stead of calculating by the above formulas, WEB-calculators can be used in the 
“on-line” mode (for example, “Universal coordinates transformer” [http://astro.
prao.ru/utilities/utilcoor .html])

If the Sun-centered ecliptic geocentric coordinate system is used, then before 
performing the conversion to the equatorial coordinate system, it is necessary to 
add the Sun longitude to the centered longitude. Th e Sun longitude is calculated 
using the known formula 

      L 1,915 sin 0,020 sin2 ,S q q                (2.13)

where the mean longitude of the Sun at epoch J2000, corrected for light aberra-
tion, is

            L 280,460 0,9856474 ,d                                    (2.14)
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solar mean anomaly
               q 357,528 0,9856003 ,d             (2.15)

d is the number of days that have passed from the J2000 epoch to the Greenwich 
midnight of the date under consideration, calculated by formulas (2.6)—(2.8).

If the calculated value of λS exceeds 360º, it is necessary to subtract m ∙ 360º 
from the result obtained, where m is the integer part of λS / 360º.

2.8. Conclusions

Th e systems of astronomical coordinates and the given cal-
culation ratios make it possible to carry out the necessary transformations of the 
coordinates of meteoroid radiants.

Th e transition from the horizontal coordinate system to the second equatorial 
coordinate system with the subsequent transition to the ecliptic geocentric coordi-
nate system provides the possibility of collecting data and mapping the density of 
the SMC radiant distribution together with the results of studying the frequency of 
occurrence of meteor trails at certain heights and at certain velocities.

Th e reverse transformation allows for calculation of the radiant coordinates 
needed to go from the ecliptic geocentric system to the horizontal system at a 
given date and time. Th is makes it possible to point antennas at the true or ap-
parent source of radiation, which may be the radiant of a meteor shower or the 
region of a sporadic meteor complex. 
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RADAR SYSTEMS 
FOR RESEARCH OF SPORADIC 
METEOROID COMPLEX 
AND STREAM METEOROIDS

Radar measurements of radiants and orbital parameters of 
observed sporadic and shower meteoroids, as well as their ve-
locities and masses, make it possible to predict the frequency 
of occurrence of meteor trails with a specular refl ection point 
and electron density suffi  cient to transmit information dur-
ing the year and day for a given geographical area. In this 
case, various methods of measuring and processing the re-
sults of direct observations (“raw” data) are used.

Th e interpretation of the observation results makes it 
possible to predict the origin and, on this basis, the physico-
chemical properties of meteoroids. Th is provides additional 
data required for constructing a meteor trail radiophysical 
model that could be used both for classifying meteor trails 
and for optimizing the main parameters of the meteor radio 
communication network and its adaptation algorithms.

Since various radar systems are used to measure the main 
parameters of meteoroids, in order to interpret the results of 
observations, it is necessary to take into account the features 
of the systems through which these results were obtained. In 
this regard, below are some of the technical characteristics 
and geographical position of the radars, the observational 
data of which were used in the study of atmospheric physics, 
radiant mapping of a sporadic meteor complex and meteor 
showers, as well as in estimating the parameters of the orbits 
and velocity of meteoroids.

Th e review of radar systems provides an opportunity to 
gain knowledge related to the research of the sporadic meteor 
complex, providing a basis for analyzing the observation re-
sults, as well as creating one’s methods and tools for obtaining 
radar data and algorithms for their processing.

Th e objects of radar observations are refl ections from 
ionized meteoroids trails (IMTs) and head echoes of meteor-
oids. To obtain the necessary information, methods of specu-
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lar refl ection and incoherent scattering on plasma inhomogeneities (inhomoge-
neities of the permittivity) are used along with interference, correlation, Doppler, 
and combined methods for data processing.

Typically, radar complexes are multifunctional and focused mainly on the 
study of the mesosphere, stratosphere, and troposphere of the Earth but they also 
provide the opportunity for astronomical research. In some cases, the main tasks 
set in developing and producing radars are their portability and relatively low 
cost. An example is the Australian interferometric all-sky meteor radar SKiYMET 
(SKiYMET-All-Sky Interferometric Meteor Radar) jointly developed by Mardoc 
Inc. and Genesis Soft ware Pty. Ltd., which is designed to measure the parameters of 
meteoroids entering the Earth’s atmosphere and study the atmosphere.

In connection with the above, the following types of radar structures can be 
distinguished:

• multifunctional multi-position incoherent scatter High Power Large Aper-
ture (HPLA) radars designed to study both local and global characteristics of the 
Earth’s ionosphere, as well as to observe astronomical objects (including mapping 
of sporadic meteor complexes, study of meteor showers, and measurement of 
orbit parameters and meteoroid velocities);

• mesospheric-stratospheric-tropospheric (MST) and stratospheric-tropo-
spheric (ST) radars designed mainly to study the processes that determine the 
global dynamics of the Earth’s atmosphere (atmospheric and ionospheric studies 
of wind and temperature fi elds, turbulence, ambipolar diff usion, generation and 
propagation of acoustic gravity waves, etc.), but, like High Power (HP) radars, it 
makes it possible to determine the meteoroid parameters;

• All-Sky small-sized meteor radars developed by SKiYMET technology that 
do not require constant maintenance and provide continuous measurement of 
the parameters of meteoroids entering the Earth’s atmosphere, as well as studies 
of the Earth’s atmosphere.

Th e incoherent scattering method is the most informative radiophysical 
method for studying the ionosphere. It allows one to simultaneously determine a 
large number of parameters of the ionospheric plasma in a wide range of heights 
such as electron density, electron and ion temperatures, ion composition, plasma 
drift  velocity, etc. HP radars are actively used in studies of coherent echoes (radio 
aurora) - signals scattered by inhomogeneities of the E layer stretched along the 
the magnetic fi eld lines. Th e technical characteristics of HP radars make it pos-
sible to measure the parameters of astronomical objects with high accuracy and 
estimate the infl ux of meteor matter to the Earth.

Despite the large amount and value of data obtained by HP radars, the wide-
spread use of the HP method is limited due to the high cost of installing and 
operating radars. Th ere are only 9—10 observatories in the world equipped with 
HP radars, and each of them is individual in terms of its technical parameters 
and design features related to the direction of research. Th e geographic location 
of HP radars is also of great importance. To study the global latitudinal depen-
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dences of the ionospheric parameters, the American HP latitudinal radar chain 
was built including Jicamarca (Peru), Arecibo (Puerto Rico), Millston Hill (USA), 
and Sanderström (Greenland). To study the polar ionosphere, HP radars were 
also placed in Scandinavia (Sweden, Norway, Finland) and on about. Spitsbergen 
(Svalbard). Of great importance are simultaneous, coordinated measurements 
using all HP radars under the international program Incoherent Scatter Coordi-
nated Observation Day and other joint programs.

Note that the technical characteristics of the IS radar make it possible to 
implement almost all methods for processing refl ected signals used in MST ra-
dars such as interference, correlation, Doppler, and combined techniques (Med-
vedev, 2014).

A feature of the technical implementation of the IS radar is that due to the 
rotation of the wave polarization plane in the ionospheric plasma associated with 
the Faraday eff ect, to prevent the radar signal fading, orthogonal receiving an-
tennas are used, or they emit and receive radio waves with circular polarization. 
Signifi cant attenuation of signals during incoherent scattering determines the use 
of high-power transmitters (P ~ 1 MW) and a large–aperture antenna complex 
(S ~ 3,1000 m2...100,000 m2) in IS radars.

When mapping a sporadic meteor complex (measuring the radiant distribu-
tion density), as well as measuring the parameters of orbits and the velocity of 
meteoroids, the HP radars use appropriate operating modes and measurement 
methods.

MST radars, in terms of construction principles and methods for process-
ing refl ected signals, are similar to HP radars and diff er from them (and among 
themselves) in technical capabilities, methods for measuring the studied param-
eters, and features of antenna systems (Hocking, 1997).

Modern developments of complex multifunctional radar complexes for geo-
physical and astronomical research are based on the use of technologies and soft -
ware that were used for HP and MST radars. Examples are the HP-MST radar 
PANSY in Antarctica (Sato, 2014), the multifunctional radar EISCAT-3D (Kero, 
2019; McCrea, 2015), and the advanced HP-MST radar, which is being developed 
by the Radiotechnical Institute named aft er Academician A.L. Mintz (RTI) in 
Russia (Potekhin, 2016).

3.1. SKIYMET Interferometric Radars

Th e class of interferometric radars operating on the “all-sky” 
technology includes SKiYMET radars, which are a joint development product of 
Mardoc Inc. and Genesis Soft ware Pty. Ltd. Australia.

Th e goals of building the SKiYMET radar were multiple. Th e idea was to de-
velop a compact multi-purpose system that could receive radar data at the highest 
possible speed in real time and simultaneously perform many diff erent analyses 
to interpret the results of observations. An important requirement was also the 

Golovan.indd   44Golovan.indd   44 30.10.2024   16:16:2030.10.2024   16:16:20



45

3.1. SKIYMET Interferometric Radars

ability to work continuously and without constant monitoring, which could make 
it possible to register and process more than 20,000 meteor trails per day. Many 
of the scientifi c aspects, including radar design and antenna placement, the de-
velopment of universal interferometric and Doppler methods of radar measure-
ments, and methods for analyzing the results obtained, were developed by Mar-
doc Inc., while Genesis Ltd was involved in the development of electronic control 
systems for data collection, storage, and transmission. An essential feature of the 
development is the use of new algorithms for the selection and analysis of meteor 
trails, which allow for real-time selection of lightning discharges, impulse radio 
interference, auroral echoes, etc., which previously took hours or days in the case 
of large data sets.

Th e system was designed in such a way that new methods for analyzing the 
signals refl ected from the meteor trail could be used with minimal eff ort. Th e use 
of a multitasking UNIX operating system installed on a personal computer made 
it possible to implement rather complex algorithms for processing multichannel 
radar information in real time and to repeatedly transfer data to memory. Th e 
storage of the results of “online” analysis and raw data associated with any events 
is provided along with the possibility of transfer them to the user via the Internet 
for further detailed analysis.

Th e radar system is easily confi gured to communicate through any available 
TCP/IP network point or modem, thus allowing remote control of the radar, and 
a facility to automatically transfer acquired data to remote hosts.

Th e SKiYMET hardware consists of two main components: an antenna sys-
tem with feeders and a radar system including a transmit path and 5 receive paths 
(according to the number of antennas) (Webster, 1998).

Th e antenna system typically consists of a three-element transmit Yagi an-
tenna and fi ve two-element Yagis for the receive paths, which are lightweight, 
compact, and can be assembled quickly and easily at the radar site. Th e antenna 
fi eld usually requires an area of less than 2000 m².

Th e diagram of the antenna system is shown in Fig. 3.1a, where fi ve receiving 
antennas are arranged in the form of an asymmetric cross with arms of 2 or 2.5 
wavelengths long.

Th e location of the transmitter antenna is not critical, although it should not 
be too close to any of the receivers. Fig. 1b shows the appearance of the transmit-
ting antenna of the SKiYMET radar as an example.

For phase alignment, each receiving antenna is connected to a separate re-
ceiver with cables of the same length (typically ~70 m). Th e location of the trans-
mitter antenna is not critical and may be in any convenient place. Receiving an-
tennas must be installed strictly in a horizontal plane. 

Two compact cabinets contain the remaining elements of the SKiYMET ra-
dar system — the RF components and the control and data processing system. 
Th ey include:

1.  A transmitter having (typically) six 1 kW solid-state modules.
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2.  Radar Data Acquisition System (RDAS) containing fi ve identical receivers, 
each connected to a separate antenna, which in turn is connected to the received 
signal digitization system.

3.  “Frequency Synthesizer Unit” (FSU), which provides diff erent reference 
frequencies for the transmitter and receivers and the ability to tune the radar op-
erating frequency the range of 20—50 MHz.

4.  A control and self-diagnostics system based on a personal computer, inter-
acted with the FreeBSD UNIX operating system, which provides storage of “raw” 
data and processed observation results on a hard disk (for 1 second before the 
appearance of a meteoroid and 3 seconds aft er that ).

5.  Real-time clock with GPS-synchronization, providing the system time re-
quired for the time reference of meteor events with millisecond accuracy to the 
selected time scale.

A simplifi ed block diagram of the SKiYMET radar and its soft ware is shown 
in Fig. 3.2.Th e main technical characteristics of SKiYMET radars are given in 
Table 3.1 (Webster, 1998; Hocking, 1998; Hocking, 2000; Hocking, 2001; Brown, 
1995; Brown, 1998).

Th e main parameters displayed when using SKiYMET radars are:
1.  Echo detection date relative to Coordinated Universal Time (UTC).
2.  Detection time in UTC (millisecond precision).
3.  Distance range of the detected echo (in km).
4.  Height of the detected echo above the Earth’s surface, including correc-

tion for the curvature of the Earth’s surface.
5.  Observed radial drift  velocity of the meteor trail.
6.  Error related to the radial velocity of the meteoroid (observations with an 

error exceeding the set value are rejected).

Fig. 3.1. SKiYMET radar antenna array (a); transmitting three-element cross-polarized Yagi 
antenna (b) (Foto Ding Tao, Andenes, Norway, June 21, 2009)
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Fig. 3.2. Simplifi ed block diagram of the SKiYMET radar and its soft ware

7. Zenith angle of the meteoroid (specular refl ection points) (in degrees).
8. Azimuth angle of the meteoroid (in degrees).
9. Th e number of possible locations (ranges) that an observed echo can have 

(in the presence of measurement ambiguity).
10.  Decay time (half-life) of the meteor trail (in seconds).
11.  Velocity of meteoroid entry into the Earth’s atmosphere ( available in less 

than 5% of the observed number of trails).
Th e method used was discussed in detail in the article (Hocking, 2000).
Attention should be paid to some features of the SKiYMET radar:
1. Data analysis occurs simultaneously with data collection and system 

management, and the graphical data is automatically updated in real time as 
results are obtained. Th e display mode can be changed using the graphical in-
terface so that various statistics could be displayed along with current trends in 
the data.

2. Th e radar system can be confi gured to communicate via any available net-
work point or a TCP/IP modem, allowing remote control of the radar and auto-
matic transmission of received and stored data to remote hosts.

3. It is impossible to determine the radiant of any single meteoroid using a 
SKiYMET radar, however, it is possible to determine the distribution of radiants 
when many meteoroids have a common origin.
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4. Th e SKiYMET radar is unique as such that fully uses the backscatter Fres-
nel diff raction pattern to determine the meteoroid entry velocity, but only ~5% 
of the observed underdense meteor trails can be used for that. Velocity detection 
is fully automated but it is problematic to estimate the velocity of meteoroids that 
create overdense trails. At the same time, to determine meteor shower orbits, 
it is necessary to compare information on entry velocities and radiants, which 
complicates the establishment of a relationship between meteoroids and parent 
bodies. Th e method used is discussed in detail in (Hocking, 2000).

Table 3.1. Main technical characteristics of SKiYMET radars

Parameter Value

Radar location coordinates Esrange (67.88°N, 21.10°E)
Ascension Island (7.9°S, 14.4°E)
Rothera (66.6°S, 68.1°E)
Buckland Park (34.6°S, 138.5°E)
ALOMAR (69.3°N, 16.0°E)

Operating frequency, MHz 20—60 (31—32,55 MHz for meteor 
measurements)

Transmitter peak power (depends on the 
number of modules used), kW

6 and more (Buckland Park — 7,5 kW)

Transmitting antenna type  Th ree-element Yagi antenna
Selectable receiver gain, dB  Up to 122
Waveform of the emitted uncoded pulse  Rectangular; trapezoidal; Gaussian
Encoded pulse type Barker code or 4-bit complementary code
Pulse repetition frequency (PRF), selected 
depending on the measured parameter, Hz

60 — 20000 (for measuring velocity — 
2144 Hz)

Pulse length * (selectable), km 0.1—9 (typical ~2 km)
Type of receiving antenna system 5-C hannel interferometer with 2-element 

cross–polarized Yagi antennas
Bandwidth of the receiving path (selectable), 
kHz

18—400 (typical 25, 50, 125, and 250)

Duty Cycle of emitted signal, %  Determined by the product of pulse width 
and repetition rate (typical 15%)

Maximum Duty Cycle for Uncoded Pulse, % 5
Maximum Duty Cycle for Encoded Pulse, % 8.3
Number of coherent accumulations (selec-
table)

2—16 (typical 2—4)

Range of measured refl ection heights from 
the ionized meteor trail, km 78—120

Angular resolution, degrees 2

* Th e length of the pulse is determined by the product of the pulse duration and the speed 
of light.
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5. To convert the intensity of meteor echoes into parameters such as particle 
mass, it is necessary to use the received signal amplitude and known transmitted 
power, antenna gains, received path gain, range estimation, and attenuation in 
the atmosphere (taking into account the zenith angle and azimuth). Examples 
of such transformations can be found in a number of publications (Brown, 1995; 
Brown, 1998; Hocking, 1998) and references given there. Th e SKiYMET soft ware 
does not directly perform such transformations but provides all the information 
necessary for that.

As an example, Figure 3.3 shows the graphical user interface of the SKiYMET 
radar (SKiYMET, Pty Ltd).

Th is user interface shows a “screenshot” of the REV (Raw Event) display pro-
gram, which automatically detects new meteor event data and updates the con-
tents accordingly. Th e fi ve diagrams on the left  show the magnitude and phase 
recorded by the fi ve receiving channels 1 second before the meteoroid echo and 
3 seconds aft er that (red magnitude and blue phase). Th e chart on the top right 
shows the average value for the left  channels. Th e phase information contained 
in the 5 cross-correlation functions provides the data needed to determine the 
azimuth and zenith angle of the meteor echo.

Th e all-sky technology is widely used as an addition to standard MST radars. 
Examples are Davis Radar, Jicamarca Radar (Peru), National MCT Radar (India), 
MU Radar (Japan), Resolute Bay Modular Mobile Radar, and others.

Fig. 3.3. Graphical user interface of the SKiYMET radar
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3.2. Mesospheric-stratospheric-tropospheric 
radars

Mesospheric-stratospheric-tropospheric (MST) radars are 
designed for atmospheric studies of wind and temperature fi elds, turbulence, the 
processes of generation and propagation of acoustic gravity waves, and, as a re-
sult, the global dynamics of the Earth’s atmosphere as a whole. Th e altitude range 
of the radar operation covers altitudes from 0.3 to 25…28 km and from 50 to 
140 km. Some measurements are carried out with the combined use of MST and 
SKiYMET radars (Barabash 2004). A number of incoherent scatter (HP) radars 
occasionally operate in the MST mode.

 Lot of works (Hocking, 2011) is directed to the development of methods and 
means of measurement, as well as to the analysis of data obtained with the help 
of MST radars.

MST radars are complex and expensive systems with high energy potential 
(power ~1 MW, antenna gain >30 dB), high sensitivity, modern control and data 
processing systems (Chilson, 1999).

Th e main elements of the radar are transmitting and receiving phased an-
tenna arrays, which are complex systems of dipoles covering an area of several 
thousand square meters.

Table 3.2. Main technical characteristics of MST radars

Parameter Value

Operating frequency, MHz 40—60
Operating frequency tuning step, kHz 50
Maximum pulse power, kW 250—1000
Output power adjustment depth, dB 20
Average power, kW 6—10
Probing pulse duration, μs 1—50
Duration adjustment step, μs 0.5 
Random pulse repetition interval, μs 20—700
Types of transmitted signals Periodic sequence of single radio pulses, a 

periodic sequence of bursts of radio pulses 
modulated by the Barker or Golay code

Envelope form of radio pulses  Rectangular, gaussian
Antenna system aperture, m2 3600
Antenna pattern width at half power, degrees 1—6
Number of beam positions for antenna pattern 1—5
Range of measured refl ection heights, km  0.5—140
Height resolution, m 150—450
Range of measured wind speeds, m/s –50…+50
Range of measured wind directions, degrees 0…360
Time to obtain a wind speed profi le, min 5
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Th e radar transmitter is a distributed power amplifi cation complex, con-
sisting of a large number of low-power amplifi ers that emit signals through 
their antenna system elements. In each of the power amplifi ers, power and 
phase adjustments are made to phase the total radiated signal. Th e transmitter 
includes a frequency synthesizer that provides the choice of the optimal signal 
frequency in a wide range. Th e modulator provides the possibility of generating 
single radio pulses and coded signal sequences (in this case, the choice of the 
pulse form is possible). Th e main technical characteristics of MST radars are 
given in Table 3.2.

At fi rst, simple (non-coded) probing pulses were used to provide the re-
quired range resolution. However, their duration did not allow for obtaining 
suffi  ciently accurate estimates of the spectral characteristics of incoherently 
scattered signals. Long pulses give a good spectral representation, but they do 
not allow for obtaining high spatial resolution and are currently used only for 
measurements in the F region of the ionosphere. Correlation measurements, 
in which coded signals were used, turned out to be more eff ective. Th is type 
of measurement became the main one, and to improve it, various schemes of 
modulation and signal processing were developed to provide high resolution 
over the entire height range and measurement effi  ciency. Modern techniques 

Fig. 3.4. MST radars ESRAD (a), MU (b), 
and the radar at Davis station in Antarc-
tica (c)
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based on complex radiation and signal processing schemes make it possible to 
obtain a suffi  ciently high resolution and accuracy, as well as to optimize mea-
surement modes when solving various problems. 

As an example, here are some characteristics of the MST radars ESRAD 
(Sweden), MU (Japan), and the MST radar at Davis Station in Antarctica (Aus-
tralia). Th eir photographs are shown in Fig. 3.4. For meteor measurements, 
these radars are complemented with interferometric all-sky radars similar to 
SKiYMET radars.

3.2.1. MST Radar ESRAD

Th e ESRAD MST radar is a radar complex located in the 
north of Sweden at Esrang (67.88°N, 21.10°E), near Kiruna (Chilson, 1999). Its 
operation began in July 1996 and went through several stages of modernization. 
Th e purpose of the radar was to provide information about the dynamic state of 
the atmosphere - winds, waves, turbulence, and stratifi cation of the ionosphere, 
from the troposphere to the mesopause.

Th e transmitter and receiver hardware was designed and manufactured un-
der contract with Atmospheric Radar Systems Pty Ltd (ATRAD) in Adelaide, 
Australia. In 2004 and again in December 2015, the ESRAD radar was upgraded 
under contract with Genesis Soft ware Pty, Australia.

In the initial version, the antenna array contained 12 × 12 elements. Each 
element consisted of 5 Yagi antennas, each about 6 meters high and 3 meters 
across. Th e antennas are spaced about 4 m apart (corresponding to 0.7 of the ra-
dar wavelength). At 4 central unfi lled positions in the array, there is an observa-
tion post containing transmitters, receivers, and a control computer. Each group 
of 4 nearest adjacent antennas is separately connected to the control system. 
Th is made it possible to use a large number of diff erent antenna confi gurations, 
and perform phasing to control the beam in the zenith direction. In 2004, the 
array was expanded to 16 × 18 fi ve-element Yagi antennas and the phase cont-
rol option was removed. Th e width of the main lobe of the radiation pattern at 
half the antenna power was about 5°. In 2015, at a distance of about 30 m from 
the southeast corner of the main array, a small array was built with the ability 
to receive refl ected signals. Th is made it possible to carry out measurements 
at the lowest altitudes, starting from about 0.5 km and using only a part of the
 main array. Th e main technical characteristics of the ESRAD MCT radar are 
given in Table 3.3.

Th e transmitter consists of 72 solid-state modules with a power of 1 kW each, 
connected to 12 power supplies with a power of 6 kW. Th e radar emits sounding 
pulses vertically using the entire main antenna array. For reception, the array is 
divided into 12 segments (6 segments until December 2015), each connected to 
a separate receiver. In addition, three remote receivers have been installed (since 
December 2015). Th e receivers provide separate processing of in-phase and 
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quadrature signal components. Th is allows for control of the beam aft er object 
detection and complete spectral analysis of the refl ected signal.

Th e main soft ware for radar control and data collection in various modes, 
as the original soft ware for analyzing the received data, works in real-time. Th e 
radar operates continuously, switching modes optimized for measurements in the 
troposphere, stratosphere, or mesosphere. A typical measurement cycle is 1—2 
minutes in each mode, repeating every 2—3 minutes.

Table 3.3. Main technical characteristics of the ESRAD MCT radar

Parameter Value

Radar location coordinates  67.9°N, 21°E 
operating frequency, MHz 40—60
Operating frequency tuning step, kHz 50

Antenna
quantity of antennas 140
distance between antennas, λ 0.7 λ
antenna area, m2 ~2000 (45 × 45 m)
beam rotation angle, degrees 7, 14, 20°, ? (in directions N, S, E, W)
product of average power and aperture, W∙m2 7 × 106

Transmitter
peak power, kW 72
duty Cycle, % 5
pulse repetition frequency (PRF), Hz 100—16000 
pulse length (selectable), μs                                1—50
envelope form of radio pulses Rectangular, gaussian
types of transmitted signals Uncoded and coded
coding Complementary Galley code (2, 4, 8, 10, 

16, 32, and 64 bits); Barker code (7, 11, and 
13 bits)

product of average power and antenna aperture, 
W ∙ m2

7 × 106

Receiving path
confi guration 6 separate receivers
sample interval, ms 1—20
main selection fi lter band, kHz 250, 500, 1000, 2000

Digital processing
range of measured heights, km 0. 5—140
height resolution, m 150—450
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3.2.2. Middle and upper atmosphere radar

Th e middle and upper atmosphere radar (Middle and Up-
per atmosphere) of Kyoto University ( Fig. 3.4b), located in Shigaraki (Japan), 
is used in both MST and incoherent scatter modes to study the dynamics of 
the mesosphere and lower thermosphere, as well as the dynamics of the lower 
atmosphere and ionosphere. For this, a circular antenna array is used to emit a 
probing signal that ensures the formation of a radiation pattern of 3.6 degrees 
at half power.

In meteor mode, to increase the number of observed refl ections from meteor 
trails, the transmit antenna pattern is converted in such a way as to provide maxi-
mum radiation at zenith angles of 30—40° with a circular pattern in the azimuth 

Table 3.4. Main technical characteristics of MU radar

Parameter Value

MU radar coordinates 34, 85°N and 136.10°E
Central operating frequency, MHz 46.5
Bandwidth of operating frequencies, MHz 1.65 
Possible number of frequencies      5
Transmitter peak power, kW 1000
Average transmitter power, kW    50
Duty сycle, %     5
Power distribution 5 separate transmit/receive modules located 

along the perimeter of the antenna 
Antenna array confi guration Circular antenna array with a diameter of 

103 m (Aperture 8332.3 m2)
Elements of the antenna array 475 cross-polarized Yagi antennas
Antenna array gain, dB 34
Beam width of antenna array, degrees 3.6
Beam width of single antenna group, degrees 16 
 Duration of emitted pulse, μs 0.4—65 
Interpulse period, ms 3.12 
Pulse coding Uncoded; 13-bit Barker code; 32-bit code se-

quence
Receiver bandwidth, MHz Up to 3.5 (167 kHz in Barker code mode)
Range resolution, m 150
Maximum number of ranges by distance 128
Altitude resolution, km     1
Range of measured heights, km 73—127
Meteoroid radiant localization accuracy, de-
grees

1

Meteoroid radial velocity measurement accu-
racy, m/s

10—20
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plane. With this, at altitudes from 75 to 100 km, horizontal wind speed and the 
altitude dependence of the meteor trail ambipolar diff usion coeffi  cient are mea-
sured with a height resolution of 1 km.

Due to its high versatility of the MU radar, the use of multi-channel analog 
and digital signal processing, and channel synchronization by GPS, it is success-
fully used to determine the trajectories and velocities of meteoroids. In surveil-
lance mode, the MU radar can process about 10,000 meteor trail returns per day.

Th e main technical characteristics of the MU radar for meteor measurements 
are presented in Table 3.4.

Th e antenna confi guration used for meteor observations is presented in 
(Nakamura, 1991). Th ree antennas form an equilateral triangle with a base of 
0.697λ, and the fourth antenna is approximately 2λ apart. Th en, to improve the 
accuracy of measurements, the base distances of the antennas were increased 
(Nakamura, 1997).

Meteor observations have been regularly made since 2009. Th ey are per-
formed using an upgraded 25-channel digital receiver system and a new head 
echo observation mode that allows optimizing the determination of the interfero-
metric position of the target and the control of the receiver beam (Kero, 2012).

Th e location of the meteor target is determined for each received radar pulse 
and is used to convert the accurately measured radial velocity component into 
meteoroid velocity. Th is transformation gives accurate localization of the radi-
ant and meteoroid velocity, but depends on a correct estimate of the trajectory 
from the lateral motion of the target. Th e latter is never as accurate as the radial 
(direct) velocity component. Usually, meteoroid radiants can be measured with 
an accuracy of 1°, but errors in radiant measurements lead to greater uncertainty 
in estimating meteoroid velocities. Th is is due to an error in calculating the angle 
between the meteoroid trajectory and the radar beam.

3.2.3. Davis MST radar 

Th e Davis MST radar was installed in 2003 at Davis Station 
(68.6°S, 78.0°E), Antarctica. Although its main purpose was to observe the sum-
mer echoes of the polar mesosphere, additional transmitting and receiving an-
tennas were installed to perform large-scale interferometric meteor observations 
using the all-sky technology. To avoid communication with the main array anten-
nas, they were located outside the main array. Th e transmitting antenna is located 
at a distance of about 40 m from the main array, and the nearest receiving antenna 
is located at a distance of about 20 m from the main array. Meteor receiving an-
tennas are located along two perpendicular branches at intervals of 2 and 2.5λ, 
which provides an unambiguous estimate of the meteoroid arrival angle while 
minimizing the mutual coupling between the antennas (Webster, 1998).

To weaken the infl uence of the Faraday eff ect, circular polarization is used 
in the transmission of a probing signal. Th e principle of radar measurements 
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Fig. 3.5. Th e main antenna array of the MST Davis radar

Table 3.5. Main technical characteristics 
of the MST Davis radar for meteor observations

Parameter Value

Davis radar MST coordinates 68. 6°S, 78. 0°I 
Central operating frequency, MHz 55 and 33. 2 (aft er modernization)
Transmitter peak power, kW Tо 20 
Average transmitter power at 5% duty cycle, kW 6
Main transmitting antenna array Array of 12×12 three-element Yagi antennas 

combined in groups of four. 
Area of the main array, m2 About 1800 (width 42.427 m, distance 

between antennas 0.7λ)
Eff ective area of the main array, m2 2180
Th e maximum value of the product of the aver-
age power and the eff ective area of the antenna, 
W ∙ m2

Approximately 2.5 × 106

Antenna beamwidth (main array), degrees 7 (vertically up)
Antenna array for meteor research One circularly polarized transmitting Yagi 

antenna and fi ve dual-element receiving Yagi 
antennas for interference measurements

Probing pulse type Gaussian
Pulse repetition frequency, Hz 1960
Radar width of the probing pulse, m 2275
Receiver bandwidth, kHz 20. 1
Number of coherently accumulated pulses 16
Eff ective time of pulses accumulation,s 0. 1
Number of samplings on observation interval 6700
Observation time interval, s 55
Range of measured distances, km 70—104
Range resolution, m 1000
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and data analysis is similar to those used for the interferometric meteor radar 
of Buckland Park (Holdsworth, 2004). Th is applies a number of criteria to reject 
received echoes that exhibit unreliable characteristics.

Th e main technical characteristics of the Davis MST radar for meteor obser-
vations are presented in Table 3.5 (Reid, 2006; Morris, 2004), and the image of the 
main antenna array is shown in Fig. 3.5a and b (Davis radar, 2023).

3.2.4. Modular mobile radar 
at Resolute Bay

Th e radar system at Resolute Bay is multifunctional and can 
be used to study meteors and meteor showers, wind and temperature dynamics in 
the troposphere and mesosphere, and ionospheric physics. Th is list is not exhaus-
tive, since the system operates under the control of a computer with the UNIX 
operating system, which allows the development and implementation of other 
experimental studies, as well as remote control of the system.

Th e receiver and digital data acquisition system (RDAS) were manufactured 
by Genesis Soft ware Australia, which specializes in the design and manufacture 
of radars for studying the Earth’s atmosphere and ionosphere and observing 
meteoroids as they enter the atmosphere. Th e 12 kW solid-state transmitter (at 
8%duty cycle) and transmit/receive switches were manufactured by Tomco Tech-
nologies (Australia) and ATRAD. Th e equipment was supplied through Atmo-
spheric Radar Systems Pty Ltd (ATRAD) in Adelaide (Australia).

Th e generalized technical characteristics of the Resolute Bay MST radar are 
presented in Table 3.6 (Hocking, 2001).

Meteor mode is one of the most commonly used. In this mode, probing is 
carried out with 5-bit Barker codes, and a repetition frequency of 750 Hz is used. 
At the same time, the decay times of meteor trails and radiant velocities are deter-
mined, which makes it possible, when these data are used together, to determine 
the direction of wind fl ows and temperatures at mesosphere heights.

Methods of interferometric measurements are similar to those developed for 
SKiYMET radars and are described in detail in articles (Hocking, 2001).

Th e soft ware used on the sites of the Resolute Bay radar has a number of sig-
nifi cant features that allow one to obtain information about meteoroids that form 
transitional dense and overdense ionized trails.

First, the observations of a probable meteoroid are initially stored as a 
4-second data sequence. It begins to be recorded 1 second before a decision is 
mode about the expected event (meteoroid detection). Further data processing 
is applied, in which a correlation analysis of the signals observed at fi ve receiver 
antenna diversity is performed, and the cross–correlation of the amplitude and 
phase of the refl ected signal is checked. Th ere is no requirement for the signal 
selection algorithm that the amplitude of the refl ected signal decay exponentially. 
Instead, the soft ware looks for a fast turn followed by a decrease in signal ampli-

Golovan.indd   57Golovan.indd   57 30.10.2024   16:16:2230.10.2024   16:16:22



58

SECTION 3. Radar systems for research of sporadic meteorid complex and stream meteoroids

tude, typically in the next 2 sec. Small spikes and dips are allowed, provided they 
are not too large. Th is means that underdense meteor trails with typical exponen-
tial amplitude decay can also be identifi ed by the detection system. At the same 
time, the system has good discrimination against lightning and other events that 
create natural impulse noise for receivers.

Typically, meteor trail times recorded are less than 1.5 sec, that is, less than 
the 2 sec limit. However, to provide additional possibilities for detecting trails 
with signifi cantly longer lifetimes, the soft ware on the site has been modifi ed in 

Table 3.6. Generalized technical characteristics 
of the Resolute Bay MST radar

Parameter Value

Resolute Bay MST radar coordinates 74.7°N, 94.9°W (height above the sea level 66 m)
Operating modes that can be selected 
remotely (under computer control)

 Research of the mesosphere–troposphere 
 Research of meteoroids and meteor showers
 Ionospheric research
 Specialized interferometric studies

Central operating frequency, MHz 51.5
Transmitter peak power, kW 12
Maximum power factor (duty cycle), %   8
Typical power factor (duty cycle), %   5
Transverse structure of the main an-
tenna array Area about 1500 m2, width 100 m

Antenna fi eld elements Four main antenna systems:
main antenna array
range array? of 4-element Yagi antennas
transmitting antenna for meteor measurements
meteor receiving antenna built into the main array

Th e maximum value of the product 
of the average power and the eff ective 
area of the antenna, W ∙ m2

2.3 × 107

Typical value of the product of the av-
erage power and the eff ective area of 
the antenna, W ∙ m2

1.2 × 106

Antenna beamwidth (main array) at 
half power, degrees

2

Probing pulse type Pulse code sequences
Pulse repetition frequency (PRF), Hz 16—16000
Radar width of the probing pulse (soft -
ware changeable)

From 150 m to several kilometers

Controlled defl ection of the main an-
tenna array beam from the vertical (ze-
nith), degrees

10.9

Assignment of additional antennas 1. Research of meteoroids and meteor showers
2. Research based on backscattering
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such a way that it is possible to detect meteor trails with signifi cantly longer life-
times (at least up to 10 s). Th e requirements for a good cross-correlation of am-
plitude and phase between the received signals, as well as a decrease in amplitude 
over time were retained.

3.2.5. Promising IS-MST radar 
of the National Heliogeophysical Complex 
of the Russian Academy of Sciences

As part of the creation of the National Heliogeophysical 
Complex of the Russian Academy of Sciences (NHGC RAS), the work continues 
on the creation of promising radar that combines the capabilities of IS and MST 
radars (Zherebtsov, 2011; Potekhin, 2016). 

Th e development is carried out by the Radio Engineering Institute, named 
aft er Academician A.L. Mintz (Concern “Radio Engineering and Information 
Systems”), which has experience in designing radar systems.

Th e main task of the IS-MST radar is to study the structure and dynam-
ics of the neutral atmosphere of the mesosphere and ionosphere, as well as to 
study meteor phenomena at heights of the mesosphere and lower thermosphere 
(Hocking, 2011).

Th e promising IS-MST radar is a phased array consisting of two spaced an-
tenna arrays, with a digital multi-channel transceiver system that allows for de-
tailed spatiotemporal processing of backscatter signals.

Th e antenna system of the IS-MST radar consists of two spaced planar arrays 
of an antenna located along the magnetic meridian at a distance of 100 m from each 
other and tilted to the north and south by 20° (Fig. 3.12). Th e incline of the array 
is compensated by swinging the beam by 20° to ensure vertical measurements (Po-
tekhin, 2016). Each antenna array has dimensions of 40 × 40 m and includes 1536 
crossed vibrators located at the nodes of a triangular grid. Th e fi eld of view of each 
antenna is ±45°, and the total radar fi eld of view is ±65° in the north-south direc-
tion and ±45° in the east–west direction relative to the magnetic meridian.

Th e confi guration of the antenna system provides maximum spatial coverage 
of the sounding area and creates conditions for interferometric measurements. 
An evaluation of the interferometric capabilities of the radar showed that it has 
a high sensitivity to the angular dimensions of an object about 7.5 arc minutes, 
and the potential accuracy of determining target angles can reach 40 arc seconds.

An image of the promising IS-MST radar of the Russian Academy of Sciences 
is shown in Fig. 3.6, and the main technical characteristics are given in Table 3.7 
(Potekhin, 2016).Th e main components of the IS-MST radar RAS include:

• Two antenna arrays with dimensions of 40 × 40 m.
• 24 complexes of transceiver equipment built according to the modular 

principle (12 for each antenna array). Each module is placed in a container with 
dimensions of 13.5 × 3.2 × 3 m and weighing up to 35 tons.
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• Complex of control and digital signal processing.
• Four transformer substations.
• Laboratory building equipped with a system for processing, accumulating, 

and storing data. It is located 2.5 km from the HP-MST radar and connected to 
it by an optical link.

Th e available literary sources do not contain information about the use of 
the National Heliogeophysical Complex of RAS for meteor research. However, 
with the additional equipment of the IS-MST radar, wide opportunities open up 
for radar and the study of the physical characteristics of sporadic and shower 
meteoroids.

Table 3.7. Main technical characteristics of the IS–MST RAS radar

Parameter Value

Coordinates of the IS-MST RAS radar 51.9°N, 103.7°E (708 m above the sea level)
Operating frequency range, MHz 154—162.7
Transmitter peak power, kW 2000
Maximum power factor (duty cycle), % 6.8/17.5/37.5 (depending on operating mode)
Antenna type and antenna array elements 2 square phased array antenna containing 1536 

crossed vibrators
Polarization Right and left  circular
Eff ective antenna area (2 grids), m2 2500 
Beam width (1 array), degrees 2.5 × 2.5
Average level of sidelobes, dB –35 
Probing pulse type and coding Determined by operating mode
Coherent pulses accumulation Provided
Pulse duration, μs 10—5000
Pulse repetition frequency (PRF), Hz 75—2000 (depending on operating mode)
Minimum height resolution, m 480
Receiver bandwidth, kHz 625 

Fig. 3.6. Promising-MST radar of RAS
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3.3. Specialized radars for meteor research

Over the past 50 years, several meteor radar systems have 
been used for detailed orbital surveys of the sporadic meteor complex. Some of 
them are discussed below:

• Harvard HRMP Meteor Radio System Project (HRMP).
• Advanced Meteor Orbit Radar (AMOR) located in New Zealand.
• Canadian meteor orbital radar CMOR (CMOR — Canadian Meteor Orbit 

Radar)
• Orbital system SAAMER (SAAMER-OS — Southern Argentina Agile Me-

teor Radar Orbital System).
• Ukrainian radar system MARS (MARS — Automated Meteor Radar System).
• Tajik meteor pulse radar MIR-2.
Th e HRMP observations have processed about 2 × 104 meteoroid orbits from 

1968 to 1969 and have been used as a basis for studying many terrestrial me-
teor showers near the Earth (Sekanina, 1970a; Sekanina, 1970b; Sekanina, 1973; 
Sekanina1976) and for creating environmental models.

A more signifi cant study was carried out by AMOR, which observed approx-
imately 5 × 105 orbits during 5 years from 1995 to 1999. Since AMOR was located 
in the Southern Hemisphere (43°34’S, 172°39’E), it provided the most detailed 
study of meteoroids in this region of the sky for today.

From 2002 to 2008, the CMOR system, which is still functioning, recorded 
more than 3 million individual meteoroid orbits for particles with an average 
mass of 10–7 kg, and every day ~4000—5000 orbits are added to the statistics.

Th e SAAMER Orbital System (SAAMER-OS — Southern Argentina Agile 
Meteor Radar Orbital System) is one of the latest meteor radars entered into ser-
vice to conduct continuous meteor observations. Th e resulting dataset contains 
over 750,000 meteoroid orbits.

Meteor Automated Radar System (MARS), deployed in Ukraine, is multi-
functional and designed to collect information about meteor phenomena in solv-
ing astronomical and geophysical problems. In the period from 1967 to 1972, 
about 2 million photographs were taken, which are stored in the archives of the 
Kharkiv National University of Radio Electronics (KNURE). In 1972—1978, a 
long-term unique experiment was carried out on the Kharkiv meteor radar, re-
sulting in the registration of about 250 thousand orbits of meteoroids up to +12 
magnitude (in the mass range 10–3—10–6 g) and construction of an empirical 
model for the distribution of orbital elements of small meteoroids, 

In 1964—1968, a special complex of radar equipment MIR-2 (second-gen-
eration meteor pulse radar) was created in Tajikistan. It is located on the terri-
tory of the Gissar Astronomical Observatory and designed to measure radiant 
and meteor velocities using the direction-fi nding-time radio method. Th e de-
vice, principle of operation, and detailed characteristics of MIR-2 are described 
below.
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3.3.1. AMOR meteor orbit radar

Advanced Meteor Orbit Radar (AMOR) is located near 
Christchurch in New Zealand (43.57°N, 172.65°E). Th is is a multi-station high-
frequency system of continuous operation, which measures both the geophysical 
parameters associated with the ablation of meteoroids and the heliocentric orbits 
of particles (up to a limiting size of ~ 40 μm) entering the near-Earth space.

Th e radar has been operating since 1990 (Galligan, 2005; Baggaley, 1994; 
Baggaley, 2001; Baggaley, 2002), capturing meteorite echoes and raw observa-
tional records, regularly cataloging the population of meteoroids crossing the 
Earth’s orbit, and providing high quality measurement of ~106 orbits.

Until 2001, the AMOR system consisted of one transmit array and three 
receive arrays (forming a double interferometer) at a central site. Th en it was 
supplemented with two remote sites, each of which had one receiving array. Th is 
ensured the expansion of the system’s capabilities for measuring geophysical and 
astronomical parameters. Fig. 3.7 shows the geographic location of these sites 
(Taylor, 1991).

A detailed description of the principles of constructing the AMOR radar and 
the methods used to measure various parameters of meteoroids can be found in 
(Taylor, 1991).

Th e main technical characteristics of the AMOR radar are presented in Table 3.8.
Th e array of receiving antennas, tuned to 26.2 MHz, consists of six collinear 

sections with a central feed. Collinear compartments are placed with a shift  of 2 λ. 
Fig. 3.8 shows a schematic of the receiving antenna array (Taylor, 1991). Adding 
two additional sections lengthens the array of receiving antennas up to 16 λ.

Fig. 3.7. Geographic location 
of AMOR meteor orbit radar 
sites (Taylor, 1991) 
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Table 3.8. Main technical characteristics of the AMOR radar

Parameter Value

AMOR radar coordinates 43.57°N, 172.65°E
Operating frequency, MHz 26.2
Transmitter peak power, kW 20
Maximum average output power, W About 700
Probing pulse type Rectangular
Th e antenna system elements Array of 6 collinear receiving antennas;

Transmitting matrix of 8 rhombic antennas;
Four 3-element Yagi antennas, two of which trans-
mit data to the central site

Transmitting antenna beamwidth at half 
power, degrees

3—4

Antenna gain of transmit array 635
Gain of the receiving array of antennas 133
Probing pulse duration, μs   66
Pulse repetition frequency, Hz 379
Number of samplings on observation 
interval

250

Observation time interval, s 9.5
Range of measured distances, km Up to 400
Range resolution, km 1 (assuming that the meteor trail is observed at 

altitudes of 70—120 km)
Receiver bandwidth at half power, kHz 20 

Fig. 3.8. Schematic representation of the array of receiving antennas

Th e transmitting matrix consists of 8 rhombic antennas, which are placed 
with an interval of 2λ. Fig. 3.9 shows a schematic representation (top view) of a 
transmitting matrix whose main beam is directedto the south.

Ongoing developments, including the installation of additional antenna 
systems and independent measurements from separate antennas, as well as new 
signal processing algorithms, provide enhanced system capabilities for the high–
quality measurement of the astronomical parameters of meteoroids entering the 
near-Earth space and the geophysical parameters of the atmosphere. An impor-
tant feature of the system AMOR is a continuous operation without maintenance.
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3.3.2. Canadian Meteor Orbit Radar CMOR

Th e Canadian station multifunctional radar complex for 
measuring meteor orbits CMOR (CMOR — Canadian Meteor Orbit Radar) is a 
multi-station, pulsed multi-frequency meteor radar of HF-VHF bands. It is locat-
ed on the territory of the University of Western Ontario (UWO) near Tavistock 
(43.264°N, 80.772°W) and is operated by the UWO Department of Physics and 
Astronomy Meteor Array.

CMOR has been operating since the end of 2001 and is currently one of the 
most productive and active (by 2009, the number of registered orbits had reached 
4 million). In 2009, the original CMOR I was replaced by an equivalent but more 
modern CMOR II. Th e scientifi c research that CMOR provides includes:

• Study of the sporadic meteor complex and development of its model, which 
makes it possible to determine the main sources of sporadic meteors in the so- 
lar system. 

• Measurement of refl ections from meteor trails at several frequencies to es-
timate the initial radius of the meteor trail.

• Determination of bulk electron density and linear electron density profi le 
for meteor trails using the refl ections fi xed at several points.

• Determination of the density and probable chemical composition of mete-
oroids based on the study of their ablation.

• Analysis of the origin and development of a model for the evolution of the 
population of interplanetary meteoroids, comets, and asteroids. 

•  Th e study of the genetic relation of sporadic meteoroids and meteor show-
ers to the parent bodies allowing to make reasonable assumptions about the phys-
icochemical properties of small celestial bodies. 

• Detection and study of interstellar meteorites and identifi cation of their 
astrophysical sources (Weryk, 2005).

Fig. 3.9. Schematic representation of the transmitting array of 8 rhombic antennas placed at 
intervals of 2λ and, for matching, having a load of 680 ohms (fi lled circles)
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Th e radiant directions of me-
teoroids are determined using in-
terference methods similar to those 
used in the SKiYMET technology 
(Hocking, 2001), and the speeds are 
determined at the same time for all 
stations. Th is provides a radiant estimate with a resolution of 6 degrees in direc-
tion (due to the uncertainty in measuring time delays) and a speed estimate with 
~10% accuracy. Deceleration corrections are computed using empirical expres-
sions determined by comparing raw radar velocities with ones found in photo-
graphic studies of large meteor showers (Brown, 2004).

Th e radiant distribution of sporadic meteors is studied with allowance for 
observational corrections for a given meteoroid mass and energy.

Th e limiting magnitude value is +7.5, which at an average meteoroid speed of 
30 km s–1 corresponds to its limiting mass of ~10–7 kg and limiting size ~0.2 mm 
Brown, 2010). More details are available in (Jones, 2005).

For a system operating at a frequency of 29.85 MHz in the “Orbit” mode, 
the absolute minimum detectable intensity of the signal refl ected from the trail 
corresponds to trails of meteoroids with magnitudes of about +9. However, due 
to reduced sensitivity, the count statistics are complete only for magnitudes 
up to +8.

Vertically directed antenna arrays provide an overview of the sky up to ~20° 
in elevation. In this case, a fi ve-element interferometer, a schematic representa-
tion of which is shown in Fig. 3.10, allows one to determine the direction of the 
echo with an accuracy of ~1° (Webster, 2004).

In 2009, the main CMOR orbital radar system (29.85 MHz) was replaced 
with an equivalent but more modern one. Th e upgraded system has twice the 
transmission power (12kW instead of 6kW) and a highly stable reference oscilla-
tor. As part of the CMOR II upgrade, three more remote sites were deployed with 
the same high stability crystal oscillators. Each new remote site contains a receiv-
ing antenna (for operation at 29.85 MHz) connected to a remote GPS equipped 
digital receiver. Th e received UHF signals are transmitted to the main site via a 
remote UHF connection, which is necessary for measuring the meteoroid radiant 
and improving the accuracy of measuring its speed, as well as for the possibility of 
measuring the ionization profi le of the meteor trail.

Depending on the tasks to be solved, the components of the CMOR system 
operate at frequencies of 17.45, 29.85, and 38.15 MHz. Th e “Orbit” component 
applies only to a system operating at 29.85 MHz.

Fig. 3.10. Schematic representation of the 
fi ve-element interferometer of the CMOR 
radar complex [available at http://meteor. 
uwo. ca/research/radar/cmor_science. html]
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Th e CMOR system consists of three identical radar systems connected to 
each other for simultaneous transmission and reception. Each of the three com-
ponents has seven antennas and seven individual receivers. For components op-
erating at 17 and 38 MHz, all seven receivers are used to increase the signal to the 
noise level, but only fi ve of them are used for interferometry. 

Th e system operating at 17 MHz daytime is subject to strong interference 
from terrestrial radio stations. Th is allows for using it only at nighttime.

Th e main technical characteristics of the CMOR radar system are presented in 
Table 3.9. Detailed information about the system can be found in (Webster, 2004).

Table 3.9. Main technical characteristics of the CMOR radar system

Parameter Value

CMOR radar coordinates 43.264°N, 80.772°W
Operating frequency, MHz 17.45, 29.85, and 38.15
Noise level at the receiver input depending on the fre-
quency, dBm

–98, –109, and –113

Transmitter peak power, kW 15
Transmitting antennas Th ree-element vertically-directed 

horizontally-polarized Yagi 
Transmitting antenna gain, dB 7.6
Transmitting antenna beamwidth at half power, degrees 30
Probing pulse type Rectangular
Probing pulse duration, μs   75
Pulse repetition frequency, Hz 532
Receiving antennas Two-element vertically-directed 

horizontally-polarized Yagi
Receiving antenna beamwidth at half power, degrees 45
Receiving antenna gain, dB 6.5
Sample rate (per channel), samples per second 42 000
Receiver bandwidth at half power, kHz 28
Limit magnitude +8
Minimum detectable meteoroid mass (depends on 
speed), g

10–5

Minimum size of a detected meteoroid, mm 0.1
Range of measured distances, km 15—255
Range of measured refl ection heights from the ionized 
meteor trail, km

70—120

Eff ective viewing area, km2 100—300
Accuracy of estimation (resolution) of radiants in 
direction, degrees

6

Estimation accuracy (resolution) of refl ection point in 
range, km

3
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UHF communications at 450 MHz are used to transmit information from 
remote sites to the Main Site. In this case, nine-element horizontally-polarized 
Yagi antennas are used as transmitting and receiving antennas.

3.3.3. Multifunctional radar SAAMER

Th e Southern Argentina Agile Meteor Radar Orbital System 
(SAAMER-OS) was deployed at the astronomical station in Rio Grande, Tierra 
del Fuego, Argentina (53.8°S, 67.8°W) in May 2008. It uses a fl exible construction 
technology that provides multifunctionality and the ability to quickly change the 
parameters of the radar system. In August 2010, the SAAMER radar complex 
was upgraded to a system capable of determining the parameters of meteoroid 
orbits. Th is was achieved by adding two remote receiving stations, located about 
10 km from the main site in almost perpendicular directions, which made it pos-
sible to create a new generation SKiYMET system. Th e SAAMER radar emits 10 
times more power than conventional meteor radars and uses an 8-antenna trans-
mit array, which focuses the emitted energy upwards instead of the traditional 
single-antenna of the all-sky confi guration. Th e system is confi gured so that the 
transmitting array could also be used as a receiving antenna. Th e new design sig-
nifi cantly increases the sensitivity of the radar and allows for additional stu dies 
of meteoroids beyond those that are characteristic for systems focused on the 
detection of specular refl ections. When using high radiation power and a large 
aperture of the transmitting and receiving antennas, it is possible to detect the 
head echo and incoherent scattering from ionized meteor trails.

A new high-power transmitting antenna (TX) and a fourth remote receiving 
station have been deployed and have been operational since October 2019. A new 
soft ware has been implemented that uses «overdense» and «underdense» echoes 
and determines orbits using all remote sites simultaneously.

Th e update has a signifi cantly expanded the scope of scientifi c research pro-
vided by the radar system and makes it possible to detect high-velocity meteor-
oids at low zenith angles.

At present, SAAMER is the only radar system capable of continuously ob-
serving and determining the parameters of meteoroid orbits in the southern 
hemisphere (Janches, 2014; Janches, 2015; Janches, 2019; Pokorný, 2017).

SAAMER’s unique geographic location allows for an additional (“interhemi-
spheric”) comparison with the measurements from the Canadian CMOR mete-
orite orbital radar, which is geographically conjugate. It can eff ectively observe 
radiants from the south ecliptic pole down to about 30°N and is ideally suited to 
provide critical data for the continuous study of the apparent sources of sporadic 
Southern Toroidal and Southern Apex meteorites.

SAAMER-OS consists of fi ve radar stations:
• Central station (SAAMER-C; 53.786°S, 67.751°W), which houses a trans-

mitting array and receiving arrays with interferometry;
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• Northern remote station (SAAMER-N; 53.682°S, 67.871°W), located ap-
proximately 13 km northwest of the central station;

• Southern remote station (SAAMER-S; 53.682°S, 67.871°W), located ap-
proximately 7 km southwest of the central station;

• Western remote station (SAAMER-W; 53.828°S, 67.842°W), located ap-
proximately 7 km southwest of the central station.

• Eastern remote station (SAAMER-E; 53.682°S, 67.871°W), located approx-
imately 3.8 km northeast of the central station.

• Th e geographic location of SAAMER-OS is shown in Fig. 3.11. Th e lo-
cation of the transmitting array and interference receiver antennas at the 
SAAMER-C central station is shown in Fig. 3.12 (individual antennas are marked 
with plus signs).

SAAMER employs a transmitter phase array confi guration of eight three-
element crossed Yagi antennas arranged in a 27.6 m diameter octagon (three 
wavelengths), and the phase diff erence between the transmit antennas is set by 
soft ware, which increases the fl exibility of the system to perform a number of 
transmission modes and reception (Pokorný, 2017; Janches, 2015).

Th e receiving antenna confi guration is typical for meteor radar systems, con-
sisting of fi ve antennas, each of which is a three-element cross-polarized Yagi an-
tenna. Th e receiving array is separated from the transmitting array by about 90 m, 
which is several orders of magnitude less than the distances at which refl ection 
from meteoroids and meteor trails occurs (~100—400 km). Th us, for the pur-
poses of meteor observations, the SAAMER-C transmitting and receiving arrays 
can be considered combined.

Fig. 3.11. Geographic location of SAAMER-OS (Janches, 2019)
Fig. 3.12. Location of the transmitting array and interference receiver antennas at the 
SAAMER–C central station (Pokorný, 2017)
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Th e two remote stations SAAMER-N and SAAMER-W are equipped with 
single three-element cross-polarized Yagi antenna. Th ey are located in almost or-
thogonal directions from SAAMER-C at a distance of about 10 km.

SAAMER uses real-time meteorite echo detection and analysis algorithms de-
veloped for SKiYMET systems. Th ese algorithms simultaneously transfer raw data 
to memory, detect the appearance of meteors, and identify events created by refl ec-
tions from meteoroids and meteor trails. When analyzing raw data, false detections 
of the same event are possible. To reduce this probability, the system is typically 
confi gured to consider only meteor events that occur in the same altitude range.

Th e absolute meteoroid velocity is measured by a geometric method similar 
to that used in AMOR and CMOR. Th is method is applied to all meteor events 
detected at all three SAAMER stations, assuming that the received radar signal is 
specular. When the echo is detected by all three SAAMER-OS stations, the trajec-
tory and velocity of the meteoroid can be determined using the measured time 
delays (Baggaley, 1994; Brown, 2008; Webster, 2004).

Th e main technical characteristics of the SAAMER-OS radar system are pre-
sented in Table 3.10.

UHF communication is used to transmit and receive information from re-
mote sites to the main site. Horizontally polarized Yagi antennas are used.

3.3.4. Meteor automated radar system MARS

A Meteor automated radar system (MARS) was deployed in 
Ukraine near the village of Olkhovatka, Balakleysky district (49.42° N, 36.94° E). 
Th e MARS system is multifunctional and designed to collect information about 
meteor phenomena to solve astronomical and geophysical problems.

At the General Assembly of the International Astronomical Union (IAU) in 
1958 (in Moscow), the Kharkiv meteor radar observations were recognized the 
best in the world.

Th e MARS system has been recommended as a successful prototype for wide 
distribution (Kolomiyets, 2012; Fedynsky, 1976). Until now, this radar system has 
been one of the most sensitive meteor radars for astronomical observations.

From 1967 to 1972, on the Meteor automated radar system of the Kharkiv 
National University of Radio Electronics (KNURE), observations of radio signal 
refl ections from meteor trails were made, moreover, added with fi xing oscillo-
grams on fi lm. In total, about 2 million photographs were taken, which are stored 
in the KNURE archive. Currently, work is underway to convert this information 
into digital form.

In 1972—1978 on the Kharkiv meteor radar, a unique long experiment was 
carried out resulting in about 250 thousand orbits of meteors up to a magnitude 
of +12 (in the mass range 10–3—10–6g) registered (Kascheev, 1982). An empirical 
model for the distribution of orbital elements of small meteoroids was developed 
and a description of this model was given (Kascheev, 1979; Tkachuk, 1979).
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During radar observations, special attention was paid to the regularity and 
continuity of measurements, as well as the high and stable sensitivity of the re-
ceiving equipment. Th e observation schedule was organized in such a way that 
the measurement cycles were distributed as evenly as possible throughout the 
year. For example, 29 measurement cycles (5 to 8 days long) were taken during 
1975, resulting in more than 54,000 meteoroid orbits. Th e monitoring carried out 
in the absence of the main meteor showers made it possible to observe mainly the 
characteristics of the sporadic meteor complex.

Table 3.10. Main technical characteristics 
of the SAAMER-OS radar system

Parameter Value

SAAMER-C radar coordinates (main site) 53.786°S, 67.751°E 
SAAMER-W (removed site) 53.828°S, 67.842°E
SAAMER-N (removed site) 53.682°S, 67.871°E 
SAAMER-E (removed site) 53.772°S, 67.727°W 
SAAMER-S (removed site) 53.852°S, 67.759°W
Operating frequency, MHz 32.55
Transmitter peak power, kW 64
Transmitting array located on the main site 8 antennas arranged in a circle with a diameter 

of 27.6 m
Receiving system located at the main site Five antennas, each is a three-element cross-po-

larized Yagi antenna
Receiving antenna located at remote site Th ree-element cross-polarized Yagi antenna
Probing pulse type 7-bit Barker code (22.5 μs) — the main mode;

Monopulse — head echo measurement mode
Pulse repetition frequency, Hz 1765 — the main mode; 500 — head echo mea-

surement mode; 625 — radiant measurement 
mode

Receiver bandwidth at half power, kHz 300 — the main mode; 50 — head echo and ra-
diant measurement mode

Limit magnitude +8
Minimum detectable meteoroid mass (de-
pends on speed), g

From 10–11 to 10–4

Minimum size of detectable meteoroid, mm 0.1
Range of measured distances, km 15—255
Range of measured refl ection, km 70—120
Range of measured velocities, km/s From 11 to 72
Eff ective viewing area, km2 100—300
Accuracy of estimation (resolution) of 
radiants in direction, degrees

8

Accuracy of estimation (resolution) of 
refl ection point in range, m

2000 — the main mode; 250 — head echo mea-
surement mode
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Th e real-time measurements provided by the MARS II system include:
• fi xation of the event (the moment of observation start of the meteor);
• measurement of the slant range to the refl ecting area of meteor trails;
• measurement of angular coordinates (azimuth and elevation) of the refl ec-

ting area of meteor trails;
• measurement of refl ection point height;
• measurement of amplitude, duration, and range of refl ected signals;
• registration of temporal variations and the number of observed refl ections 

from meteor trails;
• measurement of the velocity, coordinates of radiants, and elements of or-

bits of individual meteoroids;
• assessment of the distribution of meteoroids by mass;
• measurement of the radial component of the wind speed in the meteor 

zone of the atmosphere.
In addition, in the semi-automatic mode, using an electronic radiant indica-

tor with a photo recorder, it is possible to study the diff usion coeffi  cient, the initial 
radius of meteor trails, resonance eff ects, meteoroid fragmentation, etc.

Th e speed and coordinates of the radiants of individual meteoroids are deter-
mined by the Davis pulsed diff raction method with one transmitting and three 
spaced receiving points. Th e direction of radiation is eastward (astronomical azi-
muth 270°). Th e main receiving point is combined with the transmitting one, and 
remote receiving and relaying points are located at distances of 4.32 km (azimuth 
214°) and 8.42 km (azimuth 290°).

Information is received within 0.2 s by interrupt signals from the output of 
the pre–processing device when refl ected signals are detected. Th is did not allow 
us to completely process the signals refl ected from overdense meteor trails.

Th e main antenna system (separate transmitting and receiving) generates a 
radiation pattern 5° wide in the horizontal plane and 30° in the vertical plane. 
Th e maximum of the antenna pattern is directed at an angle of 45° to the horizon. 
As emitters, 20 in-phase biconical vibrators are used, located inside a corner re-
fl ector with an opening angle of 60°. Th e refl ector is formed by two grids, which 
are stretched at angles of 15 and 75° to the horizon. Th eir length is 193 m in the 
horizontal plane, and the width in the vertical plane is 27 m. With the help of 
the corner refl ector, the antenna pattern is formed in the vertical plane. Th e side 
lobes’ level of the radiation pattern is –20 dB, the level of the back lobe is –40 dB, 
and the antenna gain is 250 (Kascheev, 2002).

Double horizontal rhombuses are used as receiving antennas at remote 
points. For relaying signals from remote points to the main one, fi ve-element 
Yagi antennas are used.

Th e antenna fi eld of the phase goniometer consists of 5 fi ve-element Yagi 
antennas arranged in the form of an asymmetric cross.

Th e pulse repetition frequency of the locator is 500 and 100 Hz, which is nec-
essary to eliminate ambiguity in determining the distance to the meteor refl ection 
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(Antipov, 2010). Th e duration of the probing pulse of the radar is 30 μs. Th e main 
technical characteristics of the MARS II radar system are presented in Table 3.11 
(Kascheev, 1977; Kascheev, 1980).

3.3.5. Meteor pulse radar MIR-2

A special complex of radar equipment MIR-2 (a second-
generation meteor pulse radar) was created in Tajikistan from 1964 to 1968 to 
measure the radiants and velocities of meteors using the direction-fi nding-time 
radio method. Th e complex is located on the territory of the Gissar Astronomical 
Observatory (GisAO coordinates: 38°29'23"S, 68°40'58"E). Its device, principle 
of operation, and detailed characteristics are given in (Chebotarev, 1970a; Che-
botarev, 1970b; Narziev, 2017).

Th e complex includes a transmitter, fi ve receivers, a synchronization block, 
an anti-jamming unit, a high-accuracy range meter, re mote point receivers, re-
mote point relay signal transmitters, relay signal receivers, a meteor simulator, 

Table 3.11. Main technical characteristics of the MARS II radar system

Parameter Value

MARS II radar coordinates (main site) 49.42°N, 36.94°I? 
Operating frequency, MHz 31.1
Transmitter peak power, kW Up to 1000
Main antenna (transmitting, receiving) located 
on the main site

Corner antenna (20 in-phase biconical vibra-
tors located inside the corner refl ector)

Main antenna gain 250
Width of the main lobe of the main antenna at 
half power, degrees

5° horizontal, 30° vertical

Receiving antennas at remote sites Double horizontal rhombic antennas
Receiving antenna gain at remote sites 16

Antenna fi eld of the phase goniometer Five antennas, each is a fi ve–element cross–
polarized Yagi antenna

Probing pulse type Monopulse
Probing pulse duration, μs 30
Pulse repetition frequency, Hz 500 and 100
Minimum discernible receiver signal (actual 
sensitivity at signal-to-noise ratio = 2), uV 5 

Limit magnitude +10 in height measurement mode;
+11…+12 in the mode of measuring veloci-
ties, radiants, and orbits;
+13…+14 in meteor count mode

Minimum mass of a detected meteoroid (de-
pends on speed), g ~10–6

Type of detectable meteor trails Underdense, ~1011 e m–1
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a multi-beam frame-by-frame indicator, an indicator with waiting-continuous 
photo registration, and antennas.

Th e transmitter together with the receivers of the central point and the re-
ceiving–recording equipment are located in the GisAO. Remote points are re-
mote from the central one at a distance of 4.05 km (astronomical azimuth 314°), 
3.90 km (azimuth 94°), and 3.85 km (azimuth 202°).

Th e main parameters of the MIR-2 complex:
• wavelength — 8 m;
• transmitter power in pulse — 65 kW;
• pulse repetition frequency — 500 p/s;
• pulse duration — 6.5 μs;
• main receiver bandwidth — 600 kHz;
• bandwidth of paths of relay signals from remote points — 2 MHz;
• threshold sensitivity of receivers (at Us / Ush = 1) – 8×10–14 W (or 2.5 μV);
• sensitivity for measuring radiants and velocities — 17...34 μV;
• antennas in the mode of measuring radiants and velocities-half-wave vi-

brators located at a height of λ/3 above the ground, having a maximum power 
gain of ~5.3 at an elevation angle of about 45° in the east and west directions;

• limiting magnitude of meteors when measuring radiants and velocities 
+5.7...+5. 0 (at a velocity of 40 km s–1, corresponds to the minimum mass of reg-
istered meteoroids (0.5—1.0) 10–3 g).

Th e complex of radar equipment allows for each meteor to be determined 
by its range, speed, coordinates of the refl ecting point and radiant, the height of 
the refl ecting point, and the duration of radio refl ections with an accuracy of 0.02 
sec (by two methods: pulse-diff raction and direction fi nding time). Th e latter is 
superior to the former in terms of both measurement accuracy and sensitivity. 
In this case, the error in measuring the zenith distance of the radiant does not 
depend on its position.

3.4. Conclusions

Various radar systems, both specialized and multifunctional, 
can be used to measure the main parameters of meteoroids. Th e results of obser-
vations allow for determining the main characteristics of meteoroids, mapping 
their radiants, predicting the origin, and, on this basis, the physicochemical pro-
perties of meteoroids. Th ese data are necessary for both astrophysical research 
and telecommunications.

When interpreting the results of observations, it is necessary to take into account 
the features of the systems through which the corresponding data were obtained. In 
this regard, some technical characteristics and geographic location of radars were 
presented, the observational data of which were used in the study of atmospheric 
physics, radiant mapping of the sporadic meteor complex and meteor showers, as 
well as in estimating the parameters of the orbits and velocity of meteoroids. 
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An essential feature of modern radar systems is the use of new algorithms for 
selecting and analyzing meteor trails, which allow for the real-time selection of 
lightning discharges, pulsed radio interference, auroral echoes, etc., which previ-
ously took hours or days when working with large data arrays.

Th e use of the multitasking UNIX operating system installed on a personal 
computer made it possible to implement rather complex algorithms for process-
ing multichannel radar information in real time and repeatedly transferring it to 
the database. Th e storage of the results of “online” analysis and raw data associ-
ated with any event is provided along with the possibility of their transfer to the 
user via the Internet for further detailed analysis.

Radar systems are easily confi gured to communicate via any available net-
work point or TCP/IP modem, allowing for remote control of radars and auto-
matic transmission of observations to remote hosts.

Th e review of radar systems off ers an opportunity to gain knowledge related 
to the study of the sporadic meteor complex and provides a basis for analyzing the 
results of observations, as well as creating new methods and tools for extracting 
information from existing radar data.
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AND METEOROID STREAMS

SECTION 4

Th e study of sporadic meteoroids and meteor showers makes 
it possible to obtain information of interest both to astrono-
mers and astrophysicists, as well as to telecommunications 
specialists. Th is information can also be used to assess the 
risks of collisions between small celestial bodies and a space-
craft  in near and deep space.

Obtaining the necessary information is based on data 
obtained as a result of using modern methods of astronomi-
cal observations at scientifi c institutes, universities, and ob-
servatories.

Th e most complete idea of the nature of the distribution 
of meteoric matter in near-Earth and interplanetary space 
is based on radar observations of meteors. In radar studies 
of meteoroids, information about the physical and dynamic 
parameters of meteoroids is obtained by processing signals 
refl ected from meteoroid heads and meteor trails resulting 
from their interaction with the Earth’s atmosphere.

A feature of the observation of meteor phenomena is that 
having observed an event once, we do not have complete and 
reliable data either about the meteoroid or about the state 
of the environment in which it occurred. In this regard, the 
construction of predictive models of meteor phenomena in 
the Earth’s atmosphere is very important for interpreting the 
results of meteor observations.

In radar observations, the necessary initial data for con-
structing a fairly complete model of meteor phenomena are 
the mass of the meteoroid, its velocity, density, and chemical 
composition, as well as the height of the IMTr formation, the 
chemical composition of the ionosphere, and pressure and 
turbulence at a given altitude. Th e amplitude-time character-
istic (ATCH) of the probing radio signal refl ected from the 
meteor trail and its head part depends on all the above initial 
data and implicitly contains information about them. At the 
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same time, only the height of the formation of the meteor trail, the radiant and 
velocity of the meteoroid, as well as, in some cases, its chemical composition (ac-
cording to the results of spectral analysis of the trail luminosity are available for 
direct measurements. At meteor velocities, which are hypersonic, aerodynamic 
braking and aerodynamic heating of a meteoroid in the real (nonisothermal) 
atmosphere signifi cantly interact, which may lead to meteoroid fragmentation 
(Bronshten, 1983; Grigoryan, 1979; Stulov, 1998; Fadeenko, 1967; Ceplecha, 
1998). Th e crushing eff ect leads to a change in the IMTr and, accordingly, to a 
change in the ATC of the refl ected signal.

Due to the incompleteness of the initial data, a model of the meteor phenom-
enon is prognostic (probabilistic) and can be built based on some assumptions. 
One of the grounds for such assumptions may be the discovery of the genetic 
relationship between the meteoroid and its parent body — a comet or an asteroid. 
Th e signs that make it possible to judge this relationship are the known radiant 
(the observation site, zenith angle, azimuth, and time of the event) and the mete-
oroid velocity . Depending on the height of the formation of the specular refl ec-
tion point on the meteor trail, one can make assumptions about the density and 
chemical composition of the meteoroid.

To develop a model, the results of mapping the sporadic meteor complex and 
meteor showers together with the results of studying the frequency of observa-
tion of meteor trails at certain heights and certain velocities can be used.

Th e amplitude-time characteristic of the signal refl ected from the meteor 
trail provides a fundamental opportunity to solve the inverse problem-based on 
the ATCH, to predict the genetic relationship of the meteoroid with the parent 
body, which is necessary for the development of the theory of the origin and evo-
lution of meteoric matter.

To construct advanced meteor communication systems, which are the focus 
of this monograph, we need an ATCH predictive model and maps of the radiant 
distribution for a sporadic meteor complex in the geocentric ecliptic coordinate 
system centered relative to the Sun. Taking into account the characteristics of 
meteoroids that appear in the radio visibility zone makes it possible to reasonably 
choose the location of base stations and optimize the orientation of antennas as 
well as the speed and protocols of information transmission. In this case, it should 
be taken into account that the distribution density of meteoroid radiants on the 
celestial sphere in a given geographical region changes during the year (due to the 
Earth’s revolution around the Sun) and day (due to the Earth’s axial rotation). Th e 
main characteristics of meteoroids, which are necessary for building a model, can 
also change if, at diff erent time intervals, meteor trails with a specular refl ection 
point are created by meteoroids having parent bodies of diff erent types. Th us, a 
promising meteor communication system should be adaptive.

When selecting and processing radar observation data necessary for building 
and updating the ATCH predict model and the sporadic meteor complex model, 
attention should be paid to where the observation site was located, what equip-
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ment was used to obtain the corresponding characteristics, what methods were 
used to process the observational data, and how the radars were calibrated before 
measurements.

Th is section discusses the views of modern science on the origin of meteor-
oids, their genetic relationship with comets and asteroids, the space location of 
the orbits of sporadic meteoroids, and meteor showers.

4.1. Relation of meteoroids with parent bodies

According to modern concepts, the main sources of comets 
and asteroids that give rise to sporadic and shower meteoroids are the Main as-
teroid belt, Kuiper belt, a family of Trojans orbiting Jupiter, and the hypothetical 
Oort Cloud, which contains the most distant objects in the solar system. Th is list 
also includes asteroids of the Hirayama family, which includes several subfami-
lies, the main distinguishing feature of which is that each of them was formed 
owing to the destruction of a large parent body. As a result, the asteroids of these 
families have similar spectral and chemical characteristics.

4.1.1. Main Belt of asteroids

 Main Belt asteroids move in orbits between the orbits of 
Mars and Jupiter, that is, at distances from 2.1 to 3.3 astronomical units (AU) 
from the Sun. Th e planes of their orbits are near the ecliptic, their inclination to 
the ecliptic lies mainly up to 20 degrees (reaching up to 35 degrees for some), and 
eccentricities — from zero to 0.35. Most of the orbits of the Main Belt asteroids 
have eccentricities of 0.1—0.2. However, some asteroids move in highly elongated 
orbits and have eccentricities up to 0.8, so that their orbits intersect the orbits of 
Mars and Earth. Th e main distinguishing feature that characterizes an individual 
asteroid is its spectrum, which can be used to judge the chemical composition of 
a given body. In the Main Belt, depending on the chemical composition, 3 main 
spectral classes of asteroids are distinguished: carbon (class C), silicate (class S), 
and metallic or iron (class M).

Comets of the Main Belt are a special class of objects that are part of the 
Main Asteroid Belt and move in almost circular orbits. Unlike asteroids, in cer-
tain parts of their orbits (closest to the Sun), they are able to show cometary activ-
ity due to ice and frozen gases that were preserved shallowly under the surface of 
these bodies. It is possible that many asteroids of the Main Belt were generated by 
long-period comets from the Oort cloud, which, under the infl uence of planetary 
disturbances, were captured and transferred to short-period orbits (Asher 1994; 
Biryukov, 2007; Whitman, 2006). Such comets, having exhausted all the reserves 
of volatile substances, could turn into specifi c asteroids that contain “dried” nu-
clei of long-term comets. Th eir physical and chemical properties may diff er sig-
nifi cantly from those of non-comet-produced Main Belt asteroids.
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4.1.2. Kuiper Belt

Th e Kuiper Belt (sometimes also called the Edgeworth-Kui-
per Belt) lies beyond the orbit of Neptune and is much larger than the main aster-
oid belt. It was named in honor of its discover Gerard Kuiper.

Th e location of the Kuiper Belt in the solar system is conventionally shown 
in Fig. 4.1.

Th e fi rst of the objects in this belt was discovered in 1992 and was named 
“1992 QB 1”. Th e Kuiper Belt itself has not been studied at a close range yet. Th e 
fi rst step taken by mankind in this direction was the mission of the spacecraft  
New Horizons, which was sent by NASA to this region of the solar system on 
January 19, 2006, to study Pluto and its natural satellite Charon. Th e information 
collected by the probe (in the summer of 2015) radically changed the scientifi c 
community’s ideas about such celestial bodies, demonstrating that at least Pluto 
is still a geologically active world, under the surface of which an entire ocean 
can hide. Aft er Pluto, New Horizons continued its journey deep into the Kuiper 
Belt. In 2019, it performed the fl yby of Arrokoth (486958 Arrokoth) — the most 
“primitive” celestial body ever studied by a spacecraft  from a close distance. As 
of April 2022, New Horizons has moved 53 au away from the Sun. Th e probe has 
almost passed the Kuiper belt, and the chances that an object accessible for the 
close-range study will meet on its trajectory are minimal.

Th e Kuiper Belt belongs to the solar system and is an ellipse in space (see 
Fig. 4.1). While the Main Asteroid Belt consists of asteroids, mainly containing 
rocky components and metals, the Kuiper Belt asteroids mainly contain ice frag-
ments of water, ammonia, and various hydrocarbons.

4.1.3. Short-period comets of the Jupiter family

Of the 1139 known comets in elliptical orbits, a signifi cant 
proportion (737) of them revolve around the Sun over less than 100 years (How 
Comets Move, Center for Scientifi c Creation). Th ey are called short-period and 
usually move near the ecliptic plane ( the average inclination of the orbit to the 
ecliptic plane is around 18°). Almost all orbits (711) are progressive (that is, they 
revolve around the Sun in the same direction as the Earth) and have a Tisserand 
parameter within 2 < TJ < 3 (Lowry, 2008).

All short-period comets are members of diff erent cometary-planetary fami-
lies. It is believed that all of them were originally long-period, but due to the long-
term gravitational infl uence of large planets on them, they gradually moved into 
orbits associated with the corresponding planets and became members of their 
cometary families.

Th e largest such family belongs to the Jupiter family (we will designate it as 
the JF m group). Th e periods of revolution around the Sun of the JFm comets are 
within 3.3 — 20 years.
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Of all the known short-period 
comets, Comet Encke, a member 
of the JFm, has the shortest period 
of revolution around the Sun — 
3.3 Earth years. Th e predominance 
of JFm comets is a consequence 
of Jupiter’s much greater gravita-
tional infl uence on comet bodies 
compared to other planets: it is 10 
times greater than the infl uence 
of Saturn and 100 or more times 
greater than the gravitational in-
fl uence of any other planet.

Th e way in which Jupiter has assembled its large family of comets poses a 
major problem for most comet origin theories. Th is is because comets originat-
ing from the outer solar system, when falling toward the Sun, tend to move fast as 
they pass inside Jupiter’s orbiting.

Although the orbits of JFm comets are inside the orbit of Jupiter or not far 
from it, there is an assumption that they originate in the Kuiper Belt (the same 
source may be for the Oort cloud). Th e physicochemical properties of trans-Nep-
tunian objects and their orbits, which include JFm, are under study (Fraser 2022).

4.1.4. Trojan family orbiting Jupiter

Trojans are asteroids moving along the orbits of planets, the 
fi rst of which is Achilles, discovered in 1906 by the German astronomer Max Wolf. 
Th is was a confi rmation of the theoretical result of Lagrange that three mutually 

attracted bodies (under certain conditions) 
can remain near the vertices of an equilateral 
triangle during movement ( Fig. 4.2).

Th e Trojans move near the Lagrange 
points L4 and L5 — points of stable mo-
tion in the three-body problem. Celestial 
bodies that have fallen into their vicinity 
make an oscillatory motion without going 
too far. In Jupiter’s orbit, there are two pop-
ulations of small bodies that orbit Jupiter 
around the Sun, in a 1:1 orbital resonance 
with Jupiter. Th e Greek group is 60° ahead 
of Jupiter. Th e Trojans group is 60° behind 

Jupiter. By the beginning of 2004, this family had included 1640 objects. Th e 
Trojans include the Hilda family, a group of dark carbon asteroids located in 
the main belt between the orbits of Mars and Jupiter. Th e Hilda family does not 

Fig. 4.1. Location of the Kuiper Belt in the solar sys-
tem (Kuiper Belt, by Planets Education)

Fig. 4.2. Location of Lagrange Points
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form a true family of asteroids, since its members are not fragments of a com-
mon parent body, which is typical for most other asteroid families. Th is family 
itself is distributed along the orbit rather unevenly and represents a triangle with 
three separate local concentrations of asteroids at the vertices of the fi gure cor-
responding to three Lagrange points.

Other large planets — Saturn, Uranus, and Neptune — should also have Tro-
jan-like bodies at their respective triangular Lagrange Points. Six Trojans have been 
discovered orbiting Mars. In 2002, the fi rst Trojan was discovered orbiting Neptune.

4.1.5. Oort Cloud

One of the directions of planetary cosmogony is the hypoth-
esis of the relic origin of long-term comets, which is based on the fact that at a 
certain stage in the evolution of the solar system, a disk-formed gas and dust 
protoplanetary nebula were formed near the protosun. When the dust particles 
that make up the nebula collided, an accumulation process took place with the 
formation of larger bodies, called planetesimals, from which the planets were 
formed. Th e assumption about the ejection of relict planetesimals outside the so-
lar system was taken by Oort and his followers as the basis for the hypothesis of 
the relict origin of long-period comets (Oort, 1950; Oort, 1951; Safronov, 1972; 
Fernandez, 1983).

Th e mechanism of ejection of such bodies by gravitational perturbations is 
associated with the angular momentum redistribution. Bodies moving with ran-
dom velocities along a circular orbit in the direction of the gas-and-dust disk 
rotation had the highest velocities relative to the Sun. When a body approaches a 
planet, its relative velocity vector rotates without changing its magnitude. If this 
rotation occurs in the direction of the planet’s orbital motion, the absolute veloc-
ity increases. Th e angular momentum of the body relative to the Sun increases 
due to the orbital momentum of the planet. Th us, bodies are ejected mainly in the 
direction of the planet’s motion.

Th ese assumptions were the basis for substantiating the presence of a hypo-
thetical swarm of comets at heliocentric distances of about 150,000 AU, which is 
called the “Oort Cloud”. Th e physical mechanism of the formation of this cloud 
was not considered by either Oort or his followers. Th e Oort Cloud model is a 
spherical region that extends over distances from 50 to 100 thousand AU from 
the Sun. It is considered as a model of the source of long-term comets reaching 
the inner region of the solar system.

Th e cloud itself was not instrumentally observed until 2003, but many indi-
rect facts point to its existence. In March 2004, a team of astronomers announced 
the discovery of a planet-like object (2003VB12), named Sedna, which moves 
in a highly elliptical orbit with a period of 10,500 years. Th e orbit of Sedna lies 
between 76 AU (perihelion) up to 100 AU (aphelion), which made it possible to 
attribute this object to the fi rst observed celestial body from the Oort Cloud.
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It should be noted that all planets and asteroids within the orbit of Neptune 
rotate in a plane close to the plane of the ecliptic. Th e Kuiper Belt is also close to it. 
At the same time, the Oort cloud can be represented as a sphere surrounding the 
Sun. It is assumed that between the Kuiper belt and the main Oort Cloud, there is 
a transition zone to the ecliptic plane. Th is region is called the Hills belt or the in-
ner Oort Cloud. According to the models, the total mass of the inner Oort Cloud 
is tens (if not hundreds) of times larger than the outer one.

4.1.6. Possible relation of streaming 
meteoroids to parent bodies

Th e meteor complex includes both streaming meteoroids, 
that is, those belonging to the known meteor showers, and sporadic meteoroids 
that make up the “meteor background”. Classifi cation on this basis is to some 
extent conditional. More than twenty major meteor showers are known. Th ey 
are called by the Latin names of the constellations where the radiant is located: 
Perseids, Lyrids, Orionids, Aquarids, Geminids, etc.

If two or more meteor showers operate in a given constellation at diff erent 
times, they are designated by the nearest star: γ — Aquarids, γ — Aquarids, γ —

Table 4.1. Annual meteor showers associated with comets

Shower name Date α,° δ,° V, km/s Parent body

Quadrantids 03.01 231° +50° 41 Machholts 1986 VIII
Lyrids 22.04 271° +34° 48 Th atcher 1861 I
η-Aquarids 03.05 336°     0° 66 Halley 1910 II
Diurnal Arietids 07.06   43° +23° 39 Machholts 1986 VIII
ζ-Perseids 07.06   62° +23° 27 Enke 1971 II
β-Taurides 29.06   86° +19° 30 Enke 1971 II
Southern δ-Aquarids 29.07 333° –16° 41 Machholts 1986 VIII
Northern. δ-Aquarids 12.08 339°   –5° 42 Machholts 1986 VIII
Perseids 12.08    46° +57° 59 Swift -Tuttle 1862
Daily Sextantides 29.09 152°     0° 32 Phaeton (3200)
Draconids 09.10 262° +54° 20 21P/ Giacobini-Zinner
Orionids 21.10   94° +16° 66 Halley 1910 II
Southern Taurids 03.11   50° +14° 27 Enke 1971 II
Northern Taurids 13.11   58° +22° 29 Enke 1971 II
Leonids 17.11 152° +22° 71 Tempel-Tuttle 1866
Andromedidae 27.11   25° +44° 16 Biel 1846 II
Dec. Phenicides 05.12   15° –55° 12 Blanpain 1819 IV
Geminids 14.12 112° +32° 34 Phaeton (3200)
Ursids 22.12 217° +76° 33 Machholts 1986 VIII
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Perseids, etc. For some meteor showers, their genetic relationship with comets 
has been established. Some data on the possible relationship between annual 
meteor showers and their parent bodies, which are confi rmed by diff erent au-
thors, are given in Table 4.1 and Table 4.2 (Babadzhanov, 1991; Hasegawa, 1993; 
Olsson-Steel, 1988; Porubcan 2004; Porubcan, 2005; Porubcan, 2006; Sekanina, 
1970a; Sekanina, 1970b; Sekanina, 1973; Sekanina, 1976; Sokolova, 2016; McKin-
ley, 1961; McKinlay, 1964).

Th e following designations are used in Table 4.1. Date — the day and month 
of manifestation of the shower’s maximum activity, α — right ascension and δ —
radiant declination (in degrees), V — geocentric speed of meteoroids (in km/s). 
In the column “Parent body”, the name of the periodic comet and its symbol 
are given.

Th e column “Parent body” contains the name of the asteroid and (in brack-
ets) its ordinal number by the catalog of minor planets.

Th e data given in the tables are not complete and will undoubtedly be cor-
rected. Th e International Astronomical Union maintains a register of 713 meteor 
showers (http://www.astro.amu.edu.pl/~jopek/MDC2007/). Among them, 112 
showers are distinguished and considered confi rmed, but not all of them (~30) 
are associated with a possible parent body with a suffi  cient degree of reliability.

Knowledge of the genetic relationship of meteor showers with the parent body 
allows us to put forward reasonable assumptions concerning the geocentric veloc-
ity and physical and chemical properties of the meteoroid, the ATCH of which 
is recorded during radar observations ( over the period of activity) of the cor-
responding meteor shower. Based on such information, ATCH catalogs can be 
created on the basis of signal refl ections from meteor trails with a given radiant, 
which makes it possible to classify meteor trails according to ATCH and create 
appropriate databases for solving astronomical and telecommunication problems.

Table 4.2. Main annual meteor showers associated with asteroids

Shower name Date α,° δ,° V, km/s Parent body

Virginides (comp-
lex)

20.03 185...208 –24...+28 14...24 Geographer (1620), 2002 
FC, 2003 BD44, 1998 SJ70, 
1998SH2

j-Bootids 30.04 224 +48 15 Geographer (1620), Aton 
(2062)

α-Scorpiids 16.05 243 –21 35 Adonis (2101) or minor 
planet 2004 BZ74?

χ-Scorpios 28.05...3.06 245 –12 12...14 Apollo (1862)
α-Capricornidae 30.07 307 –10 23 Adonis (2101)
Daily Sextantides 29.09...4.11 152   –2 32 Phaeton (3200)
Northern Taurids 30.10...7.11   54 +21 2004TG10
Geminids 14.12 112 + 32 34 Phaeton (3200)
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4.2. Model of a sporadic meteor complex

Th e report (Jones, 2004) presents a physics-based paramet-
ric model that allows predicting the spatial distribution of meteoroid occurrence 
frequency and the distribution of their velocities for a sporadic meteor complex. 
In this model, it is assumed that the main source of meteoroids are short-period 
comets with an aphelion of less than 7 AU and the contribution of long-period 
comets and asteroid meteoroids is also taken into account. It is based on radar 
observations of sporadic meteoroids and focuses on the main component, which 
is the meteoroid mass range of 10–5—1 g.

Despite a number of assumptions, the model can be considered quite reli-
able, since it allows predicting the distributions of radiants and velocities that 
correspond quite well to the distributions of sporadic meteors observed from 
the Earth. Fig. 4.3 illustrates the results of modeling the predicted distribution 
of radiants and velocities (km/s) of meteoroids included in the sporadic me- 
teor complex.

Based on the data presented in (Jones, 2004), it can be concluded that the 
model is essentially correct. However, the degree of agreement between the the-
ory and the results of radar observations (aft er appropriate fi tting of the model 
parameters) depends on many assumptions made.

Th e most comprehensive studies of the distribution of sporadic meteor 
comp lex (SMC) radiants have been carried out using:

• Canadian meteor orbital radar CMOR;
• specialized Australian orbital system SAAMER;
• Middle and Upper Atmosphere Radar MU, Kyoto University (Japan).
Th e results of radar measurements presented in Fig. 4.3 demonstrate the pos-

sibility of using the SMC model, which includes six main sources of sporadic 
meteoroids:

• north and south apex (NA and SA);
• northern and southern toroidal (NT and ST);
• helion (H);
• antihelion (AH).
A ring structure of radiants, weakly relative to other sources of the SMC, 

was also recorded as located approximately 55° around the apex, which varied in 
strength during the year.

To simplify the SMC model, a two-dimensional Gaussian approximation is 
oft en used. In this case, it is necessary to estimate the parameters of the radiant 
scattering ellipse for ecliptic longitude λ and ecliptic latitude β. Table 4.3 shows 
the results of estimates of the ecliptic coordinates of the main SMC sources and 
scattering parameters presented in (Campbell-Brown, 2006; Wiegert, 2009; Gal-
ligan, 2005; Chau, 2007; Brown, 1995; Jones, 2005).

Focusing on these data and combining with the results of mapping the an-
nual distribution of SMC radiants (Fig. 4.4), Fig. 4.5 presents a map version of 
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Fig. 4.4. Results of radar measurements of SMC sources. When presenting the distribution of 
radiants obtained on the SAAMER-OS and MU sites, the wavelet transform was used

Fig. 4.5. A variant of the map of the annual distribution of radiants of six main sources and 
a weak ring structure of the sporadic meteor complex: H — Helion; AH — Anti–helion; NA, 
Northern Apex; SA, South Apex; NT — Northern Toroidal; ST — South Toroidal

Table 4.3. Results of estimates of the ecliptic coordinates 
of the main SMC sources 

Source λ−λ0 β Δλ Δβ

North Apex 270 18 21 12
Apex 271 –10 19 16
South Apex 260 –32 19 12
Helion 340…342 0. 3…–15 15…19 10…24
Anti-helion 193…202 0. 2…–11 15…18 10…24
Northern Toroidal 275 56 13 9
Southern Toroidal 270…274 –55…–60 15…16 10…16
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Fig. 4.6. Results of raw measurements of 
geocentric meteoroid velocities generated 
by six main sources of SMC. Th e values of 
geocentric velocities (km/s) are marked on 
the horizontal axis, and their share from 
the total number of observed velocities is 
marked on the vertical axis

the annual radiants distribution for six main sources and the ring structure of the 
SMC, where a two-dimensional Gaussian approximation is used.

Fig. 4.6 summarizes the results of raw measurements of geocentric velocities of 
meteoroids generated by six main sources of SMC presented in (Jenniskens, 2006).

Meteoroids from apex sources have velocities close to 70 km/s when the radi-
ants are located near the ecliptic and about 45 km/s if they are at the northern and 
southern extreme points. Th e Helion and Anti-Helion sources show the greatest 
variation, from about 20 km/s to 45 km/s closer to the apex. Th e geocentric veloc-
ities of meteoroids from the northern and southern toroidal sources are almost 
uniformly distributed within the indicated zones and equal about 35 km/s.

Th e Apex sources (NA and SA) mainly consist of meteoroids in retrograde 
orbits from Halley’s comets and long–period comets with orbital inclinations 
of ~15° above and below the ecliptic plane. From the side of the apex, the meteor-
oids of this source enter the atmosphere at velocities of ~60 km/s. Th e results of 
studies on the apex sources of SMC are presented in a number of works (Camp-
bell-Brown, 2008; Jenniskens, 2006; Nesvorný, 2011; Taylor, 1997; Jones, 1993). 

Sources of Helion (H) and Anti-Helion (AH). Meteoroids appearing in 
the Anti-Helion and Helion regions have orbits similar to those of short-period 
comets, as well as some Earth-crossing asteroids. Th ey may have originated from 
comets of the JFm family with a period of below 20 years in prograde orbits. Th e 
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speeds of meteoroids from these sources are noticeably lower than those of apex 
meteoroids: most of them have velocities of ~12—45 km/s.

Toroidal sources (NT, ST) are observed at high latitudes (~60°) and are the 
least studied. Northern and southern toroidal meteoroids move in almost circular 
orbits at large angles relative to the ecliptic plane and have an average observed 
speed of ~35 km/s (Wiegert, 2009; Campbell-Brown, 2009).

In some papers, apex and toroidal sources are associated with long-period 
comets such as Halley-type comets and Oort cloud comets (eg (Wiegert, 2009)).

Sources of the SMC ring structure. When modeling the SMC (Campbell-
Brown, 2008) and (Wiegert, 2009), it was concluded that the origin of the ring 
structure can be explained by cosmic dust (micrometeoroids) with a high incli-
nation of orbits, whose radiants, under the infl uence of the Poynting-Robertson 
drag and the Kozai eff ect, grouped between 50 and 60°.

At the same time, the results of mapping meteor showers detected by an 
SAAMER-OS radar (Fig. 4.7) (Janches, 2019) demonstrate a clear relation-
ship between the radiants of meteoroids of the ring structure and SMC toroi-
dal sources with quite specifi c meteor showers with geocentric velocities in 
the range of 35—40 km s–1. Th is confi rms the need for further study of these 
SMC sources and the relationship between meteoroids generated by them and 
parent bodies.

4.3. Seasonal and diurnal variation 
in the count rates of meteor trails having 
a specular reflection point 

Th e probability of the appearance of meteor trails with a 
specular refl ection point depends on the time of year and day, as well as on the 
geographical location of the transmission and reception sites.

Fig. 4.7. Radiants of identifi ed meteor showers detected by SAAMER-OS, 
confi rmed by the data collected up to 2015
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Th e annual cycle of track count rates is the result of rising and setting visible 
sources of sporadic meteors, which depend on the geographic latitude. Fig. 4.8 
shows the annual cycle of changes in the daily meteor count rates at the Esrange 
point, which has the coordinate 67.8°N (slightly above the Arctic Circle) observed 
in 1999—2008 (Younger, 2009). Th e same fi gure shows the duration (in hours) of 
the Apex being above the horizon on the 15th day of each month.

Th e contribution of the apex source of the SMC is signifi cant; however, it is 
also necessary to consider other sources of the SMC. For example, in December, 
the apex is below the horizon, and the NA source can only be observed at very 
low elevation angles. Th is signifi cantly reduces the daily count rates of meteors 
observed from this source. At the same time, the observed meteor count rates 
signifi cantly exceed the average value.

A detailed analysis of the characteristics of the main sources of SMC, per-
formed in (Younger, 2009), is illustrated by Fig. 4.9.

Th e fi gure shows the hourly meteor count rates observed at Esrange in January 
and July 2004 and the corresponding elevation angles of the six main SMC regions. 
Comparing these data, we can conclude that the high count rate is provided by 
SMC sources that have elevation angles from 20 to 40 degrees. Th e lowest count 
rates are observed when all sporadic sources are either below or close to the local 
horizon (at about 17:00 local time). Th us, the hourly meteor count rate is directly 
related to the elevation angles of the radiants, which determines their seasonal and 
daily dependence. It should also be noted that many of the meteoroids that have low 
elevation angles lose most of their mass before they are detected.

Fig. 4.8. Annual cycle of change in the daily meteor count rates at the Esrange point, observed 
in 1999—2008 (Pokorný, 2014). Months on the horizontal axis, daily meteor count rates on the 
vertical axis. Th e duration (in hours) of the Apex being above the horizon on the 15th day of 
each month is shown by a dashed line
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Fig. 4.9. Hourly meteor count rates observed at Esrange in January and July 2004 and corre-
sponding elevation angles of six SMC regions. Th e horizontal axis shows universal time, and the 
vertical axis shows the height of the source h, expressed in angular measure (h = 90◦ — z, where 
z is the zenith angle)

Th e radio visibility and elevation angles of the main SMC sources depend 
signifi cantly on the coordinates of the observation points. Fig. 4.10, taken for il-
lustration from (Younger, 2009), shows the seasonal change in the meteor count 
rates for observation points located at Esrange (67.88°N, 21.10°E), Ascension Is-
land (7.9°S, 14.4°E), and Rothera (66.6°S, 68.1°E). 

Th e presented results demonstrate a clear dependence of the meteor count 
rates on latitude (which is expected) since the elevation angles of the SMC radi-
ants above the local horizon have a latitudinal dependence.

Th e distribution of SMC radiants obtained taking into account the position 
of the Earth as it moves along the ecliptic is very clear. For the northern and 
southern hemispheres, the average monthly distributions of SMC radiants are 
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presented in (Campbell-Brown, 2006; Campbell-Brown, 2009; Galligan, 2005; 
Schult, 2018; Younger, 2009).

 As an example, Fig. 4.11 shows a map of the seasonal variation of the SMC 
radiant density of the northern hemisphere in the apex plane of the geocentric 
ecliptic coordinate system, obtained as a result of observations using Canadian 
CMOR radar in the period from 2002 to 2005 (Campbell-Brown, 2009). Similar 
data are available for the southern hemisphere (Younger, 2009).

Fig. 4.11. Map of seasonal changes in the density of SMC radiants of the northern hemisphere in 
the apex plane of the geocentric ecliptic coordinate system (Campbell-Brown, 2006)

Fig. 4.10. Seasonal change in meteor count rates for observation points located at Esrange 
(67.88°N, 21.10°E), Ascension Island (7.9°S, 14.4°E), and Rothera ( 66.6°S, 68.1°E)
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Th is fi gure clearly shows the seasonal change in the density of radiants, for 
which a specular refl ection from the ionized trail is observed, which is confi rmed 
by the results of radar measurements.

To predict the frequency of occurrence of IMTr belonging to the main sources 
of SMC or meteor showers and having a specular refl ection point, it is necessary:

1. Use statistical data on the distribution of their radiants in the process of the 
Earth’s movement in its orbit, which can be represented in the ecliptic geocentric 
coordinate system centered to the Sun.

2. Take into account the epoch (year, date, and time) of observation.
3. Take into account the geographical coordinates of observation points, 

and in the case of bistatic scattering of radio waves (two-position radar), to take 
into account the geometry of the path (coordinates of the path center, azimuth, 
and length).

Th e question of the infl uence of the state of the ionosphere in the meteor 
zone on the characteristics of trail detection remains open. Moreover, even less 
studied is the eff ect of seasonal and diurnal changes in the ionization and turbu-
lence of the atmosphere in the meteor zone, as well as solar activity, which has an 
11-year periodicity, on the observability of meteor trails.

4.4. Conclusions

Th e study of the main sources of SMC and meteor showers 
allows us to make reasonable assumptions about the genetic relationship of the 
meteoroid that created the ionized trail with the parent body and, as a result, 
assumptions about the physicochemical properties of the meteoroid. Th is is of 
interest both to astronomers and astrophysicists, as well as to specialists in the 
fi eld of telecommunications.

Th e construction of a radiant density distribution map (for sporadic sourc-
es and meteor showers) is based on a physically and astronomically reasonable 
parametric model of the SMC, as well as the results of radar observations. Th e 
radiant density distribution map serves as the basis for developing a predictive 
(probabilistic) model for observing ionized trails, which takes into account the 
Earth’s orbital motion and axial rotation. Such a model, with given coordinates 
of observation points and observation time, makes it possible to predict seasonal 
and diurnal variations in the frequency of occurrence of meteor trails with a spec-
ular refl ection point belonging to the main SMC sources and meteor showers.

Due to the incompleteness of the initial data, the radiant density distribution 
map and the prognostic model need to be corrected when new observational data 
become available. To correctly interpret the results of observations, one should 
take into account the location and technical characteristics of the radar systems 
through which these data were obtained.

When developing a more precise map of the radiant density distribution of 
the main SMC sources, attention should be paid to supplementing it with data 
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on the distribution of meteoroid velocities, their density, and probable chemical 
composition.

Th e eff ect of seasonal and diurnal changes in atmospheric density, the degree 
of ionization and turbulence in the meteor zone, as well as solar activity on the 
trail detection characteristics, should also be taken into account.

Th e amount of computation required to implement a predictive model for 
the appearance of ISLMs associated with a given radiant is very large and requires 
the development of special soft ware.

Th e possibilities of practical use of the predictive model by astronomers and 
specialists in the fi eld of telecommunications are described above. We would like 
to draw attention to the possibility of using it to classify the observed ATCH 
signals refl ected from the meteor trail. Reasonable assumptions about the SMC 
sources or the radiant of the meteor shower provide additional information for 
the development of a radiophysical model of signal scattering on the ionized me-
teoroid trail. Th is makes it possible to classify the meteor trail according to ATCH 
and create appropriate databases for solving astronomical and telecommunica-
tion problems.
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SECTION 5
BISTATIC SIGNAL 
SCATTERING ON IONIZED 
METEOROID TRAIL

In this section, the main attention will be paid to the study of 
the bistatic scattering of radio signals on an ionized meteor-
oid trail (IMTr). Th is is because the construction of networks 
for transmitting information via meteor radio channels is 
based on this principle. In addition, the ATCH of the signal 
scattered on the meteor trail implicitly contains information 
about both the genetic relationship of the meteoroid with the 
parent body and the physicochemical properties of the mete-
oroid that formed this trail, as well as information about the 
state of the atmosphere at the height of the trail formation. 
It should be taken into account that, depending on the path 
geometry, for meteoroids identical in all parameters, diff erent 
ATCH and PTR of scattered signals can be observed.

Knowledge of the height of the specular refl ection point 
and the velocity of the meteoroid, obtained as a result of 
measurements or predicts, opens up additional possibilities 
for extracting information about the meteoroid and the geo-
physical parameters of the atmosphere. Th e solution to this 
problem is complicated by the fact that it cannot be solved 
using only statistical processing of the results of observations 
due to the uncontrollability of the initial data. Th is implies 
the need to use predictive models that determine the prob-
ability of occurrence of meteor trails with a specular refl ec-
tion point, as well as radiophysical scattering models that ad-
equately describe the ATCH and PTR radio refl ections from 
meteor trails.

Fig. 5.1 gives a fairly general geometric representation 
of bistatic scattering by IMTr in the fl at Earth approxima-
tion. Here the XY plane is perpendicular to the radius of 
the Earth at the middle of the path and passes through the 
transmission and reception points. Th e meteoroid trail is in 
the plane tangent to the ellipsoid surface, and the specular 
refl ection point coincides with the contact point. Th e sphe-
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ricity of the Earth’s surface was not taken into account, its infl uence will be 
considered below.

Fig. 5.1 uses the following notation: T and R are transmission and reception 
points, which are the foci of the ellipsoid determined by the corresponding geo-
graphical coordinates; RTR is the distance between the transmitting and recei-
ving antennas (interfocal distance for an ellipsoid, on the surface of which there 
is a specular refl ection point); R1 and R2 are the distances between the trans-
mitting antenna and specular refl ection point Mm and the receiving antenna 
and specular refl ection point, respectively; θ is the scattering angle depending 
on the position of Mm on the ellipsoid surface; a is the semi-major axis of the 
ellipsoid, on the surface of which there is a specular refl ection point;  b — semi-
minor axis of the ellipso id, on the surface of which there is a specular refl ection 
point; βTM and αTM are the values of elevation and azimuth relative to the plane 
on which the specular refl ection point is observed from point T; βRM and αRM are 
the values of elevation and azimuth relative to the plane on which the specular 
refl ection point is observed from point R; XM, YM, ZM are the coordinates of 
the specular refl ection point on the XY plane and the Z axis is perpendicular 
to it; αm is the azimuth angle of the meteor trail in the tangent plane perpen-
dicular to the propagation plane, on which the dimensions of the fi rst Fresnel 
zone depend.

HM  is the height of the specular refl ection point above the Earth’s surface, 
on which such important trail parameters as the initial radius r0, linear electron 
density αe, and diff usion coeffi  cient D of the ionized trail depend.

Obligatory conditions for observing radio refl ection from the ionized trail of 
a meteoroid are:

• Presence of a SRP located within the meteor zone, which is usually taken to 
be 80...130 km from the Earth’s surface.

Fig. 5.1. Geometric representation of bistatic scattering on an ionized meteoroid trail
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• Finding the coordinates of the SRP within the radio visibility zone.
• Suffi  ciency of the energy potential of the radio link for reliable reception of 

the refl ected signal.

5.1. Determination of the radio 
visibility zone of the meteor trail

Obviously, when observing meteor trails, it is necessary to take into ac-
count only that region of space that is simultaneously visible from the transmis-
sion and reception points (the radio visibility zone). It is a part of the sphere 
bounded by planes tangent to the Earth’s surface at the points of transmis-
sion T and reception R. Th e intersection of these planes with the boundaries of 
the meteor zone form circles with a radius RRV. Since the Earth is not a perfect 
sphere, its radius varies slightly depending on the geographic coordinates of the 
points. We will use the average value of the radius, which, by the WGS-84 stan-
dard (World Geodetic System 1984), is approximately equal to RE WGS = 6371 km. 
Th is approximation allows an error in determining the value of RE not exceeding 
0.5%. If more accurate measurements are required, local values of the radius of 
curvature determined for the given coordinates of points T and R can be used (Ya-
kimchik, 2019; NGA Standardization Document, 2014; International Civil Avia-
tion Organization, 2002).

Fig. 5.2 for the XZ plane presents the data necessary to illustrate the calcula-
tion of the radio visibility zone and the height of the specular refl ection point 
above the Earth’s surface. In this case, the phenomena of refraction of radio waves 
at the entry into the troposphere and ionosphere, which aff ect the main charac-
teristics of the radio visibility zone, are temporarily not taken into account. Th e 
distances RRV to the upper and lower boundaries of the meteor zone (circle radii) 

Fig. 5.2. Determination of the radio visibility zone of a meteor communication system without 
taking into account the refraction of radio waves in the troposphere and ionosphere
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are determined by the expressions:

               
 2 2 ,RVH E WGS E WGSR R H h R   

           
(5.1)

     
 2 2 .RVL E WGS E WGSR R H R  

           
 (5.2)

If the location of points T and R is given by geographical coordinates, the 
distance between them along the surface of the Earth can be determined using 
the formula:

     2 22 1 2 1
1 22 arcsin sin cos cos sin ,

2 2TR E WGSL R     
              

 
   

 (5.3)

where φ1 and λ1 — the latitude and longitude of point T ( with a plus sign for the 
north latitude and east longitude and a minus sign for the south latitude and west 
longitude), degrees; φ2 and λ2 — the latitude and longitude of point R, degrees.

With a known (calculated) distance along the Earth’s surface, the shortest dis-
tance (the chord of a circular arc) between points T and R can be determined us-
ing the relationship:

      

902 sin .TR
TR E WGS

E WGS

LR R
R

 
 
 
 



           

(5.4)

From expresion (5.4) it follows that for LTR = 1000 km, the diff erence between 
LTR and RTR is 1.026 km. In many cases this diference, is neglected.

Th e projection of the area of intersection of planes tangent to the Earth’s sur-
face at points T and R with the spherical surface of the upper boundary of the me-
teor zone on the XY plane is shown in Fig. 5.3, where XRV and YRV are the extreme 
points of this area along the X and Y axes, respectively.

Th e extreme points of this area can be calculated by solving the system of 
equations

            

2
2 2

2
2 2

,
2

.
2

TR
RV

TR
RV

Rx y R

Rx y R

 
 
 

 
 
 

  

  
            

(5.5)

from which it is easy to obtain

              
,

2
TR

RV RVX RR  
           

 (5.6)

               
.

2
TR

RV RCX
RR  

            
(5.7)
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Fig. 5.3. Projection of the radio visibility zone on the XY plane

It is of interest to estimate the projection area of the radio visibility zone on 
the XY plane, in proportion to which the volume of the meteor zone changes, 
which is available for observing refl ections from meteor trails. It can be shown 
that the area SPB is equal to:

     
 2 2 22arcsin 1 1 ,RV RVS R p p p 

  
   

          
(5.8)

where arcsin is calculated in radians and p = RTR/2RRV.
Table 5.1 presents data on the extreme points of the radio visibility zone 

and the area of its projection on the XY plane calculated by formulas (6.5), (6.6) 
and (6.7) for radio links of various RTR lengths under the condition that the 
upper boundary of the meteor zone is at an altitude of 130 km. Th e refraction 

Table 5.1. Data on the extreme points of the radio visibility zone 
and its areas for radio links of various lengths, obtained without taking 
into account the refraction of radio waves (RE WGS = 6371 km, RRV = 1283.6 km).

RTR, km YRV, km XRV, km SRV ∙ 106, 
km2 RTR, km YRV, km XRV, km SRV ∙ 106, 

km2

    0 1293.6 1293.6 5.257 1500 1054.0 543.6 1.639
250 1287.5 1168.6 4.638 1750 952.8 418.6 1.085
500 1269.2 1043.6 4.022 2000 820.6 293.6 0.565
750 1238.0 918.6 3.411 2250 638.5 168.6 0.105

1000 1193.0 793.6 2.808 2500 333.0 43.6 0.001
1250 1132.6 668.6 2.215
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of radio waves at the entry into the troposphere and ionosphere was not taken 
into account.

Th e refraction of radio waves in the troposphere and, to a lesser extent, in 
the ionosphere leads to variations in the radio visibility zone. Th ese changes have 
a seasonal and daily dependence, which must be taken into account when inter-
preting the results of observations. Th e standard refraction is the most common 
case, due to the average state of the troposphere, for which it is believed that the 
refractive index n varies with height by a linear law. In this case, the equivalent 
radius of the Earth (RR EQV) is oft en used for calculations, which is determined by 
the ratio:

      

,
1

R WGS
R EQV

R WGS

R
R

R dn
dh




            
(5.9)

which for dn/dh = –4 · 10–5 km –1 yields RR EQV ~ 8550 km.
Refraction close to the standard is observed more oft en in the daytime. In-

creased refraction is most oft en noted in the evening, night, and morning hours 
of the summer months, and sometimes at the same hours in spring or autumn.

Calculations of the radio visibility zone taking into account refraction can be 
performed on the basis of formulas (5.1)—(5.7), where RE WGS = 6371 km should 
be replaced by RR E QV, calculated by expression (5.9). If it is necessary to calculate 
the equivalent radius of the Earth more accurately, one can use the results of 
(Handbook on Radiometeorology, 2013; Handbook on Radiometeorology, 2015), 
where refraction in the troposphere and ionosphere is taken into account.

5.2. Predictive model for observing 
ionized meteoroid trails 

Th e value of the probability of the appearance of an ionized 
trail in the radio visibility zone with SRP and parameters that provide the pos-
sibility of transmitting information through a radio channel cannot be obtained 
using only statistical processing of the results of radar measurements because of 
the uncontrollability of the initial data. Th is determines the need to develop a 
predictive model that makes it possible to estimate the probability of the appear-
ance of meteor trails with SRP and trail parameters that ensure the reception of 
the refl ected radio signal with a required quality.

A predictive model of the frequency of IMTr observations belonging to the 
main sources of SMC or meteor showers will provide the ability to:

1. Calculate the coordinates and height of the SRP at given trail radiants, 
which makes it possible to predict the main trail characteristics used to estimate 
the energy potential of the radio link.

2. Make reasonable assumptions about the genetic relation of the meteoroid 
that generated the ionized trail to the parent body and, as a result, assumptions 
about the physicochemical properties of the meteoroid.
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3. Obtain additional data necessary for the classifi cation of the observed me-
teoroid by the ATCH of the signal scattered on the trail.

4. Optimize the pointing of transmitting and receiving antennas in the zones 
of the most probable occurrence of trails for a given set of meteoroid entry points 
into the meteor zone and the predicted zenith angle and azimuth of the trail and, 
thereby, ensuring the maximum throughput of meteor radio communication sys-
tems. Calculation of “hot zones” is especially relevant when choosing the location 
of base stations in the course of designing meteor radio communication networks 
and can also be used when choosing the observation time and points of transmis-
sion and reception for radio astronomy observations.

5. Optimize the information transfer protocol for meteor radio communica-
tion based on the data on the time of the trail appearance and the features of the 
initial segment of the scattered signal ATCH.

Th e initial data for building a predictive model are:
• Th e radiant coordinates of the supposed SMC source or meteor shower are 

given in the apex plane of the ecliptic geocentric coordinate system. Th e chosen 
radiant suggests the possibility, with some a priori probability, suppose the origin 
of the meteoroid, and, consequently, its velocity and chemical composition.

• Th e time of observation of the refl ected signal (year, month, day, and local 
time) required for the subsequent coordinate transformation.

• Th e geocentric (geographical) coordinates of observation points, allowing 
the determination of the route center coordinates, azimuth, and the length of the 
radio link.

Th e calculation algorithm that implements the predictive model for the ap-
pearance of IMTr associated with a given radiant involves the following actions:

1. Based on the radiant (λ – λ0, β) specifi ed in the apex plane of the ecliptic 
geocentric coordinate system and the date of observation, calculate its coordi-
nates in the ecliptic geocentric coordinate system. To do this, it is necessary to 
add the longitude of the Sun λ0 on a given date to the centered longitude (see 
expressions (2.13—2.15)).

2. Perform the transition from the ecliptic geocentric coordinate system to 
the equatorial system (see expression (2.12)). In this case, we obtain the coordi-
nates for a given radiant (α, δ).

3. Taking into account the geocentric coordinates of observation points, as 
well as the date and time of observation, perform the transition from the equato-
rial coordinate system to the horizontal one (see expression (2.10)). In this case, 
we obtain the value of the zenith angle and azimuth (z, A) for a given radiant at 
a given time.

4. By changing the observation time, obtain the dependence of the zenith 
angle and azimuth on the local time (z (t), A (t)) for the radiant of the supposed 
SMC source or meteor shower.

5. By setting the coordinates of the meteoroid entry point to the meteor zone, 
check the presence of the specular refl ection point and its coordinates within the 
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meteor zone. Th e conditions for observing the refl ection and the expected height 
of the specular refl ection point will be determined later.

6. Performing the above actions for a given set of meteoroid entry points 
into the meteor zone, obtain a geometric representation of the zone within which 
the refl ection from IMTr with a given radiant is observed.

Th e geometric representation of the area within which the refl ection from 
IMTr with a given radiant is observed makes it possible to determine the width 
of the RP antennas at the transmitting and receiving points and to point them to 
this area. Th e observation of a trail within a given zone suggests the possibility, 
with some a priori probability, to determine the origin of the meteoroid, and, 
consequently, its velocity and chemical composition.

Th e calculation algorithm that implements the predictive model is graphi-
cally presented in Fig. 5.4.

When choosing the entry points of a meteoroid into the meteor zone, it is 
necessary to conditionally divide the spherical surface limiting the radio visibility 
zone into surface elements with an equal area covering the surface in such a way 
that the distances between the centers of neighboring elements are the same. In 
this case, in an aggregate, they will represent the densest stacking of hexagonal ele-

Fig. 5.4. Graphical representation of the calculation algorithm that implements the predictive 
model for IMTr with a given radiant
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Fig. 5.5. Th e densest stacking of a set of regular hexagons on the XY plane 
aligned with the Earth center

ments on the spherical surface of the upper boundary of the radio visibility zone. 
Th is problem was solved in (Kharchenko, 2012a; Kharchenko, 2012b; Kharch-
enko, 2012c) by the method of projecting the densest stacking from a plane onto 
a sphere. Fig. 5.5 shows the densest stacking of a set of regular hexagons on the 
XY plane, aligned with the center of the Earth.

As a result of projection, the centers of each ji–th hexagon in the spherical 
coordinate system are determined by the relations:

2
2 ,

33ji

ij
arctg k

i


  
    1,2, ..., , 0,1,2, ..., ( 1), 0, 1, ..., 5,i N j i k   

     
(5.10)

           
1 ,

2
ij

ij

R


 
   

            
(5.11)

         

223 3 ,
2 2ijR

ii r r j          
              

(5.12)
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where ρ = RE + H is the distance from the center of the Earth to the upper bound-
ary of the meteor zone, the selected value of r determines the required accuracy of 
specifying the coordinates of the entry point, the value of k determines the sector 
in which the angle j is determined (for k = 0, angle j can take values from minus p 
/3 to +p/3), and each i in the set from 1 to N corresponds to the value of j, which 
is less than the value of i. 

Th e required radius for the coverage area is provided by choosing the appro-
priate values of r and N. In this case, the coverage radius for the upper boundary 
of the meteor zone can be defi ned as

       
 cov max max

3cos cos 1 2 1 .
2 2

R r N  


  
      

     
       

(5.13)

To convert polar coordinates to Cartesian’s, we can use the known relation-
ships, where yij is the angle between the horizontal plane and the selected point

       

   
   

 

cos cos ,

cos sin ,

sin .

entr ij ij ij

entr ij ij ij

entr ij ij

x

y

z

  

  

 

 

 



          (5.14)

Th e singular point is the origin, for which the angle j is not defi ned. Pair i = 0 
and j = 0 corresponds to the coordinates x = 0 and y = 0.

When the origin of coordinates is transferred from the center of the Earth to 
the center of the segment connecting the points of transmission and reception, 
the x and y coordinates remain unchanged, and the z coordinate becomes equal to

   
2

2 ,
4
TR

entr ij entr ij E
Rz z R              (5.15)

where RTR is the distance between the transmitting and receiving points.

5.2.1. Coordinates of the specular reflection point 
and its height above the Earth’s surface

For radio links of various lengths SRP, given the coordinates 
of the meteoroid entry point into the meteor zone, and the known trail radiant, 
it is possible to determine the presence and coordinates of the specular refl ection 
point (SRP), as well as its height above the Earth’s surface. Refl ection points in the 
meteor zone have only trails that are tangent to one of the ellipsoids of revolution 
included in the family of ellipsoids with foci at the receiving and transmitting 
points. An ellipsoid of revolution is a special case of an ellipsoid, two of three 
semiaxes of which are of the same length. For bistatic scattering, its canonical 
representation is:
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2 2 2

2 2 2 1,x y z
a b b

  
          

(5.16)

where a2 = b2 + (R/2)2 is the square of the major semiaxis, and b is the minor 
semiaxis.

To fi nd the coordinates of the points of intersection of the straight line de-
scribing the meteor trail with the ellipsoid, it is necessary to represent this straight 
line in a parametric form (Aleksandrov, 1968):

      

,
,
,

entr

entr

entr

x mt x
y nt y
z pt z

 
 
 

           (5.17)

where m, n, p are the coordinates of the directing vector of the straight line pass-
ing through the given meteoroid entry point into the meteor zone (xin, yin, zin), 
and substitute (5.17) into equation (5.16).

If the direction to the radiant is given in the horizontal coordinate system

            

cos sin ,
sin sin ,

cos ,

R R

R R

R

m z
n z

p z








                 (5.18)

then the reduced azimuth angle (the angle about the x–axis) should be used, and 
the signs of the direction vectors of the straight line in equations (5.17) should be 
reversed. In this case, the parametric equation of the straight line takes the form:

             

,
,
.

entr

entr

entr

x mt x
y nt y
z pt z

  
  
  

           (5.19)

Aft er substituting (5.19) into (5.16) and a number of elementary but rather 
cumbersome transformations, we obtain an equation of the second degree with 
respect to the parameter t

            2 2 0,At Bt C              (5.20)

where

  

 

 

 

2
2 2 2 2 2

2
2 2

2
2 2 2 2 2 2

,
2

,
2

.
2

TR

TR
entr entr entr

TR
entr entr entr

RA b m b n p

RB b mx b ny pz

RC b x b y z b

        
   

         
   

         
   

 

       (5.21)
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Th e solution of equation (5.20) is known and has the form

        1,2
1 ,Bt D

A A
              (5.22)

where discriminant D is
           2 .D B A C              (5.23)
Th e point of contact can be observed if, for any value of the minor semiaxis 

b, the condition D = 0 (one intersection point) is satisfi ed. You can fi nd this value 
by solving the equation

.           2 0.B A C              (5.24)

Th e value of the minor ellipsoid axis that is touched by the straight line given 
by expression (5.18) remains undefi ned.

We represent the coeffi  cients of expression (5.21) as an expansion in powers 
of the parameter b

 
 

   
   

2 2 2 2

2 2

4 2 2 2 2 2 2 2 2

,

,

,
entr entr entr entr entr

entr entr entr entr entr

A b R n p

B b mx ny pz R ny pz
C b b x y z R R y z

  

    

       

        (5.25)

where R =RТР /2.
Substituting the values of A, B and C from (5.25) into equation (5.24) leads to 

a sixth degree equation with respect to the unknown value of the ellipsoid minor 
semiaxis b. Having introduced the notation for the unknown w = b2, we obtain 
the reduced equation of the third degree for the square of the minor semiaxis

   3 2 0,b b bw A w B w C             (5.26)

where

   
    

  
    

2 2 2 2 2 2 2 2

2 2 2

2 2 2 2 2 2

24 2 2 2 2

( ) ,

2

,

.

b entr entr entr entr entr entr

b entr entr entr entr entr entr entr

entr entr entr

b entr entr entr entr

A mx ny pz x y z R R n p

B R mx ny pz ny pz y z

x y z R n p

C R ny pz n p y z

        

      
     

      

(5.27)

To solve equation (5.26), the Vieta method or the Cardano formulas (Korn, 
2003; Boltyanskiy, 1967; Bronshteyn, 1986) can be used. When fi nding the roots 
of the reduced cubic equation (5.26), we prefer to use the Vieta method, for the 
implementation of which the following steps should be performed:
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1. Calculate coeffi  cients Q and P

      2 3( 3 ) / 9, (2 9 27 ) / 54.b b b b b bQ A B P A A B C            (5.28)

2. Find the discriminant of an equation

    3 2 .Q P              (5.29)

3. If Δ > 0, then the 3 real roots of equation (5.26) are defi ned by the formulas 

  1 2

3

2 cos / 3, 2 cos( 2 / 3) / 3,

2 cos( 2 / 3) / 3,
b b

b

w Q A w Q A

w Q A

  

 

      

   
      (5.30a)

where j is

1.5
1 arccos .
3

P
Q

    
 

4. If Δ = 0, then the roots of equation (5.26) can be found based on simpler 
formulas

                 3 3
1 2 32 / 3, 2 / 3,b bw P A w w P A            (5.30b)

Since w = b2, the desired value of the minor semiaxis b of the ellipsoid of 
revolution is determined as the positive roots found on the basis of solutions 
(5.30a) and (5.31 )

    .b w            (5.31)

With the found value of b, the discriminant (5.24) is equal to zero, and the 
parameter t, which determines the coordinates of the touch point, is equal to

               ,touch
Bt
A

            (5.32)

where A and B are given by expression (5.21).
In this case, based on (5.19), (5.21) and (5.32), the coordinates of the touch 

point are determined by the values

   
 

 

2
2 2

2
2 2 2 2 2

2
,

,
2

TR
entr entr entr

M entr

TR

Rb mx b ny pz
x m x

Rb m b n p

       
     

       
   

           (5.33)
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     

       
   

       
     

       
            

(5.33)

where the minor semiaxis of the ellipsoid is determined by the found expres- 
sion (5.31).

Aft er fi nding the coordinates of the touch point, it is necessary to make sure 
that this point is within the meteor zone. For this, we fi nd HM, the height of SRP 
above the Earth’s surface using the calculation formula

        

2
2

2 2 2 2 .
2
TR

M M M M E E
RH x y z R R

            
         (5.34)

If 80 km < HM < 130 km, we assume that the SRP is within the meteor zone.
Another method for determining the presence of SRP was described in (An-

tipov, 2006). It is based on determining the cosine of the angle between the di-
rection to the radiant and the perpendicular to the plane tangent to one of the 
ellipsoids of the family with point M. In this case, the meteor trail is described by 
the equation

  
M M M

2 2 2
2 TR

x x y y z z
1 0,

R
2

b b
b

   
   
 

          (5.35)

where xM, yM, zM are the coordinates of the point on the ionized meteoroid trail, 
and the direction cosines m, n, and p are

    cos sin , sin sin , cos ,R R R R Rm z n z p z   

where αR is the reduced azimuth of the radiant, and zR is the zenith angle of the 
radiant. 

Th e plane tangent at point M to the ellipsoid of revolution is described by the 
equation
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M M M
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2 TR

x x y y z z
1 0,

R
2

b b
b

   
   
          

(5.36)

and the perpendicular to the plane is described by the equation

   M M Mx-x y-y z-z ,
A B C

            (5.37)

where 

        
M M

2 2
2 TR

x y, .
R

2

A B C
b

b
  

   
 

 

Th ereby, the cosine of the angle between the direction to the radiant and the 
perpendicular to the plane tangent to one of the ellipsoids of the family at point 
M is determined using expressions (Kharchenko, 2012a; Kharchenko, 2012b; 
Kharchenko, 2012c; Kharchenko, 2011; Kharchenko, 2010a; Kharchenko, 2010b)

 

2 2 2 2

2 2 2
2 2 2

2 2 2 2

( / 2)cos .

( / 2)

M M M

e TR e e

M M M

e TR e e

mx ny pz
b R b b

x y zm n p
b R b b


 




      
                 

      (5.38)

Aft er fi nding cos(γ) for the entry point of the meteor into the layer and the 
exit point from the layer, the condition for changing the cosine sign for these 
points is checked. If a sign change occurs, then the trail is tangent to one of the 
ellipsoids of the family and has specular refl ection point, otherwise, the trail 
formed by a meteoroid with a given radiant has no mirror point and cannot be 
used to provide communication.

Th e method for determining the “hot zone” based on the analysis of the 
sign of the cosine is presented in (Kharchenko, 2012a; Kharchenko, 2012b; 
Kharchenko, 2012c; Kharchenko, 2011; Kharchenko, 2010a; Kharchenko, 
2010b ). It takes into account the statistical data on the most probable zenith 
angles of meteor trails for all SMC sources. Fig. 5.6a shows the region of the 
most probable occurrence of meteor trails suitable for communication formed 
by sporadic meteoroids for a radio link of 1000 km obtained on this basis. Th e 
obtained results are consistent with the qualitative assessment of this area given 
in the ITU-R Recommendations(Fig. 5.6b). In both cases, the radio visibility 
zone was not taken into account, which must be considered when long-distance 
radio links is using.
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For meteor showers with a fi xed zenith angle π/6 and reduced azimuths, 
which were taken as equal to π/2, 5π/4, and 3π, “hot zones” for radio links of vari-
ous lengths have the form shown in Fig. 5.7.

Th ese results can be used as test (indicative) results when compared to more 
correct calculations performed on the basis of the predictive model proposed 
above for the appearance of IMTr associated with a given radiant.

For the found SRP height, we estimate the suffi  ciency of the energy potential 
of the radio link for observing the refl ected signal.

5.2.2. Estimation of the energy potential 
of a radio link with forward scattering

Th e energy potential of a meteor radio link determines the 
possibility of transmitting information with a given reliability and speed. It is 
characterized by the ratio of the energy of the refl ected signal to the spectral den-
sity of the noise and depends on:

geometric parameters of the radio link;
radiated power of the transmitter PT;
carrier frequency fc or, equivalently, operating wavelength λc;
transmitting and receiving antenna gains at the operating frequency (GT 

and GR) in the SRP direction;
peak power of the refl ected signal that is formed within the fi rst Fresnel 

zone and depends on the trail orientation relative to the radio wave propaga-
tion path;

physical and chemical properties of the meteoroid that formed the trail;
height HM of the specular refl ection point above the Earth’s surface, on 

which such parameters of the ionized trail as the linear electron density qe, the 

Fig. 5.6. Th e zone of the most probable occurrence of meteor trails suitable for communication 
formed by sporadic meteoroids for a radio link of 1000 km long
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Fig. 5.7. Areas of the most probable occurrence of meteor trails suitable for communication 
formed by meteor showers with diff erent reduced radiant azimuth angles

initial radius r0, the radial distribution of the electron density, and the diff usion 
coeffi  cient D depend;

noise power in the frequency band Δfs of the used signals at a given fre-
quency of the carrier wave.

To estimate the power of the received signal during bistatic scattering on 
underdense and overdense trails, various simplifi ed models are used, the degree 
of adequacy of which depends on the assumptions made at the model develop-
ment stage. Th e analysis of simplifi ed models was carried out in (McKinlay, 1961; 
McKinlay, 1964). To implement a prognostic model that makes it possible to es-
timate the probability of occurrence of meteor trails with SRP, it is suffi  cient to 
use known expressions for the power of the received signal refl ected from an un-
derdense meteor trail. Taking into account the geometry of the radio link and the 
direction of the polarization vector μ of the scattered signal, the received signal 
power can be described by expressions

           

2 2
3 2 2 2 0

2 2

2 2 2
1 2 1 2
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.
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Expressing the power of the received signal in terms of the eff ective electron 
scattering surface σe, we obtain
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         (5.40)
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where РT is the transmitter power; GT, GR are transmitter and receiver antenna gains; 
λ is the wavelength; σe is the eff ective electron scattering surface; αe is the linear elec-
tron density of the trail; re is the classical electron radius; μ is the angle between the 
electric fi eld vector of the incident wave and the trail axis; θ is the angle of incidence 
of the transmitted wave on the trail; r0 is the initial radius of the meteor trail; βm is 
the angle between the meteor trail and the plane drawn through the receiving and 
transmitting points and the refl ecting point of the meteor trail (propagation plane); 
R1 and R2 are the distances between the transmitting antenna and the refl ecting area 
and between the receiving antenna and the refl ecting area, respectively.

Although underdense tracks are more oft en observed, in some cases, it is 
necessary to determine the confi guration of “hot zones” for overdense trails. Th is 
is especially relevant when operating in the upper part of the frequency range 
available for meteor radio communications. Th e duration of these trails is much 
longer, which signifi cantly aff ects the operating cycle and the choice of the infor-
mation transfer protocol in the MRS.

For an overdense meteor trail, the formula for calculating the received signal 
strength is (Wislez, 1995)
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where rc is the critical radius of the meteor trail, with a Gaussian distribution of 
electron density about the axis, which is given by
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Noise power can be calculated using the well–known formula

        0
0

1 ,A
s B F s

TP k T N F
T

 
     

 
          (5.43)

where kB = 1.38 × 10–23 [J/K] — Boltzmann constant;T0 = 290 K — standard tem-
perature [ K]; NF — receiver noise Figure;TA — noise temperature reduced to the 
antenna input [ K]; ΔFs — the bandwidth of the receiving system, determined by 
the type of signals used and the rate of information transmission.

Noise power in a given band at frequencies exceeding 20 MHz is mainly de-
termined by galactic noise and man-made noise.

Galactic noise is a function of frequency and in the range of 20...100 MHz 
can be calculated using formula (Schanker, 1990)

     ,( ) 27,7 lg ( ) 10 lg ( )ø MHz s HzP dBW K f F               (5.44)
or calculated by the procedure given in Recommendation ITU-R P.372-13.
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5.2. Predictive model for observing ionized meteoroid trails 

Th e power of industrial interference can be determined based on the ex-
pression

        ,( ) 154,5 22 lg ( ) 10 lg ( ),ind MHz s HzP dBW f F               (5.45)

where the coeffi  cient K depends on the location of the receiving station and can 
vary from 127.2 to 136.8.

Th e min imum power level at the receiver input can be determined by the 
formula

  ,min
min

( ) ( ) ( ),s
Rø

n

PP dBW dB P dBW
P

 
  
 

         (5.46)

where (Ps/Pn)min is the minimum signal– noise power [dB] ratio at the input of the 
receiver decoder, which depends on the purpose of the meteor radio system, the 
parameters of the receiving and transmitting equipment and antennas, the type 
of signals used, and the information transfer protocol.

In (Miroshnikov, 2019), to apply eff ectively “complex” algorithms to the func-
tioning of the meteor communication path, it is recommended to use methods 
that, for given parameters of the receiving–transmitting equipment (PT, GT, GR) 
and the distance RTR between the transmitting and receiving antennas, provide 
observation of refl ected signals, for which (Ps/Pn) > 17...20 dB. For signals trans-
mitted at an operating frequency of 30 MHz and having a spectrum width of 
2400  Hz, based on (5.39) and (5.41), we obtain PR,min of minus (132.2...135.2) 
dBW or (6.03 10–14...3.02 10–14) W. Similar estimates were obtained in (Voronin, 
2019; Solovev, 2000).

Depending on the purpose of MRS and the length of the radio link, it is 
necessary to optimize the parameters of the transceiver equipment and ensure 
that the antennas are pointed in the “hot zone”. As one of the effi  ciency criteria, 
a minimum time for bringing an information packet of a given size with limited 
costs for its transmission can be used. It is possible to optimize construction and 
installation works by a set of quality indicators, the main of which are:

Maximum throughput of the MRC network.
Minimum time to deliver information of a given volume with a given re-

liability.
Data line utilization.
Increased secrecy of the operation, protection from natural interference, 

and resistance to electronic suppression.
Minimum power consumption when placing stations at unattended sites.
Th e minimum cost of production and operation of equipment.
Optimization allows for setting the minimum signal power level at the re-

ceiver input PR,min, for which one should perform calculations of the “hot zone” 
and select the optimal antenna parameters, as well as the protocol and informa-
tion transfer rate.
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SECTION 5. Bistatic signal scattering on ionized meteoroid trail

5.3. Measuring the height of the specular 
reflection point on a meteor trail

When performing research in the fi eld of meteor astronomy, 
it is relevant to estimate the height of the specular refl ection point with an un-
known radiant of the meteoroid that generated the trail. When using the direc-
tion–fi nding–time radio method for measuring the velocities and radiants of 
individual meteors, the error in estimating the zenith angle is practically inde-
pendent of its value. Th e MIR-2 complex made it possible to measure the angular 
coordinates of refl ecting points with an accuracy of 1° and estimate the radiants 
of meteoroids with an accuracy of 2° (Narziev, 2017).

Let us show the possibility of using the radio direction fi nding method for 
measuring the height of the SRP during bistatic scattering, in which the specular 
refl ection point Mm is located on the surface of an ellipsoid of revolution, the ca-
nonical representation of which is given by equation (5.16).

We assume that the distance RTR between the points of transmission T and re-
ception R, located in the foci and determined by the corresponding geographical 
coordinates, is known. Th e value of the minor semiaxis b depends on the coordi-
nates of the specular refl ection point Mm in the meteor zone, which determines 
the sum of the focal radii of the ellipsoid for a given value of RTR. Th e sum of the 
focal radii of the ellipsoid can be estimated by measuring the propagation time 
τTR of the signal from point T to point R. Since the sum of the focal radii of the 
ellipsoid is twice the semi-major axis, the semi-major axis is given by the simple 
relation:

          ,
2
TR

c


             (5.47)

where c is the speed of light in the medium of radio wave propagation.
Th is allows us to determine the value of the minor semiaxis of the ellipsoid 

based on the expression

         
2 2

.
2 2
TR TRRb
c

       
   

         (5.48)

Th us, expressions (5.16, 5.47, and 5.48) completely describe the ellipsoid of 
revolution, on the surface of which there is a specular refl ection point Mm.

We off er a simple and geometrically clear method for measuring the coordi-
nates (xM, yM, zM). It is based on a two-stage solution procedure and illustrated in 
Fig. 5.8, which uses the notations to Fig. 5.1.

Based on the presented fi gure, the following system of equations can be written

    

2 2 2 ,
,
.

M M M

M M R

M M R

Z Y b
Z C tg
Y C tg




  
 
 

          (5.49)
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5.3. Measuring the height of the specular reflection point on a meteor trail

Substituting ZM and YM into the fi rst equation, we obtain the value of CM ex-
pressed in terms of bM — the radius of the section of the ellipsoid by the YZ plane 
at the point XM, as well as the corresponding values of ZM and YM

 
2 2 2 2 2 2

, , .M M M
M M R M R

R R R R R R

b b b
C Z tg Y tg

tg tg tg tg tg tg
 

     
  

  
(5.50)

To fi nd the XM coordinate and the bM SRP parameter, we use the previously 
determined ellipsoid parameters, the equation of the straight line from point R to 
point Mm, and the relation connecting the angles αR, βR, and γR

             

2 2

2 2 1 ,

2
TR

R

x z
b
Rz tg x





 

       

,         (5.51)

                       cos cos cos .R R R              (5.52)

A graphical representation of the conditions of this task is illustrated in Fig. 5.9
Th e substitution method allows us to obtain a quadratic equation for x from 

system (5.51)
     Ax2 − Bx + C = 0 ,                                    (5.53)

where 
2

2 2 2 2 2 2 2 2 2, , .
2
TR

R R TR R
RA a tg b B a tg R C a tg a b         

 
Using expression (5.51) and the well–known trigonometric identity, the val-

ue of tg2γR can be represented by an expression relating γR to the measured angles 
αR and βR

  2
2 2 2
1 11 1 .

cos cos cosR
R R R

tg 
  

            (5.54)

Fig. 5.8. Measurement of coordinates ( XM, YM, ZM) of the specular refl ection point
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SECTION 5. Bistatic signal scattering on ionized meteoroid trail

Th e solution to equation (5.53) is the coordinate XM

   
2 4 .

2M
B B ACX

A
 

           (5.55)

With XM calculated, the value of the parameter bM is given by
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          (5.56)

Note that the angle βR was determined relative to the XY plane and, if mea-
sured in degrees relative to the horizon, its value should be reduced by ΔβR

   180arcsin ,
2

TR
R

E WGS

R
R




 
  
 
 

          (5.57)

where, in accordance with the WGS-84 standard, RE WGS = 6371 km. If it is neces-
sary to perform more accurate calculations, instead of RE WGS, the radius of curva-
ture of the Earth’s surface at the point of reception R can be used.

Example. Let the interfocal distance be RTR = 1000 km, and the measured val-
ues τTR = 17.1 ms, αR = 6°, βR meas= 8° (at the same time, based on (5.57), βR = 12.5°). 
Performing calculations using formulas (5.47), (5.48), (5.49), and (5.52)—(5.56), 
we get:

XM = 35.522 km and bM = 114.48 km; 

YM = 49.038 km; ZM = 103.446 km.

To calculate the height of the specular refl ection point above the Earth’s sur-
face, let’s transform the Mm point a coordinate system where the XY plane passes 
through center of the Earth’s. In this case, the coordinates Mm in the new coordi-

Fig. 5.9. To the task of determining the XM coordinate and the bM parameter of the specular 
refl ection point Mm
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nate system take the values:
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        (5.58)

and the height of the specular refl ection point above the Earth’s surface is equal to

               2 2 2
M EM V V E WGSH X Y Z R    .        (5.59)

For the above example, using (5.58) and (5.59), we get HM = 84.08 km.
When estimating the infl uence of the measurement accuracy of the parame-

ters τTR, αR and βR on the estimation error for H*M, it can be shown that for the ex-
ample considered above, with a time measurement error of ~1 ms and an angular 
error of ~1°, the height estimation error ΔHM is in the range from minus 1.3 km 
to plus 1.8 km. Consider an example in which the height of the specular refl ec-
tion point is closer to the upper boundary of the meteor zone. Let the measured 
values be τTR=17.61 ms, αR=10°, and βR=15°. In this case, the calculated value 
HM = 129.49 km. Similar calculations of the infl uence of measurement accuracy 
on the HM estimate show that ΔHM is in the range from minus 2.34 km to plus 
2.52 km. An increase in the accuracy of measurements of angular coordinates 
leads to an approximately proportional decrease in the error in estimating the 
height of the specular refl ection point (Slivinskiy, 2011).

5.4. Conclusions

Th e proposed predictive model for the observation frequency 
of IMTr belonging to the main SMC sources or meteor showers opens up addi-
tional possibilities for extracting information about the meteoroid and geophysi-
cal parameters of the atmosphere in the case of bistatic radio signal scattering.

Given the observation time, zenith angle, and azimuth of the trail, based on 
the prognostic model, an area where the SRP of the radio signal is observed with 
a given probability can be determined. Th is allows one to optimize the param-
eters of the transmitting and receiving antennas and the protocol for transmit-
ting information for the maximum throughput of meteor radio communication 
systems while ensuring.

Analytical methods were used to calculate the coordinates and height of the 
SRP of the meteor trail, with a given radiant and entry point of the meteoroid 
into the meteor zone. Th is required solving a third–degree equation by the Vieta 
method. Th e possibility of using the direction-fi nding-time radio method for 
measuring the height of the SRP in bistatic scattering is shown. A simple and geo-
metrically illustrative method is proposed for fi nding the SRP coordinates for an 
unknown radiant of the meteoroid that generated the trail.

Golovan.indd   115Golovan.indd   115 30.10.2024   16:16:3130.10.2024   16:16:31



116

PHYSICAL 
THEORY OF FORMATION 
AND TRANSFORMATION 
OF IONIZED METEOR TRAILS

SECTION 6

Th e physical theory of the formation and transformation 
of ionized meteor trails is the basis for creating a general-
ized model of radio signal scattering on a meteor trail in 
the process of its formation and development. Many well-
known researchers of meteor phenomena have been devel-
oping this theory for a long time. A historical review of the 
formation of the physical theory of meteor phenomena is 
given in (Levin, 1956; Bronshten, 1981; Bronshten, 1983). 
Th e fundamental works in this area can be considered in 
(Öpik, 1958; Verniani, 1964; Astapovich, 1958; Jacchia, 
1955; Kascheev, 1967).

Th e ionized trail of a meteoroid available for radio en-
gineering (radar or radio communication) observations im-
plicitly contains information both about the meteoroid itself 
(mass, velocity, chemical composition, radiant) and about the 
state of the atmosphere at the height of the trail formation 
(density, chemical composition, ozone content, wind speed 
and direction, turbulence). By the displacement (drift ) of 
trails, it is possible to reveal the regularities of the circula-
tion of the upper atmosphere at diff erent latitudes at diff erent 
times of the year and day. Th is information can be used in 
solving tasks in various areas of research:

astronomical and astrophysical;
geophysical;
radio engineering.
Th is determines the importance and necessity of con-

structing an adequate physical model of the formation and 
transformation of an ionized trail that takes into account 
many factors determining the trail characteristics during its 
observation. Th e construction of such a model involves tak-
ing into account the main physical processes that occur dur-
ing the interaction of a meteoroid with atoms and molecules 
of the atmosphere.
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6. Phisical theory of formation and transformation of ionized meteor trails

During the formation and transformation of an ionized trail, a sequence of 
events occurs:

1. Preheating and, in certain cases, pulverization and crushing of the me-
teoroid.

2. Evaporation of the meteoroid and ionization of its atoms, and in certain 
cases, fragmentation (with own characteristics), which can continue throughout 
the fl ight interval of the meteoroid until its complete evaporation.

3. Formation of the head part of the ionized trail in the thermalization inter-
val, which is detected on radars as a head echo, and then the trail itself, which has 
an initial radius corresponding to the formation conditions.

4. Trail expansion under the infl uence of ambipolar diff usion in the Earth’s 
magnetic fi eld.

5. Decrease in the linear electron density of the trail due to the eff ects of tur-
bulent diff usion, recombination of positive ions with electrons, attachment of free 
electrons to oxygen molecules, as well as ionic reactions with ozone.

6. Destruction (curvature) of the ionized trail under the infl uence of wind 
shift s and atmospheric turbulence in the meteor zone.

Factors aff ecting the formation and lifetime of an ionized meteor trail de-
pend on the properties of the meteoroid itself and the atmospheric parameters at 
the height of the trail formation. Th ey are presented in Table 6.1.

Th e main characteristic of the ionized trail is the electron density, which 
is directly proportional to the number of evaporated meteoroid atoms per unit 
path length. Note that the meteor body atoms are ionized mainly because they 
have a lower ionization potential compared to the atoms of the atmosphere – the 
amount of energy necessary to transfer an electron of the atom’s outer shell (opti-
cal electron) from the ground level to the excited one.

In the transition to intense evaporation, which occurs very quickly, the ef-
fect of “blocking” occurs. Th e stronger the evaporation, the smaller the propor-
tion of incident molecules that can transfer to the body their energy necessary 

Table 6.1. Factors aff ecting the formation and lifetime of an ionized meteor trail.

Meteoroid 
Parameters

Atmospheric 
parameters 
at the trail’s 

formation height

Meteoroid 
Parameters

Atmospheric 
parameters 
at the trail’s 

formation height

Mass Density Zenith angle * Ozone concentration
Speed Temperature Physical Properties ** Electron density
Radiant Chemical composi-

tion
Chemical composi-
tion

Wind speed and direc-
tion
Turbulence

* Th e zenith angle is determined by the meteoroid radiant, path geometry, and local observation 
time. ** Physical properties — bulk density, structure (porosity), and thermophysical character-
istics (heat transfer coeffi  cient) of the meteoroid. 
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to maintain evaporation. On the contrary, if the evaporation weakens, the ob-
struction will also decrease, which means that more energy will begin to fl ow to 
the meteoric body, which will cause an increase in evaporation. Only at a certain 
rate of evaporation, the both processes can be in equilibrium. Th is equilibrium 
evaporation rate is determined by external conditions such as the velocity of the 
meteoroid, its dimensions (mass and midsection area ), the density and chemical 
composition of the surrounding atmosphere, and the chemical composition and 
thermophysical properties of the body matter . Th e angle of the meteoroid’s entry 
into the atmosphere and the body shape aff ect as well .

To calculate the number of free electrons produced per one evaporated atom 
of a meteor body, the ionization coeffi  cient is used, which depends on the ratio 
of the probabilities of ionization (inelastic process) to momentum transfer (elas-
tic process). Of all the collisions of meteoric atoms with incoming atmospheric 
molecules, the vast majority are elastic, leading to the transfer of momentum and 
energy to the atmosphere atoms. According to E. Öpik, only 3% of all collisions 
are inelastic, causing ionization of atoms.

Considering that each meteor atom can experience not one, but several colli-
sions, the ionization coeffi  cient can, under certain conditions, exceed unity.

Since atoms evaporating from the surface of a meteoroid have approximately 
the same velocities as the meteoroid itself, the initial period in the formation of 
an ionized trail is its rapid expansion until the end of thermalization, that is, the 
establishment of thermal equilibrium with the environment. Th is time interval 
depends on the height of the trail formation and varies from 1 ms at an altitude of 
80 km to 150 ms at an altitude of 115 km (Baggaley, 1977).

It can be assumed that a kind of “ionization bunch” is formed in the thermal-
ization interval, as Canadian astronomers P. Millman and D. McKinley called it, 
one of the fi rst to discover this phenomenon, which is observed on radar screens 
as the head echo of a meteoroid.

To estimate the linear electron density aft er the completion of the thermal-
ization process, a concept is introduced — the initial radius of the meteor trail, 
which in its physical essence characterizes the radius of the ionized trail, within 
which the bulk electron density is distributed according to a certain law.

Th e initial radius and electron density signifi cantly depend on the presence 
and type of splitting (fragmentation) of the meteoroid, which manifests itself 
both at the initial stage of formation of the meteor trail (at the stage of preheat-
ing) and during the subsequent meteoroid movement in the atmosphere. Th e 
splitting eff ects are fi xed during optical observations and are also distinguishable 
on the amplitude-time (ATCH) and phase-time (PTR) characteristics of radio 
refl ections from meteor trails.

Various fragmentation mechanisms have been studied in many works, from 
which it follows that the nature and probability of fragmentation depend on the 
properties of the parent bodies, which are the true sources of meteoroids. Since 
meteoroids of cometary and asteroidal origin have signifi cantly diff erent geocen-
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tric velocities, density, structure, and chemical composition, it can be expected 
that the mechanism of their fragmentation will also be signifi cantly diff erent.

As a result of fragmentation, the total midsection of the meteor body chang-
es, and its mass is distributed among the fragments, which changes the linear 
electron density of the trail at a constant ionization coeffi  cient. When estimating 
the ionization coeffi  cient, it is necessary to apply various hypotheses regarding 
the origin of the meteoroid based on the actually observed height of the specular 
refl ection point and the speed of the meteoroid.

Th e formation of the initial radius of the ionized trail can be infl uenced by 
the shock wave formed by fairly large meteoroids.

Aft er the ionization coeffi  cient is calculated and a decision is made on the 
initial radius of the meteor trail, the stage of evaluating its transformation up 
to complete destruction begins. Th e main transformation mechanism is the ex-
pansion of the trail radius under the infl uence of ambipolar diff usion. However, 
to obtain more reliable estimates of the trail parameters over the interval of its 
observation, it is necessary to take into account the factors listed above that aff ect 
its characteristics and lifetime.

Next, we consider the formation and transformation processes of ionized 
meteor trails in more detail.

6.1. Preheating 
and sputtering of meteoroids

Meteor bodies enter the Earth’s atmosphere at speeds from 
11 to 73 km/s. Th eir initial temperature is determined by the radiation of the Sun 
in the Earth’s orbit and is equal to TC ≈ 278 K. Th e initial kinetic energy of me-
teoroids is much greater than the energy required for complete evaporation, and 
the initial speed is signifi cantly greater than the thermal velocity of the medium 
molecules. If the size of meteoroid is much smaller than the mean free path of the 
molecules of the upper atmosphere, the interaction occurs due to the impacts of 
individual molecules on the surface of the meteoroid.

Th e incident molecule completely or partially transfers its momentum and 
kinetic energy to the meteoric body. At an altitude of 300—130 km, the collision 
energy leads to deceleration, heating, and dispersal of the meteoroid. Very small 
meteoroids with masses of the order of 10–9 g decelerate at altitudes of 110—130 
km, without having time to heat up to the temperature at which intense evapo-
ration begins, regardless of their chemical composition. Th eir kinetic energy is 
spent mainly on thermal radiation from the surface.

For meteoroids larger than 1 mm, the preheating process is controlled by ther-
mal conductivity. When such bodies are heated to a certain temperature, when the 
surface tension (tangential compression) reaches the strength of the material, the 
process of crushing (fragmentation) can begin. For a homogeneous solid stone 
larger than a centimeter, this corresponds to a temperature of up to 900 K. For 
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smaller meteoroids, when the surface is heated to 500 K, the temperature gradient 
inside the meteoroid and internal compression can also cause fragmentation.

Th e physical dispersal of meteoroids of any size is an atomic cascade process 
in which the bombarding particles collide with the surface atoms of the meteor-
oid, displacing them from the lattice through a cascade of energy transfer. Th e 
energy required to overcome the potential barrier is called the surface binding 
energy (U 0). If the component of the velocity of atoms normal to the surface cor-
responds to an energy equal to or greater than U0, they will leave this surface. Th e 
minimum kinetic energy of incoming atmospheric atoms (“projectiles”) required 
to cause the meteor body (“target”) to disperse is called the threshold energy (Eth).

In (Rogers, 2005), for meteoroids in the mass range from 10–3 to 10–13 kg and 
in the velocity range from 11 to 71 km/s, a method for evaluating sputtering ab-
lation was developed based on works (Tielens, 1994; Draine, 1979; Draine, 1977). 
It took into account the atmospheric pressure profi les and the molecular compo-
sition of the gas at diff erent altitudes. In accordance with this technique, the rate 
of change in the meteoroid mass due to physical sputtering can be written as
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dm mM A nY E
dt




       
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            (6.1)

where M2 is the mean molecular  mass of meteoroid atoms; A is the shape factor 
of the meteoroid; v is the geocentric velocity of the meteoroid; mm is the mass 
of the meteoroid; ρm is the bulk mass density of the meteoroid; i is an index in-
dicating the type of molecule from the composition of the atmosphere; ni is the 
number of particles of a given type i per unit volume; Yi (E) is the sputtering yield 
averaged over all possible collision angles relative to the normal to the meteoroid 
surface. It represents the ratio of the average number of sprayed particles of the 
i–th type per one molecule of the atmosphere (one projectile).

Limited experimental data (Draine, 1979; Draine, 1977) indicate that the 
sputtering yield averaged over the encounter angle is determined by the relation

   Yi (E) ≈ 2 Yi (E, Ө = 0) ,            (6.2 )

where Yi(E, Ө = 0) is the sputtering yield at a normal encounter angle, which in 
(Tielens, 1994) is determined by the expression
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(6.3)

where Y has the dimension of the number of atoms per projectile.
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In this multicomponent theoretical relation, the notation is taken from (Rog-
ers, 2005): U(eV) — surface binding energy; M1 — mass of incoming particles 
of the atmosphere ( projectile’s mass); M2 — mean molecular mass per atom of 
the target; β — maximum fractional energy transfer in head–on elastic collision; 
z1 — projectile atomic number; z2 — target atomic number; α — dimensionless 
function of the mass ratio; rp/r — mean projected range to mean penetrated path 
length; sn(γ) — universal function; γ — reduced energy; e — energy of incoming 
particles of the atmosphere (incident projectile energy); eth — minimum (thresh-
old) kinetic energy of incoming atmosphere particles necessary to cause spraying.

Th e dimensionless function α depends on the ratio of atomic masses. For 
0. 5 <M2/ M1 <10, it is approximated by 

2
3

2

1
0,3 M

M    
 

and remains constant at approximately ~0.2 for M2/ M1< 0.5. 
Th e correction factor Rp/R is the ratio of the mean projected range to the 

mean penetrated path length and can be approximated by 
1

2

1

1 ,pR MK
R M


 

  
 

where K is taken as a free parameter which depends on the target material (see 
(Tielens, 1994)).

Th e universal function sn(γ), which depends on the detailed form adopted 
for the screened Coulomb interaction (Tielens, 1994). It has a rather complicated 
form, but can be approximated by the expression (Matsunanmi, 1980)

3,441 ln( 2,718) ,
1 6,35 ( 1,708 6,882 )ns  

  



   

where γ is defi ned as

2
2

1 2 1 2

.M E
M M Z Z e

 


Th e screening length a for the interaction potential between nuclei is given by 
0

2 2
3 3

1 2

0,885 ,
Z Z


 



where a0 = 0. 529 × 10−10 m is the Bohr radius.
Th e kinetic energy of the incident particles of the atmosphere E is deter-

mined by the known relation
2

1 .
2

E M 

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Th e minimum (threshold) kinetic energy of incoming particles of the atmos-
phere Eth, necessary to cause spraying, is given by the expression (Bohdansky, 
1980; Bohdansky, 1984; Anderson, 1981)

 

0 1

2

1
1 3 1

20
2

, for 0,3 ,
(1 )

8 , for 0,3 ,

th
H on H on

th

U ME
M

MME U M M

  

 


 

where the maximum partial energy EH–on transferred in a frontal elastic collision 
is defi ned as

1 1
2

1 1 2

4 .
( )H on

M M
M M M

  


For consistency, U0 and Eth are usually expressed in electron volts (eV).
In (Rogers, 2005), a numerical simulation of sputtering ablation was carried 

out for three models of meteoroids — asteroids, comets, and porous comets. Un-
fortunately, during the calculations, a technical error was made when estimating 
the number density of the atmosphere using the MSIS-E-90 model, which led to 
overestimations of the role of sputtering in the ablation process. Th is was pointed 

Fig. 6.1. Remaining meteoroid mass when only ablation (green curve), only sputtering (red 
curve), or both ablation and sputtering (black curve and crosses) are taken into account for a 
1 × 10–6 kg test particle with a density of 3.3 × 103 kg/m3. Th e velocity and zenith distance at the 
height of the common volume were set to 60 km/s and 35°, respectively (Kero, 2008) 
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Table 6.2. Meteoroid material characteristics used 
in sputtering calculations (Kero, 2008)

Meteoroid material Composition ρm ,
g cm–3 M2 Z2 Eth, eV K

Porous C 0.3 12   6 4 0.65
Cometary C 1.0 12   6 4 0.65
Asteroidal SiO2 3.3 20 10 6,4 0.1
Iron Fe 7.8 56 26 4,1 0.35

Table 6.3. Characteristics of the atmospheric constituents 
required for spray calculations

Molecule O N2 O2 He Ar H N

 M1 15.9994 14.007 15.999 4.0026 39.948 1.0079 14.007
 Z1 8 7 8 2 18 1 7

out in (Kero, 2008), where similar calculations using the method described above 
showed that sputtering is a much less important disintegration process than pre-
sented in (Rogers, 2005) and does not signifi cantly aff ect the fi nal meteoroid mass 
compared to thermal ablation. Th is fact is illustrated by Fig. 6.1, where the mete-
oroid parameters and characteristics of the atmospheric components given in Ta-
bles 6.2 and 6.3, respectively, were used in the sputtering calculations for porous, 
cometary, and asteroidal material.

Based on the foregoing, a reasonable conclusion can be made that, in the pre-
heating interval, sputtering does not aff ect the total mass loss of the meteoroid. It 
may practically not be taken into account in the further motion of the meteoroid 
in the atmosphere.

At the same time, in the preheating interval, the process of crushing (frag-
mentation) can begin when the tangential compression reaches the strength limit 
of the material or the temperature gradient inside the meteoroid creates a corre-
sponding internal compression. As a result of fragmentation, the midsection of 
the meteoroid changes, and this accordingly aff ects the luminosity and ionization 
coeffi  cient and, thus, the linear electron density of the trail created by the me-
teoroid. In this regard, we fi rst consider the possible mechanisms of meteoroid 
fragmentation, taking into account their possible origin, and then evaluate the 
eff ect of fragmentation on the electron density of the ionized trail.
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6.2. Mechanisms 
of the meteoroids crushing

Th e fragmentation mechanisms of a meteoric body have been 
studied by many researchers (Bronshten, 1981; Levin, 1963; Simonenko, 1973; Ba-
badzhanov, 1988a; Babadzhanov, 1988b; Babadzhanov, 1993; Ceplecha, 2005; Kha-
nukaeva, 2002; Stokan, 2015). Observations reveal that 75 to 90% of meteoroids 
show fragmentation in some form, either as separate fragments or as a long trail of 
fragments with diff erent deceleration rates (Weryk, 2013; Stokan, 2014; Subasin-
ghe, 2016; Subasinghe, 2017). However, even those meteoroids that did not show 
evident fragmentation may be partially fragmented (Campbell-Brown, 2017). 

Although the total mass of a meteoroid does not change signifi cantly during 
fragmentation, some emerging eff ects must be considered when interpreting ob-
servations and conducting radiophysical measurements:

1. Th e total cross-section of the meteoroid fragments increases (hence, in-
creases the evaporation surface area) and, accordingly, changes the linear electron 
density of the ionized trail.

2. Th e reduced mass of meteoroid fragments leads to a shortening of the time 
to the complete evaporation of the meteoroid.

3. Th e reduced mass of meteoroid fragments also leads to an increase in de-
celeration when they pass through the meteor zone and, accordingly, to a subse-
quent decrease in the ionization coeffi  cient during the meteor trail formation .

4. Th ere are fading of the received signal due to the interference of radio 
waves refl ected from several meteoroid fragments located at distances commen-
surate with the wavelength.

Despite the fact that meteoroids’ fragmentation during a fl ight in the atmos-
phere has long been recognized, there is still no unifi ed model for the mechanism 
of this phenomenon. Th is is because,  at hypersonic meteoroid speeds, aerody-
namic braking and aerodynamic heating signifi cantly interact. Th erefore, a com-
plex description of the motion in the atmosphere of a body with a variable mass 
and shape under the infl uence of aerodynamic resistance and heating, as well as 
under intense physical-chemical-mechanical interaction with the environment, 
is necessary. Obviously, such a task of aeroballistics is far from trivial.

Th e available meteoroid fragmentation models can be conditionally divided 
into the following characteristic groups:

1. Models of a single body (no fragmentation).
2. A model of progressive crushing into several fragments, a particular case 

of which is progressive fragmentation, when each subsequent fragment is divided 
into the same number of subsequent self-similar fragments (for example, into two 
self-similar parts).

3. Models of quasi-continuous crushing — destruction of the surface layer of 
the meteoroid by separating small fragments, dropping molten fi lm drops, and 
crushing molten drops.
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4. Models of instantaneous frag-
mentation (“fl ash”), which can be con-
sidered as a limiting case of the progres-
sive fragmentation model.

Since the real process of successive 
crushing is due to the inhomogeneity of 
the strength distribution of the original 
body material, and the meteoroid body 
itself has an unknown density and chemical composition, quantitative character-
istics (such as mass, bulk density, grain structure, etc.) estimated based on known 
models can be obtained only using a probabilistic approach. At the same time, 
the qualitative estimates obtained from a model that determine the nature of the 
change in the fragmentation parameter, can be useful in assessing the reliability 
of assumptions regarding the true parent body of the meteoroid. Revealed fea-
tures of fragmentation associated with the density of the meteoroid, the duration 
of its exposure to radiation and heating, which changes mineralogy, can give a 
hint in assessing the age and origin of the meteoroid. One should take into ac-
count that meteoroids generated by the same parent body may exhibit diff erences 
in the nature and features of the fragmentation process due to the inhomogeneity 
of the body itself.

To assess the reliability of any proposed fragmentation model, actual data are 
needed, which can only be obtained through observations. Th e most complete 
idea of the features and characteristics of crushing can be obtained through mul-
ti-position photometric studies. Such studies were carried out at the Canadian 
Automated Meteor Observatory (CAMO), which is a two-station video system 
with a baseline of ≈45 km, high resolution, and image enhancement.

Fig. 6.2 shows the fragmentation states (one frame captured by the narrow–
fi eld camera) for 18 diff erent meteoroids presented in (Weryk, 2013).

Th ree types of fragmentation were observed — single, multiple, and complex 
fragmentation. With a single fragmentation, the meteoroid was fragmented once 
during the observation interval. With a multiple fragmentation, the meteoroid 
was fragmented several times. With a complex fragmentation, the original body 
and its fragments were continuously crushed.

For detailed studies at the CAMO, nine observations of the highest quality 
were selected, which made it possible to determine the speed of movement and 
acceleration of fragments, as well as to extrapolate the fragmentation height and 
calculate, using the well-known method (Ceplecha, 1987), the orbital parameters 
of each meteoroid.

Fig. 6.2. Fragmentation states for 18 diff erent 
meteoroids recorded by the CAMO narrow-fi eld 
camera. A scale bar of 100 m for trail light width 
is shown for an average range of 130 km
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Th e fragmentation dynamics of a meteoroid can be clearly seen in the modi-
fi ed Fig. 6.3, which combines observations of progressive fragmentation and its 
light curve (light produced as a function of time or altitude). Th e snapshots for 
this fi gure were taken from (Stokan, 2014). Th ey were obtained at the CAMO 
on October 16, 2010 at 07:00:52 UTC (meteor 20101016 070052) using a nar-
row-fi eld camera with high light sensitivity and high spatial resolution, as well 
as with a wide-fi eld camera. It is indicated that for this meteoroid, fragmentation 
apparently occurred before the fi rst frame, in which the meteoroid was fi xed at 
an altitude of 83.6 km. Th is follows from the presence of a maximum in the light 
curve shown in Fig. 6.3 at an altitude of approximately 85.5 km.

For the observed meteoroid, the orbital parameters and other characteristics 
were estimated ( Table 6.4), allowing to draw a conclusion about its origin.

Five meteoroid fragments were identifi ed, and their lateral displacement is 
tracked and displayed in Fig. 6.4. Th e obtained data do not contradict the existing 
models of meteoroid fragment expansion dynamics under conditions of super-
sonic fl ow around a system of bodies (Barry, 2005; Maksimov, 2013; Barry, 2010; 
Zhdan, 2007).

Fig. 6.3. Dynamic fragmenta-
tion and light curve for the me-
teoroid observed on October 16, 
2010 at 07:00:52 UTC, where a 
100 m light trail width scale bar 
is shown for an average range of 
130 km, time is given relative to 
the fi rst recorded frame, and the 
arrow indicates the meteoroid 
motion direction (initial data for 
the modifi ed drawing are taken 
from (Stokan, 2014))
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Th e summary Table 6.4 presents the estimated parameters of the meteoroid 
20101016 070052 given in (Stokan, 2014).

Based on the data in Table 6.4, we can conclude that the meteoroid is of aster-
oidal origin, although the Tisserand parameter does not unambiguously indicate 
this. Th e data can be used to approximate the correspondence of the proposed 
fragmentation models to the observational results.

Papers (Roberts, 2013; Subasinghe, 2019) present selective results of meteors 
observations obtained at CAMO, where 21 meteors (13% of events) were record-
ed with a pronounced bimodal light curve similar to that shown in Fig. 6.5a. 

Fig. 6.4. Lateral displacement of fi ve fragments of meteoroid 20101016 
070052 (Stokan, 2014).

Fig. 6.5. Typical light curve with a double peak (the event was recorded on September 20, 2010 
at 08:46:08 UTC) — a; typical light curve with a “sudden peak” (the event was recorded on Oc-
tober 9, 2010 at 06:06:41 UTC) — b. Both events were observed at two sites, and photometric 
observations were processed using the METAL and “mirfi t” soft ware (Subasinghe, 2019)
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At the same time, in fi ve of these meteor phenomena, “sudden peaks” similar to 
those shown in Figure 6.5b were observed.

Attempts to create a model explaining the physical reasons for the appearance 
of the observed bimodal light curves have been undertaken by many researchers 
(Campbell-Brown, 2017; Subasinghe, 2019; Jacchia 1955; Hawkes, 1975; Camp-
bell-Brown, 2013).

However, even when fragmentation is included in the models and a good 
match is obtained for the light and deceleration curves, high–resolution observa-
tions by the CAMO system show the limitations of the models. Th e single–body 
ablation model was in many cases unable to reproduce the observed light curves.

Optical observations of meteor phenomena are very long and costly. Th is 
doed not allow for obtaining the necessary amount of factual material for any 
generalized conclusions based on statistical studies. It is possible to collect suffi  -
cient statistics to identify the fragmentation of meteoroids using radar and radio 
communications observations. In this case, it is important to get known how the 
light curves of meteors in optical observations correlate with the linear electron 

Table 6.4. Summary table of parameters for meteoroid 20101016 070052

Orbital semi-major axis, AU    2.53 ± 0.08
Orbital inclination, degrees  14.5 ± 1.6
Orbital eccentricity    0 .663± 0.069
Argument of perihelion, degrees 230.5 ± 4.8
Perihelion distances, AU    0.853 ± 0.032
Tisserand parameter   3.07 ± 0.50
Geocentric velocity corrected for zenith attraction and diurnal 
aberration, km/s

28.0

Geocentric right ascension, degrees 348.2
Geocentric declination, degrees 32.7
Radiant uncertainty, degrees 0.7
Average observed meteoroid velocity, km/s 19.1 ± 1.0
Peak absolute magnitude   –7 ± 0.1
Total mass before fragmentation, kg 10–6

Assumed meteoroid bulk density, kg/m3 3300
Estimated meteoroid radius, m 2 × 10–3

Fragment divergence interval, m See Fig. 6.4
Fragment separation velocity, m/s ~100
Rotation speed (simulation results), Hz 7000
Pressure due to centrifugal forces, Pa 9 × 106

Initial height of observation by wide–fi eld cameras, km 86.0 ± 0.9
Final height of observation by wide–fi eld cameras, km 75.2 ± 0.9
Height at which fragmentation peaked, km 81.5 ± 1.3
Extrapolated fragmentation height, km 83,0
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density and the initial radius of the ionized trail created by the meteoroid. It is 
also necessary to reveal the distinguishing signs of fragmentation based on the 
analysis of the observed amplitude–time and phase–time characteristics (ATCH 
and PTR) of radio signals mirrored from ionized meteor trails. Th us, depending 
on the path geometry, diff erent ATCH and PTR can be observed for the same me-
teoroid. Knowing the height of the specular refl ection point, obtained as a result 
of measurements, opens up additional possibilities for extracting information 
about the meteoroid and the geophysical parameters of the atmosphere.

6.3. Relationship between ionization 
and luminosity of a meteoroid trail

Th e general factors that determine the relationship between 
the level of ionization and the intensity of the glow of the trail created by a me-
teoroid are the kinetic energy and the area of the frontal section (middle) of the 
meteoroid, as well as the density and chemical composition of the atmosphere over 
the observation interval. In this case, the midsection depends on the number and 
relative position of the fragments currently participating in the creation of the me-
teor phenomenon. Further, we will use the model of a non-crushing body, in which 
the midsection is determined by the mass of the meteoroid and its bulk density. In 
the presence of crushing, for analysis, one can use the superposition of models  of a 
non-crushing body, in which the midsection corresponds to the selected fragment.

Signifi cant diff erences that determine the relationship between ionization 
and trail luminosity are the features of physical processes that determine the 
quantitative characteristics of the electron density and luminosity.

Luminosity is defi ned by the number of atoms and molecules of the meteor-
oid and atmosphere that have passed into an excited or metastable state as a result 
of collisions with the meteoroid and its evaporated atoms. Th e amount of energy 
(in eV) that must be expended to excite an atom or molecule of a gas is called the 
excitation potential . Th e excitation of atoms in collisions with ions and atoms is 
eff ective if the kinetic energy of the colliding particles (interaction energy) ex-
ceeds the threshold value. Th e excited state is unstable and, upon transition to the 
normal unexcited state, the excitation energy is transferred to the surrounding 
space in the form of light electromagnetic radiation. Th e average lifetime of excit-
ed molecules is about 10–10 s, and being in a metastable state can be much longer.

When interpreting the results of optical and radar observations of meteors, 
in the fi rst approximation, the simplest physical theory of meteors (Bronshten, 
1981; Bronshten, 1983; Öpik, 1937; Ŏpik, 1958; Fisher, 1934; Whipple 1938; 
Whipple 1943; Herlofson, 1948; McKinley, 1961; Evans, 1966) is usually used, 
which is based on the assumption that the main mechanism of ablation of mete-
oroids is the evaporation of non-crushing and not changing its shape form curing 
eveporation meteoroid. In this case, interaction of the meteoroid with the atmos-
phere is described by three basic equations.
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Th e deceleration equation is the fi rst basic equation of the physical theory 
of meteors, which is based on the assumption that the loss of momentum by the 
meteoroid mm dv is proportional to the momentum of the oncoming airfl ow:

    m
dvm dt −ГS ρa v2 ,            (6.4)

where mm is the mass of the meteoroid, v is the velocity, S is the area of the frontal 
section (midsection), ρа is the density of the atmosphere, Г is the drag coeffi  cient 
(the fraction of the momentum of the incident atoms and atmospheric molecules, 
which is converted into the deceleration of the body). Th e value of Г can be both 
less than unity, when some of the oncoming molecules fl ow around the body, and 
greater than unity, when the reactive impulse of molecules rebounding from the 
meteoroid surface is noticeably manifested (Bronshten, 1981).

Th e mass loss equation is the second basic equation of the physical theory of 
meteors, which describes the mass loss of a meteoric body, provided that all the en-
ergy is spent on ablation (evaporation or melting and blowing off  the molten fi lm): 

        
3

2
m

a

dm vS
dt Q

   ,             (6.5)

where Q is the specifi c heat of evaporation of the meteoroid substance (J/kg), and 
Λ is the fraction of the kinetic energy of the oncoming fl ow of molecules spent on 
ablation during the time dt.

Th e third basic equation of the physical theory of meteors, the equation of 
luminosity, allows one to calculate the intensity of the glow of a meteor for a given 
moment in time. It is based on the assumption that the meteor radiation power, 
measured either bolometrically or in the bandwidth of a specifi c instrument, is 
proportional to the kinetic energy of th e meteoroid mass dMm evaporated over 
time dt:
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,            (6.6)

where τI is the radiation effi  ciency coeffi  cient, or the luminosity coeffi  cient, which 
depends on the velocity, mass, and chemical composition of the meteoroid, as 
well as on the density and chemical composition of the atmosphere at the obser-
vation altitude.

Th is equation can be represented as

           2
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            (6.7)
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or, using equations (6.4) and (6.5), converted to the form
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.           (6.8)

It is easy to show that the second term in parentheses of equation (6.8) is 
much less than unity, which agrees with the conclusion obtained in (Ceplecha, 
1998) but was obtained without using the ablation coeffi  cient introduced there. 
Th is allows us to represent the luminosity equation in the traditionally used form

    
2

2
m

I

dmvI
dt

 .            (6.9)

In this equation, I is the radiant power (bolometric or in a specifi c band-
width) and τ1 is the luminous effi  ciency defi ned as the proportion of meteoroid 
kinetic energy loss converted into radiation. Th e luminous effi  ciency depends 
on the chemical compositions of the meteoroid and atmosphere (since diff erent 
chemical elements are represented by diff erent line intensities in the observed 
spectrum), on the speed of the meteoroid, and, possibly, on its mass.

Th e main part of the light energy is formed in the head part of the track 
when the evaporated atoms of the meteoroid and atmosphere are excited, which 
forms a coma. Th e density of the coma is such that it can be considered as a single 
body with the midsection interacting with the atmosphere. Some of the atoms 
and molecules of the atmosphere during impact ionization pass into a metastable 
state and, aft er returning to the normal state with some delay, emit a quantum of 
light, forming a “tail”. A certain proportion of the light energy of the “tail” is cre-
ated by the evaporated particles of the meteoroid and particles of the atmosphere, 
which have suffi  cient energy to excite, during repeated collisions.

In the case of fragmentation, each fragment of the meteoric body participates 
in the creation of light radiation, but their random mutual arrangement does not 
allow one to unambiguously determine the value of the total midsection (and, 
consequently, the light fl ux) over the observation interval.

Th e process of formation of an ionized trail is similar to the formation of a 
meteor characterized by a luminosity curve. Th e inelastic collision of the vapor-
ized meteoroid atoms with air molecules leads to the formation of free electrons 
that create an ionized trail, the main characteristic of which is the linear electron 
density. It depends on the equilibrium evaporation rate and is proportional to the 
number of evaporated meteor body atoms colliding with atmospheric molecules 
and atoms per unit path length.

To calculate the number of free electrons produced per one evaporated atom 
of a meteor body, the ionization coeffi  cient is used, which depends on the ratio of 
the probabilities of ionization (inelastic process) and momentum transfer (elastic 
process). Taking into account that each meteor atom may experience not one but 
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several collisions as a result of the cascade ionization process, the ionization coef-
fi cient may, under certain conditions, exceed unity.

Th e ionization produced by meteoroids is described on the basis of the same 
deceleration and mass loss equations and, without taking into account fragmen-
tation, leads to the well–known expression for the linear electron density.

           m

m

dm
q

v dt



  .           (6.10)

Here q is the linear electron density along the path of the meteoroid, μm is 
the atomic mass of a typical meteor atom, β is the ionization coeffi  cient, which 
determines the number of electrons produced by one ablated atom, and dmm/dt 
is given by equation (6.5). 

To interpret radar measurements, it is necessary to know the ionization co-
effi  cient β, defi ned as the probability of formation of an ion-electron pair due to 
collision of a meteoroid atom with an atmospheric molecule. It depends on the 
ratio of the eff ective cross-sections of two processes: ionization and momentum 
transfer. Since the eff ective cross-section is a quantity that determines the prob-
ability of a given process (it got its name because it has the dimension of area), 
the above is equivalent to saying that the ionization coeffi  cient depends on the 
ratio of the probabilities of ionization (inelastic process) and momentum transfer 
(elastic process). In this case, the collision of atmospheric particles with the me-
teoroid midsection at a unit length occurs with a probability close to unity. Th e 
probability of subsequent collisions and ionization due to the cascade process of 
interaction of atoms and ions of a meteoric body and the atmosphere over a time 
interval of fl ight is determined by their residual kinetic energy, atomic radii, and 
threshold ionization energy. Obviously, the number of collisions with the meteor-
oid midsection and the number of subsequent collisions outside the midsection 
depend on the density and chemical composition of the atmosphere at the obser-
vation altitude.

In the equations that determine the luminosity and linear electron density, 
the most uncertain parameter is the meteoroid mass change dmm/dt, which can-
not be measured directly. Perhaps, the most important physical parameter that 
can be obtained from meteor observations is the meteoroid mass. It can be deter-
mined by summing either all the light emitted during the meteor lifetime (pho-
tometric mass) or all the electrons generated during ablation (ionization mass), 
but only if the effi  ciency of electron and photon generation by each unit of ablated 
mass is known.

Unfortunately, β and τI cannot be directly measured as separate quanti-
ties based on video and radar observations. Laboratory studies (Th omas, 2016; 
Friichtenicht, 1967; Jones, 1997; Friichtenicht, 1971; Friichtenicht, 1973) are very 
eff ective and are the basis of many theoretical studies, but they do not cover the 
entire range of meteoroid velocities and cannot provide real conditions for ob-
serving meteors and ionized trails. Th e uncertainty of laboratory estimates of β 
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and τI is exacerbated by the lack of a priori data on the physical and chemical 
properties of the meteoroid, as well as the nature of the fragmentation of the me-
teoroid during the observation interval and before it.

Since q and I are proportional to dmm/dt, equations (6.9) and (6.10) can be 
combined to give the relation β/τI independent of the rate of mass loss:

             
3

2
m

I

v q
I



 .           (6.11)

Th is relation can be considered true only if q and I correspond to the same 
trail segment. It can be determined from simultaneous radar and photometric 
measurements. If β or τI are known or assumed to be known, then knowing one 
of the values, one can estimate the other.

Th ere are good reasons to believe that β has fewer uncertainties than τI 
(Weryk, 2012; Weryk, 2013), which is due to the instrumental features of video 
measurements and calibration methods, when they are performed.

In ( Bronshten, 1981; Th omas, 2016; Jones, 1997; Weryk, 2012; Weryk, 2013; 
Moorhead, 2017) the integral equation (6.12), which can be solved numerically, 
and the expressions (6.13—6.14) are used to estimate β 
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  ,          (6.14)

where β0 is the ionization coeffi  cient in the primary (single) collision; χ = μm/μa 
is the ratio of the average atomic mass of meteoroid atoms to the average atom-
ic mass of atmospheric atoms at the observation height; σela is the elastic colli-
sion cross-section; σion is the ionization cross-section (inelastic collision); v0 is the 
minimum velocity of an atom at which the kinetic energy is suffi  cient for ioniza-
tion during a collision with an atmospheric molecule; Eion1 is the fi rst ionization 
energy per mole, which determines the amount of energy required to detach the 
electron most weakly bound to the nucleus from an isolated unexcited atom of an 
element in the gas phase (it refers to 1 mole of electrons, i.e., measured in kJ/mol); 
e is the electron charge; Φ ion1 is the fi rst ionization potential; c is a free parameter 
used to fi t the values of β0 obtained from experimental studies.

Note that the above formulas imply the possibility of obtaining estimates for 
β(v) under various assumptions regarding the physical and chemical properties 
of meteoroids (PCPMet ) and the atmosphere (PCPAtm ). For a meteoroid with 
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a complex chemical composition, the integral estimate βtotal will be a linear com-
bination, where each element is taken with a weight pj proportional to its share in 
the total number of meteoroid atoms (Moorhead, 2017)

    total j j
j

p  .               (6.15)

Based on expressions (6.12—6.14) and the data given in Table 6.5, the ioni-
zation effi  ciency β was calculated as a function of the meteoroid velocity for iron 
(Fe), magnesium (Mg), silicon (Si), oxygen (O) and sodium (Na ). Th e calculation 
results taken from (Moorhead, 2017) are presented in Fig. 6.6.

Fig. 6.6. Ionization effi  ciency β as a function of the meteoroid velocity for iron (Fe), magnesium 
(Mg), silicon (Si), oxygen (O), and sodium (Na), calculated using formulas (6.12)—(6.14) and 
the parameters listed in Table 6.5. Th e exception is the dashed red line, which corresponds to 
the iron parameters (Th omas, 2016) 

Table 6.5. Atomic weight (μm), fi rst ionization energy (Eion1), minimum 
ionization rate (v0), free parameter (c) for fi ve types of meteor particles. 
When calculating v0, it is assumed that μa = 28.966 g/mol

Element μm , g/mol Eion1, kJ/mol v0 , km/s c, × 106

O 15.9994 1313.9 15.97 4.31
Fe 55.845 762.5 8.94 32.8
Mg 24.305 737.7 10.57 8.94
Si 28.055 786.5 10.50 17.6
Na 22.989 495.8 8.80 69.5
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Note that the calculations used the fi rst-order ionization energy and did not 
consider the possibility of higher-order ionization, which is accompanied by the 
formation of an additional number of free electrons, which should lead to an in-
creas in the estimate of the ionization effi  ciency coeffi  cient β.

In calculations, instead of the ionization energy expressed in kJ/mol, the ion-
ization potential Iion i is oft en used, expressed in electron volts (eV), which is nu-
merically equal to the ionization energy of one atom. Th e relationship between 
ionization energy (kJ/mol) and ionization potential (eV) is determined by a sim-
ple expression (Glinka, 2010)

    / 96.5 ( )ioni ion iE kJ mol I eV           (6.16)
An elec tron volt is a convenient unit for measuring the energy of molecules and 

elementary particles, but it does not belong to the SI system. Th erefore, when calcu-
lating, one should convert electron volts to joules using the coeffi  cient given above.

Table 6.6, as an example, shows the values of the 1st and three subsequent 
ionization potentials of the elements presented in Table 6.5.

For other elements that may be part of the atmosphere at the selected alti-
tude, as well as the composition of the meteoroid model, the ionization potential 
values can be found in reference books (for example, (Glinka, 2010; Mak–Daniel, 
1967; Popkov, 2010; Mishenina, 2007)).

In (Whipple 1938), a power-law approximation of the ionization coeffi  cient 
was used, which was refi ned based on experimental data (Th omas, 2016)

    ( ) ,av bv             (6.16)

where v is the velocity measured in km/s, b = 1.629 × 10–4, a = 2.068.
It can be used in the range of meteoroid velocities of 20—90 km/s for an ap-

proximate estimate of the value of β (v).
Given that the meteoroids are H-chondrite and the atomic mass of a typical 

meteor atom is μm = 0.0241 kg/mol, an approximation of β(v) by the expression 
Weryk, 2012)

    0,5
10 10log 5,84 0,09 9,56 / logv v v           (6.17)

where v is measured in km/s.

Table 6.6. Values of the ionization potentials of the elements

Element Eion1, 
kJ/mol

Iion 1,
eV

Iion 2,
eV

Iion 3,
eV

Iion 4,
eV

O 1313.9 13.6 35.1 54.9 77.4
 Fe 762.5 8.23 16.2 30.6 54.8

  Mg 737.7 7.64 15.0 — —
Si 786.5 8.15 16.3 33.5 45.1

  Na 495.8 5.14 — — —
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Th ere are other expressions for estimating β (v), obtained by fi tting to the re-
sults of radar observations (Gorelov, 2005), where the comparison of calculations 
based on methods similar to those described above was also carried out.

In (Bronshten, 1981), the dependence of the ionization coeffi  cient on the ve-
locity β (v) is based on experimental data for a number of chemical elements’ 
characteristics of meteoric matter (Friichtenicht, 1967; Kaiser, 1955; Lindblad, 
1967; McCrosky, 1955; McCrosky, 1958). Th e average data for these elements are 
presented in Table 6.7. 

As a result, an approximating calculation formula for β (v) was obtained

     24 3,424,36 10v v    ,                      (6.18)

where the meteoroid velocity v is measured in cm/s. If v is measured in km/s, 
then (6.18) is converted to the form

     7 3,425,4889 10v v    .          (6.19)

Formulas (6.16) and (6.19) were obtained for a given meteoroid chemical 
composition (indicated in Tables 6.5 and 6.7) and can be used as a guide when 
calculating the ionization coeffi  cient β (v) for meteoroids of various origins.

To determine the value of the luminous effi  ciency τI based on expression 
(6.11), in addition to β (v), it is necessary to estimate the linear electron density q 
of the ionized trail of a meteoroid.

However, direct measurement of q by radar methods is not feasible. To es-
timate it, the power of the refl ected signal is used, measured within the fi rst 
Fresnel zone (~2 km), which essentially depends on the radial distribution of the 
electron density and the accepted value of the initial trail radius, which are not 
determined accurately enough. In addition, the eff ects of meteoroid fragmenta-
tion and the dependence of the ionization coeffi  cient β on the chemical compo-
sition of the observed meteoroids can aff ect the estimate of the peak power of 
the refl ected signal.

Linear electron density measurements using the ALTAIR system, based on 
radar observations of echoes from the meteoroid head, have been described in 
(Campbell-Brown, 2007). Each echo was modeled using code developed at the 
European Space Research and Technology Center (ESTEC) of the European 

Table 6.7. Values of the ionization coeffi  cient

Element Fraction, 
%

Meteoroid velocity v, 
km/s Element Fraction, 

%

Meteoroid velocity v, 
km/s

20 40 70 20 40 70
O 56.0 0.00016 0.043 0.554  Ca 0.9 0.082 0.619 1.98
 Fe 11.4 0.068 0.595 3.41 Si 14.4 0.023 0.300 1.70

  Mg 15.4 0.020 0.151 0.81 β (v) 100.1 0.0154 0.170 1.12
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Space Agency (Campbell-Brown, 2004), which was modifi ed to calculate the ion-
ization density. Th e radar cross-section (RCS) of an equivalent point source was 
found for each individual pulse echo along the meteor trail and converted to the 
linear electron density using a three-dimensional scattering model (Close, 2004). 
An example of the measured linear electron density along with the simulation 
results is shown in Fig. 6.7 (Campbell-Brown, 2007).

Obviously, the nature of the change in the linear electron density q(t) in time 
is the same as for the change in luminosity (see Figure 6.3) and contains signs of 
meteoroid fragmentation.

Since the luminous effi  ciency τI and the ionization coeffi  cient β depend on 
the respective fractions of the kinetic energy of the interaction between mete-
oroid atoms and atmospheric atoms, it can be assumed that the optical radius 
of the meteor head and the initial radius of the ionized trail are in a certain re-
lationship . In this case, the optical radii will be larger than the electronic radii, 
since the energy of atom’s excitation is less than the energy of its ionization, and 
the probability of repeated collisions leading to the excitation of atoms is high-
er. Th is can give a “hint” for developing a model for the distribution of electron 
density in the head of a meteor and determining the initial radius of the ionized 
meteoroid trail.

Fig. 6.7. Linear electron density versus time for the meteor 982100_53. Th e dotted line shows 
the measured values, the solid line is the theoretically predicted total ionization, and the dashed 
line is the predicted ionization that can be obtained taking into account interference between 
fragments (Campbell-Brown, 2007)
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6.4. Model of the electron density 
of the trail created by a meteoroid 
at the point of observation

Th e main characteristics of the ionized trail created by a 
meteoroid are the value of the linear electron density and the shape of its two-
dimensional probability density of the distribution of electrons relative to the trail 
axis. Th e characteristics of IMTr over the observation interval determine the am-
plitude–time and phase–time characteristics of the refl ected radio signals, which 
are necessary for the design of telecommunication systems and allow us to make 
assumptions about the features and origin of the meteoroid, as well as about the 
characteristics of the atmosphere at altitudes of 80—130 km.

6.4.1. The estimating model 
for the linear electron density of meteor trail

When developing an LEDTr model, we will use the results of 
the integral estimate of the ionization coeffi  cient βtotal(v) presented in section 6.3 
and take into account that the number of collisions per one meter of the mete-
oroid path is proportional to the concentration of atmospheric particles and the 
midsection of the meteoroid head SMH (v, mm, hМ , PCPMet) in the SRP region

  
   

   
Ì

1
Ì Ì

, , , ,

, , , ,
m total

MH mà

q v m h PCPMet v PCPMet

S v m h PCPMet N h l




 

  
          

(6.20)

where βtotal(v, PCPMet) is the integral estimate of the ionization coeffi  cient pre-
sented in subsection 6.3, Na(hM) is the number density of the atmosphere at the 
observation height hM, which can be determined from data given in various 
standard atmosphere models, and l =Δ hM /cos γm = 1m is the length of the path 
along which the electron density was calculated.

Th e most diffi  cult task is to estimate SMH (v, mm, hM, PCPMet). Th e value of 
this midsection depends on the initial mass and density of the meteoroid, the 
intensity of evaporation, which depends on the physicochemical characteristics 
of the meteoroid, its kinetic energy, and the atmospheric density ρatm.(hM) at the 
observation altitude, as well as the presence and parameters of fragmentation and 
diff erential ablation.

Th e value of the meteoroid midsection at the entry to the meteor zone with-
out taking into account fragmentation and diff erential ablation is determined by 
the expression

    
2
3

0
0 0

m
m

m

mS A


 
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 

,         (6.21)

where A0 is a shape factor, mm0 and ρm are the initial mass and density of the me-
teoroid, respectively. It is easy to show that A0 ≈ 1.2 for a sphere and A0 = 1 for 
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a cube. Mass and density diff er for asteroidal and cometary meteoroids. With 
fragmentation and diff erential ablation, the value of A0 can be signifi cantly grea-
ter than unity.

Th e midsection SmM at the observation point is determined by its residual 
mass mmM , and expression (6.21) is converted to the form

        
2
3

0
m

m
m

mS A





 
  

 
,           (6.22)

Particles that have evaporated within a given interval Δl = Δh /cos γ of the 
motion trajectory form a “cushion” of vapor in front of the meteoroid, which 
leads to a change in the midsection. In this case, the midsection of the head part 
at a height hM can be represented by the expression 

     
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,        (6.23)

where σm av is the average cross-section for the collision of evaporated particles, 
and Nevep (hM) is the number of particles evaporated at height hM, which can be 
represented by the expression

         
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     
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   ,    (6.24)

where Δmm (hM) is the mass loss at height hM when it changes by Δh, μm ev is the av-
erage absolute mass of evaporated particles defi ned as the ratio of the molar mass 
Mm mol to the Avogadro number NA = 6.02214082 ∙ 1023 mol−1. Th e molar mass of 
any substance, expressed in grams per mole, is numerically equal to the relative 
mass of the molecule of this substance and can be found from the periodic table. 
Neglecting the mass defect, the relative atomic mass of a molecule is equal to the 
sum of the relative atomic masses of its constituent elements. It should be noted 
that if Δmm (hM) was calculated in kg (SI system), the molar mass in g/mol should 
be converted to that in kg/mol, i.e., divided by 1000.

Based on expressions (6.23) and (6.24), the midsection area SMH (hМ) at the 
observation point can be represented by the expression

            
2
3

0 1 av
m AmÌ
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


  
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 
,         (6.25)

where А1 is the coeffi  cient correcting the increase in the midsection SMH due to 
evaporation, and σm av is the average value of the cross-sections of the molecules 
(atoms ) of the meteoroid, which depends on its chemical composition. Th e min-
imum distance at which the centers of two molecules approach during a collision 
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is called the eff ective diameter d of the molecule, and the value σ = πd 2 is usually 
called the eff ective cross–section of the molecule.

Th e average value of the eff ective cross–section of molecules (atoms) of me-
teoroids may diff er for meteoroids of various types, depending on their physic-
ochemical properties, which are largely determined by their origin. By origin, 
asteroidal and cometary meteoroids are distinguished. A more complete classifi -
cation according to the chemical composition of meteoroids is given, for exam-
ple, in (Ivanov, 2019) and a number of other works.

Th e volume of a mole of a substance X can be estimated by calculating its 
molar mass and dividing it by the density of this substance

                
 

mole
mole

M X
V X

X
 .          (6.26)

Th e molar mass of a substance M(Xmole) in kg/mol is numerically equal to 
the relative molecular mass of the given substance μm(X) divided by 1000, and its 
density ρ(X) is selected from the appropriate reference books. An approximate 
estimate of the volume of one molecule of a substance V(X1) can be performed, 
assuming that the molecules are located as close as possible to each other and 
dividing V(Xmol) by the Avogadro number NA

              
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In this case, the diameter of the molecule dX is equal to

     13
6

X

V X
d


 ,         (6.28)

and the eff ective cross–section of a molecule (atom) of a meteoroid σX1 is defi ned 
by the expression
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Taking into account expressions (6.24) and (6.29), the total average cross–
section of particles σΣm av evaporated at height hM is equal to
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1

L

m mol av j m j
j

M p M


 ,  σX1cp 1j
1

L

j X
j

p 


 , X1av

and pj is the proportion of the j-th evaporated substance.
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To implement the midsection calculations based on expression (6.25), it is 
necessary to obtain the dependence of the meteoroid mass on the height of the 
observation point hM, which will allow estimating the amount of evaporated mat-
ter in a given interval Δh.

Th e mass of the meteoroid at the observation point mmM depends on the in-
itial mass mm0, its velocity at the observation point vM, and the zenith angle γm, 
which is determined by the radiant of the meteoroid. Let us estimate mmM based 
on equations (6.4) and (6.5). We relate the change in time to the change in altitude 
using the expression from (Chernogor, 2018)

    .
cos
dz

dt
v 

             (6.31) 

Th en expressions (6.4) and (6.5) can be transformed to the form
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where the previously used notation is applied. 
Dividing (6.33) by (6.32), we obtain a relation relating the mass mm and the 

velocity v of the meteoroid

            1
2m

m m

dm v dv
m Q





.          (6.34)

Integrating the left  side of (6.34) from the value of the initial meteoroid mass 
mm0 to its mass mmM in SRP, and the right side from the value of the initial me-
teoroid velocity vm0 to its value at the observation point M, vmM, we obtain the 
equation
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0 0
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m m
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m mm v

dm v dv
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  .         (6.35)

As a result of integration, we obtain the value of the meteoroid mass at point 
М depending on the velocity at this point vmМ for a given initial velocity vm0
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        (6.36)

or, using the value of the ablation parameter σa = Λ/2Q Г (Bronshten, 1981)
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To calculate the mass of a meteoroid at an observation point, it is necessary 
to estimate its velocity at this point, which depends on the midsection of the 
meteoroid, and the density of the atmosphere. In the fi rst approximation, which 
is usually suffi  cient for many purposes of meteor astronomy, from the equation 
of state and the equation of hydrostatic equilibrium of the atmosphere, we ob-
tain the exponential distribution of the atmospheric density ρа(h) with respect 
to height h:

     ( )exp ,b ab b
a b

b

g m h hh
RT

 
 

  
  

         (6.38)

where ρb, gb, and Tb are the atmospheric density, gravitational acceleration, and 
absolute temperature at hb selected (base) altitude, mab is the average molar mass 
(kg/kmol) of atmosphere particles at base altitude, and R = 8314.46 (J/kmol · K) 
is the universal gas constant.

If we choose hb = 95,000 m as the base height and use the data from (State 
Standard 4401-73), formula (6.38) is converted to the form

          6 31,4051 10 exp 0,17768 10 ( 95000)a h h         .        (6.39)

Table 6.8 and Fig. 6.8 presents the results of calculating the change in atmos-
pheric density depending on the height h, performed according to formula (6.32), 
and the corresponding data given in (State Standard 4401-73) for the northern 
latitude 45˚32'33". Th e discrepancy between the calculated and experimental data 

Table 6.8.  Change in the atmosphere density depending on the height

h, km ρ kg/m3, (calculated) ρ kg/m3, (GOST) Deviation, %

  80 2.019E-05 1.8458E-05 9.40
  85 8.305E-06 8.2200E-06 1.04
  90 3.416E-06 3.4182E-06 –0.06
  95 1.405E-06 1.4051E-06 0.00
100 5.779E-07 5.5495E-07 4.14
105 2.377E-07 2.2617E-07 5.11
110 9.777E-08 9.3404E-08 4.68
115 4.022E-08 4.5181E-08 –10.99
120 1.654E-08 2.4494E-08 –32.47
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is relatively small and can be reduced for the required height range by choosing 
the appropriate base height and parameters in formula (6.39).

In (Tirskiy, 2000), when calculating the meteoroid velocity, it was assumed 
that its mass mm and midsection Sm did not change when moving with an initial 
velocity vm0 in a medium with a density ρm, and the force of gravity was negligibly 
small compared to the force of resistance to the motion. Th is made it possible to 
obtain an approximate estimate of the meteoroid velocity at the observation point 
represented by the expression

      0 exp * 2mM mv h v   .          (6.40)

where ρ* = ρа(h)/ ρβ(h), ρβ(h) = β cos γ /h, β = mm/Sm — ballistic coeffi  cient, and 
Sm — meteoroid midsection. 

Taking into account the accepted notation, the expression (6.40) is trans-
formed to the form

         
0, , exp ,

2 cos
aM aM mM D

mM aM mM m m
mM m

h h S C
v h m v

m





 
  

  
        (6.41)

where γm is the zenith angle of the meteoroid radiant; CD is a dimensionless aero-
dynamic drag coeffi  cient, which, when a meteoroid moves in the range of meteor 
heights, can take values from 2 to 0.5 (depending on the shape of the body and 
the Reynolds number for it). If at the height of observation, the mean free path 
of molecules is greater than the characteristic size of the body, the coeffi  cient CD 
can be taken equal to 2.

Expressing the midsection of the meteoroid in terms of its mass mmM and 
density ρm using formula (6.22), we obtain

          

 
0

0 1
2 3

, , exp .
2 cos

a aM aM D
mM aM mM m m

mM m m

h h C A
v h m v

m




 

 
 

  
 
 

       (6.42)

Fig. 6.8. Deviation of the calcu-
lated values of the density of the 
atmosphere from the reference 
values
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Th e algorithm for calculating the values of mmM and vmM can be implemented 
based on the calculation formulas (6.42) and (6.36) using the recurrent method, 
in which each next member of the sequence is calculated using the result of calcu-
lating the velocity and mass at the previous step. Th is approach makes it possible 
to partially remove the restrictions on the requirement that the mass and mid-
section of the meteoroid be constant during its motion and velocity calculation at 
the observation point.

To implement the recurrent method of calculating mmM and vmM, one must 
perform the following steps:

1. Calculate, using expression (6.42), the value of the velocity vmM at a point 
close to the upper boundary of the meteor zone at a height hmax – Δh. At the same 
time, the velocity of the meteoroid at the entry to the meteor zone vm0, its initial 
mass mm0, density ρm, and radiant zenith angle γm are assumed to be known, and 
the height of the upper boundary of the meteor zone hmax, the coeffi  cients CD and 
A0 are also considered given. Th e value of atmospheric density at height hmax – Δh 
can be calculated using expression (6.39).

2. Calculate the meteoroid mass value at height hmax – Δh using expression (6.36).
3. Calculate, using expression (6.42), the value of the velocity vmM at the 

height hmax – iΔh, where i = 2. In this case, use the value of the meteoroid mass 
obtained at the previous step (at the height hmax – Δh).

4. Calculate the value of the meteoroid mass at the height hmax – 2Δh using 
expression (6.36).

5. Calculate the value of the velocity vmM at the height hmax – iΔh, where i = 
3. In this case, use the value of the meteoroid mass obtained at the previous step 
(at the height hmax – 2Δh).

6. Repeat the calculations of vmM and mmМ for i = 4 … N, where N is deter-
mined from the condition (hmax – NΔh) ≥ hmin.

As a simple example, Table 6.9 and Figure 6.9 present the results of mmM and 
vmM calculations for an iron meteoroid with the following initial data:

• meteoroid velocity at the entry to the meteor zone vm0 = 40 000 m/s;
• meteroid initial mass mm0 = 0.001 kg;
• meteoroid density ρm = 7874 kg/m3;
• relative molar mass of an iron meteoroid μm (Fe) = 29.4387;
• ionization coeffi  cient for iron βFe(v = 40 km/s) ≈ 0.8;
• specifi c heat of evaporation of a meteoric body Q = 6.3  ∙ 106 J/kg;
• zenith angle of the meteoroid radiant γm = 60°;
• shape factor A0 = 1.21;
• drag coeffi  cient CD = 2;
• correction factor А1 = 1.
Th e obtained dependences allow, on the basis of the previous and subsequent 

values of expression (6.36), calculation of the mass loss of the meteoroid on the 
path length l = 1 km, on which the LEDTr is determined. Th e calculation results 
are presented in Table 6.10 and Fig. 6.10.

Golovan.indd   144Golovan.indd   144 30.10.2024   16:16:3730.10.2024   16:16:37



145

6.4. Model of the electron density of the trail created by a meteoroid at the point of observation

Now, based on formulas (6.25), (6.29), and (6.30), we can calculate the mid-
section of the meteor head SMHM (hM) at diff erent heights. Th e calculation results 
are presented in Table 6.11 and Fig. 6.11.

To calculate the LEDTr using formula (6.20), it is necessary to determine the 
particle number density of the atmosphere Na(hM) (particle concentration) at a 
given altitude. Th is can be done on the basis of the reference data (State Standard 
4401-73) or by using the approximate relation ship

              ,a A
à

a av

h N
N h





            (6.43)

where μа ev is the average molar mass of atmospheric particles (kg/kmol), which in 
the interval of 80...130 km can be approximated by the expression

   
28,964,
28,964 0,14056 95 ,a av h

h
 



   

Table 6.9. Velocity and mass of an iron meteoroid depending on the height of observation

Height, km Velocity, m/s Mass, kg Height, km Velocity, m/s Mass, kg

130 39999.1 9.97E-04 104 39928.4 7.97E-04
128 39998.8 9.96E-04 102 39899.9 7.28E-04
126 39998.3 9.94E-04 100 39860.1 6.42E-04
124 39997.6 9.92E-04   98 39804.5 5.38E-04
122 39996.6 9.89E-04   96 39727.0 4.22E-04
120 39995.2 9.85E-04   94 39619.2 3.00E-04
118 39993.2 9.79E-04   92 39469.2 1.88E-04
116 39990.5 9.70E-04   90 39261.2 9.79E-05
114 39986.7 9.59E-04   88 38973.1 4.00E-05
112 39981.4 9.43E-04   86 38575.5 1.18E-05
110 39973.9 9.21E-04   84 38029.0 2.24E-06
108 39963,5 8.91E-04   82 37281.8 2.40E-07
106 39948.9 8.50E-04   80 36267.6 1.24E-08

Fig. 6.9. Velocity and mass of the meteoroid depending on the height of observation

when 95 km ≥ hM ≥ 80 km,
when hM > 95 km.        

(6.44)
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Based on expression (6.20), using relations (6.25), (6.29), (6.30), (6.39), (6.43) 
and (6.44), we obtain a formula that allows us to calculate the LEDTr

 
     

 

2
3

0 1 1a

Ì

Ì
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 
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            
 

  
  

       

(6.45)

To determine the ionization coeffi  cient βtotal(v, PCPMet), we will use its inte-
gral estimate, represented by expression (6.19), which was obtained for a given 
chemical composition of the meteoroid and can be used as an approximate one, 
and the eff ective cross-section of the molecule (atom) of the meteoroid σX1 is de-
termined by the expression (6.29).

Th e results of calculation by formula (6.45) for the above initial data are pre-
sented in Table 6.12 and Fig. 6.12.

Since stony meteorites with a chondritic structure are the most common, we 
assume that the observed meteoroid is close in composition to the Chelyabinsk me-
teorite, which mainly consists of silicates: olivines (Mg, Fe)2 [SiO4] and pyroxenes 
(Mg, Fe)2 [Si2O6]. Knowing the chemical formula of olivine and the atomic mass of 
the elements, which we take from the Periodic table of elements, we determine its 
molar mass Moliv  = 252. Since the olivine molecule contains (2 Fe atoms  = 2 × 55.847, 
2 Mg atoms = 2 × 24.305, 1 atom Si = 28.085, and 4 atoms O = 4 × 15.9994, it is easy 
to show that the average value of the relative atom mass for the olivine molecule  
μm av = 28,0042). 

Table 6.10. Mass loss of an iron meteoroid on a path length of l = 1 km

Height, km ΔmmM, kg Height, km ΔmmM, kg Height, km ΔmmM, kg

130 5.1734E-07 110 1.3871E-05 90 3.3046E-05
125 1.2020E-06 105 2.8443E-05 85 3.2268E-06
120 2.7724E-06 100 4.9698E-05 80 1.2421E-08
115 6.3008E-06   95 6.0528E-05

Fig. 6.10. Mass loss of 
the meteoroid on the path 
length l = 1km

Golovan.indd   146Golovan.indd   146 30.10.2024   16:16:3730.10.2024   16:16:37



147

6.4. Model of the electron density of the trail created by a meteoroid at the point of observation

Table 6.11. Dependence of the midsection of the iron meteoroid head 
on the height of the observation

Height, km SMHM (hM), m2 Height, km SMHM (hM), m2 Height, km SMHM (hM), m2

130 0. 0065299 110 0.1674635 90 0.1528023
125 0.0150743 105 0.3267676 85 0.0051255
120 0.0345603 100 0.5099290 80 0.0000035
115 0.0777517   95 0.4822221

Fig. 6.11. Dependence of 
the midsection of the iron 
meteoroid head on the ob-
servation point height

Table 6.12. Dependence of LEDTr on the height of the observation

Height, km LEDTr , e/m Height, km LEDTr , e/m Height, km LEDTr , e/m

130 4. 0002E+10 110 3.2863E+13 90 2.5346E+15
125 2.1689E+11 105 1.5959E+14 85 6.0171E+14
120 1.1764E+12 100 6.6098E+14 80 5.6310E+12
115 6.3113E+12   95 1.9095E+15

Fig. 6.12. Dependence of 
the LEDTr of an iron me-
teoroid on the height of 
the observation point — 
a solid line. Th e dashed? 
line shows the LEDTr 
for a meteoroid close in 
composition to the Che-
lyabinsk meteorite, and 
the dots show the result 
of calculation using semi-
empirical formula (6.46)
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Th e density of olivine is usually close to 3300 kg/m3, and the integral ioniza-
tion coeffi  cient βtotal (v, PCPMet) is chosen in accordance with formula (6.19). Th e 
results of the LEDTr calculation according to the method described earlier are 
shown in Fig. 6.12 by a dotted line.

In work (Belkovich 2008), based on the previously obtained results (Eshle-
man, 1957; Belkovich, 1971; Tokhtasev, 1975), it was proposed to calculate the 
linear electron density (in e/m) using a semi-empirical formula, which is valid 
only in the region of maximum ionization and obtained through fi tting to the 
results of radar measurements:

        
3

14 0( 8,15)( ) 4,03 10 cosm
M

M

m vq h Z t
H




     ,         (6.46)

where hM — height above the Earth’s surface at the considered trail point; vm0 —
velocity (in km/s) of the meteoroid at the entry to the meteor region; m — mass 
(in kg) of the meteoroid at the entry to the meteor region; χ — zenith angle of the 
meteoroid; Z(t) — function defi ned by the expression

          
29 11 when ln3 1.7,

4 3
0 ln3, or 1.7,

t te e tZ t
t t

 
          
   

         (6.47)

where relative height t is defi ned as

    maxM

M

h ht
H


 ,          (6.48)

where HM is the reduced height of the atmosphere HM (in km), calculated by the 
formula

    ( ) 6,4 0,09 95M M MH h h   ,        (6.49)

hmax is the height of maximum ionization (in km), determined by the empirical 
relation:

   max 047.4 12.76ln mh v  .         (6.50)

Th e results of calculations by formulas (6.46—6.50) are p resented in Fig. 6.12 
by a line of dots. Th ey show a fairly good agreement with the corresponding cal-
culations of the LEDTr by the proposed method for a meteoroid with a chond- 
rite structure.

In contrast to the classical formula (6.10) and the semiempirical formula 
(6.46), expression (6.45) allows taking into account the main factors infl uencing 
the value and change of LEDTr and performing calculations for the given param-
eters of the meteor body. It should be noted that the LEDTr estimation model 
described in this section can be modifi ed since it does not consider the decrease 
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in electron density due to the recombination of positive ions with electrons, at-
tachment of free electrons to oxygen molecules, and ionic reactions with ozone.

Th e proposed model for estimating the electron density of the trail created 
by a meteoroid at the observation point can be adapted for the fragmentation of a 
meteoroid at a given height. In this case, the initial conditions for calculations are 
data on the velocity and mass of the meteoroid at the fragmentation point, as well 
as a given number of fi ssion fragments. For each fragment, one should calculate 
LEDTr according to the method described above, and then use the principle of 
superposition, that is, the assumption that the eff ect of several independent events 
can be represented by the sum of the eff ects caused by each event separately.

6.4.2. Distribution model of the bulk
electron density concerning to the trail axis

Th e radar scattering from meteor trails depends on several 
insuffi  ciently well-defi ned quantities, such as the bulk electron density of the trail, 
its initial radius r0, and the ambipolar diff usion coeffi  cient Da.

As a model for describing the radial profi le of the bulk electron density out-
side the thermalization interval, the Gaussian function is usually used, which 
leads to the well–known expression

             
2

2 2
0 0

( , ) exp
( 4 ) 4a a

q rn r t
r D t r D t

 
     

,  (6.51)

where n(r, t) is the number of electrons per unit volume at time t from the onset 
of ambipolar diff usion at the meteor trail point at a distance r from the trail axis 
with initial radius r0, and q is the linear electron density at the trail point being 
considered.

Other models have been explored but have not shown signifi cant benefi ts.
At the moment of completion of thermalization, we can accept a similar 

model for the distribution of the volume electron density of the trail

   
2

2 2
0 0

( ) expq rn r
r r

 
   

 
.   (6.52)

Th e physical validation of representation (6.52) is confi rmed by the modeling 
of the distribution of vapor removed from the surface of a meteoroid, which is 
ionized due to collisions with atmospheric particles, performed in (Boyd, 2000). 
In this study, the direct statistical modeling (DSM) Monte Carlo method was 
used for the case of an unfragmented spherical meteoroid with a diameter of 1 
cm, which enters the Earth’s atmosphere at an altitude of 95 km at a speed of 72 
km/s in the regime of a strong nonequilibrium fl ow state.

Th e simulations used standard atmospheric conditions at this altitude: number 
density N2 = 2.8 × 1019 m–3, O2 = 7.0 × 1018 m–3, O = 4.9 × 1017 m–3, and the temper-
ature 176 K. H-chondrite and cometary meteoroids with specifi c heats of vapor-
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ization QH = 6.3 kJ/g and QK = 3.8 kJ/g, 
respectively, were considered. No chemi-
cal reactions between meteoroid particles 
and the atmosphere were considered.

As a result of the simulation, the ra-
dial density profi les of the ablated vapor 
at a distance of 20 m from the meteoroid 
head were obtained, which are presented 
in Fig. 6.13.

Th e obtained radial density profi les of the ablated vapor are well approximat-
ed by the Gaussian function, and there is a reason to believe that the collisions 
of the evaporated meteoroid atoms (dissociated molecules) with atmospheric 
particles result in the formation of an ionized trail with the corresponding den -
sity distribution.

 Undefi ned in expressions (6.51) and (6.52) is the initial radius of the track 
r0, and in expression (6.51) the coeffi  cient of ambipolar diff usion D. To determine 
the linear electron density of the trail, we will use the previously given method.

It should be noted that the used concept of “initial radius” has no physical 
meaning and is used as a parameter to describe the volume electron density pro-
fi le of the meteoroid trail. However, it is directly related to the geometric and 
physicochemical properties of the meteoroid and atmosphere. Th e parameter r0 
becomes valid aft er the completion of the thermalization process when the trail 
expansion is mainly determined by ambipolar diff usion. Apparently, this is the 
reason for its name.

For a graphical representation, instead of ro, you can use the concept of 
“equivalent radius” req, which characterizes the radius of a cylinder with a uni-
formly distributed bulk electron density, which has similar LEDT.

For the distribution of bulk electron density, represented by expression 
(6.52), the value of reqv can be determined from the condition of equality of areas

  
0

2

2 2 20
0 0

1 1exp ýêâ
x dx r

r r r 
   

       
 ,

whence it follows         reqv
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   
         

 .   (6.53)

Fig. 6.13. Radial ablated vapor density profi les 
for H–chondrite and cometary meteoroids at a 
distance of 20 m from the head (Boyd, 2000)

Golovan.indd   150Golovan.indd   150 30.10.2024   16:16:3830.10.2024   16:16:38



151

6.4. Model of the electron density of the trail created by a meteoroid at the point of observation

In some works, the deviation from the axis is taken as the initial radius, at 
which the electron density decreases by half compared to the maximum observed 
value. In this case, using the equation

0

2
0,5

2
1exp
2

r
r

  
       

and taking the natural logarithm of both sides of the equation, we get the rela-
tionship for r0 and r0.5

          
0,5 0 0ln2 0,833r r r  ,   (6.54)

which diff ers little from the value of reqv. 
Th is interpretation of the initial radius makes it possible to estimate its value 

using the method of two–frequency radar measurements. In some works where 
the Gaussian approximation of the electron density is used, the root-mean-square 
deviation (RMS) from the trail axis is taken as the initial radius. In this case, the 
relationship between r0 and rRMS is determined by the expression

           0 0 0/ 2 0,707RMSr r r  .   (6.55)

In the presence of fragmentation of a meteoric body, the distribution of 
electron density is not symmetrical, and the concept of “eff ective initial radius” 
(Jones, 1995) can be used to harmonize theoretical calculations with the results of 
observations. It is assumed that the non-Gaussian trail scatters radio waves as if it 
had a Gaussian radial ionization distribution at the corresponding initial radius.

For a quantitative comparison of the results of direct statistical modeling 
with the results of calculations of ro using formulas obtained both taking into 
account physical considerations and fi tting to observed values, we use the expres-
sion (Bronshten, 1981)

        10 0,8
0 2,58 10 /r v N  ,    (6.56)

where v is the initial velocity of the meteoroid (m/s), and N is the number of 
atmospheric molecules per unit volume (1/cm3). For the velocity used in the sim-
ulation, 72 km/s, and N = 5.4 × 1013 1/cm3 (typical for a height of 95 km ), the cal-
culation by formula (6.27) gives ro = 3.7 m, which does not contradict the results 
shown in Fig. 6.13.

Th ere are other expressions for calculating the initial radius, obtained by dif-
ferent authors, a review of which is presented in (Bronshten, 1981; Gorelov, 2005; 
Belkovich 2008).

In a generalized form, the expression for calculating the initial radius can be 
represented by the formula (Bronshten, 1981)

    0
a br C v ,          (6.57)
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where ρ is the density of the atmosphere at the height of the trail observation, a 
and b are coeffi  cients that researchers determine from various physical consider-
ations or by fi tting to the results of radar measurements.

Table 6.13 shows several calculation formulas for the initial radius along 
with the source of information. When calculating the reduced height H(h) and 
the numerical density of the atmosphere N(h), the standard atmosphere models 
CIRA-2012, MSIS-86 or MSIS-E-90, or other reference books (for example, 
GOST R. 53460-2009) can be used to obtain the corresponding values at the giv-
en height h and the geographical latitude of the observation. It should be taken 
into account that these parameters depend on the time of year and day, as well as 
on geomagnetic activity, which is not taken into account in the above formulas.

A common fl aw of the calculation formulas presented in Table 6.13 is the lack 
of connection between the initial radius and the physicochemical characteristics 
of the meteoroid and atmosphere, as well as the lack of reference to the latitude 
and time of observation, which will inevitably lead to the complexity of interpret-
ing radar measurements.

In (Marshall, 2017; Silber, 2018; Sugar, 2019; Dimant, 2017), as an alternative 
to the Gaussian, a distribution of the form

         
 0 2

0

1
1 /

e en n
r r




,          (6.62)

Table 6.13. Calculation formulas for the initial radius of the ionized trail of a meteoroid

Information 
source

Calculation formula 
for the initial radius, m

Units 
of measurement

(Jones, 1995)                 
18 0,8

0 2,845 10 /r v N 
             

(6.58) v, km/s; N, 1/m3

(Jones, 2005)     10 0 1 1 1 10log 90 log( ) ( / 40)r a b ch   
    (6.59)

 a1 = – 0.0802 ± 0.0027
 b1 = + 0.0238 ± 0.0006
c1 = – 0.200 ± 0.0132

v, km/s; h, km

(Kascheev, 1961)
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,
             (6.60)

  
246,8273 0,95 0,0055H h h  

v, km/s; h, km; 
H, km

(Tokhtasev, 1975)
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v h
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
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           (6.61)

246,8273 0,95 0,0055H h h  

v, km/s; H, km
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which seems to correspond to the unwrapped sinusoidal curve of Agnesi (“Th e 
Witch of Agnesi”) (Vyigodskiy, 1976) and, according to the authors, provides the 
possibility of a better fi t to the observational results and a more accurate quan-
titative interpretation of radar measurements. Th is distribution is confi rmed by 
the results of direct statistical modeling taking into account multiple collisions.

 Having reduced expression (6.62) to a form similar to the two–dimensional 
distribution density (6.52), we obtain

                 
12

2 2
0 0

1 1 .xW x
r r


  
     
   

        (6.63)

Th e value of reqv can be determined from the condition of equality of areas
12

2 2 2 20
0 0 0

1 11 eqv
x dx r

r r r 



   
   
   

 ,

whence it follows
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


   
     
   

          (6.64)

If the initial radius is taken to be the deviation from the trail axis, at which 
the electron density decreases by half compared to the maximum observed value, 
then using the equation

12
0,5

0

11
2

r
r


  
   
   

,

we get that r0 and r0.5 coincide

            0,5 0r r .          (6.65)

Th us, it can be argued that both analytical representations (6.52) and (6.63) 
can be used as a model of the two-dimensional axisymmetric electron density of 
the ionized trail of a meteoroid. Th e main uncertainty in the models is the value 
of the initial trail radius, which depends on the velocity and physicochemical 
composition of meteoroids, as well as the physicochemical composition of the 
atmosphere at the height of the specular refl ection point of radio signals.

Issues related to the infl uence of the shock wave and hydrodynamic shiel-
ding, which are characteristic of meteoroids of suffi  ciently large sizes, are beyond 
the scope of consideration in this subsection. Complex reactions of multiple ioni-
zation of atoms, as well as recombination of free electrons with ions at the initial 
stage of an ionized trail formation in a high-temperature shock layer, are partially 
considered in (Silber, 2017; Menees, 1976; Berezhnoy, 2010).
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Th e infl uence of hyperthermal chemistry and mesospheric ozone on the for-
mation of the initial radius has not been considered. All this suggests that, despite 
the presence of a fairly large number of studies aimed at estimating the initial 
radius of the trail, work on creating an adequate model should be continued.

When using existing models, one should pay attention to how the author 
defi nes the concept of “initial radius” in the proposed formula.

Aft er the completion of the thermalization process and the formation of the 
initial radius, an equally complex process of transformation of the ionized trail 
begins, which carries information about the state of the atmosphere in the meteor 
zone and determines the lifetime of the trail suitable for transmitting information 
via meteor radio channels. Th e main process leading to a change in the trail char-
acteristics is ambipolar diff usion, during which the trail expands, its bulk electron 
density decreases, but the linear density remains constant. In this case, the bulk 
electron concentration is determined by expression (6.51).

Th e diff usion coeffi  cient Da increases approximately exponentially with 
height. It signifi cantly depends on the geographical location of the observation 
site, experiences daily and seasonal changes, and also depends on local atmos-
pheric conditions.

Th e eff ective diff usion coeffi  cient for electrons in the meteor trail (provided 
that the geomagnetic fi eld is not taken into account) can be written as in (Ceple-
cha, 1998; Bryunelli, 1979)

            1i e iD D T T  ,    (6.66)

where Di is the diff usion coeffi  cient for positive ions, and Te and Ti are the electron 
and ion temperatures, respectively. Since the ambipolar diff usion coeffi  cient is ap-
plicable for electron density calculations only aft er the completion of the thermal-
ization process, Te can be equated to Ti, and the known relation can be obtained

    2 iD D .          (6.67)

Th e diff usion coeffi  cient Di can be described in terms of the mobility in the 
zero fi eld K of a group of ions using the Einstein relation 

              i iD kT K e ,           (6.68)

where k is Boltzmann’s constant and e is the electronic charge. Laboratory meas-
urements have yielded values of K for a signifi cant number of ions in various 
common gases. A typical value is 2.2 × 10–4 m2 s–1 V–1, and it changes by less than 
20% for a 100 K change in ambient temperature. Since K is inversely proportional 
to the molecular concentration of the surrounding gas, the expression for the 
ambipolar diff usion coeffi  cient D (m2 s–1) becomes

            2 2 5 22 6,390 10 / 1,41 10 /iD D KT p T p      ,          (6.69)
where p is the atmospheric pressure in pascals.
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Table 6.14 shows D values in the meteor region for mid-summer and 
mid-winter at some representative latitudes, calculated by formula (6.43), where 
pressure and temperature data are taken from CIRA-1986, the value of K is taken 
equal to 2.2 × 10–4 (Ceplecha, 1998).

Previously, it was believed that the most reliable results in determining D are 
given in (Greenhow, 1955), where for altitudes between h = 80 km and h =110  km, 
the diff usion coeffi  cient is described by the relation

          lg 0.067 5,6D h  ,         (6.70)
where D is in m2/s and h is in km.

Based on this formula, for a height h = 80 km, we have D(80) = 0.576 m, 
which is approximately the June/December average for 40°N given in Ta-
ble 6.8. For a height h = 110 km, calculation using formula (6.44) gives the value 
D (110) = 58.9 m, which diff ers signifi cantly from the data in Table 6.14.

Th ere are also other calculation formulas for estimating the value of the ambi-
polar diff usion coeffi  cient. Some of them are shown in Table 6.15 with the source 
of the information.

Th e formulas given in the table are approximate, obtained through fi tting to 
the results of observations, do not take into account the real atmospheric param-
eters characteristic of a given geographical area and season, and can only be used 
as a guideline for a qualitative analysis of the results of observations at altitudes 
up to 95 km.

Above 95 km, the infl uence of the Earth’s magnetic fi eld can no longer be ig-
nored, as diff usion becomes substantially anisotropic. Th e values of the ambipo-
lar diff usion coeffi  cient given in Table 6.9 for heights above 95 km are maximum 
and are limited to a specifi c radial direction.

Table 6.14. Ambipolar diff usion coeffi  cient

Height,
km

Ambipolar diff usion coeffi  cient, m2 s–1

60°S 60°N 40°S 40°N
June December June December June December June December

  70 0. 24 0. 09 0. 10 0.22 0.17 0.11 0.11 0.16
  75 0. 45 0.17 0.17 0.44 0.35 0.21 0.22 0.34
  80 0.90 0.31 0.33 0.89 0.72 0.42 0.43 0.71
  85 2.20 0.65 0.56 1.94 1.62 0.79 0.90 1.42
  90 4.53 1.35 1.55 3.82 3.30 1.83 2.12 2.81
  95 9.12 4.43 5.14 7.76 7.16 4.93 5.73 6.15
100 21.0 15.9 18.5 18.0 16.9 14.6 17.0 14.5
105 51.6 53.2 61.9 44.5 42.0 43.3 50.2 36.2
110 132.4 143.5 167.7 114.3 115.7 122.7 142.4 99.8
115 357.2 318.3 369.2 308.6 356.5 317.9 373.8 307.8
120 913.1 745.3 869.1 789.9 908.3 751.6 890.5 784.7
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For electrons moving parallel to the magnetic fi eld in the absence of positive 
ions, the diff usion coeffi  cient is

     ex eD kT m v ,         (6.74)
where v is the collision frequency, and me is the mass of the electron. 

For electrons moving across the magnetic fi eld, the diff usion coeffi  cient is 
(Jones, 1991a)

             
 

2

e ex 2 2y
vD D

v 



,           (6.75)

where ω is the angular gyroscopic frequency.
Th e value of Dey is equal to Dex at about 95 km and becomes much smaller at 

higher altitudes, due to which the trail becomes elliptical in cross–section. Th is 
situation with a trail formed at an arbitrary angle to the magnetic fi eld was ana-
lyzed in (Jones, 1991a; Cervera, 2000), and the results are presented in Fig. 6.14.

Diff usion in the radial direction defi nes the major axis of the elliptical 
cross-section. It steadily decreases as the fi eld tilt angle changes from 90° to ~5°, 
where the trail cross-section becomes almost circular at all heights, and the diff u-
sion coeffi  cient takes on its ambipolar value.

Th us, the lifetime of ionized trails formed above 95 km and oriented within 
~2° relative to the direction of the magnetic fi eld can be many times longer than 
the typical lifetime of other trails at the same altitude.

Immediately aft er formation, the meteor trail has a circular cross-section de-
termined by the initial radius, and the development of signifi cant ellipticity at 
altitudes above 95 km will take some time before reaching the values presented in 
Fig. 6.14. However, it is likely that at altitudes above 110 km, the initial cylindrical 
ionization column at the moment of observation may have an elliptical cross-sec-
tion, which will aff ect the characteristics of the refl ected signal.

In addition to ambipolar diff usion, the electron density of the ionized trail 
of a meteoroid is aff ected by other processes, which are reviewed in (Bronshten, 

Table 6.15. Calculation formulas for estimating the value 
of the ambipolar diff usion coeffi  cient

Information 
source

Calculation formula for the ambipolar 
diff usion coeffi  cient Units 

(Jones, 1990)                       lg 0.06 4, 74D h                    (6.71) v, km/s; h, km

(Kascheev, 1961)                   exp 0,108 7,842D h               (6.72) h, km

(Tokhtasev, 1975)

                 

95
13.2 exp ,

h
D

H


   
 
                    

(6.73)

 where  
246,8273 0,95 0,0055H h h    

h, km; H, km
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1981; McKinley, 1961; Evans, 1966). Th ey include a decrease in the linear elec-
tron density of the trail as a result of the recombination of positive ions with 
electrons, the attachment of free electrons to neutral molecules and atoms, the 
destruction of the ionized trail under atmospheric turbulence in the meteor 
zone, and its curvature due to wind shift s.

In a number of works (Baggaley, 1980; Jones, 1990b; Sukara, 2013; Dyrud, 
2011), the infl uence of hyperthermal chemistry, as well as ionic reactions with 
mesospheric ozone, has been studied. A study of various meteor ionization de-
pletion processes was given in (Baggaley, 1980), where it was shown that the 
electron density is determined mainly by ambipolar diff usion at altitudes above 
93 km and by chemical destruction below 93 km. Th e main chemical process 
is the reaction of meteoric ions with ozone yielding oxide ions, which quickly 
dissociate with free electrons. It was shown in (Jones, 1990b) that the distribu-
tion of the duration of echo signals from overdense trails at a given height has 
a “characteristic time” corresponding to the transition from “diff usion-limited” 
to “chemically-limited” durations. Based on the known rate constants for the 
production of oxide ions, the values of “characteristic time “ can be converted 
into ozone concentrations. Th us, by observing the duration distribution at sev-
eral altitudes, one can determine the ozone concentration profi le between 80 
and 100 km.

In (Sukara, 2013), the mechanism of ozone participation in hyperthermal 
chemistry was analyzed. It is shown that singlet oxygen formed during photodis-
sociation and thermal decomposition of O3 under the action of ultraviolet radia-
tion and a high-temperature layer behind the shock wavefront reacts with metal 
ions and subsequently removes electrons from the expanding ionized trail. Th e 
results obtained for chemically removed electrons are in good agreement with the 
vertical density profi le of mesospheric ozone.

Th e physical interpretation of the depletion of the trail electron density as 
a result of the recombination of positive ions with electrons, as well as the at-
tachment of free electrons to neutral molecules and atoms, is given in the above 
works and is not considered further. At the same time, the decrease in the dura-

Fig. 6.14. Diff usion coeffi  cient versus the height 
and angle between trail and direction of the 
magnetic fi eld. Dx refers to diff usion in the 
plane containing the Earth’s wake and magnetic 
fi eld, and Dy refers to diff usion in the orthogo-
nal direction
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tion of the refl ected signal associated with these processes should be taken into 
account when analyzing the results of modeling the scattering of radio signals 
on the meteor trail.

Important factors aff ecting the refl ected signal duration are the turbulence of 
the meteor zone medium, as well as the trail turbulence (Bronshten, 1983; Dyrud, 
2011; Ayers, 1970; Kharchenko, 2012). Th is is due to the fact that when a mete-
oroid of a suffi  ciently large size enters a meteor region at a hypersonic velocity, 
the resulting trail is turbulent, and, along with ambipolar diff usion, turbulent dif-
fusion can play an important role. Th e infl uence of turbulent diff usion on the 
parameters of the scattered signal has not been suffi  ciently studied and requires 
additional research.

6.5. Conclusions

Th e physical theory of the formation and transformation of 
ionized meteor trails is the basis for creating a generalized model of radio sig-
nal scattering on a meteor trail in the process of its formation and development, 
which makes it possible to calculate the amplitude-time and phase-time charac-
teristics of specularly refl ected and incoherently scattered radio signals.

Th e main parameters characterizing the ionized trail of a meteoroid are:
1. Accepted model of two–dimensional axisymmetric electron trail density.
2. Th e initial radius of the meteor trail r0, which becomes valid aft er the com-

pletion of the thermalization process.
3. Ionization coeffi  cient β, which depends on the speed of the meteoroid and 

its physical and chemical properties. It determines the number of electrons pro-
duced by one ablated atom of the meteoric body and, accordingly, the linear elec-
tron density of the trail.

4. Ambipolar diff usion coeffi  cient Da, which determines the rate of the trail 
expansion process, during which the bulk electron density decreases. In this case, 
Da determines the trail lifetime suitable for transmitting information via meteor 
radio channels.

Th ese parameters depend on the physicochemical characteristics of the me-
teoroid, as well as the physicochemical characteristics of the atmosphere, which, 
in turn, depend on the height of the specular refl ection point, time of year and 
day, latitude of the observation point, and solar activity. Th e complex depend-
ence allows us to assert that it is impossible to obtain universal calculation ratios 
for the coeffi  cients r0, β, and Da, taking into account all the characteristics of the 
meteoroid and the atmosphere. Calculations should be performed separately for 
asteroidal and cometary meteoroids of a given composition, which is determined 
a priori. It is also necessary to estimate the speed of the meteoroid and measure 
the height of the specular refl ection point. At refl ection heights of more than 
95 km, to estimate Da and interpret radar observations, it is necessary to take into 
account the impact of the geomagnetic fi eld, the degree of infl uence of which de-
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pends on the geographical parameters of the radio wave propagation path. Th is is 
a diffi  cult but fundamentally feasible task.

Th e chosen fragmentation model, which determines the observed midsec-
tion of the meteoroid, and the analytical model of the electron density of the trail 
have a signifi cant impact on the reliability of calculations of the main parameters 
of the trail. Th e fragmentation model must be consistent with the chosen physic-
ochemical properties of the meteoroid. In the case of quasi-continuous fragmen-
tation, expression (6.62) can be used as a model for the two-dimensional electron 
density of the trail, but this assumption needs additional research. In the case of 
successive fragmentation into several fragments, a single body model can be used 
with subsequent superposition of the results of parameter estimates. In this case, 
expression (6.51) can be used as a model for the two-dimensional electron den-
sity of the trail. Th is approach will be used in the development of a radiophysical 
model of signal scattering on an ionized meteoroid trail, which is the subject of 
the next section.
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A RADIOPHYSICAL MODEL 
OF SIGNAL SCATTERING 
ON A METEOR TRAIL

SECTION 7

A radiophysical model of signal scattering on a meteor trail 
makes it possible to create a model image of a scattered sig-
nal in the process of its formation and development for given 
parameters of the meteoroid and atmosphere at the height of 
observation of the ionized trail. Th e most complete data on the 
meteoroid and its surrounding atmosphere at the SRP altitude 
are contained in ATCH, which implicitly contains information 
on the mass, chemical composition, velocity, and radiant of a 
meteoroid. Th is information allows us to make reasonable as-
sumptions about the genetic relationship of the meteoroid with 
its parent body, which is necessary for developing the theory 
of the origin and evolution of meteoric matter. Th e estimation 
of ATCH parameters at the initial stage of the trail formation 
(20—100 ms) can be used to predict the refl ectivity of the trail 
in the process of its further transformation. It makes it possible 
to optimize the protocol and transfer rate of information, on 
which the throughput of meteor radio channels depends.

7.1. The concept of constructing 
a radiophysical model of signal scattering 
on a meteor trail with bistatic location

Bistatic (two-position) location opens up additional possibili-
ties for studying meteor phenomena. It determined by the 
fact that the level of the scattered signal can be signifi cantly 
higher than with a monostatic location due to the increase in 
the fi rst Fresnel zone.

When constructing models of a signal scattered by the 
meteor trail, methods based on the diff raction theory (sta-
tionary phase method, phase plane method) (Landau, 1973; 
Rytove, 1978; Bryunelli, 1979) were used.

In all cases, while constructing models based only on the 
fi rst Fresnel zone, a number of assumptions were made to 
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simplify the calculations, which were not always well-founded. For example, the 
assumption of scattering by free plasma electrons was used. It will be shown be-
low that such an assumption cannot be applied even for underdense meteor trails.

Within the framework of existing models, it is diffi  cult to explain the ob-
served dependences of the scattered signal intensity on the wavelength, the pres-
ence of diff raction oscillations of the signal power, and the possibility of the signal 
observed at a considerable distance from the receiving point, where the refl ection 
has a specular character.

Th e conditional division of meteor trails into trails of underdense and 
overdense types does not allow one to obtain an adequate description of real ob-
served trails within the framework of existing models. Th is is due to the fact that 
the scattered signal is formed both by the overdense part of the trail (represented 
by the model of a metal cylinder) and the simultaneously existing underdense 
part (plasma shell with a bulk electron density less than 2 ∙ 1014 e/m3), which sig-
nifi cantly changes the parameters of the observed signal.

Existing models of meteor trails were built only for a certain type of meteor 
trails — underdense or overdense, the division between which is very arbitrary 
and depends on both electron density and frequency. At the same time, it should 
be noted that IMTr is characterized by several phases of development, during 
which the trail passes from an overdense state to an underdense one:

• An initial phase during which a trail forms within the fi rst Fresnel zone and 
several neighboring zones.

• Th e phase during which the meteor trail is fully formed and expands, and 
its bulk electron density may exceed a critical value at which the permittivity 
within the trail is less than or equal to zero.

• Th e phase of expansion due to diff usion, within which the electron density 
decreases and becomes less than the critical value, and the signal scattering is de-
termined by the diff erential cross-section of plasma electrons through accounting 
for their collective interaction.

It is practically impossible to formulate and solve the diff raction problem of 
radio wave scattering on a meteor trail at all phases of its development in a strict 
formulation, and it is problematic to obtain reliable empirical calculation formu-
las directly from the observation results due to the uncontrollability of the initial 
data. From this, it follows that to construct a radiophysical model of a meteor 
trail, it is necessary to use heuristic methods for solving the diff raction problem.

Th e models used practically do not take into account the fact that when a me-
teoroid enters a meteor region at a hypersonic speed, the trail formed is turbulent, 
as well as the medium in the meteor zone. Trail turbulence and the presence of 
a specular refl ection point suggest the simultaneous existence of the incoherent 
(Close, 2008) and coherent components of the scattered fi eld, which is not taken 
into account in any of the known models and calculation methods.

Proceeding from the above, an urgent task is to develop a new radiophysical 
model of signal scattering, which makes it possible to evaluate both the coherent 
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and incoherent components of the signals scattered on the IMTr in the process 
of its transformation. In this case, it will be taken into account that in diff erent 
phases of development, the trail may contain both overcompacted and under-
compacted (i.e., overdense and underdense) parts.

7.1.1. Generalized meteor trail scattering model

We will assume that the scattered signal at the receiving 
point contains a coherent component, which is formed mainly in the region of 
the fi rst Fresnel zone and in several adjacent regions, and an incoherent com-
ponent, which is formed when the signal is scattered by the permittivity inho-
mogeneities of turbulent origin in the entire trail. In this case, the total power of 
the scattered signal can be represented by the generalized model (Kharchenko, 
2012; Kharchenko, 2011)

             
      
      
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 
  

(7.1) 

where a(t) and b(t) are the weight contributions of the coherent Pcoh and incoher-
ent Рincoh components in expression (7.1), where a(t) + b(t) = 1; λ — wavelength 
corresponding to the carrier frequency; S(τ) — time (range) scatter-function 
(Ishimaru, 1978; Van Tris, 1977; Kennedy, 1973), calculated for a meteor trail 
with a specular refl ection point; Ф(q) — generalized energy spectrum of turbu-
lent inhomogeneities (Tatarsky, 1967; Kravtsov, 1983); q — modulus of the scat-
tering vector; N1 — set describing the physicochemical parameters of the me-
teoroid: mass m, velocity v, and chemical composition; N2 — set describing the 
parameters of the meteor trail (direction to the radiant, linear electron density α 
and initial radius r0 of the meteor trail, ambipolar diff usion coeffi  cient D, distri-
bution of the bulk electron density N(t) of the meteor trail as a function of time, 
and σ — the eff ective scattering surface (Th omson cross-section) of an electron); 
N3 — set describing the relative position in space of a radio link, a meteor trail 
with a specular refl ection point, the geographical coordinates of the transmitter 
and receiver, as well as the distances between the transmitter, receiver, and the 
specular refl ection point; N4 — set describing the energy parameters of the radio 
link: the transmitter power РT, the antenna gain of the receiver GR and the trans-
mitter GT in the direction of the trail.

Model (7.1) is focused on using a scatter-function of a meteor trail to cal-
culate the power of the coherent and incoherent components of the reradiat-
ed signal. It should be noted that this model can be generalized to the case 
of the presence of several specular refl ection points on the trail by introduc-
ing the corresponding terms characterizing the coherent components of the 
scattered signal.
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7.1.2. Scattering on an underdense
 meteor trail for bistatic location

We will calculate the intensity of the scattered signal for 
bistatic location on an underdense meteor trail, assuming that the operating fre-
quency of the signal ω exceeds the Langmuir frequency ω0 of the natural lon-
gitudinal oscillations of the space charge in the trail plasma in the absence of a 
magnetic fi eld: 

    
2

0
0e

Ne
m

 


  ,    (7.2)

where N is the bulk electron density of the trail, e and me are the electron charge and 
mass, and ε0 is the vacuum permittivity. Th e limiting value of the electron density, 
which characterizes an underdense trail, according to various estimates, has dif-
ferent values (Kravtsov, 1983) and is of the order of 10 14 e/m3. In this case, we can 
assume that the fi eld inside the trail coincides with the fi eld of the incident wave.

When the condition (7.2) is satisfi ed, the intensity of the scattered signal can 
be generally represented by the integral (Ishimaru, 1978)

     
 

     
2 2

1 2
1 23 2 2

1 2
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T R
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G i G o R RI t o i U t t dV
cR R


   


     

   ,  (7.3)

where  iGT
ˆ  — power gain of the transmitting antenna in the direction towards 

the scattering particle;  oGR ˆ  — power gain of the receiving antenna in the di-
rection towards the scattering particle;  io ˆ,ˆ  — diff erential cross-section of a 
scattering particle; ρv — the bulk density of scattering particles;  tU~  — the com-
plex envelope of the input signal; exp(−γ1−γ2) — the attenuation multiplier; γ1 — 
optical path from the transmitter to the scattering particle; γ2 — optical path from 
the scattering particle to the receiver, which are calculated by the formula

    
0

iR

i v tds    ,   (7.4) 

where σt is the total scattering cross-section of the particle. 
It can be seen from expression (7.3) that waves scattered from points for which 

the value of R1 + R2 is constant arrive at the receiving point at the same time. Th e 
scattering volume is limited by the dimensions of the trail, which change in time 
due to diff usion, and elementary particles are free electrons with a diff erential 
cross-section (Landau, 1973)

    2 2cose
d r 


,   (7.5)

for a linearly polarized wave, or 
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 

2
21 cos

2
erd  


,   (7.6)

for a circularly polarized wave.
Depending on the value of the bulk electron density, the collective properties 

of cold plasma manifest themselves to one degree or another, aff ecting the mag-
nitude of the diff erential scattering cross-section (Landau, 1973; Rytove, 1978; 
Bryunelli, 1979). Let’s evaluate this eff ect.

For cold plasma in the absence of a magnetic fi eld, the relative permittivity is 
given by the relation (Alpert, 1972; Chernyiy, 1962)

              
2

2 2
0

1 e

e eff

Ne
m


  

 


,   (7.7)

where e = 1.602 × 10– 19 [C] — electron charge; me = 9.106 × 10– 31 [kg] — electron 
mass; ε0 = 8.854 × 10– 12 [F m–1] — vacuum electric permittivity; Ne = bulk free 
electron density [el/m 3]; νeff  — the number of collisions of an electron with ions, 
atoms, and gas molecules per unit time [s–1]; ω = 2πc/λ — circular frequency; λ — 
emitted wavelength [m]; c — speed of light in free space [m/s].

Taking into account that in the meter range of waves ω >> νeff  and setting ε = 0 
in expression (7.7), we obtain an estimate of the critical value of the bulk electron 
density depending on the wavelength

           
2 2

0
2 2

4 1e
ecr

mñN
e

 



 .    (7.8)

Substituting the known values of the parameters into expression (7.8), we 
obtain

             15
2

11.115 10ecrN 


  .    (7.9)

For λ = 7.5 m, the value of the critical bulk electron density Ne cr (λ = 7.5 m) =
 = 1.98 × 1013 el/m3.

Let us estimate the value of the Debye radius RD for the critical electron den-
sity in accordance with expression (Bryunelli, 1979)

    0
2

B abs
D

e

k TR
N e


 ,   (7.10)

where kB=1.38 × 10-23 [J/K] — Boltzmann constant; Tabs — absolute temperature 
[ K] corresponding to the most probable height (h = 93 km) of the meteor trail 
refl ection point (Tabs≈ 240 K).Substituting the value of the critical electron density 
in expression (7.10), we obtain RD [Ne cr (λ = 7.5)] = 2.4 × 10–6 m.

In the case of incoherent scattering for a wave with circular polarization, taking 
into account the collective properties of cold plasma, the scattering cross-section 
in the general form is determined by the approximate relation (Bryunelli, 1979)
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,    (7.11)

where Te and Ti are the temperatures of electrons and ions, respectively.
For a thermal equilibrium plasma, expression (7.11) takes the form (Rytove, 

1978; Bryunelli, 1979)
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2 2

11 1 cos
2 2 2

D
e e

D

q Rr N
q R
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,  (7.12)

where 
2 cos

2
q  


   
 

 — scattering vector modulus. 

With coherent scattering, the wave amplitudes are added, but not the powers, 
and in expressions (7.11, 7.12), Ne is squared. Th us, since in the meter wavelength 
range at values of θ/2 characteristic of the meteor region RD << 1, the collective 
properties of the plasma manifest themselves, and the scattering cross-section 
should be taken four times smaller than for scattering by free electrons.

It is possible to simplify calculations based on expression (7.3) by applying 
the scatter-function, which allows one to go from three-dimensional integration 
within the scattering volume to one-dimensional integration over the delay pa-
rameter and evaluate both the coherent and incoherent components of the scat-
tered signal power.

Th e number of particles that determine the same delays in bistatic scatter-
ing determines the time-varying random complex impulse response of scattering

( , )b t . By analogy with (Ishimaru, 1978; Van Tris, 1977; Kennedy, 1973), we call 
the averaged impulse response the scatter-function by delay (below — the scatter-
function).

       ,tS b t   ,   (7.13)

where  denotes the operation of averaging over a set.
Th e coherent component of the received signal will be determined by the 

convolution integral
                        

max

00

min

i ti t
coh tU t e S U t e d


 



         ,  (7.14)

where min max( , )   is the delay interval during scattering, ( )U t  is the complex 
envelope of the signal emitted at frequency ω0.

Using the scatter-function St (τ) and assuming that the antenna gains do not 
change within the meteor trail and the attenuation factor exp(−γ1−γ2) for an un-
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derdense meteor trail can be neglected, the power of the coherent component of 
signal at the receiving point will be equal to

 
 

       
max max2
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     ,      (7.15)

or, for a real signal,

                  
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 .  (7.16)

Note that each value of τi corresponds to a pair of values R1i and R2i and, in 
a more strict formulation of the problem, it would be necessary to calculate the 
multiplier for each τ and include it in the scatter-function (which is possible in 
principle), but the complication of calculations does not signifi cantly increase the 
accuracy of the power estimate and are not suitable for engineering applications. 
Th erefore, in formulas (7.15) and (7.16), it seems reasonable to calculate R1 and 
R2 for the specular refl ection point.

Based on (7.16) and (7.12), we obtain an expression for the power of the re-
ceived signal scattered by IMTr in which the bulk electron density of the formed 
trail does not exceed Ne cr (λ)
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(7.17)

Th e scatter–function can also be used to estimate the power of an incoher-
ently scattered signal. We can off er the following expression for calculating the 
incoherent component of the scattered fi eld

   
 

max
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2

3 2 2
1 2

( ) ( , )
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incoh t
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P t q S t d

R R







 
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
   ,   (7.18)

where Φn
ε  (q,) is the normalized value of the energy spectrum of turbulent inho-

mogeneities. Since there are currently no reliable data on the spectral density of 
fl uctuations (energy spectrum of turbulent inhomogeneities Φn

ε  (q)) generated 
by the turbulence of a meteoroid moving at the hypersonic velocity in a turbu-
lent medium, it is proposed to use an energy spectrum model, the parameters 
of which can vary over a fairly wide range limits. Th e generalized expression 
for the class of correlation functions of isotropic turbulence is the expression 
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(Vvedensky, 1965)
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,  (7.19)

where (Δε)2 — average fl uctuation of intensity ε, p — generalized function index, 
l — characteristic scale of turbulent inhomogeneities, Г — gamma function, Kp — 
Macdonald function, and ρt — the distance between two points in a turbulent 
fl ow within which pulsations ε are considered.

In this case, the generalized spectrum of fl uctuations can be represented as

     
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
,        (7.20)

where q = 2k sin(θ/2) is the scattering vector, and θ is the scattering angle.
Th e representation of the spectrum in a generalized form, as well as the 

choice of weight coeffi  cients a(t) and b(t) in expression (7.1), make it possible to 
match the calculated data on the frequency dependence of the scattered fi eld with 
the results of experimental observations.

Th e initial phase of the trail formation within the limits has features that 
should be taken into account when building a signal scattering model. When a 
meteor body enters the fi rst Fresnel zone, a head echo can be observed in the ther-
malization interval, which is a consequence of the rapid expansion of the IMTr . 
Th is time interval depends on the height of the trail formation, changing from 1 
ms at an altitude of 80 km to 150 ms at an altitude of 115 km (see Section 6) and 
ends with the formation of the initial radius r0 of the meteor trail, within which 
the bulk electron density is distributed according to a certain law. Th e parameter 
r0 is necessary to perform calculations of the power of refl ected radio signals for 
certain values of the linear electron density of the trail.

If Ne (λ) ≥ Ne cr (λ), it is necessary to use other signal scattering models based 
on some approximations. One of such approximations is the assumption that up 
to a certain point in time, the trail can be considered as a thin cylinder with a high 
conductivity (metal cylinder) and a given initial radius. In the process of further 
expansion, it can be represented as a metal cylinder in a plasma shell. Th ese mod-
els will be discussed next.

7.2. Scattering function 
of an underdense meteor trail

Th e number of free electrons that lead to the same delays in 
the received signal during bistatic scattering is determined by the surface area of 
the ellipsoid located within IMTr with a given radius.

Th e mutual arrangement of the transmitter A, the scatterer (a trail in the form 
of a cylinder with a radius r = req) and the receiver B, which registers the scattered 
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signal, is shown in Fig. 7.1, which shows surfaces of equal delay, which are ellipsoids 
of revolution with foci at the points of transmission A and reception B.

Th e semi-minor axis of the ellipsoid be0 and the distance AB make it possible 
to determine the sum of focal radii, which is constant for the chosen ellipsoid and 
determines the propagation delay τi of the signal. Giving the delay increment Δτi, 
we obtain the corresponding increment Δbi and then can calculate the elementa-
ry volume ΔVi bounded by the diff user surface and ellipsoids with parameters τi 
and τi + Δτi.

As a result, the entire volume of the diff user will be divided into a large num-
ber of layers containing diff erent numbers of particles. It is obvious that the num-
ber of particles in an elementary volume may diff er from the average value Nav (τi) 
determined by the elementary volume and the volumetric particle distribution 
density by some random value ΔN(τi) for diff erent delays, i.e., 

          av( ) ( ) ( )i i iN N N     .          (7.21)

Since ΔN(τi) << Nav(τi), the value of the random variable can be ignored. 
Knowing the volumetric density distribution of homogeneous particles within 
the scatterer, it is possible to calculate the average number of particles Nav(τi) 
within the elementary volume ΔVi. Th e waves scattered by each particle arrive at 
the receiving point practically in the same phase and are added coherently; as a 
result, the signal power at the receiving point will be proportional to N2

av(τi).
If the trail radius in the process of diff usion expansion exceeds the wave-

length, and the average number of particles in each of the layers is approximately 
the same, then almost all phases will be present within the scattering volume, and 
the coherent component of the scattered fi eld will approach zero. At the same 

Fig. 7.1. Mutual arrangement of the transmitter, scatterer, and receiver 
that registers the scattered signal (the fi gure is schematic, not to scale)
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7.2. Scattering function of an underdense meteor trail

time, the number of scattering particles remains unchanged, and the signal power 
at the observation point will be determined by the incoherent component, which 
is proportional to the total number of particles in the scattering volume NΣ.

Th e scatter-function of the meteor channel is proposed to be calculated in the 
following order (Kharchenko, 2010; Kharchenko, 2012):

1. Using the prognostic model presented in subsection 5.2, for a radio link of 
a given length, select one of the SRPs in the radio visibility zone and, based on the 
calculated coordinates, determine its height above the Earth’s surface.

2. Calculate the linear electron density, the initial radius of the meteor trail, 
and the diff usion coeffi  cient based on the given parameters of the meteoroid and 
the height of the SRP above the Earth’s surface. 

3. Determine the values of the equivalent radius req(t) of the meteor trail at 
diff erent times. (Th e introduction of the equivalent trail radius allows us to con-
sider the bulk electron density of the meteor trail to be constant inside the cylin-
der with radius req).

4. Determine the delay of the signal that passed from the transmission point 
to the reception point through the point M0 (Fig. 7.1).

5. Increase the value of the minor semiaxis of the ellipsoid in such a way that 
the delay of the signals refl ected from the points M1, M2 …, Mi increase uniformly 
with a step Δτ.

6. Determine the surface area of the intersection of the ellipsoid with the 
meteor trail Si and calculate the scattering volume ΔVi = Si ∙ Δbe on the interval Δbe 
corresponding to Δτ.

7. Estimate the number of electrons K in a given volume.
8. Determine the intensity of the scattered signal.
Using the method described in subsection 6.4, we determine the linear elec-

tron density of IMTr in the SRP region. For given SRP height, physicochemical 
properties of the meteoroid, and atmospheric parameters determined at the SRP 
height, we calculate the trail linear electron density, its equivalent radius, and 
ionization coeffi  cient β.

Based on the calculated scatter-function, using formula (7.17), we obtain an 
estimate of the coherent component of the scattered signal power.

As a model for describing the change in time of the radial profi le of the bulk 
electron density, we convert expression (6.51) to the form

  
2

2 2
0 0

( , ) exp
( 4 ) 4i

a i a i

q rn r t
r D t r D t

 
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.        (7.22)

Since the boundaries of the meteor trail are conditional in the Gaussian 
approximation of the electron density, we use the concept of the time-varying 
equivalent radius of the trail

            
2

0( ) 4eqv i ir t r Dt  .          (7.23)
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Th e introduction of the equivalent trail radius makes it possible to consider 
the bulk electron density of the meteor trail to be constant inside a cylinder of 
radius req and equal to

                 2eqv
eqv

qN t
r t

 ,          (7.24)

and at the initial moment of time (aft er the completion of thermalization)

                 2eqv
eqv

qN t
r t

 .           (7.25)

Th e ambipolar diff usion coeffi  cient and the initial radius of the meteor trail 
can be found using the method described in section 6. Without losing the gen-
erality of the reasoning, we use empirical formulas (Tokhtas’ev, 1975) (see sub-
section 6.4)
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, [m]         (7.28)

where m is the meteoroid mass at the considered point; vm0 is the velocity (in 
km/s) of the meteoroid at the entry to the meteor region; hM is the height above 
the Earth’s surface at the considered point on the track, km; Hp is the reduced 
height of the atmosphere, km.

Th e dependence of the bulk electron density on the trail radius calculated by 
formula (6.51) at the given time points 0.01 s, 0.05 s, 0.1 s, and 0.5 s for a meteoroid 
with a mass of 0.2 g entering the atmosphere at a speed of 40 km/s is shown in Fig. 7.2.

Th e minimum delay during signal propagation is determined by the point 
of contact M0(x0,y0,z0) of the lower boundary of the meteor trail with one of the 
ellipsoids of the family with a given size of the minor semiaxis be0 (see Fig. 7.1) 
and is calculated by the expression

           
0 0 0

1
M AM M B

c
   ,         (7.29)

where
     2 2 2

0 1 0 0 0a a aAM R x x y y z z       ,

     2 2 2
0 2 0 0 0a a aM B R x x y y z z       .
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7.2. Scattering function of an underdense meteor trail

AM0 and M0B are the distances 
from the transmitter to the touch point 
and from the touch point to the receiv-
er, respectively.

It is known that the sum of the fo-
cal radii of an ellipsoid is constant and 
equals 
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2
0 0 2

2e
LAM M B b      

 
.   (7.30)

With an increase in the minor axis 
of the ellipsoid be, the delay of the scat-
tered signal, determined by the position 
of point Mi, increases accordingly. When constructing the scatter-function, the 
value of bi should be increased in such a way that the delay of the signal refl ected 
from points M1, M2, …, Mi increases with a uniform step Δτ. To do this, it is nec-
essary to choose the increment of the value of the minor semiaxis in accordance 
with the expression
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.  (7.31)

Let us fi nd the surface area of the intersection of ellipsoids having foci at the 
points of reception and transmission with a meteor trail as a cylinder of radius req. 

To do this, the value of the minor semiaxis by of the ellipsoid be will be in-
creased step by step by Δbei

    
0

0
i i

i

e e eb b b   .          (7.32)

Th e boundary of the intersection of the ellipsoid and the cylinder is an ellipse, 
the major and minor axes of which are designated as P1P2 and P3P4 in Fig. 7.3.

Th e area of an ellipsoid bounded by a cylinder of radius req is approximately 
determined by the well-known formula for the area of an ellipse

    1 2 3 4ellS P P P P   ,          (7.33)
where 
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Fig. 7.2. Bulk electron density as a function 
of meteor trail radius
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Fig. 7.3. Intersection of ellipsoids and a cylinder

m, n, and p are the direction vectors of the meteor trail, and t1, t2 are the roots of 
the equation
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When exceeds the trail diameter 2req, the area of the ellipses of the section is 
equal to 

    5 6 7 82ellS P P P P   ,          (7.37)
where

          2 2 2
5 6 0 1 0 1 0 1P P x x y y z z      ,          (7.38)

           7 8 2 eqvP P r .           (7.39)

Th e derivation of formulas (7.34)—(7.39) is given in the Appendix to 
(Kharchenko, 2012). 

Th e elementary volume bounded by two ellipses is

       
ii ell i eV S b   .          (7.40)

Since the bulk electron density inside a cylinder with an equivalent radius is 
assumed to be constant, the number of coherently scattering electrons in an ele-
mentary volume and, therefore, the diff erential scatter-function is

               ( )eqvdS n r V d   ,         (7.41)

and the meteor trail scatter-function has the form

                  ( )eqvS n r V  .         (7.42)

It determines the intensity of the scattered signal in the time interval from 
0 to τmax.
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7.2. Scattering function of an underdense meteor trail

Fig. 7.4 shows the scatter-functions of the meteor trail expanding under the 
action of ambipolar diff usion at diff erent times calculated for the following pa-
rameters of the meteor trail and radio link: meteoroid mass m = 0.1 g, velocity 
v = 40 km/s, wavelength λ = 10 m, and the length of the radio link L = 1000 km.

To estimate the infl uence of the operating frequency on the change in time 
of the received signal power scattered by a meteoroid with a mass of 0.1 g and a 
velocity of 40 km/s, numerical calculations were performed for operating fre-
quencies f1 = 30 MHz, f2 = 45 MHz, f3 = 60 MHz, and also for a linear frequency 
modulated (LFM) signal with a center frequency fs = 45 MHz and a frequency 
change from 30 to 60 MHz, represented by the expression

     2cos 2
2sU t f t t   

 
,         (7.43) 

where 2 c

c

F
T

 


  is the frequency deviation; fs is the frequency of the carrier 

wave; ΔFs is the width of the LFM signal spectrum; Тs is the signal duration.
Th e calculation results obtained using expressions (7.17), (7.43) and the scat-

ter-function calculated by the proposed method are shown in Fig. 7.5.
We assume that in the band 30—60 MHz, the eff ective area of the antennas 

is determined by the average frequency of the operating range. Th e results of 

Fig. 7.4. Scatter-functions of a meteor trail expanding under the action of ambi-
polar diff usion
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Fig. 7.5. Change in power of received quasi-harmonic and LFM signals over time

the numerical simulation presented in the fi gure showed that with increasing the 
radius of the meteor trail due to diff usion, at certain points in time, the power 
of quasi-harmonic signals changes signifi cantly. At the same time, there are no 
signifi cant power fl uctuations for the LFM signal, and the average power changes 
smoothly and remains higher in relation to the power scattered on the meteor 
trail at the middle frequency of the range.

Fig. 7.6. Changing in the form of the LFM signal at the receiver input at diff erent times
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Fig. 7.6 shows changing in the waveform of the LFM signal at the receiver 
input at diff erent times when the trail is oriented along the radio link (β = 0) and 
perpendicular to the radio link (β = π/2) for the carrier frequency f0 = 45 MHz 
with the signal spectrum width ΔF = 30 MHz.

To justify the choice of the WNLS spectrum width, the infl uence of the LFM 
signal spectrum width on the change in the received signal power due to diff rac-

Fig. 7.7. Th e power changing for the LFM signal scattered on an underdense 
meteor trail at the selected value of the spectrum width

Fig. 7.8. Changing in the waveform of the scattered chirp signal and its convolution in a matched 
fi lter for diff erent values of the signal spectrum width

Golovan.indd   175Golovan.indd   175 30.10.2024   16:16:4430.10.2024   16:16:44



176

SECTION 7. A radiophisical model of signal scattering on a meteor trail 

tion oscillations was estimated. Fig. 7.7 shows the results of calculations obtained 
using a computer model that implements the proposed method for calculating 
the power dissipated within an underdense meteor trail.

For the characteristic time t = 2.1 s, the waveform of the scattered LFM signal 
and its convolution in the matched fi lter was calculated. Th e calculation results 
for the carrier frequency fc = 45 MHz and diff erent values of the signal spectrum 
width ΔFs = 5, 10, 20, and 30 MHz are shown in Fig. 7.8. Th e same fi gure, for 
comparison, shows the amplitude of quasi-harmonic oscillations (a line against 
the background of the LFM signal) and the convolution of an unscattered LFM 
signal with an indicated spectrum width.

An analysis of the above results suggests that the use of code division of 
channels and ensembles of broadband signals with good cross-correlation prop-
erties in meteor radio communication systems (Varakin, 1985; Kuznetsov, 2007) 
will increase the throughput of these systems. In this case, to reduce the eff ect 
of diff raction oscillations, it is necessary to use signals with a spectrum width 
exceeding 10 MHz.

It should be noted that the results based on expressions (7.15—7.17) are ob-
tained under the assumption that the meteor trail is сompletely formed. Th e time 
interval in which the meteoroid head crosses the fi rst and neighboring Fresnel 
zones was not taken into account. Further, a model will be proposed that takes 
into account this phase of the trail evolution.

7.3. Scattering 
by an expanding plasma ball

Let us estimate the reliability and accuracy of the representa-
tion of the scattered signal using the scatter-function calculated by the method 
proposed in subsection 7.2. To do this, we set a plasma ball as a scatterer, the ra-
dius of which varies from some initial value a0 to amax. Assume that the number 
of free electrons within the sphere remains constant (that is, the bulk electron 
density changes). Th e calculations will be carried out in the single-scattering 
approximation.

A feature of the selected scatterer is that it has an exact solution obtained by 
other methods (Alpert, 1972; Menzer, 1958; Van de Hulst, 1961; Mie, 1908; Bor-
en, 1986; Pascale, 2017).

Fig. 7.9a shows the location of a ball with a radius a relative to the transmis-
sion and reception points, which are the foci of the ellipsoid of revolution, and 
Fig. 7.9b shows the sections of the ball with ellipsoids.

Figure 7.10 shows a view of the plasma ball scatter-function obtained by the 
section method described in subsection 7.2.

Th e eff ective scattering cross-section of a dielectric ball was previously in-
dependently calculated by several authors using diff erent methods, which gave 
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7.3. Scattering by an expanding plasma ball

practically the same results. Th e expression for the eff ective scattering cross-sec-
tion of a plasma ball obtained in (Alpert, 1972) has the form

 
23 4 2 2

2 6 6

sin 2 sin 2 sin cos 2 sin
2 2 2sin

2

e

e

e c N
a ka ka ka

m

   





 
         

                     
 

.  (7.44)

Fig. 7.11 shows the results of calculating the eff ective scattering cross-section 
of an expanding plasma ball by formula (7.44) as well as the results of calculating 
the scattered power for a plasma ball, performed using the calculated ball scat-
ter-function and a method similar to that used in calculating the scattering on a 
meteor trail ( subsections 7.1 and 7.2).

For a sphere, the eff ective scattering cross-section calculated using the scat-
ter-function is in full agreement with the formula (7.44) and other results ob-
tained using various methods of diff raction theory. Th is confi rms the correctness 
of the proposed method for determining the power scattered by a meteor trail and 

Fig. 7.10. Ball scatter-function

Fig. 7.9. Scattering on the plasma ball: a — location of the ball with a radius a relative to the 
points of transmission and reception; b — sections of the ball by ellipsoids

Fig. 7.11. Eff ective scattering cross-section 
of an expanding plasma 
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the possibility of using the bistatic scatter-function to fi nd the eff ective scattering 
cross-section for objects of complex form under the introduced restrictions.

7.4. Bistatic scattering 
on overdense meteor trail

Th e calculation of the eff ective scattering surface of an 
overdense meteor trail when the transmission and reception points are separat-
ed (bistatic version) is a rather complicated diff raction problem. To solve it, one 
has to use approximations that need to be verifi ed. At the initial moment of trail 
formation, its radius r0 < λ/2, and the length l >> λ, and the trail can be con-
sidered as a thin cylinder with a high degree of conductivity (metal cylinder). 
In the resonant region, for cylinders whose radius lies within (0.01—0.5) λ and 
the length exceeds 0.5 λ, the scattering characteristics when the fi eld is polarized 
perpendicular to the cylinder axis can be determined based on a strict solution 
for an infi nite cylinder, or, under certain assumptions and simplifi cations, obtain 
an approximate solution (Hönl, 1964; Nikolskij, 1989; Wait, 1955; Leavens, 1965; 
Liou, 1972). It should be taken into account that approximate methods for solv-
ing the diff raction problem do not imply the possibility of determining resonant 
frequencies with suffi  cient accuracy.

As the trail expands, its bulk electron density, distributed relative to the trail 
axis according to a specifi c law (the Gaussian distribution usually used), decreas-
es, and the meteor trail must be considered as a metal cylinder in a plasma shell 
(Kharchenko, 2012; Kharchenko, 2011; Neganov, 2000; Zouros, 2011; Azarenkov, 
2008; Azarenkov, 2011; Naishadham, 2010). With further expansion of the trail, 
its bulk electron density becomes less than the critical value for a given frequency, 
and it becomes possible to consider it as scattering on fl uctuations in the permit-
tivity, i.e., to use the calculation method described in subsections 7.2 and 7.3.

Methods for solving diff raction problems are divided into strict and approxi-
mate (heuristic). Strict methods involve solving Maxwell’s equations, taking into ac-
count the corresponding boundary conditions on the surface of the scattering body. 
With a harmonic dependence of the electromagnetic fi eld strength on time and in 
the absence of other sources except for the acting electromagnetic fi eld, Maxwell’s 
equations are reduced to the Helmholtz equations for complex amplitudes.

Th e strict methods of the theory of diff raction diff er from each other in the 
mathematical means used in solving the initial equations. Th e name “strict meth-
ods” does not mean that their application necessarily gives accurate results. Solu-
tions can be approximate or asymptotic. Th e rigor of the methods lies in the fact 
that, within the limits of the imposed restrictions, the error of the obtained solu-
tions can always be accurately estimated using strict mathematical methods at all 
stages of solving the problem up to obtaining numerical results. Th is is the main 
distinguishing feature of strict methods in comparison with heuristic ones, where 
mathematical diffi  culties are bypassed with the help of one or another physical 
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hypothesis. Th e fi eld of application of strict methods, generally speaking, is not 
limited by either the shape or the size of the scattering bodies. However, practi-
cally up to now, only a very small number of problems have been solved by strict 
methods either for bodies of the simplest shape (sphere, spheroid, and disk) or for 
bodies with some or all dimensions small compared to the wavelength.

In contrast to strict methods, approximate or heuristic methods for solv-
ing diff raction problems make it possible to obtain approximate solutions in a 
closed form by relatively simple means. Each heuristic method is based on a 
physical hypothesis, which allows one to either completely eliminate or signif-
icantly simplify purely mathematical problems that are insurmountable with a 
strict formulation of the problem. However, when using approximate methods, 
uncontrollable errors occur, which depend on specifi c conditions and may be 
diff erent in each individual case. Any heuristic method is usually applicable only 
under certain predetermined conditions. Th e error of the heuristic method is 
estimated by comparing the approximate and strict solutions under equal con-
ditions. If a strict solution is not found, there is only one way left  —  comparison 
with experimental data.

7.4.1. Analysis of strict methods 
for solving the diffraction problem 
on scattering by a dielectric cylinder

Th e calculation of the eff ective scattering surface (ESS) in the 
vast majority of cases reduces to solving the corresponding diff raction problem, 
determining the necessary polarization components of the scattered fi eld, and 
then calculating the ESS.

Th e problem of scattering an electromagnetic wave by a cylinder occupies 
the fi rst place in the number of works published to date, ahead of even the prob-
lem of scattering by a sphere. With an oblique incidence of an electromagnetic 
wave on a cylinder with an arbitrary but constant permittivity in a strict for-
mulation, the problem was formulated in many works (Menzer, 1958; Nikolskij, 
1989; Wait, 1955; Leavens, 1965; Liou, 1972; Potekhin, 1948). Its solution was 
obtained in the form of an infi nite series, but it was not brought to the point of 
obtaining numerical results. Numerical results have been obtained for the case 
of normal wave incidence relative to the axis of the cylinder, in which the Max-
well equations are reduced to the form of diff erential equations with separable 
variables. Even with the above formulation of the problem, the computational 
complexity of obtaining a solution is very high and, in addition, it becomes 
even more complicated when taking into account the time-varying radius of 
the cylinder and its dielectric constant. Even having overcome computational 
problems, it is diffi  cult to assess the degree of adequacy of such a representation 
for describing an expanding meteor trail with a non-uniform distribution of 
electron density relative to the axis.
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Making certain assumptions and applying the technique of solving diff eren-
tial equations used in (Landau, 1973; Menzer, 1958; Van de Hulst, 1961; Hönl, 
1964; Brysk, 1965; Senior, 1965; Volman, 1971), the solution of the scattering 
problem on a cylinder with oblique wave incidence can be obtained under the 
conditions that the electric fi eld is parallel to the axis of the cylinder, there is no 
magnetic fi eld surrounding the cylinder, and the electron density of the cylinder 
has a symmetric distribution about the axis. Th anks to this symmetry, and in the 
case the electric fi eld strength vector E is parallel to the z-axis, the Maxwell equa-
tions, when passing to cylindrical coordinates, are reduced to the form of Bessel 
diff erential equations, which in the CGS system have the following form (Brysk, 
1965; Volman, 1971; Jones, 1974):

       
2 2 2

2 2 2 2
1 1 0z z z

z
E E E E
r r r r c




  
   

  
,  (7.45)

             
2 2 2

2 2 2 2
1 1 1 0z z z

z
H H H H
r r r r r c

 
 

            
, (7.46)

where Ez is the electric fi eld strength along the z-axis; Hz is the magnetic fi eld 
strength along the z-axis; ε is the relative permittivity; ω is the angular frequency 
of the radio wave; c is the speed of light; r, φ, and z are cylindrical coordinates.

Th e solution of equations (7.45) and (7.46) was found under the assumption 

that the term 
1 zH

r r





 
 in equation (7.47) can be neglected (Jones, 1974). In 

this case, the solution of equation (7.46) tends asymptotically to the solution of 
equation (7.45).

Aft er the usual procedure of separation of variables, equation (7.45) is trans-
formed to the form

         
2 2

2
2 2

1 0z z n
z

E E mk E
r r r r


  

       
,  (7.47)

where mn is zero or a positive integer. Th e solution to this equation can be repre-
sented as

            
0

cosz m nE P m 


 ,          (7.48)

where θ is the scattering angle. Using as an approximation for the incident wave 
the identity

          
0

exp cosm
inc n m

m
E jkx j J kr m 





   ,         (7.49)

where μn is the Neumann factor, the scattered wave in the far zone takes the form

               (1)

0
cosm

refl m m
m

E t j H kr m 




  ,            (7.50)
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where tm is the refl ection coeffi  cient and H(1)
m is the Hankel function of the fi rst 

kind and m-th order. Th e refl ection coeffi  cient tm is found from the solution of 
the system of equations

             (1)
m m m m mJ kr t H kr A P kr  ,         (7.51)

            ' '(1) '
m m m m mJ kr t H kr A P kr  ,         (7.52)

where the primes (') denote diff erentiation to the radial coordinate.
It follows from the linear nature of the diff erential equation that if Pm is a 

solution, then AmPm is a solution as well. Moreover, from (7.51) and (7.52) we 

Fig. 7.12. Refl ection coeffi  cient g11 depending on the normalized radius ka for diff erent values of 
linear electron density: a — backscattering, b — orthogonal scattering; c — 160° forward scat-
tering; d — 180° forward scattering (Brysk, 1965)
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obtain

         
       

' '

(1) '(1) '
m m m m

m
m m m m

J kr P kr J kr P kr
t

P kr H kr H kr P kr





.        (7.53)

Th us, the total refl ection coeffi  cient g11 at the oblique incidence of the wave 
takes the form

      11
0

cosm
m

g t m 




  .          (7.54)

Fig. 7.12 shows the results of calculating the modulus of the refl ection coeffi  -
cient, which determines the wave amplitude at the receiving point for various values 
of the linear electron density of the trail and four values of φ: φ = 0, 90°, 160°, and 
180°, covering the range from backscattering to forward scattering (Brysk, 1965).

Th e presented solution is strict, but the assumptions made do not allow us 
to consider it exact. For example, neglecting the equation term 1 zH

r r





 
 does 

not allow us to take into account resonance phenomena, while using the Bes-
sel, Hankel, and endless rows to apply the obtained solution for ka < 0.4 (Van de 
Hulst, 1961). However, the above results can be used to assess the adequacy of the 
heuristic solution, at least qualitatively.

7.4.2. Heuristic scattering model 
for an overdense meteor trail

Let us consider the main phases of the formation of the 
scattered signal and the allowable approximations in calculating the scattering 
in each phase. Th e initial moment is the moment when the meteoroid enters the 
trajectory section corresponding to the fi rst Fresnel zone, and the fi rst phase is 
the time interval at which the head part crosses the fi rst and subsequent Fresnel 
zones. In this phase, fl uctuations in the scattered signal power arise, which we 
will call diff raction oscillations of the fi rst type (Fresnel oscillations). Th en, the 
trail radius can be considered equal to the initial radius r0, which is much smaller 
than the wavelength, and the electron density of the trail makes it possible to use 
a metal cylinder as a model. Th e dimensions of the fi rst Fresnel zone lF1 in bistatic 
scattering are determined by the wavelength and radio link geometry, in par-
ticular, by the distance between the transmitter, receiver, and specular refl ection 
point, as well as by angle β between the plane of the incident wavefront and the 
trail axis. Following (McKinley, 1961; McKinlay, 1964) and Recommendations 
ITU-R P.843-1 the dimensions of this zone can be estimated by the expression

       
1 2

1
2 21 2

1

1 sin cos
2

F

R R
l

R R


 


    
 

.   (7.55)
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If we assume that the eff ective trail length is determined by the fi rst Fresnel 
zone, and the initial trail radius r0 << λ, then in the physical optics approximation, 
the median value of the trail RCS in the direction of the receiver is

              
0 1 22

0 1
2 2

1 2

2

1 sin cos
2

m F

r R R
kr l
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


 
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        

.         (7.56)

In this case, the square of the fi eld strength at the receiving point will be equal 
to
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 
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 ,         (7.57)

where
              2
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T TP GE
R

 .           (7.58)

Substituting (7.56) into (7.57) and simplifying it, in the approximation of 
physical optics, we obtain an expression for the power of the scattered signal at 
the reception point
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(7.59)

where
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.          (7.60)

Th e power of the scattered signal signifi cantly depends on angle β. When β = 0

              20
0

2
sec

2cos
2

r
rP A Ar 


       
 
 

,         (7.61)

and for β = π/2
        0rP Ar .          (7.62)

Th us, for a given scattering angle, the relative value of the power at the receiv-
ing point depends on the orientation angle of the meteor trail and is determined 
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by the expression
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.          (7.63)

Note that angle θ depends on the length of the radio link, the location of the 
specular point relative to the middle of the radio link, and the height of the spec-
ular point within the meteor region.

While the trail expands, its equivalent radius increases in accordance with 
expression (7.28), and the power changes in proportion to the radius and can be 
calculated based on expression (7.60) by replacing r0 with the time–varying crit-
ical radius rcr(t, λ), which is determined from expression (7.24) for N(t) = Nе cr(λ)
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,       (7.64)

where Ne cr(λ) is calculated by the formula (7.8).
For cylinders whose radius lies within (0.01...0.5) λ and the length exceeds 

0.5 λ, a strict solution for an infi nite cylinder based on Maxwell’s equations (Men-
zer, 1958) can be used to calculate the RCS. For normal incidence on the track 
axis, the eff ective scattering surface is equal to

         ,m cr effU kr kl  ,          (7.65)

where σm is the asymptotic value of the EPR, which is determined by expression 
(7.57), and U(krcr,kleff  ) is the energy scatter-function. At l > 0.5 λ, one can take 
U(krcr,kleff  ) ≈ U(krcr). Th is allows using a strict solution for an infi nite cylinder and 
representing the scatter-function as a series (Menzer, 1958):

                 
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4 1
n kr

n kr
cr

nkr
n kr
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d J kr
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
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  
 

  
 ,        (7.66)

where Jn (krcr) is the Bessel function and H(1)
n is the Hankel function.

Fig. 7.13 shows the results of calculating the normalized RCS obtained using 
a strict solution in the infi nite cylinder approximation at a fi xed wavelength and 
a monotonically increasing radius req.

Th e results of calculating the normalized RCS determined by the overdense 
part of the meteor trail, the critical radius rcr (t, λ) of which does not change 
monotonically in time (see Fig. 7.14), are shown in Fig.7.15.

In bistatic scattering, the eff ective scattering surface depends on the angle 
between the direction of wave incidence and the direction of scattering and is 
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Fig. 7.13. Change in the nor-
malized RCS of the meteor trail 
over time with increasing equiv-
alent radius req and initial radius 
r0 = 1.61 m

 determined by expression (7.57). Th us, in the approximation of physical optics, 
the power of the scattered signal Pr(t) is determined by an expression that takes 
into account the expansion of the critical trail radius due to diff usion

             
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,   (7.67)

where U[krcr(t)secθ/2] is determined by relation (7.66).
Substituting (7.66) into (7.67) and taking into account that k = 2π/λ, we ob-

btain
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  (7.68)

Based on this expression, we can speak about the presence of diff raction 
oscillations of the second type, determined by the wavelength and the time–
varying critical radius of the overdense meteor trail. Expression (7.68) was ob-
tained under the assumption that the meteor trail was completely formed, and 
the infl uence of the transition region on the meteoroid fl ight interval was not 
taken into account.

To describe scattering on an overdense meteor trail, we divide the scattering 
process into two parts. Th e fi rst part, which characterizes the transition region, 
will be described assuming that scattering occurs on an overdense meteor trail 
with a critical radius rcr (t, λ) = r0 in the metal cylinder approximation, taking into 
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Fig. 7.14. Change in the critical radius rcr in time

Fig. 7.15. Change in the normalized RCS of an overdense meteor trail in time depending on the 
critical radius rcr at the initial radius r0 = 1.61 m

account the fi rst type of diff raction oscillations caused by the successive passage 
of the meteoroid through the Fresnel zones

   
2 2 2

1 2
2 21 2 1 2
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where 
1
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2
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xC dx
   and 

1

2

sin
2

x

x

xS dx
   diff er from the usual Fresnel inte-

grals, which are used in the optical diff raction theory, in the limits of integration, 
and the parameter x, which relates to the phase of the scattered oscillation, is 
determined by the expression

     2 21 sin / 2 cosx vt    .          (7.70)

From expression (7.70), it is easy to obtain the corresponding value of the 
parameter t

         
2 21 sin cos

2

crr txt
v  


   
 

.           (7.71)

Th e second part of the process of coherent scattering on the overdense part of 
the meteor trail in the approximation of a metal cylinder with a changing radius 
is described by expression (7.68), and we denote this part by Pcr2 (t). To conjugate 
these two parts, we use the Heaviside function H(x), defi ned by expression:

                    
0 , when 0 ,
1 , when 0 ,

x
H x

x


  
        (7.72)
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and we fi nd the conjugation point t0 as the minimum non-trivial root of the equa-
tion obtained from the condition of equality of expressions (7.68) and (7.69), 
which, aft er simplifying and substituting the parameter x from expression (7.70), 
takes the form

                  

(7.73)

It is obvious that the solution of this equation can be obtained only by nu-
merical methods; however, such a solution is quite rigorous. As an approximate 
solution, we can use the condition of equality of the median value of scattering on 
the overdense trail (7.60) and the power determined by expression (7.64). In this 
case, we obtain the equation

     2 2 2 2 2 21 sin / 2 cos 1 sin / 2 cos 1C vt S vt             ,    (7.74)

whose minimal nontrivial solution determines the approximate value of the con-
jugation point t0.

Based on the foregoing, the expression for the coherent component of the 
scattering power on the overdense part of the meteor trail, including the transi-
tion region, can be represented as
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 (7.75)

where Pcr1(t), Pcr2(t); t0, and x0 are defi ned by expressions (7.69), (7.68), (7.71), and 
(7.70) respectively.

It should be taken into account that the meteor trail, in addition to the 
overdense part characterized by the critic al radius rcr(t, λ), contains an un-
derdense part, where the electron concentration is below the critical value. Such a 
model can be represented by a metal cylinder in a plasma shell, the electron den-
sity of which is below the critical value. Based on the above, a rigorous solution 
of the diff raction problem shows (Azarenkov, 2008; Azarenkov, 2011) that the 
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dissipated power is much higher than when scattered by a metal cylinder with a 
given critical radius.

As a result of diff usion, aft er some time, an overdensed trail becomes un-
derdensed, and its electron concentration provides a high scattering power for a 
suffi  ciently long time.

A model of coherent scattering of a wave on an overdense meteor trail is 
proposed, which takes into account the above scattering mechanisms and is de-
scribed by the expression

            1 (2)
coh coh cohP t P t t P t   ,        (7.76)

where P (1)
coh is the coherent component of the overdense part of the trail, deter-

mined by expression (7.75), and P(2)
coh is the coherent component of the underdense 

part of the trail, which takes into account (7.11) and (7.75) and has the form
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,  (7.77)

where ρ(t) is a weight function that determines the degree of infl uence of the 
overdense and underdense parts of the meteor trail on the amount of dissipa- 
ted power.

As was shown in subsection 7.2, scattering on an underdense meteor trail 
causes scattered power fl uctuations due to the increasing equivalent radius of the 
trail, which we will call diff raction oscillations of the third type.

Th e type and parameters of the weight function are determined based on the 
following physical assumptions:

• scattering on the overdense part of the trail in the metal cylinder approxi-
mation is determined by the time-varying critical radius rcr(t, λ);

• when refl ected from the overdense part of the trail, scattering eff ects on 
fl uctuations of the permittivity are simultaneously present, increasing the scatter-
ing intensity by several times; 

• with time, the volume electron density becomes less than the critical value, 
at which the permittivity becomes zero, and scattering on the underdense part of 
the meteor trail becomes dominant;

• in the case of scattering on the underdense part of the trail and suffi  ciently 
high bulk electron density that corresponds to the vicinity of the zero permittiv-
ity, attenuation eff ects appear, dependent on the changing equivalent radius and 
electron density of the meteor trail;

• the ratio between the eff ects of the formation of scattered power at the re-
ception point due to the infl uence of the overdense and underdense parts of the 
trail is diffi  cult to determine analytically, which leads to the need to use empirical 
coeffi  cients that ensure agreement with the observation results.
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Th ese physical considerations allow us to represent the weight function in 
the form
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   (7.78)

where γemp and μemp are empirical coeffi  cients that are set based on statistical pro-
cessing of the results of observations of scattering on meteor trails.

A feature of the proposed model is that it allows one to take into account and 
display three types of diff raction oscillations:

diff raction oscillations caused by the meteoroid passing through the Fresnel 
zones (diff raction oscillations of the fi rst type);

diff raction oscillations arising from scattering on the overdense part of the 
trail, which depends on the wavelength and time-varying critical radius of the 
meteor trail (diff raction oscillations of the second type);

diff raction oscillations arising from the expansion of an underdense trail 
(diff raction oscillations of the third type).

To assess the reliability of the proposed heuristic calculation model, calcula-
tions of the change in power were performed with the following initial data:

length of the radio link 800 km;
transmitter power 400 W;
transmission frequency 37 MHz;
type of transmitting/receiving antennas — 4-element Yagi antenna.

Fig. 7.16. Th e power changing during scattering on an overdense meteor trail, 
observed during experimental research (Cannon, 1991)
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Fig. 7.17. Th e result of calculating the change in power over time during scattering of a qua-
si-harmonic signal on an overdense meteor trail, performed in accordance with the proposed 
model: 1 — power of the coherent component determined by the model of a metal cylinder; 
2 — power of the coherent component determined by the model of scattering on the permittiv-
ity inhomogeneities ; 3 — total power

For a radio link with such parameters, there are experimental data on the 
scattering of signals on an overdense meteor trail (Cannon, 1991) presented 
in Fig. 7.16.

When estimating the power of the received signal scattered on an overdense 
meteor trail, the calculations were performed for a meteoroid with a mass of 
m = 2 g and a velocity of v = 40 km/s, which creates a linear electron density of 
α = 4.1 ∙ 1015 el/m3. Th e calculation results (for the selected coeffi  cients of the 
weight function ρ (t): μemp = 0.5 and γemp = 1.5) are shown in Fig. 7.17. 

A comparison of the results of calculations and experimental observations 
is shown in Fig. 7.18. Th e solid line shows the results of calculations performed 
using the proposed heuristic scattering model on the meteor trail (Fig. 7.17), and 
the dotted line shows the results of experimental observations (Cannon, 1991) 
(Fig. 7.16).

Th e results of numerical calculations are in good agreement with the results 
of experimental observations of scattered signals, which allows us to speak about 
the adequacy of the proposed model and the possibility of its use in carrying out 
the corresponding calculations. A quantitative analysis of the results of calcu-
lating the power dissipated on an overdense meteor trail shows that in the time 
interval from 0 to 2 s, the agreement between the calculated data and the experi-
mental data (Cannon, 1991) (obtained using a 2-channel measuring receiver with 
diversity antennas) is very high. With a longer observation time, the calculation 
results slightly exceed the observed power of the scattered signal, and the meas-
urement results show the presence of interference fading. Th ese diff erences may 
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be due to the infl uence of turbulent diff usion, fragmentation of the meteor body, 
and trail deformation caused by large-scale wind shears characteristic for the me-
teor zone, which were not taken into account in the calculations.

It is known (Varakin, 1985; Pestryakov, 1969; Tuzov, 1985) that an eff ective 
way to deal with interference fading is to use wideband noise-like signals (di-
rect spread signals). To assess the infl uence of the type and parameters of the 
signal on the power of the signal scattered on an overdense trail, calculations 

Fig. 7.18. Power changing during scattering on an overdense meteor trail observed in experi-
mental studies and performed by the proposed model: 1 — diff raction oscillations at the stage 
of meteor trail formation, 2 — coincidence of time at which a high level of scattered power is 
observed, 3 — coincidence of received signal levels

Fig. 7.19. Change in the power of LFM signal scattered on an overdense meteor 
trail at the selected value of the spectrum width
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were performed for the frequency of the carrier wave f = 45 MHz with the pre-
viously selected parameters of the meteoroid and radio link. Th e results of cal-
culating the signal power at the receiver input for a sinusoidal signal and chirp 
signals with a spectrum width ΔFs = 5, 10, and 20 MHz and a duration Tc = 50 
μs are shown in Fig. 7.19.

Calculations show that, with LFM signal spectrum width exceeding 10 MHz, 
the minimum signal power due to diff raction oscillations decreases signifi cantly. 
It can be assumed that the indicated spectrum width will also be suffi  cient to ef-
fectively combat interference fading.

7.5. Conclusions

Th e proposed generalized scattering model describes both 
coherent and incoherent components of the average power of a signal scattered 
on an ionized meteoroid trail.

Th e heuristic radiophysical model of radio signal scattering on a meteor trail 
made it possible to obtain an analytical expression for calculating the power of the 
coherent component of the scattered signal on meteor trails of both underdense 
and overdense types.

Th e MRCh scatter-function obtained by numerical methods for a time-var-
ying meteor trail equivalent radius makes it possible to estimate the signal shape 
at the receiver input at characteristic times. Th is allows one to set the type and 
parameters of the signal used, which provide resistantce to fading and an increase 
in the reliability of information transmission over the meteor radio channel. Th e 
scatter-function also makes it possible to calculate the change in the average sig-
nal power over the observation interval of the trail.

Th e results of numerical calculations performed using the heuristic model 
show good agreement with the results of experimental observations of scattered 
signals over a time interval from 0 to 3 s and confi rm the presence of diff rac-
tion oscillations for meteor trails of any type. Outside this interval, the calcu-
lated values of the power of the scattered signal somewhat exceed the observed 
values. Decreasing the signal level may be due to the interferences caused by the 
fragmentation of the meteoric body and the additional infl uence of turbulent 
diff usion, which were not considered by the scattering model. Th e eff ects of re-
combination and attachment of free trail electrons, the infl uence of hyperthermal 
chemistry and ionic reactions with mesospheric ozone, as well as the possible 
infl uence of wind displacement, were not taken into account. Th is indicates the 
need for further improvement of the radiophysical model of signal scattering on 
meteor trails of various types.

Th e joint consideration of the infl uence of the overdense and underdense 
parts of the meteor trail, the presence of which is typical for almost all trails, 
makes it possible to explain the diff erence in estimates of the dependence of the 
scattered power on the operating wavelength. Th is dependence can vary with a 
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change in the mass and velocity of the meteoroid, as well as with a change in the 
orientation of the meteor trail relative to the radio line.

Th e use of a generalized representation of the spectral density of permittiv-
ity fl uctuations, as well as the choice of weight coeffi  cients, makes it possible to 
reconcile the calculated data on the frequency dependence of the scattered fi eld 
with the results of experimental observations, and the presence of an incoherent 
component of the signal scattered by inhomogeneities of the dielectric permittiv-
ity of turbulent origin, that is, to substantiate the possibility of its observation at a 
distance from the point reception over a considerable distance.

Using for an example LFM signals showed that the use of broadband noise-
like signals with a large base makes it possible to reduce the eff ect of diff raction 
oscillations caused by the change in time of the meteor trail equivalent radius. 
Th is suggests that the use of code division channels and ensembles of complex 
signals with good cross-correlation properties and a spectrum width exceeding 
10 MHz in meteor radio communication systems will increase their throughputs  
of these systems.

Th e analytical expression obtained using the scatter-function for the change 
in the power of the scattered signal makes it possible, based on a comparison of its 
shape with the results of observations, to make reasonable assumptions about the 
characteristics of the meteoroid and its genetic relation to the parent body. Based 
on the classifi cation of meteor trails according to the features of signals scattered 
on them, the mass, density, velocity, and radiant of the meteoroid that formed the 
trail can be indirectly estimated.
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CLASSIFICATION BASED 
ON ANALYSIS OF SIGNALS 
SCATTERED BY IONIZED 
METEOROID TRAILS

SECTION 8

By the term “classifi cation”, we mean the division of objects 
and phenomena into classes (groups, aggregates) that diff er 
from each other in certain characteristics, to obtain infor-
mation about them. In our case, the objects under study are 
small celestial bodies — meteoroids and the characteristics of 
radio signals scattered on ionized trails formed during the in-
teraction of meteoroids with the Earth’s atmosphere. Obser-
vational data and the degree of their correspondence to the 
selected models can be used as features. Th e classifi cation is a 
deployed system where each object can be divided into new 
objects, which may be divided into some classes as well. But 
none of the classifi cations can be approached as complete. 

Th e main objectives of our classifi cation are:
• Estimation whether the meteoroid that formed the 

observed IMTr with SRP belongs to the cometary or aste-
roidal classes.

• Determination the meteoroid’s genetic connection 
with the parent body or meteor shower, which allows for rea-
sonable assumptions about the geocentric velocity and phys-
icochemical composition of the meteoroid, as well as using 
the results to develop a theory of the origin and evolution of 
the meteor matter.

• Estimation of mass of the meteoroid that formed the 
IMTr, based on the characteristics of the radio signal scat-
tered on it, which makes it possible to clarify the eff ect of the 
meteoric matter infl ux on the atmospheric parameters and 
the risks of spacecraft  damage.

• Prediction the duration and amplitude of the refl ected ra-
dio signal according to its characteristics at the initial observa-
tion site. Th is is necessary for solving telecommunication prob-
lems such as choosing the type and parameters of the radio sig-
nals used, the speed and protocol for transmitting information, 
on which the throughput of meteor radio channels depends.
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Characteristics of the scattered radio signal, as well as the measured or pre-
dicted radiant, velocity, and height of the meteoroid’s SRP, can be used as features 
for classifi cation.

Th e radiophysical model of signal scattering on a meteor trail makes it possi-
ble to create a model image of the scattered signal in the process of its formation 
and evolution for given parameters of the meteoroid and atmosphere at the ob-
servation height of the IMTr. By specifying the physicochemical characteristics of 
a meteoroid of cometary or asteroidal origin (see Section 6), as well as the height 
of the SRP, one can create appropriate databases (images of scattered signals with 
diff erent radiants and velocities) for solving astronomical and telecommunication 
problems. Such databases must be created taking into account the geographical 
coordinates of the points of transmission and reception, as well as the epoch — 
the time of year and day (see Subsection 5.2).

Classifi cation using the radiophysical model can be performed by compar-
ing the normalized images stored in the database with the normalized images of 
the observed radio signals scattered on the IMTr. When normalizing, one should 
take into account the radio link length, the equivalent isotropically radiated pow-
er (EIRP) EIRP = РT × GT × GR, the operating frequency (wavelength), and the 
noise power at this frequency. 

Th e set of features used in predicting should refl ect the greatest extent of 
those properties of objects that are important for the fulfi llment of the task. Th e 
computational complexity of decision-making procedures, the reliability of pre-
dicting, and the time spent on the corresponding calculations largely depend on 
the dimension of the feature space.

When predicting the duration of the refl ected radio signal based on the ob-
tained characteristics in the initial observation section, as the main features, the 
amplitude of the signal at the end of the observation interval and the rate of its 
rising can be considered. Th e time of amplitude rise to the maximum value is deter-
mined by both the meteoroid velocity and the length of the fi rst Fresnel zone, which 
depend on the trail orientation relative to the radio wave propagation path (see 
Subsection 5.2.2). At the same time, the power of the measured signal depends on 
the orientation of the trail: the greater the fi rst Fresnel zone length, the greater the 
measured amplitude. Th us, a large amplitude can also predict a long signal dura-
tion, but its value must be corrected (decreased) in view of the duration of the rising 
interval and the meteoroid velocity. A possible option for determining the correc-
tion factor is using artifi cial neural networks (ANNs). Th eir ability to predict direct-
ly follows the ability to generalize and highlight hidden dependences between input 
and output data. Th e ability to learn is one of the main advantages of ANNs over 
traditional classifi cation algorithms. Testing the quality of ANN training should be 
carried out on examples that did not participate in its training. Th e number of test 
examples should be the greater, the higher the required quality of training.

All estimates made during the classifi cation and prediction are probabilistic, 
and their reliability can be determined based on comparison with the results of 
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observations of meteor showers, the genetic relationship between which and the 
parent body is considered established (see Subsection 4.1.6).

8.1. Classification of meteoroids based on 
observations of reflections from meteor trails

Traditionally, there are two types of meteor trails — "un-
derdense" and "overdense", the names of which are used to evaluate the charac-
teristics of the refl ected signal. At the same time, at least twenty-eight diff erent 
types of refl ections from the trail have been identifi ed, which are quite common, 
diff e ring in shape, duration, and amplitude (Ostergaard, 1985; Melville, 1989; 
Melville, 1993; Melville, 1996).

In (Melville, 1989; Melville, 1993; Melville, 1996), classifi cation was carried 
out using the TrailStar expert system, based mainly on rules, including condi-
tions and actions . Data were collected on refl ections from meteor trails on ra-
dio links of 550 km and 1100 km, which can be considered typical meteor ra-
dio systems. To normalize the observation results, the measured scattered signal 
power was compared to the noise power in the 2 kHz band, which was taken to 
be — 120 dBm (see Subsection 5.2.2). Th erefore, patterns can be described by 
changing the ratio of signal power to noise power, expressed in decibels (dB).

Recording began when the signal received from the transmitter reached a 
certain signal–to–noise power ratio (10 dB) for at least 20 ms. Aft er that, every 5 
ms, samples of the signal amplitude were taken until the signal fell below the cut–
off  threshold. At the same time, the system continued monitoring the signal level 
for 400 ms to make sure that the shutdown was not premature and the decrease 
in signal level was not caused by interference.

Based on neural network technology, the TrailStar system is both fl exible and 
highly user-friendly thanks to its design. Th is allows experts involved in the recog-
nition of refl ections from ionized meteoroid trails to easily change or expand the 
classifi cation scheme by introducing appropriate rules and observation results.

As an example, Fig. 8.1a and 8.1b show two types of refl ections from 
trails, which are interpreted in (Melville, 1996) as "underdense" and "overdense", 
res pectively. 

One can disagree with this classifi cation, since duration of 400 ms is not 
typical for underdense trails. With greater certainty, the refl ection presented in 
Fig. 8.1a should be attributed to trails of the transitional type, as underdense trails 
have a signifi cantly shorter duration and can have the shape of ATCH and PTR 
shown in Fig. 8.2.

Th ere is a connection between classifi ed objects and phenomena and the the-
ory of their formation and development . Th erefore, when choosing classifi cation 
criteria, it is necessary to know which features are the most signifi cant for diff er-
entiating the objects. Th e features may be heterogeneous but should characterize 
the internal commonality of the objects of each class.

Golovan.indd   196Golovan.indd   196 30.10.2024   16:16:5230.10.2024   16:16:52



197

8.1. Classification of meteoroids based on observations of reflections from meteor trails

Fig. 8.1. Example of signals observed on the 1100 km path between Arniston 
and Pretoria in South Africa (Melville, 1996)

In addition to the amplitude and duration, important features for classifi ca-
tion are the time of rising the refl ected signal amplitude to the maximum value 
and the features of the ATCH diff raction oscillations. Th e rise time τФ depends on 
the length of the fi rst Fresnel zone, which, in turn, is determined by the operating 

Fig. 8.2. Example of a signal refl ected from an underdense trail (Lykov, 2010)
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wavelength and orientation of IMTr relative to the radio wave propagation path, 
as well as the meteoroid velocity vm.
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Th e three types of diff raction oscillations (discussed in subsection 7.5.2) also 
can be included in the list of features for classifi cation. Th eir absence is also a sign 
of the presence of meteoroid fragments (see subsection 6.2). Interference fading 
of the observed signal can also be a sign of fragmentation other than progressive.

Th e essential feature used in classifi cation is the SRP height, which can be 
measured or calculated at a given radiant (see subsections 5.2 and 5.3). Depend-
ing on the SRP height formation, one can make assumptions about the meteor-
oid’s velocity, density, and chemical composition. Th e SRP height can be used to 
estimate the ionospheric plasma density, which can signifi cantly aff ect duration 
of the trail.

Th e preliminary simulation results (Galindo, 2014) show that for non-spec-
ular refl ection, the trail duration depends linearly on changes (up to one order) 
in the density of the ionospheric plasma. Th ey are supported by the meteor data 
collected from the University of Illinois Portable Radar located at Fort Macon, 
North Carolina (34°N, 65°W).

Can be used , additional data to improve the classifi cation quality if they 
are recorded during the observation process. Such data include the measured or 
predicted meteoroid velocity and orbital parameters, which allow us to calculate 
the Tisserand constant. Th is constant allows a dynamic separation between com-
ets and asteroids with respect to Jupiter and is given by the following expression 
(Jewitt, 2012):
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where a, e, and i are the semi–major axis, eccentricity, and inclination of the 
object’s orbit, respectively; aJ = 5.2 AU is the semi–major axis of Jupiter’s orbit. 
For comets, TJ ranges from 2.08 to 3.12, and for asteroids, it is over 3.12.

It should be taken into account that too large and too small features (dimen-
sions) usually worsen the accuracy of identifi cation. Th e computational complex-
ity of training and decision–making procedures, the reliability of recognition, 
and the time spent on the corresponding calculations largely depend on the di-
mension of the feature space. A large number of features, in addition, signifi cant-
ly complicate the formation of decision rules.

It is reasonable to use as signifi cant features for classifi cation:
• normalized ATCH amplitude and its features;
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• duration of the signal being observed;
• interval of rising signal amplitude up to the maximum value;
• rate of rising signal amplitude in the initial observation section of the re-

fl ected signal;
• diff raction oscillations of various types or their absence in the observation 

interval of the refl ected signal;
• interference fading of signals.
When predicting the mass of a meteoroid, the product of the amplitude of 

the observed signal and its duration can be used as an integral feature.
As additional features that simplify decision-making and improve the quality 

of classifi cation, the following can be used:
• predicted or measured the height of the specular refl ection point;
• predicted ionospheric plasma density at SRP;
• given (predicted) or measured meteoroid radiant;
• orbital parameters allowing for calculation of Tisserand’s constant.
Th e results of training and testing of the neural network, performed for a 

radio link of a given length, signifi cantly depend on the geographical location of 
the transmission and reception points, as well as the epoch, that is, the time of 
year and day. Th is signifi cantly complicates the interpretation of the observation 
results and does not answer the questions of the origin and estimation of the me-
teoroid mass based on the classifi cation performed in (Melville, 1989; Melville, 
1993; Melville, 1996).

8.2. Classification of meteoroids 
based on the results of modeling 
reflections from meteor trails

Meteoroid classifi cation may use a diff erent technology than 
that used in artifi cial neural networks. It is based on the creation of model images 
of the signals scattered on the IMTr. To create them, the radiophysical model of 
IMTr can be used. It allows one to create a model image of a scattered signal in the 
process of its formation and evolution for given parameters of the meteoroid and 
atmosphere in the SRP, presented in the form of ATCH (see Section 7). For prac-
tical use, the model image must be normalized to provide the ability to transform 
the observed data to a single scale.

Creation of a database containing images of normalized ATCH scattered sig-
nals for diff erent geographic latitudes, observation time and SRP height, which 
determines the properties of the atmosphere, as well as given masses and physic-
ochemical properties of the meteoroid is theoretically possible but computation-
ally very diffi  cult.

Th e classifi cation should be performed by comparing the normalized images 
stored in the database (DB) with the normalized images of the observed scat-
tered radio signals. Th e normalization should take into account the equivalent 
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isotropically radiated power (EIRP), the operating frequency (wavelength), and 
the noise power at this frequency at the observation site (see subsection 5.2.2). 
Th e closeness criterion of the observed and model images can be the minimum of 
the mean squared deviation (MSD) or a weighted average when the ATCH values 
in one of the sections (for example, the initial one) of the observation interval are 
considered more signifi cant than the others. Th e parameters of the weight func-
tion are determined by the features of the problem being solved.

Other parametric metrics can also be used to estimate the proximity of the 
observed and reference images. Th e Minkowski metric is defi ned as:

           , (8.2)

 where xi and yi are the parameters of the observed and reference images, respec-
tively. For p (0, 1), this function is not a metric but can still be used as a distance 
measure. Particular cases of this metric are:

• Euclidean metric (p = 2), which defi nes the distance as the length of a 
straight line connecting the given points.

• Manhattan distance (p = 1) — the minimum length of the path from x to y, 
provided that the movement can be only parallel to the coordinate axes.

In radar observations, the necessary initial data for constructing a fairly com-
plete model of meteor phenomena are the mass, velocity, density, and chemical 
composition of the meteoroid, as well as the height of the SRP formation, the chem-
ical composition of the ionosphere, pressure, and turbulence at a given height.

Th e ATCH of the meteor trail refl ected from the trail depends on all the above 
initial data and implicitly contains information about them. At the same time, only 
the height of the meteor trail formation, the radiant and velocity of the meteoroid, 
as well as, in some cases, its chemical composition (according to the results of spec-
tral analysis of the luminosity of the trail) are available for direct measurements.

At hypersonic meteoroid velocities, aerodynamic drag and aerodynamic 
heating in a real (nonisothermal) atmosphere signifi cantly interact with each oth-
er, which, in some cases, leads to fragmentation of the meteoroid. Th e splitting 
eff ect leads to a change in the characteristics of the IMTr and, accordingly, in the 
ATCH of the refl ected signal.

A generalized classifi cation algorithm based on the use of reference images 
is shown in Fig. 8.3.

Th e full enumeration of comparisons with images stored in the database can 
be reduced by building this database hierarchically. It is quite obvious that for a 
given radio link length at a given latitude and a given observation time, it is nec-
essary to use a well-defi ned DB area that is signifi cantly smaller than its total size. 
Another solution is also possible — the creation of a database of standards for 
well-defi ned observation sites using the appropriate soft ware. Th is simplifi es the 
construction of the database and does not require normalization of the ATCH of 
the received signal.
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Fig. 8.3. Generalized classifi cation algorithm based on the use of reference images

As an example, consider a classifi cation mechanism based on a comparison 
of a conditional normalized observed image with a conditional normalized ref-
erence image (Fig. 8.4). To assess the proximity of the images, we will use the 
minimum standard deviation criterion and evaluate the infl uence of the weight 
function.

Th e measured Manhattan distance Δi between the observable and reference 
images taken as an example is presented in Table 8.1.

Th e RMS value calculated using formula (8.3) and data from Table 8.1 is 
0.031557.

          2 2

1 1

1 1,
N N

i i i
i i

RMS x y x y
N N 
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It is assumed that it is minimal for the set of images stored in the database.
Model ATCH images for cometary and asteroidal meteoroids can be created 

and stored in separate databases. Since they are created taking into account the 
physicochemical properties of the meteoroid for a given SRP height, reasonable 
assumptions can be made about the origin of the meteoroid based on the mini-
mum standard deviation in the corresponding image database.

Th e reliability of the classifi cation is largely determined by the used image 
model, which depends on the adequacy of the used radiophysical model IMTr and 
the scatter-function of the meteor radio channel (see Subsections 7.2 and 7.5).

When developing the radiophysical model of IMTr, many eff ects were not 
taken into account (meteoroid fragmentation, recombination and attachment of 
free trail electrons, the infl uence of hyperthermal chemistry and ionic reactions 
with mesospheric ozone, as well as turbulent diff usion and the possible infl uence 

Table 8.1. Manhattan distance Δi between the image 
and the reference images, taken as on example 

i 1 2 3 4 5 6 7 8 9 10 11 12
ModΔ 0.00 0.22 0.14 0.19 0.00 0.00 0.02 0.03 0.00 0.07 0.17 0.04
i 13 14 15 16 17 18 19 20 21 22 23 24
ModΔ 0.18 0.09 0.33 0.37 0.35 0.30 0.24 0.18 0.13 0.09 0.05 0.00
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Fig. 8.4. Comparison of conditional normalized observablable images with 
the reference ones

of large-scale wind shears). Outside the observation interval exceeding 1—2 se-
conds, these eff ects usually lead to a decrease in the received signal compared 
to that calculated without taking into account these factors. Th is indicates the 
need for further improvement of the radiophysical scattering model, which re-
quires signifi cant eff orts. An alternative is to use the weight function W(t), the 
para meters of which are chosen experimentally when normalizing the reference 
image or calculating the weighted standard deviation. Th e form of the function 
W(t) is shown in Fig. 8.3, and the result of its application to the reference image 
is shown in Fig. 8.5.

Th e scatter-function MRCh signifi cantly aff ects the reliability of the model 
image, the method and calculation results of which are presented in Subsec-
tion 7.3. When developing the methodology for calculating S(τ), the concept 
of the equivalent trail radius req for given instants of time was used while the 
two-dimensional radial distribution of the electron density relative to the trail 
axis was not taken into account. Such an allowance is possible in principle but 
complicates the calculations and cannot guarantee an improvement in the ac-
curacy of the estimate of S (τ) in the presence of meteoroid fragmentation (see 
Subsection 6.2).

Fig. 8.5. Example of a weight function, the parameters of which are chosen 
experimentally
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Th e reliability of the model image is aff ected by the initial radius of the mete-
or trail, the ionization coeffi  cient and the ambipolar diff usion coeffi  cient, which 
depend on the physicochemical characteristics of the meteoroid, as well as the 
physicochemical characteristics of the atmosphere. Th ey, in turn, depend on the 
height of the specular refl ection point, time of year and day, the latitude of the 
observation site, and solar activity (see Section 6). In the ATCH calculations per-
formed in Subsection 7.3, semi-empirical formulas were used to estimate them, 
but the data on the physical characteristics of meteoroids given in Section 6 allow 
the use of physically more reasonable values. When calculating the necessary pa-
rameters, one can take into account the expected origin of the meteoroid, which 
will allow one to form independent databases of model images for cometary and 
asteroidal meteoroids.

8.3. Prediction of reflected 
signal characteristics 

Estimation of the ATCH parameters for the initial section of 
the trail formation (20—100 ms) can be used to predict the trail refl ectivity in the 
process of further transformation. Th e prediction of the change in the amplitude 
and duration of the refl ection from IMTr based on measurements in the initial 
section (fi rst phase) of its existence provides a fundamental opportunity to adapt 
the protocol and information transfer rate without feedback to ensure the maxi-
mum throughput of the MRCh. Available for measurements are the rate and rise 
time of the signal amplitude, as well as the maximum value of the amplitude in 
the observation interval. Instead of amplitude, a more informative sign can be 
used — the ratio of signal power to the noise power in a given frequency band (or 
signal energy to noise spectral density). It follows from formula (8.1) that the slew 
rate depends on the meteoroid velocity, and the slew duration is determined by 
the size of the fi rst Fresnel zone. A short rise time may indicate that the meteoroid 
velocity is high or that the trail is located perpendicular to the propagation plane 
and the Fresnel zone is minimal. At high velocity, the SRP height usually exceeds 
95 km, and at low velocity, it is below 90 km. Th e slew rate, rise time, the observed 
maximum amplitude of the refl ected signal, and the SRP height are related, in a 
rather complex way, to the meteoroid mass, which determines the amplitude and 
duration of the refl ection from the meteor trail.

To predict the duration of the refl ection from the meteor trail, you can 
use the technology of artifi cial neural networks described in suffi  cient detail in 
(Fraser, 1994).

In the same work, the expediency of using early fast Doppler information, 
which precedes many overdense trails providing a large signal-to-noise ratio as 
a refl ection duration predictor, is shown. Th is is because the atoms evaporating 
from the meteoroid surface have approximately the same velocity as the mete-
oroid itself, and the initial period of formation of the ionized trail consists in its 

Golovan.indd   203Golovan.indd   203 30.10.2024   16:16:5530.10.2024   16:16:55



204

SECTION 8. Classification based on analysis of signals scattered by ionized meteoroid  trails

rapid expansion until the end of thermalization — the establishment of thermal 
equilibrium with the environment. Th is time interval depends on the trail forma-
tion height and varies from 1 ms at the height of 80 km to 150 ms at the height of 
115 km (Baggaley, 1977).

When radio waves are refl ected from a rapidly expanding to the initial ra-
dius of IMTr, scattered signal features and Doppler eff ects are observed, which 

Table 8.2. Results of comparing predicted and measured fast Doppler values

Geometrical parameters for medium mean? length of radio link for testing bistatic scattering

Receiver position Durban, South Africa 29.5°S 31. 0°E
Transmitter position Pretoria, South Africa 25.6°S 28. 0°E

Mean Normal Distance from Tx to SRP — R1 256 km (mid-path)
Mean Normal Distance from Rx to SRP — R2 256 km (mid-path))
Mean half internal angle between Rx & Tx to meteor — φ 71°
Mean angle between trail axis and plane containing Tx Rx & 
trail — β

56°

Mean meteoroid velocity — vm 35 km/s
Mean SRP height — hm 95 km/s
Radio wavelenth — λ 6 m

Measured and predicted early fast Doppler for a medium mean? 
length bistatic scattering test line

Meaning Measured Predicted

Peak early fast Doppler deviation Mean 38.7 Hz 33.9 Hz
Std. dev. 17.6 —

Early fast Doppler duration Mean 89.3 ms 76.4 ms
Std. dev. 51.4 —

Early fast Doppler slope Mean 433.3 Hz /s —
Std. dev. 292.3

Peak signal amplitude of trails exhibiting 
early fast Doppler 

Mean 103.9 
Std. dev. 5.9 dBm

Total duration of trails exhibiting early fast 
Doppler

Mean 1597.6 ms
Std. dev. 961.4

Early fast Doppler duration as a mean total 
trail duration in trails exhibiting early fast 
Doppler

Mean 5.6%

Percent of trails per hour exhibiting early 
fast Doppler

9.04%

Percent of long trails with early fast 
Doppler (>500 ms)

30.2%
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can be used to predict not only the duration of the refl ection but also the initial 
radius of the trail and the observed SRP height. Unfortunately, little attention 
has been paid to research these eff ects, and much work remains to be done to 
study them.

Some radiophysical eff ects that manifest themselves in the initial period of 
the formation of an ionized trail were presented in (Fraser, 1994), where there is 
bibliography of information sources on which the results were based. As an illus-
tration, Table 8.2 shows the results of comparing the predicted and measured fast 
Doppler values taken from (Fraser, 1994).

Th e results of predicting based on the use of ANNs confi rmed the possibility 
of using early fast Doppler as an indicator of refl ections with large amplitude and 
duration (Fraser, 1994). Th e relatively low statistical signifi cance of the prediction 
based on measurements of early fast Doppler duration and frequency dispersion 
is related to the chosen decision rule and can be increased. Suffi  ciently high sig-
nifi cance for predicting the Doppler duration was shown by the maximum ampli-
tude of the refl ected signal over the observation interval. It can be expected that 
the joint consideration of the measured amplitude and the duration of its rise, as 
well as the frequency dispersion of the refl ection in the formation of the decision 
rule, will signifi cantly improve the prediction quality. An assessment of the quali-
ty of the decision made can be made by comparing the predicted ATCH with the 
actually observed one.

8.4. Conclusions

1. For the classifi cation of refl ections from IMTr during long–
term observations, an expert system based on the use of ANN can be applied. 
Based on the signifi cant features defi ned in subsection 8.1 and the corresponding 
decision rules and training of ANN, the expert system allows making reasona-
ble assumptions about the geocentric velocity, physicochemical composition, and 
mass of the meteoroid. Th ese results can be used to determine the genetic rela-
tionship of the meteoroid with the parent body, as well as to develop the theory of 
the origin and evolution of the meteoric matter. To assess the eff ectiveness of the 
selected features and decision rules, one can use a comparison of the classifi cation 
results with observations of meteor showers, the genetic relationship of which is 
assumed to be known (see Subsection 4.1.6).

When estimating the mass of a meteoroid, the main signifi cant feature is the 
product of the refl ection amplitude and duration, and the necessary additional 
data are the velocity, SRP height, and the expected physicochemical characteris-
tics of the meteoroid. Forming the decision rules and learning methods of ANN 
is not an easy task. Th e prediction results are probabilistic, require statistical pro-
cessing, and their quality is diffi  cult to evaluate numerically.

2. A new meteoroid classifi cation technology based on the use of model 
images of signals scattered by IMTr is proposed. Th e IMTr radiophysical model 
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makes it possible to create a model image of a signal in the process of its forma-
tion and development for given meteoroid and atmospheric parameters in SRP, 
presented in the form of ATCH (see Section 7).

To perform the classifi cation of meteoroids, a single database is needed in 
which pre-calculated normalized ATCH models should be stored. When calcu-
lating them, it is necessary to take into account the length and orientation of 
radio lines, as well as the physicochemical characteristics of meteoroids and the 
atmosphere. Obviously, the creation and usage of such a database, even when it is 
built according to a hierarchical principle, is extremely diffi  cult.

An easier way is to use the appropriate soft ware to create a database of stand-
ards for well-defi ned observation sites. Th is does not require ATCH normalization 
of the received signal. Such a database can store ATCHs calculated for meteoroids 
with diff erent FHSs, radiants, and velocities, as well as the corresponding SRP 
heights and initial trail radius values. Th e decision on whether the observed ATCH 
belongs to a meteoroid with well-defi ned parameters is made by comparing the 
images stored in the database with the images of scattered radio signals observed 
by ATCH. Th e minimum standard deviation can be used as a proximity criterion. 
When classifying, it is possible to form a certain set of solutions with weight coeffi  -
cients corresponding to the proximity criterion. Th is increases the reliability of the 
conclusions obtained as a result of statistical processing of the results of observa-
tions. Th e decision made provides information on the mass of the meteoroid and its 
PCP, which makes it possible to clarify the infl uence of the infl ux of meteoric matter 
on the atmosphere parameters and the risks of damage to spacecraft .

A similar classifi cation method can be applied to study the characteristics of 
meteor showers and their genetic relationship with the parent body, as well as to 
develop a theory of the origin and evolution of meteoric matter.

Th e quality of the classifi cation based on the use of model signal images is 
largely determined by the adequacy of the used radiophysical scattering model 
for IMTr. Th e model developed in section 7 is approximate, but its construction 
technology can be used to create more advanced models.

3. Prediction of the duration and amplitude of the refl ected radio signal ac-
cording to its characteristics at the initial observation site is necessary for solving 
telecommunication problems — choosing the speed and protocol for transmit-
ting information, on which the throughput of meteor radio channels depends. 
Th is prediction can be made using ANN technology. In this case, the measured 
signal amplitude and the time of its rise to the maximum value, as well as the 
frequency dispersion of the refl ection due to fast Doppler, should be used as sig-
nifi cant features. It can be expected that the decision rule built on the basis of 
these features will provide a classifi cation quality suffi  cient to make a decision on 
the advisability of adaptively changing the speed and transfer protocol of infor-
mation. Th is is an important result, which is of direct importance for the design 
of advanced meteor radio communication systems.
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SECTION 9
CONCEPT AND TECHNOLOGY 
FOR BUILDING ADVANCED 
METEOR-BURST RADIO 
COMMUNICATION SYSTEMS

By the term “concept”, we understand the set of principles that 
determine the ways of development of the MRS, depending 
on its purpose. Speaking about technology, we will keep in 
mind the techniques and methods for obtaining the required 
results, determined by the concept of constructing MRS.

In the publications (Holovan, 2020a; Holovan, 2020b), 
attention was focused on the use of code division channels 
(CDCh) for information transmission over meteor radio 
channels (MRCh), which, as shown in Section 7.3, is eff ec-
tive, but limits the possibilities of using MRS. In this section, 
the material of these articles is expanded, supplemented, and 
some inaccuracies are eliminated.

In a broader sense, in MRS, along with CDCh, it is pos-
sible to simultaneously use signal-code structures of various 
types and corresponding multiple access methods to separate 
them. It is possible to increase the effi  ciency of using MRS by 
linking base stations (BS) with satellite or other channels with 
a suffi  ciently high bandwidth. When solving some problems, 
it may be appropriate to use asymmetric MRCh. In this case, 
information from BS is transmitted by using one type of sig-
nals, and when do that from subscriber stations (SS), signals 
of other types are used.

Th e main technologies used in the implementation of the 
concept include the use of soft ware-controlled smart anten-
nas (SMART antennas), soft ware-defi ned radio technology 
(SDR), and the algorithms for adapting to the conditions of 
information transmission via MRCh.

Golovan.indd   207Golovan.indd   207 30.10.2024   16:16:5630.10.2024   16:16:56



208

SECTION 9. Concept and technology for building advanced meteor-burst radio

9.1. The concept of building advanced 
meteor radio communication systems

Th e proposed concept of building advanced meteor radio 
communication systems involves increasing the throughput, noise immunity, 
and secrecy of the system, as well as reducing the connection waiting time.

To increase the bandwidth of the MRS, reduce the connection waiting time, 
increase the number of subscribers served by the system ( SS of the network), and 
increase the noise immunity and secrecy of the system operation, it is necessary:

• By choosing the network topology, to provide the necessary coverage and 
the possibility of simultaneous access of MRS SS to several BS of the network, 
which reduces the waiting time for the appearance of the IMTr with a specular 
refl ection point and, accordingly, increases the system throughput.

• Provide for the possibility of additional protection against intentional and 
unintentional interference for the BS, since it is the most critical element of the 
meteor radio network. Th is possibility can be implemented based on the use of 
program–controlled antennas that provide the necessary coverage and adapta-
tion to changing operating conditions of the system.

• To use at SS antennas with a controlled (or switched) radiation pattern 
(RP) for pointing at the space areas where the appearance of suitable meteor trails 
is most likely — the so-called “hot zones”, the position of which depends on the 
geographical location of the BS and MS, as well as time of year and day. Th is will 
reduce the connection latency and increase the throughput of the MRS.

• Apply signals and their processing methods to resist interference fading 
that occurs in the observation interval during meteoroid defragmentation and 
diff use expansion of the meteor trail, as well as the impact of interference concen-
trated over the spectrum, which will improve noise immunity and, as a result, the 
throughput of the communication channel.

• Reduce the time of detection of a meteor trail suitable for communication 
and estimate (predict) the time interval available for message transmission, as 
well as the change in the energy potential of the non-stationary meteor radio 
channel over this interval, using its initial section. Th is will allow the use of adap-
tation for the transmission rate and duration of the transmitted packets, which 
will increase the throughput of the MRS.

Since any properly designed modern system must allow subsequent upgrades 
at the life cycle interval without changing the circuit design, system management, 
transmission protocols, as well as signal generation and processing methods, 
must be oriented toward the use of SDR technologies.

9.1.1. Topology of the meteor radio network

Recommendation ITU-R F. 1113 gives as an example of MRS 
with a star network topology with a central (base) station designed to serve up 
to 1000 remote (subscriber) stations in a coverage area with a radius of up to 
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2000 km. Each of the remote stations can communicate with any number of other 
remote stations via the central station using a half-duplex packet protocol with 
single-segment automatic retransmissions if the errors presence. It is indicated 
that larger networks can be built using several intermediate stations, between 
which a connection is established. Such a network can be reconfi gured for any 
given number of subscriber stations.

Fig. 9.1 shows an MRS with a star topology, including one BS and 30 SSs, 
evenly distributed in a circle of a given radius (“dense stacking“). To cover the 
SS location area, the BS antenna system must form a circular radiation pattern 
(RP) in the azimuthal plane, which, at a given transmitter power, is capable of 
providing the necessary energy potential of the meteor radio link for information 
exchange with the SS. Such a radiation pattern (RP), in principle, can be created 
using a complex phased array antenna (PAA) at the BS (Monzingo, 1986).

Structurally, the PAA can be somewhat simplifi ed if it is built from several 
simpler arrays, each of which serves its own sector of the SS location area. In 
Fig. 9.1, such a sector is equal to 60º and, therefore, it is necessary to have 6 cor-
responding FAAs on the BS.

With an uneven distribution of SS over the territory of their deployment, 
SMART antennas with digital RP formation can be used. Fig. 9.2 shows an MRS 
with a star topology, where in three sectors, RP with given shape is formed. Th e 
required directivity coeffi  cients are determined by the number of PAA elements 
and the type of elementary antennas used (Slyusar, 2004; Widrow, 1989). Th e sec-
tor construction provides an additional advantage — the ability to use its form of 
the probing signal in each of them. Th is makes it possible to increase the number 
of SSs in the network.

It is necessary to allow an SS to access multiple BS network. Th is reduces the 
waiting time for the appearance of an ionized meteor trail with SRP and, accord-

Fig. 9.1. MRS with a star topology for SS evenly distributed over the area
Fig. 9.2. MRS with a star topology for SSs unevenly distributed over area with 
three RP formation sectors (taken from (Slyusar, 2004))
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ingly, increases the throughput of the system. Th e placement topology for 3 BSs 
with 30 SSs and 4 BSs with 30 SSs is shown in Fig. 9.3.

With three BSs, SSs located in “zone A” have the fundamental ability to simul-
taneously receive three probing signals, and in three “zones B” — two or three prob-
ing signals, which, with an appropriate routing strategy, signifi cantly reduces the 
meteor trail waiting time and, accordingly, increases the throughput MRS ability.

Obviously, with four BSs, the waiting time is further reduced and, in addi-
tion, the requirements for the terminal equipment of a signifi cant number of sub-
scribers can be reduced.

Communication between BSs can be provided via a meteor radio channel, 
but its bandwidth may not be enough to collect all the information at one point. 
It is advisable to use additional communication channels between BSs — for ex-
ample, satellite radio channels. Th is will allow access to information at any BS 
location and increase network connectivity.

9.1.2. The base station 
anti-jamming protection 

Since BS is the most critical element of the meteor radio com-
munication network, it is necessary to provide for the possibility of additional 
protection against intentional and unintentional interference. When using adap-
tive PAA (APAA), there is a possibility of programmatic formation of “zeros” of 
the RP pattern in the direction of jamming sources (Monzingo, 1986; Widrow, 
1989; Mawrey, 1995).

For the automatic formation of “zeros” in the direction of the interference 
source, a soft ware-controlled auto-j amming canceller (which is an automatic 
control device with correlation feedback) and additional (compensation) anten-
nas with an RP width of about 80—90º, located near the main BS antenna, are 
used. Th e control voltage (feedback signal) ensures the adjustment of the trans-
mission coeffi  cients of the compensation channels in such a way that when the 
outputs of all channels are summed, the interference power is minimal. Th e gains 

Fig. 9.3. MRS with three (a) and four (b) base stations
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of the compensation antennas must be the same and not less than 2 dB higher 
than the level of the side lobes of the RP of the main antenna.

A block diagram of the system for the automatic formation of “zeros” RP in 
the direction of the interference source is shown in Fig. 9.4.

9.1.3. Subscriber station antenna control

It is possible to signifi cantly reduce the connection latency 
and increase the MRS throughput via using an antenna with a controlled (or 
switched) radiation pattern at SSs (Larsen, 1992; Mawrey, 1995; Vendik, 2002)
(see Fig. 9.5).

For an MRS subscriber station, it may be suffi  cient to use 2 horizontally ar-
ranged elementary antennas. Uda-Yagi antennas (directional antennas), cross-vi-
brators, and log-periodic or helical antennas can be used as such antennas. It 
should be borne in mind that under the infl uence of the Faraday eff ect, the plane 
of polarization rotates when radio waves pass through the D region and the lower 
part of the E region of the ionosphere. Th is makes using circular polarized anten-
nas more preferable, especially during the daytime.

When developing a program for pointing SS antennas at “hot zones”, the 
maximum throughput can be achieved taking into account the seasonal change 
in the distribution of density and radiant values, their daily variation, as well as 
the geographical location of BS and SS (see Subection 5.2 and (Kozin, 2002; Es-
hleman, 1961)). For temperate latitudes of the northern hemisphere, a positive 
eff ect of pointing SS antennas is observed if the following recommendations are 
followed:

Fig. 9.4. Structural diagram of the system for automatic formation of “zeros” RP in the direction 
of the jamming source
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Fig. 9.5. Phased array antenna with the beam pointing

• on predominantly east-west paths, the BS and SS antennas should be di-
rected so that the major axes of the RP intersect north of the path from 00:00 to 
12:00 local time and south from 12:00 to 24:00 local time hours;

• on predominantly north-south paths, the BS and SS antennas should be 
pointed west of the path direction from 18:00 to 06:00 local time and east from 
06:00 to 18:00.

Th e largest daily variations are observed at the equator, the smallest — at the 
poles. Th e greatest seasonal variations are at the poles and the smallest — at the 
equator.

Optimal antenna pointing methods for short paths were studied in the mon-
ograph (Antipov, 2006).

Given the geographic location of BS, the optimal pointing of the SS anten-
nas and the development of appropriate soft ware require taking into account the 
seasonal and daily distribution of sporadic meteoroid radiants for each SS with 
specifi ed coordinates.

In Fig. 4.11, as an example, a map of the seasonal variation in the radiant 
density of a sporadic meteor complex in the apex plane of the geocentric ecliptic 
coordinate system, obtained using the Canadian meteor orbit radar CMOR, is 
presented. Th e measurements were made at 29.85 MHz for fi ve sporadic sources 
visible in the northern hemisphere. Detailed information about CMOR can be 
found in subsection 3.3 as well as in publications (Jones, 2005; Webster, 2004).

Similar maps of the seasonal variation of the radiant density of a sporadic 
meteor complex for the southern hemisphere, obtained using the SAAMER ra-
dar, are shown in Fig. 9.6 (Younger, 2009).

For optimal pointing of the SS antenna at the “hot zone”, it is necessary to 
establish which sources of radiants for the coordinates of the center of the SS — 
BS radio link were dominant on the date of the communication session and de-
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termine the prevailing values of meteoroid radiants, taking into account local 
time (see subsections 4.3 and 5.2, as well as works (Kazantsev, 1961; Kharchenko, 
2012; Kharchenko, 2011)).

Th e calculation of the prevailing radiants of sporadic meteoroids can be per-
formed by successively transforming the coordinates from the geocentric ecliptic 
system to the topocentric one. During the functioning of the SMS and the col-
lection of relevant statistics, the initial data for soft ware pointing of antennas can 
be refi ned.

9.1.4. Application of wideband 
noise-like signals to meteor radio links

To increase the throughput, noise immunity and secrecy of 
the functioning of SMS allow the use of wideband noise-like signals (WNLS) 
along with methods for their processing that are optimal under the infl uence of 
non-Gaussian interference (Tuzov, 1985; Varakin, 1985).

Section 7.3 shows that the use of WNLS with a spectrum width more than 10 
MHz is attenuate the eff ect of interference fading that occurs during meteoroid 
fragmentation and diff use expansion of the meteor trail and its curvature under 
the infl uence of wind. Frequency redundancy provides the ability to notch fi lter-
ing narrow-band noise in the signal spectrum (Tuzov, 1985; Varakin, 1985; Turin, 
1980; Torrieri, 2022).

Fig. 9.6. Map of seasonal variation of the sporadic meteor complex radiant density in the apex 
plane of the geocentric ecliptic coordinate system for the southern hemisphere (Younger, 2009) 
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To evaluate the eff ectiveness of the WNLS application, let us consider the 
infl uence of the signal scatter-function on IMTr on the reliability of informa-
tion transmission. As known, in radio channels with signal delay scattering, it is 
possible to implement implicit diversity, which provides an equivalent diversity 
multiplicity N, determined by the relation (Turin, 1980; Torrieri, 2022; Kennedy, 
1973; Van Tris, 1977)

                1 SN F    ,            (9.1)
where Δτ is the interval of eff ective delay scattering, and ΔFs is the spectrum 
width of the complex signal.

Fig. 9.7 shows the scatter-function S (τ) of a meteor trail expanding under 
the action of ambipolar diff usion at diff erent times, calculated on the basis of a 
radiophysical model of signal scattering on a meteor trail. For comparison, the 
same fi gure shows the scatter-function profi le of the meteor radio channel given 
in Recommendations ITU-R P. 843-1 for a 500 km long meteor radio link.

An analysis of the impulse response profi les (given in Recommendations 
ITU-R P. 843-1) shows that 12% of all underdense trails and 71% of all overdense 
trails exhibited multipath (scattering) eff ects. In 90% of cases, the RMS delay, ΔS, 
is less than 100 ns, and in 99% of cases, the delay spread is less than 400 ns. At 
the same time, infrequently, there was a spread in delays in the range from 1.0 to 
7.0 μs, which can signifi cantly aff ect the quality of communication.

If we assume that ΔS = 100 ns, and the signal spectrum width = 10 MHz, 
then, based on formula (9.1), we obtain the equivalent separation factor N = 2, 
and for ΔS = 1 ms — the equivalent separation factor N = 10.

It is diffi  cult to obtain a quantitative estimate of the gain in the throughput of 
the meteor radio channel by analytical methods, due to the lack of the necessary 
statistical data, but the existence of the gain is beyond doubt.

Fig. 9.7. Comparison of the calculated scatter-function S (τ) of the meteor trail with the data 
given in Recommendations ITU–R P. 843–1

Th e scattering function profi le S (τ) 
of the meteor trail at diff erent times for a radio 

link length of 1000 km ( subsection 7.2)

Th e scattering function profi le S (τ) 
of the meteor trail for a radio link length 

of 500 km (Recommendations ITU-R P.843-1)
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9.1.5. Code separation of complex 
signals in meteor radio networks

With code division of channels, which involves the use of 
complex signals, in order to increase subscriber capacity (servicing a large num-
ber of SS), it is necessary to have large ensembles of signals with good auto and 
cross-correlation properties (Varakin, 1985; Sklyar, 2016).

Currently, Walsh sequences, linear and non-linear recurrent sequences, de-
rived orthogonal sequences, Gold and Kassami sequences, which are quite well 
studied, are used as signals with the necessary characteristics. At the same time, 
methods for synthesizing large ensembles of weakly correlated discrete signals 
have not been suffi  ciently developed. Most of the known methods are based on 
the use of enumeration procedures and do not provide a guaranteed result for 
the synthesis of signals with given ensemble and correlation properties. Note-
worthy are sequences formed by a pseudo-random permutation of elements of 
code words of a register code of maximum length (for example, M — sequences) 
(Kuznetsov, 2007; Stasev, 2008). Permutation transformations, which are a special 
case of affi  ne transformations, make it possible to increase the volume of any en-
semble of signals by many times over that without changing the distance between 
signals in the signal space.

9.1.6. Combining signals and signaling 
protocols in meteor radio networks

Th e frequency resources of the meteor radio channel are lim-
ited, and its use is regulated by the recommendations of the International Tele-
communication Union (ITU), international agreements and decisions adopted 
by authorized bodies at the national level (Handbook, 2015). For example, the 
frequency subbands allocated by the US Government in the 40—50 MHz band 
for meteor radio communications are 40—42 MHz, 46.6—47 MHz, and 49.6—
50 MHz, and their use governed by relevant legislation (Cohen, 1989).

Th e structure and principles of MRS operation are determined by its pur-
pose. If the main purpose is transmitting notifi cations and receiving acknowledg-
ment of their receipt, then wide-band signals and addressing based on code di-
vision channels can be used at BSs, while frequency division channels (CDCh — 
FDCh) — at SSs.

At the same time, the SS operating ranges are to correspond to the legisla-
tions of the country in which they are located.

If the main purpose of an MRS is voice announcement without feedback, it 
becomes necessary to transmit suffi  ciently long information packets, and the use 
of CDCh is justifi ed.

In SNOTEL-type MRSs focused on collecting geophysical information, as 
well as dispatching ground and air vehicles and collecting information about the 
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location of moving objects (icebergs, buoys, etc.), the BS functions are limited to 
the transmission of a sounding signal, and the transmission of the required infor-
mation is performed by SS.

If the main indicators of the eff ectiveness of an MRS are low cost and ease of 
maintenance, then its implementation can use frequency division multiple access 
(FDCh — FDCh) and use discrete frequency modulation with minimum shift  
(MSK) or its varieties with limited spectrum.

In the case of information exchange within a single country, especially if the 
secrecy and noise immunity of an MRS are a priority, the CDCh-CDCh multi-
station mode can be used for data transmission. In this case, at both BS and SS, a 
matched fi ltering of complex signals should be applied.

9.1.7. Adaptation in rate and length of transmitted 
packets in meteor radio communication networks

An increase in the MRS throughput is possible based on the 
predict of the time interval available for message transmission and changes in the 
energy potential of the non-stationary MRCh in this interval. Such a prediction 
can be made on the SS using the ATCH of the received probing signal at the initial 
part of the meteor trail in the MRS with feedback (see Section 8.3). In this case, 
the SS is transmits signals at a rate and length of the information packet that pro-
vide the maximum throughput of the MRCh.

To increase the throughput of the BS based on the assessment of the state of 
the MRCh performed at the initial section of the meteor trail by the subscriber 
station SSj can transmit a short message indicating the level of the received prob-
ing signal, the level of interference at the receiving point, and the predicted du-
ration of the message transmission interval, allowing optimizing the information 
transmission protocol on BS. In this mode, it is possible to collect statistical infor-
mation about the change in the throughput of the radio link BS — SSj depending 
on the time of year and day and introduce it into the database. Th e processing of 
statistical information allows us to propose a transmission protocol for BS — SS 
radio links that maximize the throughput of the meteor communication network.

9.2. Building technologies for advanced
 meteor radio communication systems

While implementing meteor communication systems with 
CDCh following the above principles, it is necessary to solve the following main 
technical problems:

1. Form the radiation patterns of the BS antennas, providing the necessary 
coverage of the service area and compensation for interference entering the re-
ceiving path of the main channel through the side lobes of the phased array design.

2. Manage the directional patterns of the AC antennas, ensuring their guid-
ance to the “hot zones.”
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3. Set the required operation frequency and generate signals corresponding 
to the selected MRS operation mode.

4. Generate large ensembles of complex signals with improved cross-corre-
lation properties.

5. Perform coordinated fi ltering of complex signals and rejection of narrow-
band interference in their spectrum.

6. Ensure optimal reception along with a short detection and synchroniza-
tion time for received scattered signals of various intensities when exposed to 
non-stationary and non-Gaussian interference.

7. Implement multi-standard protocols for information transmission in the 
network, including the adaptation of the transmission rate and duration of the 
transmitted packets to the characteristics of the meteor communication channel, 
which are oriented toward increasing the MRS throughput and reducing the de-
livery time of a message of a given length.

Th e solution to these problems is possible with the use of the SDR technolo-
gy, the presence of signifi cant computing resources, and a multitasking mode of 
operation. Th ese conditions correspond to programmable logic devices (PLD) 
(integrated circuits) and multi-core personal computers (PC) of general use, op-
erating in real-time. PLDs can be used in the implementation of SS soft ware since 
transmission and reception are performed in a single-channel mode. For BS op-
erating in a multi-channel control mode and with digital signal processing, it is 
necessary to use suffi  ciently powerful PCs.

Th e fi rst two tasks go beyond the issues considered in this monograph. Let’s 
take a closer look at the last four tasks.

9.2.1. Generation of large ensembles of complex 
signals with improved cross-correlation properties

To implement code division of channels with a large number 
of SS, it is necessary to have large ensembles of signals with good auto and cross–
correlation properties (Varakin, 1985; Sklyar, 2016; Kuznetsov, 2007; Stasev, 2008; 
Gorbenko, 2015).

Permutation transformations, which are a special case of affi  ne transforma-
tions, make it possible to increase the volume of an ensemble of signals many times 
over that without changing the distance between signals in the signal space. Th e 
algorithm for generating large ensembles of equidistant signals with improved 
cross-correlation properties is illustrated by the block diagram shown in Fig. 9.8.

Th e generator of orthogonal equidistant signals generates N cyclic shift s 
M — sequences that are written to N shift  registers. Th e permutation block, in ac-
cordance with the program generated by the Key Source, performs a coordinated 
permutation of code elements simultaneously in all registers. In accordance with 
the given permutation, which provides strong mixing, an ensemble of N weakly 
correlated signals is formed. Th e number of signals in the ensemble is determined 
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Fig. 9.8. Structural diagram illustrating the algorithm for generating large 
ensembles of equidistant signals with improved cross-correlation properties

by the number of elements of the source code. Each permutation provides the 
formation of its own ensemble of signals, and there can be a very large number 
of such ensembles (of the order of N factorial). However, it should be noted that 
signals from diff erent ensembles may not have suffi  ciently good cross-correlation 
properties, which suggests the need for proper planning of SS location and as-
signment of signals from ensembles to them.

From the results of a comparative analysis of the ensemble and correlation 
properties of discrete signals (Stasev, 2008), it follows that sequences formed by 
a pseudo–random permutation of elements of code words of a register code of 
maximum length have improved properties. Th e corresponding synthesis meth-
od is one of the most promising from the viewpoint of further development and 
practical application to solving the problem of constructing meteor radio com-
munication systems and networks with code division of channels. Its computa-
tional complexity is not great and the method is quite simply implemented on the 
basis of soft ware methods using microcontrollers or PLDs.

9.2.2. Matched filtering of complex signals 
and rejection of narrowband noise in their spectrum

Detection and discrimination of large baseband signals can 
be performed using a multi-channel correlator or an analog matched fi lter (for 
example, tapped delay lines, surface acoustic wave fi lters, convolvers, etc.). How-
ever, the use of large ensembles of complex signals and the need to change them 
programmatically excludes the possibility of using analog processing and leaves 
the only alternative — digital matched fi ltering. Th e implementation of program-
mable digital matched fi lters (PDMF) is based on the use of Fast Direct Fourier 
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Transform and Inverse Fast Fourier Transform (FFT and IFFT). Th e convolution 
can be carried out by the algorithm “FFT-multiplication-IFFT”. When processing 
signals with a base above 100, frequency domain convolution has the advantage 
of computational operations number required (Handbook, 2015; Cohen, 1989; 
Gorbenko, 2015; Kuzmin, 2000; Lyons, 2006; Nussbaumer, 1981).

For tuning PDMF to a given signal in the alphabet used, it is enough to load 
the complex conjugate spectrum of the corresponding signal. In addition, fre-
quency domain convolution naturally provides additional protection against the 
eff ects of narrowband interference (NBI) falling within the received band.

Fig. 9.9 shows a block diagram of a PDMF with an additional window fi lter 
and a narrowband rejection block (NBRB). Th e window fi lter is necessary to re-
duce the eff ect of the spreading of the narrowband interference (NBI) aft er the 
FFT (Harris, 1978), and the principle of operation of the BRUP is based on ze-
roing the complex spectral FFT coeffi  cients, the square of the modulus of which 
exceeds the set threshold. Th e rejection threshold for narrowband interference 
may be adaptive.

To tune PDMF to a given waveform from an external control device (com-
puter or specialized control panel) via a standard interface (for example, via SPI 
interface), the mirror forms of the processed signals are loaded into the RAM of 
the waveforms, supplemented with a sequence of zeros to obtain a linear con-
volution. Aft er that, in the FFT block, their complex spectra are calculated and 
the result is recorded in the RAM of the signal spectra. It is also possible to prior 
calculate the complex conjugate spectra and directly load them into the RAM of 
the signal spectra via the SPI interface.

When constructing the circuit, it was taken into account that the recording 
of information from the ADC to the RAM input is carried out block by block in 
the 2N format to implement the FFT.

Th e studies required bit depth of the ADC, described in (Kharchenko, 2008), 
showed that (6—8) quantization levels per peak-to-peak of the combinated sig-
nal, noise, and narrow-band interference is suffi  cient to signifi cantly reduce the 

Fig. 9.9. Structural diagram of the programmable digital method of non-threshold synchroniza-
tion of matched fi lter with narrowband rejection
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level of intermodulation interference. In some cases, this number of quantization 
levels reduced the power loss by up to 6 dB compared to a two-sided ideal band-
pass limiter.

Th e proposed PDMF algorithm implementation is focused on using PLDs 
from diff erent manufacturers, such as ALTERA (Steshenko, 2000), XILINX 
(Zotov, 2003), and others. Th e proposed implementation of PDMF allows the 
processing of any kind of signal, including pre-recorded and digitized noise im-
plementations, TV signal sync sequences, chirp signals, or signals with improved 
autocorrelation properties. It can be used both in communication systems and for 
corresponding measurements of meteor trail parameters.

9.2.3. Optimal signal reception 
and synchronization when transmitting digital 
information via meteor radio channels

For channels with scattered signals, which include MRCh, 
based on the formation of suffi  cient statistics (Van Tris, 1977) and the solution 
of the inhomogeneous Fredholm integral equation of the second kind, an ex-
pression for the optimal detector has been obtained (Kharchenko V., 1988). It is 
implemented by the circuit shown in Fig. 9.10, where r(t) is the noisy input signal, 
N0 is the noise spectral density, MF is the matched fi lter, C1 and C2 are the calcu-
lated coeffi  cients, and l is the solution.

Note that in the case of a non-scattering channel, S (τ) degenerates into a δ 
function, the output eff ect of the lower branch of the circuit becomes zero, and 
the upper branch is transformed into the well-known optimal incoherent detector.

One of the most diffi  cult problems that arise in the design of communication 
systems with broadband noise-like signals is the problem of synchronization. It 
includes the detection of signal phase, determination of the moment of decision 
on the transmitted signal (clock synchronization), and determination of the mo-
ment of the beginning of the information packet transmission (frame synchroni-
zation). Th e less time allocated for synchronization, the more effi  cient its MRCh 
operation is.

For a non-stationary MRCh, when exposed to a complex of interference with 
rapidly changing characteristics, the existing methods for synchronizing signals 
with direct spread spectrum are either inoperative, or requiring for signifi cant 
acquisition time, up to several seconds. Th is is unacceptable for meteor radio 
channels, since the lifetime of an ionized trail is measured in tenths of a second, 
and the change in the maximum value of the intensity of the scattered signal over 
a wide range makes it problematic to use detection algorithms based on the use 
of adaptive signal detection thresholds (Gharmonov, 2000).

Th e non-threshold synchronization method described in (Kharchenko V., 
2006) consists in detecting m multiple repetitions in a row of the subtact addres-
ses, in which the maximum convolution value of the complex signal is observed 
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(“m in a row” criterion), or the repetition of the subtact address with the maxi-
mum convolution value of at least k times in n consecutive observation intervals 
(cycles) (“k out of n” criterion). Th ese algorithms can be represented as a synthe-
sized, parameterized, and structured VHDL model, focused on the use of FPGAs 
from verious manufacturers (Kharchenko, 2009).

A patent (Khachaturov, 2014) has been obtained for such a system, but for 
MRCh the proposed synchronization method can be improved by using a com-
bination of the threshold and non–threshold methods. Th e essence of the pro-
posed method is that the current threshold value is set at a level suffi  cient to 
receive information with a given reliability (the noise level is measured at signal 
absence intervals), and the decision is made for the condition “k out of n” and 
exceeding the specifi ed threshold level. Th is makes it possible, with the false 
alarm probability set, to reduce the value of m (or n), which means reducing 
the time allocated for synchronization. For example, set m = 2 (“m in a row” 
criterion) and set the condition that the threshold is exceeded during the second 
observation of the convolution. Or set k = 2, n = 3 (“k out of n” criterion) and 
set the condition that on three cycles the observed convolution value exceeds the 
threshold at least once.

Based on several received and stored values of the WNLS convolution, it is 
possible to estimate the intensity of the refl ected signal and predict the type and 
characteristics of the trail. Th is, in turn, makes it possible to indicate the initial 
information transfer rate in the header of the transmitted frame and, based on 
the current estimates of the probing signal intensity, to change the instructions by 
transmitting the appropriate markers.

Note that multi-channel signal processing and code division of channels at 
the BS can be provided not in real-time but by recording the signal to the RAM 
aft er detecting the fact of transmission, followed by demodulation of the received 
message. Th is will signifi cantly reduce hardware costs and computing resources.

SDR technology allows one to optimize the information transfer rate by 
changing the number of elements (bases) of the signals used and programming 

Fig. 9.10. Optimal detector for time-dispersed signals
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the PDMF accordingly. In this case, the duration of the element does not change, 
which means that the parameters of the high-frequency paths of transmitter and 
receiver remain unchanged.

SDR technology makes it possible to implement multistandard protocols for 
information transfer in a network, including an adaptation of the transmission 
rate and duration of transmitted packets to the characteristics of a meteor com-
munication channel, which are focused on increasing the MRS bandwidth and 
reducing the delivery time of a message of a given length.

A detailed description of the information exchange protocol between SS and 
BS depends on the purpose of the MRS and is beyond the scope of this mono-
graph. Variants for the transmission protocols used, the effi  ciency of which de-
pends on the characteristics of the MRCS, are given in (Recommendation ITU-R 
F. 1113; Schilling, 1993; Schanker, 1990; Kascheev, 1996; Weitzen, 1993; Mirosh-
nikov, 2019) and many other publications.

9.3. Conclusions

Th e use of soft ware-controlled smart antennas, large ensem-
bles of complex signals, and adaptation to changing operating conditions open 
up new prospects for the creation of MRS. It can be expected that the new gen-
eration of meteor radio communication networks will have a signifi cantly higher 
bandwidth, lower connection latency, increased noise immunity, and secrecy of 
the operation.

An increase in the MRS bandwidth, reduction in the connection latency, in-
crease in the number of subscribers served by the system, and increase in the 
noise immunity and secrecy of the system operation can provide:

1. Choosing a network topology that allows one to provide the necessary cov-
erage and the possibility of simultaneous access of MRS subscriber stations to sev-
eral base stations, which reduces the waiting time for the appearance of IMTr with 
a specular refl ection point and, accordingly, increases the system throughput.

2. Additional protection of the base station against intentional and uninten-
tional interference, which is the most critical element of the meteor radio com-
munication network. It can be implemented based on the use of soft ware-con-
trolled antennas that provide the necessary coverage and adaptation to changing 
operating conditions of the system.

3. Th e use of an antenna with a controlled (or switched) radiation pattern at 
subscriber stations for pointing at areas of space where the appearance of suitable 
meteor trails is most likely. Th is will reduce connection latency and increase MRS 
throughput.

4. Application of signals and methods of their processing, which allow resist-
ing interference fading and the eff ects of interference concentrated in the spec-
trum, which will increase the noise immunity and, as a result, the throughput of 
the communication channel.
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5. Implementation of multi-station access with CDCh, which will increase 
the number of subscribers served by MRS. Th e use of large signal ensembles with 
a direct spread spectrum also provides an increase in jamming and secrecy of the 
MRS operation.

6. Selection of the types of signals used, operating frequencies and methods 
of multiple access, determined by the purpose of the MRS and the correspond-
ing performance indicators. When appointing them, it is necessary to take into 
account the recommendations of the International Telecommunication Union, 
international agreements, and decisions on the allocation of frequencies, wich are 
taken by authorized bodies at the national level.

7. Adaptation of the MRS in terms of the transmission rate and duration of 
the transmitted packets, for the implementation of which a predict based on the 
analysis of the refl ected signal at the initial stage of its formation along with the 
corresponding protocol for the interaction of the SS and the BS can be used.

8. Reducing the detection time of a meteor trail suitable for communica-
tion at the synchronization stage, which requires the use of a combination of 
non-threshold and threshold detection methods.

Many questions related to MRS network and system architectures, as well 
as optimal control strategies, need to be answered before cost-eff ective meteor 
communication systems can be developed.

Th e construction and subsequent modernization of the system will be facil-
itated by the use of SDR technologies that allow the introduction of new signal 
processing methods and information transfer protocols along with the unifi ca-
tion and subsequent modernization of almost all elements of the MRS without a 
signifi cant change in circuit solutions.
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Th e original researches and a system analysis of published 
works in the fi eld of meteor physics provides an opportuni-
ty for further improvement of methods necessary for astro-
physical and geophysical research, as well as for transmitting 
information via meteor radio channels. 

Observational data on meteoroids obtained through the 
use of meteor trail radars can provide insight into the genetic 
relationship of meteor showers and sporadic meteoroids with 
the parent body (comet or asteroid) and their chemical com-
position, mineralogical and bulk density. Th ey are necessary 
for the development of the theory of the origin and evolution 
of meteoric matter and prognostic models of signal scattering 
on a meteor trail.

When interpreting the results of observations, it is neces-
sary to take into account the features of the systems through 
which the corresponding data were obtained. In this regard, 
the technical characteristics and geographical position of ra-
dars were presented, which were used to study atmospher-
ic physics, radiant mapping of the sporadic meteor complex 
(SMC) and meteor showers, as well as to estimate the param-
eters of the orbits and speed of meteoroids.

Bistatic scattering from ionized meteoroid trails can be used 
to study the dynamics of the lower ionosphere and the infl ux of 
meteor matter to the Earth and to build maps of the distribution 
density of SMC and meteor showers radiants across the celestial 
sphere. It opens up new opportunities for ionospheric and geo-
physical studies at the height of the trail formation – wind and 
temperature fi elds, turbulence, ambipolar diff usion, processes 
of generation and propagation of acoustic gravity waves, as well 
as ozone concentration in the meteor zone at diff erent latitudes 
and diff erent times of the year and day.

Th e system for transmitting information on SRPs can 
be used for telecommunication and synchronization of time 
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scales. For communication systems with low traffi  c, it can be a low-budget alter-
native to satellite communication systems used in the interests of the Ministry of 
Defense of Ukraine and diplomatic missions to organize radio communications 
in disaster areas, as well as in hard-to-reach and remote areas.

Th e proposed prognostic model makes it possible to estimate the season-
al and diurnal change in the frequency of the appearance of ionized meteoroid 
trails — IMTRr with a specular refl ection poi a SRP, belonging to the main SMC 
sources and meteor showers, in a bistatic radar. Based on the prognostic model, 
the zone where the SRP of the radio signal is observed with a higher probabil-
ity is determined. Calculation of the coordinates and height of the meteor trail 
SRP with given radiant and point of entry of the meteoroid into the meteor zone 
was performed analytically. Th is required solving a third-degree equation. When 
solving the equation, the Vieta method was used. Th e possibility of using a direc-
tion-fi nding-time radar for estimating the height of the SRP under bistatic scat-
tering is shown. A simple and geometrically illustrative method is proposed for 
measuring the SRP coordinates with an unknown radiant of the meteoroid that 
generated the trail. Th is makes it possible to compare the results of calculations 
and measurements.

When developing a more advanced prognostic model, attention should be 
paid to the need to supplement it with data on the distribution of meteoroid ve-
locities, its density and probable chemical composition, to take into account the 
eff ect on the trail detection characteristics of seasonal and daily changes in at-
mospheric density, the degree of ionization and turbulence in the meteor zone, 
as well as solar activity. Due to the incompleteness of the initial data, the radiant 
density distribution map and the prognostic model need correcting as new obser-
vational data become available. It should be noted that the number of calculations 
required for the practical use of the predictive model is very large and requires the 
development of special soft ware.

Th e physical theory of the formation and transformation of ionized meteor 
trails (IMTr) is the basis for calculating the electron density of the trail and creat-
ing a generalized model for the scattering of radio signals on a meteor trail during 
its formation and development.

A model and an algorithm for estimating the height-dependent linear elec-
tron trail density (LEDTr) created by a meteoroid with predictable (given) physi-
cal and chemical characteristics are proposed. Th e simulation results correspond 
to the LEDTr estimates according to the well-known semi-empirical formula, 
which is valid only in the region of the ionization maximum and obtained as a 
result of fi tting to the results of radar measurements. It is shown that the height 
dependence of LEDTr qualitatively coincides with the luminosity curve. A feature 
of the proposed model is the possibility of its adaptation for the case of fragmen-
tation of a meteoric body at a given height. For each fragment, it is necessary to 
calculate the LEDTr by the proposed algorithm and then use the superposition 
principle, that is, the assumption according to which the resulting eff ect of several 
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independent events can be represented by the sum of the eff ects caused by each 
event separately.

Th e studies carried out made it possible to estimate the bulk electron density 
and propose a model of a two-dimensional axisymmetric trace electron density. 
Such a model is necessary for the development of a radiophysical model of the 
bistatic scattering of signals on the IMTr in the process of its transformation.

It is almost impossible to formulate and solve the diff raction problem of ra-
dio wave scattering on a meteor trail for all phases of its development in a rig-
orous formulation, and it is problematic to obtain reliable empirical calculation 
formulas directly from the observation results since the initial data are unknown. 
In this regard, heuristic methods for solving the diff raction problem were used to 
construct a radiophysical model of signal scattering on a meteor trail.

Th e heuristic radiophysical model of radio signal scattering on a meteor trail 
made it possible to obtain an analytical expression for calculating the change in 
the power of the coherent component of the scattered signal on meteor trails of 
both underdense and overdense types. Th e analytical expression is based on the 
use of the MRCh scattering function. It allows one to calculate not only the power 
of the scattered signal but also to estimate the time of existence of a meteor trail 
suitable for transmitting information and describe the features of the observed 
diff raction oscillations of the received signal amplitude.

Th e joint consideration of the infl uence of the overdense and underdense 
parts of the meteor trail, the presence of which is typical for almost all trails, 
makes it possible to explain the diff erence in estimates of the dependence of the 
scattered power on the operating wavelength. Th is dependence can vary with a 
change in the mass and velocity of the meteoroid, as well as with a change in the 
orientation of the meteor trail relative to the radio line.

Th e results of numerical calculations performed using the heuristic radio-
physical scattering model show good agreement with the results of experimental 
observations of scattered signals over a time interval from 0 to 3 s and confi rm 
the presence of diff raction oscillations in meteor trails of any type. Outside this 
interval, the calculated values of the scattered signal power somewhat exceed the 
observed values. Dcreasing the signal level may be due to the interferences caused 
by the fragmentation of the meteoric body,  by the additional infl uence of turbu-
lent diff usion, which were not considered by the scattering model. Th e eff ects of 
recombination and attachment of free trail electrons, the infl uence of hyperther-
mal chemistry and ionic reactions with mesospheric ozone, as well as the possible 
infl uence of wind displacement were not taken into account. Th is indicates the 
need for further improvement of the radiophysical model of signal scattering on 
meteor trails of various types.

Th e resulting MRC scattering function allows one to estimate the signal shape 
at the receiver input at characteristic times. Th is made it possible to propose the 
type and parameters of a radio signal providing resistance to fading and an increase 
in the reliability of information transmission through a meteor radio channel.

Golovan.indd   226Golovan.indd   226 30.10.2024   16:16:5930.10.2024   16:16:59



227

GENERAL CONCLUSIONS

Using the example of LEM signals, it is shown that the use of direct spread 
spectrum signals makes it possible to reduce the eff ect of diff raction oscillations 
caused by the change in time of the equivalent radius of the underdense part  of 
the meteor trail. Th is suggests that the use of code division channels (CDCh) 
and ensembles of complex signals with good cross-correlation properties and a 
suffi  ciently large spectrum width in meteor radio communication systems will 
increase their throughput of thes systems.

Th e radiophysical models of signal scattering on a meteor trail make it possi-
ble to calculate the amplitude-time (ATCH) and phase-time characteristics of the 
signal and create a model image of the scattered signal in the process of its forma-
tion and development for given parameters of the meteoroid and atmosphere at 
the height of the ionized trail observation.

Comparison of the amplitude-time ATCH characteristics of the received sig-
nal with the calculated model images allows one to make reasonable assumptions 
about the characteristics of the meteoroid that generated the ionized trail. Based 
on the classifi cation of meteor trails by the features of signals scattered on them, 
the mass, density, velocity, and radiant of the meteoroid that formed the corre-
sponding trail can be indirectly estimated.

By setting the physicochemical parameters characteristic of a meteoroid of 
cometary or asteroidal origin, as well as the height of the SRP, it is possible to 
create appropriate databases (images of scattered signals for diff erent radiants 
and velocities) for solving astronomical and telecommunication problems. Such 
databases must be created taking into account the geographical coordinates of 
the points of transmission and reception as well as the epoch — the time of year 
and day. When normalizing, one should take into account the length of the radio 
link, the equivalent isotropically radiated power, the operating frequency, and the 
noise power at this frequency.

Th e classifi cation of meteoroids based on the use of the radiophysical model 
can be performed by comparing the normalized images stored in the database 
with the normalized images of the observed radio signals scattered on the IMTr.

Th e set of features used in predicting should refl ect the greatest extent of 
those properties of objects that are important for solving the problem. Th e com-
putational complexity of the decision-making procedures, the reliability of pre-
dicting, and the time spent on the corresponding calculations largely depend on 
the dimension of the feature space.

When predicting the duration of the refl ected radio signal based on the re-
sults of measurements of its characteristics in the initial observation area, such 
main features can be considered as the signal amplitude measured at the end 
of the initial observation interval and the rate of its increase. It should be taken 
into account that the time of amplitude rise to the maximum value is determined 
both by the meteoroid velocity and by the length of the fi rst Fresnel zone, which 
depends on the trail orientation relative to the radio wave propagation path. Th e 
power of the measured signal depends on the trace orientation as well: the greater 
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the length of the fi rst Fresnel zone, the greater the measured amplitude. Th us, on 
the basis of large amplitude, one can also predict a long signal duration, but its 
value must be corrected (decreased) taking into account the duration of the rise 
interval and the meteoroid velocity. A possible option for determining the correc-
tion factor is the use of artifi cial neural networks ( ANNs). Th e ability of a neural 
network to predict directly follows its ability to generalize and highlight hidden 
dependencies between input and output data. Th e ability to learn is one of the 
main ANNs advantages over traditional classifi cation algorithms.

Prediction of the duration and amplitude of the refl ected radio signal based on 
its characteristics at the initial observation site is necessary for solving telecommu-
nication problems such as choosing the rate and protocol for transmitting informa-
tion, on which the throughput of meteor radio channels depends. Such a prediction 
can be made using ANN technology as well. In this case, the measured signal am-
plitude and the time of its rise to a maximum, as well as the frequency dispersion of 
the refl ection due to fast Doppler, should be used as main features. It can be expect-
ed that the decision rule based on these features will provide a classifi cation quality 
suffi  cient to decide on the advisability of adaptively changing the rate and protocol 
of information transfer. Th is is an important result, which is of direct importance 
for the design of advanced meteor radio communication systems.

Th e proposed concept of building a promising system of meteor radio com-
munication involves increasing the throughput, noise immunity, and secrecy of 
the system, as well as reducing the connection waiting time. Th is can be achieved 
through:

• choice of network topology;
• additional protection of the base station against intentional and uninten-

tional interference using soft ware-controlled antennas;
• use at subscriber stations of antennas with a controlled (or switched) direc-

tivity pattern for pointing at the areas of space where the appearance of suitable 
meteor trails is most likely;

• application of signals and methods for their processing, allowing to resist 
interference fading and the impact of interference concentrated over the spectrum;

• introduction of multiple access with CDCh, which will increase the num-
ber of subscribers served by meteor radio communication systems (MRCS);

• use of large ensembles of signals with direct spread spectrum and good 
cross-correlation properties, which provides increased noise immunity and se-
crecy of the MRCS functioning;

• selection of the types of signals, operating frequencies, and methods for 
multiple access, which are determined by the purpose of the MRCS and the cor-
responding performance indicators;

• assignment of operating frequencies, taking into account the Recommen-
dations of the International Telecommunication Union, international agree-
ments, and decisions on the allocation of frequencies made by authorized bodies 
at the national level;
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• adaptation of MRCS in terms of transmission rate and duration of trans-
mitted packets, for the implementation of which a prediction based on the analy-
sis of the refl ected signal at the initial stage of its formation, and the correspond-
ing protocol for the SS-BS interaction can be used;

• optimal signal reception based on matched fi ltering using fast Fourier 
transform and suppression of narrow-band interference in the signal spectrum;

• reducing the time of detection of a meteor trail suitable for communication 
at the synchronization stage.

For a given geographical position of the BS, the optimal pointing of the SS 
antennas and the development of appropriate soft ware require taking into ac-
count the seasonal and daily distribution of radiants of sporadic meteoroids for 
each SS with the specifi ed coordinates.

Th e choice of information transfer protocol depends on the purpose of the 
MRCS, the chosen criterion for its optimality, the length of the radio link, and 
the characteristics of the receiving and transmitting equipment. A detailed de-
scription of the protocol for the information exchange between the SS and the BS 
depends on the purpose of the MRCS and is beyond the scope of this monograph.

Th e construction and subsequent modernization of the system will be facili-
tated by the use of SDR technologies, which allow the introduction of new signal 
processing methods and information transfer protocols, as well as the unifi ca-
tion and modernization of almost all elements of the MRCS without signifi cant 
changes in the circuitry.
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У монографії представлені дослідження, засновані на системному аналізі опублікованих 
праць у галузі метеорної фізики, а також оригінальні дослідження авторів книги. Запро-
поновано прогностичні моделі та алгоритми оцінки характеристик радіосигналів при 
бістатичному розсіюванні на іонізованому метеорному сліді у процесі його формування 
та розвитку, а також концепція та технологія побудови перспективної системи метеор-
ного радіозв’язку.

Книга може бути корисною різним категоріям читачів: науковцям та конструкто-
рам, які займаються метеорним радіозв’язком; геофізикам, що досліджують іоносферу у 
метеорній зоні; астрономам, які шукають нові взаємозв’язки між метеороїдами та їхніми 
батьківськими тілами; аспірантам, викладачам вищих навчальних закладів та студентам 
відповідних спеціальностей.
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