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PREFACE TO SECOND EDITION 

1. More than seven years have passed since first publication of tr.is book, 

and it went out of print in 1956. In order to decide question about expediency of 

Its republlcation one should consider material contained in light of new works on 

propagation of very long radio waves and related geophysical problems and should 

also examine changes which leading physical concepts and mathematical methods that 

are basis of this book have undergone during the last few years. 

2. From contemporary point of view [1] problem of theoretician studying 

propagation of radio waves under terrestrial conditions consists in coordination of 

experimental data on field of waves and geophysical data essentially affecting radio 

waves with help of functional relationships between these data. In order that 

theory be useful for practical workers« functional relationships between field and 

medium have to be derived from equations of field and material equations of medium 

and not directly from experimental data. These relationships establish one-to-one 

correspondence between functions characterizing medium and functions describing 

electromagnetic fields. In ideal case« when experimental data are in the form of 

distribution function of probability« determining degree of authenticity of 

experimental data« coordination consists in imposition on arguments of this function 

of theoretical functional relationship« which transforms unconditional probability 

into conditional. Thus is obtained gain of information according to Shannon« since 

initial regions of uncertainty of experimental data narrow. Similar state of affairs 

exists in statistical theory of information transmission when a priori knowledge of 

information is definitlzed according to data on signal carrying the information [2]. 

Let us note that in process of coordination of data there appear^, gain of information 
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both for field and for medium. Its magnitude depends on character of functional 

relationship and degree of authenticity of experimental data. As It Is known. 

Information may be obtained only from experiment. In this case no additional 

experiments are carried out and gain of Information Is due to experimental data 

Included In theoretical functional relationships. Progress of theory consists In 

that owing to discovery of new facts« more precise definition of old, or desire to 

Include known facts In realm of coordination, there occurs from time to time 

recoordlnatlon of data on field and medium on the basis of more exact or broader 

functional relationships. 

This book, as far as I know, constitutes first conscious attempt to apply 

concepts of coordination to problem of long-range radio communications on kilometer 

waves (very long) around Earth. Owing to absence of distribution functions of 

probability for experimental data, coordination was produced by approximation method 

of mixed Initial data. It consists In separation of all data on field and medium 

Into two groups: reliable and unauthentlc data. First are Introduced Into 

functional relationships as Initial data, while second are determined from these 

relationships as unknown quantities. Method of mixed Initial data gives certain 

loss of Information as compared to Ideal method of coordination, since In It 

Information contained In unlikely data Is disregarded and reliability of reliable 

data Introduced as Initial Is reevaluatrd. However, this loss Is not so big as 

obtained during solution of primal problems of propagation of radio waves for 

which data on field are generally disregarded and all data on medium are considered 
t 

absolutely reliable. For problem of propagation of very long radio waves around 

Earth there Is obtained In this case negative value for gain of Information according 

to Shannon [1]. 

3. Data obtained as a result of coordination will have meaning of new 

Information on field and medium only under the condition that functional relationships 

are adequate to true ones. There was possibility of obtaining uncontradlctory 

coordination of limited number of experimental data 'says nothing for adequacy of 

functional relationships. Coordination can also be obtained with Incorrect 

functional relationship. If It contains sufficient number of arbitrary constants. 

As exai.'Dle of this we have numerous phenomenological formulas for calculation of 

distant t'i?ld of radio waves (Osteen, Ekspenshid, and others) appearing till now in 

many textbooks and monographs on propagation of radio waves. Another method, creating 

illusion of adequacy of functional relationships, consists in that some of parameters 
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of medium or field are declared effective, and it is permitted to take different 

values, depending upon what group of facts is subjected to coordination.  Such 

method was used during the study of lower ionosphere [9-li] (points k  and 5 this 

preface), which in recent past was still in the full sense a blank spot in 

geophysics, and it was possible tr ascribe any properties to it. Necessity to 

change parameters of Ionosphere during cransition fron one particular coordination 

of data to another is criterion of inadequacy of model of medium. This criterion 

was used in present work during construction of models A and B (Table 1). However, 

basic method of selection of correct model of medium, requiring enlistment of 

minimum quantity of experimental data, consisted in the following. Having assigned 

a group of facts to be subjected to coordination and having selected certain model 

of medium, we estimated what parameters of model essentially Influence these facts 

through functional relationships.  Gradually complicating model of medium and 

constructing functional relationships between field and medium for it, we developed 

simplest models of medium A and B (Table 1), considering all basic geophysical 

factors essentially affecting properties of distant field of very long radio waves. 

As a result of such analysis we determined necessity for calculation of sphericity 

of earth and ionosphere, conductivity of earth, magnetic anisotropy of ionosphere, 

and also changeability of medium along route of radio wave. Lower part of Ionosphere 

was replaced by step model, characterizing concentration of electrons and effective 

frequency of collisions of electrons with neutral molecules. Possibility of 

disregarding motion of ions in lower ionosphere, in spite of their large quantity 

in this region, follows from works of Bates, Messl, and Nicolet. Effective 

frequency of collisions was determined from Nicolet's theory, which, as recent 

investigations showed [3], gives somewhat exaggerated values in connection with 

fact that transport cross section for molecules of nitrogen is proportional to 

velocity of electrons and not Inversely proportional to it as was assumed by Nicolet. 

Doubt can also be caused by replacement of real smooth distributions of electron 

concentration and frequency of collisions with height by one- or two-stage curves. 

However, more general theory of propagation of long, very long, and extremely long 

radio waves around Earth [1, 4] showed that such idealization J.S permissible for 

waves with frequency f < JO kilocycles and distances D > 500-1000 km. In these 

works it was shown that for expansion of functional relationship to region of data 

embracing frequency up to 100 kc and any distances. Introduction of several steps 
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Is Inexpedient, More effective results are given by smooth model of electron 

concentration and frequency of collisions.  In these works was also clarified 

unreasonableness of use as initial data of measurements of near field only. This 

is connected with fact that on long-range routes there can be considerable local 

heterogeneities, caused by geoactivity of Sun  and radiation belts of Earth. Thus 

appraisal of possibjllty of predictions of properties of distant field according to 

data on near field only is too optimistic. 

k.    Consideration of problem in light of information theory has obscured the 

semantic side of question. At the same time, as a result of coordination with help 

of adequate functional relationships between field and medium, the mechanism of 

long-range propagation of very long radio waves around Earth is clarified. As 

follows from Chapter ?, distant field is in the form of spectrum of normal waves 

[5, 8] propagating in unique waveguide shaped like surface of earth and lower layers 

of ionosphere. These waves are similar to TH and TE waves in hollow metallic pipes, 

known since times of Rayleigh [6]. However, Watson, having obtaining In 1919 [7] a 

field of long waves in the form of spectrum of normal waves, did not discover 

relationship of propagation in hollow pipes to waveguide mechanism. Method of 

normal waves [5, 8] utilized in this book establishes this relationship automatically. 

Therefore we use waveguide terminology throughout. Thanks to existence of critical 

frequencies for all waves but THQ, determined by ratio of width of waveguide to 

wavelength, over large distance of field of radio wave, there are not more than 

two-three normal waves.  It is necessary to note that linder real conditions, uesldes 

surface waveguide, there are underground waveguide, through which travel normal 

waves, creating above earth so-called lateral waves (terminology of Ott and L. M, 

Breknovskikh), and ionospheric waveguides, among which is separated waveguide 

channel of whistling atmospherics [sic]. General diagram of spectra of normal waves 

is analyzed in works [1, 4], In this book only surface waveguide channel is 

considered. 

We direct attention of reader to necessity for calculation of magnetic field 

of Earth, sphericity of waveguide walls, and finite conductivity lower wall of 

Earth, Magnetic anisotropy of ionosphere, appearing in night, cancels Brewster 

effect. Without it distant field of very long waves would be weaker at nighty. 

Disregard for sphericity of Earth and ionosphere nt  very lon^ lengths, and all the 

more so at long wavelengths, is absolutely impermissible. This is connected with 

existence of effect of adhesion of waves of any nature to concave surfaces:  in this 
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case, to lower Ionosphere. Effect of adhesion was discovered with acoustic waves 

by Raylelghj with radio waves It was Investigated In work [5. 8].  Normal waves 

In which effect of adhesion appears have angular wave numbers lying In Interval 

between ka and kc, c « a + hj a - 6370 km. This means that they possess phase 

velocities less than velocity of light, as can be seen from Fig. 17. in waveguide 

with flat walls phase velocities of normal waves are always greater than velocity of 

light, unless we ascribe supernatural properties to earth or ionosphere. Adhesion 

of normal waves to ionosphere considerably weakens coefficients of excitation of 

normal waves n1 (see Fig, 19) as compared to flat case. Comparisons of flat and 

spherical waveguide are given In Pig. 3 of work [1]. With increase of frequency, 

besides effect of adhesion, there occurs weakening of reflectance of ionosphere, 

and, as a result of these two effects, mechanism of propagation of waves in 

continuous manner passes from waveguide to diffraction. This transition is 

accompanied by replacement of normal waves, dominating at large distance from 

radiator. Thus, for instance, for extremely long waves (f < 3000 cps) in distant 

field THQ wave dominates, also called TEM or cabin wave. In range of frequencies 

from 10 to 20 kilocycles, considered in this book, there dominates, as a rule, the 

TH^ wave, while in certain cases the TH« is dominant. At frequencies of 50-60 

kilocycles by day TH« and TH, waves dominate, and at night the THj| and THc are 

dominant [1, 4]. As a result of replacement of leading waves average phase velocity 

along Earth at large distances, determined by leading wave, is always greater than 

velocity of light for f > 1000-2000 cps. Diurnal variations of distant field of 

vet-y long and long waves are determined by interference and replacement of above- 

indicated normal waves. Finally, in present work is established influence of finite 

conductivity of earth on attenuation factors of leading normal waves (see Pig. 15). 

For "soil" of average conductivity they are Increased by approximately 0,5 neper per 

radian of distance. 

5. However, attempts continue to insert certain experimental data on very 

long waves into the Procrustean bed of functional relationships derived from 

simplified models of medium in which are disregarded sphericity of earth and 

ionosphere, conductivity of earth, magnetic anisotropy of ionosphere, and 

changeability of medium along route of wave. Impossibility of uncontradictory 

coordination with help of these functional relationships follows in certain cases 

from works themselves. Thus, for instance, in works [9» 10, 11] the author had to 

change height of lower layer of ionosphere from 70 to 50 km and its conductivity in 
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range 10 - 10 CGSF, depending upon selected frequency and distance of route, which, 

as noted above. Is first criterion of Inadequacy of model and was used by us for its 

correction. Thus formulas obtained by them differ little from phenomenologlcal 

formulas, thanks to contribution of Osteen, Ekspenshid, and othero. The route to 

such simplification was taken also by certain foreign authors [20 and 21],    Only 

recently have works considering some of esstential factors separately uegan to 

appear [12, IJ]. From Chapters IV and V of this book it follows that these l icrtora 

interact with each other and that their calculation separately cannot bring benefit 

to practice. Thus, for instance, calculation of conductivity of earth in flat model 

yields exaggerated attenuation factors [20], since effect of adhesion weakens 

influence of earth. 

6. From the point of view of contemporary state of problem of propagation of 

very long radio waves around Earth, in this book the following results are the most 

Important: 1) explanation of diurnal variations of distant field of very long 

waves; 2) prediction of diurnal variations in phase of distant field, confirmed 

completely by experiments of Pierce and Heritage in the United States [14, 15]* and 

selection of the most phase-stable range of waves useful for transmission of signals 

of exact time; 5) appraisal of eleccron concentration of lower ionosphere by day and 

at night. With respect to the latter, cue should note that replacement of smooth 

distribution of profile of electrm concentration by stepped type permits us to 

treat equivalent parameters only. In reality, as was shown In works [1, 3, 4], 

lower ionosphere consists of three layers, C, D, and E. Layer C plays role of 

absorbing pad, weakening reflectanco of layer D or E.  It was discovered as result 

of coordination of data on field and medium by method of mixed initial data. This 

was done in autumn of 1959 and reported at Colloquium of VTs, Academy of Sciences 

of USSR on 17 March i960. I take this opportunity to express gratefulness to 

candidate of physical and mathematical sciences, S. P. Lomnev, who composed 

complicated program of calculations on BESM-1 and carrlei them out in short periort. 

7. Concerning method of normal waves, we note that its application in this 

book, when wave numbers of normal waves are complex and spectra are mixed, would 

have been impossible without spectral theory of singular nonself-conjugate operators 

so strongly advanced during the last few years by Soviet mathematicians [16, 17, 18], 

Now by method of normal waves presented in Chapter II can be solved problem of 

waveguide propagation of sound waves In ocean, Infrasonlc waves In atmosphere, 

seismic waves in earth, etc.  Until now these problems, like that considered in this 
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book, were solved by quite complicated artificial method (Watson method [7]» method 

of mirror images)« in which normal waves appeared without relationship to waveguide 

mechanism of wave propagation. Moreover, in certain cases errors appeared. For 

instance, in work [19] were introduced waves TH, and TEL with negative indices J 

and k. Besides, in the same place and then and in works [9, 10, 11] were united 

TH0 and  TH^ waves. In case of application of method of normal waves such errors 

are practically impossible. We expended much effort in order to simulate conditions 

under which negative J and k appear. For this it turned out to be necessary to 

violate principle of radiation with respect to waves traveling on radius r. 

Impossibility of displacement of TH0 and TR^  waves follows from Fig. 10 and also is 

due to distinction in their forms in ideal case, when walls of waveguide have 

infinite conductivity. 

Summarizing what has been said, one should recognize what book holds interest 

for specialists on wave propagation even at present. At the same time inclusion in 

it of new ideas expressed in this preface would demand radical alternation of a 

number of its chapters. Therefore it was resolved to republlsh it by sterotype, 

using photomechanical method. 

25 November 1962 

After this preface was written, leading specialist on propagation of very long 

radio waves, J. White, sent me copies of his numerous works (see references [22-27]), 

Illuminating contemporary state of art In the United States. From these works we. 

find that starting from i960 he rejected flat Isotropie model of mrdium used in 

works [20, 21] and began to consider sphericity and magnetic field of Earth 

approximately as this is done in our book. However, he applied Watson's classical 

method of calculation of field [7], which is not connected with contemporary spectral 

theory of linear operators [16, 18], and results obtained by this method pertaining 

to uniform routes (day), without explaining daily variation of very long wave [VLW] 

(CJIB) field, in no way correspond to results obtained in this book or to method of 

calculation of fields (method of normal waves) used. Limitedness of results obtained 

in works [22-27] also is connected with fact that their author did not attempt to 

coordinate all known data on field and medium and disregarded factual information on 

field of -waves, which prevented him from constructing general picture of VLW 

propagation under terrestrial conditions. All these circumstances once again . 

confirmed my confidence in expediency of republlcation of the book. 
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Author of preface trusts that methods offered for coordination of data, method 

of normal waves, and method of modulated normal waves, which were used by him for 

formulation of theory VLW under terrestrial conditions, will find application in 

other stratified and approximately stratified media. He also takes opportunity to 

express gratitude to N. A. Yablochkin, who developed a number of numerical methods 

for calculation of parameters of normal waves and directed calculation group which 

obtained numerical results given below. 

5 October 1965 

P. Ye. Krasnushkii 
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INTRODUCTION 

CONTEMPORARY STATE OF THEORY OF VERY LONG WAVE 
VLW PROPAGATION 

Development ot theory [VLW] (CJB) propagation may be divided into two periods. 

Bas i s of first period, which began from first stages of introduction of radio into 

prac tice of long-distance communication, is diffraction concept, advanced in 1904 

by Rayleigh [13 ]. 

In development of theor:' of propagation of long and very long waves on the 

bas is of diffraction model, in which existence of ionosphere was disregarded and 

earth was considered as uniform conducting sphere, took part Poincare' [14], 

MacDonald [15], Nicholson [16], Sommerfeld [17], Love [18], Marx [19], Rybchinskiy 

[20 ], and others. 

Concerning these investigations, in work [21], representing combined result of 

investigations of the first period, it is stated. that, "many years of work of the 

mos t reknown mathematicians was insufficient to advance this initially single 

appearing problem beyond the state about which Nicholson said that of all 

m t hemat ica l problems it alone has caused such great divergence of opinions." Not 

un t il 1918 did Watson [22] succeed, on the basis of works [15] and [16], in making 

f i nal conclus i on that by the phenomenon of diffraction of long waves around globe 

a l one it i s impossible t o explain fa.ct of long-range propagation of these waves . 

Second period, founded on waveguide concept, began in 1919 with work of Wat s on 

[2 ]. In this work as model of medium is considered uniform isotropic semiconduc t ing 

l obe, cons i ting in concentric uniform semiconducting isotropic ionosphere. Radio 

waves a re excited by vertical Hertz doublet and propagate in spherical layer o~ 

tmosphere, locat ed bet ween earth and ionosphere, just as microwaves propagate i n 

contempora r y waveguides. 

- 11 -



In development of theory of propagation   JI' long and very long waves on the 

basis  of spherical waveguide model with isotropic  conducting walls participated, 

besides Watson  [23],  Riedback  [2k] and Bremmer [5],  who considered sphericity  of 

earth,   and also Kenrick [25],  Weirich [;?6], Brekhovsklkh and Ryazin [27],  and 

Budden  [28]  who considered it possible to simplify Watson's model by substituting 

radii of earth and ionosphere and that conductivity of earth is Infinite. 

Stumbling block of all above-indicated works of second period was transcendental 

equation in cylindrical functions  for determination of wave numbers of elementary 

waves,   called normal waves by us,  of which is composed  long-range field.    During its 

solution were allowed different approximations of cylindrical functions, which led 

Lo considerable errors.    Another problem in shown works was absence of reliable 

data about properties of lower layers of ionosphere,  which have to be used in 

Watson model  or its plane analog so that theory yields  simple answer. 

Certain authors managed to compensate defects of  Idealization and error in 

calculations through proper selection of parameters of model of ionosphere.    As a 

result of such "preparation" was created impression that their theories were adequate 

to  reality. 

Example are works founded on spherical model of medium,   in which is obtained 

good agreement with Osteen-Kogan empirical formula.    Here the cited authors were 

forced to ascribe lower boundary of ionosphere of fantastically high conductivity 

- a = IMW" (COS|») -1,3.10« (COS«), 
-• - 4.10-» (COSi»; = 3,6.10« (COS*), 

which is at least two orders of magnitude greater than real equivalent conductivity 

of very lowest layer of ionosphere, responsible for long-range VLW field in daytime. 

In works using plane waveguide model it was possible also to obtain coincidence 

with separate experimental measurements of amplitude of field by means of proper 

"preparation" of parameters of ionosphere. 

In recent years new works have appeared in which is used plane waveguide model 

of medium, taking into account magnetic field of earth within the bounds quasi- 

longitudinal theory. Here was obtained coincidence with experimental curve of decay 

of long-range field In spite of errors In cal. ulation and Inadmlssiblllty of quasi- 

longitudinal approximation.  In these works, as in those mentioned above, two or 

three unknown ana arbitrary parameters of Ionosphere allowed authors to explain, the 

same isolated experimental fact through different combination of numerical values 

of these parameters and different, types of models.  Such state of affairs did not 
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favor development of theory of VLW, and quite understandably there still exists 

divergence of opinions on principal characteristics of waveguide mechanism of 

propagation of VLW. For instance, there remain controversial the roles of sphericity 

of earth and ionosphere, of magnetic anisotropy of ionosphere, of erosion of lower 

boundary of ionosphere, of ground conductivity, and also relief of earth's surface 

and lonospMere. At the same time the wealth of experimental material'accumulated 

In ov^r 50 years of practice of long-distance communication on VLW has turned out 

to lie outside the domain of applicability of theory and presents a quite disjointed 

• picture. Existing theories have not been able to explain even following well-known 

and clear facts: 

a) diurnal variations in long-range VLW field, which are striking for their 

regularity at every fixed point of reception and for their changeability as compared 

to diurnal variations at different points of reception. Thus, for instance, there 

remains the puzzle of 4-5-fold increase of signal strength at night on Nauen-Tokyo 

line [1] and Hawalan islands-Moscow line, a two-fold weakening of signal at night on 

Hawaian islands-Tokyo line [1], a sharp 15-20-fold weakening of night signal on 

Rugby-Moscow line (Chapter V, Section 5), etc; 

b) seasonal changes in strength of reception of long-range VLW stations; 

c) complicated dependence of field strength on distance at night and on routes 

of varying illuminance; 

d) amplification of signals of long-range VLW stations during flashes of 

radiation of sun, accompanied by loss of shortwave signals. 

•1?- 
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CHAPTER I 

FORMULATION OP PROBLEM AND SELECTION OF MODEL OF MEDIUM 

§ 1. Mixed Problem of Theory of VLW Propagation 

In spite of Impossibility of using existing waveguide theories of propagation 

of long waves for purposes set in this work, we subjected them tc detailed analysis, 

since It was riot clear from above-cited works how and in what measure offered models 

of media differ from reality. 

So that analysis of models is effective it is necessary to be free from two 

basic deficiencies of preceding theories: 1) arbitrariness of selection of data on 

ionosphere and 2) inaccuracy of algorithm of calculation of electromagnetic field 

according to data on medium. 

The first of these deficiencies was removed by new, formulation of problem. 

Usually solved is primal problem of theory of waves, where electromagnetic field Is 

determined in accordance with assigned properties of medium. In our case properties 

of medium are given incompletely; therefore it is necessary to solve so-called mixed 

problem, for which with known and reliable, but not complete, data on medium and 

also from known additional data on [VLW] (CAB) field are determined unknown data on 

medium and remaining VLW field. 

Since we are interested iu data on long-range VLW field, then as initial data 

of mixed problem it is expedient to take incomplete data about medium and data about 

short-range VLW field. Result of theory in this case will be data on long-range 

field of VLW and unknown data on lower layers of ionosphere. 

Solution of mixed problem Is carried out by following method. All reliable 

initial data on properties of ionosphere, atmosphere, and earth are Included in 

model of medium, that is, determine structure of function of dielectric constant, 
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which dopends on spatial coordinates, for Instance, spherical r, 0, and cp and also 

on several parameters a, ß, 7 A, y, 7,  

IRHRMif? O.-?...- '.v.* )!!■ (i.i) 

Permeability Is considered equal to 1 in CGS. Fact of Incompleteness of data 

on medium is expressed In fact that for part of these parameters x, y, z ... their 

numerical values are unknown. 

Let us assume that also at a number of points of near zone 

(^•/•fy)  y = 1,2,3..../v 

there is known from experiment some component of VLW field 

_  ,_    , "Myf/) -« (1.2) 

excited by harmonic currents 

>j: ■y-TirAf), (1.3) 

localized in near zone. Then by assigning I according to (1.3) and function ||7|| 

according to (1.1), we solve primal problem of theory of propagation of electro- 

magnetic waves and find component of field E, as function of T and Hell, Let us 

record this solution with help of operator F 

^'Af)-^(ri^ry); ||T{r',e>': «.M- *,*.*..)lll.   (i.i) 

Since current I^r', 9', 9') in formula (1.4) coincides with current of formula (1,3), 

realized in conditions of experiment, in which were measured IE,] and *. (,j = 1, 2, 

3,   N), then neur field Eg, recorded In (1.2), should satisfy equation (1.4), 

Therefore by putting (1.3) In (1,4) we obtain 2N equations: 

IRyl-modFr^^r'A.f') : |17 (r'.O'.f; •,M....W...)||),     (1 -5) 

*r*%*fAw,WP*,y\Wy*'\ •.M- **.«...) Ill (1.6) 
y= 1.2.8..... A/ 

for determination of numerical values of parameters x, y, z, .... If number of 

unknown parameters x, /, z, ... is equal to M, there should be taken at least M/2 

points (r., Ö., (p.), in which amplitude |li,| and phase *. of near field are known. 

Solving system of equations (1.5) and (1.6), we find numerical values of x, y, 

2, ... and putting them in (!.4), we determine from it long-range field HT^, 

Solution of mixed problem offered above is depicted schematically in Fig. 1. 



Initial data of 
theory 

Solution of mixed problem 

Calculations Corollaries 
of theory 

Model of medium 

||«||(l.l)   and 
currents I (1.3) 

Tlumerical values 
of parameters 
a,ß,7... 

Primal 
problem 

(1.4) 

Distant field 

E»{r**) from 
(1.4) 

t 

Numerical values 

of near field 
(1.2) 

t 

Inverse 
problem 

(I.S); (1.6) 

Determination of 
numerical values 
of parameters 
x, y, z... 

Fig. 1. 

From diagram of Pig. 1 one may see that solution of mixed problem is replaced 

by solutions of primal and inverse problem, which are based on the same model of 

medium, since algorithm of Inverse problem is obtained from solution of primal 

problem (this fact is shown by dotted pointer). 

Role of primal and Inverse problems in diagram of Fig. 1 is determined by 

ratio of volumes of initial data on medium and field Eg. If all data on medium 

necessary for calculation of field E are known, that is, unknown coefficients x, y, 

z, ... are absent, then no additional data on field Eg need be introduced and 

problem is turned into primal one. 

In other limiting case data on medium are completely absent; then number of 

unknown parameters x, y, z, ... becomes infinitely large and entire field, both near 

and distant, should be used as Initial data of problem, which degenerates to Inverse 

problem of theory of waves. 

In intermediate case (mixed problem) number of initial data on near field, and 

this means actual zone of near field also from which we take these data, grows with 

Increase of number of unknowns x, y, z, ..., characterizing degree of our ignorance 

of properties of medium. 

Basic formula (1.4) was obtained by method of normal waves and represents sum 

of normal waves propagating on coordinates 9 and ep (Chapter II). For calculation 

of wave numbers of normal waves it is possible to apply direct algebraic methods 
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which permit easy calculation of wave numbers with an  accuracy of 4-5 digits, which 

is necessary for determination of properties of distant field, depending on difference 

of wave numbers of first types of normal waves. Until now wave numbers were 

determined from transcendental equation with considerably less accuracy. Thus 

method of normal waves permits us to remove second deficiency of preceding theories 

shown in beginning of thi3 paragraph. During use of calculation diagram of Fig. 1 

and with exact algorithms of calculation of near and distant fields, all divergences 

between corollaries of theory and experimental data on distant field can be caused 

I    only by inadequateness of model of medium. 

§ 2. Analysis of Preceding Models and Selection 
of New Model of Medium '  "~~~ 

Method of solution of problems of theory of VLW propagation presented in § 1 

places in hands of researchers effective implement for analysis of models of media. 

Using this method during 1950-1955* we analyzed in detail different models of media 

given in Table 1. In first vertical columns of this table are enumerated properties 

of media utilized in models. In upper line are shown types of models or authors 

offering and using them. To every model is allotted one vertical column in which 

plus signs denote considered properties and blanks or minus signs denote neglected 

properties enumerated in first column. 

During the study of waveguide models enumerated in Table 1, we established 

following important internal regularities of models. 

1. For calculation of near field of VLW (to 300 km) it is possible to apply 

flat model of medium. Number of normal waves playing essential role in near field 

is 1.5-2 tens; therefore representation of field of near zone in the form of sum of 

normal waves does not give effective method of calculation of field. More 

convenient in near zone is beam method, which Is used in works [31, 32, 33, 31* and 

35] for determination of properties of near field are explained by interference of 

one direct beam and 2-3 beams reflected from ionosphere and earth. Beam method can 

be applied also at large distances (to 1000 km), where it is necessary to consider 

approximately Sphericity of medium, 

2. For calculation of distant field of VLW (more than 2000 km) in range 10-20 

kilocycles strict calculation of sphericity of earth and ionosphere ia necessary, so 

that in distant field there dominate normal waves of first numbers, field of which 

is weakened near earth's surface from effect of adhesion of waves to concave surface 

of ionosphere [36, 37]. Small quantity of normal waves determining distant field 
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makes expedient application of method of normal waves for calculation of distant 

field. 

Application of plane models gives not only quantitative but also qualitative 

divergence from reality. Thus, for Instance, cable wave, being basic in plane 

model, is practically absent in spherical for frequencies f > 10 kilocycles. 

3, Disregard for conductivity of earth's surface is permissible only on routes 

passing above marine surface. On long-range routes passing above land disregard for 

conductivity of "soil" can give computed value of field strength 2-5 times exceeding 

real value. 

J*. Both near and distant VLW fields are essentially Influenced Ij  magnetic 

field of earth. Disregard for vertical component of magnetic field of earth leads 

to considerable weakening of reflection of VLW in region of quasi-Brewster angles 

as compared to observed values. Watson's model leads to 10-20-fold weakening of 

distant field at night as compared to day, whereas in reality there is observed 

2-5-fold amplification of night field of VLW.  In daytime allowance for influence 

of magnetic field of earth is not so essential. 

Quasi-longitudinal theory of Booker [?0], used in work of Budden [29], is 

Inapplicable for calculation of influence of magnetic field of earth on distant VLW 

field, since with glancli  angles of Incidence of waves hypothesis of quasi- 

longitudinal character of magnetic field is not satisfied. 

5. VLW's striking Ionosphere at large (distant zone) and small (near zone) 

angles of incidence are reflected from ionosphere at different heights. Therefore 

in model of medium there should be considered fact of finlteness of transition 

region from atmosphere at different heights. Therefore in model of medium fact of 

finlteness of transition region from atmosphere to ionosphere should be considered. 

6. For calculation of distant field on routes of varying illuminance (night — 

day), with varying character of earth's surface and also under conditions of 

changeability of ionosphere, it is necessary to allow for changes of height of 

ionosphere, its electrical properties, curvature of earth, and its conductivity and 

relief along route of radio waves connecting corresponding poln.ts. 

Our problem consists in formulation of theory of VLW propagation which ade- 

quately explains on the basis of single model of medium regular phenomena of near 

and distant fields under conditions of propagation on routes of mixed illuminance 

(night — day), varying properties of earth's surface (land — sea), and also random 

phenomena caused by flashes on sun, by magnetic storms, and stationary tux-bulence of 

ionosphere at night. 
-20- 



Considering in light of these requirements imposed on theory of VLW the six 
. 

above-enumerated points characterizing VLW propagation In different models. Table 1, 

we are convinced that in view of nonfulfillment of points 4, 5 and 6 models of media 

applied earlier, in particular the Watson and Budden models, cannot be used for 

formulation of adequate theory of VLW. In connection with this we considered new 

models of media, designated in Table 1 by letters A, B, and C. 

Model A is generalization of Watson's waveguide model for case of calculation 

of vertical component of magnetic field of earth. 

Model B differs from model A in that in it there is considered erosion of layer 

of ionosphere, which is represented in the form of series of concentric layers with 

radii r. , k = 1, 2, ... N, each of which is characterized by tensor of dielectric 

constant HTJI, remaining constant within limits of layer. Model A is particular 

case of model B for N ■ 1. 

Model C represents further generalization in this series of models. In it Is 

considered fact of slow changes of radii of layers r. and their electrical properties 

II7JI, depending upon geographic coordinates 9  and qp. 

From 6 above mentioned points It follows that only model C satisfies all 

requirements Imposed on VLW theory. Model B has field of application (uniform 

route under night or day conditions). Model A can be applied only for approximate 

calculations, since it does not permit us to use method of Introduction of initial 

data of near field as per diagram depicted In Fig. 1. 

It is necessary to note that in region of near field, which we shall use in 

Chapter III during Introduction of initial data, model C Is replaced by model B. 

Thus as initial data on Eg are Introduced averaged quantities; therefore unknown 

parameters of medium iv and HEUI obtained from theory also are averaged over 

distances of 300-500 km. 

§ 3. Plan of Work 

As basis of this work are models of media B and C described in preceding 

paragraph. Solution of mixed problem of theory of propagation of waves is carried 

out by method described in § 1. Therefore diagram depicted in Fig. 1 is essentially 

plan of present work. 

In Chapter II per diagram of Fig. 1 are constructed models of media, and by 

method of normal [36, 37] waves is solved primal problem of theory of propagation 

or radio waves for models B and C. 
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In Chapter III are given results of solution of Inverse problem of theory of 

waves, determining unknown parameters of lower layers of Ionosphere x, y, z, .... 

In Chapters IV-VI we return to primal problem, introducing in it known data on 

medium (ci, ß, y, ...) and new data on ionosphere (x, y, z, ...) obtained In Chapter 

III. 

Chapter IV contains basic characteristics of normal waves and their dependence 

on parameters of medium and radiator. 

Chapter V is devoted to calculation of regular processes of VLW propagation 

over large distances. 
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CHAPTER II 

SOLUTION OF BOUNDARY PROBLEM OF VLW PROPAGATION 
ON BASIS OF MODELS B AND C 

§ 1. Introduction of Data on Properties of Medlm 
Represented by Models B and C   """'' 

Models B and 0, briefly described In § 2, Chapter I, have so general form that 

they can be applied to any radio waves propagating around the globe by means of 

Ionosphere when It Is possible to disregard small-scale turbulences and horizontal 

component of magnetic field of earth (high and middle latitudes). If we apply models 

B and C In so general form for solution of mixed problem per diagram of Fig. 1,  large 

quantity of experimental data on field E (near and distant) will be demanded, which 

have to be Introduced as Initial data of theory, so that theory yields simple answers. 

Here the main part of corollaries of theory will consist of information represented 

by models B and C, and only small part will represent distant field E. Considering 

that our main aim is to obtain new information about distant field E and not study 

of properties of lower layers of ionosphere, we should make models B and C as 

specific as possible by using sources of information unbound to experimental data 

on [VLW] (CUB) field. Here problem will approach the primal« and volume of additional 

experimental information about field Eg, utilized as initial data of theory, will 

decrease. We have all data necessarv to represent two first layers (0, TQ)  and 

(r0* 'i). 

Earth layer occupies Interval (0, TQ), where fg = a is radius of earth's surface. 

oince VLW's do not penetrate earth or water by more than 1-2 km, we shall consider 

that whole globe possesses uniform conductivity a = CTQ and  is characterized for 

frequency UJ by complex dielectric constant. 

e.-.Z + ua, (2.1) 
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corresponding to effective value £„ in upper layers of earth for frequency f = 

■ wr ■ 10-20 kilocycles. Numerical values of r0 and EQ are well known and will be 

introduced later, In Chapters IV-V. 

Following layer of models B and C is atmosphere (TQ, r^). From data on 

measurement of dielectric constant in lower layers of atmosphere it follows that for 

VLW dielectric constant of layer of atmosphere may be considered equal to 1. 

Data on layers of ionosphere (x^, r2); (r2, r^); {Vy  r^) (rH-l' ^ are 

scanty and little reliable. From literature known to us about lower layers of 

ionosphere we are unable to obtain reliable quantitative data about radii r^ and 

tenaors ||e. || (k = 2, 5, ... N). Together with this, from these sources it is possible 

to represent structure of ionospheric layers, which considerably decreases number of 

necessary initial data of theory of field E^. 

The most reliable pieces of information about lower layers of ionosphere are 

the following. 

1. Experimental data on absorption and reflection of long, medium, and short 

waves. Indicating existence in daytime of ionospheric layers below E layer and 

absence of layers of ionizatlon below E layer at night [1-5]• 

2. Theoretical research [38, 39] on microprocesses in lower layers of ionosphere, 

from which it follows that at heights of 70-90 km basic role on frequencies of 10-20 

kilocycles is played by electrons. 

3. Theoretical treatment of different experiments [40], allowing us to estimate 

dependence of effective number of collisions v ff electrons with other particles on 

height of layers h in interval of 60-100 km (Fig. 2). 

k.    Experimental data on magnitude of magnetic field of earth HQ. 

From first point above the conclusion can be made that very long waves are 

reflected from ionospheric layers located at heights of 70-90 lor. which it is possible 

to approximate by concentric (model B) or approximately concentric (model C) layers 

(r^ r2), (r2, r^) ... (rN_1, QD), where (r1 - r0) = 70 km and (r^ - r0) = 100 km. 

Thus the last layer of model of ionosphere (rN_1, oo) IG propagated infinltum. 

Distinction between model of medium from real ionosphere in region r > r«.  is 

immaterial, since VLW's do not penetrate of E layer. 

Another Important point for accurate representation of model of medium is 

electron character of conductivity of lower layers of ionosphere. Considering that 

motion of electrons under action of harmonic field Ee"   in lower layer of ionosphere 
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is described by Lorentz equation 

- Immti + v**- •£ + ~[VM* c 

where tu — angular frequency of electromagnetic field, 

m — mass and e — charge of electron, 

v — velocity vector of electron, 

we obtain,  disregarding horizontal component KL,  following tensor of dielectric 

constant for k layer: 

for 

where 

* 0,    0 

0, IM' 

r,_I<r<r»(»-2, 3, 4 ... N), 

fei*tf 

(2.2) 

•»      H     •|(v/-*»J,+«W 

(2.5) 

(2.4) 

(2.5) 

In formulas (2.5)-(2.5)  are introduced following conventional designations: 

square of critical frequency, (2.6) .•fa—I— 

•#/^——^"i—gyromagnetic frequency. (2.7) 

Index of k layer In formulas (2.5)-(2.7) is omitted. Thus every "k" layer of 

p 
ionosphere is characterized by four quantities üJ0,k, " f.-,k, a^'11» and rk* 

Quantity v f-,k is connected with height of ionosphere h = r^ - TQ, according 

to work Nicolet [40], by formulas 

V*HB.M» JL. for A < 90 KM, 

Vy =5 474.10»-^ for *>80 KM, 

which are depicted in Fig, 2. 
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Quantity ui, is calculated from 

experimental value of RQ and is approximately 

equal to 8.10 for all layers in interval 

of 70-90 km at mid and northern latitudes. 

Thus unknown quantities in models B and C 

are distribution of electron concentration, 
p 

determined by quantities (JüQ k and p, . 

Further specification of models B and C on 

the basis of known data on medium is not 
p 

possible, and parameters ü)ck and r^, which 

we designated in Chapter I through x, y, 

z, ..., are determined from solution of 

mixed problem per diagram of Fis. 1. 

Fie. 2. 

§ 2. Formulation.of Boundary Problem on Basis of Model B 

In accordance with method of solution of mixed problem presented in § 1, 

Chapter 1 we first solve primal problem of theory of VLW propagation on the basis of 

model B, considering that all parameters of model B are known.' Primal problem of 

VLW propagation on the basis of model B is formulated in the following way. 

In medium there exist distributed outside currents, harmonic in time and directed 

radially 

""" /,(;•,•)e""". (2.8) U-W''«)'"'"'-''-^"" 
It is assumed that distribution function of outside currents Ir(r, 0) depends 

only on spherical coordinates r  and 9, that is, is characterized by symmetry of 

rotation with respect to polar axis ö = 0 of spherical system of coordinates p, 0, 9. 

To be found Is stationary electromagnetic field created by currents (2.8) in 

spherically laminar medium described by following tensors of dielectric constant 

IK 11 = 

•t. 0. 0 

0^* 
(2.9) 

where 
rÄ_l<r<r,; * = 0,1.2.3...^, 

for zero layer (k = 0); (r^ ■= 0, rv) 

•^ = •«6—.'+'1?:«8?-0; (2.10) 



for first layer (k = l)j (r0 = a, Tj) 

and for other N -1 layers (k = 2, 5, ... N) 

C'l» ''i); ('n 'i)... (r^-i, rN=. m) 

(2.11) 

(2.12) 

tensor    ||ekll Is described by formulae  (2.5)-(2.7). 

In virtue of synanetry of excitation currents  (2,8),  electromagnetic field shculd 

be determined from Maxwell equations,  in which all derivatives with respect to q> are 

equal to zero.    Thus for every spherical "k"  layer components of field E ,  £„, E  , 

and H ,  H0, H    are determined by following system of Maxwell equations,   recorded in 

spherical system of coordinates  (CGS): 

(2.15) 

(2.14) 

(2.15) 

(2.16) 

(2.17) 

(2.18) 

lk-l s p s «,it
J  k ::! 0'  1'  2'  ^^   ••* N• in interval r 

On boundaries of layers have to be met conditions of continuity of tangential 

components: 

Khmt\%* (2.19) 

%"^V (2.20) 
^»^lü. (2.21) 

Äj|^-«J+I|r.. (2.22) 

where k = 0,  1,  2,   ...   N -  1. 

Besides, there have to be met conditions of limitedness of solutions at point 
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mammmmmmummii ni ■^.■^—... £** 

mod^-^M; mod^lr-^Af (2.23) 

and condition at infinity 

modZlr^-^O; mod^.^O. (2.24) 

Equations (2.15)-(2.18) under conditions on boundaries of layers (2.19)-(2.22) 

and conditions at singular points (2.23), (2.24) for finite values v ff N and N „ 

in simple form determine electromagnetic field (E, !T) for given TCT0Ü. 

§ >. Introduction of Electrical and Magnetic 
Potentials A and B of Potential 

Vector Function 

For solution of boundary problem formulated at the end of preceding paragraph 

we introduce two scalar functions A and B, determined through components E and H : 

/T^l^, (2.25) 

u      idB (2.26) 

Then, according to (2.1.5)-(2.18), all remaining components are determined through A 

and B in the following way: 

i  ffiB      t(j, dA 

^"-v4ii-(8,n^)' (2.29) 

where k. = — 1J wave number of free apace. 

After introduction of functions A and E, system of Maxwell equations (2.13)-(2.18) 

takes fwrm of series of N + 1 pairs of connected scalar wave equations of second 

order: 

•* *■£»   1  d /  dBk\ (2.31) 

(2.32) 
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in interval r^_1   *  r $  r^ K = 0,   1,   2,  i,   .,.   N. 

System of equations (2.51) and (2.32),  according to {2 .\[i)-{2.22),   should 

satisfy conditions of jumps for A and E on Internal boundarie;: of media 

\     k    K     « 

(2.3?) 

(2.51.) 

(2.30) 

where k = 0, 1, 2, 5, ... N - 1, 

and also, according to (2.23) and (2.24), boundary conditions: 

mo(Ma<Af'; modÄ,<^ for r-*0, 

where M1 and N1 are finite real numbers 

modA—O;  modB-*0 ! n r-*«. 

Now we introduce vector function of potentials with components A  and B 

vector function of currents 

(2.37) 

(2.3») 

and 

Then we record system of equations (2.51)-(?.32) 

in operator differential-matrix form 

''t:h"l":l-Mil- 
whe re I v ' is matrix operat operator 

/(« = 
r 

_»!*$£* 
^U*1 

^   '£—K^} 

(2.39) 

(2.40) 

in interval (Tu.^» ',)  k = 0, 1, 2,   ...N, 

and l\   '   is matrix operator 
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m .>-■. 
—If   I !■—   »LI   ■■ £Jfc« 

«-<,- 
^-<) 

ifflsW)- (2.41) 

Corrosponrilnc conditions  of  jump take fom: 

4a 

* 

t     d 
i»,«^'» 

0 

X ^4. '» 

•8' ^ 

0 
dr 

X 

Ä. 

^•f» 

« 

*-=oti,2.... yv-i, 
and  bouiidary conditions  (2.37)   and  (2.38): 

mod LW *rh«n   r -► 0, 

mod PI >0 

,(*) 

>»h«n 

(2.42) 

(2.43) 

(2.44) 

(2.^5) 

Since differential-matrix operators l\, '  determined by (2.40)  differ from each 

)tl'.cr only  in numerical values  of  parameters  e^  ',   e^Qj  anci Eom»  w- shall consider 

system of  equations  (2.39)  k = 0,   1,  2,   ...  N  for  Intervals (iVi»  rk),  k = 0,   1, 

2,   ...   N as  one equation in  interval  (0, oo) 

.Ifil     .lÄI    4^/1 
f.l     I n   *b I    I      — I     11 (2.46) 

in which operator I consecutively takes forms li ^, l^   ',   V-   ' t   ... P ' in r rrrr 
accordance with passage through varying r intervals (0, TQ), (TQ, r^), (r1» Tp) 

BI ^k (1%, Tg) ... ('M.^I VJ) '    Vector function A,  taking values «  » ^ = 0* 
' K 

1, 2, ... N, in corresponding intervals (0, T^) ,   (r0, r^) ... (r^* m) undergoes 

breaks at points rv, r1, r2, ... rN_1, where it satisfies conditions of break 

(2.42)-(2.43). 

For N + 1 layers (0, TQ), (r0, r^, ... (rN_1J oo) there are 2N conditions of 

break (2,42) and (2.43) and two conditions (2.44) and (2,45) at boundaries of interval 

(0, oo), 2(N + 1) conditions in all, determining 2(11 + 1) arbitrary constant solutions 

of equation (2.46). 
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Operator l0 has two Gingular points 0 = 0 and 0 = TT at which we shall require 

limitedness of solution Bl of equation (2.i»6) 

§ 4, Operator of Normal Waves and Its Spectrum. 
Free Normal Waves    ~" 

For finding solution of nonuniform equatioi (2.46) under conditions (2.42)-(2.4r)) 

we apply method of normal waves presented in works [36, 37]. According to method of 

normal waves, we first find particular solutions of homogeneous equation (2.46) for 

conditions (2.42)-(2.45), having form 

0. 

Let us find particular solution of (2.47) in the form 

where Yir) 
Z{r) 

IBI    |r(r)| 
M    |z(r)| 

l- Z>{r)\ 
in Interval 
r4.I<r<rk 

Putting (2.48)  in (2.47)  and dividing variables, we obtain 

. 2{r) |    />*•(>) 

Z{r)\ 

(2.47) 

(2.48) 

(2.49) 

{2,'jO) 
♦ 

Identity (2.50) can exist only under the condition that both its parts are equal 

to the same constant, which we designate by letter x» Then we obtain two equations: 

'r 
Yir) = Z Y(r)\ 

my 2{r) 

WHxr^-o. 
First equation in expanded form will be 

•„ * 
fS&'W' tJllr**^ d 

SF' 

^ ^M^iY- 
-7. 

(2.51) 

(2.52) 

(2.W) 

where err = e^; eee =  e^; e0cp = e^ in intervals (r^, rk) 

for k = 0, 1, 2, 3, ... N. 
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On boundaries of intervalü r. ;  k = 0,   1,  2,   5,   ...  N  - 1 conditions of Jump are met: 

1     d 

0 

i*,. 
^ TT 

M-t 

•So 

1     4 

dr 
(•ID 

0 d 0 W 

YUH 

Yu y.f. 
** 

»•• 
z»+i 

(2.54) 

(2.^) 

and on onds of zero and N  intervals boundary conditions 

limit (2.5,6) 

(2.57) 

Differential-matrix expression presented in (2.55)   for boundary conditions 

(2,54)j   (2.55/»   (2.56),  and  (2.57)  is operator of normal waves,  which acts  on 

vector function [Y/Z].    Designating it by symbol L ,  we record equation (2.53)  with 

conditions (2.54)-(2.57)   in the form 

(2.58) ^13- 
Equation  (2.58)   determines  spectrum of operator of normal waves.     In general 

operator L    is not  self-conjugate and singular.     Its  spectrum consists  of discrete 

:ind continuous parts.     In case of great conductivity of earth |F,0|   » 1,  solid part 

of  spectrum may be  disregarded  in examining field  in interval  (r0,  m)   and under the 

condition that  exciting currents are located  outside earth.    Therefore we  shall 

consider subsequently only discrete part  of  spectrum,  that is,   eigenvalues  of operator 

L,.     Let us renumber them in order of growth  of absolute values 

<•. xi»X|, X,...»/. (2.59) 

oince operator L    i-i  not  self-conjugate,   eigenvalues  of X-* will  be complex 
* J 

X/slfrfXyJ + iAiifX,)   y-0,1,2... (2.59') 

From what  is  to  follow    ne will see  that  to every eigenvalue of x,  there 

corresponds only one  eigenvector  function 

<H* 

_ vp. 



I -o.-t 

(2.60) 

for rk_1 s r s rk k = 0, 1, 2, ... N. 

Eigenvector functions (2.60) of operator L are orthogonal eigenfunctions of 

m conjugate operator L *, which is determined from Lagrange identity 

where parentheses designate scalar product of two vector functions. 

Let us designate eigenvalues and vector functions of conjugate operator 

respectively 

»J - B 
which satisfy equation 

^->fy\ 
From (2.58) and (2.63) under condition (2.61) follows relationship 

or in scanned form oo        ,00 

(2.5^)-(2.57), It Is easy to show that 

IV»^ 

B—^'1 

(2.61) 

(2.62) 

(2.6?) 

(2.64) 

(2.64«) 

expressing orthogonality of elgenfunctlons of conjugate operators L    and L •. 

For operator L , generated by expression (2.53) and boundary conditions 

(2.65) 

(2.66) 

where vinculum denotes conjugate complex numbers. 

In virtue of (2.65)  and (2.66), condition of orthogonality for non-self-conjugate 

operator L   takes form 

»-I)' 0   J + ß (2.67) 
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o r in expanded ro~ 

(2.68) 

If j equal to NJ' called subsequently t he normali zing factor 

r,. .• r., 
~- . . ~+1-;w*· (2. 69) 

Now let us return to second equation (2.52), which for eigenvalue of xJ in 

expanded fo~ hns t'he form 

( 2. 52 ') 

Introducine new designation 

(2.70} 

w r·onvert it t o Legendre' s equation, which has two particular s olutions [ 37]: 

(2.71) 

(2.72) 

·rhu ::; particula r s olution (2.48) of equation corresponding t o eigenvalue of Xj 

ha :· t.. he l'o rm 

(2.7 j ) 

He re we i nl r o uced time factor e-iwt . In region o · pennb ~ luillt y o r u.:.:ymptot h· 

,. ' l.>t·e ... entat ion ;.; L( l) nnd L( 2 ) [37) we record (2 •• (3) in the fonn v v 

(2.74) 

(2.7~) 

(2. -(4) r ept·e :.: eut:.:; ..:wn of t wo waves trave l ing in positive and ne1':t.Li ve dlr·ectlon:.: o r1 

coordinate wi t h an 'Ular phase velocity determined by ane;u la r 1-m.ve numlle r v_J. 'Uo t..h 

\"lave..: a r e mouu l · ted l n i ent ical manner with res pec t t o f ront or vm.ve o ~ c un :.:; t 



according to eigenfunction  |Y .( r)|Z,(r)|.     Such waves were  called normal,   since  they 

were  obtained as a result of solution of problem for eigenvalues  of operator of 

normal waves.   Just as normal oscillations  are obtained as a  result  of solution  of 

problem for eigenvalues of operator of normal oscillations. 

Gum of normal waves (2.75)   represents any wave process harmonic in time in 

region where  exciting currents X,,, .,„   are absent.    Therefore by analogy with normal 

oscillations,   such waves are called  free normal waves  [36,   57]. 

Solution of  equation (2.46)   on right   side yields  forced normal waves,  which  wi 

be considered in the following paragraph. 

§ 5.    Formulation of Solution of Nonunlform Boundary 
Problem.    Forced Normal Waves      *       ~ 

Now,   following method of normal waves,  let us look for solution of nonunlform 

equation  (2.46) 

''I + *• 
B .Hr. 

0 (2-.76) 

in the form of spectrum of normal waves 

b 
A -2 

/-o 

MO 
•>(•). (2.77) 

We recall that L    is operator with respect to coordinate r,  generated by 

differential matrix expression  (2.55)  and boundary conditions  (2.54)-(2.'37).  while 

L0 is operator with respect coordinate 0,  generated by differential expression  (2.41) 

and conditions of llmltedness of solution at points 9 = 0 and 0 = TT. 

For determination of unknown phase factors we put  (2.77)  In (2.76) 

(2.78) 

Sine    series  (2.77)  converge evenly,  we change order of summation and operations L 

and "Lr '0 

S^^lz^Slz^^^T" lr 
(2.79) 

Multiplying both parts of (2.79)   scalarly on some eigenvector of conjugate operator 

L * and taking Into account (2.58),  we obtain 

-|^(aiv:l+2(KI)V'-^(W} (2.80) 
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In virtue of condition of orthogonality of [   .bH),   expre^oion  (2.80)  .I.-,  almpl Ii'ied 

•  '    ' '    cA,ll 0 I, r*V,\)' 

where N is normalizing factor {2.69). 

Expanding operation L^ and using (2.66), we obtain equation 

^u^w^w*- 
0 

which,   under condition of  limitedness  of solution at points 6-0 and 9   -   n, 

determines phase factors ♦.(ö)   of normal waves.    These  factors differ from phase 

factors ^(ö)   of free normal waves,  considered in § 4,   Chapter II,   since  they  art-' 

forced  solutions of Legendre equation on  right side  (2.81). 

Forced  solution of equation   (2.81)   can be found by different methods.     In  work 

[^7]  it was  obtained with help  of Green's function.     Here we shall  solve equation 

(2.81)   by method  of variation of arbitrary constants  of general  solution of homo- 

geneous Legendre equation,  which  it  is  possible to represent  in the  form 

AjPy I coif« - •)) + BjPv(cos 6). (  .    ) 

(Considering A. and B,  functions of 6,  we find them from two following equal In, : 

i*/(i)p^-i) + B/(i)^(i)-o, r. ^ 
4« */(«*,(-■)+*/mß) - -—-/>. (: •" ' 

where  primes  denote derivatives  with respect  to 0,  and 

t-COft, (-V    ) 

f mw 
J     «ff 

From these equations It follows that: 

4«   f /y *,(*)«** 

where 

AW—TffT J —tj— • ( • ' ) 

A     2   im»*« , 
'    «    tin« 



Thun particular solution of nonuniform Legendre equation (2.81)  has the form 

and general solution, after substitution of (2.88), 

•W-c/ycoiCw-«)! + oy P¥|CMIJ - 

It should satisfy conditions of limitedness of function ♦..(?) at poiritts 6 = 0 

and 9 = ir. Fulfillment of this condition at S = 0 occurs only if C. = 0. Indeed, 

when 0=0 
t/W-cyycot«)+D^COIO). 

Since function Pv.[co3(7r - 9)] with 9-> 0, has logarithmic peculiarity,  it is 

necessary that C, = 0. 

At point 9 = n general solution will have form 

D'+-7iis^jWWt*--*»''** •y|l)-A,(CM<) 

\ 
m 

—^^r/,,y(co«o)f/y(r)A/(coir)lini'rfr. 

It will be limited at this point if coefficient for P (cos TT) is equal to 0, 

whence 

a- _g_|«r^«(.-r)|«.W. 

Thus solution of equation (2.81) will be 

^,,"'^^(^CM("-,Hj/^(C0,r,,,nrrfr 

(2.89) 
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<* 

+v «»•if/yP^COli« ~%')]%lnW (2.89 
cont'd) 

Complete solution of Initial equation (2.76), according to (2.77), will have 

form 

!l-^sK-^K'«-<-"x 
X U • Pty|coi t'liln W + P,y|cw •! • J IjPJa** - •')l»ln •'««' (2.90) 

In particular case,  when field  lj?    Is excited by vertical Hertz doublet,   located 

on polar axis 9 = 0 at point r = b. 

M        df MzAr)\ Ay«««/»  '' 
(2.91) 

where P is electrical moment of dipole. 

Phase function ♦1(9) in this case has the form 

•i= —Jl™?        ^yMt—1»!' (2.89-) 
In order to consider field at large distances 0  from Hertz doublet, we use formulas 

(2.71) and (2.72) and present P .[^cs(»r -6)] In the form 

l 
Further we expand 1      in series after formula of geometric progression 

J 

I 2Trvl1l 
This series converges, since e  J  < 1, if we take principal values of roots v.. 

Thus we present (2.9^) in the form 

l«_il«l • m I *■' I I'l • 

^6- 



Switching to asymptotic representntion of functions I/.' and L), V» which ia 

Justified for sufficiently large 0, we obtain 

-Mißl       2P -I   -. 

y ^   /|(ll f .)2«»> - ('/*♦ J)] +#< [^+ f ^ 

a«« 

(2.92) 

From (2.Q2) one may see that second members in brackets represent, normal waves 

arriving at point of reception (r, 0) from radiator 9=0. Where wave n = 0 passes 

over the shortest arc of great circle, lagging in phase by Re(v,*) 9,  and waves 

c n ^ 0 pass n times around globe reaching point (r, 0); they are called direct 

echoes. 

First members In brackets are normal waves coming to point of reception (r^ 6) 

over larger arc of great circle (n = 0), having first circled the globe n times 

(Inverse echoes). 

If v. have sufficiently large Imaginary parts, direct and inverse echoes, and 

also first reverse wave, are considerably weaker than normal waves coming to point 

pf reception by the shortest means, and it is possible to disregard them. Then 

approximate solution (2.92) we record in the form 

Al' 
(2.93) 

§ 6. Calculation Formulas for Components of Electromagnetic 
Field In Layer of Atmosphere and Under Surface""" 

of Earth (Model B) 

We shall use (2.93) subsequently for calculation of electromagnetic field in 

layer of atmosphere (r0, lO and under water or earth's surface (r < r0). In both 

these layers media are Isotropie; therefore components of electromagnetic field are 

calculated by simplified formulas (2.2^)-(2.30), with ee = -e „ = 0. 

For every normal wave of rr.unber J 

1 dA,    Z,d*, 

(2.94) 
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^ 

i d*A,      i dZ, d* 
•/"   ktrdr*   "hfärd*'    *i    kfdrM    kxrdr'd* cont'd) 

Here Is used equation (2,52). 

As can be seen, components of field are divided into two groups; H , E • £„ 

are determined through scalar function of B, and E , H . H0 are determined through 

scalar function of A. 

Using (2.89') and asymptotic representation P [cos(Tr - 9)], we obtain distant 

field In components (in COS): 

/-• 

m 

Here 

/-o 

(2-95) 

(2.96) 

For calculation of field In layer of atmosphere and in earth 11   is necessary to 

make further concretizatlon of formulas   (2.95))   and   (2.96).     Let us  Introduce 

following analytic functions of two arguments: 

DA**) /, (*x)    «, (*x) 
JAW    nA*y) 

(2.97) 



,„..,, .,■,.-. .■•■ ■ 

(2.97 v 
cont'd) 

where J and n are modified Bessel and Neumann functions of order v, while J' 

and n* are their derivatives with respect to argoment. Then In layer of atmosphere 

(V rl)s 

W-IO.y(aV)-2^(a.r)|, 

ZJir) - *j fOv/a .r)-1. Dyy(a:r)j, 
(2.98) 

I- 

where 
%m «, *l.ili&Sl  and 2 r-^^3M» (2.99) 

*• Jy (M) *. /4M) 

are Impedances of earth to spherical waves of vertical (?) and horizontal (Z ) y z 

polarizations. When ou -• CD, wave number of layer of earth ICQ -♦ oo and 2 -» 0, 

while "i   -► 00. 

Coefficient of polarization H.(r) of normal wave of number J determines ratio 

of Intensities of components (2.96) to components (2.95). It Is calculated during 

the finding of eigenvalues and functions of operator of normal waves. 

Taking Into account (2.98), designating 

BTIi?) -Ov (a.r) - i-£K (a». 

1ZW7) - 0, (a'.r)- 2/)v («.#-), 

2Xni7r)-i>,(«.0-J-ö,(a',r'|, (2#100) 

and switching to system of MKS units, we record component of electromagnetic field 

in layer of atmosphere in the following form; 

(2.101) 

I 
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.•' ̂  

m   J       «] (2.102) 

where E is in uv/m and H is In ua/m, 

W — emissive power, In kilowatts, 

x — wavelength in meters, 

i*. =0.1829.10""i M'.-A-, 
I20K 

coefficients of excitation of wave of number J, 

— height factor at point of radiation 

(2.105) 

O^jiajt), 0,(tt',r), D^f«/*) andD».(a',r')- height factors at point of recpetion, 

y.,  — polarization factor. 

Formulas (2.101)-(2.102) for surface of earth (r = a) with Hertz doublet also 

located on surface of earth (b «= a) take form: 

r        i-o 

(2.104) 

(2.10^) 
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For calculation of electromagnetic field under surface of earth or ocean we 

determine Y. and Z. In Interval (0, a): 

For approximation we consider 

Mir) ^ i*{-r)        ik.H 

where 

H = a - r is distance from point of reception to surface of ocean or earth 

,/^?. 
1 • -f/i^. (2.106) 

8 is attenuation factor of flat electromagnetic waves of frequency cu penetrating 

medium with conductivity UQ. 

Then electromagnetic field at depth H Is equal to: 

/"TT" -«/»A1 -MI-0«S lw f .;% '('/•*T) 

-J+5- 

(2.107) 

(2.108) 



From expressions (2.106) (2.108) It i'ollows that because of great ground 

conductivity, all components of field rapidly diminish with submersion of point of 

reception in water per the same exponential law with attenuation factor 6. 

§ 7. Generalization of Spectral Theory of VLW Propagation 
in Case of Dependence of Parameters of Medium 

on Geographic Coordinates (Model C) 
(Method of Modulated Normal Waves) 

radii rkJ k = 0, 1, 2, J, ... N 

Solution of problem of VLW propagation on the basis of model C is intimately 

connected with solution of problem on the basis of model B, considered in §§ 2-6 

of this chapter. 

According to § 1,  we consider that model C is characterized by layers with 

1 weakly depend on geographic coordinates 0 and cp. 

Let us record this fact in the following way: 

r*=r*{A\H), (2.109) 

where M- is small parameter.  Coordinates 0 and cp enter in function r^ only in 

combinations \i6  and mp, which testifies to small changes of r. along coordinates 

0 and qp during the period of wave. 

k   k      k. 
We also consider that e  , SQQ  and $□ depend on \i6  and M.<P» that is, slowly 

change from coordinates 6  and (p. Under these conditions, for model C it is possible 

to introduce vector function , connected with components of field according to 

(2.25)-(2,50) and determined approximately by operational equation 

la 
U = 1V 

c 
(2.110) 

where L    is operator generated by differential-matrix expressions  (2,40)   and also by 

conditions of Jumps  (2.42)-(2.45)  and boundary conditions  (2.44)-(2.45).     Operator 

L-,    is generated by differential expression 

^m^*{$ln-ni')+7iki? (2.111) 

and conditions of limitedness of solutions for e = 0 and ö = TT. 

We look for solution of equation without right side in the form 

\B\ 
\A\ 2 {r, P«, |»?) «'(".?). (2.112) 

Putting  (2.112)« in  (2.110),  for I    = 0,  and dividing variables,  we obtain 

-44. 
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H Kl z\ 
Y\ 
z\ 

'Of V 
-z- (2.113) 

When u = 0 (model B) x was constant, since exact splitting of equation (2.115) 

in two took place.  Now with small \x  it is possible to consider that conütant x  1-" 

slowly changing function of coordinates 6  and q 

f'Xi&.W]' (2.114) 

Then we obtain from (2.115) equation in eigenvalues of x of operator or normal 

waves in the form 

Kipenvalues of X-t 

Z«» Xn /.t ••• 'Aj 

Y\ 
z\ (2.115) 

(2.116) 

weakly depend on coordinates 0 and tp. They have to be calculated for every point 

rr (i*,  cp) by means of solution of problem (2.55)-(2.57)»   in which parameters 

e()n and r.   are determined for point  (0,  cp)   with respect to assigned functions 

(50» 

To every eigenvalue of X-t corresponds eigenfunction 

slowly changing, depending upon coordinate 0 and (p. 

From (2.115) we obtain also equation 

irl(«-5hi^'*"<"-* (2.117) 

ileterminlMc  Tunction of phase *.,(o, cp) 

Free nomtvl wave^  [?,\V,>)  hflve form 

|»y|_|| W-üAf») «..,, 

They were called [56, 57] modulated normal waves. We borrowe-J this term from 

work of S. M. Rytov [42], since operator of modulated normal waves is analogous to 

operator of modulated normal oscillations. 
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ApJ>lyin method of geometric optics , we s eek solution f or phase f nc t or i n t h l'' 

form 

,_ .. , ......... ( 2 . 119) 

where UJ(e. cp) are slowly changing functions of e and cp. 

Then for functi ' ns sj and uj we obt ain following equations : 

(I)' +.r.(f)' -IA""L 1-0.1,1.1- •, (2.120 ) 

whieh are Eikonal equations. and 

• i{•l•• )+ _!_ .!(ul§.)-• J•l,l.l.l ...•. ..... .. (2.121 ) 

expressing law of conser,ation of energy. 

Thus in approxi•tion of geometric optics modulated nonnal waves have form 

IJ _,..=I r.c=::; fuA',.,,.,...,, • _,.._ ( 2 .122 

Equation (2.120) for phase Sj ot' normal w ve dete~ne or "r·adiu 

beam" in two-dimensional spherical me ium. deteJ'II!ined by coordina·tes ( e, cp) and 

Fig. }. 

Quantity a, is expressed 

cha ·~cterized by local "angular refractive ind .\ 

.J-xj • which changes sloltly over spherical surr·, ·•·• 

For every normal wave of number j t here i ~ 

particular" refractive index J-xj• Therefo're 

"radio beams" belonging to dif ferent norma l wave . 

pass on different trajectories. I ri Fig. 3 are 

condit3-oni!Llly shown trajectories of "radio bel'.ll!. ., 

for 3 = O, 1. 2, •••• connecting poir..t ol' 

radiation Ole • 0) With point of reception 

P ( e • cp). Dot ted line shows geode.s.J.c line. 

by integral 

·-I~"'' •• ( 2 . 123 ) 

taken oa radio b ... connecting point or radiation 0 with point of reception P•SJ 

detend.nes phase or normal ~ve of number j, raveling on this path. Here d ~ i~ 

angular eleaent or arc, ta\en along beam. 
• 
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Distortion of "beam" is determined by usual law of refraction, which follows 

from {2,120).     Calculation chow^ that for first types of normal wave;-., under the 

condition that radio route does not pass along twilight line, distortion of beams 

is so Insignificant that it may be disregarded. Therefore, considering thai "beam" 

spreads along geodesic line, we determine phase S.(J = 0, 1, 2) by integral 

{?   
Sj*\\HijW) M. (2.124) 

0 
Putting (2.124) in (2.121), we obtain amplitude factor U. in the form: 

"'VS.in* ' < •^r) 

Then we record solution of (2.122) in the form of modulated normal wave 

lÄ'l,-waJ
K' £&        'HlJ'yAI (2.126) 

U/l    Ut /«mo 
When u = 0,  this  solution becomes asymptotic  representation of normal   waves  of 

model B already obtained in §  ti. 

Solution (2.126)   is applicable both to "frozen" arid also  to si  wl,\   Lime-varying 

ionosphere.     In last case X-t may t"6  represente i  it   the   I if  sum 

fc-fc + fy. 
where \,  is time-averaged value of X-t» and &X-i is variable part. 

Accordingly, in formula (2.126) It is necessary to introduce 

V-'y + V 
Variation of parameters of ionosphere can lead to distortions of beams, slowly 

varying with time. We shall disregard this effect, since it depends on member 

P    p 
ö v./ötp , which, as it is easy to show, is minute. 

J 

It is necessary to note that in case of slowly changing ionosphere equations 

(2.120) and (2.121) are applicable only under condition that space modulation of 

Ionosphere has shorter periods than does temporal modulation, that is 

where p. is small parameter. 

In our case periods of space modulation for wavelength >T = 20 km is lu-15 

times greater than X0, while periods of temporal modulation are greater than period 

T = ^ by at least 1000 times. 

  |   | .  
^Linear refractive index is equal to -'ya-y—I/. 



Now  let  us   return to finding solution of nonunlfcrm equation   (2.110).     Lei   u 

represent   it   in the form of sun. of modulated normal waves 

B 
A 

Then electromagnetic field excited by vertical Hertz doublet we preset.! in t 

form 

A\'    ~^ f y-o 
yj(f>) 

+^^6 
tj    • e   o 

VmTyVW) 
{r\l?7) 

ir,  using   (2.Lü3)» 

>"" 

 00 

r /-0 
»A (a.r) 

«/(0)',>(/>)  '{v^ 

MW) 
■.I??- 
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C H A P T E R III 

INTRODUCTION OF ADDITIONAL INITIAL DATA OBTAINED FROM MEASUREMENTS 
OF AMPLITUDE AND PHASE OF NEAR FIELD OF VLW AND RESULTS 

OF THEORY ON IONOSPHERE 

§ 1. Data on Near Field 

2 Since parameters of medium w0 ,k and rk • r 0 + ~ (k = 1, 2, 3, N - 1) are 

unknown, then, according to § 1, Chapter I, we solve mixed problem, for which we 

introduce additional initial data on near field Ej and fj at points (r0 , ej)(j = 

= O, 1, ~ •••• N), located on surface of earth. Such data were obtained in great 

quantity by English researchers [31, 32, 33, 34, 35], who measured "ins tantaneous" 

di s tribution of amplitudes of near field along earth's surface as function of 

di s tance t o transmitter [31], and also duirnal variation of amplitude and phase of 

component s of field at fixerl points at distances of 90 [32], 200 [33], and 535 km 

[ 34] from (VLW] (CnB) station with call sign GBR (16.0 kilocycles), located near Rugby 

(52° N, 1° W).* These data are well-known, since investigation of near field has 

been conducted by Cambridge for more than 25 years and, starting with first works of 

Hollingworth [52], have been published regularly. 

In Figs. 4a and 4b are given typical day and night distributions of amplitude 

of near field as functions of distance. 

In Table 2 are given distances, where there are maximum and minimum field 

strengths for summer period (day). 

*Signals were received on a loop in two positions: in verti~al plane passing 
through points of radiation and reception (normal component}, and i n vertical plane 
perpendicular to the above-mentioned (anomalous component Of field). 
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Te.ble 2 

Max Min ~1ax in Max Min 

ae (km) :112 133 175 224 295 490 

Da i ly \·ariation 0 1 ampli tu le and p ase of normal component of lleld for 

di s tance of 0 km is given in Fi • 5a ard 5b. 

Daily va riat ion of ampl itude and phase of normal component of field f'or 

di tance of 5 ~n is given in Fig . 6a and 6b. 

Analo ous dependencies exist for anomalous component ( lo~p perpend i cular t o 

plane of propagation) for di stances of 0 krn. Comparison of norma l and a noma l ous 

omponent permits us to separate elec tromagnet i c field reflected from ionosphet' 

and the same way to tie i 1. phase in Fi gs . 5 and 6 to phase of direc "t wave [31- 3 ] ,. 

It i s necessary to note t he exceptional regularity both of space distributions 

(Fig . 4) s o also of daily variat ion of amplitude and phase of near field (Figs . 

an 6), which are repeated from day to day, experiencing slow seasonal changes . 

Exc ept ions are during periods of flashes of radiation on sun and during magnetic 

storms , when greater or lesser considerable deviations from above mentioned curves 

a re observed. 

§ 2. Method of Solution of Reverse Problem of Theory 
of VLW Propagat ion for Nea r Field 

Data on near f ield depicted in Fi gs . 5 and 6 pertain to t wo points wt t h 0 

. 014 ra,dian and e = 0 . 084 radian, in which a re known amplitudes and phases 

(E1 , ! 1) a nd (E2 , t 2 ) at any time of day a nd ye r . Thus according t o method of 

elut ion of mixed problem, presented in § 1 , Chapter I, from these data not more 

har 4 pa r ameters of ionos,here can be determined. Since for every "k" layer of' 

ionosphere we know two parameters w~,k and hk = rk - r0 , then data of Fi gs. ') and 

an be used for solut i on of problem {)n t he bas is of two-layered model of i onosphere , 

• ' 2 2 for which pa1ameters (.l)O ,P h11 and w0 , 2 , h2 are unknown. Data on spac e dist r ibution 

of near f ield (Fig. 4) could be used fo r solution of problem with thinner structure 

of ionosphere, but t hey are incomplete. Theref ore we use t hem only f or check i ng 

results of solution based on two- layered model and fo r tying in phase. 
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According to diagram of Pig. 1, we have to solve Inverse problem of theory of 

waves In region of near field, which is reduced to solution of equations (5) and 

(6) from Chapter I, taking following form; 

|£y| sinodf {P,•; (a,0); (a,ly); a, • ,;•//, v.« (A,),tM(*,), «J.i, «5.«, M,); 

y-i, 2, (5.1) 
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<^i 

ry—irgF{P,«,(a,0);'a,(»/):a, t,;»//,»,«!*!).'tii(*i)»«8.i.»J.J»*i>*il5 (3.1 ^ 
cont'd) 

where P — moment 

a) — frequency 

(a, 0) — coordinates of Hertz doublet 

(a, 0.) — coordinates of point of reception 

a — radius 

FQ — dielectric constant of earth 

"^i v
eff(

hi)* veff ^2^' ^O 1' '"ü 2'  ^l' hP ~ data on flrst and second layers of 

Ionosphere. 

Operation F designates calculation of components of field from data on Hertz 

doublet and medium. Sought quantities for system of equations (5.1) are CUQ 1 and 
2 

hl* '"o 2'  and 2* 

Algorithm of calculation of components of field in the form of -Bpectrum of 

normal waves represented by formulas (2.101)-(2.105), Chapter II, is ineffective 

for calculation of near field according to data on medium, since number of normal 

waves which have to be considered for angular distances of 0 less than 0.1 radian 

constitute 1.5-2 tens. 

Naturally solution of inverse problem with help of equations (?.l). in which 

operation P is sum of 15-20 members depending on all four unknowns, presents great 

difficulties. Therefore we switched 

from spectral representation (2.101) to 

beam, in which every component of field, 

for Instance E , at point of reception 

is composed of series of beams 

experiencing different number of 

reflections from first and second layer 

of ionosphere and from earth. 

Thanks to anisotropy of ionospheric 

layers, at boundary of first layer and 

atmosphere r = r1 = a + hj there appear two refracted beams, ordinary and extra- 

ordinary, designated by letters 0, and e, . On second boundary of ionosphere 
al     al 

r = Tg = a + h2 Incident elliptically polarized beam 0, or e, generates two 

Fig. 7. 

■54- 

■- 



reflected beams 0  and e , remaining in first layer, and two refracted beams 0H 
rl     rl a2 

and e, ,  passing into second layer (r0, oo). 
a2 ^ 

Extraordinary beams experience greater than ordinary; therefore basic role is 

played by ordinary beams, experiencing small number of reflections and refractions. 

In Fig. 7 are depicted several beams remaining ordinary over entire section 

from radiator to receiving point. 

Direct beam for emissive power of 1 kilowatt has Intensity 

f--i252#'*,fl' (ttl). D0 is length of path of beam.     (3.2) 

Beam that has experienced one reflection from lower layer of ionosphere 

(?.2«) 

where a — angle of incidence on earth 

ß — angle of incidence on ionosphere 

A^ — coefficient of focusing of ionosphere 

D^ — length of path of beam 

rBB — index of reflection from earth of vertically polarized beam 

H__ — index of reflection from ionosphere, depending on parameters of ionosphere 
BB 

^0,1' veff(hl^ %  and Ai' rBB' 
R
BB' 

d<*fined in worlt [5]. 

Beam experiencing two reflections from lower layer of ionosphere. 

£^=152 /Aiin«v4t[l +ri.J«f*..,'- + *-*u'VrI, (5.2") 

where R and RrB are conversion factors of polarization during reflection from 

ionosphere; first Index pertains to polarization of incident ray, the second to 

reflected; 

RB_ and R_B depend on angle of Incidence on ionosphere and on properties of 

first layer; 

rrr and rBB are indices of reflection of horizontally and vertically polarized 

beams from earth; remaining designations are analogous to those of formula (5.2). 

Beams Ei ', Eä '...,  and also beams EJ ', EA '..., refracted by first boundary 

of ionosphere and reflected from second are determined similarly. 

Besides ordinary Ei ', determined by propagation along directions 0. , C)  in 
x al  rl 

layer (r1, P«), extraordinary beams, propagating in directions e. , e„ , and also 
1  ^ . al rX 

mixed beams 0H , e , and e. , 0  are possible. All of them experience one 
al  rl     al  rl 

-55- 



■ 

reflection from layer Tp In passing through boundary of layer r = r^. Besides 

(2) 
ordinary bean.. EX ', determined by direction 0, , 0 , 0, , 0 , there are 15 

C Q^      FA (1A TA 

additional beams of mixed type and purely extraordinary beams e, , e^ , e, , e , a1 r1      a1      r1 

experiencing two reflections from Ionosphere. 

Full field is composed of infinite number of beams experiencing one, two, 

three, etc., reflections from ionosphere 

£=S £r 
*-o 

(3.3) 

All of them may be calculated from laws of geometric optics, if matrix of 

indices of reflection from earth is known 

k«. o INI" 
0. frr 

(3.4) 

and matrix of indices of reflection and refraction of beams on boundaries of layers 

r = r^ and r = r2. 

For lower boundary of ionosphere r « r. there have to be given indices of 

reflection 

»*'"ii=|i«§:«? 
and refractive indices 

||D(«»||. 
•^rti     rr 

(3.5) 

(3.6) 

Analogously,  for second boundary of ionosphere r = Tp there have to be known 

matrices of indices of reflection 

R? 

and refraction 

bp, 

IO,S) Dm 

IP01 Bm 

|0C, D? 
k1. tf 

(3.7) 

(3.8) 

For calculation of near field of VLW with accuracy to 5% it is sufficient to 

consider only first five beams depicted in Fig.  7: 

faf. + ^nj.fj.i + ^D + fji). (3<9) 

(2) 
For small distances (to 100 km) beams E0 and E^ ' dominate. For large dlstancet- 

(300-600 km) beams E0 and E^ ' dominate. 

At distances over 1000 km beam representation (3.3) is Impermissible, since for 

beams with small number of reflections caustic of beams near surface of earth. 
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Therefore for sliding beams it is necessary to consider phenomenon of diffraction. 

As will be seen from Chapters IV and V, the main part of distant field of VLW 

is created by beams not touching earth's surface. They move on ricochetting 

trajectories (adhesion effect). ThUo distant field of VLW on earth's surface is due 

only to seepage of waves beneath surface of caustic of beam and therefore carries 

purely diffractive character. 
(1)       (1) During calculation of field strength of beams E0, E^ ', E^ ', ... it was 

assumed that coefficients (3.4)-(3.8) can be approximated by corresponding 

coefficients for flat'medium, but for calculation of length of path of beams D0, 
(1)       (1) Dl * D2 * ••• sP^ric^y of layers of ionosphere and earth was considered. Dis- 

regard for sphericity evokes Impermissible error in phase of beams, since with 

distance of 500 km flat and spherical models give difference In the course of 

ionospheric beams E of 2-3 km. First model can be applied for calculation of fields 

only to distance of not more than 300 km. 

§ 3. Results of Theory Pertaining to Properties of Ionosphere 

2    2 Determination of quantities CUQ *,  u)0 2, h^, and h2 from equations (3.1) was 

carried out with help of the presentation of field in the lorm (3.9) by graphoanalytic 

method, which will ba described in another place. Here we shall give only results 

of calculation for vernal equinox, which with small changes can be applied to whole 

spring and summer seasons and partially to autumn. 

'•/r-*•l•, 

v*-»1 

79 
r 

a) 

-1 " 
19  k*M 

-I 
Mt""* 

M 

S/f-AHP 

v*/«« r 
90    hHM 

b) 
Fig. 8. 

On 

calculation, depending upon height of layer h at noon (Ba) and at night (8b). 

2       2 On Fig. 8a and 8b are depicted distributions Cü- . and Cü. „ obtained from 
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S^f.      - 

Corresponding values of v ff were determined by Nicolet graph, (Chapter 11, 

§ 1) and plotted in Fig, 8 on corresponding steps of curve ^„(h). 

Check of two-layered model of ionosphere for daytime distribution of field 

(Fig. 4) shows what 6 points of maxima and minima of interference curve (3.9)* marked 

in Table II, conform well to diagram 

depicted in Fig. 8a. This indicates 

that what actually existing distribution 

of ionization in daytime is character- 

ized by two regions of height h^ and h2 

with sharp gradients of ionization. 

Englishmen [48] call these layers 

Dß(h = hi) and Da(h = hg). 

For nighttime (Fig. 8b) we do not 

have reliable graphs of dependence of 

field E on distance similar to Fig. 4b, 

i   *   t  t   10 H H IS 19 Mi* »?(local) 

Fig. 9. 

but it is possible to assume that two-stage picture of ionization depicted in Fig. 8b 

is result of idealization of problem and that in reality ü)0(h) is characterized by 

r.mooth drop, the "trail" of ionization of layer E at night.  It is interesting to 

p 
note that Jumps of au on boundary h^ by day and night are approximately identical. 

Data on daily variation of phase (Figs. 5  and 6) permit us to find daily 

variation of heights h^ and hp, depicted in Fig. 9. As can be seen from Fig. 9» 

lower bound of layer of ionosphere h^ follows geometric shadow of earth up to night 

layer E^. Second layer hp is connected with height of sun xc ^Y empirically found 

dependence 

A -- A, -M In sec 'X„ (?. 10) 

where h0 * 70 km and A is slowly changed during the course of the year from 5 to 7 

Formula (?.10) is valid to x    -  85°. For distant field, as will be seen later, 

basic role is played by lower layer h = h^. 
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CHAPTER IV 

BASIC CHARACTERISTICS OF NORMAL WAVES OF FIRST NUMBERS 

§ 1. Criteria of Similarity 

Having completed calculations made in Chapter III, we know all parameters of 

medium. Therefore It Is possible to turn to last operation of solution of mixed 

problem per diagram of Fig. 1, calculation of distant [VLW] (CßB) field by spectral 

formulas (2.101)-(2.108) (model B) and (2.127), (2.128) (model C). In these spectral 

formulas enter following characteristics of normal waves: 

1) wave numbers v. «= a. + iß., 

2) coefficients of excitation n. = Xl/ ^-»y i /^ ^ 

3) polarization factors 

ZM)  . Dv(a'.r)-ZAj{a,r) (lf 2) 

'        2. k)  forms of normal waves Y.,(r), 

In model B th^y are constant, and in model C the change slowly, depending upon 

geographic coordinates 9 and  cp. Calculation of v., n.., H. and Y for both models is 

reduced to finding eigenvalues of X-t and eigenvectors |YJzJ of operator of normal 

waves, described by expressions (2.53)-(2.57) for particular case of four-layer 

medium k = 0, 1, 2, 3» where layer k = 0 Is earth, k = 1 is atmosphere, and k = 2 

and k ■« 3 are layers of ionosphere. 

Thus, v^ n.., H^ Y, are functions of the following 9 dimensionless parameters, 

characterizing medium at given point 0, (p: 

1) radius of earth k^a ■ ^i'n* where k^ = r* 

2) dielectric constant of earth en = 60 +  0' 
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j5) height lower boundary of first iuyer k|h1 = k1(r1 - r0), 

k)   square of critical frequency of first layer cu- ./CJD , 

5) number of collisions In first layer ^iff/^ 

6) height of lower boundary of second layer hAln =  ^iC1*? " ro)' 
p   P 

7) square of critical frequency of second layer a)- p/tu , 

(2) 8) number of collisions in second layer vgff/a)* 

9) gyromagnetlc frequency u^/cu. 

From expressions for operator of normal waves (2.55)-(2.57)* and also (4.1) 

and (4,2), it follows thau v.., n., KJ and Y. are analytic functions of these 

parameters. Contemporary mathematical means do not permit us to find these functions 

in analytic form; therefore we used ordinary, well approbated, direct mathematical 

methods of finding eigenvalues and functions, which give numerical values of K^ and 

| Y.(r)/Z.(r)( for given numerical values of parameters of medium k^a, EQJ k.h^; k^hp, 

etc. Eigenvalues of Xo and this means of v. also, were calculated with accuracy 

to 5 significant digits, while Y.(r) and Z.(r) were calculated to 3 significant 

digits. Coefficients of excitation and polarization factors were found from 

calculated v.  and |Y.,/Z.| on tne basis of formula (4.1) and (4.2) with accuracy of 

3  significant digits. 

Exact calculation of v.,  n., n. and Y. over wide range of chan£is of nine shown 

parameters of medium by direct algebraic methods Involves a great deal of work, 

which scarcely need be done for clarification of basic regularities of distant VLW 

field. For reduction of volume of calculation operations we adhered to the following, 

which were checked by calculations: 

1. At distances of more than 200C km basic contribution to spectral formulas 

of models B and C in range of frequencies of 10-20 kilocycles is made by first three 

normal waves, railed quasi-TIL» quasl-TH?, and quasi-TE^, Remaining types of normal 

waves may be omitted from calculation, 

2. For shown types of normal waves basic role in waveguide process is played 

by lower bound of first layer of ionosphere h, = r^ - r0 and surface of earth, 

whereas for high types of waves the role of waveguide is played by boundary of second 

layer of ionosphere and surface of earth (see Fig. 11), Therefore characteristic 

criteria of similarity for first types of waves will be: 

-b0. 
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3. For frequencies In 10-20 kilocycle range number of characteristic criteria 

can be further reduced, since 

a) in virtue of high conductivity of soil and sea water t|<<«u™ — 

and e 0 is immaterial 

b) under the condition that frequency a)(~10^) is almost one order of magnitude ~lo^ 
U) 

less than v ff(~10 ),  components of tensor ||e||  depend only on two parameters — and 

.   aH.|_^. 
• cost, 

where 

•       •l/?^ + *S"      •». 
cost. 

♦// 

t-irctg-Ä-. 
V/ 

Thus in working range of frequencies cu wave numbers v. are functions of five 

criteria: 

^SJMJ—^MI.^.«.). 

here cu ^/tu and T^ pertain to lower layer of ionosphere. On these criteria of 

similarity of medium also depends remaining characteristics of normal waves n,, M., 

and Yj. 

For study of field of VLW at the surface of earth, where Y. - 1, it Is necessary 

to know only three characteristics of normal waves v., n,, and vt., as functions of 

5 above-indicated criteria of similarity of medium in ranges corresponding to 

possible values of parameters of medium on route at different times of day and year. 

Before describing results obtained, let us divide discrete spectrum of normal 

waves into two series of normal waves, called quasi-TH, (J « 0, 1, ?, 5, ... and 

quasi-TE, (J ^ 1, 2, 3, ...). By definition, first types of waves, for T -• 0, 

continuously pass into ordinary waves of type TH., (J •= 0, 1, 2, ...) with components 

H , E , E«, while second become ordinary TE.. waves with components E , Hr and H^. 

TH1 and TK., waves determine electromagnetic field in Watson model, where 

magnetic field of earth is absent (T >= 0). Here vertical Hertz doublet excites only 

TH-waves. 
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In case of T ^ 0 waves of quasl-TH.. type with wave numbers v. (J = 0, 1, 2,  J>, 

...)' besides basic components H , E and E«, contain components E , H ,. and HQ. 

Ratio of two groups of components is determined by magnitude of polarization factor 

H^. Analogously, quasl-TE.. waves with wave numbers v.E, besides basic components 

E , Hr, and He, contain components H , Er, and Ee in ratio determined by quantity 

1/H1E. With sufficiently large T, K1E and H1H become comparable to 1; therefore 

criterion of domination of components E , H , and HQ in quasi-TE.. waves and of 

components H , E , Ee in quasi-TH.. waves csuinot be used for discerning TH, ^nd TE.. 

waves. For their Identification during calculations we continuously decreased T and 

0. 

It is natural that when x ^ 0, vertical Hertz doublet excites both qviasi-TH. 

and quasi-TE^ waves. Coefficients of excitation of these waves subsequently are 

designated n .„ and n.., respectively. 
Jn     Jt    • 

§ 2. Dependence of Charactei'istics of Normal 
Waves on Wave Number     

In Fig. 10 are depicted spectra of normal waves of type TH.. for J = 0, 1, 2, 5, 

k,  5 and 6 for following parameters of medium: a = 6370 km, au « oo, h^ « 70 km, 

h2 - 75 km, -S«i . 0.15J ~f^ = U  tg ■x1  = 0.4; tg T2 = 0.8, and cu = lo3, which 

corresponds to daytime conditions of propagation above marine surface. On abscissa 

are plotted a. = Re (J-'.), while ordlnate are plotted, upwards, mod n.. and, downwards, 

ß. •» Im (v j). 

In Fig. 11 are depicted distributions of amplitude and phase q) of component 

Er1 with respect to height for J = 1, 2, and 4 (TH1, TH«, and THj.). 

On the basis of Figs. 10 and 11 the following conclusions can be made. 

1) Real parts of wave numbers a => Re (v.) monotonically decrease with growth 

of wave number. The biggest value of a for TH0 wave is always smaller than 

magnitude of k^r^, which is due to positive value of angle of slip 7 with Incidence 

of normal waves on layer of ionosphere; 

COfT/aJWyl/Vi. (4,3) 

2) Period of modulation of amplitude of normal wave (Fig. 11) with respect to 

front decreases with increase of wave number J. 

3) Coefficients of excitation n.. of normal waves sharply decrease for first 

types of waves, for which a4 * k.a, which is caused by low field strength of these 

waves near earth's surface (adhesion effect), 
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4) Attenuation factors ß. = Im {v.) of normal waves monotonlcally increase with 

increase of number j.     Exception is TH0 wave,  which experiences large degree of 

damping.    THQ wave strikes ionosphere at an angle close to quasl-Brewster anf.le; 

therefore it is reflected weakly from ionosphere. 

5) From Fig.   11 one mty see that first types of waves are reflected basically 

from lower boundary of first  layer, and high types of waves,  starting with THK,  are 

reflected from second layer. 

mom 0 

15 

$0 

IS 

NO 

Pig.  10. 

■M Ü»   Hoo m mo   im I9P0 
/ 

»too 

10 Numerical values of n. are multiplied by 2/?'»10 

Of special interest is TH0 wave, which is analog of cable wave in two-conductor 

waveguide systems. In flat models of media it is considered the basic wave [27, 28, 

29]. During calculation of sphericity of earth, cable wave loses dominating value, 

because its field is concentrated near concave surface of ionosphere and is weakened 

greatly near earth (adheoion effect); coefficient of excitation n0 < < n. (.1 ^ 0). 

Besides, in daytime cable wave possesses experiences greater degree of damping from 

incidence at angle close to Brewster angle. 

Prom Figs. 10 and 11 it follows that in daytime at distances over 1000 km it 

is necessary to consider only quasi-TH1 and quasi-TH2 waves. 
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For nighttime,  dependencies of v.,  n,, H^ and Y. on number J have analogous 

form.     Number of propagating normal waves of quasl-TH type Is  Increased to 6; 

therefore Aa    = a    - a.  ,  decrease.    Besides,  all a   are displaced to the right; 

therefore larger number of first types of normal waves is subjected to adhesion 

effect,   showing up as  decrease of coefficients of excitation n..    At night qausl-TE.. 

waves start to play a role.    Their wave numbers a
1E = Re(v..E)(J = 1,  2,  3,   ...)  also 

raonotonically decrease with growth of number j,   starting from first TE^ wave, and 

attenuation factors monotonlcally increase. 

Increase of excitation frequency a) leads to change of spectra  (Fig.   10),   to 

analogous increase of height of layer h,, .    Number of TH. and TE.. waves is Increased, 

that is,  Aa.  decrease,  and all a    are displaced to the right.     Therefore with 

Increase of OJ,  an ever greater number of first types of normal waves falls in 

interval k^a < a < ^(a + h>), where adhesion effect appears.    Thus they cease 

playing role in spectrum of distant field,  and their place is taken by higher types 

of waves, , 

Calculation shows that in range of frequencies from 10 to 20 kilocycles and 

with change of height of layer h.  from 70 to 90 km at distances of more than 2000 km, 

as a rule, basic role in distant field is played at night by three waves:    quasl-TH^, 

quasl-THp, and quasl-TE^.'    Exception to this occurs in certain sections of route, 

where,  as a result of interference, there occurs', mutual extinguishing ol  quasi-TH^ 

and quasl-TH« waves  (0 - 0minmln*  Chapter V,  § 2).    At these singular points it is 

necessary to consider higher types of waves. 

Subsequently we shall limit consideration to but three types of normal waves, 

TH1, TH«, and TE^,  since above-indicated sections of route are unfit for communication 

and navigation. 

§ 5.    Dependence of Characteristics of Normal 
Waves on Properties of Ionosphere 

Properties of ionosphere are determined by three criteria of similarity k^h^, 

oj    ^/u and T1.     In Figs.   12,  13,  and I'*  Is given complex plane v = a + iß,  on which 

are plotted curves of v^.,  v2„,  and v^j, as functions of parameter cu    j/tu of first 
5 layer of ionosphere for two different values of parameters T and k^h, with a) = 10^: 

a) ^,-0.4 (»««J -2.10»),ikjA, - 22(A1=7M. A.-75«, »1«= 10', 

^ = i; 
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t)      lgt,-0.4(^-2.lO'),Mi-28(A,-88.5.«)l*l-93«.,»J«j-il(ri 

^-i; 

c)      tgt - 10 W"a 8.10»), *,*, = 22 (»,-70«), A, - 75«. »«j- 5.10». 

^ = 1.5; 
d)     Igt- IO(Vj;|-8.10l)>*lA1=28(A1=88.5«),A,-93«.^= 5.10», 

Remaining parameters of medium had values k^a = 2001.2; OQ = oo. 

Increase of CJü ./OJ along every curve (Figs. 12-14) occurs because of increase 

of electron concentration N ' ' of first layer of Ionosphere, that is, of quantity 

ox 
2 "V l\ 
>p .   (In Figs. 12-14 are plotted values of •*   1. 

Real parts of v1H, VpH, and v.g monotonically grow with decrease of cu /CJü. 

Changes of dampings ß1H, ßpH, and ß.« as functions of ^y^> are more complicated. 

The most simple is dependence of ß1E on cu /« for quasl-TE^ wave (Fig. 14). With 

decrease of --*■ from oo (ideally conducting ionosphere), damping ß1E = Im (i-'j,.) 

monotonically increases from 0. Here real part of wave number a,E = Re (v^p) la 

increased proportionately, so that line ^^„(-^j becomes straight. Increase of ß1E 

is explained by weakening of reflective properties of h^ layer of ionosphere. 

For TH^ and THp waves monotonic build-up of ß,„  with decrease of a) /UJ la 

disturbed in range of values of aaVcu" approximately from 10 to 0.5, where there is 

observed a quite sharp fall ß^H and ßpH with decrease of cu /co, 

When u^V'" = 10 to 20, maximum damping occurs. Appearance of maximum damping 

is due to fact that normal waves, quaci-TH. and quasi-THp, with predominance of 

vertical polarization (H^M and K„H are small), strike layer of ionosphere r = r^at 

angles close to quasi-Brewster for values of cu /<« = 10 to 20. Therefore in this 

range of values of to /cu reflective qualities of ionosphere are weakened. Subse- 

quently, for brevity, we shall call this phenomenon the Brewster effect. 

"V 1 
When  ■' 's are considerably smaller than quasi-Brewster values, there is 

. "V 1 restored normal increase of & .„ with decrease of —-t~,   caused by weakening of 

reflective qualities  of ionosphere.    Between this normal region and region of 

quasi-Brewster maximum,   in interval 5 > —^— > 0.5,  damping is minimum,  wherein lie 
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values of v,t, and v_„ corresponding to normal conditions of lower layers of 
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Fig.   12. 

For values of cu    ^/UJ less than 0.2 lower layer of ionosphere is so greatly 

weakened that basic role is played by higher disposed second layer of ionosphere. 

From comparison of curves (Figs.  12-1^), with tg T - 0.4 and tg T - 10, it 

follows that magnetic field of earth starts to show up with large values of T, when 

veff ^8 ^eS8 t*ian "^j'    ^ere a^ttenuation factors decrease.    Influence of magnetic 

field of earth is greatest for wave quasi-TH^ waves,  less for quasi-THp waves, and 

practically negligible for quasi-T^ waves.    Decrease of ßlH and ß2H due to magnetic 

field of earth is observed over wide range of value of CU^/Cü < 5 and is explained by 
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weakening of effect of Brewster angle as a result of appearance of magnetic 

anisotropy of layer. In region of large values of <iürl/cu > 5, where Brewster effect 

is maximum, influence of magnetic anisotropy is small. 
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Fig. 14. 

From Figs. 12-14 can be made also conclusions about altitude effect of 

ionosphere on Re (v.) and Jm (v^). When -^ > 0.2-0.3, real parts of wave numbers 

alH* a2H' and alE ßrow with hl' Just as for a11 other ai (Fig. 10).  Here speed of 

dlsnlacement 1H is leastj therefore intervals between a.  and a-H, and also between 1H 2HJ 
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a.     and o^r;*  decrease with growth of h.     This regularity,   shown earlier during 

discussion of spectra (Fig.   10),   very significantly changes picture of distant field 

during transition from day to night.    Thickening of spectrum with increase of width 

of waveguide h^,   or of excitation frequency CD (criterion k^h^),   is general dependence 

for all hollow waveguide systems. 

Atttnuatlon factors ß.„,  ßnu»  ß-n? drop with increase of h. 

§ k.    Dependence of Characteristics of Normal Waves 
on Propertif.s  of EnrtH "~ 

kira 
Properties of earth are determined by parameters k^a and —-—.    Influence of 

earth's curvature on wave numbers  in range TQ - 6^50-6380 km is well within 

following linear dependence: 

*        a  ' ^-^ 

where a = 6370 km. 

For high types of waves this dependence is satisfied in wider limits than for 

first types of waves, where this dependence is distorted by effect of "adhesion." 

With increase of radius of earth r0, effect of "adhesion" is less, and formula (4.4) 

is satisfied with large degree of accuracy. Conversion of a. from plane case 

(a -► 00) to spherical with a = 6370 km by formula (4.4) for first types of waves is 

impermissible, which indicates unfitness of flat models for calculation of distant 

field of VLW. When a = 6570 km, form of TH1 wave, determining distant field, differs 

considerably from TH^ wave of flat case (a = OD) . 

In range of radii of earth of 6550-6380 km it is possible to consider that 

forms of waves, coefficients of excitation n.., damping ß,., and polarization n, 

remain constant under the condition that other parameters of medium k^r,, —, x etc., 

are not changed. 

More essential Influence on characteristics of normal waves is rendered by 

conductivity of "soil." In Fig. 15 is depicted dependence of attenuation factors 

(1) 
of quasi-TH^ and quasi-TH2 waves on resistance l/o« for day (h. = 70 km, v\ff = 

7 1 f-i r 
= 2.10  ,   etc.)  and night  (h ■ 88.5 km,  v  „„ = 8.10 ,  etc^   cases when cu = lO-3.    As can 

be seen from graph,  in range of  "soil"  resistances from sea water to very dry soil 

iltenuation  factor of TH.  wave  is  increased by 0.7,  while  that  of TH^ wave  is 

Increased by Ü.9-1.0. 
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For approximate calculation of influence of conductivity for all types of waves 

it Is possible to use formulas: 

P>A)-Py(") + A?A). 

where Vj(ao)  • a4(a3) + Iß^oo)   Is wave number of normal wave J for a0 ■ oo;  quantities 

Aaj(a0)  and Aß.(o0)  are presented  In Fitr.   15; Aß^ for TH^ wave is plotted separately, 

since Influence of o0 on TH^ wave  is somewhat less than for high types of waves, 

owing  to effect  of adhesion. 

X 2/2.10" 

_  4 • ro 
...    h*86t5 w 

■f oH»«/m 

0   2*    6    6   10   12    IU   16   id   20 22 2* 
Fig.   16. 
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On the same Fig.   15 is given dependence of increase of Aa, with impairment of 

ground conductivity.     Aaiu ls  small and is not  shown in Fig.   15. 

In Fig.  16 is given dependence of coefficients of excitation n.  for quasi-TIL 

and quasi-THp waves on  resistivity of soil V^Q.    As can be seen from graphs of 

Fig.   16,   influence of  1/OQ on n,. is insignificant.    Just as insignificant  is influence 

of resistance of soil on coefficients of polarization yt,.. 

§ 5.     Dependence of Characteristics of Normal Waves 
on Parameters of Radiator ' "   """ 

Radiating device  in the form of vertical Hertz doublet is characterized by 

emissive power W,  coordinates of dipole, and frequency cu. 

Emissive power,  as  follows from formulas   (2.101)   and (2.105),  determines 

amplitudes of normal waves, which are proportional to square root of emissive power. 

Characteristics of normal waves v., K.,, n.,  and Y, do not depend on emissive power. 

Position of dipole,   determined by height  of dipole above earth b  -   r, ,  does not 

affect v. and K.., but can strongly change coefficients of excitation n..(0) at point 

0. 
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Frequency tu of radiator essentially affects all characteristics of normal 

waves, since it enters in characteristic criteria k.a, 47ro0/cu, OU /CU, and k^. 
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General character of regularities of change a. and ß. for TH^, THp, and Tl^ 

waves from frequency a) may be established from Figs. 12-14. With Increase of tu, 

criterion k^h. Is Increased, while (ü/Cü decreases, where, according to Figs. 12-14, 

all a. Increase and ß1H and ß_H decrease, if CDAU lies In "tall" of quasl-Brewster 

maximum and incretise for region of small (X) J's>,    Since influence of frequency ui  on 

characteristics of normal waves is complicated effect, in which participate 4 

parameters of medium, then for convenience of calculation in Pigs. 17-22 are given 

to dependencies of the following quantities on frequency: 

(«iÄ-«w/);(»i«-<»iiO:?/i mod«/ argfly; mod«/ arg«^ 

On every figure are given .two curves for "day" and "night" conditions. They 

are basic working graphs for calculations of amplitude and phase of distant field 

(Chapter V). For "day" curves are taken parameters of medium 

-#«oo, a = 6370 KM, A, = 69,73 KM: «»., = 0,3-10", v<|)=2.I0T, 

A,-75 KM, •!.« = 2-10", vt»> = 10', «./y-S-IO*. 

For "night" curves are taken parameters of medium 

^moo, a = 6370 KM, A, =86.5 KM, «J.I = 0,3-10u; 

»«» = 810i, Aj=90 KM, »J.j- 1,5-10", vP) --=5-10*. «„^S-IO«, 
til tit 



In addition, in Fig. 1? ^s given dependence Aa1H - a^  (86.5) - a H (70). 

Magnitudes of a „ and a.  are calculated by the formulas:  a  (70) ■ a.  (70) - 

" (alH " a2^  a2H (86-5) = alH (70) + AalH ' (alH " ^'   etC' Where alH (70) = 

= 1611.4; 2004.0; 2604.4, respectively for CD = 0.805; 1.000; 1.290 x 0.9,*2«105. 

Parameters of waves for intermediate heights are Interpolated per linear law. 

For calculation of conductivity of earth, Pigs. 17-19 for a., ß. and |n.| are 

corrected by graphs of Figs. 15 and 16. Phases of n, and H. weakly depend on 

conductivity of earth. 

Deviation of magnitudes of a. and P.. from values in Figs. 17-19 due to change 

of as ./a) and T, which can take place in periods of Ionospheric perturbations 

(flashes on sun), is determined with help of graphs of Figs. 12-14. 

Thus with help of basic working graphs of Figs. 17-22, corrected by graphs of 

Figs. 12-14, allowing for deviations of <Jü/üJ and T, graphs of Figs. 15-16 for 

calculation of conductivity a«, formula (4.4) for calculation of changes of earth 

radius a, and formula (2.98) for calculation of heights of points of radiation and 

reception, it is possible to calculate all characteristics of normal waves necessary 

for calculation of distant field. 
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CHAPTER V 

CALCULATION OP REGULAR DEPENDENCIES OF AMPLITUDE AND 
PHASE OP DISTANT VLW FIELD ON TIME AND DISTANCE 

§ 1. Calculation Formulas for Components of Distant on  Formulas for Comp 
VLW Field (Model Cli 

As already was indicated In Chapter I, adequate theory of [VLW] {CJSß)  propagation 

can be formulated only on the basis of model of medium considering temporal and 

horizontal variations of parameters of medium. Therefore we shall use subsequently 

calculation formulas for model C. Using formulas (2.25)-(2.30), with function 

(B/A| determined by (2.128), we obtain following calculation formulas for components 

of field! 

l/(P,Ov>(u',*)D,y(a',r)f * 

 f^T 

 f^7 
W/(P)0,>(a',6)Dv/(a,r)f » 

(5.1') 

(5.1") 
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where n.(0) designated coefficient of excitation at point of radiation 0, and n.(P) 

is same at point of reception P. 

Integration in exponential factors is carried out with respect to the shortest 

"beams," connecting point 0 with point P. 

As can be seen from Chapter IV, during calculation of field in range of 

10-20  kilocycle, it is necessary to take into account only three normal waves: 

quasi-TH1, -THp, and -TE1. Therefore for calculation of field on surface of earth 

formulas (5.1) take form: 

£, x-IAr, |    -iF- e '* 177/, i 77/, .  77:,| (nv/m). 

(5.2) 

where 

»...,.     r   / "'-kl**!    *£■   '•r!Wl!W8r^|-M. 

"•-     ^i I    ^   c*' IW, f 7//,+ 77:,|• (ua/m)# 

+«,£(Oj«1£(/
>)f 

lf«lll4* 

Iw, f r//3 h rfI|^/»lw(Ovil//(/>)xw(/')r 

(5.5) 

(5.2') 

(5.3') 

Integration in (5.2) and (5.5) is carried out with respect to the shortest arc 

of threat circle connecting points 0 and P, since distortion of "learns" TH^, TH^, an 1 

TE. is small. 
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Replacement of true trajectory of beam by geodesic is permissible if path of 

beams TH^ TH2, and TE^^ form angle of more than 10° with twilight belt.  In case of 

paths for which beams slip along twilight belt, for exact calculations It Is 

necessary to consider distortion of beams due to refraction and also change of 

coefficients of excitation at point of radiation n(0) and  at point of reception 

n(P) due to lens effect. 

All parameters entering in formulas (5.2)-(5.5) can be determined from graphs 

given -In Chapter IV according to data on earth's surface and lower layers of 
■ 

ionosphere along calculated route. Data on lower 

layers of ionosphere are determined from near field of 

very long waves by method presented in Chapter III. 

After all characteristics of normal waves on 

route are determined, calculation of fields E , E0, 

E
H)' 

Hr' He' \  ^ formulaB (5.2)-(5.3) is carried out 

by analytic or graphic method. In Fig. 23 Is depicted 

vector diagram, obtained through use of graphic method. 

For E basic role Is played by TH^ and THp waves. 

With increase of ulstance 6, all vectors of waves 

revolve counterclockwise and decrease in magnitude. Thus each of them forms 

trajectories in the form of twisted spirals. In view of fact that o.^,  > a , 

angular velocity of rotation of TIL waves is more than that of TH« waves. Therefore, 

moving in revolving system of coordinates, together with vector TH^, we shall see 

rotation of vector THo clockwise with angular velocity determined by difference 

alH " ^H'  Here total amplitdue and its phase with respect to wave TH^ will 

oscillate. 

§ 2. Spatial Dependencies of Amplitude and Phase 
of Distant Field (Uniform RouteTj 

A. VLW Propagation by Luy 

Wc shall start with simplest case of VLW propagation, when route passes above 

marine surface and is Illuminated evenly by sun.  In this case, according to Chapter 

III, following parameters of medium apply: 

,(•1. 2'\0\ ht 2 75 KM, »J.a = 2-10", vi»» = \0\ 
id t(f 

a —6370 KM, a,-»«. A, >70 KM, »J., SCS«^, 

^5 KM, »2.3 = 

•/^S-IO". 
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At distance of more than 2500 km, for calculation with accuracy of 10^ It is 

possible to disregard all normal waves except TH^. Therefore calculation formula 

(5.1) for E takes simple form: 

«,/X »i«o^(.v») />,.„(.•. DA"***}. 

Field E„,  owing to smallness of H1t, is practically absent.     If radiating Hertz 
cp in 

doublet and receiving point are on surface of earth,  that is,  b = a and r = a,  then, 

cince D^1,  a)  = 1,  formula (5.10  will be simplified still further: 

*--'Vi£"'",(v+*)- 'V sin < 
where 9 is angular distance between points 0 and P. 

In expanded form instantaneous value of E will be 

(5.5) 

Er 

whence amplitude of distant field |Er| is equal to 

(5.6) 

-Pwi \ß\.A^^LpU* (5.7) 

In Fig. 24 are given dependencies of |E | on angular distance 0 for W = 1 

kilowatt, for three frequencies f - 12, 15» and 19 kilocycles. In the same place 

are given for comparison results of measurements of daytime field from round-the- 

world expedition of 1921-1922 under summer conditions [43]. 

Prom Chapter III it follows that daytime summer conditions differ little from 

daytime conditions in period of equinox; therefore it Is permissible to compare 

results of calculation and experiment. Phase of distant VLW field In daytime, as 

follows from (5.6), grows evenly with distance for a0 > 2000 km. 

On distances less than 1500 km it is necessary to consider higher types of 

waves. In Fig. 25 is presented analytic curve of |E (0)|, taking into account 

quasi-TH^, quasi-THp, and higher types of waves. In the same place is given 

experimental dependence of |E (0)|, taken with help of aircraft flying on route 

from England (340 km from Rugby) to Cairo [45] In the summer of 1950. Since 

results of work [45] are presented in relative magnitudes, then on basis of good 

coincidence of theory and experiment for distant field (Fig. 24) we assumed that 

both curves coincide for large values of 0. Here also is revealed good coincidence 

of experiment with theory. 
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It is necessary to note that in existing literature on long waves are widely 

applied the phenomenological formulas of Osteen-Kogan, Puller, Ekspenshid, and 

others.    All of them have following structure: 

\BA.*!!äLe---D. (5.8) 

where D ■» ae - linear distance. 

P - HI — moment of Hertz doublet, 
1 

X — wavelength, ra = •* - 1. 

First factor of (5.8) determines field of dlpole in free space, the second 

considers damping in medium. If this formula is compared to (5.7) and we consider 

•  Pi« 

377«/ 
«I« 

(5.9) 

(5.io) 

then sharp distinction In dependencies of first and secrnd factor on frequency UJ 

Is immediately apparent. According to Fig. 18, ß^ depends on frequency, and 

weakening of distant field with frequency (Fig. 24) Is caused by fall of |nlh| 

(Fig. 19). In phenomenological formulas (5.8), conversely, pre-exponential factor 
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increases with frequency, and weakening of distant field with frequency should be 

provide by second factor. Thus slope of drop of phenomenological curves IEr(B)I is 

increased with frequency. From Fig. 24 it follows that slope is practically 

independent of frequency. Therefore phenomenological formulas give grossly incorrect 

quantitative and qualitative results. Unfortunately they occupy central place in 

all monographs and textbooks on propagation of radio waves in sections on long waves , 

misleading broad radiotechnical circles. 

For VLW propagation in daytime above land it is necessary to consider 

conductivity of earth a0 • Formulas for calculation of field above land ~urface are 

not changed, and in earth or under surface of water will be 

E,(H,t)-E,(•.•!( ~-r,- '" -Ill I etc •• 

where Er(a, 6) is determined by formula (3.6). 

(5.11) 

If route is nonuniform with respect to ionosphere and ground conductivity, then, 

according to (5.2)-(5.3), it is ne~essary to replace exponential factor v1He by 

integral and quantity n~ by product n1H(O)•n1H(P), where 1n coefficients n1H(O) and 

n1H(P) it is necessary to consider ground conductivity near radiator and receiver. 

Formula for Er takes form 

(5.12) 

As can be seen "takeoff" and "landing" sites for radio waves play considerably 

smaller role here the route itself. In this respect very long waves differ 

essentially from medium waves, investigated by group of Soviet scientists under 

leadership of academicians Mandelstam and Papaleksi. It is necessary to note also 

the di&tinction in shore refractions. On VLW there is real shore refraction, 

nonvanishing with distance from shore, but it is extraordinarily weak, as can be 

seen from insignificant increase of ~jH during transition through land-sea boundary 

(Fig. 15). 

Influence of conductivity of land, predicted by theory within limits of errors 

of measurements, agrees with experimental investigations. In above cited work ["31 

are described changes of daytime field strength ot radio station 1n San Francisco 

(f = 23 kilocycles), taken on ship pr oceeding from England to New Zealand through 

Panama Canal. Field strength vas increased by approx~tely twice during transition 

from radioroute from San Francisco to Panama Canal (almost entirely land) to 
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radloroute from San Francisco to the Pacific Ocean (15° S, 100° W) (entirely sea). 

From Figs. 15 and 18 we determine by means of extrapolation that ß1H for sea (o0 = 

■ QD) is equal approximately to 2.2. For land of average conductivity, taking into 

l 
account frequency correction, Aß1H ~ 0.8. Hence E , ^ )/^r(        ) ~ '?'    It is 

necessary to note that in Fig. 8 of work [45] on directions of routes are plotted 

field strength reduced to 5000 km. 

B. VLW Propagation at Night 

Now we shall consider VLW propagation for period of vernal equinox under 

conditions when entire route passes through nc.iilluminated region above marine 

surface. Disregarding Irregular variations of parameters of lower layers of 

ionosphere, caused by turbulence and other factors, we shall consider that along 

entire night route medium, according to Chapter III, is characterized by following 

parameters: 

« = 6370 KM. s=-. A»-86,5KM,•!,-0^.10", 
101-8.10», », = 90 KM, «ti-1.5.10», ^|-5.10». 

•it« 8.10*. 

For distances of more than 2000 km, for calculation of field strength with 

accuracy of 105^, it is possible to be limited to three waves: quasi-TI^, quasi-THo* 

and quasi-TE^. 

In Pigs. 26 and 27 are given amplitude dependencies on distances |E (9)| and 

dependence of phase on distance, arg E (C1), for case b = a and r = a with above- 

mentioned parameters of medium. Calculation was conducted with first formula of 

(5.2). 

Characteristics of normal waves v. and n. are determined on graphs of Chapter 

IV. 

Letters A, B, and C on Figs. 26 and 27 denote curved pertaining respectively to 

frequencies f = IJ kc, 16 kc, and 20 kc. 

First of all, let us consider amplitude dependencies (Fig. 26). Oscilliatory 

variations of amplitude of total field E , as are those of all other components, 

are caused by Interference of TH^ and TH^ waves. Quasi-TE1 wave has phase velocity 

close to that of quasi-TH. wave and considerably smaller amplitude. Therefore It 

gives long-period shallow pulsations. On small distances THp wave dominates; on 

large TH1 dominates. Cause of this to large coefficient of excitation and attenuation 

factor of THp wave. 
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Fig.  25. 

In Fig.  28 are given distances 0m4vN and 6 at which amplitude of E    turns 
mm    max r        r 

into minimum (solid curves) and maximum (dotted curves). Figures on the right 

denote reference numbers of extrema. In interval of angular distances marked by 

heavy lines TH1 and TH2 waves are approximately equal; therefore low points of (E | 

attain greatest depth here. These regions 9 we call 0mlri Blir 

As can be seen from Fig. 28, for certain frequencies there exist two deep 

adjacent minima of approximately identical magnitude. Dotted curve shows dependence 

of [Er] on frequency at öminmin. From Fig. 28 it follows also that with increase 

of frequency UJ, region 0 .  .  rapidly departs from radiator and depth of low 

points increases. 

In upper part of Fig. 28, above band 0 « eminmin» quasi-TH1 wave dominates; in 

lower part quasi-TH2 wave dominates. At large distances, when (0 - 0 .  .J is 

threat, amplitude of pulsations of curves |E I, depicted in Fig. 26, attenuates, and 

night field of )E I may be calculated by monomial formula (5.6). 
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Mean amplitude of |E | for averaged pulsations at small distances 0  < 0 .  . 

is detennlned by formula (5.6), where as basis is taken TH? wave. Mean amplitude 

of |E | for 0 > &  .      .    is determined by formula (5.6), where as base is taken TH. 

wave. Since attenuation factors of TH2 and TH. waves are different, mean amplitude 

|Er| drops for small values of 0 faster than for large ones.  Therefore monomial 

phenomenological formulas are not useful for description of space regularities of 

night field in whole interval of 9. 

Complicated interference character of night field very much hampered 

experimental investigations of space regularities of VLW. Therefore in work [43] 

are given only quasi-minimum and quasi-maximum values of (E I for frequencies of 

16-30 kilocycles, plotted in Fig. 26 by dotted line. 

Despite the fact that mean amplitude of night field, determined by TH2 wave at 

distances 9  < emin„^ and ^y TH^ wave for 0 > ^„.^^^1  is larger than day values 

(Fig. 2k)   in regions of 0 close to 0min „.w real night field can be considerably less 

than day.  Example of this is sharp fall of distant field of radio station GBR (Rugby), 

f = 16 kilocycles, during reception in Moscow.  From Figs. 24 and 26 it follows that 

-' I  «- = —frsr = 3* which coincides well with experimental swing of diumal 
Er(H0'ib )   50 

variations of station GBR (§ 3» Chapter V), which is located at angular distance of 

9 = 0.4 = 9^.^.    from Moscow, minmln 

Another example of fall of night field, which was earlier considered an 

anomaly, is Kauka (Hawaiian Islands) - Tokyo route, with extent of 0 = 1 radian 

(frequency, 17.7 kilocycles).  From Figs. 26 and 24 it follows that when 0=1 

mllan, |Er| falls in region ^minmin>  where E
r^eHb^ = *% = 2, which coincides with 
r(Hoyb) 

(iuirnal swing of variations of |E | given in book by Acad. A. N. Shchukin [1]. 

Thus anomalous daily variation of distant field of VLW is always obtained for 

regions 0 ^ 0min min * where there occurs interchange of THp and TH1 waves. It is 

interesting to note that in range of 10-20 kilocycle ratio E (jjem )/F (iiowi ) in 

region 9 ~ ömin min does  not depend on frequency and equals approximately 3, 

In regions 0 < 0 .  ^ and 9 > tL-in m:in day  field is less than night. This 

case, naturally, is observed more frequently in practice of long-distance 

communication than with the preceding.  Therefore it is considered normal.  Examples 

cf normal cases are: 
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1. Route f rom Roc ky poi nt (Uni ed tates) to New Southgat e (Engl and), di stance 

e ~ 0 . 85 r ad ian (frequenc y, 17 . 1 0 ki l ocyc les) . On it i s observed re u l ar inc reas e 

of night fi eld 

EJ,IIt•), . 10 
~ = 180- r=. o.s . .. ~ .. 

From Fi g . 28 it f oll ows tha a t f 7 kl ocycle i n region e = o. 8~ there i s 

i nterference maximum. 

From Fi gs. 26 and 24 i t fo l lows tha 

~, EJiiUf • 0.4. 
~, 

2. Route from Annapolis {Uni t ed S ates ) to Mos ow, distanc e e = 1.22 r a dian . 

( f requency f = 19 kilocyc l es ; NSS ) ; on it in pe r i ods o ' e i nox i s observed regula r 

increase of f ield at night (§ 3 of this Chapter) 

E,c.n.t' - 0,32+0,35. 
~,( ..... -... 

From Figs . 26 and 28 i t f ol l ows t hat e = 1 .22 f or f = 19 kilocycles is between 

t hird maximum and minimum of interferen e curve IErl and ratio 

3. Route from Naven (Germany) t o Tokyo, distance e ~ 1.4 radian (frequency 

r = 16.5 kilocycles); on this route there regula rly i~ observed 5.5-6-rold gain of 

night field as compared to day [ 1 ]. 

From Fig. 28 one may see that f or f = 16.5 kc, e • 1.4 radian, at night there 

i s a fourth interference maximum. According t o Figs. 24 and 26 

E.c-pl •13_!. 
~ ....... ...,. IS I 

4. Route from Hawaiian I slands t o Mosc ow, distance e c 1. 8 radian (frequency 

17. 5 kilocycles); on t his route was ob e r ve 4-fold increase of night field 

(aut hor s ' measurement). From Fig . 28 i t foll ows that fore • 1.8 radian and 

r requency of 17.5 kilocycles at night here i s ift h interference . maximum; field 

i n i t i s of the orde r of 30 mic r ovol t s /m (Fi • 26). By day (Fig . 24) fiel d 

con s itutes 7 mi c r ovoJ s /m. Thus 
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We could have multiplied number ol' examples of anomalous and normal daily 

variation of |E {t)|, which, within limits of errors of experiment, are contained 

in above-stated theoretical calculations. 

It is necessary to note that diurnal swing of |E I, determined by ratio 
y 

E >   ', does not depend on conductivity of earth along route, since corrections 
r(HOMb) 

Aß,™ and AßpH are identical both for day and night. Therefore during comparison 

of experiment with theory, we used data for o0 ■ CD. 

Now let us turn to discussion of graph of night phase depicted in Fig. 27. 

In it are given phase differences between total vector of field E and vector of 

basic wave, having the biggest modulus (Fig. ?3). Graphs A, B, and C pertain 

respectively to frequencies of 13, 16, and 20 kilocycles. Since in interval of 

angular distances 0.2 < 9  < 1,5 for f = 13 and f = 16 basic wave, according to 

Figs. 26 and 28, is quasi-TH1 wa/e, while for f = 20 kilocycle it is THg wave, then 

for graphs A and B on ordinate are plotted phase differences between vector of total 

field and that of TIL wave, while for graph C ordinate bears vector of total field 

and of THp wave. 

From Fig. 27 one may see that deviations of phase &p of total field from basic 

wave oscillates around zero value and attenuates with growth of 0,    Maxima of 

deviation of phase Atp from zero value are shifted with respect to maxima of amplitude 

»f field |E | by 1/4 period of space variations, that is, are observed at various 

angular distances.  With increase of frequency f swing of oscillations Acp grows. 

At our disposal there are no experimental data on measurement of phase of 

distant field. Therefore confidence in result.- of Fig. 27 can settle only on 

coincidence of experimental data on amplitude of field with calculated values.  The 

latter were obtained from the same formulas used for data on phase. 

§ 3. Temporal Dependencies (Dlurnn I Variation) of Amplitude 
and Phase of Distant VLW Field on Nonuniform Routes 

"'    - 0f variable Illuminance 

For practical purposes it is very important to know diurnal variations of 

amplitude and phase of distant VLW field. In this section we shall consider two 

cases: 

1) anomalous daily variation n Sugby (England) - Moscow route (r< = Ü.4, f = 

= 16 kilocycles), 

-88- 



2) normal daily va riation on Annapolis {United States) - Moscow route ( e 

f 19 kilocyc les) in period of vet~al equinox. 

1. 22, 

Regular heterogeneities alon route are: 

1) change of conductivity of earth cr0 , 

2) changes of properties of ionosphere, caused by shift of twilight belt. 

Regular change of phase and amplitude of distant VLW field at fixed point of 

reception, in this case in Moscow, appears onl because Jf shift of twilight be lt 

along route. 

Calculat i on of field of Er at the surface of earth was made by formula (5 . 2) , 

where, ins t ead of angular distance, i s introduced average time on r oute t y the 

f ormula 

(5 . 13) 

.. ~ 

Here e
0 

is angular distance between 0 and P, t 0 is diff erence in l ocal times between 

0 and P. Integration is carried out from t to t + t 0 , wher e t i s time at point of 

receptiot P. 

Dependencies of characteristics of normal waves vj' nj' and Kj on time were 

etermined with help of graph of heights h1(t), Fig; 9, on which abscissa twas 

replaced by e per formula (5.13) and from Figs. 17-22 for night and day values of 

v j , nj, and Kj. Values of vj, Kj' anc nj in twilight period were obtained from 

Fi gs. 17-22 by means of linear interpolation. Since curve h1(t) consists of 

st raight lines, then integrals entering in (5.2) are calculated by formulas for 

areas of triangles. 

In Fig. 29 are given compute values of amplitude and phase of field of station 

GBR (Rugby) in Moscow for period of vernal equinox. In the same place is given 

experimental curve of daily variation of amplitude, taken on 19 Mar ch 1955 in region . 
of Mos cow • . All data on amplitude are given in decibels with respect to da::time 

values of field, which is distinguis~ed by hi~l stability of amplitude. 

As can be seen from Fig. 29, there is good coincidence between calculations 

and experiment. Theory , in virtue of s implif ied initial dat~ (Fig~ 9), considers 

only regular oscillations of field. Therefore from comparison of ~xperimental and . 
calculated curves i t is possible to dismember regular and irregular parts of field. 

Thls will be done in following section. Here we are interested only in reg~lar 

hanges of daily variation. 
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On the basis of presented the~ry it i s simple to explain temporal variation of 

amplitude of field Er• depicted in Fig . 29. In course of day amplitude Er does not 

hange, since field at point of reception is caused by one quasi-TB1 wave. Small 

dr op of amplitude after sunset (point A, Fis. 29) is due to amplification of 

adhesion effect for TB1 wave, due to rise of io osphere at point of reception. 

Thi s drop has been observed by a number of auth rs, but until now has not been 

explained [1, 2, 3, ~. 5]. 

With advance of twilight westward, an even greater part of route is submerged 

in darkness. Therefore field of Er' determined by TR1 .wave, is strengt hened, sir,ce 

at t enua t ion of TH1 wave at night is less than by day (point B). Only aft er t wilight 

reaches England and conditions close to those of night have been establ ished data 

point of radiation does T62 wave start to reach point of reception, and, owing to 

mutual extinguishing of TH1 and !82 waves, total field drops. The biggest drop of 

Er (point C) is observed under conditions for which TB1 aud TB2 are in opposite 

phase. In period of ascent or sun, along route the picture l s approximately 

reversed. 

Coincidence of daily variation tor calculated and experimental amplitudes forces 

us to assuae that calculated curve of dally variation ot phase is close to reality. 

The biggest deviation ot phase tram daytt.e value occur. in periods of sunsets and 

sunrises, when vectors of !81 and ~ (Fis. 23) are perpendicular. 

In Fig. 30 are presented calculated curves ot da1lr variation ot amplitude and 

phase of tield or station NSS (Annapolis) as received in Moscow for period of 

vernal equinox. In the aaae place are giYen experSaental curies tor amplitude 

taken in Moscow on 19 and 20 March 1955. 

In daytime at point of reception quas1~1 wave ·daainates. Eventns drop' at 

point A caused· by adhesion ettect, 1s more sharp]¥ expressed here than in preceding 

case. Amplification of t1eld at sunrise at point ot reception and atter sunset at 

point of radiation is caused by interference ot ta1 and ~ waves. In these period 

there occurs exchange of leading waves. At night quasi~ wave dominates, since 

e < elldn min (Figs. 26 and 28). 

Divergen~e of calculated and ellpir1cal curves, as follows trOll comparison ot 

two empirical curves obta1iled on different days 1s caused by irregular proceues 

in ionosphere. Diurnol swing ot phase ot NSS is more than IJ times more than in· 

pr eceding case (GBR), which is caused by corresponding increase or distance and 

frequency. 
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§ k.     Reception of VLW Under Water 

For radiator located on land (b = a) and receiving point Immersed at depth 

H « a - r under land or under water, formulas (5.1) for fields taking following 

simple form: 

tw-ltW' ' (5-14) 

M)at//f(a.<l)f  r  * //,(//.•) 2//T(a,<l)f f      "     . (5.15) 

-»•V^ii-i" (517) 

fT(//,e)=.f?(a,e).tf (5.18) 

Ho(//.e) = //o(a.6)*     '      . (5.19) 

where E (a, 0), H (a, 0), H (a, 9),  E (a, 0), and Hö(a, 9) are total components of 

electromagnetic field above land surface, calculated by formulas (5.2) and (5.?). 

\ —  wavelength In free space (in meters), 

o0 - conductivity of water or soil {o'tmsXeter)' 

•('-^ 
With  error of  the  order of  factor  (1   - ,7~"| *   it  is possible to consider that  in 

air 
- £f-//? • 120«; Bf~H,' 120». 

Therefore on graphs  (Figs,   26 and 27)   for fields of E  (a,  0),  given in Chapter 

V,   it is easily possible  to determine Er(H,   0),   H  (H,  0),   and Ee(H,   0)   in earth by 

changing scales  on ordlnates accordingly: 



60X3, 

(5.^0) 

120«' 

/eox«. 

Remaining components in this work are no', given, and according to the formula 

('3.1)* depend on polarization factor n.,. 

Since for sea water mean value a,-, = 4 -r—T-TTT—» then for middle of range of 0    onm/meter 

VLW (X = 20,000m) parameter 60Xoü = 4.8'10 , Therefore, according to (5.14) and 

(5.16), 

EriHJfy m      I      _ o 46 10-', that is 
£*m)     V&H'o       ' 

component E, by more than 2000 times exceeds component E . 

Since H^U does not drop below -mr by day and does not exceed 1/10 at night, 
1 1 component E constitues ~*^j- E0 at night and ^jm E0 by day, that is, is always 

greater than E . From these data the conclusion can be made that the most effective 

underwater and underground antennas will be systems reacting to component Eg, 

equivalent to component H . 

Emf induced by distant VLW field in vertical loop directed towards 

radiator is determined by formula 

£*=-£--i*KH,(a.H]N e~W dHdx. (5.21) 
e|M= — — — — »»l^n^a.ij j j -    ».-«*, 

where 

l-ani/^L (l-i);,*,^« 
(5.22) 

= 4«. KrT h/m. 

Integral (5.21) is selected with respect to area of loop. E, . is due basically 

to component E,.  If loop has rectangular form, with side I   parallel to surface of 

earth and with side d normal to it, then 

^//, ..,.)«-*...»»(f). 
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where H0  Is  vertical coordinate  of center of  loop. 

With  loop of sufficiently  small dimensions I ^r « l) 

£„,—i«|i,//t(o,e)Se~   *=£„(«,•)« . {5.2k) 

where S » Id is area or loop, 

E. ,(a, 0) Is emf In loop located above ground. 

Magnitude of 5 for X = 20,000 m and a« = 4 Is equal ~0.5, that Is, damping with 

submersion of loop Is ~l/2 neper per meter of depth or 4 db per meter. In loop 

located In vertical plane perpendicular to [beam] direction, in radiator will be 

Induced emf caused by component E (or H0). From above-cited data it follows that 

Elnd of such loop wil"1 k6 1/100  (by day) and i/10  (at nißht) of Ei d 
of looP located 

narallel to beam. 

Significant result of theory expounded here is fact that field at depth H under 

surface of water (land) depends only on field on surface of water (lani) at point 

with came geographic coordinates.  From Chapter V it follows that field on surface 

of water can be calculated with great accuracy. Therefore, using conversion 

formulas (5.20), we determine with the same degree of accuracy fields under water 

and land. 

From calculations given in Chapter V It follows that to provide reliable 

communication on VLW, it is necessary to consider regularly sharp drops in signal 

strength observed in certain intervals of distances, depending on frequency of 

signals and also on seasonal and diurnal variations of ionosphere. 
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Designations 

A — scalar electrical potential, 

A, — scalar electrical potential of spherical k layer, 

A . — scalar electrical potential normil wave of number 

A0  = 

Al- 

a — 

B - 

B4  - 

..on       i Afi 
0.1829-10 20

; A^^, 

coefficient  of focusing of beam, 

radius  of earth, 

scalar magnetic potential, 

scalar magnetic potential of  spherical k  layer, 

scalar magnetic potential of normal wave of number J, 

— potential vector function. 

B,, 
— potential vector function for spherical k layer. 

b — radial coordinate of Hertz doublet, 

c 10 

,   (x.  y)   ...  D    (x ,  y  ) 
J J 

D0,   D^   D2 

D 

— velocity of light =  5.10      cm/sec, 

— analytic functions of two arguments, composed of 
cylindrical Bessel and Neumann functions of order v 
and their derivatives, 

— lengths  of paths  of beam, 

— distance;   name  of  lower layer  of ionosphere, 

— diameter of uotpiogeneity in  ionosphere. 

J 

BB      *""       TB 
D„„ — indices  of refraction  and conversion of beam.-,   in 

ionosphere, 

matrices  of refractive  index  in  1-th and ?-nd   layers 
of Ionosphere, 



d - di stance between routes of waves, 

E - electric f ield s trength, 

Er; E~; E9 - components of electric field strength in spherical 
coordinates 6 

Ek· Ek· Ek - components of electric field strength in layer of 
r' ~· e number k, 

Br; 

k. Br, 

[emf] (3~C ) induced in loop 6 

e - charge of electron6 

F r 6B6cp 

f 

~· Be 

Bk· 
~· 

Bk e 

operator determining field according to data on medium 
and exciting [factors] of number k 6 

frequency of oscillations 6 

component of magnetic field strength in spherical 
coordinates 6 

components of magnetic field strength in layer of 
number k6 

H0 , H0 - intensity of constant magnetic field of Earth6 

H = a - r - depth of submersion of point of reception P under 
surface of sea water or land6 

depth of submersion of center of receiving loop under 
surface of water or land, 

h - instantaneous coordinate of height of ionosphere, 
measured from surface of earth, 

h1; ~ -height 1-st and 2-nd layer of ionosphere 6 mea~u~ed 
from surface of earth, 

n - averaged height of turbulent ionosphere6 

!" - density of' outside current, 

radial component of density of outside current, 

component of radial component of density of outside 
current Ir in normal wave of number j, 

Jm - imagin&ry part of quantity, 

~~~ -vector function of current density, 

jv - modified Bessel function of order V 6 

j reference number of no~l wave, 

k re f erence number of spherical layer of medium, 

ko - wave number in earth6 
(.1) 

k1 = c - wave number in atmosphere, 

Lr opera tor of normal waves on coordinate r, 

* Lr conjugate operat or of no~l wa ves, 
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*~~***w*'w**.'vw&»m ^y 

Löfp 

T(
?
)- 

operator o:' wave equation on coordinate 6, 

operator of wave equation on coordinates 0 and tp, 

nJ^ 

Legendre-Hankel functions of order v. of first and 
J  second kind, 

I — differential-mM rlx expression generating operator 
r  Lr' 

differential expression generating operator LQ, 

constant Unite quantity, 

mass of electrorl} 

concentration of electrons, 

normalizing factor for normal wave of number j, 

coefficient of excitation of normal wave of number j, 

coefficients of excitation of quasi-TE. and quasl-TH., 
waves, ^ 

modified Nexomann function of order v, 

point of radiation, 

point of reception, 

electrical moment of Hertz doublet, 

pressure. 

M - 

m — 

?Ie- 

NJ- 
nJ- 

"JH " 

0 - 

P 

P 

P 

P  - first fundamental function of Legendre's equation 

% B ' 

rBBJ 

Q - 
VJ 

Re - 

^B "" 

r - 

rrr - 
S - 

T - 

TE - 

TH - 

t - 

U - 

of order v., 
U 

second fundamental function of Legendre's equation 
of order v., 

V 

real part of quantity. 

Indices of reflection and conversion during reflection 
of beams from layers of ionosphere, 

radial coordinate, 

indices of reflection of beam from Earth, 

area of loop, 

function of eikonal of normal wave, 

temperature, 

waves with transverse electrical polarization, 

wave with transverse magnetic polarization, 

time, 

component  of eigenvector of conjugate  operator of 
normal waves. 

V"- ■p)  — amplitude of modulated normal wave  of number  j. 
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v — vector function of conjugate operator of normal waves, 

V — component of eigenvector of conjugate operator of 
normal waves, 

v — velocity of electrons, 

v — velocity of propagation of signal, 

W — emissive power. 

IY 
z 

Y.. j Z.. — components of eigenvector of operator of normal 

waves in k layer, 

a — azimuthal angle, 

a  — angle of incidence of beam on Earth, 

a — real part of wave number of normal wave of number J, 

a.j., a — real parts of wave numbers of quasi-TH., and quasi-TE, 

waves, 

ß — angle of Incidence of beam on ionosphere, 

ß. — attenuation factor of normal wave of number J, 

ß.uJ ^-IE 
— attenuation factors of quasl-TH. and quasi-TE. waves, 

7 — angle of slip of beam upon striking ionosphere, 

A and 5 — increments and errors, 

A. — Wronskian for Legendre's equation, 

5 — attenuation factor of radio waves in land and in 
water, 

e — complex dielectric constant, 

EQ — complex dielectric constant of Earth, 

(k)  fk) Err ' e00  * *' ~ (-'omPonei-ts 0f tensor of complex dielectric constant 
in layer of number k, 

9  — angular spherical coordinate, 

K. — polarization factor of normal wave of number J, 

n.„, HJ-P —  polarization factors of quasi-TH. and quasi-TE. 

normal waves, 

X — wavelength, 

M., — eigenvalue of conjugate operator, 

[i  — small parameter, 

♦       1 
v , -- v . + ^ — complex wave number of normal, wave of number J, . 

v ...;   v .v  — complex wave numbers of quasi-TH. and quasi-TE, 
Jn   Jr. J J 

normal waves, 
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veff - numter of collisions for elect rons, 

vi~f number of r.ollisions i n k layer , 

~ cos e, 

rr ~ 3.1416, 

L. summation operatvr ,...., 

a - specif ic elec trical conduct ivity , 

cr0 conductivity of ea rth, 

T t ime or propagatio time of s i gnal, 

T -parameter of anisot ropy of i onospher ·: 

¢j phase factor of forced normal waves, 

~ angular spherical coordinate, 

~ phase angle, 

Xj eige1.value of number J operator of normal waves , 

~ j - phase factor of free nonnal iva ves, 

w - angular frequency of oscillations , 

w0 - critical frequency, 

w0k - critical frequency of k layer, 

~ - gyromagnetic frequency, 

:r - parameter of reflectance of ionosphere. 

n. y.- division of goniometer {0.001 of distance). 
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