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Abstract - Background. It is necessary to study the influence of the physical characteristics of the atmosphere, in particular,
wind on atmospheric turbulence and, consequently, on the characteristics of the radio signal it is shown. Aim. The dependence
of the time-spectral function of the radio signal energy flux on the wind speed in the troposphere in the antenna plane is found.
Methods. A method of transition from the Cartesian coordinate system in the antenna plane to the polar coordinate system of
wave numbers has been developed. Based on this method the relationship between the Fourier spectral function of the correlation
moment and the representation of the Bessel function is found. For the Fourier spectral function of the correlation moment, the
previously obtained solution of the differential equation for the fluctuations of the eikonal amplitude of electromagnetic wave
in a turbulent atmosphere at the front of the electromagnetic wave at the coordinate of the receiving antenna is used. Using
the inverse Fourier transform the relationship between the time-spectral function of the radio signal energy flux and the time-
correlation function of this flux is found. Results. Based on the study of the time-correlation function of the radio signal energy
flow its relationship with the two-point correlation moment characterizing the fluctuations of the eikonal amplitude of the radio
signal is found. To analyze the effect of wind, a turbulence model was used, reflecting the inertial turbulence interval, in which
the energy flow from larger turbulent vortices to smaller vortices is determined by the viscous dissipation of the smallest vortices.
Conclusion. Numerical calculations have shown that such a wind in the antenna plane blows away turbulent vortices in this

plane, bettering the quality of the received radio signal.

Keywords - radio signal; atmospheric turbulence; atmospheric wind; time-correlation function; coordinate system of wave

numbers; Fourier-spectral functions.

Introduction

The propagation of a radio signal from the trans-
mitter to the receiving antenna depends on the physi-
cal characteristics of the atmosphere through which
the radio signal travels. In particular, radio signal
propagation in a turbulent atmosphere is affected by
fluctuations in atmospheric pressure, temperature,
humidity, time of day, etc.

The listed characteristics affect the refractive index
of the medium. We confine ourselves to analyzing the
propagation of radio waves in the troposphere, con-
sidering this medium as a non-electrically conductive
gas mixture with a relative magnetic permeability
equal to one, so that n =\/g, where ¢ is the relative
permittivity of the medium. Let us pay special atten-
tion to the motion of the medium created by atmos-
pheric wind, for which we consider two coordinates
in the troposphere X, and X,, Fig. 1. The figure also
shows the direction of the radio signal along the X
coordinate.
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There are many empirical formulas describing the
dependence of the refractive index on the character-
istics of the atmosphere. For example, in [1] the for-
mula is used for centimeter radio waves:

n=1+10672P[, 78009 , (1)
T T

where p is pressure in millibars; T is absolute tem-
perature; 9 is specific humidity (ratio of water vapor
density to the density of moist air).

1. Time-correlation function
of radio signal energy flux

The energy flux of the radio signal, Fig. 1, incident
on the antenna, can be found by the formula [2]:

P(X,t)= JI(X,t)dX -1(0) '[ XX gx )
b b

where I(X,t) is the radio signal intensity depending

on the coordinate X and time ¢ due to atmospheric

turbulence, I(X,t) = I(O)er’(X’t), I(O) is the constant

component of radio signal intensity at the coordi-
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nate X =0, where turbulence is absent. The function
x'(X,t) characterizes the fluctuations of the radio
signal eikonal amplitude [3] at coordinate X due to
atmospheric turbulence. The coefficient 2 is used be-
cause the intensity of the radio signal (or the modulus
of the Poynting vector) is proportional to the square
of the electric and magnetic field strengths in the
electromagnetic wave, and X is the area of the cir-
cular receiving antenna at the coordinate of X =L,
Fig. 1.

We shall only consider small fluctuations, so that
formula (2) is reduced to the following:

P(X,t)= I(O)j(l+2x'(X,t))dX - 3)
- P(x,0)+1(o)jzx'(x,r)dx.

The time-correlation function of the energy flux of
the radio signal at the coordinates X; and X, shall
be written as:

Rep(®)=((P(X;,6)~ (P(X4,0))) x @)
% (P(Xgot47) = (P(X5,0)))) (Ry)” =

= (| 1(0) [ 2/ (X)X, |

0) [ 2/ (Xg e+ ) dX, | })/12(0)52 =
z

ot

= '[ I B, dX,dX,,

where P, = I(O)Z is the radio signal energy flux (ra-

(X4,6) 7' (Xgot + 7)) dX,dX, =

dio signal power) in the unperturbed atmosphere; t is
the time of propagation of radio signal pulsations due
to turbulence (but not the radio signal itself) over the
distance between the coordinates X; and X,, equal
to the time of propagation of turbulent pulsations.
We shall consider the spectral representation of
the correlation moment B, in the form of a Fourier

integral:
B, =(x(Xp6)x (Xg,t+7)) = (5)
_ J‘e—ik’(Xer) F,, (K,7)dK,

where k' is the wave vector of electromagnetic fluc-
tuations (wave vector characterizing fluctuations of
radio signal eikonal amplitude due to turbulence),

Fxx(k’,‘c) the spectral function of correlation mo-
mentum Bxx

Substituting (5) into (4), we find the Fourier integral
of the time-correlation function of the radio energy
flux:

(1) éiz _l. .! J‘e—ik’(X1—X2) 8 ©)

xE,, (k',t)dk'dX,dX,.
2. Transition from the Cartesian
coordinate system in the antenna
plane to the polar coordinate
system of wave numbers

We shall consider the integral [y ¢**dX in the an-
tenna plane. When finding this integral, to simplify
the notation, we replace k' with k:

J'e"kxdx - ” elllaY kZ) gy @)

b p3

The value of kX in the antenna plane can be repre-
sented as a scalar product of kX = k)Y +k3Z.

To find the integral (7), two interrelated coordi-
nate systems must be considered in the antenna
plane at X =L: the Cartesian coordinate system
X(X =L,Y, Z) and the coordinate system of the wave
numbers k(k;, ky,ks) = k(k;, k).

In (7) we shall transfer to the polar coordinates in
the wave number coordinate system. Arc modulus in
the plane of the antenna is as follows:

ldX| = VdY? +dz* = B\k2do? + K2do® —pkdg,  (8)
where k = k§ +k§ is the polar radius in the coordi-
nate system of the wave numbers (the total sum vec-
tor k, does not participate in this analysis); do is
the differential of the angular polar coordinate in this
coordinate system; B is the dimensional coefficient
of transition from Cartesian coordinates to the co-
ordinate system of the wave numbers [B} =m?. Ac-
cording to Fig. 1, the relation of differentials in the
Cartesian coordinate system and the polar coordinate
system of wave numbers has the form dY =Bkyde
and dZ = Bk,de.

The integral [5 e*XdX can be found as an integral
along the contour of a circle of radius R in the polar
coordinate system of wave numbers. At the same time
T = nR%.

Let us pass from the polar coordinate system of
wave numbers to the antenna radius R in the Carte-
sian coordinate system. Taking into account the po-
lar coordinates of Bk =Rcosg, in Fig. 1, in accord-
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X
F(X.¢)
direction
of radio signal

Fig. 1. Relationship between the Cartesian coordinate system and
the wave number coordinate system in the antenna plane

Puc. 1. CBsA3b 1€KapPTOBON CUCTEMBI KOOPJAMHAT M CHCTEMBI KOOP-
AMHAT BOJHOBBIX YHMCeJT B INIOCKOCTH aHTEHHbI

ance with (8) we have kdX = kRcospdp and kX =

kRcoso.
Thus, we find:
2n
jeikde =n I eKRCOSOR o5 d = 9)
z 0
2n

= nRI ekRCOS® o5 pdp,

where n is a unit vector in the direction of the X
coordinate. The limits of integration from Cartesian
coordinates to the polar coordinate system of wave
numbers have been replaced.

In formula (9) we use the known representation of
the Bessel function [4]:

(_i)mn iZ cost
T (Z):—Ie’ oSt cosmutdt.

(10)
T
0
Therefore, for the integral (9) at m =1, we find:
jeikxdx —nr% ), (kR) = (11)
: —i
2 R2 23
- = J1(kR)=-n="J; (KR).
iR
Thus, the double integral is equal to:
. 2
(] K Xagx gx, = (% Iy (kR)] 52, (12)
L3

Applying the inverse Fourier transform in time 1
to formula (6) and returning to the previous notation

k', we find the time spectral function of the energy
flux of the radio signal:

(13)

r)dk'dX]dder =

ot

%J;OIONZZJ-J.J._II(XX
o, K

177 4 2 ) , '
27:-[6 zj( ]1( )] z Fxx(k,T)dkdt:

)y

2 400
2 2 ! ’ I T !
:;I[Eh(“)j dk Ielm E,, (K'\7)dr,

where ® is the frequency of turbulent pulsations,
equal to the frequency of pulsations of the radio
signal.

The function FXX(k',r) can be obtained using the

solution of the differential equation for fluctuations
in the amplitude of the eikonal y' of an electromag-
netic wave in a turbulent atmosphere [3]:

LL 2
k' =ug _”smk L D (14)
k!Z(L_é)

E,, (k’, v, é) dodg,

x sin

2k
where £ is the wave vector of turbulent pulsations;
W is a constant scale coefficient of proportionality
between the correlation moment of the refractive
index and the correlation moment of fluctuations in
the amplitude of the eikonal radio signal B, = HB,.
(where the two-point correlation functions B, =
(ny(X))ny(X,)) and B, = (1/(X))7/(X,))), v and &
are the coordinates of the two-point source of tur-
(k',0,&) is

the spectral function of the pulsations of the refrac-

bulence on the electromagnetic wave; F,,

tive index; k is the wave vector electromagnetic wave,
k' is the wave vector characterizing fluctuations in
the amplitude of the radio signal eikonal.

Formula (14) is written at the front of the electro-
magnetic wave at X =X, = X, =L, i.e. at the coor-
dinate of the receiving antenna. We also use a single
coordinate of the source of the effect of turbulence on
the electromagnetic wave v =¢&. In this case, formula
(14) is simplified:

fan2 ¥ (228

k' =ué jsm ok ( é)dé, (15)
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where F, (k',§) is the three-dimensional spectral
function of the field of fluctuations of the refractive
index n'(X).

3. Influence of atmospheric wind
on pulsation correlation relations
of atmospheric parameters

We shall introduce atmospheric wind into the anal-
ysis of the radio propagation process and investigate
its influence on the tropospheric parameters that de-
termine the effect on this propagation process.

Consider the correlation function of the refractive
index pulsations in the presence of wind:

By (Xy =Xy + VT) = (0 (X, 0)n(Xp, 04+ 7)) =

() (% =V).t))

where V is the component of the wind velocity in the

(16)

plane perpendicular to the coordinates of the vectors
X, and X,. For the sake of certainty of the analysis,
we assume that the coordinate points X; and X, lie
in the plane of the antenna, Fig. 1, so that X =X, =
X, = L. Consequently, the velocity vector V also lies
in the plane of the antenna, Fig. 1, i.e. the wind is di-
rected perpendicular to the direction of propagation
of the radio signal.

To enter the air velocity in the atmosphere into for-
mula (15), it must be taken into account that the shift
in the argument of the correlation function (16) by
V1 corresponds to the multiplication in the spectral
function by e K'VT.

Consequently, formula (15) takes the following

form:
(k',r) = (17)
=ug Ism M E, (k',&)e_ik’VTdE_,.
Let us substitute formula (17) into (13):
2 ¢( 2 g
FPP(m)=;j(Ejl(k'R)] dk'x (18)

+00

><J. eimFXX (k',r)dr =

+oo L 2 2
_8ug? K2 (L-¢)
k R sm— X
o e
< F,, (k8) eV ddeds,

where & integration goes along the entire length of
the turbulence effect on the radio signal from 0 to L.

In formula (18), we perform integration by t, using
representation formula 8 of the Dirac function [5]:
+00

I ei(m_klv)rdr = 27:8(0)— k’V).

—0

(19)
As a result, we have:

16nu§

Fop () = ” J1(K'R)sin (zk_a) x  (20)
x Fy (K',€)8(0— k'V)dk'dF,.

Next, using the properties of the & -function, we
exclude it from equation (20).

We shall replace the differential dk'=ndk'de,
where ¢ is the angle between the vectors k' and
V, Fig. 1, and n is in this case a single vector in the
direction of the vector k'. Therefore, formula (20) is
transformed into the following:

FPP((J)) 16nu§ J.J. ]l 'R sm (Zk_&) X (21)

<F, (k',a)ndk'daj 3(0-k'V)do.

Using the 8-function property

j f(z

w1th a<0<b and integrating by angle ¢, we find:

z)dz = £(0)

Y Y
I S(m—k’V)d(p: I S(Q—k'Vcoscp)d(p:

Y
_[s(z az _ 1 ’

_L JEvY —(o-2F (ev) o

where Z =w-k'Vcoso.

(22)

Consequently, formula (21) takes the following

form:
2
FPP((O):M? o (23)
12 ,
” I, (KR)sin® (1-8)] Fyy (K )dkdg

(kv) -0’
Since there are no vector multipliers in expression
(23), we omit the unit vector n.
4. Atmospheric turbulence model

Further transformations of (23) are related to the
adoption of a particular turbulence model.
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We assume that the ripples of the wavenumber of
the radio signal are proportional to the turbulent rip-
ples of £ ~k'. For simplicity of calculations, we shall
assume that £ =Kk’. In this case, the spectral function
of the pulsations of the wavenumber of the electro-
F(K',8)~ F(Z).
[2], we assume that F(C)~ BCUs, where the constant
value of B does not depend on the wave number of

magnetic wave In addition, as in

turbulence . This law mainly reflects the turbu-
lent inertial region [3]. Turbulence in this region is
in statistical equilibrium: the energy flux from larger
turbulent vortices to smaller ones is determined by
viscous dissipation of the smallest vortices.

In this case formula (23) is transformed into the
following:

16mppC? 7

Fpp ()= S (24)

(11(cR)) x
0
b L
x Ldg sin
(cv)-o? 0

The last integral in (24) is easily calculated:

2§2(L_E-)

de.
2k :

(25)

R ASRIA
~12C2 k| 12| k '

When calculating the integral (25) we used the ap-
proximate formula

3
sinZ = Z—Z—
6

Thus, formula (24) takes the following form:

4nu[3§ L3 ]1 CR

33k?

Fpp () dg =

; e
_ 4nmupl 23 J‘C (]1 (QR))
3T’V , (o)
“(7)

dc.

\%

Similar to [2], where the relative flicker character-
istic of the received radio signal was used, we intro-

duce the relative spectral function of the radio signal
energy flux:

(27)

_oFpp(0) %0 j‘ Q?’\/(fl (CR))Z d,

Upp = 4<X'2> w2 R
where Q=w/V, isindicated and vy is a constant val-
ue. <x'2> ~ I3 is also accepted [1].

As mentioned earlier, the o=Cu'=( %E value
is the frequency of turbulent pulsations, where u’ is

the velocity of turbulent pulsations, E = %<u’2> is the

energy of turbulence per unit mass of the medium
(atmosphere) [6]. All coordinate components of the
pulsation velocity are assumed to be the same. Thus,
the value is

2 1

o u' EE Qg
Q:—: —_= —zc—’
\% CV 5 \%4 \%

where C is a constant value.

In order not to overcomplicate the formulas, Kol-
mogorov’s law was used for the energy of isotropic
turbulence E(Q)~Q_5/3 [3]. Substituting the expres-
sion for Q into formula (27), we find:

where C; is a constant value.

Consider a real situation that can occur in the
troposphere and stratosphere for medium and short
waves [2]. We shall assume that the length of the radio
wave and the scale of the turbulent ripple are equal
to each other A ~10 m. Hence, the wave numbers
of the radio signal and the turbulent pulsations of
k=¢=0,628 m .. In this case:

1 25

c. (29)

Fig. 2 shows the dependence of the relative spec-
tral function Upp(V). The following values of the
constants C=0,01 me /s, C; =100, antenna radius
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R =1 m were used for calculation. The dimension of

C, is determined by the fact that the relative spectral
function Upp(V) is a dimensionless quantity.

As can be seen from the graph, with increasing
atmospheric wind velocity in the antenna plane, the
value of the spectral function Upp(V), and, conse-
quently, the influence of turbulence on the radio sig-
nal decreases. This is because the wind blows away
the turbulent ripples in the antenna plane, reducing
their effect on the received radio signal.

Conclusion

The study of the time-correlation function Rpp(1)
of the radio signal energy flux at the coordinates X,
and X,, in Fig. 1 made it possible to establish its re-
lationship with the two-point correlation moment
characterizing fluctuations in the amplitude of the
radio signal eikonal B, - Using the transition from
the Cartesian coordinate system in the antenna plane
to the polar coordinate system of the wave numbers,
we found the relationship between the Fourier spec-
tral function of the correlation moment Fxx(k',t) and
the representation of the Bessel function. In this case,
the previously obtained solution of the differential
equation for the amplitude fluctuations of the am-
plitude of the eikonal ' of an electromagnetic wave
in a turbulent atmosphere at the front of the electro-
magnetic wave at the coordinate of the receiving an-
tenna is used for the Fourier spectral function of the
correlation moment.

Using the inverse Fourier transform, we found
the relationship between the time-spectral function
Fpp(®) and the time-correlation function of the en-
ergy flux of the radio signal.

002

0.1

0

an 40

V, mfs

Fig. 2. Dependence of the relative correlation function of fluctua-
tions in the radio signal energy flux on wind speed in the atmo-
sphere

Puc. 2. 3aBUCMMOCTb OTHOCHTEJIbHOM KOPPEALMOHHON GyHKLNH
¢nyKTyauuii oToKa SHEPrMM pajHOCUIHAIa OT CKOPOCTH BeTpa
B aTMocdepe

By studying the correlation function of the pulsa-
tions of refractive indices in the presence of wind
B,,, we found the dependence of the time-spectral
function of the energy flux of the radio signal Fpp(w)
and the wind velocity in the troposphere in the an-
tenna plane.

For the Fourier spectral function of the pulsations
of the electromagnetic wave number (or the three-
dimensional spectral function of the field of fluctua-
tions of the refractive index) F,, (k',&) ~ F(§), we used
a turbulence model, reflecting the inertial region
of turbulence, in which the energy flux from larger
turbulent vortices to smaller ones is determined by
the viscous dissipation of the smallest vortices. This
made it possible to find the dependence of the rela-
tive spectral function of the energy flux of the radio
signal Upp(V) on the wind speed, which has a direc-
tion in the plane of the antenna, i.e. across the direc-
tion of the radio signal. The calculation shows that
such a wind blows away turbulent vortices in the
antenna plane, improving the quality of the received
radio signal.
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Annomayus - O6ocHoBaHue. [TokazaHa HEOGXOOMMOCTD HCCIIENOBAHMS BIUAHUSA GU3HUECKUX XapaKTePUCTHK aTMOCHepBI,
B YACTHOCTH BeTPa, Ha aTMOCePHYI0 TypOyIeHTHOCTD U, CJIEAOBATENIbHO, HA XapaKTePUCTHKK papnocurHana. Llens. Haiinena
3aBHCHMOCTb BpEMEHHOU CIIEKTPaIbHON QpYHKINUHU TOTOKA S3HEPIUY PAfUOCUIHANIA OT CKOPOCTH BeTPa B TPOnocdepe B IIIOCKOCTH
aHTeHHBbl. MeTozbl. Paspa6oTaH MeToj Mepexofa OT AEeKapTOBOH CHCTEeMbl KOOPAWHAT B IJIOCKOCTH aHTEHHBI K IMOJISIPHOM
cucTeMe KOOD[MHAT BOJIHOBBIX 4Mcel. Ha ocHOBe 3TOro Merofa mpociexeHa cBsi3b Mexay Dypbe crnekTpanbHOH QyHKIMei
KOPPEJSILIMOHHOI0 MOMEHTa U IpefcraBieHneM ¢yHKuuu Beccemnst. [ns Pypbe CHEKTPanbHON (YHKIHMU KOPPENSIIHOHHOIO
MOMEHTA UCIIOIb30BAHO paHee MONydeHHoe pelneHre AuddepeHIHaNnbHOro ypaBHeH!s Ajst GIyKTyalnii aMIUIMTyAbl 9iKoHaIa
9JIEKTPOMATHUTHOM BOJIHBI B TypOyleHTHOW armocdepe Ha $pOHTE 3JIEKTPOMATHUTHOM BOJNHBI Ha KOOPAMHATE MPHUEMHOM
aHTeHHBI. C MoMoIb0 06paTHOro npeobpasosanust Pypbe HalijeHa CBSI3b MEXXIY BPEMEHHOM CIIEKTpaNbHOM $yHKIMEN TOTOKA
9HePrUHM PafiMOCUTHANA U BPEMEHHOW KODpENSLHOHHOM $yHKLUHeH aToro mnoroka. Pesdyaprarsl. Ha ocHOBe mcciefoBaHUs
BPEMEHHOM KOPpPeJSIHHOHHOM QYHKLMK TOTOKA S3HEPTHH PAAMOCUTHAJIA BBISIBIIEHA €€ CBSI3b C [IBYyXTOYEUHBIM KOPPEJISLIHOHHBIM
MOMEHTOM, XapaKTepUsyIIUM GIyKTyallnd aMIUIUTYABl dMKOoHaNa paguocurHana. [ aHanu3a BIMSHUS BeTpa NPUMeHeHa
MOfieNb TypOyIeHTHOCTH, OTPaskalas HHEPLUOHHYIO 06/1acTh TypOYJIEHTHOCTH, B KOTOPOH IIOTOK 3HEPTHH OT Goslee KPYMHbIX
TypOy/lIeHTHBIX BUXpeH K Gojiee MEJKHM BHXPSIM OIpeMessieTCsl BSI3KOM AMCCHMALMed caMbIX MeJIKHMX BUXpel. 3akiaoueHHe.
YuceHHBIH pacyeT MOKasal, YTO BeTep B IUIOCKOCTH aHTEHHBI CAYBAeT TYpOyIeHTHble BUXPH B 3TOM IUIOCKOCTH, YIIydLIas
Ka4eCTBO IPUHUMAaEeMOr0 PafiHOCHUTHAIA.

Knioueswle cnosa - papguocursan; atMmocdepHas TypOyJIeHTHOCTb; aTMOCepHBIH BeTep; BpeMeHHas KOppesslHOHHAs
$yHKIMST; cEcTeMa KOOPIUHAT BOJHOBBIX uncelt; Dypbe clieKTpaabHble GYHKIHUH.

&4 volobuev47@yandex.ru (Bono6yes Andpeii Hukonaesuu) © Kmwoes [.C. u ap., 2024
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