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Abstract - Background. Turbulent fluctuations of the refractive index in the atmosphere lead to distortions during the
passage of the radio signal. This can lead to distortion of the transmitted information due to the resulting fluctuations of the
amplitude, phase and intensity of the electromagnetic wave that transmits the radio signal. Fluctuations in the intensity of the
radio signal lead to flickering of the radio signal on the receiving antenna due to turbulent phenomena in the atmosphere, which
are a complex multifunctional physical phenomenon. Aim. The problem of fluctuation of the intensity of the radio signal at
the receiving antenna due to atmospheric turbulence is considered - the flicker of the radio signal. This problem is currently
extremely actual, because there is a tendency of active, negative interference in the process of high-quality transmission of the
radio signal on the background of naturally caused turbulent fluctuations. Methods. A theoretical analysis of the passage of a
radio signal through a turbulent atmosphere is carried out. The spatial correlation function of fluctuations in the intensity of the
received radio signal due to atmospheric turbulence is investigated. Results. The concept of the radio signal flicker characteristic
is introduced as the average value of a random variable over the cross section of the receiving antenna - the dispersion of the
logarithm of the radio signal power. A model of the occurrence of fluctuations in the case of two regions in the cross section of
the receiving antenna with different levels of radio signal intensity is calculated. The correlation function for this model is found.
Conclusion. Based on the Fourier-spectrum expansion of the two-point spatial correlation function of turbulent fluctuations of
the refractive index, the dependence of the flicker characteristic of the radio signal on the wave number of turbulent fluctuations
of the atmosphere is found. It is shown that the turbulence of the atmosphere has the greatest effect on the radio signal when the

length of the electromagnetic wave is comparable to the scale of turbulent fluctuations.
Keywords - atmospheric turbulence; radio-signal; radio wave; fluctuations of intensity; two-point spatial turbulent

correlations; Fourier spectrum.

Introduction

The main goal of communication network develop-
ment in the Russian Federation is high-quality trans-
mission of information using a radio signal [1]. How-
ever, in a turbulent atmosphere, fluctuations in the
refractive index of air always affect various charac-
teristics of the radio signal [2]. In addition, the radio
signal characteristics are affected by solar activity [3],
the atmospheric thermal conditions [4], air humidity
[5], and environmental density.

Turbulent fluctuations in the atmosphere, being
a stochastic wave process, interact with the deter-
ministic electromagnetic wave process of the radio
signal. These fluctuations, in particular, affect the
amplitude and phase of the electromagnetic wave,
affect the overall intensity of the signal received by
the antenna, and scatter radio waves. Many of these
effects are important for some practical problems re-
lated to the propagation of radio waves through the
atmosphere. These effects can serve as sources of er-
rors in communication systems, location, and radio
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navigation. The number of studies on the influence of
turbulence is growing because of the expansion of the
range of applied problems under consideration and
because of studies aimed at clarifying the fundamen-
tal theoretical issues of the phenomenon [6-9].

1. Characteristics of radio signal
flickering at the receiving antenna

Let us consider fluctuations in the energy flow or
power of electromagnetic wave 1 due to atmospheric
turbulence incident on receiving antenna 2 (Fig. 1)
[10]. We call this process the flickering of the radio
signal. Radio signal flickering creates interference
and impairs the transmission of information over a
radio channel. In Fig. 1, the origin of the coordinates
is conventionally shifted down relative to the center
of the receiving antenna 2. We will also convention-
ally assume that turbulence begins at position X =0
and the receiving antenna is located on the X axis.

The total energy flux density or intensity of a plane
electromagnetic wave is given by the following
equation:
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Fig. 1. Perception of a radio signal by a receiving antenna
Puc. 1. BocnipusiTie paguocuraana npueMHON aHTEHHON

I(X)=1(0)exp(2x'(X)), (1)
where y'(X) is the fluctuation of the radio signal
eikon amplitude [11] on the X axis; and I(0) is the
constant component of the radio signal intensity at
X =0, where there is no turbulence incident on the
receiving antenna. Coefficient 2 was used because
the radio signal intensity (or the magnitude of the
Poynting vector) is proportional to the square of the
electric and magnetic field strengths of the electro-
magnetic wave.

Fluctuations in the eikon amplitude and the am-
plitude of the electromagnetic wave are associated
by the relation y'= ln(A/AO) [11], where A is the
total amplitude of the wave at position X, and A is
the constant component of the amplitude at X =0,
where there is no turbulence.

Hence,

I(X)= I(O)exp(Zln(AiJ] = 2)

0

=1(0)exp 1n[A%j2 =1(0)(A%]2=

2

= LS)EZ _ PR eE%c,

EO EO
where A =E is the electric field strength in the elec-
tromagnetic wave; ¢ is the relative dielectric per-
meability of the substance in which the radio signal
propagates, and c is the speed of light in a vacuum.
We consider the electric and magnetic components
of the wave to have the same energy.

The radio signal energy flux incident on the anten-
na can be determined using the following equation:

P(X):JI(X)dX =1(0)'[e2"'(x)dx. (3)

where T is the area of the receiving antenna on the
X axis.

It is more convenient to consider not the P value
itself but its logarithm.

We consider the flickering characteristic of a radio
signal to be the dispersion of a quantity InP, i.e., the

quantity <(1n(P/PO))2>, where the angle brackets in-

dicate the spatial averaging of the amount; P is the
value of P at X =0 such that InF, = <1n P>.

If we consider the distribution of turbulence over
the antenna cross section at X to be isotropic, we ob-
tain P = I(O)Zezx’. In this case, the value is:

2 2y’ 2
I(0)ze%
W PN e)ze™ ”
PO PO

(e} o).

where Fy =I(0)Z. is considered.
Let us introduce the dimensionless flickering char-
acteristic of the received radio signal as follows:

Gﬁ (ln%f | .

Let us transform the second factor in Eq. (5):

(lnpif = <(1nP ~InP, )2> = 6)

0

:<(1nP)2 ~2InPInF, +(1nP0)2>:
_ <(1nP)2>—(21nP<1“P>>+<(<lnP>)2> i

2 2 2 2 <P2>

:<(lnP) >—<lnP> :ln(<P >—<P> j:ln—z.
(P)

When deriving Eq. (6), the relation InF, :<lnP>

was used, and it was assumed that the value of P is

logarithmically normal.
Thus, Eq. (5) is transformed as follows:

L) ) :
; <x’2>1 <P>2 ; <x’2>1 (1)222' @)

2. Correlation function of the radio
signal intensity fluctuations

Let us consider the correlation function of fluctua-
tions in the intensity of the received radio signal as
follows:
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By (X, = X |1p) = (1(X, ~(1)1 (X, ~(1))). ®

where p=vY2+2Z? is the radial coordinate that is
not indicated in the arguments for intensities.
Considering that

(1~ )11 -
SUCOUCARUSRUCE RS

we determine that:
(=[x

=(1) 22+UBH (11~ X,],p)dX,dX,pdpde,
z

1(X,))dx,dx, = 9)

where ¢ is the angular coordinate in the plane of the
receiving antenna.

Let us consider the fluctuation in the received sig-
nal intensity in the cross section of the receiving an-
tenna of radius R (Fig. 2).

Let us consider regions 3 and 4 in the radio signal
cross section. These areas slightly differ in intensity,
i.e., experience intensity fluctuation. We assume that
both regions are circular with a radius of R. We as-
sume that region 4 partially overlaps region 3 such
that the circumference of region 4 passes through the
center of region 3. Although the exact implementa-
tion of this model in practice is improbable, it ena-
bles the calculation of the radial correlation of radio
signal intensities. In this model, the intensity corre-
lation occurs over twice the area of the shaded seg-
ment (Fig. 2). The area of arbitrary segment 5 can be
determined by subtracting the area of an equilateral
triangle with a vertex angle 2¢ from the area of the
sector with the angle 2¢:

Ss = oR? —%pZ sin2¢ = (10)

= (pR2 —p2 cosq)\ll—cos2 ¢ =
2
=R? [(p—p—zcosq)\ll—cos2 (p}.
R

Therefore, for a double-shaded segment p=R,
Eq. (10) can be presented as follows:

Sy = R? ((p—cosq)\[l—cosz (pj.

We denote cos@ =t. Therefore, the double-shaded
segment 2S; can be presented as follows:

255 =2R? (arccos t—t\V1-— ¢ )

(11)

(12)

Fig. 2. To the calculation of the correlation of fluctuations in the
intensity of the radio signal in the cross section of the antenna
Puc. 2. K pacuery Koppensuuu GpryKTyaliii HHTEHCUBHOCTH Pagyo-
CHTrHaJIa B [ION€PEYHOM CeYeHHH aHTEHHBI

In fact, using Eq. (12), we determined geometrical-
ly the integral in Eq. (9) with respect to the variable
p=2Rt. Consequently,

()=l tnx

~(1)* 22+162”3" (%, - X,|,2Re) S5 dX .
z

))dX,dX, = (13)

Considering Eq. (12), Eq. (9) can be presented as:

<P2>=<12 2% 4 22 I} IBH |, - X,|,2Re)x (14

X,,X, 0
X (arccost —t1-¢? )tdth1dX2.

A similar equation, determined in a somewhat
more formal way, was obtained in [8].
Substituting Eq. (14) into Eq. (7), we determine that:

X - X,1,2Rt
co_ 1 ( 16 J‘J‘J'U| 2| )X 1)
4<X' > x X, 0 >

x (arccost —tN1-¢2 )tdth1dX2].

We notice that:
16 1
—J.(arccost—t 1—t2jtdt=1 (16)
T

0

and substituting the value of Eq. (16) into Eq. (15) in-
stead of unity, we transform Eq. (15) into the follow-
ing form:

G=4<X,2>1n = J’j

X1, X,

By, (|X, - X, |,2Re) )

_([ 1+ <1>2
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x (arccost —t\1-t? jtdth1dX2 .

Let us integrate the correlation function
BH(|X1—X2|, 2Rt) in the longitudinal direction.

Considering that I(X) = 1(0)e?*X),
average value into the form of Eq. (9):

(1(x0)1(x)) ={1)" + By 1%, -, )=
=17 (0){exp 21/ (X, )+ 2/ (X, ))) =

_p (o)exp<z(x'(xl)+xr(x2))2>.

The last equality is valid for a normal two-dimen-
sional joint distribution of random values y'(X;) and
x'(Xy). For a normally distributed random variable,

the relation <exp(2x')> = exp2<x'2> is valid.

we transform the

(18)

We perform further transformations of Eq. (18):
(1) + By (|, - %) =

e (o)exp<z(x'(xl)+x'(x2))2>:

~ 12 (0)exp <(2X'2 (%;)+2x% (X, )) +

+4y (%) ( 2)> =1 (O)EXP<4X’2 +4Bxx>’

(19)

X
where B, =<X'(X1)X'(X2 )> are two-point correla-
tion relations of the amplitude pulsations of an elec-
tromagnetic wave due to atmospheric turbulence [11]

Instead of the correlation function BXX:

= <x'(X1)x’(X2 )> we use the correlation function of

fluctuations of the logarithm of the amplitude in the
following form:

B (|X,—-X
Ryy (|X1 _X2|)=XX(|<X—,12>2|)‘ (20)
Therefore, Eq. (19) can be presented as:
<I>2 +Byy (|X1 _X2|) = (21)

=1%(0)exp <4x’2 (14 Ry (|1 - X2|))>

Considering that <I> = I(O)exp(2 <X'>2 ], we obtain:

By (|%, - %,|) = x (22)

- <1>2 (exp<4X'2RXX (|Xl —X2|)>_1) -
_ <1>2 (exp(<4X'2>Rm (|X1 - X, |)) _ 1)'

Substituting Eq. (22) into Egq.
By, (|X; - X,|,2Re) = By, (|X, = X, ) B, (2Re), we de-

termine the radial dependence of the function:

)
Xln{l i(exp« )R,
(arccost 1= jtdth dsz -

(17) and using

(23)

(1% - X2|,2Rt)))><

._-

1

ﬁl[ﬁ Jeso( (s, (220))

0
x (arccost —t1-¢? jtdt].

In Eq. (23), integration over X, and X, is not
performed.

Considering B, [11],

12
:<X > o and B, =uB,,

where B, is the two-point correlatlon of turbulent

fluctuations of the refractive index, and p is a con-
stant scale proportionality factor, Eq. (23) can be pre-
sented as follows:

G(R)= 4<%,2>1n[%iexp [ﬁBnn (ZRt)jx
X (arccost—tﬁ) tdt}.

For small values of t, the integrand in Eq. (24) is
equal to exp[iBnn (2Rt)] gt; therefore, Eq. (24) can
u

be presented as:

(25)

G(R):4<%,2>ln 8_([exp[§Bnn (ZRC)jtdr .

3. Correlation function of the
atmospheric turbulent fluctuations

The Fourier spectrum of the two-point correlation
of turbulent fluctuations of the refractive index has
the following form [11]:
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By (2R¢) = [ PF,, (6,p)dE = (26)

4
- I e S2RE(€,2Re)de,
0

where  is the wave vector of the turbulent pulsations.

Neglecting the dependence of the function

F,, on the radial coordinate p=2Rt, we accept

E,, (g)zBQUB, where B is a constant coefficient.
This law mainly reflects the turbulent inertial region
[11]. Turbulence in this region is in statistical equi-
librium, and the energy flow from larger turbulent
vortices to smaller ones is determined by the viscous
dissipation of the smallest vortices.
Using the real part of the exponential in Eq. (26) as
well, we obtain:
¢ 1
B, (2Rt)= Bj§3 cos(26Re)dg, (27)
0
The integral of Eq. (27) cannot be exactly deter-
mined in quadratures; therefore, we use the expan-
sion cos(ZCRt) = 1-2¢?R%*2. In this case,

¢ 1
B, (2Rt)= ng3 (1—2§2R2r2)d§ - (28)
0
_ 9+3_ 9 +3 R2 2 .
B 4C 10C t
Substituting Eq. (28) into Eq. (25), we obtain:
G(R)= (29)

1 ‘ 4 13 : 6 b
= In SIexp 2Bl 23 ——=¢ 3 R%? | |ede |=
4<x'2> o w47 10
1 5 3 é
= In H exp| —BE3 |x
00) (e
3p; 3 R?

12 o
x| 1—exp —513(;3 R?

The resulting equation is quite difficult to analyze.
Let us simplify it by expanding the last exponent in
the series € =1+8:

Thus, we obtain:

4
;ln 4exp EBC?’ =

T E

G(R)=

4

1 lr14+ﬁ§g .

G

Considering Eq. (5), we reveal the dependence of
the flickering characteristics of the radio signal on
the wave number of turbulent pulsations:

~ef?)e-

4
3

(31)

4
=1n4+3—§ =1,386+3—BC3.
u u
Figure 3 presents a graph of the dependence ac-
cording to Eq. (31), constructed under the condition
B=p. The dimension of the ratio is [B/u} = m*?,
The deviation of the first term from zero is associ-
ated with the general approximation of the theoreti-
cal analysis. The condition must be met thatat {=0
(infinitely large turbulent pulsations), the flickering
characteristic is

P 2
(ln—j =0
PO

because P =F,.

According to Fig. 3, the flickering of the radio sig-
nal perceived by the receiving antenna increases with
the wave number of turbulent pulsations. In reality,
the graph should start from point (0,0).

The turbulent pulsations have a maximum influ-
ence on a radio signal when the electromagnetic
wavelength is near the scale of turbulent pulsations.
Turbulent pulsations of various scales occur in the
atmosphere. The table presents the approximate
boundaries of the scale of turbulent pulsations in the
troposphere, stratosphere, and ionosphere [6].

Turbulent pulsations of different scales do not ex-
ist separately. Turbulent pulsations on large scales
include turbulent pulsations on smaller scales.

Thus, the scale of turbulent pulsations covers any
range of radio wavelengths [12], particularly micro-
wave radiation with a wavelength A of 1-10 cm and
very high-frequency radiation with A =10 cm-10 m.
Turbulence also affects long (A =10-1 km), interme-
diate (A =1 km-100 m), and short (A =100 m-10 m)
wavelength radiation.

Conclusion

Turbulent phenomena in the atmosphere associ-
ated with pulsations in the refractive index affect
radio signal passage. They can distort transmitted
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Fig. 3. Dependence of the characteristics of the scintillation of the radio signal at the receiving antenna on the wave number of turbulent

atmospheric pulsations

Puc. 3. 3aBucumMocThb XapaKTepUCTHUKHU MepLAHUA paguoCHUrHaia Ha HpHeMHOﬁ AHTE€HHE OT BOJIHOBOTI'O YHCJla TypGyJ'[eHTHbIX HyJ'IbcaL[Hﬁ

atmocdepbl

information because of fluctuations in the amplitude
and phase of the electromagnetic wave that transmits
the radio signal. Fluctuations in the intensity of the
electromagnetic wave, leading to flickering of the
radio signal at the receiving antenna, are of key im-
portance. This study introduces the concept of radio
signal flickering characteristics as the average value
of a random variable over the cross section of the re-
ceiving antenna, i.e., the dispersion of the logarithm
of the radio signal power.

Atmospheric turbulence is a complex physical phe-
nomenon. The scale of turbulent pulsations varies
greatly in magnitude from 0,5 cm to 20 km. In this
case, turbulent pulsations of small scales are included
as components in turbulent pulsations of large scales.
Atmospheric turbulence has the greatest influence
on radio signals when the length of the electromag-
netic wave is comparable to the scale of turbulent
pulsations.

In this study, we managed to calculate the situation
when the size of the turbulent pulsation occupies a

Table. Approximate boundaries of the scales of turbulent
pulsations in the troposphere, stratosphere and ionosphere
Ta6nuua. [IpuMepHble TPaHULBI MACIITAG0B TyPOYIeHTHBIX
nyabcanuii B rponocdepe, crpatrocdepe u noHoChepe

Environment - Ao

Troposphere 1,4 km 1km
Stratosphere 3km 0,5 km
Ionosphere 20 km 10 m

certain segment of the circular receiving antenna. In
this case, rather simple relations are obtained for the
correlation function of fluctuations in the received
radio signal intensity. Using the Fourier spectrum of
the two-point correlation of turbulent fluctuations of
the refractive index in the so-called inertial region of
turbulence, an association was determined between
the characteristics of a radio signal flickering at the
receiving antenna and the wave number of turbulent
pulsations of the atmosphere. The flickering charac-
teristic of the radio signal increases with the wave
number of turbulent pulsations.
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Klyuev D.S. et al. Flickering of a radio-signal due to an atmospheric turbulence
18 Krioes [I.C. v np. MepuaHue painoCUrHana 3a cueT TypOyIeHTHOCTH aTMOChepbl

Annomayua - O6ocHoBaHue. TypOyneHTHBIe yIbCALUH IT0KA3aTels IPEIOMIEHHs B aTMOCcdepe IPUBOAAT K UCKAKEHHSIM
IpU MPOXOXIAEHHH PafMOCHTHaNa. DTO MOXET CO3[aTh MCKaKeHHe MepefaBaeMON HHPOPMALMH 3a CYET BO3HHMKAIOIIUX
Hy/IbCaliil aMIUTUTYABL, $assl U HHTEHCHBHOCTH 3J€KTPOMATHUTHOU BOJIHBI, KOTOpas HepefaeT paguocurHan. OayKkTyanuu
HMHTeHCHBHOCTH PaJHOCUTHAJIA PUBOMSAT K MEPLAHUIO PaIMOCUTHAA Ha IIPHEMHOM aHTEHHE 3a CYeT TypOyIeHTHBIX SIBICHUH
B aTMocdepe, KOTOpble MNPEACTABISIOT COGON CIOXHOe MHOrodpyHKIHOHanbHOe ¢usudeckoe sineHue. Lleas. PaccmoTpena
npo6nemMa GpIyKTyal i HHTEHCUBHOCTH PafiiOCUIHAIA Ha IIPHEMHOM aHTEeHHe 3a CYeT TypOyIeHTHOCTH aTMOCdephl — MepLaHue
papuocursana. DTa mpo6ieMa B HACTOsILIEE BPeMsi SIBJISETCS HCKIOYUTEIBHO aKTYaabHOH, T. K. CYIECTBYeT TeHEHIIHSI
aKTHBHOIO, HEraTMBHOIO BMeIIATeNbCTBA B IIPOLECC KAauyeCTBEHHOTO MPOXOXAEHHsS pafHOCHTHana Ha (OHe NPHUPOSHO
06yC/IOBNIEHHBIX TypOy/JI€HTHBIX NMynbcauui. Meroabl. [IpoBefieH TeopeTHYeCKHUH aHAIN3 NMPOXOXKIEHUs] paJUOCUTHANA depe3
TypGyneHTHyI0 atMmocdepy. lccremoBaHa NpPOCTPaHCTBEHHAs KOppeisinuoHHast G(yHKUMS IyKTyauuil HHTEHCHBHOCTH
IPUHUMAaEMOro pafgMOCHUTHaNa 3a c4yeT TypOyneHTHOCTH aTtmocdepel. Pe3ymbraTbl. BBeeHO MOHATHH XapaKTepPHCTHKH
MepIaHMUs PafIMOCUTHANa KaK CpeJIHEro 1o Ce4YEeHMIO NMPHUEeMHON aHTEHHBl 3HA4YeHHs CIy4yalHOW BeJIMYMHBI — NHMCIEPCHH
norapudmMa MOIIHOCTH PafHOCHTHana. PaccyuTaHa MOMeNb BO3HUKHOBEHHUsI QIIyKTyallMM B Ciydae [BYX OGIacTeil B CE4eHUU
IPUEMHOM aHTEHHBI C Pa3IMYHBIMU YPOBHSIMHM MHTEHCUBHOCTH pajuocurHana. HalimeHa koppensuuoHHas GyHKIHs QI 9TOM
Mopeny. 3akmodeHne. Ha ocHoBe pasnoxeHust B Oypbe-CIeKTp ABYXTOYEYHOM IPOCTPAHCTBEHHON KOPPEISILUOHHON QYHKIUH
TypOyJIeHTHBIX Iy/IbCALlUM [OKa3aTesls HPEeIOMIEHHUS HalileHa 3aBUCHMOCTb XapaKTePHCTHKH MEPLAHUs PagHOCHUTHAIa OT
BOJIHOBOT'O YHCJIa TypOYIeHTHBIX My/nbcanuit atMocdepsl. [TokasaHo, YTo HauboblIIee BIMsHIE Ha PaAHOCUTHAT TyPOYIeHTHOCTD
aTMocdepbl OKa3bIBaeT, KOTAA [UIMHA 3JIeKTPOMArHUTHOU BOJHBI CPABHUMA C MACIITaGOM TypOy/IeHTHBIX MyJIbCALUH.

Kniouesvle cnosa - armocdepHast Typ6yI€eHTHOCTD; PARMOCUTHAT; PASHOBOIHEL, GIYKTyallHd NHTEHCUBHOCTH; AByXTOYEYHbIE
Typ6yneHTHbIe Koppensuuu; Oypbe-crnekTp.
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