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Introduction: Analysis of total signal decay is based on prognosis of the total path loss occurring in the atmospheric com-
munication links, accounting for effects of gaseous structures attenuation and scattering, hydrometeors (rain, snow and clouds)
absorption and attenuation, and turbulent structures fast fading on radio and optical signals passing atmospheric channels
with fading. Purpose: To perform a novel methodology of definition and estimation of effects of decay, absorption, scattering,
and fading of radio and optical signals propagating in atmospheric channels in various meteorological conditions. Results: Was
analyzed the impact of gaseous structures, hydrometeors and turbulent structures in total path loss for link budget design and in
degradation of data stream parameters, such as capacity, spectral efficiency and bit-error-rate, which lead in loss of information
data signals passing such kinds of channels with fast fading and decrease of quality of service. An optimal algorithm was found
of the total path loss prediction for various meteorological situations occurring in the real atmosphere at different heights and for
various frequencies of radiated signals. A method was proposed of how to evaluate the data stream parameters, capacity, spectral
efficiency and bit-error-rate, accounting for the effects of atmospheric turbulence impact on fast fading, which corrupts informa-
tion passing such kinds of channels. All practical tests were illustrated by the use of the MATLAB utility. A new methodology was
proposed on how to evaluate and estimate the capacity, the spectral efficiency, and the loss in energy and in the information data
stream for different scenarios of radio and optical signals propagation via atmospheric channels with fading caused by different
meteorological conditions. Practical relevance: The results obtained allow to achieve better accuracy of prognosis and increase
quality of service in atmospheric communication channels.
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Total path loss in atmospheric where Pjand Ppare the power, W, of the transmitter
communication links and the receiver which have directivity gain of G,
Gp, respectively; ris distance, km. From (46) yields

Path loss in free space

The path loss defined as the ratio or logarithmic L=In+101 47
difference between the amplitudes, P(rj), or intensity 0 & 7GR ) 47)
(power), P(rj), at any two different points r; and r,,
the transmitter point and receiver point accordingly. Here L is the path loss of isotropic point source
It is usually expressed in decibels [dB] and denoted (Gy =GR =1) in free space and can be presented in
by L [3]: decibels as

P (’”2)] 4%(ny) 2
L=10log| —== [=10log . (45) _ 4nfr\” 4nfr)
[p(rl) Az(rl) Ly =10log " =20log ol
For non-isotropic sources (antenna, laser) placed =32.44 +20log(r)+20log(f), (43)

in the free space the path loss is given by

P anr
LlelogP—Tlelog (x) /GTGR

where f — frequency, MHz.
All the above formulas are related to the well-
, (46) known Friis formula discussed in [3, 4]. As of now

R we can obtain the path loss between two directive
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antennas (receiver and transmitter) located in free
space (F'S) as

Ly =32.44 + 20log(r) +
+ 20log(f) — 10log(G) — 10log(Gyp). 49)
Fading effects estimation
Usually, fading effects can be estimated by use
of K-parameter of fading as an additional contri-

bution to LOS, accounting the multipath effect on
signal components:

LOS-component power (50)

- Multipath-component power )

The most comprehensive distribution to describe
the fast fading effects is the Ricean distribution be-
cause it includes both line-of-sight (LOS) together
with scattering and diffraction with non-line-of-
sight (NLOS) and is defined as [4]

2 42

r'+A
PDF(r)=-sexp —Q IO(A—;),
c 20 c

A>0,r>0, (51)

where A is the peak strength; o is standard deviation
of the signal envelope; I,is the modified Bessel func-
tion of the first kind and zero order. Using (50) and
(51), the distribution function in decibels can be de-
rived. The signal deviation from the mean on a dB-
scale can be calculated using the following equation:

y = 20log(r/A). (52)

The resulting probability density function (PDF)
of y is given by

02v/20
PDF(y)=2K1n10

X

§ e(—2K(102-”/ 241}

I (2K~10y/ 10). (53)

Figure 11 shows the PDF(y) for various values of
K for various fluctuations. When K — « the Rician
distribution fading approaches a Gaussian one, pro-
ducing “Dirac-delta function”, while for K — 0, the
worst scenario of the fading channel is described by
Rayleigh PDF.

For our computations, the smallest K that had
been calculated was approximately 4 and the larg-
est was approximately 121. The fast fading loss was
calculated from Fig. 11 by comparing the signal
strength [dB] of the maximum value of the PDF:

y[dB]:lOlog(LFF j [dB], (54)
rms
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B Fig. 11. PDF distribution versus signal to rms [dB]
for values of Ricean parameter K of fading

while the rms is equal +/2c, so the fast fading loss
(Lyp) is equal to

Lyp =y + 10log(rms) [dB]. (55)

Link budget design

The total path loss is difficult to be measured di-
rectly, since various losses and gains in the radio
system also need to be considered. These are best
accounted for by constructing a link budget, which
is usually the first step in the analysis of a wire-
less communication system [9]. The link budget is
the calculation of signal power, noise powers and/or
signal-to-noise ratios (SNR) for a complete commu-
nication system or links.

Link budget is simply the maximum acceptable
path loss and is usually split into two components,
one of which is given by the distance-dependent
path loss model plus a fade margin, which is includ-
ed to allow the system some resilience against the
practical effects of signal fading beyond the value
predicted by the model:

Maximum acceptable propagation loss =

= Predicted loss + Fade margin [dB]. (56)

For the tropospheric link the total link budget
is the sum of all the predicted losses such as the
transmission line loss and the attenuation from the
hydrometeors such as rain, clouds and fog. Included
in this are the factors of fast fading caused by at-
mospheric turbulence and multipath phenomena
caused by diffuse scattering. Finally, subtracting
from this the gains of the antennas G; and G,, the
link budget can be given as
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B Fig. 12. Total path loss versus frequency for several ranges between the antennas: a —h=1km; b —h=5km; ¢ — h=T7Tkm; d —

h=10km

= S
Liotar =L+ Lsp + Lpp + 1= =CGr —CGg,  (37)
0

where Ly, — slow fading loss due to diffraction of
clouds; Ly — fast fading loss due to effects of tur-

bulence caused by scattering; Ni — SNR of the
0

Gaussian noise channel; L is the average path loss

and is equal to the sum of free space attenuation

and NLOS condition attenuation, that is

‘Z:LFS +LNLOS’ (58)

Here Ly — free space path loss; Ly; g — attenu-
ation of hydrometeors such as rain, snow and clouds.

As examples on how to design link budget for at-
mospheric communication links, we will build our
link budget for aircraft height of 1, 5, 7 and 10 km,
for three frequencies, f=(2.4, 3.3, 5.2) GHz, corre-
sponding to what is usually used in 4th generation
Wi-FiTechnology. In the Tables 1, 2 we will conclude
all the losses from hydrometeors, turbulence and
free space. The gains of the transmission antenna
and the aircraft antenna [dB] will be described as
G, and G, L is the horizontal distance.

In Figs. 12, a—d we examine the link budget for
aircraft height antenna of 1, 5, 7 and 10 km for dis-
tance L equal to 10 and 100 km.

As follows from Fig. 12, the computations carried
out for the specific case correspond with the informa-
tion presented by in Tables 1, 2. For aircraft height
antenna of 5 km for distance L = 10 km, the path loss
exceeds 121.9639, 124.9347 and 129.4745 dB for fre-
quencies of 2.4, 3.3 and 5.2 GHz respectively.

Effects of turbulence on signal data passing
atmospheric communication links

Characteristics of information signal data
in atmospheric communication links

According to the classical approach, the capacity
of the channel with Additive White Gaussian Noise
(AWGN) of bandwidth B, is based on the Shannon —
Hartley formula, which defines the relationship
between the maximum data rate via any channel,
called the capacity, the bandwidth B, [Hz], and the
signal-to-noise ratio (SNR =N, ;) (see also [4, 5]):

C=Bwlog2{1+ SB } (59)

0w
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where in our notations, the power of additive noise
in the AWGN channel is N, ;; = N,B,,, whereas S is
the signal power, and N, is the signal power spec-
trum, W/Hz.

According to [3-5], SNR equals the ratio be-
tween the signal power measured at the input of the
receiver, Pp, and its inner white noise Npy:

SNR=10logy, (5—1“} — P, —Ng[dB].  (60)
R

Usually, in radio and optical communication, an-
other characteristic, called the spectral efficiency,
is utilized:

é=£=10g2{1+
Bw 0Pw

}. (61)

Based on the second approach (called the ap-
proximate [4, 5], accounting for the fading phe-
nomena, flat or multi-selective, we can now in-
troduce in (61) the multiplicative noise by intro-
ducing the Ricean K-factor of fading, defined
above, as the ratio of the coherent and multipath
(incoherent) components of signal intensity, that
is, K=1,/I,,. or following special definitions
made in [4-6], K=S/N,, ;. Using these nota-
tions, we finally get the capacity as a function of
the K-factor and the signal to additive noise ratio
(SNR,;,):

_ 1 1))
C—Bwlogz 1+ SNRadd +K =

(62)

_B, 10&@%}

K+ SNRadd

Consequently, it is easy to obtain from (62) the
spectral efficiency of the channel with fading as a
source of multiplicative noise:

¢="C _log, (1+—K'SNR“dd j (63)
Bw K+ SNRadd

where the bandwidth B, changes according to the
system under investigation. In a comparison, made
in [4, 6], between the two approaches, classical and
approximate, it was shown that formulas (61) with
N,40=NyB, and (63), are the same description of
the channel/system capacity, when the K-factor is
larger than SNR, ;.

Finally, we can relate the strength of the scin-
tillation introduced above (called the scintillation
index), with the K-factor of fading. In expression
(44), we presented this characteristic, following
[4—-6], for zero-mean random process. For the con-
venience of understanding the subject, we present
this relation again:

2 [I_<I>]2 iznc -2
<c,>:< 7 >:Ilczo K2, (64)

Dependence of K-factor of fading versus the signal

intensity scintillation c%, was presented in Fig. 10
(see part 1) based on computations made in (44).

The range <G%> of the scintillation index varia-

tions, from 0.2 to 0.8, was obtained from numerous
experiments, where relations between this param-
eter and the refractivity of the turbulence in the
irregular atmosphere were taken into account (see
also Fig. 7-9). Thus, from experiments described

-2/3

there, it was estimated ~C,%z10715 m and

~C5 ~10713 m_2/ 3, for a nocturnal and a diurnal

atmosphere at the height around 1-2 km, respec-
tively. As follows from Fig. 10, for such values of

<G%>, fading parameter K indicates the existence

of strong direct visibility between both terminals,
the source and the detector, accompanied by weak
additional effects of multipath phenomena caused
by multiple scattering of signals at the turbulent
structures, formed in the disturbed atmospheric
regions, observed experimentally [4, 5].

Having now information about the K-factor, we
can predict deviations of the parameters of the data
stream (i. e., the signal) in the multipath channels
passing through strong turbulence that occurs in
the non-homogeneous atmosphere.

Thus, the capacity or spectral efficiency de-
scribed versus K-factor by Eq. (63) and (64), respec-
tively, can easily account for various scenarios oc-
curring in the atmospheric channel and for differ-
ent conditions of the inner noise of the transmitter
as well as the receiver inside the link under consid-
eration. One of the computed examples is present-
ed in Fig. 13, for different additive SNRs and for
a “point” receiver (with respect to the range of 1 km
between the terminals).

We took the K-parameter much wider, vary-
ing in the interval from 0.1 to 500, that is: to cov-
er the “worst” case when K << 1 which is described
by Rayleigh law passing the quasi-LLOS case; when
K ~ 1; and finally achieving a situation where K >> 1
(ideal LOS case in propagation, described by Delta-
shape Gaussian law). As can be seen, in the strong
disturbed irregular atmosphere (with strong turbu-
lence), when 1 < K < 10, the spectral efficiency is
around (0.7-1.1) for SNR =1 dB; around 0.7-1.7 for
SNR = 5 dB; and around 0.95-2.55 for SNR = 10 dB.

Now, since the optical signal can be considered
as a carrier of digital information, as a set of bits,
effects of multipath fading in any wireless commu-
nication channel leads to errors in bits character-

S8 7 VHOOPMAUVIOHHO-YMPABASIOLLVIE CUCTEMBI
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B Fig. 13. Spectral efficiency vs. K-factor for point re-
ceiver

ized by the special parameter defined as BER. Thus,
using the Rayleigh distribution for worst cases of
strong fading, we can determine the probability of
bit error occurring in the multipath channel by the
following formula [3—-5]:

IR
1 oo 2 2
P. (e =G—2 . re L2V 1 qp ¢ 120N , (65)

where P,(e) represents evaluated probability of a bit

error; 6]2\] is the intensity of interference at the op-
tical receiver (usually determined as the multiplica-
tive noise [3—6]), r determines the threshold be-
tween detection without multiplicative noise (de-
fined as a “good case” [3—6]), and with multiplica-
tive noise (defined as a “worst case” [4, 5]).

In our investigations, we present BER as a func-
tion of the Ricean K-factor of fading, following
results obtained in [4, 5], based on Ricean PDF, as
more commonly used with respect to Rayleigh PDF.
Thus, following [3—6] and using a classical formula
for BER, according to [3] we finally get

1,0 SNR
BER==— x)erfe| ——x |dx, 66
ZL’ p() (2\5 ] ©0)

where p(x) is the probability density function, which
in our case the Ricean one was taken, and erfc(’) is
the well-known error function [3—6]. Using the BER
definition (66), where the SNR includes also the
multiplicative noise, we finally get for BER the fol-
lowing equation:

22
S liox 52 _
—,GZ—J. Z e 267K

d

BER(K, 3
ad 2°0 9

KS

x I (f\/zK jerfc Nadd . |qx. (67)
N 2@(1( + S j
Ngqa

This is an important formula, which gives the
relation between the BER and the additive SNR,
the Ricean parameter K describes the multipath
fading phenomena occurring within the multipath
land-satellite communication link passing the iono-
sphere, and the probability of BER of the informa-
tion data stream inside such a channel.

Relations between signal data parameters
in atmospheric links

We can now enter into detailed analysis of the
key parameters of the wireless atmospheric chan-
nel, radio or optic, and the information data, based
on the approximate approach proposed above ac-
cording to [3—6].

‘We should emphasize that the proposed approach
is based on formulas (40), (41), (62)—(64) and (67).
This means that with knowledge of the experimen-
tally obtained refractive index structure parameter,
C,% , that characterizes strength of atmospheric tur-
bulence, one can estimate the scintillation index c%—
based on Rytov’s law (41). The later can be evaluated
based on the relation between (5% and K by use of the
relation (64) between them. Considering these pa-
rameters, finally using (62)—(64), (67), the BER can
be evaluated for various situations occurring in the
land-atmosphere or atmosphere-land wireless chan-
nels with fading caused by turbulent structure of the
troposphere at altitudes from 1 to 10 km.

Thus, we analyze effects of fading (e. g., the
changes of the K-parameter) on BER conditions
within the turbulent wireless communication link
consisting of weak and strong turbulences. As
shown in [6, 25, 26], depending on what kind of tur-

bulence — strong turbulence (with <C,21> =5.10714 )

occurring at paths up to 100—-200 m, or weak turbu-
lence (with <C,% > =4.10716 ), occurring at altitudes

of 1-2 km — the effects of fading become stronger
in the first case, and weaker in the second case. In
other words, at higher atmospheric altitudes for the
horizontal atmospheric channels, where the LOS-
component exceeds the multipath (NLOS) compo-
nent (i. e., for K > 1), the BER-characteristic be-
comes negligible and can be ignored as well as other
fading characteristics in design of land-atmospher-
ic or pure atmospheric links. This result is clearly
illustrated by computations presented in Figs. 14,
a and b for various SNR and for scintillation index.

As seen from Figs. 14, strong turbulent atmos-

pheric conditions, defined by C,% ~10718 m_z/ 3 (and

N°1,2020 N\
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therefore — by K < 2) result in a relatively great
BER. This tendency depends also on increases of
SNR inside the wireless system. Thus, for an SNR
increase of 15 dB, the BER decreases accordingly.
So, strong turbulent conditions play a major role
in fading effects caused by turbulence, which fully

corresponds with results obtained experimentally
and theoretically in [25, 26]. Therefore, these are
subjects of particular value for estimation of opti-
cal communication parameters, such as BER and
SNR and prediction of maximal losses, caused by
strong turbulence.
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B Fig. 14. BER computed by formula (67) vs. K-factor for various SNRs:a —c=2dB; b —oc=5dB
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Finally, in [4—6] an optimal algorithm for mini-
mization of the BER of signals was constructed for
different situations occurring in wireless atmos-
pheric communication links and for different SNRs
occurring in AWGN channels. Thus, taking some
measured data, presented in [4-6], we can show
here some examples. The results of computations
obtained from the relations between ¢ and K are
shown in Fig. 15, a and b.

Asseen from Fig. 15 with an increase of the K pa-
rameter; that is, when the LOS component becomes
predominant with respect to NLOS multipath com-
ponents, it is found that BER decreases essential-
ly from 1072 for K ~ 1-2 to 1076 for K ~ 56 (i. e.,
for the atmospheric link at altitudes of 100-1000 m
filled by turbulent structures [4—6]).

The above results were obtained both for strong
and for weak turbulence via measuring of the scintil-
lation index, which allows to estimate deviations of
the parameter of fading K: from K < 1-2 — strong
fading, to K ~ 5—6 — weak fading, and to K ~ 10 — ab-
sence of fading. Variations of SNR — from 1 to 20 dB,
can only slightly improve a situation with fading.

Summary

In this work, we investigated tropospheric ef-
fects occurring in the corresponding communica-
tion channels, relating to the effects of hydromete-
ors (rain, clouds, etc.) as well as gaseous structures

with turbulence, and their main impact on total
path loss and fading prediction in the process of to-
tal link budget design. We analyzed separately the
impact of hydrometeors on attenuation; and turbu-
lence on scattering (e. g. fast fading) of signals with
data passing tropospheric wireless communication
links.

A link budget was performed for more attrac-
tive frequencies used in Wi-Fi communication
links (from 2.3 to 5.3 GHz) for different distances
between the ground-based subscriber antenna and
flying subscriber antenna. Some specific examples
were presented for close and far ranges between the
terminal antennas at 10 and 100 km.

Using obtained relations between the K-factor
of fading and the scintillation index, usually ap-
plicable in turbulent atmosphere, one can a-priori
predict the rate of information data signals, the
BER, and the spectral efficiency of each atmospher-
ic channel based on “reaction” of the atmospheric
environment and its features on signal data stream
passing the atmospheric wireless channel.

Finally, we can conclude that accounting for dif-
ferent impacts of atmospheric features and struc-
tures, a designer of wireless atmospheric commu-
nication links can more precisely predict the total
path loss and, consequently, can design the link
budget and arrange the terminal antennas with the
prescribed correct amplification, so as to overcome
and obey all losses and fading phenomena met in
such kinds of links.
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BBeneHue: aHaN3 IIOJTHOTO 3aTYyXaHUsA CUTHAJIA OCHOBAH Ha IIPOTHO3€ IOJHBIX IIOTEPH, MMEIOINX MeCTO B aTMOC(hEpPHBIX KaHaJaxX
CBfABH, yUUTHIBaoOIeM 3(pGeKTh 3aTyXaHua U PaccedHUA Ha razoo0pasyolux CTPYKTypax, IMOIVIOIIeHUS U I0Teph OT THAPOMETEOPOB
(mosx s, cHera, 00J1aKOB), OBICTPOTO hefMHTa TYPOYJIEHTHBIX CTPYKTYP HA PAAUO- U ONTUYECKUEe CUTHAJBI, PACIPOCTPAHAIOIINECS B aT-
MochepHBIX KaHalax ¢ pexuarom. Ileas uccaegoBaHusa: paspaboTKa HOBOII METOJOJIOTHY OIIpeeJIeHUA U OlleHKU 3((}eKTOB 3aTyxXxaHu4d,
TOIJIOLIEeHU s, paccesAHus, U eAUHTa PAJUO- U ONTUUECKUX CUTHAJOB, PACIPOCTPAHAIONINXCA B aTMOC(ePHBIX KaHAJIaX B PA3IMUYHBIX
MeTEeOpOJIOTUUECKUX YCJIOBUAX. Pe3yabTraTsl: IPOAHAIU3UPOBAH BKJIAJ ra3o00pasyomiux CTPYKTYD, THAPOMETEOPOB U TYPOYJIeHTHBIX
CTPYKTYD B IIOJIHBIE ITIOTEPU CUTHAJA AJIA AU3aiiHa 00/ KeTa KaHaja U B Jerpaflaluio mapaMeTpoB NH(OPMAIMOHHOTO IIOTOKA JaHHBIX,
TaKUX KaK IPOIYCKHASA CIIOCOGHOCTH, CIIEKTpaibHasa 9G(EeKTUBHOCTh U CKOPOCTH IIOTEPh B OMTaX, KOTOPHIE B UTOTe IPUBOJAT K IIOTe-
pe HHDOPMAIMOHHBIX CUI'HAJIOB, PACIIPOCTPAHAIOININXCS B KaHAJIAX CBASU C OBICTPHIM (heAMHIOM, ¥ K YMEHbBIIIEHNIO KauecTBa CepBUCA.
Haiinen onTuManbHBIM aITOPUTM IIPOTHO3A MOJIHBIX IIOTEPH IJIA PA3IUYHBIX METEOPOJIOTUUYECKUX YCIOBUM, MMEIOIIINX MECTO B PEATLHOMN
aTMocdepe Ha PasIWYHBIX BBICOTAX, W AJIA PA3JIUYHBIX YACTOT M3JIyYaeMbIX CUIHAJIOB. IIpe/ioskeH MeTOL OLEHKU IIapaMeTpPOB IIOTOKA
nHOOpPMAIINY, TAKUX KaK IIPONYyCKHAas CIIOCOOHOCTD, MJIN €eMKOCTh, CIIeKTpaabHasa 3G (GeKTUBHOCTS U CKOPOCTh OTEPh B OuTax. [JaHHBINA
METOJ YYUTHIBAeT 3(PdeKTHI BKJIaLa aTMOCHEPHOM TypOyJIeHTHOCTH B OBICTDPHIN (DeJUHT, KOTOPBIN paspyuiaeT nHOOPMAINIO, ITPOXOLA-
IIyIo Yepes KaHaIbl TAKOTO TUIa. Bece mpaKTHYeCKYe TeCTHI IPOUJIIIOCTPUPOBAHEI C NCIIOIb30BaHUeM IporpaMmupoBanus Ha MATLAB.
IIpennosxeHa HOBasA METOAMKA OIPeAeIeHU U OIeHKU IIPOIIYCKHOM CIIOCOOHOCTH, CIIEKTPAIbHOM 3(P(MEKTUBHOCTH U IIOTEPh B S9HEPTUU U
B IIOTOKE MH(POPMAIIMOHHBIX OUTOB IIPU PABIUYHBIX CIIEHAPUAX MPOXOKAeHNA NHGOPMAIMOHHBIX CUTHAJIOB, PAAN0 U OITUYECKUX, Uepes
aT™MocdepHbIe OeCIIPOBOSHBIE KAHAJEI CBA3K ¢ (DeJMHTOM, BHI3BAHHBIM PA3JIUYHBIMU METEOPOJIOrnUecKUMHU yeaoBuamu. IIpakTuyeckas
3HAYUMOCTH: II0JIyUYeHHBIE Pe3yIbTaThHI TO3BOJIAIOT JOOUTHCS YIYUIIeHHOM TOUHOCTY IPOr'HO3Aa U ITOBLICUTH KAUeCTBO CepBUCca B aTMochep-
HBIX KaHaJaX CBA3U.

KuaioueBsie ciioBa — ObICTDHIN eAUHT, Ta3000pasyIomire CTPYKTYPhI, THAPOMETEOPHI, JOXK b, EMKOCTD (IIPOIyCKHASA CIIOCOOHOCTSD),
3aTyxaHue, MHAEKC CUUHTUILIANY, K -dakTop Paiica, o61aka, moryiomnieHne, CKOPOCTb OUTOBOI OINOKY, CHET, CIleKTpaabHasa 3 (GeKTuB-
HOCTB, TYpPOYJI€HTHOCTD.

Ias putupoBanusd: Juwiler I., Bronfman I., Blaunstein N. Analysis of total signal decay and capacity of information data in wireless
atmospheric communication links. Part 2. Hugopmayuornno-ynpasasaouue cucmemsvt, 2020, Ne 1, c¢. 54—62. doi:10.31799/1684-8853-
2020-1-54-62
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