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Abstract:

The paper considers the main models of radio wave propagation used in the calculation
of radio lines in the line-of-sight area. It has been shown that to calculate the frequency-
territorial separation norms, the Vvedensky reflective model is advisable. The methodol-
ogy for calculating the frequency-territorial separation norms and the peculiarities of its
application for radio-electronic means operating in the decimeter-wave range are de-
termined. Failure to take into account the attenuation multiplier during radio wave
propagation within the scope of the Vvedensky formula leads to an error in the calcula-
tion of the interference power at the input of the interference receiver-receptor and to an
erroneous increase in frequency separation during the development of frequency-
territorial separation norms for decimeter radio-electronic means.
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1 Introduction

The constant increase in the density of radio-electronic means (REMs) with a limited
frequency resource leads to a rise in mutual interference, affecting their intended func-
tioning.

1.1 Problem Formulation
The problem of mutual interference is mainly observed where REMs are combined
into complexes that should be located in a limited area. A large number of studies have
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been devoted to the research of methods and algorithms for calculating the frequency-
territorial separation (FT'S) of REM and determining the conditions of electromagnetic
compatibility (EMC) of REM located at the same position [1-22]. The rapid develop-
ment of the latest technologies and standards (norms) of information transmission and
their implementation in modern electronic communications and radio engineering
causes an increase in the density of REM placed in local groupings. Therefore, the
study of the problem of ensuring the intra-object electromagnetic compatibility of
REMs is relevant.

2 Statement of Research Problem

In [23], the authors obtained relations that can be considered a system of criteria for
ensuring the EMC of a group of independent REMs located in a limited area. Howev-
er, the methodology for determining the individual parameters included in these ratios
is not given. Paper [24] presents a methodology for analyzing the object EMC of
communication means, which can be used exclusively to assess the interference effect
on the receiver due to blocking and intermodulation. Paper [25] provides a general
methodology and algorithm for calculating the EMC of REM, which does not provide
for the development of FT'S norms of REM [26]. Papers [26, 27] consider the peculiar-
ities of assessing the mutual influence of exclusive radar means placed in a common
position. The analysis of publications [23-28] indicates an insufficient level of re-
search on the problem of ensuring intra-site electromagnetic compatibility of REM
with the calculation of the FTS norms, on the basis of which recommendations are
determined to ensure the EMC conditions of REM.

The most complete basic methods for analyzing and ensuring the EMC of REM
located at the same facility are considered in [26], where, in particular, it is determined
that the analysis and calculation of the EMC of REM located at the same facility in-
cludes the following main stages:

* frequency analysis of the object’s REM,

* energy analysis of the facility's REM:

o calculation of the power of radio interference affecting the radio receiver
(RR), reduced to its input,
o calculation of the permissible power of unintentional radio interference at
the input of the RR,
o determination of the degree of EMC protection of the REM,
o auxiliary calculations:
e calculation of frequencies and levels of intermodulation radiation of
radio transmitters (RT),
e calculation of out-of-band characteristics of antennas,
e calculation of the decoupling between antennas located close to each
other.

To ensure in-situ EMC, in addition to the frequency, time and spatial separation
of REM, the following methods are used [26]:

* reduction of interference caused by out-of-band and sideband radiation of the
RT, as well as interference from side reception channels by using additional
special filters at the output of the RT to reduce the level of radiation outside the
main frequency band occupied by the transmitted signal,

* increasing the decoupling between antennas and feeders of radio frequency
equipment located at the same facility,



Advances in Military Technology, 2025, vol. 20, no. 1, pp. 263-275 265

ensuring the EMC of REM located at the same facility by using electromagnetic
shields.

However, in [26], several aspects related to the analysis and assurance of EMC
for REM are not explored in sufficient depth, necessitating further clarification and
refinement to reach a design-level specification.

The purpose of the article is to consider the peculiarities of calculating the FTS
norms for REM located in a joint, limited area position and operating in the decimeter
wave (DW) range. This range is widely used in radar, radio navigation and radio
communication.

3 Selecting a Radio Wave Propagation Model for Calculating FTS
Norms

It is known [29] that radio frequency energy during signal transmission on any radio
line is determined by the so-called basic equation of radio transmission:

PRt
P, (r) = RGy1, Gy, (4_7”] W, (1)

where P — the power of RT — sources of interference,

G — the transmitting antenna gain,

G, — the receiving antenna gain,

n1 — the efficiency of the transmitting antenna feeder,

n2 — the efficiency of the receiving antenna feeder,

A — the average wavelength of the operating range of the RR — interference receptor,

2

A . . C

(4— =W, - the signal attenuation multiplier in the free space between the non-
T

directional antennas. In this case, the attenuation occurs only due to a decrease in the
energy flux density due to an increase in the wave front area with distance,
W; — the signal attenuation multiplier during radio wave propagation on a real route.

W: shows how many times the signal power decreases when it propagates on
a real route compared to the power in free space at the same distance from the trans-
mitting antenna. The main problem when calculating any radio link is always the
calculation of this particular multiplier.

In the DW range, all antennas are ‘elevated’, i.e., those whose suspension height
above the ground is many times greater than the wavelength. With elevated antennas,
the field at the receiving point in the line-of-sight is formed as a superposition of the
direct wave and the wave reflected from the ground surface. When operating beyond
the line of sight, the field is calculated using diffraction relations or relations describ-
ing the tropospheric scattering of radio waves. However, the area of direct line of sight
is of the greatest interest for EMC assessment, since operation of the REM beyond it
requires a completely different and much higher energy potential of the radio line.

Currently, the most widely used approaches for solving practical problems of
signal level prediction in line-of-sight areas include interference (reflective) formulas
and their simplified version known as the Vvedensky model, the Okumura-Hata mod-
el, and the ITU-R Recommendation R.1546 methodology, which is considered the
standard reference [2].

The results of calculations of radio lines by different models differ significantly,
which does not contradict the physical understanding of the specifics of each of them.
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It should be noted that none of the existing models provides absolute accuracy in cal-
culations. This is primarily due to the fact that radio waves in the ultra-short-wave
range propagate in the troposphere, the physical parameters of which are temperature,
pressure and relative humidity, as well as the law of their change with height. It is
clear that these parameters are constantly changing. Therefore, the concept of the so-
called normal troposphere with average physical parameters is used for calculations.

According to the ITU-R R.1546 recommendation, the field strength at the receiv-
ing point is obtained from radio wave propagation curves that reflect the functional
dependence of the field strength on the communication range under certain radio line
parameters:

E=F(R P, f, e, ) )

where R — the length of the route, km,

P — the radiated power,

f— the operating frequency (frequency range), MHz,

hie, hoe — the effective height of the RT and RR antennas, m.

The radio propagation curves (RPCs) in ITU-R P.1546 are constructed for the
median value of the field strength at a location and different values of the probability
of time fluctuations of 50, 10 and 1 %. In addition, the ITU-R P.1546 recommendation
provides families of radio wave propagation curves for frequencies of 100, 600,
2000 MHz. The propagation curves are constructed for a transmitter power of 1 kW
using a half-wave dipole as an antenna. The curves are given for different heights of
the transmitting antenna and at the height of the receiving antenna of only 10 m. For
the heights of the RT and RR antennas, which differ from the received ones, a linear
approximation of the curves is used. In addition, the curves are constructed for land
routes in medium-rough terrain with an elevation difference Ak =50 m. If the values
of operating frequencies in the 30 to 3 000 MHz bands differ from the values used in
the construction of graphs (radio wave propagation curves), appropriate correction
coefficients are used, which are determined by interpolating or extrapolating the field
strength values for the curves at the frequencies given in the recommendation.

Despite the fact that this model [2] is considered basic, it has one fundamental
drawback: the absence of any calculation ratios, which significantly complicates the
calculations, requires numerous interpolations and extrapolations, and worsens the
accuracy of calculations.

The Okumura-Hata model [30-32] provides calculations under the following re-
strictions:
the signal frequency f= 100,---, 1 500 MHz,
the communication range R = 1,-+-, 100 km,
the height of the RT antenna h; = 20,-+-, 200 m,
the height of the RR antenna s> = 1,---,10 m.

The Okumura-Hata model is intended for use in the design of cellular networks.
Therefore, it has significant limitations on the height of the RT and RR antennas. In
addition, REMs in local groups are mutually intermixed at distances, usually less than
1 km.

The two-beam (reflective) model of radio wave propagation [29] is most conven-
ient for calculating line-of-sight radio lines, where the field at the receiving point is
calculated using interference (reflective) formulas. In this case, the signal attenuation
multiplier during radio wave propagation (interference multiplier) W, is calculated
using the formula [29]:
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W, =\/1 +|R[* +2|R|cos (kAr +¢) 3)

where Ar = r; — r| — the difference between the travel time of the direct and reflected
waves,

|R|, ¢ — the modulus and phase of the reflection coefficient,

k = 2m/A — the wave number.

According to Eq. (3), when the location of the RT and RR antennas and/or the
wavelength changes, the phase shift between the direct and reflected waves changes,
too. The field strength (interference multiplier) changes periodically, passing through
a series of maximum and minimum values. The field strength and the interference
multiplier reach their highest values when the direct and reflected waves arrive at the
point of reception in phase, and the lowest — when they arrive out of phase. At the
same time, the field strength at the receiving point can almost double in the case of an
in-phase arrival compared to the case when only a direct wave acts, and in the case of
an out-of-phase arrival, it drops to almost zero. For the same reason, the antenna radia-
tion pattern (ARP) raised above the ground will also have a multi-lobe (interference)
character. The advantage of interference formulas lies in their unrestricted applicabil-
ity; however, their use is complicated by the need to account for the magnitude and
phase of the complex reflection coefficient, which, in turn, depends on the incidence
(or grazing) angle and the electrical properties of the ground in the area significant for
radio wave reflection.

However, at small slip angles, when the direction to the receiving point is within
the lower slope of the lower interference lobe of the ARP of RT, the interference for-
mula can be simplified. It is transformed into the quadratic Vvedensky formula [29],
where the multiplier W; is calculated by the formula:

2
W, = (—4“:;}@] @)

To take into account the sphericity of the earth, instead of the true heights A, and
hy, it is necessary to substitute the equivalent heights of the RT and RR antennas in
formula (4), which are found by Eq. (5):

2
hle’h’le zhl’h’l[l _r_zJ (5)

Ta

where Tai[km] = 4.12( ”’1[[14 + ,hZ[m] ) — the direct line of sight distance.

In addition, when using the Vvedensky formula, it is necessary to take into ac-
count the condition for its application, which is as follows:

18—h1;h?° <r (6)

The mechanism of field attenuation within the application of the Vvedensky for-
mula is that the reflected wave, nearly equal in amplitude to the direct wave, arrives at
the receiving point almost in antiphase with the direct wave. The greater the distance,
the smaller the difference in the travel time of the direct and reflected waves and the
more the resulting field is weakened. Therefore, the condition for using the Vvedensky
formula is as follows:
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18—hle/]th <r<0.87, )

However, to calculate the intra-object EMC, it is necessary to know the value of
the attenuation multiplier W; at (r < 18h,ch2e/A), at which the Vvedensky formula does
not work according to Eq. (7). To address this issue, we will analyze separately how
the multipliers W, and W, depend on the distance between the RT and RR antennas.
The graphs of the dependences of the signal attenuation multiplier W, during radio
wave propagation and the signal attenuation multiplier in free space Wy on the dis-
tance r, calculated by Eqs (4) and (1), respectively, are shown in Fig. 1. Calculations
were carried out using the following initial data: 4y =6 m, 1o =20 m, 4=0.23 m.

The analysis of the dependencies shown in Fig. 1 shows that the values of the in-
terference power attenuation multipliers W, and W, differ by several orders of
magnitude. If W, = 10_8,---,10_12 (blue curve), then W, = 1,---,1077 when it is calcu-
lated using Vvedensky formula (red curve), i.e. at short ranges, the multiplier W; is
close to 1.

If we calculate the multiplier W, using the interference Eq. (3), which has no re-
strictions on its application, we can see that (r < 18hich2/A) ‘hesitates’ near unity. At
the same time, the maximum value W; does not exceed 2, which, in comparison with
the attenuation multiplier W, = 10_8,---,10_12, makes the influence of the attenuation
multiplier W; negligible, i.e., at such ranges (r < 18hch2/A) can be disregarded when
calculating the FTS norms for REM operating in the DW range. Therefore, at short
ranges and if (r < 18h;chae/A), it is advisable to take into account only the attenuation
multiplier Wy, since at these ranges W; = 1 (see Fig. 1).

If condition (7) is met, the resulting attenuation multiplier Wz = WoW; must be
considered. A fragment of a Mathcad document designed to calculate the resulting
attenuation multiplier Wx is shown in Fig. 2.

. \—\‘\

Fig. 1 Graphs of dependences W, and Wy on distance r
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Fig. 2 A fragment of a Mathcad document for calculating
the attenuation multiplier W

The graphs of the dependences of the attenuation multipliers Wr, Wo and Ws on

the distance r, calculated by Eqs (4) and (1) and Fig. 2, respectively, are shown in

Fig. 3.
Analysis of the dependencies Wr, Wo and Wz (Fig. 3) shows that the multiplier

has a much smaller contribution to the resulting attenuation Wx than the multiplier Wo,
but this contribution is really present and at relatively long ranges it must be taken into
account when calculating the FTS norms for REM operating in the DW range. How-
ever, the resulting attenuation of the interference at the RR input characterizes
exclusively the value of the multiplier Wz used in the calculations. At the same time,
the dependence graph Wx(r) is quite smooth, without breaks, i.e. the proposal with the
logical addition of two RPCs models in the calculation Ws for calculating the intra-
object EMC is justified.
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Fig. 3 Graphs of dependences of Wr, Wo and Wx on distance r
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4 Methodology for Calculating the FTS Norms for REM Operating in
the DW Range

Phase 1. Frequency analysis is performed to determine possible channels of interfer-
ence penetration [26].

Phase 2. For each possible channel of interference penetration, an energy analysis
is performed and simultaneously the FTS norms are calculated as follows:

Subphase 2.1. The permissible value of the interference power Pinufr perm at the in-
put of the interference receiver is found. It is determined through the protective signal-
to-noise ratio kpror and the power value of the useful received signal Ps:

intrfr perm kprm
When calculating the FTS norms of REM Pinufr perm, the minimum value of the
payload signal power corresponding P min to the sensitivity of the interference receiver
should be used for determination. If there is reliable information about the actual pow-
er level of the useful signal P, which exceeds the sensitivity level of the useful signal
Py min, it 1s permissible to use a known value P; for calculating the FTS norms.
Subphase 2.2. The power of unacceptable interference at the receiver's input is
calculated P»(r) by Eq. (1).
Subphase 2.3. Calculate the territorial spread of the REM at zero detuning [26] in
the following sequence:
e a graph of the dependence of the interference power at the receiver input Pa(r)
is plotted,
* in the created coordinate system of the graph P»(r), a horizontal line is drawn
corresponding to Pinefr perms
» the value of the territorial separation at zero detuning is determined (abscissa of
the intersection point, P2(r) = Pinufrperm). If the line corresponding to Pinufr perm
passes below the dependence graph P»(r) and does not intersect with it, then the
dependence graph P(r) should be ‘extended’ to the diffraction region and
‘stitched’ with the graph for the line of sight.
Subphase 2.4. The influence of frequency diversity Af is considered by calculat-
ing the power of unacceptable radio interference Pagrr reduced to the input of the RR:

Pogg (1) = Py (r) By (8,,) Ty 9

where ki2(Afin) — the coefficient of radio interference attenuation due to frequency
tuning,

ki3 — the coefficient of attenuation of the radio interference effect due to its penetration
through the side reception channel.

The calculation methodology ki2(Afw) is described in detail in [26] and is ac-
ceptable for calculating the FTS norms for radio electronic means operating in the DW
range. The initial data for the calculation ki2(Afw) is as follows:

Afin — the frequency detuning, which is set in accordance with the known tuning step
of the RT,

Af; — the width of the radiation spectrum of the RT at the level of minus 3 dB,

Af; — the bandwidth of the amplitude-frequency response (AFR) of the RR at the level
of minus 3 dB,

kirr — the squareness coefficient of the AFR of the RR when it is read at a given level.
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Subphase 2.5 The FTS norms are calculated considering the frequency detuning
Afin in the following sequence:

* a graph of the dependence of the power of unacceptable radio interference re-
duced to the RR input P>rr(7) at a given frequency detuning is plotted,

* ahorizontal line is drawn in the created coordinate system of the graph Parr(7),
which corresponds to Pinufr perms

* the abscissa of the intersection point of these graphs determines the amount of
territorial separation at a given frequency detuning. And then again, if the line
corresponding to the level of Pinufrperm, passes below the dependence graph
Porr(r) and does not intersect with it, then the dependence graph Pogrr(r) must
be ‘extended’ into the diffraction region,

» sets the next value of the frequency tuning and repeats all the previous steps in
subphase 2.4-2.5 of this methodology.

The results of calculating the FT'S norms are presented in the form of graphs, i.e.,
the dependencies of the required frequency separation Af on the distance between the
REM of radio interference source (RT) and REM of radio interference receptor (RR),
which are determined on the condition that they are EMC compliant. The following
notations are used (Fig. 4):

r — the distance between the antennas of the RT and the RR, km,

Af — the frequency separation between the operating frequency of the transmitting
device (interference source) and the operating frequency of the receiving device of the
identified REM (interference receptor), MHz.

16
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| =]%
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0.1 1 10 100
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Fig. 4 Graphs of FTS norms

In Fig. 4 shows a graph of FTS norms (blue) calculated using the developed
methodology for REM located in a joint, limited area position and a graph of FTS
norms of REM (red), which is calculated using the same initial data as the previous
one, assuming that there is no reflected wave from the ground, i.e., the interference
signal attenuation multiplier Wr during radio wave propagation at any range is equal
to 1, which is an erroneous statement defined in sources [33]. For example, source
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[33] states that “... in cases where it is difficult or impossible to estimate losses due to
the transmission medium, the communication range can be calculated at least for the
case of free space with further refinement at the stage of operation”, source [34] states
that “... in practice, the ground surface for most land routes is not smooth, which caus-
es diffuse scattering of radio waves and their significant attenuation when reflected
from the earth’s surface. Therefore, when the receiver is in the line of sight (r < rar)
relative to the transmitter, due to the diffuse reflection of radio waves from the ground,
it can be assumed that Wr = 0dB”. However, it is known [29] that in the range of DW
under consideration, the modulus of the reflection coefficient at small slip angles can
be considered equal: for the water surface of rivers and lakes, its value is from 0.95 to
0.9; for flat areas and meadows, from 0.8 to 0.7; for forested areas, from 0.7 to 0.6; for
medium-rough forested areas, from 0.5 to 0.4. The reflective capability of the Earth’s
surface with respect to electromagnetic waves is characterized by the Rayleigh criteri-
on [29]. A practical confirmation of ground-reflected waves is the use of glide path
beacons in aircraft landing instrument systems, whose operation relies on the presence
of such reflections.

The analysis of the attenuation multipliers given above shows that their values do
indeed differ sharply in magnitude. However, this does not mean that there is no wave
reflected from the ground, and attenuation multipliers Wr can be ignored at all at any
range.

Thus, at short ranges, the signal attenuation multiplier during radio wave propa-
gation Wr can indeed be omitted from the calculations of the FTS norms. For long
ranges, this must be taken into account. Failure to comply with this rule leads to an
error in the calculation of the frequency separation value when developing the FTS
norms, as illustrated in the red graph in Fig. 4. Moreover, the greater the distance be-
tween the REM, the higher the calculation error Af.

5 Conclusions

The methodology for calculating the frequency-territorial dispersion norms in the
analysis of intra-objective EMC is considered in detail (step by step), and the peculiar-
ities of its application for REM operating in the DW range are determined.

The main models of radio-wave propagation used in the calculation of radio lines
in the line-of-sight area are considered. It has been shown that for such calculations it
is advisable to use the Vvedensky reflective model within the scope of its application.
The reliability of the calculation results when using the Vvedensky model was con-
firmed during field tests within the implementation of fourth-generation LTE mobile
communication networks in Ukraine with the participation of the authors of this scien-
tific work. When calculating the interference power at distances beyond line of sight,
it is necessary to use diffraction calculation relations or relations describing the tropo-
spheric scattering of radio waves.

It has been determined that at short distances, where the Vvedensky formula does
not work, it is quite acceptable to assume that the attenuation multiplier during radio
wave propagation Wr = 1, i.e., can be ignored when calculating the FT'S norms. How-
ever, within the scope of the Vvedensky formula, it must be considered without
failure. Failure to comply with this rule leads to an error in the calculation of the inter-
ference power value (its overestimation) and to an overestimation of the calculated
values of the frequency separation of REM when developing the FTS norms for REM
operating in the decimeter range.
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