Kartografické listy, 2004, 12

Mariian MOZUCHA

CARTOGRAPHIC MODELLING OF INTERACTIONS
OF FM SIGNAL WITH GEORELIEF

MoiZucha M.: Cartographic modelling of interactions of FM signal with georelief. Karto-
grafické listy, 2004, 12, 16 figs., | tab., 19 refs.

Abstract: Calculations of optical visibility, insolation of georelief and spatial solar input are
implemented into many GIS-es. But solar radiance is only an insignificant part of a huge fre-
quency range of electromagnetic radiance around us. This article analyses a behavior of fre-
quency modulated {(FM) radio signal, and describes the interactions of FM radio signal with
georelief, respectively with receiving antennas on it, on the level of a cartographic interpreta-
tion. The calculations run in a specialized program, containing modules for special morphomet-
ric analysis of georelief and analysis of radio visibility. Calculation process is decribed in block
diagrams. Iis results are map outputs of chosen parameters of radio visibility. Aim of this article
is to point at an area that was wrongfully neglected in cartography and geoinformatics in Czech
republic and Slovakia, and help develop it.

Keywords: GIS, optical visibility, radio visibility, geometrical optics, wave optics, georelief,
curvature

Introduction

Principles of calculations of optical visibility, insolation of georelief, and surface solar input
described mainly in J. Krcho (1965, 1967, 1970) are already implemented into many GIS-es, in the
form of the modules (Page 1986, Dubayah, Rich 1995, Hofierka 1997). But solar radiance is
a small part of huge frequency range around us. We can select a special range that is usable for
a transfer of information - a radio communication. Frequency modulated (FM) signals means
artificially produced electromagnetic waves of carrying frequency from 30 MHz to 300 GHz, with
information modulated on it. FM signals are intensively used by various radiocommunication
services — radio and television broadcasting, civil and military mobile communication, microwave
connections, radio relays, radar detection and navigation etc, (Tab 1).

Tab. 1 Division of frequency band of radio waves used by radio communication

1 Internation. Frequency range (kHz) Explanation

abbrev.

ELF 0.003 - 3 | Extremely long waves
VLF 3 - 30 | Very long waves

LF 30 - 300 | Long waves

MF 300 - 3.000 | Middle waves

HF 3000 - 30.000 | Short waves
VHF 30.000 - 300.000 | Very short waves {m)
UHF 300.000 - 3.10° | Ultra short waves (dm}
SHF 3.10° 30.10° | Super short waves (cm)
EHF 30. 10° 300. 10° | Extremely short waves (mmy)

In: Klima, J.: Tedria elektromagnetického pola, 2004
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This article will be focused on FM signal that propagates via air, aleng georelief, or in
a relatively small distance above it. Georelief is a potential barrier for the FM signal propagated
via troposphere. From viewpoint of a practical use it is necessary to know and analyse behaviour

of propagated FM signal, respectively FM radio waves, and to describe its interactions with geore-
lief.

System point of view

From system point of view, the FM signal is a part of electromagnetic field, generated between
transmitter and receiver. FM signal is identified by its frequency, position of source, direction of
propagation, and by carried information. FM signal interacts with other FM signals of the same or
similar frequency, as well as with its environs (Fig. 1).
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Fig. 1 System of FM signal propagated from transmitter (T,) to recetver (R,) within
geographical sphere, and various modes of propagation from T, to R,

Georelief Ggr also belongs to the system where FM signal is propagated, and it is defined
in papers of J. Krcho (1990, 2001) as spatial dynamic landscape subsystem. Its mathematical de-
scription is very complicated, however in principle, we can theoretically express it using system of
differential equations. This solid but dynamic division line considered in the arbitrary scale 1:M;
(i =1, 2, ..), its distinctive level U, and without T time parameter as a static surface, described in
the coordinates system (O, x, y, z) by a general function of two variables x, y, in form of z = f(x, y).
The altitude z is function of x, y position only. On the base of this function it is possible to gener-
ally express geometrical properties and geometrical structure of georelief, by means of differential
geometry apparatus. Hence, georelief is described by the approximate function z = f(x, y).

Set of morphometric parameters of Ggyr (Krcho 1990, 1992, 1999) is expressed as:
GRF = {Z: AZ’ $ns va AN’ (KN)na (KN)h Kn Nan K,-F, ANH"' ] (1)

{Az — relative altitude in the direction of slope curves, s, — length of slope curves, AN,- robustness
of a form), where:

w = arcig (|grad z}) = arctg (‘\ f o+ ) , (2)

Ay = arctg (z,/z,) , (3)
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We can also define a subset of parameters of georelief, selected on the basis of a relation to a
FM transmitter, located on georelief:

Greo= {2, Az, & Yem Arm, (Ki)em, (Gexp)rm ] (10)
where:

Apm = 180° — r + 35 = 180° ~ & + arctg (z,/7,) (11)

is orientation of georelief (A [Xp: ¥pin Zp]) to FM transmitter 7% as a point A, [Xy;, Yvi, Zv] O1 geo-
relief (fig.2), where the angle ¢ris deviation of transmitter — receiver T, — R, line from x-axis of
XY coordinates system, Variable ¢is computed from the relation:

e _éﬁ) e ( Vi - W ) 12
o arcsm( 0, arcsin -\japi'xv)z ~ (ypi'yv)2 . (12}
M = W COSApy = arctg (\/(zx)j + (zy)2 )cosApM (13

is dimension of georelief slope in direction of propagated FM signal (Fig. 2) and:

2 . .
Zy COS A+ 2 Z,,COSSINA + Z,y SIN"CX
(Knrm = (14)

2 . 3. - 2
((1 + 7 costa +2 z,zycosarsing+ (1 +2zy) sza) (1+ Z + Zy)

is normal curvature in the direction of propagated FM signal and where m = (dy/dx) = tg(c) (12)
(according Krcho 2001, MoZucha 2004).
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Fig. 2 Display of an angle Ay 0n a map

Electromagnetic parameters of FM signal in the article are mentioned and implemenied only in
the scale necessary for understanding of basic phenomenon proceeding at its interactions with
georelief.

FM signal is propagated from a point source of radiance into surrounding space. On the route
from T, to R, an attenuation of electromagnetic field strength is increasing due to reduction of the
radiated output, and due to interactions with georelief, water, and gases in troposphere. Inhomoge-
neities in spatial distribution of electromagnetic parameters of the field of FM signal are emerging.

Propagated FM signal behaves as aray as well as a wave. Its behaviour can be expressed by
means of two sets of relations. The first set reduces a propagation of FM signal to purely geomet-
rical relations, it means counts with a zero value of it wavelength (geometrical optics — GO, Fig.
3a). Second set of relations expresses propagation of FM signal on the basis of wave substance of
electromagnetic radiance (wave optics — VO, Fig. 3b).

Fig. 3 Propagation of FM signal a) in sense of geometrical optics, b) in sense of wave optics
(From: Prokop — Vokurka, 1982)

The second mentioned set takes wavelength, electrical properties of a field of the FM signal,

polarisation, and so-calied Hugyens principle into account. (Hugyens principle says that every
point of electromagnetic field of FM signal is a sum of all other points on the wavefront, it means
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on the plane of points with the same phase. Hence, every point can become a secondary radiator —
FM signal can ,,overcome* barriers with sufficient curvature - see Fig. 3b).

By means of these sets — GO a VO — we can explain interactions of FM signal on its route
from T, to R, (both connected with georelief):

— refraction in troposphere due to spatial change of its parameters (discrete or continual), respec-
tively in transition into an environment with different parameters (due to Snell law of refraction)
(Vavra and Turan 1988). Its trajectories in vacuum, and in troposphere on short distances have
a shape line; in inhomogeneous environ, respectively on the border between two different envi-
rons its trajectories are getting a shape of irregular curve — the are propagated on the trajectories
with the highest velocity, it means toward to lower values of refraction index (Prokop and Vo-
kurka 1982, Fig. 4). Within a standard atmosphere (Prokop and Vokurka 1982}, FM signals have
a shape of reguiar (monotonous) curves.

Fig. 4 Refraction of FM signal when propagated within troposphere

—reflection from a barrier, and absorption, by a barrier. Georelief is impermeable for propagated
FM signal, it has ability to reflect, and absorb it. According to the theory, there is no perfect ab-
sorbing, respectively reflecting plane. (Born and Wolf 1975)

—diffraction of trajectories of FM signal - in geometrical interpretation — due to change of physi-
cal parameters, eg, On the border of two different environs: air and sharp barriers, air and water.
In such cases, electromagnetic wave produces some other wave, which is impossible to express
by geometrical optics. (STN IEC 60050, 2000) (Fig. 5). Range of diffraction depends on fre-
quency of FM signal. In case of sunrays, diffraction is insignificant (Born and Wolf 1975).

L/

Fig. 5 Diffraction on a barrier - georelief with various curvatures (multiple case)

— diffusion, it means diversification of trajectories due to impact on a vertically divided, diffusive
surface - soil, rocks, etc. — or on a group of quite numerous and accidentally located barriers or
other inhomogeneities, that are bigger than a wavelength of FM signal (Klima 2004). Due to dif-
fusion, reflected waves are impossible to express by means of geometrical optics.

— propagation of energy in form of ellipsoid. Even in case of existing optical visibility between
T, and R,, distinctive reduction or increasing of field strength can be measured or expected in R,.
Distinctive transport of energy between T, and R, is processed in a space described as Fresnel
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ellipsoid — an ellipsoid with its width as a function of wavelength and distance of a point A, from
T, respectively R, (ITU-R 1145 2000, Hall and Barclay and Hewitt 1996, Fig, 6a — 6e).

Fig. 6 Fresnel ellipsoid between T, and R, for FM signal of various wavelengths
a} with the highest frequency, ) with the lowest frequency

Influence of georelief as a barrier

Influence of a plane and the Earth curvature

In the global distinctive level, the biggest barrier effect to the propagation of FM signal is the
curvature of the Earth. Thanks to that, every FM signal propagated within troposphere has its theo-
retical radic horizon, in a certain distance from Tx, it is its most distant border of interaction with
georelief. Its distance is a function of altitude of Tx and of the points of georelief on the route Tx —
Rx, respectively of their mutual relation.

On an ideal plane, at sufficiently big difference between height h, of T, and length of route d,,
between T, and R,, visibility reaches the border of maximum optical horizon, given by curvature
of the Earth. Neglecting a vertical differentiation of georelief, calculation of distance of this hori-
zon means calculation of Q) a & — sides of two rectangular triangles, according the relation (1)
(Fig. 7) and in assumption that k, > 0 and height of R, 1, > 0. In sense of papers M. MoZucha
(2003a, 2003b) and of these conditions, the horizon is in the distance d {d > d,,.):

T

X

Fig. 7 Principle of calculation of optical horizon
(neglecting vertical differentiation of georelief)

d=0+ Q=R+ 1) -R> +(R, + b)Y - R (16)
d=\2Rp +h’ +\2Rhy +hy = \2R, ([ +hy) (17
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At refraction of FM signal in the standard atmosphere (average values of pressure, temperature
gradient etc.) we get an approximative relation for a radio horizon (Klima and Klime$ 1988),
where radius R, of the Earth is replaced with an effective radius Ry (Res = 4/3 R,):

d=\2Rq (Jh +2) (18)

Influence of vertically differentiated georelief as a reflection plane

FM signal on its route from 7, to R, is disturbed in result of multipath propagation of FM
signal, it means by the FM signal reflected from natural and artificial barriers - mountains, high
buildings, chimneys, water tanks, etc. The reflected FM signal has a certain time delay, and it
causes a distortion of received information by R,. Measure of this distortion depends on mutual
phase difference of direct and reflected wave and its mutual strength (Klima — Klime§, 1988). The
biggest distortion is in the case that direct and reflected signals have an equal strength and the time
delay is a half of a wavelength, respectively odd multiple of half-wavelength.. A vector addition of
direct and reflected waves can cause increasing of field strength on R, up to double, in dependence
from A;, or reduction of field strength down to absolute minimum. There is a rule of simultaneous
receiving of direct and reflected FM signal within vertically differentiated georelief. The same
situation is within high-rise flats of urban structures (Linhart 1981, Grosskepf 1991, Cernohorsky
and Novacek 2001).

Influence of georelief forms

Analytical forms of georelief

Basic classification used in morphometric analysis of georelief into nine forms of georelief as
a combination of three forms of normal curvature (convex, linear and concave) and three forms of
horizontal curvature (convex, linear and concave) in an infinitely small environs of a point of geo-
relief (Krcho 1990) can be reclassified into three analytical shapes, from the viewpoint of propaga-
tion of FM signal. In dependence of the axis a, &, ¢ we can classify it as a sphere (a = b =¢), cylin-
der (@ = b, ¢ = x) or plateau, (@ =0, b = ¢ = o) (Raida 2001). By combination of these classes we
can define any selected georelief, or an object on it.

Impacted waves incite on radiated georelief or an object new waves, called diffraction waves.
These waves are propagated from the surface, not from T,. Diffraction waves are produced only
by such waves that impact on edges and rimes of an object, on border of different radiuses of cur-
vature of georelief or surface of an object.

Once the diffraction waves leave an object, we can apply a geometrical optics on them. Ampli-
tude of diffraction waves is in the direct proportion to amplitude of impacted wave. Ratio of pro-
portion is called diffraction agent. Measure of diffraction agent is expressed as a function of local
parameters of surface of the object, it means electromagnetic parameters, and have a radius of
curvature R of the surface in the point where the ray slides on the surface. For all protracted ob-
jects that have the same curvature on a part of their surface, the diffraction agent has the same
value. It must be the same as diffraction agent on exact cylinder with the same curvature (Hansen
1981).

Macroforms

By increasing of hierarchical order of the georelief form, the influence of other parameter is in-
creasing - slope, orientation, and a vertical differentiation,

The most suitable georelief type from the viewpoint of optical visibility is a plateau that on the
optical horizon d, created by curvature of the Earth is upper, and shifts the optical horizon further
from the potnt of view (dy — d)) (Fig. 8). In sense of papers J. Krcho (1990), on macroform of
higher order Fxx (the Earth) the concave georelief macroform Fxx (Fkk) of Fxx (Fkx) is created.
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Fig. 8 The most suitable georelief type from the viewpoint of optical visibility

From the viewpoint of reception quality of FM signal, the most important thing is to detect
formation of inhomogeneities in spatial distribution of the field strength of FM signal. For a good
quality of received FM signal the high georelief edges that stop propagation of FM signal are the
most suitable — field strength lower down to threshold — or they serve just as secondary radiator of
FM signal — with a local reach.

In sense of papers Prokop and Vokurka (1982) and Klima and Klimes (1988), convex forms of
georelief Fxx — mountain ridge can affect as a planar radiator — if the vertical maximums are suffi-
ciently sharp and orientation of the ridge is transverse to propagated FM signal, it means Apy —
+a (Fig. 9).

Fig. 9 Georelief as a planar radiator, respectively set of secondary radiators Tx’

In certain cases they can affect strong attenuation — if vertical maximums of a given georelief
macroform have (Ky)em — 0, if the ridge is oriented paralelly to propagated FM signal (Apy — 90°
+ @), and if the length of the ridge is sufficiently long and wide — Fig. 10. (Hall and Barclay and
Hewitt 1996).

Fig. 10 Georelief as a distinctive attenuator for propagated FM signal

The most distinctive inhomogeneities in spatial distribution of the field strength of FM signal
are displayed above significantly vertically differentiated georelief; permanent oscillation of the
parameter 4y between positive and negative values causes fluctuation of field strength of FM
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signal. Though a big area can be covered with such FM signal, the subjective quality of received
signal is not granted, the intensive noise, propagation disturbance, drops, etc.

Developed program Sirenie

Let us consider the selected area situated north from Bratislava (Malé Karpaty mountains), in
a shape of 13 x 8 km quadrangle. The FM transmitter Kamzik is part of the selected area (in a left
down corner of the map outputs). Digital terrain model (DTM) was created from he data provided
by Topographic institute in Banskd Bystrica, Slovakia, with distinctive level of 100" m. First, an
optical visibility was calculated on the selected area. (Fig. 11). Map outputs and other outputs, are
resuits of calculations within application developed by the author, and implemented into the pro-
gram Sirenie. Calculated values are presented in a program SURFER.

In sense of wave optics, aradio visibility is expressed as a portion of rate of obscurence of
Fresnel ellipsoid (Fig. 11),
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Fig. 11 Optical visibility of georelief of FM signal, in sense of geometrical optics

On the basis of long-term experiences, it can be said that such defined relative clearance of the
route T — R, satisfactorily displays a spatial distribution of FM signals field strength (Prokop and
Vokurka 1982, MoZucha 2003b).

Radius ry, of Fresnel ellipsoid is (Vavra and Turan 1989);

d{ dz/{
= d}'!' dz . 4)
where d is a distance between point on the route and 7, and d, is distance between point on the
route and R,. Distance between georelief and the Fresnel ellipsoid can be expressed with a simply
relation where 4 is a height of the Fresnel ellipsoid axis, and z is an adjusted altitude.
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hfz:(h_rfz)_z (5)

On the basis of relations (4) and (5) we can quantitatively express a stage of obscurence —
relative clearance (RC) of the ellipsoid (in %) (Fig. 12):

C=1002r; +h‘fz)/(2rfz) (6)

For the route T, — R, the maximum value of RC is chosen (taken from the values of the points
of the route), omitting close environs of T, and R, , for other wave optics dependent phenomena
prevail there (Halland Barclay and Hewitt 1996),
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Fig. 12 Expressing of obscurence of Fresnel ellipsoid (RC), in sense of wave optics
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Obr. 13 Calculation process of relative clearance (RC)

We reckoned a relative clearance RC of georelief of FM signal propagated from FM transmit-
ter Kamzik on frequency f= 104,8 MHz (FM radio Okey), f= 2GHz (mobile communication) a f =
10 GHz (microwave communication), according the process displayed in Fig. 13. The results of
calculations are displayed in Fig. 14, Fig. 15 and Fig. 16.
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Fig. 16 Relative clearance RC of FM signal, frequency f =10 GHz, in sense of wave optics

Conclusion

Map outputs displaying a relative clearance RC of FM signal at various frequencies on the
route T, — R, (fig. 14-16) prove influence of georelief on a measure of interactions of FM signal
with georelief via its aititude, and in dependence from frequency of FM signal. From this point of
view it is visible that the role of georelief grows together with increase of frequency, respectively
values of RC on the border of visibility are changing much more rapidly, and the diffraction phe-
nomena is getting limited.

These map outputs make the interactions of propagated FM signal with georelief more under-
standable, and help interpret of calculations (predictions) of spatial distribution of field strength of
FM signal.

The cartographic modelling of these phenomena has its interdisciplinary importance; and can
serve as a preparation at decision making over location and setting up of potential FM transmitter.
It also points to the possibilities of geographical information systems (GIS), developing of metho-
dics and its implementations in a form of an independent programs or aimplemented dynamic
linked libraries (dll files) (ArcView, GeoMedia, etc.).
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Resumé

Kartografické modelovanie interakcii FM signalu s georeliéfom

Frekvenéne modulované (FM) signdly v rozpati 30 MHz aZ 300 GHz ako komunikaény ndstroj vyuZivaji
rozliéné rddiokoumunikaéné sluZby - rozhlas, televizia, FWA, GSM/UMTS mobilné siete, radary, ap.

FM signal §freny vzduchom bol opisany ako subsystém interagujici a limitujici georeliéfom. Opisané
a vysvetlené boli zdkladné typy 3irenia a interakeii FM signdlu vo vztahu ku georeliéfu.

Vplyv georeliéfu na Sireny FM signél bol vysvetleny na analytickych typoch georeliéfu (gufa, plocha
a valec), na zékladnych formich georeliéfu (konvexnd, konkdvna, linedrna), a na vybranych makroformdch
- georeliéfu (idedlna rovina, pohorie ake plo$nd anténa, pohorie ako tlmiaca bariéra).

Jeden z vybranych parametrov radiovej viditePnosti — relatfvna svetlost’ (RC) Fresnelovho elipsoidu na
trase vysiela¢ (T,) a prijima¢ (R,) bol poé¢itany pomocou aplikacie vyvinutej v prostredi Visual Basic.

Modul Fresnel, sti¢ast’ programu Sirenie, bol opisany v blokovom diagrame, sdstavou vztahov, a pouZity
na vypodet relativnej svetlosti RC v DTM — oblast’ okolo FM vysielata Kamzik (Bratislava). Vo vypoctoch
boli peuZité tri frekvencie FM signdlu, aby sa testoval vyznmam georeliéfu pri rddiovej viditelnosti FM
signalu.
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Porovnanie mapovych vystupov relativnej svetlosti na frekvencii 104,8 MHz, 2GHz a 10 GHz pomdha
pochopit tiohu velkosti frekvencie FM signdlu a nadmorskej vysky georeliéfu na Sirenie FM signdlu. Karto-
grafické modelovanie tohto javu (RC) mé interdisciplindrny vyznam — md¥e staZit' na predpriprava pri roz-
hodovani o lokalizdcii a nastaveni vykonu potencidlnych FM vysielagov, Ziroveit viak poukazuje na moz-
nosti geografickych informaénych systémov, rozvinutie metodik a ich implementiciu formou samostatnych
programov (Sirenie.exe), skriptov (Sirenie.bas) alebo nadstavieb formou dll kniZnic (ArcView, GeoMedia
ap).

Obr.1 Systém irenia FM signdlu z vysielaéa (T,) na prijima¢ (R,) v prostredi geografickej sféry a rozne
mody §irenia z vysielada na prijima
Obr.2 Zobrazenie uhla AFM na mape

Obr.3 Sirenie FM signdlu a} v zmysle geometrickej optiky, b) v zmysle vinovej optiky (podFa: Prokop —
Vokurka, 1982)

Obr.4 Refrakcia FM signilu pri prechode troposférou

Obr.5 Difrakcia na prekdzke- georeliéfe s roznou krivost'ou

Obr.6 Fresnelov elipsoid medzi vysielatom a prijimatom pre FM signdl rdznej vinove] diZzky a) signal
s najvy&Siou frekvenciou, e) signdl s najniZiou frekvenciou

Obr.7 Princip v¥pottu optického horizontu (pri zanedbani vertikdlnej €lenitosti georeliéfu)

Obr.8 Najvhodnejsia makroforma georeliéfu z hladiska optickej viditelnosti

Obr.9 Georeliél ako plo§na anténa, resp. mnoZina sckunddrnych Ziaridov Ty

Obr.10 Georeliéf ako vyrazny timiaci faktor pre ¥renie FM signdlu

Obr.11 Optick viditeTnost’ georeliéfu pred FM signdlom, v zmysle geometrickej optiky

Obr.12 Vyjadrenie stupiia zakrytia Fresnelovho elipscidu (relativnej svetlosti RC), v zmysle vlnovej optiky

Obr.13 Postup vypottu relativnej svetlosti RC

Obr. 14 Relativna svetlost RC FM signélu s frekvenciou = 104,8 MHz, v zmysle vinovej optiky

Obr.15 Relativna svetlost RC FM signalu s frekvenciou f = 2 GHz, v zmysle vinovej optiky

Obr.16 Relativna svetlos? RC FM signdlu s frekvencion f = 10 GHz, v zmysle vinovej optiky
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