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VALIDA&ION OF THE FOURTH-POWER LAW IN RADIO PROPAGATION

Transmission=loss wvs distance relations are confronted
with analytic and empirical data. The fourth-power law
holds in various terrains, in a three-=decade frequency
interval, up to the redefined radio horizon. Elementary
transmission=loss formulas are accurate in regular open
terrains below ca 100 MHz; General formula for irregular
terrains is less accurate, but valid in larger frequency
and distance ranges.,

1. INTRODUCTION

Propagation of useful or interfering radio waves above earth de-
pends, in general, upon various properties of the ground and the atmos-
pPhere, According to the predominant factor, the terminology "ground wa=
ves" or "tropospheric waves" is / loosely / used, With any mode of
over-earth propagation, at distances up to the radio horizon the same
fundamental relationship is exhibited: approximate proportionality of
mean transmission loss / L / to the fourth power of distance / d /.

The L = d4 relation, emerging also from Norton‘s analysis of ground wa-
ves over plane earth, hag been raised to the status of the "fourth-power
law" / FPL /. b

Originally, the FPL has been formulated for flat open terrains, Ho-
wever, ample experimental evidence confirms the validity of FPL = in the
average sense - in various terrains, even with considerable scattering
of radio waves / e.g. in urban or hilly areas /, With respect to distan=
ce and frequency, the FPL as such / and often the formulas based upon
it / exceeds considerably the originally conjectured ranges of validity.

*/\arsaw Academy of Technology, Bemowo, 01-489 Warszawa 49, Poland



404

In radio engineering, the FPL is implemented with formulas for esti=-
mating field-strength or transmission-loss between two antennas. Histori-
cally, first expressions by Vvedensky, by Van der Pol, and by Bullington

[1] » Pertained only to propagation above plane smooth earth. Later con-
tributions [ 2, 3] cope also with earth eurvature and typical terrain
irregularity, associated by frequency=-dependent excess loss,

Unfortunately, authors of the above-cited and similar applications
of the FPL did not pay due attention to the validity of the law. In most
cases, partially valid formilas were constructed,'pertaining only to one
specific propagation mode, with indeterminate distance - and frequency-
-range,

In order to fill in these gaps, the authors of this paper Initiated
a long-term research program on the FPL, First, see [4, . 6] y & cone=
sistent set of known and novel transmissiop-loss formilas has been com=
piled, for typical terrains up to the / red&fined / radio horizon. Two
most fundamental formulas are shown in Table 1 in decibel notation: the
elementary, frequency-independent one and the generalized, frequency-de-
pPendent one, The application ranges of the formulas, as conjectured by
these authors,are also cited and will be validated below by analysis and
experiment,

Table 1. Principal formulas based upon the fourth=power law

IS0, | 120+ g « - 201 mn
transmission ’ :
loss [dB] }ggnjrillegogpgﬂjz 100 + 101g £ + 40lg d -20Lgh,h,
Distance range of validity 4, [km] 4,0 ( Vhy + ﬁ—z )
Height range of validity h, , _ [u] 2700 £2/3

, ]

In the Table, h, and h, denote gffective / corrected / transmitting
resp; receiving antenna heights., Distance d [km]| and frequency f (mz]
are expressed in practical units,

2, GENERALIZED CONCEPT OF THE RADIO HORIZON

At the very start of our research it was noted that the validity
of the FPL, with respect to distance between the antennas, exceeds by
far the limits suggested in some textbooks and papers, With these soure
ces, the FPL = treated in the light of Norton‘s theory of ground wa-



ves = is believed to be valid up to the "plane-earth boundary", The
actual range turns out to be much broader.

The upper_’/boundary of the FPL relation is exhibited in empirical
data [@.g; 7, 8, 9] and propagation curves [?.g; 10, 11] ¢ Our attention
was paid to the pure-diffraction mode and to the interrelated notion of
the radio horizon; A novel generalization of this concept, as introduced
by these authors in [6], appears to roughly coincide with the distance
range of the FPL,

The classical radio horizon, controlled by the refraction of space
waves in the atmosphere, is located at the / standardized / distance:

d., = 4,12 (JE;’+ /ﬁ;) [xm] [l 1/

Here, ht and hr stand for the actual heights of the transmitting resp.
receiving antenna in meters over ground, With our approach, the radio=ho-
rizon notion is extrapolated to all kinds of ground/tropospheric waves
and related to FPLwvalidity., A novel formula analogous to / 1 / is in-
trodueed as a general estimate of the radio-horizon distance:

d % 4,0 (Vg + ) [xn] /2/
where h1 2 = h% + h%,r denote the effective antenna heights, corrected
H

with hg, the virtual minimim antenna height, cf [1, 6] ;
In the special case of space-waves above earth, actual antenna
heights are inserted into / 2 /:

dh%’l;,owhtq-v/g) l:km]_ / 3/
Ineq. / 2 / and / 3 / the numerical coefficient — 4,0 with two decimal
digits - reflects the limited accuracy of the radio-horizen estimates;

With surface waves in the HF range, h1 and h2 reduce to ho and
/ 2 / reduces to:

d, = 8,0 h,_ [km] | / &/
Note that the classical plane=earth criterion, dependent on frequency
only [6], is replaced by / 4 / related also to electrical parameters of
the ground - as it should be with surface waves;
Novel generalized measure / 2 / of the radio-horizon distance
stands in Table 1 for the range of validity of principal transmission-

~loss formulas derived from the FPL, This conjecture will be validated
below,

x/The lower limit, imposed by the near-field distortion, is not of
concern here,
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3, VALIDATION OF THE PROPAGATION LAW

- A vast amount of experimental data on radio propagation over earth
are available in published litterature, but many authers did not care to
inform exhaustively about the econditions of experiments. Seemingly, if
only the existence of the propagation law is searched, bare field=stren-
gth~vs-distance curves are sufficient., However, for comparing the distan-
ce-range of the law with the radio horizon, all parameters implicit in
/2/ are necessary:; In preparing this paper, a catalogue of well-documen=-
'ted sources was made and is being kept by the authors, Data were collec-
ted in a possibly broad range of frequencies, subdivided into 2 parts in
agreement with Table 1; the population of terrains is duly diversified.

In ouﬂﬁreliminary research, the FPL - emerging from analysis as a
proportionality relation L & dh - was confronted with published empiri-
cal data, The accuracy of transmission-loss formulas was initially dis=
regarded, In Fig,1 and Fig.2 results of measurements, converted into
transmission~loss values if necessary, aPe represented by points or by
curves fitting to the data, The abscissas express the relative distance,
normalized by the radio-horizon distance as calculated /by these authors/
with /2/. The ordinates show the deviation of the data /Lexp/ from the
FPL reference, i.e. the horizontal straight line. The latter is separate-

ly fixed for any experiment with steady conditions by determining the
trend in data points at shorter distances,
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Fig.1. The fourth-power law reference /L., / vs empirical data
/Lexp/ in the frequency range up to 100 MHz, FFL
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Fig.2. The fourth—power law reference /Lpp;/ vs empirical data
/L xp/ in the fregquency range 100¢1000 MHz,

In urban terrains, the random multipath propagation exhibits very
large location variability and the FPL holds true only in the average
sense /cf [5;6]/. As the horizon distance is rather meaningless, in Fig.3-
the abscissa expresses the. original distance, In order to cope with im-
mense spread of data, envelopes of large sets of /e.g.200/ points are
compiled, cf [32]; The best=fit straight lines represent again the FPL
reference for any data-field. These reference lines convey implicitely
the information about median /distance-independent/ scattering loss in
.urban terrains,

A "  EEA EBes7 B I Wi Tt Hihnie
Fi e3e Median transmission 1oss in urban terrains. The FPL refe-
rence straight lines vs envelopes of dispersed empirical data,

283
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Extensive investigation of empirical data, partly shown in Figs,1-3,
clearly leads to the important conclusion: the FPL exists objectively
with over-earth propagation in various terrains, in the large frequency
interval of ca three decades. In regular open terrains, the distance ran-
ge of validity of this law is indicated by the generalized radio horizon,

4, VALIDATION OF FORMULAS BASED UPON THE FPL

A generally formulated propagation law does not necessarily imply
the existence of analytic propagation formilas, As already stated, simp~-
le analytic transmission-loss formila in Table 1, as well as its counter-
parts in [6], apply only to regular open terrains. The generalized formu-
la in Table 1, and a similar proposal in the EMC‘80 paper_[ﬁ}],”are of
semienmpirical origin, Formlas of both types were confronted by these
authors with analytical and empirical results.

When radio waves propagate over smooth spherical earth the field
strength at any frequency and distance can be computed exactly. Non=clo-
sed-form diffraction formulas by Van der Pol and Bremmer are an excellent
analytical tool for validating the accuracy and the distance range of
elementary FPL-based formilas, An example of how some approximate results
fit the exact calculations is presented in Fig.4, The frequency range /up
to 300 MHz only/ reflects.the relative roughness of any longer UHF radio
path /over land/.
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Fig.4, Calculated transmission loss over smooth earth. Comparison

of exact results /Lcom / with first-order approximations.
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Large~-scale comparisons /not shown here in detail/ convince uniform-
1y that elementary FPL-formulas do approximate, with engineering accurac%,
the transmission loss on smooth HF/VHF radio paths within the radio ho=
rizon, | ‘ |

In empirical validation of various FPL-originated expressions, com-
pliance between conditions of experiments and legitimate application ranﬁ
ges of formulas:is needed. Some data useful for proving the existence of
the law, like those from urban terrains /Fig.3/, have no counterpart in
mathematical form,

Data extracted in this regard serve in Figs.5 and 6 for verifying
the accuracy and the distance range of formulas in Table 1. As the dif-
ference between calculated and measured transmission- loss is- plotted vs
relative distance, conjectured coincidence between radio horizon and the
range of validity of the formulas can be verified,

W
T it
sanmpasaiens dnsnnnnsnns
t Tt T
T

bas ez

“h
HH

1t
35

11
b
¥
f
q
S
t T
esbiakes sl
111t
H

<

11
seps
1
H
i
s H
f;x;>4'
141
4
1

S

13
o
248
i
+ 1
08 ettt ant
svase

",g.x,
sepvaLa; oRiSTRAE EDR0E prasthss
R R

it i3t b
R 5
SRR R B A e S L

Fig.5. Formilas based upon FPL vs experimental data /frequency
range 14#100 MHz/,

Comprehensive work, of which some examples only are here presented,
validates the FPL estimates within the accuracy of a few decibels, up to
the radio horizon. The elementary, frequency-independent formila holds
in open terrains up to about 100 MHz, The novel generalized formula
/above 100 MHz/ takes care of terrain-affected scatter and cannot be
equally accurate in different terrains, With diminished accuracy /of se-
veral decibels/ its validity exceeds the radio-horizon, as could be
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:expected in irregular terrainsi It is reminded that only average values
obay fne tburth-power 1aw.

e
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?13.6. Formilas based upon FPL vs experimental data /frequency
range 100#1000 MHz/

5:; GENERAL CONCLUSIONS

In this paper, FPL transmission-loss vs distance relationships were
'cenironted with analytic and empirical data, It is found that the fourth-
gppower law holds in various terrains, in a nearly three-decade frequency
iintérval, up to the redefined radio-~horizon, Elementary analytic trans-
‘mission-loss formulas /based upon the FPL/ are accurate in regular open
gterrains below ca 100 MHz, Novel generalized /semiempirical/ formula for
Tslightly irregular terrains is less accurate, but is valid in larger
;rrequencyb and distance ranges,

:' ~ By and large, the fourth-power law can be considered as validated
by analysis, computations and experiments; At higher frequencies and/or

in irregular terrains, validity of the law is understood in the average
‘sense,
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M.%, D:xézoacxn, A.X. Boiteap

[Opoeepxa saxoHa wyeTBepTOk CTENEEX B PaNpOCTPaHSHKM

pPaz@dyBoxE

lpr pacopocfpaEeRMu DAAMOBOJE Hax seMiell, BOXOTH XO Pa&AMOrOpDKEOHTA,
yuorpeliasercs CRHA OO0Mas SaBUCHMOCTD: npuCAuEEHHAS NPONOPNUOHAALHOCTEH
CPeAEMX NOTEeps nepefauM IO YETBEPTO# CTeneHM pACCTOAHMA. Ora ofmemsBecT-
Had DeaIbHOCTL NOJAydYWIa CTATYC BaKQHS weTBepToé crememm /3UC/. IlepEoHa-
HaJABHO CQOPMyAKPOBAH AXS OTKDHTOH, NACCKON MECTHOCTHM, OH KaxeTcs OHTBH
AeCTBETEXBHHM — B yCpPeZHEHHOM CMHCAE — TAKKe IS MepOXOBATHX MeCTHOCTel,
Aaxe IIs r'OopoAckok sacrpolixx. Haitzemo, uTo SUC ZeiicTByeT B OKOXO Tpex ZLe-
kazax ¢ I zo 1000 M'm. C mpyro# cTopoux 3UC™: ero ZeliicTBHTEABLHOCTH uHEOr ZA
.HeBePDHO NOHMMaDT NI NOXZEBHHX X ueﬁanmux CHUI'HEJOB.

UrOoOH yCTAHOBUTH DEaIKCTHUUESCKUE KpUTepuy AelCTBUTEABHOCTH IJas 3UC
B CBASAHHHX QOPMyX, OHIa NOCTaBAeHA MCCAESLOBATEALCKAR Nporpamma. CpaBEMBas
Goapmme KOXMYECTBA PKCHEDUMEHTSALENX LAHHHX M NDOBOAS BHUMCACHUS Ha oBM,
CEXM BEMMATEXBLHO DACCMOTDEEH CJeiyNiMe BOMPOCH:
~ O0BeKTHBHOE CYMeCTBOBAHKE K XAPAKTep BAKOHA,
~ ofxacTu AeilcTBuTeapHocT® 2UC M CBSSAHHEX dopmyax,
RefiCTBUTEXBHOCTE B OOJECTH PACCTOSHUA, B CBSSK ¢ HOBOH KOHuennuei
pPazuoOrapusoHTa,
MBBECTHHE M HOBHE QOpPMyJH Ha HOOTepH nepefauyu, OCHOBAHHHe Ha 3UC.

B corzacuum c yme OnyOANKOBAHHHEMM YCTHIHEMU pesyxpTraraMyu, Hamu OKOH-
QaTeXbHHe BHBOJAN NOATBEPELADT YTO:

- SUC aBaseTcs O6BEKTUBHO CymecTByIUM (USUUYSCKUM SAKOHOM,

- ZelicTBUTeAbHOCTE 3UC SHAYUTEXBHO mupe, 4YeM NPMHUMaEeTCH 38TO B AUTEpaType,

=~ BaKOH JelicTBUMTENEH LA DASHNX MECTHOCTEH u B TPexX YacTOTHHX JeKajax,

= ABASETCH OGOCHOBRHHHM NEPECMOTD NOHATHUS PanuoropusoHTa,

- NEepecCMOTPeHHN!A DaIMOrOPUBSOHT MOXET paccMaTpuBaTBCH Kak DacCTOSHMe npe-
Rexa nekcTBuTexprHOCTH 3UC M CBSSARHEX dopmyax,

— SXeMeHTapHas QOpMyXa s NOTepPh Nepejauu SBJASETCS TOYHOH AAS POBHEX,
OTKDHTHX MECTHOCTell B AuamasoHe uyacToT Ao 100 MIn,

= 9BAAETCH OCOCHOBAHHHM BBECTU HOBHe (POPMYAH LIS pacnpocTpaHeHuss, OCHOBaHE~
HHe Ha 3UC u yuuTHBammue paccessHMe OT MECTHOCTH,

BapmaBckas TexXHOAOrMueckas axanemusi, Bapwasa, [lojbma
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- oGo6meHERs (opMyza A4S HOTeph Nnepejauy MeHee TOWUHAas, HO OHA AekcTBRTEXL~
HA B PACHMPeHHEOM AMANASOHE UYaCTOT M DACCTOSHi.

Puc.

Puc.

Puc.

I.

2.

3.

34C /Lpp/ B CpaBHEHMN C ®KCHepuMeHTaXbENMu ZamumMu /L exp/
B LuanasoHe uwacToT xo 100 My,

84C /lLep. / B CPABHEHMM C PKCNEPUMEETAIBHNME AAHHEMU /L exp/
B AuanasoHe uyacTor or I00 zo 1000 MIm.

MenxasHHe NOTepM Nepefauu LA TI'OPOACKMX MecTHOcTek. [Ipauue 3UE
B CPABHEHMM C PACOPOCAHHHEMM SKCIEDUMEETANBLHHMY JQHHEMHU.

BuuucieHHNE NOTepU nepejaur HaZ raaznkxoi semxeli. CpaBHeHME TOYHHX
pesyiAsTaToB /Lcom?/ ¢ npubauzeEwreM nepsoro nopszxa /Lep./.

@opMysn ocHOBaHEHe Ha 3UC B CPABHEHMM C OKCIIEDUMEHTAXLHHMK
AaHEEME /ZuanesoH wacTor I zo I00 MI'm/.

®opMyan ocHOBaHHHe Ha 3UC B CPD&BHEHMM C IKCIOEpUMEHTALbHHMU
LaHENMN /nuanasor waeror 100 zo 1000 MI'n/.



