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Worldwide Techniques for Predicting the
Multipath Fading Distribution on Terrestrial
LOS Links: Background and Results of Tests

Roderic L. OlsenMember, IEEE and Terje Tjelta

Abstract—in 1988, the International Telecommunication Union therefore, the one most suitably characterized in terms of
(ITU) adopted new methods for predicting the deep-fading dis- c¢limatic conditions.

tribution due to multipath propagation for the average worst Techniques for predicting the deep-fading range of the

month on ultra high-frequency (UHF)-super highway frequency - . L
(SHF) terrestrial line-of-sight (LOS) links. Employing refractivity multipath fading distribution for the average worst month have

gradient statistics available from world maps, the methods were been available for many years [2]. Most of these have been
recommended for application in all regions of the world. One based on empirical fits of Rayleigh-type distributions (i.e.,
method for the deep-fading range did not utilize detailed path with slopes of 10 dB/decade) to the fading data for individual
profile information and was designed for preliminary planning or countries. The best known techniques in this category are

licensing purposes. A second method, which did employ the path .
profile was intended for more detailed design purposes. A mul- those of Morita [3] for Japan (actually more a worst-season

tipath fading data base comprising some 246 links (including 34 technique), Barnett [4] and Vigants [5] for the United States,
over water) in 23 countries of the world has now been assembled Pearson [6] and Doble [7] for the United Kingdom, Nadenenko
for testing and revising these methods. Revisions to the geocli-[8] for the former Soviet Union, and that of the International
matic model used in both methods and an associated method Radio Consultative Committee (CCIR) [9] for “Northwest”

for predicting the shallow-fading distribution have recently been . S
adopted by Study Group 3 of the new radiocommunications =UroPe. The technique of Boithias [10], [11], although de-

sector of the ITU (ITU-R). This paper summarizes the basis of Signed for shallow as well as deep fading and conforming
the original and revised versions of the deep-fading prediction to a Rice—Nakagami distribution rather than Rayleigh-type
methods and presents the results of the most extensive testsgistributions, was also fitted to fading data for “Northwest”
to d_ate. Some discussion of potential future revisions is also Europe. Although these techniques have been used to varying
provided. : - . .
extent in other parts of the world, link designers in other
Index Terms—Fading channels, microwave radio propagation, countries have been faced with the difficulty of choosing
multipath channels, prediction methods, radio repeaters. among techniques sometimes giving vastly different results
for the same apparent climatic region.
|. INTRODUCTION To overcome this problem, in 1988 Study Group 5 of the

HE extensive use of digital microwave radio links in tthIR adopted two *worldwide” techniques for predicting the

communications networks of various countries over t deep-fading range of the multipath fading distribution [12].

last 15 years has resulted in a renewed interest in method%thOd 1 did not require detailed path profile information

of predicting the effects of multipath fading. Although emfelnd was specified as best suited for preliminary planning or
. . . i, licensing purposes. It needed only path length, frequency, and
phasis has shifted somewhat to studies of wide-band effecs[ TR . . . .
ath inclination as input variables. Method 2 did require the

such a distortion, there has remained a strong interest in i

development of accurate methods for predicting the multipafflqe[h prof'|,le n prder to obtain an additional link variable (the
: L . “average” grazing angle of the wave specularly reflected from
fading distribution in a narrow frequency band (sometlme[

referred to as “single-frequency” methods) under varyi Re ground), and was specified as more appropriate for link

N " - . ngesign. Although the methods were based only on fading data
climatic conditions. In fact, narrow-band prediction technlquef(s)r France and the U.K. [2] and fading and refractivity gradient

are necessary elements of virtually all techniques for predicti . )
the outage of digital links [1]. As distortion has been reduc:er(}I ta for Canada [13], [14], they were specified for worldwide

agplication because the utilization of a somewhat general

Lha[:)rgarjb;hn% ljeemzfm' rinnpr(())l\J/; d eeql::gﬁté?]n hf;hbggﬂeséi;TF‘rocedure involving world maps of refractivity gradient sta-
L ge p . en gaintifics [15], [16] to obtain the geoclimatic factors suggested
in importance. Currently, the narrow-band fading dlstrlbutlonpproximate worldwide applicability. Indeed, limited tests

's the most widely available multipath fading statistic an using data for a few other countries around the world indicated
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prediction procedures [18]. Several revisions to the geoclimatbtained from

factor model used in CCIR Methods 1 and 2 (and consequently

in the shallow-fading procedure) were made by the new ITU- A=G-57+36log d+89log f

R as a result [19]. Unfortunately, the background and testing — 14 log(1 +|ep|) — 10 log p  (dB). (3)
results on both the original and revised methods are not as

yet well known outside ITU-R Study Group 3 (formed fromHere, G is the “logarithmic geoclimatic factor” given in terms
previous Study Groups 5 and 6). It is the aim of this paper @ the geoclimatic facto by

provide the background in a manner that may facilitate inputs

from a wider community to future revisions. G =10log K +57 (dB). (4)

For ease of understanding the background and assessi % - —
the testing results, a summary of the original and revis?fg1 proc_edure fqr ob_talnlng( is discussed below. Another
versions of Methods 1 and 2 is given in Section Il. The basgga_nthmm_geochn_watlc factoiz = G —8 dB was used_
of the methods with the original geoclimatic factor model %ewously in relation to European data [2]. The Canadian

provided in Section Ill. Testing procedures and results for t ;éﬁ'g;gn[ld'] is employed here for simplicity in the later

original and revised versions of Methods 1 and 2 are given Th ding basi dicti . for Method
Section IV, discussion of results and the basis of the revisi(r)]%s € corresponding basic prediction expressions for Metho

in Section V. Finally, Section VI presents a summary a
conclusions. _ g 73.3 £0.93 —11,-1.2 10—4/10 (g

In 1992, a complementary method was adopted by thep_Kd P le) ¢ 10 (%) ®)
CCIR [20] for predicting the enhancement part of the overalt! =& — 46 +33 log d+9.3 log f
distribution. The basis of this method is described elsewhere ~ — 11 log(1+|ep|) —121og ¢ —10logp (dB) (6)
[21]. More recently, a method for converting the average
worst-month distributions to distributions for the average ye&‘f’th
was also adopted by the ITU-R [19].

G =10log K +46 (dB). (7)
[I. SUMMARY OF THE ITU-R METHODS The “average” grazing angle in (5) and (6) is obtained from
FOR THE DEEP-FADING RANGE b+ h
ITU-R Method 1 for predicting the deep-fading range of ¢ = — 7 2 —m(1+%)] (mrad (8

the multipath fading distribution requires knowledge of only
three link variables: path length (km), frequencyf (GHz), Where
and the magnitude of the path inclinati@an | (mrad). Method d210°

2 requires the additional link variablg (mrad), which is the m=————————- 9
) . ) . . dac(hy + ho)

average” grazing angle corresponding to a 4/3-earth radius b B

model for refraction. The basic prediction equations (1) and (5) . — [h1 + ha| (10)
below are the same in both the original and revised versions of 1+ ha

the methods (see Section lll for the basis of these equations). m+1 T 1 3¢ 3m
However, the revised methods contain a more accurate set ¥ = 3, €08 |5 T gArcos| — (m + 1)3

of equations for determining the geoclimatic fac#ér which (11)

better takes into account the variability of climate and terrain.
In' t_he following -summary of Methods 1 and_ 2, both th%vith a. the effective radius of the earth. As described in more
original [9], [12], [20] and revised [19] equations for thedetail elsewhere [2], [20], the variablds and h» are the
geoclimatic factor are given to facilitate the later discussi ! '
of results:

The percentage of timgthat fade deptti (dB) is exceeded
in the average worst month is obtained in Method 1 from t

power-law expression

Ortlﬂleights (meters) of the transmitting and receiving antennas,
respectively, above the linear regression curve through the path
rofile as plotted on a flat earth graph. (In the original version

Method 2 [20], special procedures were specified for dealing
with rough terrain. These were dropped in the revised version
p =K 35081 4 |e, )74 107410 (%), (1) _[19]. The tests on the original version o_f Metho_d 2 presented

in Section IV employ the values af obtained using the full-

The magnitude of the path inclination required here is calc@ath profiles except for 1-km exclusion intervals at the ends

lated from of a path.)
For both the original and revised versions of Methods 1

lep| = 1000Arctan [|h, — h.|/1000d] = |h,. — he|/d (mrad) and 2, it was recommended that the geoclimatic fadior

(2) be obtained from fading data for links in the vicinity of the
whereh. andh,. are, respectively, the heights (meters) of thplanned link if such data existed. However, since in most cases
transmitter and receiver above mean sea level. Although msoffficient suitable data do not exist, prediction procedures for
expressed explicitly by the ITU-R, the fade depttexceeded calculating X' based on refractivity gradient statistics were
for p percent of the time in the average worst month can lbecommended.
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Fig. 1. Contour map of percentage of time that the refractivity gradient in the lowest 100 m of the atmosphere is more negatit@Ghsrunits/km
in August (after Beanet al. [15]).

TABLE | and the continental longitude coefficie@.,,, by
VALUES OF THE COEFFICIENT C,, IN (12) FOR VARIOUS TYPES
OoF LINK—ORIGINAL VERSIONS OFCCIR METHODS 1 AND 2 [20] Cron =3 Iongitudes of Europe and Africa (17)

Type of Link Method 1 Method 2 . .

overland links not in mountainous regions 6.3 54 CLon =-3 |0ngltudes of North and South America
overfand links in mountainous regions 7.1 6.0

overwater links 6.0 4.9 (18)
Cron =0 all other longitudes (29)

The prediction equations fdk for the original versions of
Methods 1 and 2 [9], [12], [20] can be represented by the
single general equation

K =10"%p;° (12)

Ill. THE BASIS OF THE METHODS AND THE
ORIGINAL GEOCLIMATIC FACTOR MODEL

A. The Basic Models for the Tail of the

with the values of the coefficienf, and the conditions for ' . L
Microwave Fading Distribution

their applicability summarized in Table I. The variabte,
is the percentage of time that the refractivity gradient in Equations (1) and (5) [or (3) and (6)] are three- and four-
the lowest 100 m of the atmosphere is more negative theariable models (four and five variables with the geoclimatic
—100 N units/km in the estimated average worst month. factor) based on microwave data for the large fade depth tail
is obtained by taking the highest percentage occurrence psfition of the multipath fading distribution for the average
this —100 N units/km gradient from contour maps [15], [16orst month. The tail portion of the distribution as expressed

for four months (February, May, August, and Novembel)y these equations has the Rayleigh slope of 10 dB/decade, and

representative of the four seasons. (For convenience, the rgpurs for fade depths greater than about 15 dB on average. It
for August is reproduced in Fig. 1.) As an exception, the map believed to be caused by a combination of atmospheric fad-
for February was not to be used in the arctic. ing (largely beam spreading of the direct wave commonly re-
Similarly, the prediction equations fak™ for the revised ferred to as defocussing) and surface reflection [2], [22], [23].
versions of Methods 1 and 2 [19] can be represented by With the possible exception of minor variations discussed

by Tjelta et al. [2], these three- and four-variable models

[24] are believed to be the most accurate basic “tail” models
with the values of the coefficien€, and the conditions currently available [17]. This accuracy was achieved in several
for their applicability summarized in Table Il and with theways. First of all, the models were based on a fading data
coefficientCr,,; of latitude ¢ given by base for 47 links in France and the U.K., larger than that
r oo used in the development of most earlier models [2]. No
CLat =0 €] < 53 (14) constant fade depth or probability restrictions were made in

Crat =—534+& 537 <[¢] < 60° (15)  model development as previously; fade depths were chosen
Crat =7 €] > 60° (16) specifically such that they were in the distribution tails and that

K = 107Co+0.l(CLat-f—CLon)pi.f) (13)
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TABLE I
VALUES oF THE COEFFICIENT C, IN (13) FOR VARIOUS TYPES OF LINK—REVISED VERSIONS OFITU-R METHODS 1 AND 2 [19]
Type of Link Method | Method 2
overland links for which the lower of the transmitting and receiving
antennas is less than 700 m above mean sea level. (see Note 1 for 6.5 5.4

overland links crossing small lakes and rivers)

overland links for which the lTower of the transmitting and receiving

antennas is higher than 700 m above mean sea level (see Note 1 for 7.1 6.0
links crossing small lakes and rivers.)

links over medium-sized bodies of water (see Note 1), coastal areas

beside such bodies of water (see Note 2), or regions of many lakes 5.9 4.8
(see Note 4)
links over large bodies of water (see Note 1), or coastal areas beside 5.5 4.4

such bodies of water (see Note 3)

they had the highest exceedance probabilities possible withinThe second step in the modeling process was to find a
this constraint so as to maximize statistical stability. climatic variable that was sufficiently well correlated with the

In some previous analyses, the worst one-month distribgeoclimatic factor. The variable finally employed wasg the
tions over different measurement durations were mixed (i.egmbined occurrence of surface and elevated surface ducts in
worst-month distributions for one year were combined witthe average worst three-month period obtained from a 47-site
those for two years, three years, etc. in the fitting). Such mix#tee-year radiosonde data base for Canada and adjacent parts
statistics have a bias (e.g., four-year worst-month fade deptifsthe U.S. [26].
tend to be larger than three-year fade depths, etc.) and thos&he final step was to establish a relation betw&eandp,.
associated with the longest overall durations of measuremdiiie most plausible relationship seemed to be a logarithmic
have very large standard errors. The new approach [2], [2#}e, as between the fade depth(dB) and its exceedance
used the average worst-month distribution envelope [2%jercentagen. Thus, the “two-region” fit established from the

whatever the number of years, eliminating bias. two sets ofGG andp, values for the two reference regions was
Perhaps the greatest improvements in the new models re-
sulted from the use of systematic correlation analyses, multiple G = —11+15 log pa(dB). (20)

regression, and multiple iteration [2], [24]. Multiple regression
gives the most accurate relationship between the exponentd s relation was then used to establish contours of constant
the power law and multiple iteration allows the geoclimati€ on a map of Canada and adjacent areas of the U.S. (see
factor to vary from one region to another, at the same tinfdg. 3 of [14]).
increasing the accuracy of the multiple regression. One majorChoice of a Suitable Climatic Variable to Characterize Fad-
outcome of the correlation analyses is that the path inclinatiotg Worldwide Since the geoclimatic prediction variabjg
was found to be a more significant variable than the surfag®ailable in Canada was not available on a worldwide basis,
roughness variable originally introduced by Pearson [6] aother suitable variable had to be found to develop worldwide
later employed by Vigants [5], at least in describing linkrediction equations for the geoclimatic factor. Since the maps
variability within regions for which the geoclimatic factor isof Beanet al. [15] used to obtairp;, were available, this vari-
fairly constant. able was considered. Valuesmgf were obtained from the map
for August (see Fig. 1) for six locations in eastern North Amer-
ica where the map was known to be most accurate on the basis
of the high density of radiosonde sites in the data base. A com-
parison with corresponding values mf for the average worst
three-month period showed reasonable correlation with values
The development of the original geoclimatic factor model iof p;, (equal to about three quarters thosepgfon average).
(12) was carried out in several stages. The stages based on ttestablishment of “Worldwide” Prediction Relations for the
Canadian fading and refractivity gradient data bases have b&soclimatic Factor in Nonmountainous Regio the basis
described in detail by Olsen and Segal [14] and will only bef the preceding results, it was decided to try replacing
summarized here. The final stage of extending the Canadian(20) by p; and to establish a new intercept value based
result for global applications will be described in more detaibn the fading data available for Canada, France, and the U.
Establishment of a prediction relation and map for th&. This was done by iteratively comparing predicted values
geoclimatic factor in CanadaWorking backward from the of G based on (20) with average values observed from the
prediction equation (6) developed from the British—Frenameasurements in eastern Canada [13], [14], France, and the
data, the first step was to calculate the logarithmic geoclimatitK. [2] and then adjusting the intercept to reduce the error.
factors G corresponding to each of 29 links in the Canadiafhe final iterations for Methods 1 and 2 were reported earlier
worst-month fading data base. In two reference regions of tfi8]. The data for eastern Canada alone were used in the
country, the observed values 6f calculated were averagedfitting since it was known that the maps of Beanal. [15]
to obtain overall averages for these two regions. The approagtre most accurate in this region (because of the high density
was later cited by the CCIR/ITU-R as a way to developf radiosonde stations). Moreover, since it was believed that
geoclimatic factors for regions or countries for which sufficiethe maps were inaccurate in the East Anglia region of the
data are available [19], [20]. U.K. (because of the low density of radiosonde stations in

B. Prediction of the Geoclimatic Factor Based
on Refractivity Gradient Statistics
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Fig. 2. Map of the world showing countries for which data are available in the ITU-R data base, and the number of links for each country (246 links total).

this part of Europe and the knowledge from fading data that TABLE Il

this small coastal region showed severe fading in relation B¢$TRIBUTIONS AND EXTREME VALUES OF THE FOUR LINK PREDICTORV ARIABLES
. . . . . . IN THE ITU-R DATA BASE (246 O/ER LAND AND OVER WATER LINKS)

surrounding regions [2], [24]), this region was ignored in the

_ . L . Predi Mini 3 % 10% 50% 90% 95% Maxi
fitting. The resulting prediction equations for Methods 1 andsise. i 0 ’ N R
i i i 1C1 d (km) 7.5 16.0 29.0 54.0 110.5 125.0 299.9
2 are those given in (12) with the coefficients of Table | G o o2 2 e L LR o
for nonmountainous regions. le,) (mrad) 0.0 0.12 03 T.94 1.0 153 365
“Correction Factor” for Mountainous Regionsinitial re- 7 (mwa) 0.0 0.9 L7 45 157 19.8 413

sults using (12) applied to the mountainous regions of British
Columbia compared with more accurate data from the high- ) ] )
resolution geoclimatic factor map for Canada [14], suggestad Over water) with values for at least the link variables of
that the worldwide contour maps do not adequately take tRath length, frequency, and path inclination needed to test
effects of terrain into account. Indeed, it is known that thi€thod 1. Data for 239 links (206 over land and 33 over
radiosonde data used to prepare the worldwide maps [15] Wg\@t_er) were available also with the value of the addltlo_nal
nonexistent or very sparse in such regions. From a comparid@jiables needed to test Method 2; the only country for which
of predictions based on the worldwide and Canadian mapsP@h profiles are not yet available is Egypt. (The few values
6-dB decrease in the logarithmic geoclimatic faotéror in ©f ¢ between zero and one were replaced by one to avoid
the coefficientC,) was introduced for mountainous regionsn€dative values of log.) A map showing the geographical
This value also compared favorably with the 6- and 5_dg|str|l_3ut|_on _of data is given in Fig. 2. Ta_ble 1l summarizes
correction factors inherent in the methods of Morita [3] anf€ distributions and extrema of the predictor variable values
Barnett [4], respectively. in the da_ta t_Jase. More detailed information (including path
“Correction Factors” for Overwater Paths:When the ori- Profiles) is given elsewhere [27]. _ _
ginal model for K was adopted, few overwater data were 1h€ amount and quality of the worst-month tail data is
available in the CCIR data base. Th& dB correction factor SCmewhat variable. For many of the links (141) data for 12
in the logarithmic geoclimatic facto® (or in the coefficient calendar months were aval_lable so that the statistics for the
C,) was based solely on data for links across the Strait BYérage worst month are in most cases very accurate. For
Georgia on the west coast of Canada, data for a link acrdsdurther large group of links (71), data for enough of the
the Bay of Fundy on the east coast, and knowledge that the’$mer calendar months are available to identify the worst-
dB correction factors in the methods of Barnett [5] and Moritd1oNth statistics with a high degree of certainty. Finally, there

[6] were similar in magnitude (see [14] for data). are a small number of links (34) for which tail data were only.
The bases for the revisions to this worldwide geoclimatievailable for one or a few months. These data were used in
factor model are discussed in Section V. cases where the worst calendar month available was believed
to be a worst month or close to a worst month, and where
IV. TESTS ONITU-R PREDICTION enough better data were not available for the country or region
METHODS FOR THEDEERP-FADING RANGE in question.

. Among the first two groups of worst-month data noted
A. The Worst-Month Fading Data Base above are data obtained during one year, and in some cases
The ITU-R worst-month data base for the large fade-deptlata obtained during two or more years. This allowed average
tail [18], [27] was employed for the tests. In all, data for 24@vorst-month statistical estimates to be obtained for individual
links in 23 countries were available (212 links over land anlihks. Following the standard definition for average worst-
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month statistics [25], in most cases the yearly worst-mon8ome of these organizations were already participants of the
percentages of time for which a given fade depth was exceedbedn CCIR Study Group 5. Some data were made available
were averaged over the number of years of data available.itCCIR documents, or informally by administrations, once it
should be noted that in the definitive ITU-R recommendatidrecame known that the CCIR was constructing a data base
on such statistics [25], the word “average” has been droppfat testing purposes. Finally, a small group of data were
in favor of the term “worst-month statistics,” but an averagebtained from the open literature in order to increase the
is still implied. It should be noted also that the averagamount available from tropical regions or other regions for
worst-month statistics referred to are really average worsthich available data were sparse. Although some data without
calendar-month statistics, whereas the ITU-R definition #mssociated detailed path profiles were accepted in order to
principle allows the month-long periods involved to begin dhcrease climatic coverage, 93.5% of the links do have path
any day of a calendar month. However, the use of worgsrofiles (reproduced elsewhere [27]).
calendar-month statistics is the only practical solution given Notably missing from the ITU-R data base are data for the
the current ITU-R data base and the actual difference with trlleS. and Japan, both countries with private telecommunica-
worst-month statistics is considered negligible in any casdigns networks and known prediction procedures (e.g., [3]-[5],
Of course, the worst calendar month for which this fade depfiB0]). The data available for Japan [3], although valuable for
is exceeded can in principle be different for every year diistorical reasons, were not employed for testing purposes
data. However, in the case of a seven-link subset (the UlBecause the processing techniques used were not compatible
Mendlesham links [28]) of the 50 links with multiyear datawith those from more recent data bases. Some data from these
only average worst-calendar-month statistics were availalsleuntries available in the open literature could be employed
rather than average worst-month statistics. Although sutththe future in lieu of more complete data bases from private
average worst-calendar-month percentages are expected tedseers. In any case, the current ITU-R data bank is one of
smaller than true average worst-month percentages, the actbel largest propagation data bases in existence and covers a
difference should be fairly small. This supposition was testedde range of climatic regions of the world.
on the 116-km St. Chrischona-Jungfrau path in or around
Switzerland, for which are available up to eight years of data
at three frequencies [27]. Over the three frequencies, it wls
found that average-worst-month exceedances were only 48%As in previous analyses [2], [24] each data point was given
larger than average worst-calendar-month exceedances. Husal weight regardless of whether the average worst-month
corresponds to only a 1.7-dB difference in fade depth atstatistics were based on one or more years of data. This
fixed percentage of time, which is smaller than the estimatpdocedure was considered appropriate since it is known that the
contribution to the standard deviation in error due to year-teffect of year-to-year variability on the overall error variance
year variability (see Section V-F). is considerably smaller than the inability of the prediction

In a small subgroup of the multiyear data base (abontethods to fully describe the variability in link geometry and
9-15 links, seven of which are in one country—Finlandgeoclimatic conditions (see Section V-F).
only data for the worst month in the entire measurementThe error calculations were carried out by comparing pre-
period were available. It was considered better to includicted and measured fade depths (i.e., esgoredicted fade
these than not because of the shortage of data for the regidepth minus measured fade depth) at the tabulated exceedance
involved, and because there were only two years of datapercentages in the large fade depth tail of the distributions.
most cases anyway. For these regions (e.g., Finland), appaf@éinte the distributions all have the same 10 dB/decade slope
underpredictions of fading may be somewhat exaggerated.in principle (and statistically in practice [2]), this approach is

In order to maximize consistency, the tail-point data foequivalent to performing the calculations at a fixed fade depth
most links were obtained by the authors directly from cumulstuch as the valugl, o, exceeded for 0.01% of the time.
tive distributions of fading provided, or acquired from the open
literature. For the Italian data base, however, the available data ] o
[29] were in the form of a single probability occurrence factor- T€sting Results for Observed Geoclimatic Factors
obtained from a regression on the entire deep-fading portion ofTable IV presents results for Methods 1 and 2 for countries
the cumulative distribution, which results in an equal weighingnd regions within these countries based on the use of observed
of the deep and shallow ranges despite the fact that the lageoclimatic factors as recommended by the CCIR [20]. Specif-
is more accurate. Because of the importance of these datacaily it presents the observed mean logarithmic geoclimatic
terms of quantity and coverage of a large range of climates afiadtorsG for each region and the estimated standard deviation
terrain, they were nevertheless included for testing purposes.the resulting prediction error obtained by calculating the
Indeed, the standard deviations of error for Italy noted later \ralues ofG for each link from (3) and (6) using the observed
this section and in Section V are not much larger than those fa@lues ofA andp, and then averaging the values for the links
countries for which more complete cumulative distributions each region. Although it is recommended that Method 2
were available. normally be used to obtain these factors [19], [20], Methods

Most of the data in the ITU-R data base were obtained ly and 2 were employed separately for the comparison in
contacting officials of national or provincial telecommunicafable 1V. Results for both overland and overwater links are
tions agencies in countries known to have significant dagiven in Table IV. The number of links involved in the

General Testing Procedures
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TABLE IV

MEAN OBSERVED LOGARITHMIC GEOCLIMATIC FACTORS AND STANDARD DEVIATIONS OF ERROR FOR
ITU-R METHODS 1 AND 2 IN VARIOUS COUNTRIES AND REGIONS (AMERICAS, AFRICA, AND EUROPE)

163

Country (No. of links) Mean G (dB) Sd. Dev. of Country (No. of links) Mean G (dB) Sd. Dev. of
Region Error (dB) Region Error (dB)
Brazil Finland
Curitiba Area Mts. (7) 2.8 (5.3) 5.5 5.9 Gulf of Bothnia Coast (9) 12.1 (8.7) 4.7 (5.2)
Canada France
Ottawa Area (10) 5.1 3.7) 3.7 (44) Brittany (5) 11.1 (10.0) 3.9 (4.0)
Pr. George Area Mts.(5) -9.6 (-1.7) 29 24 North East/Swi. (22) 6.5 (71.6) 4.9 (4.7)
Creston Area Mts.(3) -7.5 (0.8) 5.5 3.4) South (9) 15.0 (15.6) 4.6 (5.4)
Vis. Melville Sound (4)] 18.2 (14.3) 0.7 (8.0) Italy
North West Plain (9) 8.4 (8.0) 4.3 (5.8)
North East Plain (4)| 188 (17.2) 4.2 (5.6)
North Bast Mts. ()] -2.8 (2.3) 3.7 2.1
West Central (7) 8.9 (12.9) 57 4.2)
Country (No. of links) Mean G (dB) | Sd. Dev. of Central Mts. (6)] 4.7 (11.1) 3.0 (1.8)
Region Error (dB) N.West Oversea (7)|  14.1 (18.8) 5.3 (8.1)
Egypt Sardinia Oversea (5) 5.8 (1.4) 5.7 (4.3)
Inland Nile Delta (3) 17.1 4.7 Norway/Denmark
Coast/Oversea (2/1) 24 6 38 S. Norway/Denmark ( 10) 7.1 (9.0) 4.8 (5.4)
Ghana (3) 16.7 (15.5) 5.0 (3.4) Mid-North Oversea (3) -1.9 (0.1) 5.5 (5.2)
Senegal (3) 24.1 (22.9) 4.4 3.7 Sweden (7) 14.7 (14.4) 2.7 3.9
Zimb./Moz./Mal. (3) 2.0 (2.0) 3.5 (3.8) Switzerland (15) 37 (1.4 39 (4.0
Alps Mts.(9) 3.6 (8.5) 4.2 (3.8)
UK
East Anglia (8)| 15.0 (15.2) 2.7 (2.5)
South West ()| 2.3 (5.4) 6.0 (6.0)
South/Midlands (8) 5.4 (2.9) 3.3 (2.0)
North East (8) 3.8 (3.3) 3.7 (3.9)
English Channel (3)] 151 (14.8) 1.6 (0.9)
Former USSR
Baltic Coast (6) 74 (3.3) 4.8 4.2)
Byelorussiw/Ukrn. (4) 5.3 (3.6) 4.0 (3.4)
Moscow Area (11) 5.7 (4.0) 59 (6.1)
Black Sea Coast (3) 9.1 (5.7) 0.1 (1.6)
TABLE V links and for overland/overwater links combined) based on the

ERROR StATISTICS FORITU-R METHODS 1 AND 2 USING OBSERVED

observed geoclimatic factors are presented in Table V. These
GEOCLIMATIC FACTORS FORV ARIOUS TERRAIN-CLIMATE LINK GROUPINGS

statistics include the percentage of errors greater than 7 dB, a

Link No. of Method 1 Method 2 statistic giving a quantitative measure of the frequency of large
Grouping Links | Sd. Dev. of{ % Errors | Sd. Dev. of | % Errors i ;

Eror @B | »7dB | Erorddd) | >7dB errors. In order to prowdg a comparison of results for Methods
Tnland nom 50 14 1.1 15 1.1 1 and 2, acommon 2_10—I|nk data base is employed. Overwater-
mountainous link statistics are indicated, but excluding the results for five
EAOU“‘?’"OUS ii 33’3 gg 3‘8 gf long links between the ltalian mainland and Sardinia (all

oasta < . L. 4. . . P .

roT—— oY 3 o1 53 333 Ionger than 237 km) since it is considered that t_he current
All overland 137 11 3.6 12 3.6 basic tail models are not accurate for very long links. (The
All 210 4.3 9.5 4.4 11.0 maximum path length in the 47-link data base used to derive

these relations was 95 km [2]; see also Section D below.)

) o i The same approach is taken for the overall statistics for both
calculations is indicated in parentheses after the country Qfarjand and overwater paths.

region name. This approach yields overall mean errors of zeroag ingicated in Table V, the overall standard deviations of
~ Regions were chosen on the basis of proximity of eaglyor for the common data base of 187 overland links are 4.1
link in geographic location and altitudes of the lower ofig for Method 1 and 4.2 dB for Method 2. These are larger
the transmitting and receiving antennas. A similar approaghan the 3.4 dB and 2.9 dB figures involved in the original
was employed to develop the basic prediction formulas f@fs for Methods 1 and 2 [2], but reasonable considering the
Methods 1 and 2 [2]. Some of the larger standard deviationsgpeater diversity of link geometries now in the data base,
Table IV are likely due to too large a range in geographical afse greater proportion of links with only one year of worst-
altitude proximity. Some of the larger and smaller values maonth data and the use of a few groupings of only three
be due to too few data points within some regions. (Althoudlhks. Table V confirms the observation noted with respect
a minimum of four links was sought for each region, in they Table IV and elsewhere [14] that prediction accuracy is
case of countries with few data, this criterion was reducggborest for overwater links.
to three.) The largest values tend to be those for overwaterFig. 3 gives distributions of the errors for Methods 1 and 2
regions (see below). The exact attribution of links to eaanh a normal probability plot. From these results and those of
region is described elsewhere [27]. Tables IV and V, it is clear that the improvement of Method 2
Error statistics by ITU-R terrain-climatic (i.e., “geocli-over Method 1 observed with the original 47-link data base
matic”) type (including overall error statistics for overlandor the France and the U.K. [2] is not maintained in the



164

IEEE TRANSACTIONS ON ANTENNAS AND PROPAGATION, VOL. 47, NO. 1, JANUARY 1999

TABLE VI
ERROR StATISTICS FORITU-R ORIGINAL AND REVISED GEOCLIMATIC FACTOR MODELS FOR COUNTRIES" AND REGIONS (AMERICAS, AFRICA, AND EUROPE)

Original Model

Revised Model

Country (No. links) | Mean Error | Sd. Dev. of | Mean Error | Sd. Dev. of
Region (dB) Error (dB) (dB) Error (dB)
Brazil (8) 2.6 (0.5) 5.9 (6.3) -04 (-2.5) 5.9 (6.3)
Curitiba Area Mts. (7)| 2.2 (-0.3) 6.3 (6.3) -0.8 (-3.3) 6.3 (6.3)
Canada (21) 43 (3.0) 6.1 (4.4) 1.5 (0.2) 6.3 (4.7)
Ottawa Area (10)§ 0.6 (2.1) 3.7 (44) -2.4 (-0.9) 3.7 (4.4)
Pr. George Mts. (5)] 9.4 (7.5) 29 (24) 7.4 (5.5 3.0 (2.5)
Creston Area Mts.(3)| 7.6 (-0.7) 55 (34) 4.6 (-3.7) 55 (3.4)
Hudson Str/Frob. B (4} -1.4 (-0.5) 6.1 (7.0} 5.6 (6.5) 4.7 (5.7)
Vis. Melville Sound| -8.4(-4.5)) 9.6(7.9) -7.9 (-4.0) 9.9 (8.2)
(4)

Original Model

Revised Model

Country (No. links) | Mean Error | Sd. Dev. of | Mean Error { Sd. Dev. of
Region (dB) Error (dB) (dB) Ertor (dB)

Egypt (6) -9.4 8.4 -1.4 8.4

Inland Nile Delta (3) -6.9 4.8 -3.9 4.8

Coast/Oversea (2/1) -13.5 9.1 -2.2 6.8
Ghana (3) -2.5 (-1.4) 5.0 (34) | 105 (11.6)| 5.0 (3.4)
Senegal (3) -4.3 (-3.2) 3.7 3.7) -1.3 (-0.2) 4.4 3.1
Zimb./Moz./Mal. 83 (4.3) 4.2 (6.3) 11.3 (7.3) 4.2 (6.3)
3)

*Country error statistics {and no. of links) do not include overwater links

Error statistics for overwater regions in italics

Method 1 error statistics:

No Parentheses

Method 2 error statistcs: (Parentheses)
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Original Model Revised Model

Country (No. links) | Mean Error | Sd. Dev. of | Mean Error | Sd. Dev. of

Region (dB) Error (dB) (dB) Error (dB)

Finland (12) -21.8 4.8 (5.6) -5.8 (-2.3) 43 (5.1)
(-18.3)

Gulf of Bothnia Coast -22.2 5.0 (5.5) -6.0 (-2.6) 4.6 (5.0)
9] (-18.8)

France (30) 29(33) | 48¢(3) | 095 | 50 (58

Brittany (5)} -2.7 (-1.6) | 40 (42) | 24 35 | 3232

North East/Swi. (22)| -2.7 (-3.8) 4.8 (5.2) 1.9 (0.8) 53 (5.4)

South @)} 3.9 45 | 44671 | 0701 | 5733

Italy (37) 14 (4D | 58(63) | 26 (0.1) | 63 (68)

North West Plain (9)| 0.1 (0.5) 4.2 (5.7) 3.1 (3.5) 4.2 (5.7)

North East Plain (4) | -11.3 (-:9.6) | 4.0 (5.5) | 63 (41 | 78 (9.1)

North East Mts. (4)| 7.4 (24) | 1.2 (1.5 | 104 5.4 | 12 (1.5

West Central (7)| 4.1 (-8.1) 34 (3.5) -0.2 (-4.2) 5.6 (5.5)

Central Mis. (6)| 0.6 (-7.0) | 1.5 (2.6) | 2.4 ((40) | 15 (256)

N.West Oversea (7)| -0.1 (-4.8) 5.3 (8.2) 7.9 (3.2) 5.3 (8.2)

Sardinia Oversea (5)| 8.5 (12.9) 58 (44) |16.5 (20.9)] 58 (4.4)

Norway/Dnmk (11){-8.6 (-10.7)| 6.9 (6.6) | 2.1 (0.0) | 68 (7.0)

S. Norway/Denmk(10) -10.1 5.1 (5.4) 0.7 (-1.2) 5.3 (6.1)
(-12.0)

Mid-North Oversea (3)} 3.7 (1.8) | 5.8 (5.5) 1187 (168)| 5.8 (5.5)

Sweden (7) -21.5 2.8 (4.1) -4.7 (-4.5) 4.7 (4.4)
(-21.3)

Switzerland (15) 3.4(7.2) | 41 @2 | 20¢1.8) | 5.1 (60)

Alps Mts.(9) | 3.4 (-83) | 4.6 39) | -0.4 (-53) | 46 (3.9)

UK (28) -6.0 (-5.6) 72 (1.1) 1.7 (1.6) 5.7 (5.0)

East Anglia (8) -14.9 2.6 (2.4) 2.5 (2.7 2.9 (2.4)
(-15.1)

South West (4)] 2.2 (-0.9) 6.8 (6.7) 7.6 (4.5) 8.5 (8.2)

South/Midlands (8)1 -2.8 (-0.3) 4.0 2.9 0.9 (34) 49 (3.9)

North East (8){ -4.3 (-3.8) 3.7 (3.4) 2.0 (2.5) 4.7 4.2)

English Channel (3)| -8.6 (-8.3) 1.6 (0.9) -0.6 (-0.3) 1.6 (0.9)

Former USSR (27) | -6.1 (-4.0) 7.1 (6.6) 0.7 (2.7 5.9 (6.0)

Baltic Coast (6)} -12.4 (83)| 52 @4.7) | 09 (49 | 32 (1.8

Byelorussia/Ukmn. (4)} -53 (3.7) | 6.7 5.9 | 23 (0 | 6.7 (5.9

Moscow Area (1) | -7.2 (-5.5) 6.4 (6.6) -1.4 (0.2) 5.8 (6.0)

Black Sea Coast (3)] 1.8 (5.1) 0.6 2.1) 8.1 (11.5) 5.8 (4.9)

187-link overland data base, demonstrate a small advantage to
using the additional variable.

D. Testing Results for Predicted Geoclimatic Factors

Table VI presents the error statistics for countries and
regions based on both the original and revised geoclimatic
factor models. Since the mean errors are no longer zero, these
are also presented along with the standard deviations of error.

Error statistics by terrain-climatic type, based on predicted
geoclimatic factors, are presented in Tables VII and VIl for
the original and revised geoclimatic factor models, respec-
tively. Here, the percentage of errors greater than 10 dB from
the mean error is also given, as a measure of the frequency
of large errors. Further, the standard deviations of mean error
from region to region are also presented, with each mean error
properly weighted according to the number of links in the
region (which allows even single-link regions to be included

Fig. 3. Distributions of errors for all 210 links (including overland andn the calculation). Shown are the combined Method 1 statistics

overwater) using observed mean geoclimatic factors in various regions &%ing the entire 240-link data base (in square brackets) and
least three links per region):_ Method 1;,— — — Method 2. '

those for the common 233-link data for a comparison of
Methods 1 and 2 (errors for the six overwater paths from the

enlarged data base; in fact, for coastal and overwater linkalian mainland to Sardinia and Sicily longer than 237 km
it is significantly worse. Thus, there would seem to be nare not included for the reasons already noted). The number
advantage to be gained in using Method 2 in its present form aitmountainous links is smaller for the tests on the revised
least when observed values are available. However, as notethodel since eight links for which the lowest terminal is below
in Section V-F, new regressions on the same three and fal@0 m in altitude are excluded, even though the major portions
variables used for Methods 1 and 2, employing the enlargetithe links are over mountains.
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TABLE VI
ERROR STATISTICS FOR METHODS 1* AND 2 WiITH CCIR ORIGINAL GEOCLIMATIC FACTOR MODEL FOR VARIOUS TERRAIN-CLIMATIC LINK GROUPINGS
Method 1 (Original) Method 2 (Original)

Link Grouping No. of Overall | Sd. Dev. of { Sd. Dev. of | % of Errors | Overall | Sd. Dev. of | Sd. Dev. of } % of Errors

Links | Mean Error | Reg. Mean | Error (dB) -<Error> | Mean Error | Reg. Mean { Error (dB) -<Error>
(dB) Errors (dB) >10dB (dB) Errors (dB) >10dB

Inland non- 104 3.1 5.1 6.5 12.5 2.9 5.0 6.6 13.5

mountainous (107} [-3.2] [5.1) 16.5] [11.2]

Mountainous' 44 1.0 5.2 6.4 6.8 3.6 5.6 6.7 9.1

Coastal " 58 -11.0 9.1 9.7 37.7 -10.1 83 9.1 27.6
[61] -11.1) [9.1] [9.8) (38.3]

Overwater 27 -0.5 5.7 7.7 18.5 -14 5.0 7.6 11.1
28] 1-0.7] [5.6] [7.6) [17.9]

High lat. (= 60°) 28 -11.9 10.6 11.7 39.3 -10.2 8.8 10.1 429

All overland 206 -4.4 7.7 8.7 248 5.1 6.8 8.0 20.4
[212] [-4.6] [7.8) 18.7] [24.5]

All 233 -4.0 7.6 8.7 24.0 4.6 6.7 8.1 21.5
1240 [-4.1] [7.7] 18.7) [23.8]

* Results in square brackets include data for the seven links in Egypt.

1 Note that altough the definition of mountainous links in the original method was somewhat vague, it could be implied that a link
should be considered mountainous if at least half the path profile was over mountains. Here it was assumed that at least half the path
profile was above 700 m in altitude. Since there were no links in the data base from the flat central plains of the continents (some of
which are above 700 m; see section V.E), this is considered a reasonable assumption in comparison to the less restrictive criterion in
the revised method for which results are given in Table VIII.  Afthough there was no definition for coastal links in the original
method, for comparison purposes results are presented here for the original method as applied to the same coastal grouping for which
results are given for the revised method in Table VIIL.

TABLE VI
ERROR STATISTICS FORMETHODS 1* AND 2 WITH ITU-R REVISED GEOCLIMATIC FACTOR MODEL FOR VARIOUS TERRAIN-CLIMATIC LINK GROUPINGS
Method 1 (Revised) Method 2 (Revised)

Link Grouping No. of Overall | Sd. Dev. of | Sd. Dev. of | % of Errors | Overall ] Sd. Dev. of | Sd. Dev. of | % of Errors

Links { Mean Error | Reg. Mean | FError (dB) -<Error> | Mean Error | Reg. Mean | Error (dB) -<Error>
(dB) Errors (dB) >10dB (B) Errors (dB) >10dB

Inland non-mountainous (100- 66 -0.6 3.6 52 6.1 0.6 33 5.1 6.1

400 m min. antenna altitude) [67] [-0.6] [3.6] [5.21 [6.0] [0.6) [3.3] [5.0] {6.0)

Inland non-mountainous (400- 24 5.0 3.6 4.4 0.0 1.6 39 4.8 4.2

700 m min. altitude)

Inland non-mountainous 111 0.4 38 5.7 11.4 0.4 3.4 5.5 8.1
[114} (0.3} [3.8] [5.7] [11.3]

Mountainous (700-1000 m 18 1.9 4.7 57 11.1 3.4 4.7 53 5.6

min. altitude)

Mountainous (1000-1300 m 15 2.9 6.2 7.1 133 -0.9 7.7 6.6 6.7

min. altitude)

Mc inous 37 2.8 4.9 6.2 8.1 2.2 52 63 8.1

Coastal (medium-sized) 10 -0.6 33 5.8 0.0 19 4.1 6.3 20.0

Coastal (large) 38 35 5.9 6.6 7.9 3.3 59 6.8 10.5
[41] [3.3] [6.2] [6.9] [12.2]

Coastal 57 1.3 6.1 7.0 13.8 2.3 5.5 6.7 15.5
[61] [1.3] [6.2] [7.21 [16.4]

Overwater (medium-sized) 6 73 4.9 54 0.0 5.6 5.1 6.0 0.0

Overwater (large)t 21 {27} | 53 {76} 8.7{8.8] | 103 {103} [ 28.6 {37.0} | 4.7{79}) | 74{9.1} | 9.7{10.8} | 28.6 {33.3}
[22) 15.3] {8.5] {10.1] [27.3]

Overwater’ 27{33} | 58{7.6} | 7.9(82} 9.4 {9.6} | 259{303}| 49{7.5} | 69(85) { 89{10.0} | 222 {273}
[28) [5.7) [7.8) [9.2) [25.0]

High lat. (= 60°) 28 -0.5 6.0 10.5 32.1 1.1 74 8.7 28.6

All overland 206 1.1 4.4 6.2 12.1 0.5 42 6.2 9.7
1212) [1.0 [4.5] 16.3] [12.71

Al 233 1.6 5.1 6.8 14.2 1.0 4.8 6.7 12.9
240} [1.6] (5.2] [6.8] [14.6])

* Results in square brackets { ] include data for additional links in Egypt.
1 Results in curly brackets { } include data for six links longer than 237 km in Italy, but not additional link in Egypt.

From Table VII, the overall mean and standard deviatiom®untries or regions are acceptable, the mean errors and the
of error for the original model for the 206 overland linkgesulting large overall standard deviation of error are not. Since
are, respectively-4.4 dB and 8.7 dB for Method 1, andanalysis showed that the errors resulting from the geoclimatic
—5.1 dB and 8.0 dB for Method 2. The large negative medactor model are the largest contributors (see Section F below),
errors are mainly due to the large negative errors for higheveral improvements were made to achieve the considerably
latitude links and the preponderance of European links wibletter error statistics for the revised model listed in Tables VI
negative mean errors in the data base. The large standand VIII.
deviations are due to the large variation in the mean errors
between countries. Without the mean error variations betwegn Development of the Continental
countries, the overall standard deviation would be 6.2 and t‘fl

dB for Methods 1 and 2, respectively. ongitude Correction Factor
The apparent need for a longitude correction to the original

geoclimatic factor models for Methods 1 and 2 is illustrated
in Table VI by the preponderance of negative mean errors for
mid- and low-latitude countries in Europe (e.g., France, ltaly,
Although the standard deviations of error listed in Table V&witzerland, U.K., and the former USSR) and Africa (Egypt,
for the original geoclimatic factor model applied to individuaGhana, Senegal) and the positive mean errors for the Americas

V. DISCUSSION OFRESULTS AND BASIS FOR
THE REVISED GEOCLIMATIC FACTOR MODEL
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(Brazil and Canada). Although a longitude difference wasater, the accuracy of the 5-dB figure was somewhat suspect
recognized during the development of the original geoclimatic any case. Since much of the Finnish and Swedish data had
factor model, there were insufficient data then to justify the additional complication of being from coastal regions, the
more complex model. The mean error between the Europddarwegian/Danish data were principally used to determine
and North American groups of data available then was dée 7-dB figure above 60[31]. The extensive data for the
approximately to zero. Moscow region were used to determine the rate of decrease
The need for a longitude correction is believed to be due ¥ath decreasing latitude of (15). However, at the time this was
the fact that the maps from which the statistic is derived done, the Method 2 results for this region were unavailable
are based on only two radiosonde ascents per day that t§ke.
place at the same time (0 and 1200 UT) around the world.An iterative approach to the choice of the high-latitude
Since the atmospheric conditions that give rise to multipattorrection factor and the overwater/coastal correction factors
fading (i.e., extreme superrefractive refractivity gradients) afsee below) could result in slightly more accurate values for
quite dependent on local time, the change in the radiosongch. However, as for the continental longitude correction
sampling time relative to these conditions produces differefatctor, discovery of a better climatic variable based on surface
results for large longitude differences. measurements carried out several times a day could eliminate
The discrete continental longitude correction factors of (1Me need for a high-latitude correction factor.
to (19) were derived by calculating the mean errors for
two groups of data [31]: overland data for nonmountainous
noncoastal mid- or low-latitude regions in Brazil and Canada Improvement of the Overwater Correction Factor
for the Americas; and in France, Italy, the U.K., the former As indicated in Table I, the geoclimatic correction factor in
USSR, Egypt, Ghana, and Senegal for Europe/Africa. Datfe original model for overwater links was 5 dB. Two new
from mountainous, coastal, and high-latitude regions were rfgttors were established in the revision, a 6-dB correction
used in order to avoid contamination from the other climatigr links over “medium-sized” bodies of water and a 10 dB
effects on the geoclimatic factor. correction for links over “large” bodies of water. The 6-dB
In the future, it may be possible to derive a suitablfyctor was principally determined [31] by the data for the Bay
correction factor that is continuously variable with longitudesf Fundy and Strait of Georgia [14], data for Morecomb Bay
Although some research has already been carried out in titighe Irish Sea [27], and data for two links in Frobisher Bay
direction, it may be better to couple such research with ngw4]. The 10-dB factor was principally determined from the
regression analyses on the link variables using the much larggta for the English Channel [27] in combination with the
data base now available. Better still, a climatic variable basggta for Hudson Strait and Viscount Melville Sound [14],
on surface measurements carried out several times a day . (Coastal data for East Anglia in the U.K. and parts
be found that obviates the need for a correction factor. of Scandinavia were also considered; see be|ow_) The 14-dB
factor used originally for large bodies of water [14] was revised
. ) . by giving the European overwater data more weight in the
B. Development of the High-Latitude Correction Factor o6 recent analysis, because it was uncontaminated by high-
The need for a high-latitude correction to the origindhtitude effects. The greatest weight was given to overwater
geoclimatic factor model is best illustrated by the large nedgata (e.g., the English Channel) for which there were also
ative mean errors in Table VI for Finland, Norway/Denmarlextensive nearby overland data.
Sweden, and the Baltic coast region of the former USSR. It isThe overall mean errors for overwater links in Table VIl
also illustrated by the Canadian data [14], but because thegsuld suggest that the revised overwater correction factors
data are for overwater paths, the interpretation is more difficulite much too large. A new analysis [34], however, indicates
This need is again believed due to the limitation of only twthe prediction problem to be more complex than this. It
radiosonde ascents per day in sampling the refractive structwas found that predictions for both overwater and coastal
of the atmosphere. Two sets of data, one for overwater patimks are improved by using a separate, considerably smaller,
in the Hudson Strait area [32] and the other for very-lowclimatic dependence to that used for inland links. It was also
angle satellite links [33], indicate clearly that multipath fadindound that climatic variability for overwater and coastal links
at high latitudes tends to take place at all hours of night acduld be better described by latitude than by the climatic
day, regardless of the fact that the day is longer in summeredictor variablep;,. The end result is that the effective
Although p;, statistics can be used for prediction purposes,averwater/coastal correction factor appears to vary not only
different fit is, in effect, required. with the size of the body of water in question, but also with
The correction factor of 7 dB for latitudes above’60 (16) latitude. In general, it appears to be small at low latitudes,
was developed from the data for Finland, Norway/Denmarind increases with increasing latitude. In fact, the overwater
Sweden, and the Baltic coast region of the former USSR [3TJorrection factors developed initially from high-latitude data
A 5 dB factor had previously been used for Canada [14], b[4] and mid-latitude data [31] are not inconsistent with the
since the refractivity gradient statistig employed to develop results from the new overwater/coastal model [34] in these
the basic geoclimatic factor map is not identicalzip, it is areas.
not clear that the high-latitude correction factors should be Table VI suggests that the overwater predictions for the
identical. Since the Canadian high-latitude links were all ovéinks between the mainland of Italy and Sardinia are inac-
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curate. A similar result was obtained for the single overwatésr the links in the ITU-R data base (see below regarding
link between the mainland and Sicily. This is believed to blinks over high-plains regions). Several links in both Italy and
largely due to the extreme length of these links (237-3@Wwitzerland with quite high-altitude antennas at one end of
km) for which the power law in path length in the modelshe path (and a large fraction of the path over mountains),
is inappropriate. Initial results suggest that a new regressibut low-altitude antennas at the other, were found to have
on the available data will provide a much better fit for suckimilar observed geoclimatic factors to those of nearby links
long links. The results of Tables VII and VIII in most casesvith low antennas at both ends. In fact, it was found possible
do not include these links. However, results for the overwattr group all the links in northeastern France with six of those
group in Table VIII are provided with and without these linksin Switzerland having one antenna of comparable altitude (see
. Table VI).
D. Development of the Coastal Correction Factor From the mean errors of Table VIII, the6 dB mountain
The need for some kind of coastal correction is best i¢orrection factor for both Methods 1 and 2 would be better
lustrated by the negative mean errors for the original modeplaced by factors of about8.5 and—3.5 dB, respectively,
in Table VI for East Anglia in the U.K., the northeast plairin order to reproduce a slightly positive mean error such
of Italy near Bologna and Venice, the Baltic coast regioads obtained for inland links in nonmountainous regions. Not
of the former USSR, and the Mediterranean coastal areashiown, this has been confirmed. (It must be noted, however,
Egypt. Since the factors required seemed to be approximatéiat although the-8.5 and —3.5 dB factors are better on
equivalent to the overwater correction factors for the nearldyerage, there are some mountainous regions—possibly in
bodies of water in question, this is what was adopted in théhich the altitude and/or geographical extent of the mountains
revised model [31]. is smaller as apparently evidenced from Table VI—in which
The criteria adopted by the ITU-R [19] for determining & less negative factor seems more appropriate.)
coastal area in the revised geoclimatic factor model (Note 2From the mean errors for the 100-400- and 400-700-m
below Table 1I) are essentially identical to those employed foninimum altitude ranges, it is evident that a better discrete
the CCIR/ITU-R transhorizon duct propagation model [35%orrection would employ approximately5 and —1.5 dB
From an observation of the data for various regions of tie@rrections for altitudes between 400 and 700 m for Methods
U.K. and Brittany in France and the accurate path profildsand 2, respectively. The smaller corrections required for
available [31], they appeared to be valid for the line-of-sightlethod 2 in medium and high-altitude ranges demonstrates
(LOS) geometry as well. The procedure for determining ttnother benefit of the additional predictor variale It is
magnitude of the correction in cases where part of a paghkpected that a future terrain correction factor can be devised
profile is above 100-m altitude is also similar. in which the correction is continuously variable depending on
The data for Finland [27] suggested the need for a similtire minimum altitude predictor variable or a similar one such
correction factor for regions of many lakes (see Note 3 belo# the minimum altitude along the path and some measure
Table 11). Unfortunately, a precise criterion for providing suclef the terrain roughness. Indeed, an interim improvement to
a factor is impossible without additional data. Method 1 has already been devised [36], [37] employing
It should be noted that nine links were classified as lying i@iscrete corrections for the 100-400- and the 400-700-m
coastal regions beside bodies of water of intermediate size a@liifude ranges along with corrections based on a subjective
were given a correction factor of 8 dB. These are not includ@gsessment of whether the link is in a plains region, a hilly
in the error statistics for either coastal links beside mediurfegion or a region of uncertainty between these two.
sized or large bodies of water. The choice of whether a body ofAn oversight in the revision of the ITU-R methods was the
water was considered medium-sized or large (or intermedidaek of consideration of links in relatively flat plains regions
between these two) was made prior to the error calculations, hilly regions for which the minimum antenna altitude is
except in the case of the few links on which the 6- and 1@bove 700 m. Although no data are available for such links
dB figures (and the respective examples of medium-sized dndhe current ITU-R data base, an estimate of the correction
large bodies of water in Table Il) were based. factor required for high-plains links [36], [37] was obtained
As noted above and demonstrated for Method 1 elsewhdfem the high-resolution Canadian geoclimatic-factor map in
[34], predictions for coastal/overwater links are improved evdi4, Fig. 3]. A conservative estimate of the correction factor
more by decoupling them from predictions for hypotheticaequired for high-altitude links in hilly regions [37] was
inland links at the same location, and employing a differetiten set relative to this based on the known 3.5-dB average
climatic dependence to that for inland links. geoclimatic difference [36] between links in plains and hilly
regions at low altitude.

E. Improvement of the Mountain Correction Factor

The original correction factor of-6 dB for links in moun- F- Effect of the Various Model Elements on
tainous regions has been clarified [31] with the 700-m minif® Overall Accuracy of the Methods
mum altitude limit now specified in the revised model [19]. Because of the apparently small improvement afforded by
The altitude of the lower of the transmitting and receivinylethod 2 over Method 1 and the large reduction of error
antennas (termed here the “minimum altitude”) was found txhieved by the revision to the geoclimatic factor model, it
be a good variable from which to assess mountainous behavguseful to obtain a quantitative measure of the various pre-
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diction errors. It seems reasonable that the overall variancenobdel

the fade depth prediction error (i.e., the square of the standard 5 5
deviations given in Tables VI-VIII) can be represented as oc=v87 -41°=77d8  Method1 (29

follows: o =v81%2 —-4.22=6.9dB Method 2.  (26)

2

o2 =02 102 1 0% (21) Thus, by far the greatest contribution to the errors in Methods
Yy v

1 and 2 with the original geoclimatic factor model is in the

whereo? is the variance due to year-to-year variability in thgstimate ofG. o
fade depth observed in the worst month (or in the case of Of the revised geoclimatic factor model

links with more than one year of data, in the observed average e a2 —48 dB Method 1 -
worst-month fade depth over the number of years in question), oa \/7 ’ (27)

o2 is the variance in the error due to the regression fitin terms ~ °¢ = V622 —4.22=46dB  Method 2. (28)

of the link variables and, is the variance in the error duecieayy the revised geoclimatic factor model is considerably
to the geochmatl_c factor model. Slnce_ the nu_meer_ of WOrglyre accurate than the original model, which is the reason for
months of data involved varies from link to link;; is, of 6 considerable reduction in the overall standard deviation of
course, an average over the whole data base. . error. Howevergg is still larger thans,,. (In the new interim
Some idea of the magnitude ef, can be obtained from improvement to Method 1 [37}rc = 3.2 dB for overland
links for which fading data [27] are available for several Yearfinks, and 4.0 dB for all links.)
For exam_ple, an estimated single-year valugf,pf: 2.2 dB The results of (27) and (28) demonstrate that it is statistically
was obtained from the 116 km, 2.3 GHz link between Sfoyer to estimater in a region by the data from even a single
Chrischona and Jungfraujoch in Switzerland, for which eighihy ' since the standard deviations of error of the observed
years of worst-month data are availgble. An estimated sing(e;,es are 4.1 and 4.2 dB for Methods 1 and 2, respectively
year value ofo, = 4.0 dB was obtained from the 12.7 km,; o the same as the standard deviations of error for estimating
19.3 GHz link near Dubna, Russia, for which eight years of o opserveds values). Data for two links in a region

data are available also. _There are 16 overland links in th reduce the standard deviation of error in predictifichy
ITU-R data base for which there are three or more yeaﬁ\/i etc.
of worst-month fade depths. An average of i estimates Strictly speakingy is only the apparent standard deviation

for all of these links yields an overall single-year estimate gf error. The actual standard deviation of erwgy can be
oy = 2.5dB. (The central 75% of these values are in the rang@ 1ated from '

1.0-3.1 dB. Except for an apparent inverse dependence on path

length between the two eight-year examples above, there is no oo =02+ (29)
obvious dependence on link parameters.) The resulting figure

for the data base for which on average there are 1.5 yeardyfremoving the effect of year-to-year variability in the data.
worst-month data, can be estimated from Thus, for all the overland data

o, =5.9 dB Method 1 (30)
[2.52 [ 1 -
oy =4 [Z F} =23 dB (22) 0, =58 dB  Method 2. (31)
Clearly, the improvement afforded by Method 2 over
where lV; is the number of years for which worst-month datjethod 1 is very small in terms of all of the error statistics
are available for linki [27] and n is the total number of provided. This is further supported by the distribution of errors
overland links (212 links for which results for both Methodsor each method in Fig. 4. Thus, it is now fully evident that
1 and 2 are available). there is no significant statistical advantage to be gained by
To a first approximatiow can be assumed to be zero foemploying Method 2 over Method 1 (at least in its present

predictions using the observed regional average values for f§em), even though it contains an additional predictor variable.
geoclimatic factor. From the results of Table V for overland |t js known thats, can be reduced further by performing

links new regressions on the much enlarged data base now available.
Indeed, a regression using the existing variables of Methods
0y =V412-232=34dB  Method1  (23) 1 and 2 on all the available overland data for regions with

o, =V4.22-232=35dB Method 2. (24) three or more links per region (187 links total) reduces the
standard deviation of error for all overland links from 4.1 to
More generally, there will be some residual valuesgf even 3.9 dB and from 4.2 to 3.7 dB, respectively, when observed
for the predictions using observed average geoclimatic factonsean G values are employed for the various regions. Thus,
This is because there is some natural geoclimatic variation thth new regressions, the small improvement in accuracy of
cannot be avoided within zones of finite size and altitude randhe four-variable regression over the three-variable regression
Thus, the figures in (23) and (24) should be upper bounds.[2] is regained. On the basis of the earlier analysis [2] and
The contribution of errors in the geoclimatic factor modeainore recent analyses, however, it is expected that even further
can be readily determined by combining the error statistioeprovement may be possible by introducing one or more new
of Tables V and VII. Thus, for the original geoclimatic factovariables.
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dB, respectively. Nevertheless, the slightly better ability of
Method 2 to follow large-scale geoclimatic variations from

one region to another (4.1 versus 4.5 dB for the standard
deviation of regional mean errors) suggests the possibility of
future improvements using one or more path-profile predictor
variables.

On the basis of a detailed analysis of the various sources of
error, it was shown that the largest contribution to the overall
standard deviation of error is that due to the geoclimatic factor
model. The corresponding contribution to the overall standard
deviation of error on overland paths was estimated as 4.8 dB
for Method 1, whereas that due to the link-variable model (the
next most important) was estimated to be at most 3.4 dB. Since
these errors must be combined in terms of the corresponding
variances, future work to improve the geoclimatic factor model
is clearly important.
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