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A CONTRIBUTICN OF RADIDPROPACATION RESEARCH TO RAOTQCOMMUNICATIONS DEVELOPMENT:
PREDTCTION OF ATTENUATION DUE TQ RAIN

Francesco FEDX
Fondazione Ugo Hordont
Visale Trastavers 108, Roma, ITALY

As a result of tha envisagad progressive ues of frequencias abova 10 CGHx far radiocommunica-
tione, sttanuation dus to rain has been one af the most fmportant topics of radioprepagstion
resgarch 1n.the past years. Activities in URSI Commiszlon F and CCIR Study Group 5 have bgean
particularly roteworthy. In thia review attantion is focusad on tha possibilities prescntly
svailable of predicting raln sttenuation statistics for the design of terrestrial and Eartn-

space links.

1. INTRODUCTION

The progresalve aaturation of tha spectrum and
the thcresaing demand for new services have rs
sultad in pressures to utilize frequencies ato
v 10 GHz both for tarrestrial and Earth-space
radiocommunications.

Attenuation dua to rain plays an important ro-
1a in limiting the availability af radiosystieme
at thesa fraquencies and the posaibility of are
dicting rain attenuatlon statistics has recel-
ved congideranls sttention in tha past ymears
being a prerequiaite for system deaign.

Tha subject was reviewsd in late 1580 during a
Symposium organized by URSI Commizion £ /1,27,

Since that date the situation has avalved and

wfforts nsve teen made for providing prediction
metiwds suitaule for practical applications,

1t thls papar particular sttention is given to
Lh# Nredicetiu method provisicnally suggpested
. iote '9H1 p. Study Group 5 of tha CCIR /3/.
trg ngtor ufuioey o aimple way of evaluating
Tals stlwn.gt v wunulative distribution poth
ar TEIYER't A shg tarth-spaca links. The ep-
TR Hy _slcal significance and accura-
3 o fra Mbo. i9 exemined end areas in which
s rHe o g, t» nuadad are indicated.

£, THL PREDICIION METHOD

Input data The input dats raguired for pre-
dicting the rain attenuation cumilstive distri
bution for an average year, at a given fraqunﬂ
cy, polariaation an¢ @levation angle, is the
value af point rainfall intenaity Rg gq [mm/h),
measurad at tha ground with an integration ti-
me of about one minute, excesded for 0.01% of
an aversga ysar in the location of intersst.

The mathod consists of the following succeessal-
v wteps.

a) Caleulation of spacific attenuation

Tha apscific attanuaticn 'xn_m {dB/km) 1s cal
culated aat

al
Jo.o1 " * Roon o)

The procadurs for tha svaluation of tha parame
ters k and o - onca the freausncy f (GHz), po-
larimation " {deg) with respact to the horizon
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tal (for circular polarisstion®= 459} ana ele-
vation angle O (deg) are given - 1s:

- s i 2
K= Dok Chyohy) cos?B cos221/2 -

¢ 2
o (K oy oy ol o 1K 0, =, Yoaa? O can2t/ax

The kH. l\v.o(H,a(v values in the range
10-30 GHz are:

flGHz) Ay hv o(u dv
o 0.0101 | D.D0BA? | 1.276 1.264
172 0.0188 | 0,068 1.217 1.200
15 0.0367 | 0.0335 1.154 128
20 0.0751

0.0691 1.099 1.085

25 0.124 0.113 1.081 1.030

30 0.187 0.167 1.021 1.000

Values at intermediste frequencies can ba cbtap
nad by interpaiation using & legarithmic scale
for £ and k anc & linear scala for of , Valuea
at frequenclaes up to 400 GHz are given in 73/.

Tha procedurs is based on & given madel far the
microstructurs of rainfall (aize distribution,
tgmpgrature, terminal welocity and shape of the
raindrops) which is supposed te ba, on avarage,
the same in every location.

t) Caleulation of the attanuation axessdsd far
L,01% of tima,

The attenuation Ag n, (9B excesdad for 0.01%
of time 1s givan as:

Mg.01 " fo.0r v te a

where Ly [km) im tha *sffective path lingth®,

Tha effectiva path langth, according te (3), can
ba defined as tha length of a fictitious path

along which a constant opecific attenuation wou
1d couse the same attenuation ss that sxceedsd
for 0.01% of time on the actual path.It depands
on the model sasumed for the spatlal structure
of rainfall and tha procadurse for ita ewvalua-

tion is different ¥or terrestrial and Esrth-spa
ce paths. -
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Far terrestrisl patha depends on the horizon
tal structure of rainfalland 15 written as:

Lg=Lr (4

whers L (km] 1a the actual path length and r ia
a reduction factor which is assumed to depend
only onh Lz
re ' 15)
140,044 & .

Far Earth-space pathe Ly depends both on the
harizental and vertical atructurs of rainfall.
Tha latter can be charectarized by a “rain
nutght® Hg (e} below which the specific atte-
fuatign {1) 13 assumed constant snd which al-
lows ths stfective path length to ba written
a8 fallows) My - H

o

Ly —— ¢ (8]
* 1in 8

In (8] My (km) is the altitude of the varth
station, O 1s the alevation ongle {810 deg}
of tha radiolink and r 1s tha reduction factor
i5) applied to the horizontal projsction of the
partion of the sstual path subject to rain:
Hy = Mg
L= n

Tub

The raim haight at the latitude¢d (deg) of tha
#aTth station ts epproximated,for ¢ 3 40, dag,
with the svarage haignt of the 0°9C isotherm,
for which the following behaviour versus latitu
ce 1s asaumed:

Mg * 5.1 - 2,15 log U1 v 1"P-271025
[{])
Forg©(e0 deg M, is multipled by & reduction
confficisnt to taka into account the fact that
in tropical cegians the top of tha rain is of-
tan below the treazing laval 73/.

c) Caloculation of cumwlative distribution of
atterustion

The attsnuatian Ap exceaded for other percenta
fes P of an average year 1s evaluated as:

~a
Aot Py gy - BP (8

whara b and & are givan byr

00,22y 2#0.33 for 0.00t4 Pg C.01
0=0.15; a+0.4 for U0V < P 0.1
b=0,12; a=0.50 for 0.1< P g 1.0

3. APPLICABILITY, PHYSYCAL SIGNIFICANCE AND
ACCURACY -

3.1 Applicability

The method is extremsly simple to epply. The
only megtaorological porsmeter ruquired Ls tha
valud of thy one-minute polnt rainfall intonal-
ty oxceeded for 0.01% of an aversge year, in
the location of interest. This paramater al-
lows & very @asy ldontiflcetion of the various
climatic raglons through rain intemsity con-
tours and can replace, for attenustion pradic-
tions, t7e dapth af ralnfsll (m) witn wntch
thuse reglons have bsen normally charocturized
far many yeara, The valua of 0.04% hos busn
proposed /4, 5/ L) since 1t 1e intermefate in
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the range presantly ot intersat (0,001% - 0,11)
11] since the corresponding rainfall Intenaity
values aru statistfcally mors stabla and can be
messurec more accurataly than thoss sxcesded
for 1073 % and 111} since they sllow & mora pra
cisa distinction among the various locations
than the ganerally low values excesdsd for 0.1%.

Aefarsnca to rainfall Intansity mohes 1t possi-
bla an attempt to utilize the conafdersble odata
base availabla for many decades and saveral la-
catlons 1n the archivas of thaMgteorological Of
flcas, The unification of the proceduras for ter
restrial and garth-spaca links is anothar advan
tage for practical applications.

3.2. Physical aignificance

PMicrostructure of precipitation The first part
of the methiad (step (a}), regarding the relati-
onship between specific attanustion erd ratnfall
intansity, is basad on & physicsl model for the
tdcrostructure of rainfall at the ground level
(ablate spharoidal raindraps, randomly distriby
ted in space, aligned with a vertical rotatig-
nal sxis and dimanaiona related ta tha aquivoly
mic spherical grops) built on puraly metgorolo-
gical data (distribution, tarminal velocity and
tempareture of the dropsi. The applicacility of
this ralationship ta real rainfall situstions,
tha influence of the hypothsses and paramatars
adaptad $n tha calculations and limitstions of
the sxparimental tachniques wsed to sscertoin
ita valioity have been the subjacts of consida-
Table research work in the past yaars /1/.

The use of the establishad relatianship for thna
dasign-of terrestrial links seems,nct to be &
controvarsisl point at the moment. althougn so-
mg doubts still exist on Lhe validity of the a3
sumed average microstructyre of rainfall in aqu‘
tarial end tropical tegilona.

Far garth-space links applications the sssump-
tion of a constant specific attenuation up LO
tha top of railn drastically cuversimplifiass tha
complexfty of the real phencmena, Although sup-
portad by redar obsecvations showing & naarly
conatant valup of reflactlvity from tha ground
to the base of the bright banmy, thia hypothasis
1s sti}l a controversial point, A distinetion
omong tha variauys types of rain atorms (atrati-
form, convectiva, oto.),which may have diffe-
rent microstructurss. is not made and the pre-
aence of other types of hydrometeara alaft (a.
2. 1n the melting laygr), which may ba impor-
tant at high frequencies, is ignorud. Tneeffuct
of thess pnenomenda on attenuation is prasently
the subject of conaiderable experimuntal activi
Ty especially in conjunction with tha use of
dugl-polarisation radars, The Llmportance of tha
84 asystems for precipltstion studies has baan
undarlinet in o Symposium organizud by URSI Com
mission F in 1982 /6/ end prellmirary rasults
have been prascnted in a subsaquert Symposium
hald in 1383 /7/.

Horizantsl and vartical atructura of precipita-
Eion The second ond tnlrd part (stups (6] and
TeT7 af the method have buen durived empirtcal-
ly from radie data,

Exprassion [S] of the reduction coefficient
vardus. poth langht hos been derivesd from cata
cutain@d on a cansidurTable numier of terrestri-
8l links /5/ located Ln Europe, Japan and Morth

America. The procsdure of satimating Ap from
Ag.qq hes been found 74,5/: 1) approximating a
log-normal giatribution by & plece-wise powsr
law) 11) noting that the standard deviationa
of tha log-normal approximetions of & conmaida-
rable sampls of experimental ratin attsnuation
distributions - obtatned in differsnt locaticns

and for diffarent frequancies, polarisation ond

path langtha - resulted to be approximatoly con
stant; $1i) goneldering that thia aasumption
could simplify tha prediction procedura consl-
dersly (allowing ta refer to & singld value

of the cumulative diatribution of rein [ntansl
ty) and coyld cavae an inaccuracy of tho aama
order of that deriving from thm astimate of the
mpacific attenuatfon or from the characteriza-
tion of & given location with a certain rain-
fall {ntsnsity distribution. Finally, the ra-
duction coefficient for the rain height in tro
pical ragions has al=o bean obtained empiricel
ly /3’ ¥rom attenuation data obtainad cn Earth-
space links.

‘Finaing empirics! paramatars which can descri-

be a comon behaviour of radioc data (3 already
a conaidershla schievenunt, aspucially if tha
data, as in tnia cese.wers obtained in diffe-
rent climatic rugione. Under the pressurn af
the urgent nesd of system planning this sppro-
och provided a firat simple snower for prectl
cal applications. Howevur, o model duvelagey
on the vasis of indapaendantly maasured mat ecro
logical parametara and the usa of redio data
only to valigate the model would gartainly be

more phyaically meaningful and render tha extra

polation to othar locaticns less quaatlonabla,

3.3. Acouracy

The marked aite-to-site and year-to-year varia
bility of oxperimental rain attanuation cumula
tive distributions has confirmed the need of &
prediction method wlth which the use of lorg-
term raln inteneity cata avaslsdls for a conai
derable number of locations ts possidle. Coneg
Quently, radio data have baen mainly utilized
to refine and valivats the pradiction procedu-
TR,

Exparimantal sttenuation dats ubtained in tha
10-40 Ghz band on some 40 tecrrestrial radice
links with path legth?® butwoen 2 and 60 km lo-
cated in Europe. Japan and North Amarica haue
bagn compared with predicted results ubtalned
from concurrantly sessured rainfall lntensity
data /5/. For sslacted valuds of percent of ti
ma in tha rengs 0.0971 - 0.1, the relative er-
ror Datwedn predicted and messurwd attanuation
has boen calculatud for wach link, The r.m.s.
valuus of thia error, calculoted for wsch su=
lected parcent of time over the whole sampls
uf the radiolinks, never exceedec about 15%,
thus {ndicating that the muthod can provide
the same order of accuracy achigvuble in cha-
racturizing a glven location with a cartain va
lue of point rainfall intunaity. Work fs still
in progresa in tha CCIR to extend the data ba-
s@ and to walidate the prediction procudure in
diffarent climatic regions,

For Earth-space poths o similsr gonsalldated
deta base of rain atlenuyatlion dirwctly meagu-
rud with satellite boacons i3 nut yet availa-
bla. Preliminary comparisony betwedn espurimen
tal ang predictud rusults swem tp ingicote that
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the accuraecy achievable should be comparabla
with that obiained for terrsstrial lihks. A con
sidarable smount of ressarch work is presently
underway both in Europa, within the framoworh
af the LOST 205 Project., and in tha CCIR ta va-
lidate these findings and posaibly refins tha
pradiction method.

4. FUTURE WORK

A general consideration ie perhaps sppropriste
bafora sxamining passible improvements ond the
assoclated future ressarch work recded.

The simplicity af the pregiction method presen-
tly avallabla in ebtained assuming in every lo-
catitn the siamg migrostructure and harizontal
structure of rsinfall. the sams befiaviour of the
rain sttonuation cunulative distribution andthe
some depandance of the vartical structyrs of
rainfall on latitude. Thuss sssumptions which
overaimplify auch complex phonomenc 83 the rain
structure and its affact on radiopropagation
can carkelnly be rafined, in many instancoa at
tha expenss of simplicity, in order to achiswve
a battur wecuracy in estimating rein attenuation
statiutics. Tha ultimate linit, however. for
this accuraecy will always dupend on the accura-
cy with which a given location can ta cherscte-
rized with & preciss snd stabls cumalative oi-
atripution of point reinfall intunaity.

Consequent ly, the refinement of rainfall inten-
aity maps which are prasently available /i/
ahould be ona af tha first objectivea, numcin’l_
ly for ruglons where the varlability 1s highesr
ar orographic and microclimatic effects sre pra
sant. Roasarch activities on the fina-scole va-
riationa of rainfall intensity nave basun conal-
derahle in the past /1/ and should continue in
the future. The rumber of yaars wnich nasd to
be exemined to obtain an accuracy compatibls
with the availability objuctives of tho aystame
and methodes generally wvalid to wtilize rain da-
ta collected ovar puriods up to onu hour are
axamples of subjects which deserve particulsr
attant Lon.

For tarrestrial links the situatfon in whichthe
acouracy abtainable moy be considersd satisfacte
ry far presctical system design coes not sawm -
too far, 51ight refinemonts of the expression
for tha reduction coafficient of the actual path
langht and axamination of tnho sivantage in agcu
racy obtatnable utllizing tha whole cumulotive
distribution of patnt reinfall intenatty sre
two supjects which still deswTve soma attenticn.
validstion of the concent of aquivalant path
langht on the bssis of & sound metsorological
model for rain cells would slso be cesirable
from a physical point of view #nd would increa-
3¢ the confldunce in the prudictiona for regi-
ona whara ragio dala are not available.

For aarth-ggece iinka much work is still.resded,
Experimental validatian,on the baals of radioma
tenrolugical date,of the averoge benhaviour of
the 09 C isotharw  height varsus latitude on &
klobal Dasls and of the rain heipght, aspacislly
in tropical climates.ls urgently neuded.

Study of the affacts of hydromateors othar than
rain present in the melting layer and of the L1Y
craytructure auaociatad With the various types
of rain storms ara also importsnt. The inclu-
slon in the method of ublwr paramaters-such as



proportion of oQcurtenca of storm types -
should be considered as a way of impraving pra
diction agcuracy, provided that these parema-
tars could be easily obtained in the Jocations
of interest, The rewults of thase studies seem
to be of particular importance passing from ay
stems in tha 11-14 GHz band -whaea eveilability
#aeme to be dominatod in most regions by intan-
=9 convective rain storms - to syestems at hi-
ghar fraguencies - whose avallabflity might be
dominated by othar types of rain storms. In
this contaxt considerstion. and parhaps prluri
ty, should be given to the svaluation of the
improvemant cbtainable with site - divereity.
Knowledge on thia topic is atil] scarce: dira-
ctly messursd data and models are needed for
the design of future ayatems,

Finally, it hes to be noted that up to now at-
tention has bean concentrated on the possibily
ty of predicting the average yearly distribu-
tion of reln attsnuetion. The considerabla yesr
-to-yaar variabllity should be taken into ac-
count in system design., Morecvar no rafersnce
has baesn made to similar information for the
“worst-month". Should this information ba nee-
ded for system planning the evaluation of worast
- month statistica from yearly atatistica might
bRcome tha woakaat step of the whole procedurs
and tha sgurce of highest inaccuracy. Although
the definitian of tha worst-manth seems now con
salicated /3/. tha relstionship batwuen worst-
month and yearly statiatics still relies un am
pirical data and its accuracy has not yet
veen fully ascertainad,

5. CONCLUSIONS

As 8 rasult of an extensive seriss of rediopra
pagaetion atydies, & simpla method for the pre-
diction of rain attenuation statistics has baan
recantly suggested,

For terrostrial links the mathod seems to nead

only a few refinementa. For Earth-spaca links,
aven if substantiel improvemants might Bae intro

ducad, the method can be provisionally utilized

for system dasign.

Thia result alresdy repressnts a consicarable
achisvement of the effarta made in varigus
parta of the world. Research work 1s still
needed anc the cooparation batwaen URSI and
tha CCIR will coatinye to be extremaly impor-
tant.
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Prediction of atienuation due to rainfall on terrestrial links

Francesce Fedi

Fondazione Ugo Bordoni, Viale Trastevere 1008, 00153 Rome. Iialy

{Received May 26, 1980; rocepted January 26, §981.)

In this review, attention is confined to rain atienuation and to its influence on the availability
of terresirial radiocommunication sysiems operating at frequencies above 10 GHz. The availability

objectives recently established by the Comité €

. S .
if' Inter des Ra

for digital systems, the information necessary, and a calculation procedurc applicable for system
design are examined. Varous methods for predicting attenuation due to rain are compared and
reviewed. Present trends for the use of frequencies above [0 (tHz in terrestrizl systems are iflustrated,
and areas in which further study is needed are indicated.

INTRODUCTION

The progressive saturation of the spectrum at
lower microwave frequencies and the increasing
demand for new services have resulted in pressures
to utihze frequencies above 10 GHz for terrestrial
radiocommunication networks. Following the pres-
ent evolution of existing analog aetworks toward
an integrated digital network, the wide frequency
bands available in the upper portion of the spectrum
will very likely be used for the transmission of
digital information.

In the past years this emerging requirement has
provided the impetus for an extensive series of
studies of the atmospheric phenomena which might
impair the availability and performance of the new
systems,

Rainfalt can cause noticeable attenuation in the
received signal and has received considerable atien-
tion, since this is a phenomenon peculiar to the
frequency range beyond about {0 GHz. Multipath
activity causes both a decrease in the received signal
and an increase in intersymbel interference; its
influence has been newly appreciated in connection
with the possibility of using existing facilities for
digital systems in the 11-GHz band. Both rainfall
and multipath can induce cross-polarization and
hence interference between two orthogonally po-
larized radio channels at the same frequency. This
phenomenon has received careful consideration in
connection with the possibility of frequency reuse.

All of these phenomena influence system design
and, for a given value of the fading margin, impose

Copyright © 1981 by the American Geophysicat Union,

Paper number 180195,
0048-5604 /81 /0910-0195501.00

alimit on the maximum value of the repeater spacing
which may be used in radio relay systems to meet

- prefixed availability and performance objectives.

In this review, attention is confined to rain
attenuation and to its influence on the availability -
of terrestrial radiocommunication systems operating
at frequencies above 10 GHz. The availability
objectives recently established by the Comité Con-
sultatif International des Radiocommunications
(CCIR} for digital systems, the information neces-
sary, and a calculation procedure applicable for
system design are examined. Various methods for
predicting attenuation due 1o rain are compared and
reviewed. Present trends for the use of frequencies
above 10 GHz in terrestrial systems are illustrated,
and areas in which f{urther study is needed are
indicated.

INFLUENCE GF RAIN ATTENUATION

For a given frequency and polarization, rain
attenuation increases with the length of the radio
link and depends on the rainfall climatic conditions
in the region where the link is to be installed. Given
a certain value of the system fading margin, a
maximum value of the hop length therefore has
to be established for each rain climate region to
meet prefixed availability objectives.

Availability and performance objectives

Availability and performance objectives recently
established by the CCIR for large-capacity digital
radio relay systems [CCIR, 1978a] refer 1o a
hypothetical reference digital path (HRDP) of 2500

~R2.-
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. km and to a maxim:m acceptable value for the

bit error rate. (MBF > 107°. The value of 2500
km for the HRDP s been chosen io adhere to
Comité Consultatif ernational Télégraphique et
Téléphonique speciiications. The value of 10~° for
thé MBER corresponds to a minimum acceptable
performance in telephony.

The event

BER = MBER = 10™* 4}

is referred to as an outage of the system.

A HRDP is considered unavailable if the duration
of the outage is at least 10 consecutive seconds.
The availability objective Pa is defined as the
maximum percent of the time in an average year
for which the system may be unavailable. For a
HRDP, Pq has tentatively been established as

Pa=0.3% (2}

The value of 0.3% is provisional, and it is recognized
that in practice the availability objective may fall
in the range 0.5-0.1%. This objective should not
take into account the improvements which could

‘be obtained by rerouting over other systems and

should include all causes which are statistically
predictable and unintentional.

The considerable attennation induced by rainfall
in the received signal usually lasts longer than 10
s. Consequently, rain is included among the major
causes of unavailability of digital radio relay sys-
tems.

The performance objective FPp is defined as the
maximum outage probability, expressed in percent
of time in any month, allowed when the system
is available. For a HRDP, Pp has tentatively been
fixed as

Pp =0.05% ®

The value of 0.05% refers to any l-s outages, is
provisional, and should take account of fading,
interference, and all other sources of degradation
of performance. In view of the short duration of
the induced outages, multipath activity is included
among the causes of degradation of system perfor-
mance.

Procedure for the calenlation
of the maximum hop length

Taking into account the CCIR recommendation
for a HRDP (equation (2)), the availability objective
for a multihop digital radio relay system of total

length.L (kilorneters) may be written as [I-‘_edf and

Peroni, 1974] ) .
Pa(L) = 0.3(L/2500) = 1.2 x 10~ L )

If the system is composed of n hops in tandem
of length /, (kilometers), then

j:r,.zl. : )

Whenever the attenuation due to rain 4 (1) (deci-
bels) on any of the n hops exceeds the fading margin
M(l) (decibels), the system is unavailable. The
fading margin is defined as ’

Mi)=w(i)-w, =M, - 20log (I,/ 1) (L]
where ’

() received power under normai conditions, dB;
Wi threshold received power at which BER, = MBER
= 107°, 4B; )
{, hop length chosen for reference, km;
M, fading margin at I, = [, dB.

In the case of rain attenuation, outage probability
is equal to the probability of attenuation exceeding
the fading margin:

PIBER() = 107] = P, )= ME) (7

Assuming repeaters of the regenerative type and
under the conservative hypothesis that the eveats
of attenuation A4,(1,} exceeding M(/,) are disjoint
in the different hops, the condition which has to
be imposed to meet availability objectives is there-
fore

>, PlALLY = M)} = Pa(L) ®
el
If the whole region traversed by the system can
be assumed to beloug to the same rain climate,
then the hop length is a constant {, and the above
expressions become

=const=L/n (L]
Plaq (= M) = Pa(l) 10y
Pah=1.2x 1074 (1D
My =M, - 20log (//1,) {12)

If, on the other hand, 2 number of distinct rain
climate subregions can be identified, then the total
length of the system can be subdivided into sections
relative to the different subregions.

If the fading margin can be exceeded simulta-

~-&%-

neously over several successive hops, then outage
events are not disjoint, and (10) becomes

Pa(ly= 1.2 x 107*}y R ¢k}

where > 1.

The maximum value of the hop length can easily
be calculated from (10}, (11), and (12). Tt is worth
recalling that (10) and (11) are expressed in percent
of time in an average year.

First, given the frequency and polarization, the
cumulative distribution of rain attenuation must be
estimated for various values of the hop length for

the region where the system is to be instailed. For

prefixed values of / it is then possible to calculate
the probabilities at which 4 =f1) = M({l} and hence
10 obtain the outage probability £[4 =) = M)
curve as a function of /. The intersection of this
curve with the availability objeciive Pa(!) curve
gives the maximum value of the bop length (and
hence the miaimum number of hops) for the region
under consideration.

Even if it is outside the scope of this review,
it is interesting to note that a similar calculation

" procedure may be applied to evaluate the maximum
value of the hop length resulting from the influence.

of multipath to meet the CCIR performance objec-
tives. In this case, however, outage probability is
expected to be higher than the probability of
multipath attenuation A4 w (decibels) exceeding the
fading margin (12):

PIBER(N= 107°] > P[4, (N= M()] (14)

and it has to be evaluated from the transfer function

of the channel [e.g., Andreucci et al., 1986].
Therefore, taking into account (3) and (14), ex-

pressions (10) and (11) become, respectively,

PIBER(/}= 107"} =< Pp(h (15}
Pply=2x10"*! 16)

Note that (11)is a yearly percentage, whereas (16)
is expressed in percent of time in the worst month.

PREDICTION OF RAIN ATTENUATION STATISTICS
FROM RAINFALL INTENSITY DATA

From the calculation procedure outlined in the
previous section it is clear that for the design of
terrestrial systems the cumulative distribution of
rain attenuation for an ‘average’ year is needed,
ata given frequency and polarization and for various
values of the path length, for the region where
the system is to be installed.

RAIN ATTENUATION ON TERRESTRIAL LINKS oo

The possibility and the advantages of estimating
this distibution from rainfall intensity data seem
at present to be well established. The estimating
procedure of all the prediction methods based on
the use of point rainfall intensity cumulative dis-
tribution is based on the following steps.

A relationship between specific attenuation and
rainfall intensity is to be established on the basis
of a model for the microstructure of rainfail (i.e.,
size distribution, temperature. terminal velocity,
and shape of the raindrops). This topic is reviewed
in the fellowing subsection, but it can be stated
in anticipation that given the frequency and po-
larization, the use of the same relationship has been
recommended for every region. This implies that
the microstructure of rainfall is assumed, on
average, to be the same in every region.

The rain attenuation over a hop is computed by
integrating the specific attenuation over the path
length: the rain intensity profile along the path is
therefore needed. Owing to the nenuniformity of
this profile, the value of rain attenuation exceeded
for a certain percentage of the year increases in
less than linear proportion with path length. A
statistical model of the rain intensity profile is
gencerally employed to take account of the nonuni-
formity of this profile, Unless different parameters
of the model are chosen for every region, the
underlying assumption is that the spatial structure
of rainfall intensity is statistically the same in every
region,

Consequenily, rain attenuation cumulative dis-
tributions at a given frequency and polarization will
differ from one region to another only because the
point cumulative distributions of rainfall intensity
assumed for the two regions are different. The entire
prediction procedure is therefore based on the
rainfall intensity data which are usually acquired,
for a certain region, at one or several points with
Instruments having a callecting sutface generally
less than 1000 cm®.

On the one hand, this prediction methodology
represents a considerable achievement of the efforis
which have been made by a number of scientists
i various parts of the world. On the other hand,
it has to be recognized that the accuracy of attenua-
tion predictions strongly depends on the accuracy
of the instrument used, on how closely the rapid
temporal variation of rainfall intensity can be re-
corded and processed, and on how stable and
representative the assumed cumulative rain inten-
sity distribution is for the region concerned.
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Relationship between specific attenuation
and rainfall intensity

Particular attention has been given in the past
yearsto the possibility of calculating the relationship
between specific attenuation and rainfall intensity,
to the applicability of this relationship to real rainfall
situations, to the influence of the hypotheses and
parameters adopted in the calculations, and to the
limitations of the experimental techniques used to
ascertain its validity. Extensive reviews on this
subject are available in the literature [Crane, 197 1,
1975, Fedi and Mandarini, 1973, 1974; Waldteufel,
1973; Fedi et al., 1974, Rogers, 1976].

For practical applications, the rélationship be-
tween specific attenuation v, (decibels per kilome-
ter) and rainfall intensity R (millimeters per hour)
appears at present to be well established in the
form of the power law

Ya=kR® (L))

where the parameters k and o depend only on
frequency and polarization once a particular model
for the microstructure of rainfall is assumed [Olsen
et al., 1978},

Values of k and « for any frequency in the range
1-400 GHz and any linear and circular polarization
have recently been adopted by the CCIR [CCIR,

spheroidal raindrops randomly distributed in space
aligned with a vertical rotational axis and dimensions
related to the equivolumic spherical drops and the
Laws-Parsons raindrop size distribution, the Gunn-
Kinzer terminal velocity, and the Ray model for
the index of refraction of water at 20°C [Fedi,
19795; Nowland et al., 1977].

The use of these values has been recommended
for evaluating the statistical characteristics of rain
attenuation in any region. However, in view of the
complexity and variability of the real rainfall mi-
crostructure, caution has been suggested in applying
the proposed relationship between specific attenua-
tion and rainfall intensity to individual rain events
[Fedi et al., 1977].

Cumulative distributions
of rainfall intensity

A number of rain climatic regions, each charac-
terized by the same cumulative distribution of
rainfall intensity, have to be identified for system
design. Data on this point are still too scarce to

allow a sufficiently refined rainfall climatic ¢harac-
terization for many countries. ‘
Variability in the cumulative distribution from
year to year has been shown to be extremely high;
a long observation period iy therefore needed to
obtain statistical stability [Lin, 1977}. Using 5-min-
averaged rain data, it has alse been shown that
more than 10 years of observations are required
to estimate the rain intensity value exceeded for
0.001% of the time with an uncertainty of less than
10% of the estimated value [Crane, 1977}
Variability is also expected from location to
location within a certain region. However, it has
been found that the use of data pooled from different
locations within a region can provide improved
statistical estimates: this suggests a time-space er-
godicity for the cumulative distribution of rainfall
intensity [Drufuca, 1974a; Lin, 1977; Crane, 1977].
Moreover, since the entire procedure for predici-
ing rain attenuation statistics reiies on rainfall inten-
sity data, particular.care must be devoted to ensuring

the accuracy of the experimental technigues used

to collect these data.

Rapid response rain gauges or tipping bucket rain’ .

gauges with adequate time resolution measuring
systems [Fedi, 1979a] have indicated that rainfall
of high intensity tends 10 be concentrated in short

1980). They have been obtained by assuming oblate . - periods of time, typically a few minutes. Even 1-min

average values may be considerably lower than the
actual peaks of rain intensity [Fed! and Merlo, 1977;
Breuer antl Kreuels, 1977: Norbury and White,
1973], and the cumulative distribution is strongly
influenced by the integration time employed [Fedi,
1979; Lin, 1979; Segai, 1979]. :

Although theoretical and experimental results
[Lin, 1976; Morita, 1978a; Fedi, 1979a} have been
presented on the effect of integration time on the
cumulative distribution, no definite conclusion on
a relation of general validity between ‘quasi-instan-
tancous’ and ‘time-averaged® rainfall intensity
seems (o be established as a function of time
percentage (or rainfall intensity) and for various
integration times. This may be due in part to the
fact that the term of reference ‘quasi-instantaneons
tainfall intensity’ is difficult to define and to mea-
sure.

Cumulative distributions of rainfall intensity can
be obtained with sufficient accuracy by means of
rapid response rain gauges up to rather kigh intensity
values. However, the problem of accurately mea-
suring the tail of the distribution for intensities

-85~

higher than about 50 mm/h appears to be stiil
unsoived, since rainfall of high intensity is very
difficult to measure and varies considerably from
year to year. Moreover, data with rapid response
rain gauges have been obtained in only a few regions
and are still limited to time periods of a few years.
A rainfall climatic classification for the European
region has been attempted on the basis of data
mostly obtained with rapid response rain gauges
in 37 locations throughout Europe for periods rang-
ing from 1 to 12 years [Fedi, 1979a]. This classi-
fication has been further refined for Italy [Barbali-
scig and Fedi, 1980].

In many instances, use has to be made of the
data contained in the archives of meteorological
services. A direct approach is to process, through
optical magnification to increase time resolution,
the pen charts where the tips of tipping bucket
rain ganges have been recorded [Segal, 1979]. This
approach permits data to be acquired for a number
of years. The rapidity of response of the instrument
up to rain intensities typically of about 20 mm /h
may be exploited by measuring with sufficient

- accuracy the time intervals between tips, For higher

rates, where the tip intervals become very small,
integration has to be performed over several tips;
high-intensity rainfall therefore tends to be un-
derestimated. Data obtained with this procedure
it 47 locations for periods of up to 20 yéars allowed
the development of a detailed rain climatic map
for Canada, based on the two parameters of a power
law distribution [Segal, 1980¢].

In some countries, rainfall accumulations over
5- and 10-min intervals are readily available for
a considerable number of vears in the publications
of meteorological services. In the cumulative dis-
tributions obtained from these data, high values
of rain intensity tend to be increasingly underesti-
mated as the integration time increases.

Inthe United States a methodology for estimating
5-min rain rate distributions from data on yearly
maximum 5-min rain rate and yearly total accumu-
lated rainfall, published by the National Climatic
Center, has been proposed and applied to extract
this information for several U.S. locations and for
periods of time of up to 50 years [Lee, 1979; Lin,
1976, 1977, 1978]. Cumulative distributions of 10-
min rain rate were obtained in Japan in 10 locations
based on an observation period of 10 years [Morita,
19784] .

In the absence of more refined data an empirical

RAIN ATTENUATION ON TERRESTRIAL LINKS - 135

method, which makes use of the total annual rainfall
height and the ratio between thunderstorm or con-
vective rainfall and the total annual height, has been
proposed to derive estimates of cumulative dis-
tributions of rainfall intensity |Rice and Holmberg,
1973]. Detailed mapping of the parameters of this
method for the North American and European
regions has been obtained as well as information
on year-to-year variability of cumulative distriby-
tion of rain rate [Dution and Dougherty, 1919].
Based on this method, a global rain climatic model
has been developed with eight regions to represent
variation in rain rate on a world basis. The climate
region boundaries were established using total rain
accumulation and the number of thunderstorm days
provided by the World Meteorological Organization,
Satellite cloud data and microwave radiometer ob-
servations were used to extend rain climatic regions’
over the oceans [Crane, 1980). Estimates of year-
to-year and location-to-location variations have
been made; within a certain region, year-to-ycar
variations should be limited by the curves of the
two adjacent regions.

An attempt to introduce the additional parameter
‘number of rainy days caused by typhoon® has been
made in Japan, and a rain climatic classification
for that country has been developed [Morita,
19785].

On the basis of the above mentioned data [Fedi,
1979a; Segal, 1980c; Crane, 1980] a rain climate
classification on a world basis has recently been
attempted by the CCIR [CCIR, 1980]. Each conti-
nent and the oceans have been divided into climatic
regions, each characterized by a specific rainfall
intensity distribution. It may be expected that in
practice, the transition from one region to the next
will not be abrupt and that rainfall rate distribution
will vary from one location to another within a
given region and may display considerable variabili-
ty from year to year.

Models for the cumulative distribution of rainfall
intensity may be very useful both for rain classifica-
tion maps and for use in rain attenuation prediction
methods.

Examining rainfall intensity data, it has been
found that experimental point rainfall rate distribu-
tions could be well approximated by a lognormal
law. The parameters of the lognormal conditional
distribution (median value and standard deviation)
were estimated through Po (probability of rainj and
a least squares analysis of the experimental values.
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The agreement was very satisfactory up to intensi-
ties of about 100 mm/h: deviations for tates higher
than this value were attributed to the limited data
base. The experimental data examined had been
obtained with integration times up to 2 min and
were converted to 2-s data through an empirical
conversion factor [Lin, 19751.

Using fast response rain gauges, the validity of
the lognormal approximation was confirmed for low
intensities, but it was noted that for high intensities,
experimental data tended to be lower than the
lognormal approximation [Fedi and Merlo, 1977).
In examining & considerable data sample collected
i Europe with fast response rain gauges [Fedi,
1979a} it was suggested [Fedi, 19798] that this
phenomenon might be due to the unavoidable in-
tegration time which in any rain gauge is needed
to cellect the rainwater into the funnel and to direct
it into the semsor. This integration process, espe-
cially for high intensities, might cause an underes-
timation of the actual values of rain rate even with
fast response rain gauges. The effect of the integra-
tion time, especially on the underestimation of the
standard deviation of the lognermal approximation,
has recently been confirmed [Barbaliscia and Fedi,
1980; Damosso et al., 1930]. It was thus suggested
| Fedi, 1979a] that fast TESpoONSe rain gauges use
values of up to only zbout 50 mm/h for the
estimation of the parameters of the lognormal law:
below this value the effect of the integration time
was not significant, and the number of occurrences
generally was high enough to give statistical
stability to this portion of the statistics. However,
the explanation of the disagreement between
experimental data and predictions beyond 50 mm /h
is still controversial, mamly because the problem
of accurately measuring the tail of the distributicn
appears to be still unsolved,

The suitability of the ‘ognormal approximation
to the cumulative distribution below about 50mm/h
has been confirmed using 5- and 10-min data [Segal.
1980b; Lin, 1977: Morita and figuzi, 1978].
Moreover, the lognormal hypothesis has heen
further circumstantiated by noting that the environ-
mental parameters affect -he rain rate ig a propoer-
tional fashion [Lin, 1978].

Itis well known that for a lognormat distribution
it is quite easy to construct a probability graph
in such a way that the theoretical distribution
appears as a straight line. This allows a simple
graphical test for the goodness of fit and for the

- estimation of the parameters for the distribution.

In the case of rainfall intensity data the mean and
the standard deviation derived in this way with a
least squares analysis have been shown to be in
Bood agreement with the same parameters estimated
from the experimental distribution, [Fedi, 1979b).
The same is not always true fora gamma distribution
[Morita and Higuti, 1976]. If the mean and standard
deviation are estimated from the experimental dis-
tribution, the agreement between experimental val-
ues and the gamma approximation is, in general,
poor, If these parameters are estimated by an
elahorate curve-fitting method, the agreement is
better, but they do not agree with parameters
determined from the experimental distribution
[Fedi, 1979%; Segal, 19805].

Although the lognormal distribution is recognized
as providing a very good fit for low rainfal] tates,
a straight line approximation in log-log coordinates,
that is, a power law relationship, has been shown
toapproximate satisfactotily the entire experimental
cumulative distribution beyond about 5 mm /h [Se-
gal, 1980b],

Prediction methods

With only one exception, all methods which wilt
be reviewed in this paper make use of the point
cumulative distribution of rainfatl intensity to pre-
dict rain attenuation statistics. Attention is focused
in this section on the models for the spatial structure
of rainfall, assumed in each method to take inte
account the nonuniformity of rainfait intensity
profile along the path.

A first group of methods makes use of the ‘path
average’ rain rate and its relationship with rainfall
rale measured at a point 4s determined experimen-
tally by a network of rain gauges [Hogg, 1969;
Baitesti et al., 1971; Harden et al., 1978b]. The
behavior of this relationship is similar to that be-
tween quasi-instantaneous and time-averaged rain
rate both measured at a point. This approach would
be precisely applicable only in the case of specific
attenuation preportional to rain intensity, The in-
fluence of the exponent in (17) and the fact that
the reduction factor is {frequency and path length
dependent are well recognized [Misme and Fimbel,
1975; Kheirallah et al., 1980a] . Battesti and Boithias
[1978] elaborated further on this approach by
proposing the use of two coefficients.

Crane and Blood [1980] and Crane [1980] used
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the concept of path average rain rate to establish
a power law relationship with point rain rate, based
on measurements carried out with networks of rain
gauges in both Europe and the United States. To
take the nonlinearity between specific attenuation
and rain rate into account, the rain path profile
was reconstructed by differentiating the established
power relationship between path average and point
rainfall intensity. The resulting path profile was
then integrated, taking into account the relationship
between specific attenuation and rain rate. An
attempt to place error bounds on the mean attenya-
tion predictions was also made in the analysis.

Misme and Fimbel [1975] assumed a single rain
cell having the same probability of occurrence for
all the -points in the region. The cell is cylindrical
with dimensions related to rainfall intensity and
is surrounded by an area of ‘residual’ rainfall, which
depends on the intensity in the cell and which
extends for about 33 km. The cumulative distribuy-
tion of rainfall intensity is assumed 10 be lognormai,
although this assumption is not strictly necessary.

Morita and Higuti assumed an exponential spatiat
correlation for rainfall intensity and the same law
for the cumulative distribution of point rainfall
intensity and of rain attenuation. The parameters
of the two distributions are related through the
spatial correlation of rain intensity. Qriginally, a
gamma distribution was assumed [Morita and
Higuti, 1976], and later a lognormal one was as-
sumed [Morita and Higuti, 1978). Also, Lin [1975]
assumed both lognormal rainfall intensity and rain
altenuation cumulative distributions. Their parame-
ters were related through empirically adjusted
coefficients.

The ‘synthetic storm™ method fDrufuca, 19745)
génerales rain attenuation statistics by converting
rain rate/time profiles recorded at a point to rain
rate / distance profiles. using the translation velocity
of the rain pattern, a good estimate of which seems
to be the wind speed at the 700-mbar levelas derived
by 2 conventional radiosonde. Although this method
requires not only the cumulative distribution of
rainfall intensity but also the actual rain intensity
recordings and informaticn on wind velocity aloft
and therefore needs a more detailed data analysis
and processing, it allows one to investigate other
altenvation characteristics such as durations and
Jjoint probability distributions [Drufuea and Torlas-
chi, 1977]. Moreover, although several assumptions
on the spatial structure of rainfall have to be made
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[Kheirallah et al., 1980a], the method does not
need to assume the same spatial structure of rainfall
in alt the regions. It is interesting to note that if
the relationship between specific attenvation and
rain intensity is assumed to be linear and if the
wind velocity is supposed to be constant, the same
results proposed earlier by Bussey [1950] are found.

Comparison between predicted
and experimental results

The most extensive comparison between predict-
ed and experimental results for terrestrial links has
been performed in Europe as a result of a joint
fesezrch project on radio propagation above 10 GHz
[Fedi, 1979b]). Average cumulative distributions of
rin attenuation have been obiained in the 10- to
40-GHz band for vertical and horizontal polariza-
tions or 33 radio links with path lengths from about
2 to 60 km set up in 12 European localities. For
each of the 12 localities, cumulative distributions
of point rainfali intensity were obtained with ane
or more rapid response rain gauges or with tradi-
tional rain gauges with a typical integration time
of 1 min. The methods tested were those proposed
by Misme and Fimbel, Lin, and Morita and Higuti.
For comparison, predictions obtained by supposing
a uniform rain rate along the path were also ob-
tained, Of these methods, only the models concern-
ing the spatial structure of rainfall were maintained.
Both the parameters of the relationship between
specific attenuation and rainfall intensity and the
procedures for estimating the lognormal and gamma
approximations for the cumulalive distribution of
point rainfall intensity were modified and standard-
ized. The result was that if the cumulative distribu-
tion was sufficiently representative of the region
where the link was installed, the Misme-Fimbel
method provided the most satisfactory results. This
method, however, was very sensitive to the value
of the standard deviation of the lognormal approx-
imation for the cumulative distribution of rain
intensity. Additiona! comparisons carried out in
ltaly [Pamosso et af., 1980] and Denmark |Mogen-
sen and Stephansen, 1978], with similar procedures,
confirmed these findings and indicated the impor-
tant influence of rain rate integration time oa the
standard deviation of the lognormal approximation.

Good agreement was reported by Lin {1975] in
comparing his predictions with experimental resulis
obtained in the United States on three links in the
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18-GHz band with r. .h lengths of 46 km and on
one link in the 11-GHz band with a path length
of about 42 km. However, this method, when
applied in Europe, iended to overestimate attenua-
tion [Fedi, 197%b; Damosso et al., 1980].

Good agreement was also reported by Morita and
Higuti in comparing predictions obtained in Japan
with gamma approximations on two links in the
19-GHz band (24 km) [Morita and Higuti, 1976]
and with lognormal approximation [Morita and
Higuti, 1978]. However, probably because of the
poor gamma approximation used for the distribution
of rainfall intensity, the gamma method applied in
the European region did not give satisfactory results
[ Fedi, 1979b] . The lognormal method, when applied
in Italy, tended to overestimate attenuation, and
the results were very close to predictions obtained
with Lin's method [Damosso et al., 1980].

The synthetic storm method provided satisfactory
results when used in Canada and in Italy [Drufuca,
1974b; Bertok et al., 1977]. It has to be noted,
however, that the values of the parameters in (7
were chosen 1o fit the experimental distribution in
1 year, and the method was tested for the remaining
years. If recommended values of the parameters
in (17 are chosen independently, in some cases
the results obtained may not be satisfactory [Da-
mosso et al., 1980}.

Crane [1980] reported agreement within expected
variation of his predictions with experimental data
obtained in the United Kingdom. However, the
same method applied in Italy [Damosso eral., 1980]
and Denmark [CCIR, 1978¢] did not provide simi-
larly good results.

OTHER PREDICTION TECHNIQUES
FOR RAIN ATTENUATION

Frequency scaling

Frequency scaling is a promising technique to
derive rain-induced attenuation statistics at higher
frequencies from available data at lower frequen-
cies, for both terrestrial and satellite radio links.
The problem is to estimate 4, (decibels) at F
(gigahertz) given A, (decibels) at f, (gigahertz),
where generally £, > f,.

A first group of techniques needs only the values
of the two frequencies to predict A, once A4, is
known [Drufuca, 1974b; CCIR, 19788].

A second group of techniques makes use of the
parameters k and o of (17) for the two frequencies

S, and f, and of statistical models for the rainfall
intensity profile to predict 4, once A, is known
{Hodge, 1977; Rue, 1980; Kheirallah et al., 19805,
Barbaliscia et al,, 1980].

A third group makes use of both 4, and 4, to
derive the parameters of assumed statistical models
for the rainfall intensity profile and hence to predict
attenuation statistics at another frequency [Muller,
1977, Hogg, 1973; Harris and Hyde, 1977].

Results so far obtained are encouraging and seem
to indicate that the techniques of the second group
are an acceptable compromise between complexity
and accuracy, To select a procedure which might
have a worldwide application, a relative assessment
of the different approaches proposed should be
made on the basis of data presently available, A
comparison between results obtained with earth-
satellite Enks and those obtained with terrestrial
links would also be interesting and give a better
understanding of the phenomenon, as in the latter
case a wider dynamic measurement range can be
more easily obtained [Barbaliscia et al., 1980).

Caution should be exercised in deriving informa-
tion on the spatial structure of rainfall intensity
from purely radic measurements owing to the
considerable variability of the microstructure of
rainfall {Fedi er al., 1977, Harden et al., 1978a;
Debrunner, 1980].

Radar observations and other techniques

Radar observations have been widely used to
obtain information on rain attenuation along slant
paths. Extensive reviews on advantages and limita-
tions of radar technigues are available in the litera-
ture [e.g., Crane, 1971, 1977; Fedi et al., 1974,
Rogers, 1976]. In some cases, radar observations
have also been used to derive rain attenuation
statistics on terrestrial links [Drufuca, 1974a;
Ferguson and Rogers, 1978].

The possibility of estimating attenuation statistics
from the thermodynamic variables in regions where
pluviometric data are not available has recently been
suggested [Torlaschi and Zawadzki, 1980],

PATH DIVERSITY

Rainfall intensity data obtained with networks
of rain gauges [ Freeny and Gabbe, 1969} or derived
from stmulated profiles of rain rate versus distance
[Drufuca and Zawadiki, 1975] have shown that
the probability that the same rain rate is jointly
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exceeded at two points decreases with increasing
separation. In the limiting case the joint probability
would be equal to the product of the individual
probabilities.

Consequently, path diversity appears to be an
effective means for increasing the maximum hop
length while still meeting prefixed availability ob-
jectives |Hogg, 1969].

These findings have recently been confirmed from
attenuation data collected with a network of radio
links [Blomgquist and Norbury, 1979). It appears
that for path lengths of 4-i12 km the diversity
improvement increases as the path separation in-
creases from 4 to 8 km but there is no further
significant improvement as the separation increases
from 8 to |2 km. These data show similar trends
to those previously estimated on the basis of radar
observations [Drufuca, 19744].

More information on the statistical structure of
rain intensity over an area is still required to develop
models for predicting path diversity improvement

from statistics of rainfall rate measured at 2 point.

WORST MONTH STATISTICS

Recently established CCIR availability objectives
for terrestrial radio relay systems at frequencies
above 1) GHz refer to an average year. Conse-
quently, statistics of rain attenuation for the worst
month are no longer required for the design of these
systems. However, the concept of worst month
can still be useful for other types of services or
in radiometeorological studies.

The annual worst month distribution of any ra-
diometeorological quantity is defined as the enve-
lope of the highest monthly probability values of
12 calendar monthly distributions |[Crane and De-
brunner, 1978]. From theoretical and experimental
swdies [Brussaard and Watson, 1979: Brussaard,
1979] it appears that a useful definition for practical
applications is the ratic

le= ;A/Y, (18)

where X, is the average annual worst month per-
centage of time in 1 year and ¥, is the average
annual percentage during which the same level i
isexceeded. In order to establish the expected range
of variation for Q,, this ratio can be plotted as
a function of the average monthly probability of
exceeding the level j, Co,, with M as a parameter,
assuming an ¢xponential model for the tail of the
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probability distribution. M is the average number
of months during which the phenomenon occurs.
Experimental findings both in the case of point
rainfall intensity [Fedi, 1979a; Mawira, 1980] and
in the case of rain attenuation [Mawira, 1980;
Debrunner, 1980; Damosso et al., 1980; Brussaard,
1979} confirm the calculated range of variation for
Q.-
lllt is interesting to note that for rain attenuation
the refationship between worst month and yearly
cumulative distribution seems to be independent
of frequency, polarization, and path length [Da-
mosso et al., 1980] and in countries where attenua-
tion due to wel snow is not predominant, appears
ta be similar to that established for rainfall intensity
[Mawira, 1980]. ‘

Empirical expressions for the relationship be-
tween ¥ and X, and also available in the literature
[Morita, 1978b; Segal, 1980a]).

PRESENT TRENDS IN THE USE OF FREQUENCIES
ABOYE 10 GHz

The possibility of using the 10.7- to 11.7-GHz
band to establish large-capacity (typically 140
Mbit /s) long-haul digital radio relay systems utiliz-
ing existing facilities for the lower-frequency bands
is presently being carefully considered by various
telecommunication administrations. Rain attenua-
tion seems to be an obstacle to the use of existing
facilities, and therefore to hop lengths of up to
about 50-60 km, in only a few regions. On the
other hand, mullipath fading might be the limiting
factor in many regions and might require the use
of antennz height diversity.

The use of the 13-GHz and in some regions of
the 15-GHz bands seems suitable for medium-ca-
pacity (iypically 34 Mbit/s) radio relay systems
for use in regional and local areas with typical hop
lengths of 2030 km.

In many regions the use of the 20-GHz band
for medium- and long-distance radiocommunica-
tions would require a large number of repeaters
with high system cost due also to the great reliability
tequired, For this reason, the wide-scale use of
this frequency band is not foreseen in the immediate
Tuture for this kind of application, although experi-
ments are in progress in various countries. An
interesting use of this frequency range has been
made in Japan for a large-capacity (400 Mbit /5)
radio relay system with typical hop lengths of 5
km [Ninomiya, 1972],

-q0-
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The growing cost cf cables and ducts in urban

and metropolitan areas provides a strong incentive
for the introduction of large-capacity digital radio
transmission -media in junction networks in
metropolitan and urban areas. Use of the 30- and
60-GHz bands has been suggested for this applica-
tion. In the latter case, interference problems might
be alieviated by making use of the high oxygen
altenuation, which makes it possible to use the same
frequency in radio links with separations of about
5 km also under clear sky conditions,

CONCLUDING REMARKS

Availability objectives for terrestrial radiocom-
munication systems at frequencies above 10 GHz
have recently been established by the CCIR as the
maximum percentage of time in an average year
during which an outags of the system is tolerated.

Rain attenuation is a major limitation to system
availability and imposes a maximum value for the
hop length in order to meet availability objectives.
Given the availability objectives and the fading
margin of the system, the evaluation of the maxi-
mum value of the hop length is possible if the yearly
cumulative distributions of rain attenuation for
various values of the path length are provided for
the region where the system is to be installed at
the frequency and polatization envisaged.

The possibility and advantages of estimating these
distributions from rainfall intensity data appear well
¢stablished at present.

Various prediction methods have been proposed
to estimate rain attencation disttibutions from (1)
the distribution of point rainfall intensity for the
region under consideration, (2) a relationship be-
tween specific attenuation and rainfall intensity,
which depends on the microstructure of rainfall,
and (3) a model for the spatial structure of rainfall
intensity, If the rainfall microstructure and the
spatial structure of rainfall intensity are assumed
to be statistically the same in every region, then
the distributions of rain attenuation (for a given
frequency, polarization, and path length) will differ
from one region to anather only because the dis-
tributions of point rainfall intensity are different.

The hypothesis concerning the statistical con-
stancy of the microstructure of rainfall seems to
be .appropriate to many regions. Consequently,
values of the parameters for the relationship be-
tween specific attenuation and rainfall intensity for
any frequency and polarization have recently been
recommended by the CCIR. On the other hand,

the choice of a particular statistical model for the

spatial structure of rainfall intensity and its appli- -

cability to all regions are still controversial ques-
tions.

In order to be widely used, a prediction method
should be casy to apply, preferably should have
a physical significance, should give good agreement
when tested with experimental results obtained in
different regions, and should not be too critically
dependent on the techniques used for obtaining the
rainfall intensity data. From the results so far
obtained, although some methods seem to give
better results than others, no onc method simulta-
neously satisfies all of the above conditions. Conse-
quently, possible refinements in the proposed meth-
ods should be introduced, and a relative assessment
among the various methods should be made on the
basis of the considerable amount of experimental
data which now exist for many regions. In this
comparison the recommended values for the
parameters of the relationship between specific
attenuation and rain intensity should be used.
Moreover, careful attention should be given 1o the
experimental techmiques used to obiain data on
rainfall intensity.

With the above refinements it appears that estab-

lishing a suitable method to predict rain attenuation
statistics from point rainfall intensity distributions
is not beyond reach, and present CCIR activities
are directed toward this aim. Once the applicability
of this method is tested satisfactorily worldwide,
the sensitivity of the method to various input
parameters should be evaluated in order to derive
confidence limits for the rain attenuation predic-
tions.

In this regard, the possibility of identifying the
various rain climatic regions and of characterizing
each of them with a statistically stable cumulative
distribution of rainfall intensity valid for all the
locations in the region appears to be of the utmost
importance. Although a number of rain climatic
regions have been tentatively identified by the
CCIR, data are still needed to obtain a sufficiently
refined rain climatic characterization in many
countries.

Frequency scaling appears te be a promising
technique to derive rain attenuation statistics at
higher frequencies if data at lower frequencies are
available. Again, this possibility does not seem far
from being well established. For this purpose a
relative assessment of the different approaches
which have been proposed should be made on the
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basis of data presently available. In deriving in-
formation ou the spatial structure of rainfall inten-
sity from pureiy radio measurements the influence
of the variability of the rainfall microstructure and,
inparticular, of the raindrop size distribution should
be carefully considered.

Statistics of rain attenuation and rainfall intensity
in the worst month, although no longer directly
relevant to the design of terrestrial radiocommuni-
cation systems, are still needed for other services
or in radiometeorological studies. The most suitable
definition for practical applications and the expected
range of variation for the ratio between average
worst month and annual percentages now appear
to be well established. The relationship between
worst month and annual percentages appears to
be similar both for point rainfall intensity and for
Tain attenuation at any frequency and polarization,
and, with certain limitations, at any path length.

As far as present trends for the use of frequencies
above 10 GHz in terrestrial systems are concerned,
the situation appears to be the following.

Careful consideration is being given to the pos-
sibility of using the 11-GHz band for large-capacity
tong-haul digital radic relay systems utilizing exist-
ing facilities at lower frequencies and therefore hop
lengths up to 50-60 km. In addition to the limitations
imposed by rain attenuation in some regions, the
influence of multipath fading should be carefully
considered in all regions.

The 13-GHz band and, in some regions, the
15-GHz band are being presently considered for
medium-capacity radio relay systems for use in
regional and local areas.

The introduction on a wide scale of the 20-GHz
band for long-haul large-capacity digital radio relay
gystems is not foreseen in the immediate future,
especially because of the large number of repeaters
which would be necessary in many regions. In this
context the possibility of adopting switched path
diversity has reccived considerable attention.

The 30-GHz band and, in some cases, the 60-GHz
band have been suggested for large-capacity digital
radio transmission media in junction networks in
metropolitan and urban areas.
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