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ABSTRACT

The study investigates the scattenng effect of oblate spheroidal mindrops on Earth-space
wave communication in the frequency band 1-52 GHz in three tropical locations Tle-ife,
Nigeria (4.34°E, 7.33'N).. Douala, Cameroon (9.70°E, 4.05°N), and Nairobi, Kenya
(36.75"E, 1.30"8) Elevation angles of 23" and 55" are assumed for wave propagation in
the regions. The incident waves are assumed to be linearly polanized that is, the incident
waves are honzontally and vertically polanzed The tropcal lognormal mindrop size

distribution model has been used to estimate the mindrops number density. The specific

attenustion and specific phase shift are caloulated in terms of the power law relationship

between attenuation and ramfall rate since measured cumulative distribunon of ramn mtes
are available from the locations. The total slant path attenuation is then computed using
the Imemanonal Telecommunicanion Umon (ITU) recommended model Rain mies
measured at the locations are used. The calculation of the propagation parameters is
based on the measured Mean Annual (MA) and Mean Worst Month (MWM) rainfall
rates in each location. Differential propagation parameters are also computed at the
frequencies and elevation angles investigated. The results are then used to compute the
Cross Polanzation Discnmination (XPD) and the Co-Polanzed Attenuation (CPA) at the
two ramn rates and elevation angles for ran rates exceeded for 0.01 % of nme (99.99%
time availability) The total slant path attenuation for other time percentages such as
0.001% and 0.1 % of ime are calculated using the scaling formula also recommended by
the ITU. The total slant path attenuation, co-polarized attenuation, and cross polarization
discnimination in Cameroon and Kenya are compared with that of Nigena. The predicted

slant path attenuation, CPA, and XPD for Cameroon 15 closer to those obtained for
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wwmmw at the elevation angle of 55, and for links over the
\ Jeean Region (AOR), the CPA and XPD are higher in Cameroon than Nigeria
aymmﬂmmmamnmarzf and for links over the Indian
an zeria by about 1136%. Therefore, it can be safely said that rain induced
Barth-space communication will be most severe in Cameroon and least




CHAPTER ONE

1.0 INTRODUCTION

Attenuation due to rmmfall plays a significant role in the design of earth —satellite
raghio links at frequencies above 10GHz The increasing use of sateilites for
telecommumcation and broadcasting services has necessitated more than before the need
for earth — space attenuation studies in the tropics. Most of the attenuation studies on
earth — satellite paths have been carmied out in the temperate regions of the world (Ayay
et al.. 1996). Apart from the use of the 6 / 4 GHz band for satellite communication,
satellite systems are already operating in the 14 / 12 GHz band and above The use of the
30720 GHz 15 1n fact at advance stage (Ajayt et al., 1996). The precipitation
characteristics m the tropics differ appreciably from those of the temperate regions in that
empirical relationships obtained in the latter have not be very sintable for system design
i the former (Agayi etal, 1996), Run attenuation can be obtaned directly through
measurement or predicted from the knowledge of rain rate and drop — size distribution. It
15 thus possible to estimate the attenuation by means of indirect measurements. The
procedure for predicting the attenuation 18 based on the relationship between specific
attenuation and rain mate established through the modeling of the min microstructure e.g.
shape, size, temperature and terminal speed of the ramdrops. The run-mduced
attenuation 1s computed by integrating the specific attenuation along the propagating
path. The non- umform character of the ram along the path 15 taken nto account by

means of a statistical model for the rin intensity. The statistical distribution of rain




attenuation is thus, obtained from the ram rate distnbution for the region considered,
Ramdrops both absorb and scatter microwave energy on earth — satellite links. Both may
contribute, to the attenuation of a mdio path, while amttermﬂm cause interference
between radio paths. Other important effects of rain on migro- wave propagation { Ajay
et al., 1996) are: -
1. Depolarization due to non- spherical nature of mindrops.
2 Rapid amplitude and phase scintillation caused by eguivalent multipath
propagation.
3. Antenna degradation due to phase dispersion of my paths reaching the
antenna

11 CROSS - POLARIZATION
To increase channel capacity without mcreasing bandwidth, orthogonal polarization
{linear or circular) may be mdependently used for transmission at the same frequency
over the same path. However, “frequency re — use” may be impaired by the possibility
that i propagating through the atmosphere, some of the energy tmnsmitted in one
polanzation state can be transferred to the orthogonal polanzation state thus causing
interference between the two channels (CCIR, 1986). Rain and other hydrometors may
cause this phenomenon. This is usually referred to as cross polanzation. Cross -
polanzation may occur during periods of multipath propagation. Additionally, cross -
polanzation may arse due to the charactenstics of the antenna systems at each terminal,
and this cross - polansed component wall then exist at & base level. When two onthogonal
polarzation "a' and *b° (fig 1.1) are ransmitted at the same level, the mtio of the co -

polarised signal (*ae” or *be’) in a given receiving channel to the cross — polarised signal



{*bx" or ‘ax’) in that channel, 1s known as the cross — polanzation isolation (XP1 = sc/'bx)
-and this is of pnime importance in system design. The two-ratio ac/bx and be/ax are not
necessanly the same Propagation expenment on the other hand usually measure cross
polanzation discnimination (XPD = ac/ax) which 1s the ratwo of the co — polarized
recerved signal “ac” to the cross — polarized received signal 'ax’ when one polanization
only, ‘a’ is transmatted (TTU-R, 1994) That 15, the co — polar signal ac and the cross —
polar signal ax is each measured independently and in the absence of any orthogonal
polarieed transmutted signal *b° In the context of run — induced cross - polarization, the
above expressions ac/bx, befax and ac/ax may be considered 1o be the same [Opuchi,
1975, Watson etal, 1974], Both the cross polanzation solation (XPT) and cross -
polanzation discrimination (XPD) are normally expressed in decibels. A dual - polarized
recerver that i1s designed to receive orthogonal channels simullaneously will detect both
wanted, or co — polanzed, signals ac and be and the unwanted, or cross - polanzed
signals bx and ax. The 1solation m channel a will be the mtio achx. In general,
expenment use only mono — polarized transmissions and so what 15 measured is the

discimanation rabo ac/ax or be'bx
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Fig 1. lrhmmﬂmhﬁ&mmmmm-nﬂmmum-w'
Wmm&m:mh respectively. s mnd by ane the cross ~ polarized
- components of signals transmitied m channels a and b respectively,




1.2 The scope of the present work
The present work mvyestigates rin induced propagation effects on satellite
telecommumcation in the frequency range 1 — 52 GHz in three tropical locations Nigena,
Cameroon and Kenya at two satellite looks angles 23 "and 53" The study particularly
considers some practical frequencies that are presently 1n use. It evaluates the specific
attenuation and phase shift, total slant path attenuation, cross polarization, and the
copolar attenuation, for 0.01% of time unavailablity {99 99% availability) and then
predict the lotal slant path attenuation for other time percentages unavailability such as
0. 1%and 0.001% (99 %% and 99 999% availability) of time. The computed results of
each location are compared. In Camercon in particular, there are no reporis in literature
on ren-induced imparments. In Kenya on the other hand, few studies utihzing the
measured rain rate exists in literature { Allnut and Haidara, 1998). However, most of the
studees on microwave depolansation in sub-saharan Africa have been done in Nigeria.
The study 15 thus significant in providing regional information and data for satellite
telecommunication system designers to determine the extent of the distortion of
propagating signals through tropical rain. These parameters 4re evaluated to assist system
designers to determmne the most suitable transmuting power, best choice of efevation
angle for receiving radio signals, and antenna gain that will mwlﬁi rain induced

effects on propagating signals acress the region.




BACKGROUND

udy of some rain-induced propagation effects on satelite
locations, Rain sttenvation is the miyor factor
mestrial and Earth — to — satellite links operating at
ation ~ time rainfall rate is the most essential input

diction models for min attenuation.

and thunderstorm (Joss et al, 1968) v T
Drizzle distribution is associated with drops of diameter of the order of 1 Omm and
the maxiimum rasnfall intensity is about Smm/h.

*



Widespread ran 15 made up of rmmdrops with diameter range between 1 Omm and
3. Smm. The rainfall time duration s usually long (greater than 1.0 hour) and has a
maximum ramfall intensity of 50mm/'h
Shower mnfall consists of extremely few raindrops above 2 Omm diameter 1015 of
small ime dumtion and 1ts maximum ranfall intensity 15 about 150mm/h.
Thunderstorm raim distribution, on the other hand has a distribution of relatively high
concentmbion of laree drops typically greater than 3 Omm. The maximum ramfall
intensity 15 21 0mm/h
These classifications are often used in the calculation of propagation parameters when
their variations are examined with respect o the change of stze distnbution | Joss et al,,
1 968)
Convective precipitation 15 associated with clouds that are formed in general below the
0"C 1sothermal and are stirred up by the strong movement of pir masses caused by
differences in troposphenc pressure. In this process water drops are created and grow in
size, unhl gravity precipitate them
Tropical rmnfall s predominantly convective and characterized by high precipitation
rates, it occurs in general, over mited extensions and for short duration of ime.
However during precipitation, stratiform structures develop which extends over wider
areas (about 100km ) with smaller intensities (0 - 2Smm/h). Studies undertaken in the last
decades conceming rain attenuation in différent regions of the world combine convective
and stratiform rainfalls. Regardless of the precipitation type, rainfall 1s characterized by
space and time variable structure constituted by cells of vanous dimensions that move

honzontally with speed depending on the tropospheric winds and the height of the clouds



{ A etal, 1996). Radar measurements have shown that typical dimension of strong
rain rate cells range from 2 to Skm (Ajayi et al., 1996). The height of the mmn cell {rin
height) 15 an imporiant parameter in the calcalation of slant path attenuation. It s
generally considered that the rain structure reaches a maximum height equal to the 0°C
isothermal, Above this, precipstation 15 assumed to have the form of ice, snow or melting
snow (TTU-R, 2001 ). However it should be noted that tropical minstorms, of convective

nature, reach altitudes of 610 10km  (Ajave et al | 1996).

2.3 Propagation Losses
The propagation losses on Earth — space path relative 1o the free — space loss, is the sum
of different contribution such as (ITU-R, 2003 )

(1) Attenuation by atmospheric gases

i) Attenuation by rain, and other precipitation clouds

(1)  Focusing and defocusing

{iv)  Decrease in antenna gain due to wave — front incoherence.

(v)  Scintillation and multipath effects

(vi)  Attenuation by sand-and dust storms.

2.3.1 Attenuntion due to atmospheric gases

Attenuation by atmospheric gases, which is entirely caused by absorption, depends
mainly on frequency, elevation angle, the altitude above sea level and water vapour
density (absolute humidity): At frequéncies below 10 GHz, it may normally be neglected

Above 10 GHz its importance increases with frequencies, especially at low elevation



angles. Ata given frequency the oxvgen contnbution to atmosphenc absorphion 15
reflatively constant. However, both water vapour density and its vertical profile are quite
vanable (TTU-R, 2003 ). Typcally, the maximum gaseous attenuation occurs dunng the

season of maximum rainfall

2.3.2 Scimtillation and multipath fading

The magnitude of troposphenc scintillation depends on the magnitude and
structure of the refractive index variation. It increases with frequency and path length
through the medium and decreasing as the antenna beam width decreases because of
aperiure avernging,
233 Attenuation by sand and dust storms

Very hittle 1s known about the effect of sand dust on radio signals on slant - paths.
Available data (ITU-R, 2003) has indicated that at frequencies below 30GHz, high
particle concentration and | or high moisture content are required to produce significant
propagation effects.

24 Raindrop i disebmion madels

Various rindrops size distribution models are in use in varions regions of the
world for estimating radiownve impairment _. on both terrestrial and earth — space paths,
Among the mast widely used are the Laws and Parsons (1943 ), Marshall and Palmer

{(1948) and the Joss et al, {1968). The over — estimation of the small diameter raindrops
by the Laws and Parsons and the under-estimation by the Joss model when applied 10 the
tropical path necessitated the study of Adimula and Ajayi (1996) o obtain distinct drop

size distribution models for dnzzle, widespread, shower, and thunderstorm rain for the



tropical region, The present study employs the lognormal distribution of Ajayi and Olsen
{T9R5) in the caleulations. Raindrop size distribution is required For the evaluation of
wave propagation ellvcts due to rainfall. Theoretical calenlations are vsually based on the
hest available empirical data of the drop size distribution (Ajayi and Olsen, 1985). Mos!
of the existing models are based on drops size data from the tempente repions of the
bl Thes most widely wsed raindoop size distributions are therelfore describied s
Folbons:
2.4.1 Laws amd Parson’s distribution model.

This is probably the best - known drop size distribution snd is corrently recommended
by the IT1 - R for the caleulation of specilic atienuation in the temperate region (IT1) 12
- 1982} This distribution was obtained experimentally using quite rudimentary

technigue. It was concluded that the actual drop size distribution on the ground could be

L1
N

ohtained from the volume distribution with a fall velocity, v (a) as

10° RA(mYda

ma)= s
4 B via)

m') (2.1)

Where  fH{m) da is the volume percentages, o is the radivg inm, da represent the

sie interval From a — da'2 oo + daf2 and 1 is the rain rmte in mmd

242 Marshall and palmer distribution model
Distributions, which describe N (1)) directly, via an analytical expression, were
nitially proposed by Marchall and Palmer (1948) and later by Joss et al . 1968 ) for

ditterent types of mindall, Both suggested a negative exponential model fur the rmindrops

gize distribution of the form.



N(D) = N, exp(—AD) (2.2)

Where N, is a constant often obtamed from

N, = | MDDV (D)ID (23)
And A5 a constant that tends to increase wath rn rate. It 15 expressed as
A=41R"mm"’ {2.4)
V(D) 15 raindrop termmnal velocity expressed by Battan (1973) for diameter range
| —dmmas ¥V{IN= m It descnbes the vanation of the rmindrop sizes in
terms of an analvtical expression. The Marshall and Palmer distnbution 1s
particularly very close to the Laws and Parsons for N, = 8000mm 'm '

A satisfies the equation above so much that meteorologist regard it to be most
applicable 1o widespread ram especially in the continental temperate regions (Hall
and Barclay, 1989). A disadvantage of the distribution is its tendency 1o
overestimate the number of small drops below the diameter of about 1 - Smm
because of its exponential increase when D tends to zero, Therefore the use of the
distnbution will yield attenuation much higher than the actual attenuation at
frequencies higher than about 30 GHz especially outside the continental temperate

regions (Ajewole etal, 1999),

2.4.3 Modified Gamma distribution model
The distribution also present N (D) directly, but in contrast to the negative

exponential, it corrects the exponential ingrease of the rmndrop number per unit volume

when D tends te zero. It is expressed as




12

N(D) = N, D" exp(-AD") (2.5)
Where No, m A, and ffare constant which are positive and real. The greatest difficulty in

the use of this distribution 18 in oblaining expenmentally the above four parameters
Another difficulty of using the distribution could be 1ts tendency of cutting off both the
large and small ends of the ramdrop size spectrum for values of m in the range 3 - 5
(ITU- K., 1995}
244 Joss el al., distribution model

The use of electronic devices has been employed in the measurement of rain drop
size distnbution. Example 1s the electromechanical sensor called the distrometer that
transforms the momentum of falling ramdrops on a diaphragm into elecincal pulses.
Other types include electrostatic sensor that can measure the size dependent elecinc
charges on the drops, and optical detector that s made up of two parliel light beams
capable ﬂfmﬁlﬂm.ughmh:ﬂﬂ and fll MM@ME@M through the

of ain. Thesr ek ASpiee it R

respect to the varmtion of drop size wﬂﬂnﬁﬂmﬂmﬁ 1997),

24.5 Lagnormal distribution model
Due to the inadequacies of the negative exponential model as well as the modified
gamma distnibution i describing the small dwmeter drop range, a number of

mvestigators have studied the lognormal distribution, which is expressed in the form



12

WD) =4Oy 2
where N (D) is the numbers of drops per unit volume per diameter interval, i is the
Mean of In (D), & is the stundard deviation and Ny depends on climate, geagraphical
location dmmmuw Ajayiand Olsen (1985) employed the
fit 10 the measure dita at lle ~ e Nigeria. This was developed mainly for the tropical

_ nwith & method of moment regression to produce a good theoretical

rainfill. The model i also expressed as equation (2.6) with the three parameters related to
the rain rates as N, =a, K"
p=4,+8 IR (2.7)
g =A_+8 IR
Adimula and Ajayi (1996) extended the results further by making measurement for a
pernod of three years at two more locations i Nigena. The distributions ebtamed
confirmed the four classifications of mindrop size. The authors combined their results to
obtain the propagation parameters, o, g, and Ny for the four ramn types; which are useful

for investigating min induced microwave signal losses in tropical environments

2.4.6 General formulation of the problem
A linearly polarized wave is assumed, that is the incident waves are honzontally or
vertically polarized or both for dual polarised systems. The tropical lognomal rundrop
size distrnibution model is used to estimate the specific attenuation and specific phase shift
n terms of the power law relationships between attenuation and ranfall rte The total

slant path attenuation is computed using the International Telecommumcation Limon



models of (ITU = R, 2001 and the ITU - R, 2003). Rain rates measured dunng the Joint
Africa Radiometnic measurement program (| 987 — 1 988) at three locations m Africa
namely (lle-fe} Nigeria, (Douala) Cameroon, and (Nairobi) Kenva are used. The
calculations of the propagation parameters are based on the Mean Annual (MA) and
Mean Worst Months (MWM) ranfall rates data,

An pblate spherordal mindrop shape 15 assumed, while the frequency band 1 - 52GHz and
elevation angles of 23" and 55" which are the two principal look angles in Nigeria sre
used. Differennial propagation parameters are computed and the results are used to
compute the cross — polanzation discnmination {(XPD)and the copolar attenuation {CPA)
at two run rates and for the two elevahon angles, for (1.01% of time unavailability.
Scaling formula is then used to predict the total slant path attenuation for other time

unavailability percentages such as 0.001% and 0, 1%

24.7 Rain Induced Attenuation and Phase Shift
The rain induced specific attenuation (dB/km) of a wave propagating through an
ensemble of rmindrops 15 defined as the rate of attenuation per umit distance (Oguchs,

1973). It is expressed in terms of the total seattening cross section Q, of mindrops as

A = 434310 [ODNUINEDIAR | o)

n

Or In ferms nftha!ﬂ.!t&rmglﬂlphudnﬁmnﬁm a5

A=4343x10° if‘ RelS,. (0 IN({IDAD (2.8)

o=



Q. is the total cross section and N (D) dD is the raindrop size density, N (D) can be
obtained from equation (2.6) and Re [Sie v (0%)] 15 the real part of the forward scatiening

amplitude function. H, V stands for horizontal and vertical polanzation, respectively and
. J 1--.'

The specific phase shift can be evaluated using the expression (Chu, 1974)
$=9.0x Iuﬂij Im S, , (0" YN DY dege! Kem) (29)
Imi S (0") is the imaginary part of the forward scattering amplitude function.
(0% =-'£g: {20+ g, +5)) (2.10)

where 5, and b, are the Mie coefficient of the scattered fields which depends on
frequency, complex refmetive index of water e t ¢

¢#(deg/km)(Maggoor, 1981)

¢ =hit* (2.12)
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The constant a. b, h, k are polarization, frequency and temperature dependent and R is
run rate. These parameters were taken from tropical drop size distribution piven by

{Ajayi and Olsen, 1985).

bution values for the expression 4 = ait" and

3
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250 The Total Stant Path Attenuation

The following ITU —R procedure provide estimates of the Long — term statistics of
the slant — path ramn attenuation ot a given location for frequencies up to S5GHz

The following parameters are required.



7

Ry’ Point runfall for the location for 0.01% of an average year (mm/h)
hs: Height above sea level of the earth stanon (km)

B Elevation angle (degree)

¢ Latitude of the earth station (degree)

E frequency (GHz)

R.: Effective radius of the earth (8, 500km)

The Geometry is illustrated in fig 2.1

I"Il

s

A: Frozen Precipitation

B: Rain Height
C: Liguid Precipitation

D: Earth - Space

Fig 2.1. Schematic representation of an Earth-space path.
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251 Calculation of Long — term Attenuation Statistics from point rainfall rate
1. 'he = 4 5km for the tropical regions (ITU -R, 2001)
2 Since two elévation angles are consider 23" and 35" hence elevation angle
@2 5" hence the slant — path length L, below the ramn height 15 given by

L, = 'I'I"_—_h‘{km} (2.14)
: sin !

3. The Honzontal projection, Ly of the slant — path length 1s given by
I, = I, cos0 (km) (2.15)
4 The rainfall rate Rog exceeded for 0.01% of an avempe year for the three
stations 15 shown mn Table 2.1 below
Table 2.1 Rainfall rate Ros exceeded for 0.01% of time in Te-1Te(Nigeria),

Douala { Cameroon) and Nairobi {Kenya). Sowrce (McCarthy et al, 1994

ab.c)
LOCATION MEAN AMNLIAL MEAN WORST MONTH
RAINFALL RATE FOR RAINFALL RATE FOR
0.01% TIME 0.01% TIME
ILE - TFE (NIGERIA) 108mm/h 130mm/h
DOUALA (CAMEROON) | 126mm/h 160mm'h
NAIROBI (KENYA) 65mm/'h 100mm/h

Tables 2.2 shows the geometnical snd electncal pammeters used in the study.




Table 2.2: Some geometrical and electrical paramegers relevant to the study

ELEVATION ANGLE OF 55’
LOCATION | HEIGHT POLARISATION TILT | LONGITUDE IiL-‘L'I‘ITI.IDE Wk hp'km | he=hy! km | Ls 'km Lgkm
ABOYVE
SEA LEVEL
LEFE | Honzontal N =
(NIGERIA} | 274m Polarization 434°E 7.33"N 0.274km | 4.5km | 4.226km |5.159km | 2.959km
DOUALA Horizontal
CAMERER) | pon Polarization 97'E 4 05"N 0.015km |45km | 4485km | 5475km | 3.140km
[ NAIROHEI Horizantal
(RENYAY | 1800m | Polarization w678 | 130N 18km  [4.5km | 2700km |3296km | | 189km
ELEVATION ANGLE OF 23’
LOCATION | HEIGHT | POLARISATION TILT | LONGITUDE | LATITUDE | h, /km | hy/km | hs-hg /km | Ls/km | Lo/km
ABOVE
SEA LEVEL
ILE-IFE Horizontal b
(NIGERIA). | 394 Palarization 434°E 733N 0274km | 4.5km | 4226km | 1082km | 9.956km
| DOUALA Horizontal |
(CAMERDON) | g0 Polarization o7'E 4.05"N 0.015km | 4.5km | 4485km | 11.47km | 10.566km
NAIRGHI Horizontal
(KENYA) | 1800m Polarization 36.715F 130"N I 8km | 45km | 2700km |6.910km | 6.361km
hs = height of station above sea level by = Rain height

Ly = Slant — path length,

L¢; = Horizontal projection of slant path length
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The vertical adjustment factor, v is then calculated using the relation




{-!—] {2.18)

.- 14 Wiﬁ{l e }%‘1 ~045))

 8Thecffective path length 10 the rain region is then calculated using
A = Ly hm (2.19)

9. The predicted attenuation exceeded for 0.01% of an average year is then

Ao = YulipdB (2.20)

hhhh



153 Depolarieation EfMect

Basic hydrometeor depolarization consideration

Depolanzation occurs due to the anisotropy of the propagation medium. The shapes
of the randrops distont owing to hydrodynamic forces. The drops as well as becoming
non —symmetrical in shape, also tends to be tilted away from the local honzontal and
vertical axes of symmetry owing to wind gusting. This tilt of the incident electric field
vector away from the axes of symmetry of the rindrop will caiuse signal depolanzation.
The depolanization will be caused by “differential attenuation™ and “differential phase
effect” between the two axes of symmetry of the mindrop. The amount of differential
attenuation and differential phase expenenced by a signal passing through an ensemble of
rsmndrops will depend upon a number of factors, mcluding frequency and rainfall rate
The maximum effiect will be observed when the nundrops present the largest cross —

sectional area towards the signal that is the major axis of the ellipsoidal raindrop.



A3

LH
(T

{LHCF)

Linear vert:

L
(LV)

Right Hand Circular Polarization
(RHCP)

Fig 2 2 Schematic representation of the Depolanzanon of rdio wave signal by a

propagation mediom,



The pressure to conserve the bandwidth has led to the “concept of frequency re — yse”
whach can be achieved in either of two ways viz; spatial selation and Polanzation
isolation ( see fig 2.3) - A wave that is not perfectly polarized will have a component in
the arthogonal sense. The energy m the wanted sense of polanization s usually referred to
as the co — polanzed component while the energy in the orthogonal (unwanted) sense is
called the cross — polarized component. The difference between the two sense of

polanzation is called the cross — polarization discimination (XPD),
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Converage A
§

Coverapes B ; :

Covermpe

Aoand B
k

Emrth
I\
[/
Snnedlife Satellite
A H

Fig 2 3 Nllustration of two technigues of frequency re-use

A Spatia] 1solation
B Palanzation isolation

In both cases, identical frequency bands are used. In (A), the angle o
between the two beams provide the spatial isolation, while in (b), the use of orthogonal
polartzation provides the isolaton,




253 Differential Attenuation and Differential Phase shift

Specific attenvation and specific phase shift was calcnlated for two polarization
{honzontal and vertical) using equations (2.11)and (2.12), The ropical drop seze
distnbution model of Ajay and Olsen (1985} 15 assumed for the computation of specific
attenuation and phase shift a, b, h, and k of the power law relationship.

The differential attenuation and differential phase shift was caleulated

respectively using the expression (Ajayi, 1985)

2.54 Normalized Differentinl Attenmation and Normalized Differential Phase Shift
A communication system is usually designed for a certain margin of fading, hence in
communication systems employing two orthogonal polarizanons, it is useful to normalize
differential attenuation and differential phase shift with respect 1o the attenuation of the

vertical polanzation

The normahzed differential sttenuation 15 defined as

The normalized differential phase shift s defined as

R
A,

At 114)

—



255 Canting Angle Distribution models
Canting angles of raindrops

The axes of nen- spherical raindrops in the atmosphere will not necessanly be aligned in

the vertical direction, but wall cant from the vertical direction due to vanous aerodynamic

forces acting on the raindrops. The angle of raindrops axes measured from the vertical
will differ from drop to drop thus forming an angular distribution with & mean angle near
the vertical.

Existing measurement on drop canting

Measurement of mindrops canting angle has been carried out by & number of researchers

such as Saunders (1971); Maher etal, {1977); Ugai and Akimoto (1983) ; and Brussard

(1976)

Saunders in 1964 analyzed the photographs of 463 muindrops taken with a
raindrop camera duning two rmunstorms. He measured the angle between the major axis of
a raindrop image and the horizontal axis, The measured angle 15 based on two -
dimensional image of the rindrops in a plane perpendicular to the optical axis of the
camers. Only the component of the angles in a plane perpendicular to the propagation
direction 18 however important in the propagation phenomena.

Ugan and Akimoto proposed a canting angle model as shown in fig 2.4 The canting angle
of the model 15 made up of two angle components ¥ and @ where ¥ is the angle
between the vertical axis and the trace of fall, and ® 15 the angle between the trace of
fall and drop axis. The angle & may be regarded as the angle of drop ascillation. Al
these angles are based on two — dimensional drop images perpendicular to the optical

axis. The result of measurement in two-rain events show that the cumulative



distributions of these angles are roughly regarded as normal distnbution. The mean
angle of the distribution for @ and ‘¥ depend on wind direction, while the mean angle of

oscillation © was close to zero during one run event,

2.4 A model of drops canting angles.
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A physical model of mindrop canting angle by Brussard (1976) shows that the symmetry
axis of the drops 15 always parallel o the direction of the air low around the drop. The
direction of air flow 15 determined by:

(1 The verncal component due to the fall of rmindrops

(it}  Thehorizontal component due to vertiical gradient of the horizonial
wind speed He calenlated the canting angle of various sizes of mindrops. It was shown
that the larger the distance from Hli;,ﬂm'i:'l‘lﬂ the smaller is the canting angle. The canting
angle increases with increasing mindrop stze. However the rate of increase reduced when
the drop radius exceeded 1 Omm mtdlhﬂﬁﬁﬂ_ﬂtigh is nearly constant for drops with
radii greater than 2 Omm. TR
This model predicts the “mean value™ ufﬂmnﬁnmuh drop size,
Maher etal , (1977) tnies to sceount for the angle distribution by considering the effect of
wind gusting. The basic assumptions in ﬂmw i =

(i) The drops are axisymmetric and the

direction of mrflow

e always in the

)  That the horizontal wind velocity around the mindrop is made up
of a steady component which play a sinusoidal oscillating qumt with small
amplitude. Due to 11s mass, the raindrop cannot follow the oscillation and hence is
subjected 1o a differential honzontal airflow of either positive or negative direction with
time. They considered that the difference force commesponding to such honzontal airflow
15 responsible for the angle distnbution around the mean canting angle, while the mean

canting angle itself 15 the one defined by Brussard



2.5.6 Canting angle distribution used in this work

M:ﬂu&m of cross polarization discrimination {XPD) such as Ajavi et al,
(1987 Ay (1990) and Ajose et al., (1995) assume equi - orientation of the raindrops
along the paths, In this work a more realistic distribution of canting angle along the path

s assumed. In order 1o estimate the XPD on a ropical slant propagation path this work

assumed an effective canting angle of 10” with a standard deviation of o = 10° for 0.01%
of trme a5 recommended by the ITU - R, 2003
257 Cross polarization

Cross polarization is defined as the appéarance in the course of propagation of
polanization component, which 13 orthogonal 1o the expected polarization
Cross-polanzation discrimination (XPD) is defined for a wave transmitied with a given
polanization as the ratio at the reception point of the power received with the expected

polanzation to the power recerved with the orthogonal polarization

-

< I :
XL = IF:_—"“" = lﬂluﬂgul% dB {125]

In order 1o distinguish increasing value of XPD from dﬂm-mrﬁg value equation {2 25) is

usunlly written as

XPp = zmng,,,lf—-'}da (2 26)
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Cross polanzation solation (XP1) is defined for two radio waves transmitted with same
power and orthogonal polarization as the muo of the co-polanzed power in a given
recever to the eross polanzed power in that receiver

Fig 1.1 illustrate the difference between XPD and XPI

XPD = 20log,, 2 dB
ax

IHEE@”EJB (2.26)

For amain medium, XPD and XPI are equivalent Measurements have confirmed this
{Epﬁ-mdﬂm‘dld, 1984) A dual - polanzed receiver that 1s designed to receive
arthogonal channels simultaneously will detect both the wanted (or co — polarized)
signals ae and be and the unwanted {or cross — polanized) signals bx and ax. In general,
-experiment use only mono — polarized transmission and so what is measured is the
diserimination ratio ac/ax or be/bx. In propagation experiments, attenuation and cross -
polarization are oflen measured simultaneously for correlation with each other. If the
differential attenuation and differential phase induced by the propagation medium can be
measured, the XPD can be obtained immediately from

g  Daltl (SN
ﬂﬂ =m% Hi E.{g.{n =T, B {EET}

where = differential attenuation, in nepers.

where 7 = differential phase, in radians,
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258 CROSS POLARIZATION DISCRIMINATION USED IN THIS WORK

Based on small argument approximations, Olsen (1981 ) proposed a semi-empirical
amodel

for caleulating XPD and CPA The expressions were derived from the earlier work of

Oguchi (1977}, Thus XPD is expressed approximately as

XPD = 20log(lcos™ & |Akle " gin |¢; {2.28)
. = 2 -y oo !
and !II‘..-!=[.»1,,,+J--!IFr +{A; — A Jeos" e m![&—r]li (2.29)
where Ay; and Ay are the specific attenuation: associated wath the principal
planes of the mindrops axis ie major and minor axes of the mindrop.
|
Ak =k, — K |=(aa” + A87) (230)

where Aa and Af are the differential attenuation, and differential phase shift,

respectively. ¢ defines the effective canting angle and 1 is the polarization tilt angle (
r = for honzontal polanzatnon and —'Tz- for vertical polanzation) o 15 the effectuive

standard deviation of the canting angle distnbution,  represents the path elevation angle
(for this work 23" and 55" Jand 7 is the path length through uniform min. The specific
attenuation has been calculated using the power law relanonship between attenuation and
run rate proposed by Olsen etal (1985) This is expressed as A = aR", R is minfall mte

and the parameters a and b are taken from the work of Ajayi (1985). A similar peiwer

relationship has been used to calculate the specific phase shift. The phase shift is

expressed us

)ﬁ
$=hR" \y



CHAPTER THREE i3

RESULTS AND DISCUSSION

3 SPECIFIC ATTENUATION

The specific attenuation due to ramn has been calculated at some frequencies for rain
rtes exceeded for 0.01% of time at three stations, Nigena, Cameroon and Kenva The
mean annual (MA) and mean worst month (MWM) rminfall rates used are shown in Table
2 1 Oblate spheroidal mindrops are assumed. The frequency charactenstics of the
specific attenuation at the two-rain rate for the three locations are presented in fig 3.1 —
32 Generally the specific anenuation increases with increasing frequency with highest
attenuation in Douala for both MA and MWM. The reason is due to the higher minfall

rate i Douala as shown in Table 2.1 compared to the other two stations

3.2.0  Specific Phase shift

The specific phase shift has been calculated for the three stabons in the frequency range
1-52€:Hz band for the two raimn rates shown i Table 2.1, and the slant path lengths shown
in Table 2.2 The frequency characteristic of the specific phase shift at the two rain rate
for the three locations are presented in fig 3 3 -3.5 The specific phase shift increases
with frequency up toa maximum and then decreases alter the peak frequency. The peak
frequency for the three stations 18 25GHz The reason 15 due to the high minfall mte in the
three stations as shown in Table 2 1 the rainfall rates are greater than 50 mm/h, hence the

more intense the mnfall the smaller the peak frequency.



Atenuation o& | km

34

100

10

14

[

g.01 -
Q00 ¢ = e - . 5 e

| 10 100
Frequency GHre
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Fig 3.3 Frequency characteristics of Specific phase shift lle-Ife at
both rain rates MA=108 and MWM=130
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R
3.2.1 Differential attenuation and differential phase shift
Th_u results of the frequency charactenstics of the differential attenuation and differential
phase shift are shown in fig 3.6 — 3 11, In the diagrams, results are presented using the
meésan ln_nu.u! minfall rate and the mean worst month mun rte. The resulis show that the
diﬁ:.rm‘uni atienuation increases with frequency m the three locations and peaks around
the frequency of 40 GHz. The differential phase shift on the other hand peak (Fig 3.9-
311} around 20 GHz in the three stations. [t crosses over to negative values around the
frequency of 30 - 31 (GHz for Nigeria and Cameroon while in Kenya it becomes negative
around the frequency of 32 - 38 GHz for both main rates MA and MWM respectively The
reason for this is that the phase shift decreases mpidly after attaining a peak around the
frequency of 24-25 GHz at the locations. Therefore the difference between the two low
vilues become negative at frequencies higher than about Z4GHz Results are also

presented for the two rainfall mtes. MA and MWNM respectively
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322 Normalized differential attenuation and normalized differential phase shifi

The frequency charactensucs of the normalized differennal attenvavon and nomalized
differential phase shift with respect to vertical attenuation are shown in figs 3.12-3.17
The results show some peaks, which decrease with increasing frequency; these peaks
anse from the fact that the honzontal attemuation at those frequencies s greater than the
vermical attenuation, The first peak 15 around the frequency 6 GHz at the three stations.
This peak is not of much pmetical significance because of the low attenuation m both
polanzations. The second peak 12 around the frequency of 25 GHz for Nigena and
Cameroon and at a frequency of 26,5 GHz in Kenva. The third peak occurs around the
frequency of 39GHz m Nigena, and Cameroon, and at a frequency of 38 and 39 GHz n
Kenya MA and MWM rainfall rate datn respectively. The normalized differential phase
shift per decibel of vertical attenuation at the three focations s shown n fig 3.15 -

3.17 The results show shamp decrease with increasing frequency and above 10 GHz the
nomalized differential phase shift 15 neglgible: But below 10 GHz s the major
contributor 1o depolanzation. However above 10 GHz the differential attenuation is the

major contributor to depolanzation, (fig 3.6 -3.8)
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323 Total slant path Attenuation 9

The total slant path attenuation has been calculated for the three stations in the
frequency range 1-52GHz for the two min rates that 15 the mean annual (MA) and mean
worst month (MWM) rain mtes, and at two elevation angles 23 "and 55" The frequency
charmacteristics of the total slant path attenoation (for 55" and 2.1“} at the two-rain rate for
the three locations are presented in figs 3 18 -3 .23, It should be remembered that from
Table 2 2 the slunt path lengths to the ram region in the locations are 10.82km (Tle-Ife),
11 47km (Douala) and 6 91km (Nairobi) respectively. Hence the total slant path
atteniuation is lowest in Namobi due to its short distance 1o the rain region. The total slant
path attenuation increases with frequency and decrease in elevabion angle, since generally

the lower the elevation angle, the longer the path length through min
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Fig 3.18 Predicted slant-path attenuation for the rain region at lle-ife
and at Elevation angle of 55
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Fig 3.21 Predicted slant-path attenuation for the rain region at Douala and at
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Fig 3.22 Predicted slant-path attenuation for the rain region at
Nairobi and at Elevation angle of 55
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Fig 3.23 Predicted slant-path attenuation for the rain region at Nairobi and at
Elevation angle of 23



1A Comparson ol foe T ol sam path Avenmaton
The result of the total slant path attenuation in Cameroon and Kenya are compared
with Nigeria. The frequency charactenstics of the percentage difference of the resulls are
presented in fig 3.24 —3.27 at the two-elevation angle and for the mean annual and worst
month rain rates. In companng the percentage difference with Migenia (lle -lfe), curves
below Nigena indicate that Nigena is lower by the percentages represented on the curves,
while curves above indicate that Migena (e —Ife), 15 higher by the percentages shown.
The predicted attenuation for Cameroon i generally higher than Nigena. At elevation
angle nfﬁi“, the slant path attenuation using the mean annual ram rete in Cameroon 1s
higher than Nigeria by about 16 %6 at frequencies higher than 10 GHz 1t 1s lower in
Kenva by about 45%. Using the mean worst month rain rate, Cameroon 1s higher by
about 20 % at frequencies above 5 GHez, whereas it 18 lower in Kenya by about 26%, The
higher rain rates in Cameroon in addition to the hugher total reinfall are responsible for
this difference. At the lower elevation angle of 23" and at frequencies higher than
10 GHz, using the mean annual min rate, Cameroon 1s higher than Nigena by about
13%, it is lower in Kenva by aboot 44 % Using the mean worst month min rmie, st
frequencies higher than 10 GHz The total slant path attenuation in Cameroon s higher
than Nigeria by about 24% st frequencies higher than 10 GHz and it is lower in Kenya by
about 44 %. The higher min e in Cameroon m addition to the higher total mindall is

responsible for this difference.
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Fig 3.25 Frequency charateristics of the percentage difference in
total slant- path attenuation for 55 elevation angle at the three
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325 Cross polarization Discrimination

The frequency charactenstics of the Cross Polanzation Dascrimination {(XPD) are
shown 1n Figs 3.28 to 3.31 for two elevation angles investigated. Generally, the XPD
decreases with increasing frequency, and rain rate for the locations. It also decreases with
decreasing elevation angle. XPD for vertical polanzation is worst by about 16 dB
compared to horizontal polanzation a1 all frequency for 55" elevations i all the three
station. At 23" elevations XPD horizontal is about 16 dB better than the vertical for
frequencies hagher than 10 GHz, in the three stations. The XPD decreases to negative
values at frequencies higher than about 25 GHz for ventical polarization at 23" elevations
i, Nigena and Cameroon. This 1 due to higher min rate of the two countries compare to
Kenya
The results of the cross polarzzation discrimination from the three locations are also
compared The result show that the predicted Cross Polarzation Discrimination (XPDY) in
Kenya is generally hugher than that of Nigeria and Camercon, this 1s due to hizher munfall
rates in the two stations_ It implies that satellite signals will experience more
depolanzation i Camercon and Nigenia. At elevation angle of 55, using the mean
annubl rain mite XPD in Cameroon is lower than Nigeria by about § % at frequencies
higher than 10 GHz 1t 15 higher in Kenya by about 16% Using the mean worst month
rain rate, Cameroon i lower by about 9 % at frequencies shout 5 GHz, whereas it is
higher in Kenyn hrlhmﬂﬂﬁ.'ﬂnluwﬂmn rte in Kenya tn addition 1o the lowest
total rainfall is responsible ﬁl‘lﬁim MIm dmm angle of 23" and a1

frequencies higher than 10 GHz, 'l.lﬂing'lhpmnmlnm rate, Cameroon 15 lower than
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Nigeria by about 81%, it is higher in Kenya by about 54 % Using the mean mﬁmﬂnﬂ:
raimn rate, at frequencees higher than 10 GHz, Cameroon s lower than Nigersa by about
31% at a frequency of 10 GHz and it is higher in Kenya by about 14 % The lower riin
rate in Kenya in addition to the lowest otal raanfall 15 responsible for thes difference. We
can conclude that;

{1} The XPD values for Cameroon at 535" elevation angle are comparahle o
Migena than that of Kenya

(2) The mmmum XPD for most communication systems s between 20 - 50 dB
far discriminating the unwanted polanzation during & severe ranfall It can be seen that
from the results for Kenya at 55" elevations, and frequencies between 38 — 42 GHz, the
XPD for honzontal polanzation decreases to 8 minimuom value of 27 dB this s closer 1o
I0dB

(3). For Nigeria it decreases to a minimum of 21 dB between the frequencies 39 -
41 GHz and at Cameroon 1t decreases toa minimum of 20 dB between the frequencies 38
- 42 GHz

{4). But at 23" elevation, the XPD for horizonal polarization 15 much more
poorer, nbove 20 GHz and 1t reduces to a minimum values of 17 dB for Kenva, while for
MNiger above 15 GHz it reduces to a mimimum of 11 dB, for Cameroon above 13625
GHz 1t reduces to a minimum of 10 dB.

(3). Generally at all frequencies {1 — S2GHz) XPD horizontal polarization for 55°

elevation is 10 dB better than XPD 23" horizontal polarization.
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3.2.6 Co— polar Attenuation

The frequency chamctenstics of the copolar attenuation, that 15 the attenuation of the
wanted signal after depolarization is shown in figs 3,32 - 335 The result shows that
CPA increases with increasing frequency, ram rate and also increases with decrease in
elevation angle,
The results of the co - polar attenuation (CPA) for E‘mnu‘mnnnd Kenya were compared
with Nigeria, the result shows that the predicted CPA of Cameroon is generally higher

S

o than Migena. At elevation angle of 55, the CPA using the mean annual rin mte in
Cameroon is higher than Nigeria by about 13 % at frequencies higher than 10 GHz. It is
lower in Kenya by about 54 % Using the mean worst month rain mte, Cameroon is

higher by about 16 % at frequencies above 3 GHz, whereas it is lower in Kenya by about

zﬁmmmmmmm in addition to the higher total rainfall is
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328 Secaling formulation

So far the results presented are for ramn rate exceeded for 0.01 % of time. XPD, CPA
and slant path attenuation can sometimes be needed at the other ime percentages scaling
formula for@stimating the total slant path attenuation for other time percentages
unavailability in the range 0.001 % to 5 % as published in the ITU - Recommendation P,
618 — & (sec equation 2 21) was used 1o predict for other ume percentages unavailability
such as 0.001 % and 0.1 %, For other exceedance % times, the attenuation for other % of
time s estimated in terms of the atenuaton exceeded for 0.01% of ime using equation
i2.21) Results are presented for exceedance times of 0,001 % and 0.1 %, which are also

sometimes relevant to propagation studwes. These results are shown in Figs 3 36-3 41
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CHAPTER FOUR

4.1 CONCLUSION

Mw&wﬂnﬂlmmd evaluation of some ran induced propagation effects on
satellite telecommunication in three tropical loeations Nigens, Cameroon and Kenva. In
order o account for rmn mduced differential attenuation and phase shift, the oblae
spheroidal mindrop shape was assumed and the frequency rnge of the study 15 1-52 GHz
{(including 26 practical frequencies asterisked in Table 3.1-3 3 in the appendix). The
tropical mindrop size distribution model was used. The power law regression parameters
“a and b” and “h and k “ calculated by Ajayi (1985) were used to caleulate the specific
attenuntion and phase shifi. The resull of the specific attenuation was then used to
evaluate the total slant path attenuation for 0.01 % of tme unavailability or exceedance
ume (9999 % availability). Also the result of the specific attenuation was used in the
evaluation of the Co — Polanzed attenuation (CPA) using the Mean Annual (MA) and
Mean Worst Month (MWM) min mies and at two elevation angles 23" and 55" The
results of specific attenuation and phase shift were then used m calculating the
differential attenuation and phase shift and their normalized components with respect to
the vertical attenuation. The resulis of the differential attenuation and phase shiff were
used 1o calculate the Cross-Polarization Discrimination (XPD) The values of the
predicted slant path attenuation, CPA, and XPD for Camercon, and Kenva were
compared with Nigena. The results show that the predicted slant path attenuation, CPA,
and XPD at elevation angle of 55" for Cameroon are within about 24 % of that for

Nigeria when the MA rain rate exceeded for 0.01 % of time is used. It is about
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16 % when the MWM min mate exceeded for 0.01 % of time s used At the elevation

angle of 23", the values are un usually high and are about 1136 “aand 466 %o respectively

4.2 RECOMMENDATIONS

In the framework of brotherhiness and for the purpose of quick integration and expansion
of telecommunications services m the region, further studies are recommended
particularly in Cameroon where there i1s a dearth of information on propagation studies.
There 1s very little intermction between or cooperation between scientists m mdio
communication in these regions, therefore an intergovernmental platform can be created
to hring researchers in these countnes together for the development of Africa
Furthermare, the available experts i Nigena can be encouraged to assist their colleagues
in Cameroon and Kenya to measure and analysis propagation pammeters relevant to
Earth-space commumcation in thewr region. This 15 with the view to improving the quality

of telecommunication dehiverables across the region,
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Table 3.1

o

Results of the calculation of total slant path attenuation in Nigeria at elevation
angles of 55" and 23" at both rain rates mean annual=108mm/h and mean worst
month 130mm/h. Practical Frequencies are indicated by (*)

ILE-IFE ELEVATION &5
PREDICTED SLANT PATH ATTENUATION
MA=108mmik WA = 1 30eem
FreqGHe AH A AH AV Freq/GHz
1 0006464 000537 0007207 0.00BO0S 1
2 0045842 0037658 (051938 0.04267 2
4 G430161 0351683 O49757R 0407422 4
§ ZZ7B45 1 BS421B 258GTIE 217177 &
# 5452881 BE4A0M4S T 3A54Z35 E.443744 B
10 1247002 1117006 1408453 1270821 i
107 1483148 1338881 18.94954 15278075 “107
s 1812453 1413088 1748308 1612450 1085
1.2 16.70B86 14.57165 1825384 16.9767 *11.2
1145 1738050 1584525 185471 175428 *1145
o 1828031 1881454 2043347 18.T1658 *11.7
12 1B.0MB14 17307 2154406 1951028
275 200553 1BB7093 2374032 710046 “1275
L 1 | 2235084 -0 3FIEL 35 10064 ZAFN6F 13
1328 ZIIE153 2123965 2647441 2423835 1328
13635 443108 223587 261194 2540465 *13 6
14 288187 ZA 485913 20 34806 26.96671 "4
14.25 265388 2443185 3032085 2753342 1435
*14.5 F402 2530064 31 65417 28 45040 145
18 251540 2676572 3326678 3020863 15
M 493I0TI6 43I 554561 48.79867 20
25 7213086 8243307 §108384 7017059 =
265 Ta03577 GA38BBE 2915608 TT. 11T *2ES
30 D450B3S B2EXSI0 1065324 O274683 30
35 1149918 1012541 1287352 1124204 5
36 118.3018 104, 4315 13726984 1169971 *36
a7 1214842 1062047 136.9612 1104081 37
~38 1245498 105.148 1399237 1219645 *38
38 V2RI 1107998 1432618 124.3954 3D
40 1308467 113791 1460603 1271835 40
41 1330165 1167359 1402368 130BE34 *41
i 1957675 1196841 1518508 135 3474 *42
43 1365668 1204145 1544481 1374325 *43
‘44 1404507 1263658 156.73B7 140 4907 *44
46 142EX 12024 15EE5T6 143 ET44 45
26 1448218 131 4683 1500349 1465767 '46
A7 146.8515 13EB07B 1631130 148708 a7
‘45 145.9148 137.0295 1666653 1526437 49
50 1517522 1388519 1684215 1542564 50
“51 152H858 1403616 1700651 1561546 '51
Rl 1545771 1424937 171.7ES4  157.7148 52

T2

ILE-IFE

ELEVATION 23

PREDICTED SLANT PATH ATTENLIATION
I8=108mm M

Ak

0. DO BEE
G 023136
0.a0aaTE
&, 713128
8.087452
121747
2181865

A0 04437
3212466
3366
24 B1TET
A6 TT112
il (7]
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A1 42606
B TS
83 TaB14
100, 6437
116.6024
140 BETY
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1476334
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1T EITS
1745868
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0015851
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3 A3E3AT
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32 4182
33 B4E0]
3527764
3550958
37 TAIET
3942184
58 40196
81 E153T
B8.4138
104, 6019
126,338
1388888
130678
134078
1357777
1390923
143 3554
145 6401
148 7o32
153.0718
1562718
158,735
1611133
164 .8248
166 3675
188 6579
1708757

0.022182

014054
1197503

5.05033
13,2309
23 64863
27 BE47B
28. 487 TE

295436
31 41650
32 60345
34.09885

W= 30 mil

AH AN

0o TEET
O111824
09514594
4 165402
11,5174
2124307
5. 01347
26 198G7
273802
28 58119
2977582
30 Gelag
A3 07006
35, 6A0G
37 Dasas
36 53934
A0, 5EZ2
A1, 20806
A2 46T
Ad 5301
65. 7188
81 40585
29 47653
1168611
1336728
143.569
146 2103
148 8443
151 4454
154 4521
158 50
1634718
165, 7092
163.0531
1728833
175.7333
178.2471
1823781
184 1551
186, 2547
187 689



Table 3.2

Reaults of the calculation of total slant path attenuation in Cameroon at elevation
angles of 55" and 23" at both rain rates mean anoual=126mm/h and mean worst
month 160mm/h. Practical Frequencies are indicated by (*)

DODUALA ELEVATION 35 DOUALS  ELEVATION 23

FPREDICTED SLAMT PATH ATTEMLIATION PREDICTED SLANT PATH ATTENUATION

Ma=126mmh W =1 B0mmity MA=120mmMh MW= E0mmfh
Frag/GHr  AH A #AH A FregiGHz  AH AN AH Ay

QOOTAES 0.00625 CO008600 O.0071684 0023065 Q01865 0027105 OucB0d4

1 1
2 [UOGEARA 0044270 063139 00051761 < 0145758 01715895 0175168 (139113
d 06144 D4N2EG OENE2E OS0TEES 4 EI2EE0 024048 1 460784 121763
6 2670as8S ZIIBTI A N4S7ER 2E3EI43 B 5 1TDEM: 408468 S187TIE 5113764
B THRIGTTA 600MEDS SSEA0HI  7.7EIE4 8 1350854 1178228 1603377 1399126
10 1442147 1301332 1687782 1527504 10 2402204 207106 2846132 F5ETN54
0.7 17.28811 18.580c0ry 200030E 1817933 107 26 3707 25 29630 32 DhuDE 29 735ET
"0.as 1759283 1638818 200924536 1241475 "10.95 20119484 25 52408 34 ZIFT 3643
i 0 | 1008584 1727744 224815 200037 "11.2 0TS 27 Te4N1 36000305 32.A7EE2

*11.45 2025347 TaAGRE 2352857 124875 71145 E2 44867 29477 37955043 112
"7 2091638 1908503 244371 221B148 117 3305743 3025095 WM I53INTH

12 22.050R8 DOOFREE 25 T0000 2345506 12 347745 2158804 A0 THIE 3707776
275 2079607 220070 2Oy 542 1276 334510 3534504 4501360 41 13535
13 26, 13629 23 BE249 30,347 Z7.B4T4E 13 A0 174 F5600EG 46890335 43.06758

g e 26:90072 D R2ETA 31 35650 20 S0OAT "13.256 41 14122 3T A5843 48 18050 430905014
"MIES  IBA4E1 2503322 211457 3040934 NI G5 4310008 3035009 5040055 4815718

“14 2080088 I7 25111 34.BE3TE. 31.97702 14 44018986 4086251 5264474 4871248
1425 0. MTE 2824138 A aM0T E00106 1428 450942 42 12783 B303118 4535300
145 HEFE  SSFMA 3T NIT4l 3403335 145 47 B7o4Y 43 30448 55.TIE3Ir ED.GE4ABS

15 3404056 3001536 39520905 3506008 15 50085517 4543175 S8.37o0d 5297866
20 5671304 4285310 G5TII2G STATIA3 20 Tr.EIAEe 6B0EEN BSS5043% TH.BOSSG
25 B3OS0 T1 74840 S504726 BRQESHE 2510727 DAZIG3 123050 107 5BES
36 5 Of 19661 TDU237R 104920 91 10661 *26.5 1167087 101 6542 {33013 1167087
20 1088335 94.80518 12XEA166 10906338 30 1361658 11901543 1567744 1371348
35 10 5408 1159467 1518412 1337540 35 1B0TENG 1425013 1843061 1533487
“36 1355537 1191401 1561636 137 4163 36 1650517 1459425 1890507 167 2327
a7 1306 VI AGUT 559080 140,928 %7 1624724 1483411 1828805 1709305
"38 1431363 124 2878 1643088 143 774538 T3 1452 151400 197 554 1718853
38 146448 1774405 1683H1 1465778 30 1FELBEDE 154 BS4T 201 TO4E 175 BOSd
£0 423108 V300TNE 171.5178 1436544 40 179EEaT 157 &TET 205 0284 180UDEX
"l 1520637 1338496 1745284 1533967 "41 103 5680 191 BI0G  J08. 456 1840840
42 185438 1370322 1778555 157 446742 1861748 1E5 307 F11.5771 1BS&ElT
‘43 1580858 409508 1808376 167 4884 *43 188.90964 1096210 214.6664 1928355
" 1605786 1444188 1BI 7771 1655241 ‘44 T &3 173420 T THMT 197 e
45 1ELSEEI 473148 1860042 158600 45 1937588 1TEADET M AMIT 2007284
4G TBAEN0T 1489653 1BETER 171.5041 45 19506867 1TEAlN 2X2RR0S 2036082
a7 TESDETA 1527937 191.0539 174530 47 1504454 125605 2283737 260568
*4g TYOEITY . 156207 1853587 17R.5166 48 2023451 1BEXES 2 TEIS 11,1163
S0 1723887 1675335 106.5401 1803764 S0 2042638 1BA21B4 2310068 131117
51 T74.5551 15906534 1985109 182 3467 51 2056298 1901213 ZIAOTE 252424

"2 IT5T0M 161.9042 1897222 1842075 "53 207 B840 28R TALABL 31T 361D




Tahle 3.3

' E

Resulis of the calculation of total slant path attenuation in Kenya at elevation angles
of 35" and 23" at both rain rates mean annual=65mm/ and mean worst month
100mm/h. Practical Frequencies are indicated by (*)

HAIRCEl ELEVATION 55 MAIROEI ELEVATION 23
PRECSCTED SLANT PATH ATTENUATION PREDICTED SLANT PATH ATTENUATION
MA=ESmm MWW= D0mm A MA=5Smmh MWM=100meh
FrogiGHe A A AH AV FregiGHz AH AV AH A
1 0003528 0003017 0004763 0003047 1 0.008879 0.007HTH DO13555 QLOV08ED
7 DOZ3I5ET DOEEET Q05274 QO26ETR 4 0O66222 0044740 0080338 D083553
4 0201323 068151 029174 0237082 4 0444048 0IBS160 0672037 O53a0
& 1031645 [EMOVES 1568024 1.24222 & 217481 1773641 3134525 26550165
B 3353435 27BAONE 4TB0135 4113728 8 5858291 S025301 BI3S1BB4 T TV
10 6588533 B AITEED 9200687 BI207TT43 10 10577Ea3 9ESaETTS 1517482 1351432
07 8088357 G.EGEESE 11.25676 10.00151 “107 13.04755 1127611 18.20335 1515128
“G55  B450068 TEATH41 11.BNITE 10.29551 *10.95 1358043 1234152 1900472 1667320
112 BAADaT] B OCTESS 1296268 11.08144 "11.2 14.3!-1!112 T2 B5685 1940887 17652747
1145 0310005 8553724 1300023 1155413°1145 1475664 1355111 2060777 18 79685
"7 D.806B08 B.929TES 1251080 1223032 *11.7 1543866 1406721 212757 1924851
12 1091ESE3 5911339 1408819 1265719 12 15.8BBET 1425733 20208 1884038
4275 1139513 1040038 1589027 14583501275 1754418 1615506 24 42651 2240804
13 11.78818 10BTETS 1659081  15.0102 13 1B0SITE 16BBBGS 2536545 2204298
b = B 12516458  11.3B63R 1730516 1553107 *13.25 1907806 17 35364 2530411 2361634
13625 1333745 1209416 1815787 1655105 -13625 2018538 1833732 2730089 24.9816
14 1418467 1245206 1919088 1720627 14 2129235 1R TG7I8 2873752 257BBGE
425 14STINT 1320677 1973M0 1THIROT 1425 2181443 1081077 204214 2574558
“14.5 180837 1360805 2046522 1836706 *145 2249817 2033136 30367 2728506
15 1581354 1410488 2168633 1350058 15 2339173 2105628 31 BE3ST ZBT2635
20 FE38428 7301888 IS E24B4 317528 20 3671283 3222491 4077774 4319322
25 3854161 3300062 5200427 44 70321 2 815387 44630 686138 5031063
265 4245573 3613726 56EI0BR 4973400 '26.5 5873746 4830530 TABGIIM 6487273
30 S07751 436430 ER.ZF4EY S 9ADD 3 BE.10855 ST HMIS BT 29212 TEDIiTES
35 6171138 538051 E22957 7194382 3 7R.O7IEY £064372 1033064 0111334
*36 6351433 553464 B470857 74 1B91B 38 8155088 7136285 1080567 9370158
37 32 5565630 BGO40DY TH AT 3T B3 Z307 7F2O955997 108.5857 9547789
*38 67 40402 SA01951 8916526 77.2768 ‘38 BEE5284 7455221 111 10B G7.24198
30 B3 B1654 5334623 013033 7H 79685 *39 8731287 71401 1136242 96.99466
40 FRENTT G0EA3ET B3 MEXS 80 442285 40 B933733 7774351 1157103 100,8994
&t T227375 G260625 9545001 8289286 “41 9138378 8014591 1182552 1037429
42 7366445 BA0M12 DEES07 8511753 42 QI02E7S B17X646 119848 1063252
43 TE.OME76  G6.0M08 DEABEZ2 BT 21H25 "43 04 65778 0414814 1216845 1087646
4 TE4212 SRO7DBT 1000454 BE.3155 44 8630112 8556803 1Z35086 111 2021
45 7733044 6O.44B18 101323 91 19528 45 97 ADBB4 BS.ZTIG4E 1Z4.0H6 1133918
*a5 FAAEXS 068508 1028258 02E7T0Z 46 0B 7STE1  BE.VZZ2 1A TS 1153567
47 TOEING4 TIOB554 104 1305 O4 33371 47 100372 ©1 20426 1282414 1170878
"4 B1.78823 TRA3IS 1063245 D05 57635 "49 1027774 S3 56533 1308243 119733
50 B24B105 TASN6E 1072242 07 64236 S0 1036447 2491243 1318007 121.0145
54 BISAIEY  TEISDT 1083187 98 TEI74 ‘51 1040841 DE515 1337025 1223585
" 8431827 79.9ZHS 1092058 99 TTOT2 52 1058078 1D0B408 1343675 1235785



