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ABSTRACT

The total atmospheric absorption due to oxygen and water vapour in the frequency
range. 10-350GHz was evaluated employing Liebe's empirical model. The basic
data include monthly mean meteorological parameters of pressure, lemperature and
relative  humidity obtained from four tropical sites, namely Akure
{Lat.07°17°N,Long.05"14°E),Kano(Lat.03"12'N, Long 08" 32'E), Lagos (Lat. 06
N, Long.03° 21"E) and Minna (Lat. 09" 57°N, Long.06° 32'E). All the four stations
are in Nigeria,

The specific attenuations by oxygen and water vapour are presented together with
the graphical illustrations of the results for the two principal seasons in Nigeria,
dry and wet seasons The wet season has a greater attenuation than the dry season,
An exception 1o this takes place at Akure site in 199] when the attenuation during
the dry season exceeds that of wet season, In addition to this seasonal variation, the
specific attenuation also exhibits geographical variations. Lagos, a coastal station,
has the highest attenuation; Kano a far inland station, has the least attenuation
value. The water vapour three resonant absorption lines are obtained at 22,184 and
3260iHz. The weakest spectrum line being at 22GHz,while the strongest is at
326GHz, Oxygen has an isolated resonant absorption at | 18GHz and a series of
close lines at 54-66GHz, the peak of this is at 60GHz

Using tvpical International Telecommunication Union (ITU) temperate climatic
parameters of pressure, temperature and water vapour pressure, the specific
allenuation for a temperate region is computed which, in turn, 18 compared with
those from tropical sites. Attenuation is higher in the tropical sites than in the
temperate zone. The tropical sites attenuation at 326GHz for wet season is about

two times the attenuation for the temperate region.
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CHAPTER ONE

1.0 INTRODUCTION

1.1 MICROWAVES

Electromagnetic waves cover a very broad spectrum of wavelengths and frequencies.
Inchuded in the spectrum ,as shown in figure (1.1}, are microwave , radio and television

hands.
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g t !n‘ﬂ' rn‘*F nrf u:;“'1 u’:"j Iti‘-"“' rr.';""

ade, TV = o [adrarei=— = X oy —>

d=mproeave —%  Yisible light seubireviokoc—» %' -rays =% £ photons =% €oumnic my ==

mlﬂ riﬂ" o ri:f* 0 |I|:aIL e r!:r” ho

Frequencies (Hz)
Figuee (1.1} : ELECTROMAGNETIC SPECTRUM

Radiowaves, according to the International Telecommunication Union ITU, are
electromagnetic waves with frequencies lower than 3000 GHz, Part of the radio spectrum

15 shown in Table (1.1).
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Microwaves are very short waves. The shortest wavelengths of the radio spectrum are in the
microwaves' region but the boundaries are not well defined. The ultra-high frequency, UHF
and Super-high-frequency, SHF constitute the microwave frequency range with wavelengths
extending from | to 100 cm.[Table 1.2]. The microwave band was pul inlo extensive use
following the invention of the magnetron in 1940, The second world war further witnessed
rapid advancement in the applications of microwaves both theoretically and practically, The

mostly used microwave frequencies are those below 10 GHz.

With the growing use of this frequency band for military ,commercial and experimental
purpases, it soon became overcrowded ; thus necessitating the use of higher frequency bands.
The uses of the frequency band include line-of -sight microwave relay systems and earth-
space communications, Satellites as well as terrestrial links, for instance, make use of the
frequency bandsl1-18 GHz and 35-50 GHz . Besides, microwaves are utilised in radio

astronomy, microwave oven and radar.

Microwaves are highly indispensable in modern communication systems. The broad use o
which microwaves are put is due to a good number of reasons. First, in the microwave
frequency range, large numbers of wideband of channels can be accommodated . Apart
from enhanced bandwidth, there is the advantage of improved directivity with an antenna
array. At the microwaves frequencies, directivity can be substantially boosted by using an

array of dipoles or by using a reflector at focal plane,

In the microwave bands, there is reduced fading since radiation transmission is by line-of
-sight propagation. Receptions of signals are greatly enhanced with increasing frequency in

the microwaves ranges. Foggy weather has little effects on propagation in this frequency



band. In addition to the reliability of microwave bands, the power requirement of both
transmitter and receiver is very small. As a result of the use of microwaves our understanding

and knowledge of the solar system and celestial bodies are enhanced.

While it is enough to use waveguides or coaxial cables for short distances, microwave
transmission through the atmosphere over very long distances requires the use of several

repealers.

1.2 CLASSIFICATION OF THE MICROWAVE SPECTRUM

The microwave spectrum classification dated back to the second world war. The world war
[l radar security subdivided microwave spectrum into bands. This designation never received
otficial sanction from any quarter [Samuel ,1989]. It was in August 1969 that the new
microwave band became operational by the United States Department of Defence [see Table

|.2]. Ths classification was short-lived as it was replaced with another one on May 24,1570
|see Tablel.3].
The current microwave band designation in Table [1.4] came as a result of the

recommendations of the Institute of Electrical Electronics Engineers [IEEE].



Table ( 1.2 ) 1969 US Military microwave Band.

Band | Frequency (GHz)
p 0.225-0.390

L 0.390-1.550

S 1.550-3.900

C 3.900-6.200

X 6.200-10.900
K 10.900-36.000
0 36.000-46.000
v 46.,000-56.000
W 56.000-100.00




Table (1.3 ): 1970 US Military microwave Bands

Band Frequency Range
(GHz)

A 0.100-0.250

B 0.250-0.500

C 0.500-1.000

D 1.000-2.000

E 2.000-3.000

F 3.000-4.000

G 4.000-6.000

H 6.000-8.000
I 2.000-10.000
] 10.000-20. 000
K 20.000-40.000
L 40,000-60.000
M 60, 000-100.000




Table {1.4) IEEE microwave Bands.

‘_Eand : Frequency Range {GHz)
HF (0. 003-0.030
VHF 0.030-0.300
UHF (0, 300-1.000
L 1. 000-2.000
8 2.000-4.000
C 4.000-8.000
X 8.000-12.000
KU 12.000-18.000
K 18.000-27.000
Ka 27.000-40.000
Millimeter 40.000-300. 000

Submillimeter > 300.000




1.3 ATTENUATION OF MICROWAVES

Aftenuation 15 the reduction in intensity or flux density quantity passing through a given
medium, resulting from absorption and/or scattering of the transmitted radiations. It 15 not

only a function of distance but also of frequencies and climatic conditions.

In the practical operation of radio links, it has been observed that radio waves shorter than
[0 cm do experience appreciable attenuation that may cause serious impairment to radio
signals. However , radiowaves longer than 10 cm do not experience marked attenuation,
Radiowaves propagatng in the millimeter and submillimeter ranges through the troposphere
are attenuated by absorption and dispersion . The dispersion may be caused by hydrometeors
and molecules. Also atmospheric absorption may result due to solids such as dust and
smoke , which are present in the troposphere as dry haze. Precipitation particles like rain,
fog, hail and snow, apart from molecules of various gases equally cause absorption . Water
vapour and oxygen , for instance , are two major absorbers of radiation in the troposphere.
The absorptive effect of trace gases , however, becomes significant above a certain
frequency. Indeed, both the dispersive and absorptive effects of the atmosphere are as a
result of the changes in tropospheric pressure temperature and relative humidity and , in

turn , the refractive index of the troposphere.

.4 PHYSICAL PROPERTIES OF THE ATMOSPHERE

The atmosphere consists of different particles. The principal constituents of the atmosphere

and their percentage composition by volume are: Nitrogen , 7T8.09% |, Oxygen, 20.95% |



Argon , 0.93%. Present also in the atmosphere are several measurable trace gases like
Carbon-monoxide, Nitrous oxide, Nitric oxide and Sulphur dioxide. The percentage
composition of the dry air does not vary with height but remains practically the same as it

15 at the surface. Moreso, the pases do not have permanent electric dipole moment.

Hence, they exhibit no resonant absorption. Oxygen, however, shows resonant absorption

at certain frequencies because of its paramagnetic nature with magnetic dipole moment.

Another significant but highly varying constituent of the atmosphere is water vapour

Besides, there are suspended particles or impurities such as sodium chloride, smoke
particles, dust, pollens, fungus spores and 50 on in the atmosphere, Their presence is due to
large-scale vertical mixing process that transports them to the various layers of the

atmosphere.

The atmosphere is divided into several distinct regions starting from the earth’s surface. As
in figure (1.2),these regions, going by the recommendations of International Union of
Geodesy and Geophysics of 1951, are; the troposphere | the stratosphere the mesosphere and

the thermosphere. The neutral region of the atmosphere is the troposphere where microwaves

propagation takes place.
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L.4.1 THE TROPFOSPFHERE

The troposphere is that part of the atmosphere where practically all weather phenomena
oceur. It extends from the surface of the earth up to a height of & to 10 km at polar latitudes,
10 @0 12 km at the moderate latitudes, and 16 o 18 km ar the equator |Bean and

Dutton, | 968].

One of the primary characteristics of the troposphere is that the temperare of the
troposphere, like that of the mesosphere, decreases with height. This decline with increasing
altimade is due to the fact that the troposphere is almost transparent o sun rays and also due
to the uneven heating of the earth’s surface . When temperature decreases with height, a
positive lapse rate condition occurs,( Lapse rate is the decrease of an atmospheric variable
with height, the vanable being temperature unless otherwise specified), There is an average
lapse rate of 6.5 Kkm' in the troposphere with an exception near the winter pole where a
strong surface inversion extends to several kilometres, The infrared radiation exchanges in

the troposphere slightly modify the temperature lapse rate

Another property of the troposphere is that there is large-scale vertical mixing caused by
convection currents, Consequently transportation of particles and gaseous products to the top
of the troposphere 15 actualised within a short period of time. This aimospheric circulation
15 enhanced by frictional effects induced by surface irregularities within 1.5 to 2 km of the
atmosphere, In the absence of large-scale vertical mixing  diffusive equilibrium occurs, thal
15, lighter gases would be present in greater ratio at higher altitudes and heavier gases at

lower altitudes; and the molecular weight would decrease with height. Again, when there is

1k



no large-scale vertical mixing, the partial pressure, p (in kPa) of each constituent gas

decreases at a separate rate according to the hydrostatic equation

| /piop/cz)=-gM/R*T (1.1)
where dp / &z is the vertical pressure gradient, M is the molecular weight, R* is the umiversal
gas constant, T is the temperature, g is the acceleration due to gravity.

1.5 REVIEW OF PREVIOUS WORK
This section deals with the review of some relevant work done elsewhere . In the literature,
it has been established that at the centimetre and millimetre wavelengths, water vapour and
oxygen are the principal absorbers of radiation , and that above 70 GHz and in the absence

of water vapour, trace gases absorption becomes significant.

L5.1 RESONANT ABSORFPTION OF OXYGEN

Oxygen ,a diatomic molecule, is electrically non-polar. Therefore, oxygen molecules do
not interact with the applied field. Therefore, no absorption occurs due to electric dipole
resonance. However, oxygen, being a paramagnetic molecule possesses a permanent

magnetic moment that causes resonant absorption at particular frequencies.

It has been well established that oxygen has an isolated absorption line at 118,74 GHz and
a host of very close lines between about 50 and 70 GHz | Ajayi et. al. (1996)], Brussard et.
al. (1995} ] . These series of lines act as a continuous absorption band in the lower
altitudes. Upwards of 15 km above the sea-level, the spectral lines are resolvable as the

pressure is reduced,

12



The magnetic moment of the oxygen also produces a line at zero frequency in the absorption
spectrum . This non-resonant or Debye spectrum accounts for practically all of the dry air
attenuation at | GHz, about 9% at 10 GHz, falling w less than 1% above 30 GHz . Moreover,
there are higher frequency absorption lines at 367 GHz and above. At the sea-level, pressure
eollision-induced nitrogen absorption becomes noticeable at frequency above about 150

GHz[ ITU-R 719-3. (1990)].

Barbaliscia et. al, (1994 ) evaluated the absorption of oxygen and water vapour for clear
atmosphere with a large data-base of meteorological parameters for the [talian climatology.
'he computed oxygen effects using radiosonde profile of temperature and pressure and /
or ITU algonithms shows that oxygen presents a complex resonance centred at 6{ GHz.
Apart from an i1solated weaker line at 118.8 GHz, several resonant spectral lines surfaced
between the frequency range 50 GHz and 69 GHz. Due to its constant concentration in the
atmaosphere ;oxygen shows low absorption up to 40 GHz, far away from the resonant lines.
Relatively high specific attenuation values of 2dB and 5dB for 50 GHz and 53 GHz

respectively were reported.

The resonant absorption by oxygen is relatively constant because the atmospheric
temperature profiles are slowly changing with altitude. Ajayi and Kolawole [1984] have
shown that there exist “windows” in the troposphere which are transparent to radio waves.
In the window regions, w -w, they unveiled that molecular absorption is pronounced at
lower angles of elevation (23") than at higher elevation angles (55%). Thus very small
absorption occurs at zenith path as against the marked absorption at the slant path. Further,

the total atmospheric



attenuation of oxygen and water-vapour in comparison with rainfall attenuation up o about

150 GHz is negligible, but above 190 GHz their contributions become significant.

Bean and Dutton [1968] ,found that the resonant absorption of oxygen at millimetre wave
band occurs at 60GHzand 118 GHz  They, like Ajayi and Kolawaole, (loc.cit.)

reported that the resonant absorption by oxygen is relatively constant. The reason being that
he armospheric temperature profile are slowly changing with altitude. A peak attenuation
of 15dB/km has been reported for oxygen absorption at 60 GHz ; while at 118.74 GHz it is

1.4dB/km.

.52 WATER-VAPOUR ABSORPTION

Water. and hence water vapour .is a polar molecule with a permanent dipole moment.
Therefore, water vapour molecules interact with the applied electric field and so absorption

occurs due to electric dipole resonance at eritical frequencies

Water vapour has three resonant absorption lines. There is a weak ahmrptinnpaakdﬁew a
rotational spectral line at about 22.3 GHz, and a much stronger line at 183.3 GHz and 325
GHz Most of the transitions occur in the infrared region with very large number of lines
whose low-frequency pressure-broadened wings combine to produce a substantial
contribution o the absorption at millimetre frequency [Barbaliscia etal, 1994 ; Westwater
et al, 1994, TTU-R 719-3, 1990; Watson, 1989; McEwan, 1989] .

The resonant absorption of water vapour varies tremendously owing to the variation in the
distribution of water vapour in the atmosphere both in time and space. Water vapour shows

a strong seasonal variation , reaching maximum values in summer time but without particular

14



variation. This non-diurnal variation implies that the total water content does not depend

an i diumnal- cyele time . But the total content always exhibits monthly variations ranging from
4 10 3.5cm, with the peak value reached at summer. [Westwater et al ,1994]. The evaluated
specific attenuation at 22.3 GHz is less than 0.2 dB/km. While at 183.3 and 325.8 GHz ,the

| pttenuations are approximately 40 and 50 dB/km respectively.

There is & resonant absorption of water vapour at wavelengths of 1.35 cm, 1.5 mmand .75 mm.
The dailv variation of water vapour depends strongly the humidity of the air [Bean and

Dusteon, 1968] .
16 THE SCOPE OF THE PRESENT WORK

(e of the parameters of interest to the system designers is specific absorption. It determines the

extent of the distortion 1o propagating signals, This parameter also determines the transmitied

power and antenna gains.

Not much has been done in the developing countries to determine the absorption effects of
axygen  water vapour and other atmospheric pases on microwaves. Therefore, there is insufficient
information available to the system designers. Hitherto, radio meteorological data derived from
emperate climates were used in planning radio services for Afnica. Optimised planning in Africa

swould definitely require data which take account of the  peculiar climatic conditions in Afnca.

For effective, efficient and meamingful designing and operating of radio equipment in Africa,
African-based data, reflecting performance-influencing meteorological factors, need  be acquired
and utilised. The ITU fortunately has started off with 'Radio -wave propagarion

13



measurement campaign for Africa’in 1984, This campaign kicked off with two successful
experiments, namely \VHF field strength measurements and refractivity measurements in the

clear atmosphere in Burkina Faso.

The current work addresses the molecular absorption by atmospheric gases in the frequency
range of 10 to 350 GHz . It evaluates the specific attenuation by oxygen and water vapour,
using meteorological input parameters of pressure temperature and relative humidity from
four tropical meteorological stations in Nigeria, The stations are Akure, Lagos, Kano and
Minna., The computed results are compared with previous ones from both tropical and
wemperate regions, The stody is thus significant in providing information and data on tropical
specific attenuation .The information and data can be emploved by system designers in
designing microwaves communication systems. The study .no doubt , will provide a partial
solution to the problem of dearth of information and data on radiowave propagation in Africa

particularly in a tropical region like Nigeria.



CHAPTER TWO

2.0_RELEVANT THEORY

2.1 ELECTRIC FIELD APPLICATIONS

When an asymmetrical molecule is subjected w an electric field ,it is said to be polar with
orientation in the direction of the imposed field . The polarisation of a molecule is the relative
displacement of the positive and negative charges of the molecule, caused by an applied

electric field , E. A plane radio wave propagating the distance r can be described by

E(r.t) = E aexpl4 (2= f fc) r.n] (2.1)

where j is given by square root of -1 , The complex refractive index,

0= n! _J'n"- {2,2—]

1s responsible for electromagnetic wave absorption and bending of the electromagnetic rays,
The index is a function of frequency, f .The imaginary part n”" reduces the initial amplinide
Eo, while the real part n' causes the slowing of the propagating velocity to values less than

the speed of light in vacuum, c.

17



At high altitude the refractive index is unity. But in the neutral tropospheric medium, it is
greater than unity,typical value being 1.0003, This thus necessitated the use of a practical
guantity, N to characterise the atmosphere. The complex refractivity, N (in units of ppm),

is therefore, the practical measure of the atmosphere and is related 1o refractive index by

N =(n-1) 10° (2.3)

and to the meteorological parameters of pressure, temperature and relative humidity 15 given

by Smith and Weintraub [1953].

N=77.6T(P+4810eT)=T77.6PT + 373X 10°eT (2.4}

The electric polarisation, p is directly proportional to both the applied field, E and the

electric susceptibility,y- and is given by

Ps = Y5 BoE (2.5)

where e« is the permittivity of free space. The induced polarisation P; of the molecules, M

per unit volume is given by

Pi = My:Bie= Myig: E (2.6)

where gr is the ratio between the local electric field,Ewe acting on the molecule, and the
applied electric field E; and it is given by g =(2+ &« )/ 3. The molecular polarisability,

(Fm*) is given by
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ARLETRTE {2.7)

with ¥ equal to the *electronic’ part, caused by the shiit of the electron cloud in each atom
relative to its positive nucleus; v, is the *ionic’ part, caused by the displacement of positive
and n:guti'-'vlz 1ons from their neutral positions while v, 1s the“dipole” part, caused by permanent
dipole moments of each molecule, The applied electric field tends 1o align these permanent
dipoles agai;wustthc randomising forces of molecular collision, This efféct is strongly dependent

on temperature because as the temperature increases so does the random motion.[ Brussard

etal, 1995 . While the frequency response of ¢, is given by

Yo =P 3KT (14w ) (2.8)
thatof y_and y_ isof the form

=5 {wi-w®) + jwl (2.9
where & measures the strength of the j* resonance with damping constant L', 5 p, is the permanent
dipole moment, k ,Boltzmann's constant, and 1, 15 the relaxation time,which is the time for the
pelarisation ta fall to e of the original value if the applied field is removed . The angular
velocity, wis related to frequency ,v by

v=w/2n (2.10)

The angular velocity is related to the wavenumber , k_and the speed of light, ¢ by

w=k ¢ (2.11)
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i::,inmm is related to the wavelength by
k =In/ A (2.12)

The relationship between molecular polarizability and permittivities is given by Clausius-

Miossom refation

£+ 1), -2) =My, /3 (2.13)

This relation tums out to be Debye equation when the frequency effects in v, are included. Fora
non-polar molecule the electric dipole moment due to polarisation is

p.= 1,E (2.14)

12 ABSORPTION MECHANISM

As the electromagnetic wave 15 propagated through the atmosphere.there exists interaction between

the e¢lectnic feld,E and the atmospheric molecules.thereby inducing resonances. Molecular
ghsorption of spectral lines takes place in the absence of precipitation particles and 1t depends
very strongly on the permanent dipole moments of individual molecules. Atoms and molecules
have dipole moments with a non-zero alignment. In the absence of a permanent dipole molecule.

there is no interaction between molecules and radiation. hence no absorption of radiation.

Unlike water molecules, molecules of dry air gases, like oxygen and nitrogen, do not have a
permanent dipole moment. Thus in the microwave region, non-polar nitrogen exhibits no resonance
absorption, although it contributes to the refractivity of the air. On the other hand,
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asypen being a paramagnetic molecule has a permanent magnetic moment responsible for
resonant absorption at certain frequencies, Water and water vapour with electric dipole

moment exhibit resonant absorption.

It should be noted that as the electromagnetic wave progresses through the linear, isotropic
and lossy dielectric medium, 1ts energy is either dispersed or absorbed by the atmospheric
molecules. Upon acquiring thermal energy, the molecules and atoms are excited from a
lower energy level 1o a higher energy level, The resultant effects of this transition is a

selective absorption of radiation.

2.3 QUANTUM NUMBERS

Essentially, there are four quantum numbers that govern the energy, size and shape of
orbitals. They also determine the electronic and spin angular momentum of atoms as well as

the behaviour of elecirons in a magnetic field. These quantum numbers are;

2.3.1 Principal guantum number.

It 15 designated by letter ne, and the variable that led to its existence is r. This guanoum
number determines the complete energy and size of orbital angular momentum. lts allowed
values are 1.2.3.4,.....; it is not limited by selection rules. When its value is greater than
unity different quantum states with same energy result. This occurrence is referred 1o as

degenerate states,
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2.3.2 Orbital anpular momentum gquantum number

It 15 denoted by letter ¢ and the variable resulting in its appearance is 8. Not only does it

determine the shape of the orbital, it also decides the angular momentum of the electron as
i revolves around the nucleus in its orbital. The permitted values of the guantum number ,

Lare given by n-1, n-2, ....... 0. Hence it 15 always less than principal guantum number.

The quanmm number is an integer, positive or zero, representing the state of an electron in

an atom. The magnitude and z-component of ! are quantised according 1o these relations,

o= +D]h (2.15)
b =m:h (2.16)
whereti =h /! 2x (2.1

2.3.3 Magnetic quantum number

It is also called azimuthal quantum number ,or the component of orbital angular momenmm.

It is identified by the symbol my,and its appearance is by the variable ¢ . Magnetic guantum

number specifies the direction of a particular orbital and gives the behaviour of electrons in
orbital when the atom is placed in a magnetic field. Its allowed values are given by £ 1 ,

(! -1} ===e-a-0). For a given value of |, there are (2l +1 ) possible values of m, . Like

orbital gquantum number it is limited by selection rules.
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2.3.4 Spin quantum number.

This quantum number is denoted by letter s for electron spin quantum number or | for
nuclear spin guantum number.Many atomic nuclei spin about an axis resultng in nuclear
spin, The nuclear spin quantum number depends on the nucleus of the atom and its permitted

values are zero, integer or half-integer. Its quanused magnitade is expressed by
I = N[ 1+1 )% (2.18)

The quantum number determines spin angular momentum and nuclear angular momentum
possessed by electron either in an atom or molecule in free space. The electron spin quantum
number may take integral or half integral values. The magnitude and z-component of s are

guantised and these are given by

5 = [s(s +1)]h {2.19)

S =m.fi (2.20)

2.4 ENERGY TRANSITION

An atom or molecule in the field of electromagnetic radiation experiences magnetic and
electric interactions. The interactions between magnetic moment and the magnetic field are
entirely negligible compared to the interactions between the eleciric charges and the eleciric

field, E of the atom or molecule.
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The electric field vector is independent of position. Subject to the field of the radiation , the
giom or molecule will undergo quantum jump from either a lower energy level o a higher
energy state 1n which case quanmum absorption takes place or from a higher energy state to
i Jower energy level with stimulated or induced emission occurring. Spontaneous transition,
in the absence of any external field, from an excited state 1o a state of lower energy may
occur with the emission of photons. The resulting spectral lines due to the transitions vary

greatly in intensity.

The important properties of spectral transition are intensity, line width and position given in

terms of its frequency and wavelength or wave number,

2.4.1 THE TRANSITION RATE FOR ABSORFTION , STIMULATION AND

SPONTANEOUS EMISSIONS

Assuming a non -degenerate stationary states, transition from one state of energy to another

will be accompanied by the emission or absorption of radiation of frequency

van = {Em- Ea )}/ h (2.21)

The probability per unit time that an atom or molecule from a lower energy level is found
in a higher energy level is referred to as transition rate for absorption . The transition rate,
R 15 directly proportional to the average energy density p (vmn ) of the atom or molecule,

and 15 given by the relation

Ras = Bun p (Vea ) (2.22)
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The Einstein's coefficient of absorption, Bme is given by

Bu.n = ETL.'rjhl [ |.1‘||n1| I,J.:;rrp. + '.I.'p-u '.ll.-ﬂ. + ].l-u.rl.n |..Lm1.|1! tI.Eﬂj

The terms in the bracket is the electric dipole matrix elements for x,y and z components;their

complex conjugates are indicated by *.

While the average energy density fis the ime average of the energy content per unit volume
of the electromagnetic radiation . The density is proportional to the average value of the
square of the electric field strength, E’ ; and for unit dielectric constant and magnetic

permeability 1t 15 given by this expression

P (vma ) = (1/dm) E? (2.24)

The transition rate for stimulated emission is, on the other hand, the probability per umt time
that an atom or molecule in a higher energy state En will undergo a quantum jump to a lower
energy level Es .0t is not inherent in the atom, but is induced by the application of
electromagnenc radiations. All the expressions given for the transition rate for absorption
apply to induced emission with the modification that all the subscripts have to be reversed

except for wvms .

The transition rate for stimulated emission is equal to the transition rate for absorption .

Accordingly their Einstein’s coefficients are equal, that is

Bun = Bum EE.ES}

25



The transition rate for spontaneous emission is an inherent property of the atom which is not
mfluenced by electromagnetic radiation or by the environment where the atom 1s placed . It
15 proportional  the electric dipole matrix element as well as the cube of the frequency or

cube of the energy of the emitted photon, and is given by

S =321 Via' f]ﬁﬂl | [_l'l.m.u [T + F.l"lui.u plyma -+ [.I.-m'm ].I.zm.n] (2.26}

The transition rate for spontaneous emission is related o stimulated emission by the relation

Asn = (Bth vin® Bam ) /¢t (2.2T)

where Auwm is the Einswein's coefficient for spontaneous emission which 15 equal to the

transition rate for spontaneous emission . That is

|"'l-urn ] s"m {2123}

From equation(26), we see that the transition rate for spontaneous emission is also related

10 transition rate for absorption,

2.4.2 THE INTENSITY OF SPECTRAL LINES

The intensity of spectral line is the average rate of energy flow through unit cross-sectional
area normal to the direction of propagation of radiation . Three parameters are of basic
interest in determining the intensity of spectral lines . These are: the transition probability |

the population states and the concentration or path length of the sample.
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fif THE TRANSITION PROBABILITY

The probability of an atom radiating a quantum depends on what the atom does in the initial
energy level before radiating and on its future behaviour in the final energy level after radiation.

This is because when the atom radiates it is neither in the initial energy level nor the final state

but in some linear combination of the two states.

The transition probability is the probability that an atom in one state of quantum energy will be
found n another state, During atomic or molecular transition, radiation will be absorbed or

emitied The probability that an atom will make a transition from an initial state of energy E wa

higher energy t:uul.f., i5 given by

P_=lWp_ p B (v, Pt (2.29)

The eleetric dipole matrix element of the x component p_is expressed by
e fl'lj'm = E:_‘.{J W, dr {2.3“}

its complex conjugate is p°, i, is a wavefunction and the complex conjugate of wavefunction

Woisye o dtois the volume element.

SELECTION RULE:

[fthe electric dipole matrix element, . vanishes, no transition from initial to final state occurs,
Thatis, forp, =0, transition is said to be forbidden, Butif p_ =0, transition is allowed , The

set of rules that governs whether or not the matrix element is zero are known as selection rules.

The selection rules are a set of conditions on the quantum numbers
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of (he eigenfunction of the initial and final states such that the electric dipole matnix elements are

sero when calculated with a pair of eigenfunctions whose quantum number violate these conditions.

The set of electric dipole selection rules are

Al =£l (2:31)
Al =] {2:32)
Am = () or £1 (2.33)
41 = anything (2.34)

There is no selection rule limiting the principal quantum number.n_:the spectrum consists of all
frequencies. The magnetic quanium number,m changes by unity or zero. For the orbital quantum
number, | it changes by unity . Transitions, generally are forbidden between even and even or
odd and odd states. This is because the matrix elements are zero. The existence of forbidden
transitions is indicated by observed laint spectral lines. Indeed, transitions with the emission or
absorption of dipole radiation are allowed only between even and odd states. Odd number of

electrons in orbitals with orbital quantum number, | odd, lead to odd states , otherwise to even

sales,

Selection rules never indicate that they represent the only transition permitted. They only indicate

the most favoured ones.
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it THE POPLULATION OF STATES

The population of state refers to the number of atoms or molecules initially in the state from which the
mansition occurs. Suppose N, is the total number of atoms or molecules in the lower energy level. The
1tal number of transitions per unit time from a lower energy level E_ to a higher energy state E_ equal

the total number of transition in the reverse direction. This relation gives the required expression:

N, =N B_ plv) (2.35)

Again, if N_ is the total number of atoms of molecules in the higher energy state. The total number of
transitions per unit time from the higher energy level to the lower energy level is given by

N'III = Nﬂl 1Bﬂﬂ H‘I'lﬂ 'i b Aur- | {EIEE‘}

At equilibrium when the temperature is T, the probability that an atom will have energy E_and E_ is

directly proportional to expl -k / kT) and exp{ -E_ / kT) respectively . This is the Boltzmann

distribution law, with k as Boltzmann's constant and its value is 1.38 x 105 JK .

The ratio of the number of atoms with E_and E_ is given by

N, /N, =exp[(E,-E, )/ KT] = exp(hv,, /KT) (2.37)

where E -E_=hv_ .This is the Einstein’s relation between the frequency v __ and the energy of the
quanium absorbed in the transition. After excitation of an atom from one energy level to another, the
number of atoms remaining in the initial state decreases exponentially from the original value N(0)

according to the relation
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N{t) = N{() expl-A¢ 1) (2.38)

Attime t=1 / &y , the rest number of the atoms is reduced by a factor ¢ . For a population of

N atoms, the mean radiated power is given by
Par =Nwi' ! In e’ 1}L*:lu|n TEVTRE o H-l:run TR o |-l'm |-l-|n=1] (2.39)

The intensity, |- for 4 given volume,v is proportional to the number of photons Nivea ) by the

relation e

rl=P{?ull]E=h\’mnH{‘l’m-}¢f\’ I & \ N (2.40) -

2.4.3 LIFETIMES AND SPECTRAL LINE WIDTH =

2.4.3.1 LIFETIMES

The lifetime or half-life of an atom is the average time the atom spend in its initial state

before making a transition. This is expressed by

t={l" tNmdt] F EENOd] = 1/ = [ZSm]” (2.41)

where ap s the probability per unit time that one of the atoms in the higher energy state Em
will under go a quantum jump to any of the states of lower energy, say Es . Sem is the sum

of the spontaneous emission for all n for which Es < Ea .The life time of an excited

electronic state is of the order of 10" 5.
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2.4.3.2 SPECTRAL LINE WIDTH

The inevitable consequence of molecular or atomic transition from one energy state to
another 1s the production of spectral lines, Spectral lines are not perfectly sharp .They have
measurable finite width . The observed spectral line width usually have greater width than
the natural line width . The reason for this is because the mechanical slits in spectrometers
are not infinitely narrow . As a result it permits a range of frequency instead of a single
frequency , 1o fall on the detector , hence blurring the patern , Therefore the radiating atoms
involving in the chaotic thermal agitation travel at velocities that differ both in magnitude and

direction from the measunng mstrument .

Another reason is that the energy states of atomic and molecular systems are not exactly
determined . They possess certain imprecision as a result of collision broadening, Doppler

broadening and Heisenberg uncertainty principle]Bandwell , 1972 |, Eiseberg , 1961 |.

1.5 LINE BROADENING MECHANISMS

MNumerous spectral line widths exist, each with attributed physical cause. The line shapes can
be classified according to their origins and assign different values characteristic of their

physical causes. Some of this spectral lines are:

2.5.1 NATURAL LINE WIDTH

The natural line width is the frequency broadening due to uncertainty in the energy of an
excited quantum level. If a system exists in an energy state for a limited time At seconds.
then the energy of that state, according to Heisenberg uncertainty principle, must be

uncertain by an amount AE, where



AE . At ~h/ 1 (2.42)

For a time comparable to the lifetime 1 of the excited sate, the principle can have any value

within the range

AE ~ i/t (2.43)
The corresponding uncertainty frequency , A is given by

A = AE /h =~ h/ht=1/2nt (2.44)

The accompanied spectral line will have a corresponding width. The transition rate R for
absorption, according to quantum theory, 10 a certain state depends on the energy Av of the

quantum according to the relation
Rihw)el /[ihv -hw ¥ + (T /2)*] {2.45)

where hve is the mean energy of the state and I is the full width at half maximum and is

expressed by

I'="h Av (2.46)
The full width is related o the life ume;x by

v=h /T (Z.47)

The intrinsic width, I of a spectral line is the same for both initial state and final state of

much narrower width.
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The frequency broadening associated with Heisenberg uncertainty principle is not considered

in the computation of microwaves absorption due 1o its minute value [Brussaard et al, 1991],

2.5.2 DOPPLER BROADENING

This is a frequency shift in the radiation received from a moving source. When a source
emitting monochromatic radiation at frequency moves towards an observer, the emitted
wave trains arrive at a higher frequency. This also affects the radiowave frequency, subject
1o absorption and dispersion by a gas molecule which 15 in a thermal moton. The more

intensive the thermal agitation, the more the lines are broadened. The Doppler half-width is

given by

Afs = 3,581 %107 £ [ (T /m) | (2.48)

where m is the molecular weight (u) of the gas, T the absolute temperaure(K) Under
conditions of gas discharges, Doppler broadening is greatest for light atoms . For visible
light, it is of the order of 10" to 10" 5" or 0.01 to 0.1 A . Doppler effect is more pronounced

in gases than in liguids, |Brussaard et al, 1991, Yavorsky B and Detlaf, 1975, Banwell |.

2.5.3 COLLISION OR PRESSURE BROADENING

At high pressures, the time between collisions of the emitting atom with other atoms becomes
smaller than the lifetime of the excited state. As a result, it 1s no linger possible 10 carry out
an undisturbed measurement for a time comparable to the lifetime . The width of the line will
be larger than its natural width. This effect is called collision broadening or pressure

broadening | Eisberg, 1961]. Among others, this effect depends on the type of interaction of
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the particles and their concentration .As the lifetime decreases the uncertainty collisional

frequency Afs i reases. Currently there is no single satisfactory formula for evaluation

colliston uncertainty  frequency Afa . but the most popular in use being that given by

Rosenkraniz | 1975].

Afp = 1.16 x 107 P(300 / T)"* (2.49)

1.5.4 ZEEMAN BROADENING [Liebe, 1981].

The magnetic field influence on an atom or a molecule causes the splitting of the quantum
energy levels. This effect is called Zeeman effect, Now the z-component, J: of the rotational

guantum momentum. ] becomes essential in the energy guantum level computation.

The atmosphere, under the influence of weak earth’s magnetic field, is capable of generating
a splitting. Oxygen molecular level, for instance, characterised by a given J value results in
{21 +1) sublevels splitting . The separation energy between such levels is very small

{corresponding to 1-2 MHz )and does not affect the microwave region .

The splitting, all the same, causes a sort of broadening of the original unperturbed level

known as Zeeman broadening . For all absorption lines we have

Afe = 25.2H {2.50)

where H is the earth’s magnetic field strength (T)

The combined effects of the total broadening is given by [Liebe, 1975, 1977]
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A=v[ 4 )+ (Af, +Af)] (2.51)

16 GASEQUS ATTENUATION MODELS

Incomputing the specific attenuation for oxygen and water vapour we can employ the services

of -

| The ITU semi-empirical madel, (formerly CCIR Semi-empirical model)
2 Liebe 's semi-empirical model, and

¥ Ore-Thomson model

6.1 THEITUSEMI-EMPIRICAL MODELS

For practical applications,this model,as adopted in the ITU-R 719 [1990], uses an approximate
technique based on the Van Vieck Weisskopf line shapes. The input spectroscopic coefficients
are adjusted to fit the results of computer calculations on available measurements [Liebe,1985].
The model only evaluates the attenuation effects of oxygen and water vapour for frequency

range up to 350 GHz and within a pressure range of 1013 £ 50 hPa.

The total gaseous absorption in the atmosphere,A_(dB),over a path length r_(km) is given

by
A=[a (nd (dB) (2.52)
where a =a_(r) +a (r) (dB/km) (2.53)
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a- s the specific attenuation and o. , aw are the dry air and water vapour contribution
respectively, The specific attenuation for oxygen at ground level pressure 1013 mb and at

a emperature of 15°C s given by [Gibbins, 1986a]

e = {T.09% 107 + 6,09/ ( F +0.227) + 4.81 /[ (577 +1.50 |}f x10" (2.54)

for f < 57 GHz

to={ 379 x 107 1 + 0.265/ [(-63)* +1.59] + 0.028 / [(-118) +1.47)}f + 198y x 10°

for f =63 GHz (2.55)

The specific attenuation at sea-level for water vapour,also by Gibbins,at a temperature of

15°C.and including the effects of the quadratic dependence on water vapour density, is given

by

ow ={0.050 + 0.0021p + 3.00/[(f-22.2) + 8.5] + 10.6/ [(f-183.3F +9.0] + 8.9/

(f-325.4)* +26.3]}F p 10 dB / km (2.36)

with f, being the frequency in GHz, and p, the water density in g/m” . We see from eguations
{55}, (56) and (57} that the absorption lines of oxygen and water vapour are modelled as
poles in denominators, Besides, the far wing effects of absorption peaks at higher frequencies

and various continuous spectra are modelled as constants and factors.



For iemperature in excess of 15°C, temperature correction of -1.0% per °C from 15°C for dry air
and -0.6% per °C from 15°C for water vapour, valid over the range -20°C 1o 40°C | is taken into

account . This temperature correction has been confirmed in a field experiment as frequency depen-

dence near resonance lines [Manabe et al 1987},

1.6.1.1 MODEL MERITS

1.The ITU model requires no detail information about radio meteorological data, such as pressure,

temperature and relative humidity .

LIt permits a rough. fast computation of specific attenuation .

2.6.1.2 MODEL DEMERITS

|. The evaluated attenuation by the mode! is not as accurate as that obtained from Licbe’s model or

Oito- Thomson model.

2. It cannot be used for frequency above 350 GHz.

2.6.2 LIEBE ‘S SEMI-EMPIRICAL MODEL

This model is also referred to as millimetre wave propagation model [MPM] or Line -by -line
method of gaseous attenvation . The specific attenuation is determined by Licbe model when the input
parameters are known to a high degree of accuracy. This procedure uses a reduced line base for

frequencies up to 350 GHz, and above this frequency, full line hase is utilised [Liebe ,1985].
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The atmospheric propagation medium is expressed in measurable quantities in the form of

a complex refractivity, N expressed by

Nif) = N+ N + iN'(H ppm (2.57)
The frequency  independent part . No i given by |Liebe (19815 Hill ecal ., 1982]
No = (2.588p + 41.6et + 239  ppm (2.58)

The real frequency dependent part N' ¢f) is the cause of dispersive effects; the imaginary pan
M () causes absorption. As recommended by the commission F working party of the

mternational Union of Radio science (URSI), the specific gaseous attenuation 15 given by

a =0.18200N" () dB/km (2.59)

The frequency dependence of the absorptive term is
N (fl = I{SEN + No'(f)+ Nu'(h) (2.60)

Where the summation is over all absorption lines, S (KHz) is the strength of the i* line,
Fi(GHz') is the line shape factor ; No'' () and Nw" (f) are dry and wet continuum spectra.

The complex line shape factor for both oxygen and water vapour is given by

Fi=f R{y (=Dl 1/ [F-D+97 ] +[(n F+D L]/ [(F+0" + 2]} (2.61)
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Where fi is the resonance frequency, % (GHz) is the line width in GHz and Ii is the
interference coefficient which arises owing to the interference effects in the oxygen lines

| Rosenkranz, 1975] .

The dependence of oxygen and water vapour on pressure, temperature and relative humidity
is given by six spectroscopic coefficients cach. For oxygen, the coefficients are ai to as ;while

b to bw are for water vapour,as shown in table (2.1) and table (2.2). They are expressed thus

for oxygen:

Si = aip ' expla:(1- 0]10°* {2.62)
w =a(pt™™ 41, lei0? {2.63)
= p " (as + ast) 10" (2.64)

For water vapour,

Si = uer " expiba (1-1)] (2.63)
¥ =bsipt™ + bae t™) 107 (2.660)
Li=0 {2.67)

p is the dry air pressure ; e is the water vapour partial pressure both in mb. The measurable

total barometric pressure, Ps and the relative inverse temperature,t are given by
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=300/ T (2.69)

The relanve humidity, rh (%) is related to vapour concentration, v (g/m’ )and water vapour

pressure, ¢ by

v = 7.223et = 1.739.10° th t’ exp(-22.641) {2.70)

The relative humidity is the percentage ratio of water vapour pressure to water vapour

saluration pressure, es . That is,
Rh = (efe. )100 = 100 (2.71)

The dry air continuum No'' arises from Debye spectrum of oxygen below 10 GHz and a
pressure -induced nitrogen attenuation above 100 GHz. The nonresonant dry spectrum makes

4 small contribution at ground level and is expressed by

No'(f) = Saf/ya [l + (F /v ] + a £p* £ (2.72)

where Debye strength and width are

S¢ =6.14.100p ¢ (2.73)

to=5.6.107 (p +1.1e) 1 (2.72)

The nitrogen coefficient is expressed by

e =401 - 1.2,10° £ )10 - (2.74)
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Tablel2.2): SPECTROSCOPIC COEFFICIENTS FOR WATER WAPOLR
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The wet continuum is included to take care of the measurements of water vapour attenuaton

in excess of those predicted. It is expressed by this formula

Nw () =fibhe + bep ‘,Hﬂ'5 et (2.75)
where

i (2.76)
bs = 3.5
by =0.113 {:I-W}

The by - term is insensitive to specific shape function. Also the wet spectrum term b. lacks
satistactory theoretical explanation. Auwempt 1o explain its origin from far wing and water
dimers, according to Liebe, 15 inconclusive, Therefore,the wet spectrum 15 still a major
source of uncertainty in evaluating millimeter wave attenuation rates, especially in the four

window ranges |waters, 1976; Rice and Ade, 1979; Emery et al ,1980 ; Liebe 1983 |.

2.6.2.1 SIGNIFICANCE OF THE MODEL

Among the merits of this model are the following :

|. The model reduces complicated microphysical methodology to simple radio engineering

lerms.

2.1t takes into consideration all performance influencing factors of the atmosphere.

3.It provides therefore a cost effective means of predicting system performance.

4. Unlike the ITU model, it can be used above 350 GHz frequency range.
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2.6.2.2 MODEL LIMITATIONS

The accuracy of this model is limited by a number of factors. Some of these factors are:

|. Lack of exact measurements of the atmospheric input parameters-temperature, pressure
and relative humidity. There is marked spatial and time invariability observed for these
quantities. Thus, the models often use averaged quantities as a practical step to providing

answers for system designers.

2. The model fails to account convincingly for the empirical water continuum absorption |
especially the e -term of the water continuum. Thus modelling errors can be introduced

when predicting transmission characteristic in atmospheric window ranges .

3. The model requires a great deal of computational time and efforts for each input

parameter. Thus it is prone to error.

2.6.3 OTTO -THOMSON MODEL

This model treated the absorption spectrum of oxygen as a continuum due to the collision

broadening mechanism. According to the model, the specific attenuation is given by

A= {w/ichis/yWL(1+ 28 ) }p/ 1013.25 }300/ TP (20 logiw &) x 10" (2.78)

withz = fa - f|‘I'|" {2.?9]

The line width, v is the frequency difference for which the attenuation is maximum and half
its maximum. Also fo and f are the line center frequency and the frequency of radiowave
respectivelv. P 1s the pressure,T the temperature,S the line strength,w is the angular

frequency and c is the velocity of light.
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2.6.3.1 MERITS OF THE MODEL

| Unlike Liebe's semi-empirical model, this model eliminates tedious computations involved

in the evaluation of the imterference for 44 individual resonance lines at low altitudes.

2.1t 1s therefore less prone to error and not time consuming .

3. The model takes account of all the system performance influencing factors of the

atmosphere . Hence, provides cost effectiveness for predicting system performance.

2.7 SUMMARY OF THE VARIABLES USED

S/N | SYMBOLS MEANINGS

l. ap Nitrogen coefficient.

2 d1-as Spectroscopic coefficients for oxygen.

3. Ac Total gaseous absorption in the atmosphere in dB,
4. Anm Einstein coefficient for spontaneous emission,

- ba-bu Speciroscopic coefficients for water vapour,

6. B Einstein coefficient of absorption.

7, ¢ Velocity of light in vacuum;valueis 3.0x10" m/s
B | € Water vapour presure in kPa.

9 | & Water vapour saturation presure in kPa.

10, | E |' Applied electric field in v/m.

11, | Ein: Local electric field in v/m.

1z i Em Higher energy level of molecule,

45



13,

14,

15

16.

IF

18,

19,

33

34,

13,

EII

AE

F, % Vi

fi, fa

Fi

|'!H f.d

M

I

Lower energy level of molecule,
Uncertainty energy of an atom.
Frequency in Hz or GHz

Resonance or center line frequency in GHz |
Line shape factor in (GHz)" .

Doppler half width.19

Presssure or collision Uncertainty frequency.

Zeeman broadening frequency 1n GHz,

Total broadening frequency in GHz.
Acceleration due to gravity;g=9.8m/s" ,
Ratio beween local electric field and appliec electric field.
Planck’s constant, value is 6.63 x 10 Js,
Nuclear spin quantum number.

Intensity in NC*,

Interference coefficient of oxygen line.
Boltzmann's constant,value is 1.38x10%)/k.

Wave number.

Orbital angular momentum quantum number.
Cuantised z-component of orbital quantum number.

Molecular weight.
Magnetic quantum number
Complex refractive index;typical valueis 1.0003,

Complex refractivity in ppm.
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36,
7.
38,

39,

41.

42,

43,

44,

45,

46,

47.

48,

49,

50 .

31
7 8
53,

24,

=
56.
57.

38,

59,

N
Mt}
N{()
N{ )
No
0

Nw

Nu

Proom
PI'I'II
ph

e

rh

Se

i i

Principal quantum number.
MNumber of atoms at time..
Number of atoms at time t= 0.
Number of photons .
Dry air continuum.
Wet continuum.
Frequency independent refractivity in ppm.
Pressure in kPa.
Induced polarisation.
Electric polarisation.
Permanent dipole moment.
Non-polar electric dipole moment.
Probability of higher energy level.
Mean radiated power.
Total barometric pressure in kPa.
Path length in km.
Transition rate of absorption.
Relative humidity in %.
Spin gquantum number.
Line strength in kHz.
Quantised z-component of spin quantum number.
Spontaneous emission transition rate.
Debye strength.
Temperature, relative inverse temperature in K.
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3

&

Tl.

Ths

74

EE]

76,

T8,

Ty,

81

82

g & % 2 08

At

Av

T

Ke

Tr

T ¥

e

Ya

T

T

Hrmn

Lyma’

L

Uncertainty time of an atom.
Time in s.
Vapour concentration in g/m’.
Uncertainty frequency .
Angular frequency or angular velocity.
Permittivity of free space ,value is 8.85x10“F/m.
Relative permittivity.
Molecular polarisability in Fm®.
Electric susceptibility.
Relaxation time.
Lifetime or half-life of an atom.
Line width in GHz.
Electron part of Y .
lonic part of % .
Dipole part of .
Debye width.
Damping constant.
Full width at half maximum,
Electric dipole matrix element for x-component,
Complex conjugate of  Fumn .
Electric dipole matrix element for y-component.
Complex conjugate of Hymn .
Electric dipole matrix element for z-component.
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F 83,

84,

85,

86,

BT,

B

89

|;l.'|n||1

Fa

‘+'I|‘

A

e

[ ]

% £

Complex conjugate of  Hunn .
Wave function.
Complex conjugate of Wave furiction¥h,
Wavelength n m.
Probability per unit ume.
Specific attenuation in dB/km.
Specific attenuation for oxygen in dB/km.

Specific attenuation for water vapour in dB/km.

49



CHAPTER THREE

3,0 RESEARCH METHODOLOGY

L1 DATA BASE
The stsdy used monthly mean meteorological parameters of pressure, temperature and relative

humidity collected from the meteorological station, Oshodi, Lagos for three meteorological
sites in Nigeria, These meteorological stations are Lagos (Lat. 06° 32'N, Long. 03°21), in
the Southern Nigeria, Kano (Lat, 03°12°N, Long, 08°32°E) and Minna (Lat. 09°57'N, Long.
06"32E), both situated in Northern Nigeria. However, data are collected directly from
Akure (FUTA) Lat. 07° 17'N, Long. (05*14E), a station in the Southern Nigeria, as shown in
figure (3.1).

For Akure site data are collected for 5 years: 1990-1993 and 1995; for Minna 1981 to 1983,
1975 and 1990; Kano 1981-1983, 1985 and 1989 and Lagos 1966, 1968-1969 and 1990-
1991. Typical values of the data used are shown in Table {3.1). The data values appear to
increase with each successive year. All the data are for 1200 GMT and for peak dry and
wet seasons. Nigeria has two principal seasons: dry and wet seasons. In the south, the dry
season starts October and ends February, while the wet season commences and ends in
March and September respectively. On the other hand, October and March mark the beginning
and end of dry season in the North; wet season starts April and ends September. The typical
representative months thus for dry and wet seasons are January and July respectively, being

the peak dry and wet seasons.

3.2 DATA ANALYSIS
In analysing the data a FORTRAN 77 program was developed for the Liebe's semi-emprical

model of section (2.6.2). There are two FORTRAN 77 programs employed. The frst

program, cheer.For, did the entire calculations and output the results. This program
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requested the user to specify the range of frequency to use. The range employed throughout
m this work for each site is 10-350GHz. The line centre frequency .fi and permanent
spectroscopic coefficients: 44 for oxygen ai-as and 30 for water vapour bi-bs are stored in
two files. These parameters are inherent to the Liebe’s model as already pointed out in
section (2.6.2). The program reads the two files: Gen2, for oxygen coefficients and Wartv2,
for water vapour coefficients and performs the computations. The results are stored in

another file: Temm.dat.

The second program, cheer2.For, reads the results and output them in the required

form for plot. A sample of the computed program is shown in the appendix 1.

To plot graphs, a Grapher package was utilized.
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Fig 3.1 Localion of the Staliens in Nigeria
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CHAPTER FOUR

4.0 RESULTS AND DISCUSSIONS

ANALYSIS AND RESULTS

The specific attenuation for cach of the four tropical sites was evaluated by employing Liebe's
semi-empirical model given in section (2.6.2), The accuracy of the results is closely tied to the

mput elements that vary both in time and space.

Tables (4.1) to (4.4) show typical evaluated attenuation values for oxygen and water vapour
(Moist air), while Tables (4.5) to (4.9) display typical attenuation values for oxygen (Dry air).and
water vapour. The specific attenuation is higher in wet season than in dry season, The observed
high values can be accounted for by high relative humidity and pressure that characterised the wet

- GEASDIL.

Temperature is higher in dry season than in wet season. This fact underscores the low attenuation

abtained during the dry season.

An obvious departure from the uniform trend of wet season attenuation being greater than that of dry
season 15 noticed at Akure site for 1990 and 1991 for moist air. During this period attenuation is
mare for dry season. Observations show (See Table 4.1) that temperature and relative humidity for
dry season exceed that of wet season. Since attenuation decreases with increasing lemperature,
one expects that temperature will offset the extra humidity of dry season, so as to bring the attenuation
value low. But this is not the case. The clear indication therefore, is that attenuation has stronger

dependence on relative humidity than on temperature.
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his, in turn, indicates the variability of water vapour, not only in space, but also in time. The
phical illustrations of these results are presented in figures (4.1) to (4.13) for moist air,
peaks of these graphs indicate the peak of the resonant absorption. Water vapour shows
ant absorption at 22GHz, 184 GHz and 326 GHz. There is a maximum oxygen absorption
6l and series of resonant absorptions occur between 54-66 (GHz The isolated oxygen
hsorption becomes observable at 118 GHz

The computed specific attenuation shows both geographical and seasonal vaniations. Figures
(4.14yand (4.15) depict the geographical variation of the attenuation . Lagos, a coastal station,
has the highest attenuation values, while Kano. a far inland site, scores the least values, These
differences in results are due to the variation in the atmospheric water vapour content . For the

same reason . there are wide differences in the valees of attenuation noticed at 22 GHz |,

|84GHz and 326 GHz.

In contrast, attenuation varies only slightly at 60 GHz and 118 GHz owing to the constant

concentration of oxygen in the stmosphere.

35



Tabigl€.10; & TYPICAL COMPUTED ATTENUATION FOR WOTST AIR FOR ORY AMD NET
SERIONE AT ADRE

FEQ |G) 22 40 ne 182 N

YEAR Ory Wt Ory Wet Ory Wet  Dey Wt Ory et

1990 46 A0 WRH MR 258 1 TYOTO.DE BROE .98 BE.OI
1901 430 MR 28 LR MLTE W9 8106 TTLGE
1982 1 35 W29 005D 140 2.3 P08 B33 MLBE T3
1983 .23 A2 1380 fdEE 11 LR AT BAF 4567 BLLTE

19RF 0 B 130 M 153 LTS B MDY DR BB

Tabiadd.2h: A FYPICAL COMPUTED ATTERUATION FOR MOTST ATR FUA CRY AND WET
SEASONE A7 KAM0

FREQ |82} ) Ll 1 e i

YEAR  Ory Mgl Ory Wl Oy Wet Ory wet Ory Wt

et A2 1308 1048 128 LSE TS W BT AT
B9 G 13T 138 e A0 7157 SRBT BRET S4TR
19 N E 1200 1390 1B 280 O0TE BLE WTE %3
1985 G 40 13,20 1398 L0 AT BAQOR0.TY M0.BE ALN

6 N 8 10 LE LR OBDY R 0N BN




Table (4,300 & TYSICAL CONPUTED ATTENUATION FCR MOIST ALR FOR DR AMD WET

‘GERBONS AT WlWk

FREG (&) 22 i 113 B4 126

TEAS  Orp et Oryo wet  Ory Wt Dry  Wei Ory Wt
Ma61 .3 48 1248 1383 1,83 280 4497 BE.AT H1.48 947R
(1T Y RN 1 O 10 L S R . I 15 T F
B3 .M oM TR0D1RAE O LER BEE TE O BRAT BT BRI
W15 .0 ol 1R36 402 147 BOF Z3AT BRLMD 3098 80,40
1980 .M oM 1N0R 133 LE TR 3T SIEL W7 mLN

Teble (4.4 Kk TYPECAL COMPOTED ATTERUATION FOR MOIST ALR FOR ERY AND WET
GEARDAS AT LAE0S

FREQ (GHz) 2

0 18

184

in

YEAR

ary

Dry  Wat Dry Wal

By

vt Oy

Wt

1346
1368
1388
1930

1831

M

o

A4

4

A8

k7

)

1

13,8 1438 AT 3
WO Ll LT LS
13,85 13,38 .78 3.4
LU P

13,9 W8 LT phEe

L1

b4

BT 14

LE T

BE, TH

B8 BRSO

. 8B =3

T894 BELO3 10633

BE.0D 10ETH SLAT

BB BT WM

A7



_FTE

TR e Y

Tablefd5): & 15PLEAL COMPUTED AITENURTION FOR DITREW AKL SATER VAPIUR

FBE [T AMD WCT SEASOHS a7 BEURL

AXYREN WATER TAPDIR

FREQ [4Hz) 40 144 i 1Bi

5

al sz EEmEEEEmEE

YEMR  Ory Wt By Wet  Dry Web Ory  Web By B

190 B350 .05 101 190 5 A0 TO.M 6

1981 LLE 10D L4 106 61 36 6T NTLDG

B B T ES TR A L i 3 T B

1993 1062 23M 10D Lo% . L Jhde E4L0E

L L T - S £ . IO

BE. 6

il.6d

.6

50

.88

B5.48
.48
1.5
B1.70

a4

AR RN AAmEEEELIETETE TEE W L TN SR E

I REEEEEL R IR NN

TmrErEEETE

Taule(4-4): A TEPICAL COMPUTED ATTEMUATION FOR QNYGEW AMD WATZR VPOLG

FaR BRY Al WET SERSEMS AT RO

FAYEEN KATER YAF2UR

Pl (e} 40 LLE n L1

VEAE  Ory Wet Dry et Ory et Dry  Wal

S P

ey

1

B el

MBI 13.0% LE.A LOD 1.0 11 b DT AR
96 LL.BB 1536 0.9 11 .1 LW UM B
L 0 ) S 1 R LR % 1
[R5 D300 10.80 0.C1 0% 1% G3F B M.TI

198y 1076 1282 09B OM .39 4 42D RSO0

il
M.
0.
.40

bo.44

7.4
W
§3.10
B1.47

.1

58



SIS PR

Table URT): & TYRICRL CONPUTED ATTEMBATION FOR SUYGEN WD

WRTER WARUE

FOR DY ASD WET JERIONI AT H1Rdd
Brynen Fater vipour

FREQ lgH:] 8 1i8 n 184 1
VAR Dy et dry det  Drp w By Wkt Dy Nt
1ML 1R 153 0.9 LUl 30 W ST WM RLAT FLT
12 LELN58 UM L L e LS LR MU YL
1H3 1R 552 AW L LB W TN W N
95 L1 1548 LA bl .18 A MR MM W OSOLNT

W oL a1 A3 W

%0 1247 1352

mrmrmEw

L e

S o el e

Title Wl : & TYPLCAL CRMPUIED ATTEsUATEON FOR GXYEGER MAD BATER VAPOUR
FOE OFY Akl WET SERIOKE AT LAEY

FREQ [EEz) 40

Eryger

118

4

Weter vagour

114

T

by ek

bry

Wy Bt

ek 15,30 15.84
170 1258 15.64
LR R
e R IR

991 1045 10N

I

[}

Lob 1.

Liap 1.H

Lok 1.03

Al

b

A3

i

b

11

4

F3.40 7137

(1% I )

LIS ]

LM 9wy

eT.1E 7583 R340 Loe.3o

A R T NN

b6 T 4RO FRA4 95,15




Table [4.8]:4 TRPICAL COMPUTED SPECIFIC ATTEMUATION VALUE FOR MOIST AIR
LOGAT M5 MUREITSS1)  CAOITSE0) LAGOGITS66)  WIMWAI1SAD)

FEENTIGN) O WET BRY WET O NED Y T

Wl 0 4 o .8 i

moai | 0 O 0N 8 B

om0 M A M R M
1 i TR i ! .M 5 Wik e
" R A& i) M 08 NIl NI 08
1 4 OB iy . Bil AT i il
14 A8 8 NiY AT .08 8 L] R
17 11 i 43 HiL Al oIF Jb 1|
14 /15 4 03 13 Ji L3 | Al
1% ol 8 B a7 A5 | W12 L
o .M s R M o . .1 2
| | 133 | L .18 | 25 A7
n B 4! A b Al Al AT Al A
S T Y - N |- S | S | I T A
Ao B N o w o M B4
#oM N N s N
a A B a8 N B oA B
i .| 28 A M . | AT 0B
B @ sl oA s R s K
N B e ] e 23 28 4 M
! o W M o oE M R
nooM M o e O BN N
2 N B ¥R O ® 5 on
4 M & B » 2 3 Onn B
| ) | ] Hil | o . Bk .1
EL o2 i 1] B B b & .1
£l .28 VB2 JE ] 3 AT M .2
4 28 3 ] o 2k 21 JE L
= 1 M Wi k| L | JF vol
n g | 0 M e el A0 i - |
4 | H 8 Ah ) i JE 128
4 1 .8 Kl 28 ) 1) H e |
LH & .28 A o || A5 B |
] L Al A0 -
o A <) 4 1] 1
5 B . . A i
i A2 1) A3 i
41 A5 A % L vt
L (8 T H M L
CE T S | R S
& 8 1] AT H L2 57

..!i' +df

=R e e

BEBEEERE
=



1
11
112
n
14
114
178
"nr
I1&
18
b
1
122
123
1
162
1
&0
18
142
18]
154
TBE
148

T4
A1
1,46
1A
N
B.2

.40

1.8
LI
B
14,50
134
1ﬁ an

430

nn

L
LN
.28
(K1)
.9
36, 68
4680
H2.28
.48
0.3
LBk
4.5

-IH
Ja
1.4
Ly
LM
L
0,88
i1.54
134
1408
1en
1153
18,42
&N
4,0
2.4
158
118
H“
Ay
&
1]
L

B |

W vy
14
1,48
1,52
1,51
1.4
1,48
1.78
1,95
2
21
L
LM
aan
2.0
A e
"
L
M58
Al
i3.10
BE.82
Bl
£2.54
s
nn

1.8

1R
R
LT
15,88
1818
13,18
134
1.4

19,84
14,91
15,08
[7.45
[
10.98

il

1.44

(8 1
18
L7
1,82
1.0
LM

FAS

R K
B.48
3.8
2.4
A
k!
LR
51
.
4511
58.03
f1.10
5. 81
LA
0.4

B
1.00

7.0

1 1)
a0
in
&8
1.3
L4
2.4
L3
.13
.
L
a1
2,58
13
11.58
8080
in.H

A5
)|
1.16

2.4
1
£0
.52
10,40
11.47
12.4
1278
.2
a-lH'
..
154
a0
1.2

L}

A
148
[
503
1.6
1,34
1.4
1.4
1.n
L
nn
Ha
A%
B0
£.28
.47
3664
.5

A2
1.38
.36
4.1
LA
i

10,48
12.41
13.81
14,07
3.0
.o
85
3L
2,38

1,56

117

! i

I m
T8

2.18
503
&
-y
8
#1

Eﬂ i
.5
&, 87
Hlﬂ
&l i



Al
a1
n

&5
i
&an
o
Fe

Ml
M3

L
b
a7
L
Jeg
250
281
&t
FH]

L
a1
1)
Hi

5l

551

EI L1
B2
.18
B
[RE
5,01
5,05
Bk
§.0
3.1
1.3
A

.

EExRER

9.4
LR
10.04
1. 16
0.4
1.1

thEumre-uzaR

BN LPEI G A e T e g SRt W R P SIS L C S S
a
Y

EEBELES

AL
LB
&n

iﬂ
L3
L M
LBt
1
£
&3
§.0n
im
j.m
1.0
in
L7
.41
LN
8.5
5.4
6.5
(B

B4
.13
#.55
8.50
B.54
.01
7.8
[AE
7.1
.M
1.3
1,31
.41
r.4
T.54
T.#2
1.3
1.7
1.2
1.4
T4
B.53
810
B.17
B.24
B3

.M
1.5
T.44
7,44
1.42
1.5
1.8
7.7
7.8
7.4
7.4
7.9
.5
8,04
L
B.x2
.29
.34
.4
.5
B.58
B.55
B.73
H.21
B.24
B.94
3,04
5,12
8.1

B11
k.
k.58
.08
B
B0
B.00
1.41
7.5
1.8
1.78
TN
7.2
.H
i
B.17
g.x
H.4
g.34
e
.45
g.52
.54
B84
.7
.
f.55
B3
B.34
8,04
8.7
8.M
M
5.8
.44
5.57
0,80
§.51
8.7
8.4
8.4
10.02
H.E0
10,49
(0.1
1037
10.44
10.55
{0.55
0.4

L7
£.20
Lot
5.6
L
340
3.74
!

18
1.9
1.9
1.58
1.5
1.4
i
|
1.7
.n
1.4
Ela"
L8
.4
1%
1.4
[
4,04
.0
(B
i
¢
L
i
L
)
L35
[
4]
4
L5
L5
L5
L8
L5
L
L
£ 79
L.
[

Bi'l

H H
8.4
5.09
.17
8.35
.13
g4l
5.50
5.56




164
Tht
164
167
168
6%
17
m
mn
m
m
i ]
1%
m
1ne
m
Ine
I
181
183
184
155

m
288
L
a0
i
11
m
i
9%
196
m
m
199
Hn
i
in
11
i

-

ektkk

L3

A
-3

- R B
L T

e

-

o e e i e
OO e s R OAFT T O b i e mPE ey

B B B Gl i fel e e el el el el i ol i Bl Pk g ek i e i
3 el e i L . -

=

il
Ly

L

6.5
10.63
W
14,45
18.46
1.0
1113
11,24
1144
11.53
11.64
11.7%
11.88
11.01
1213
1.1
12,38
1.5
12,83
11.76
13.%
11
13,16
13.3%
1344
1.4
N
13.86
14.40
W
L
1443
14,58
;7
14,88
15,04
15.1%
15.53
ih
15,64
15.43

el

R Lkp Dol B S o R Al i EEN ol -
Y LeF O TR e el wes g 0B B e e apE wed

e
=
o

8
i

I

3
—l e LY
ol Ay wll wa

L8
1.0
4.9
5.03
110
s
5,16
5.3

T LA e
el — BT - - I T T pe—
LT e I — Y

‘ﬂ'hﬂ'-ﬂ‘-"ﬂ'-lﬂu-f-!h-\.ﬁ#mhn
AP W= Bad iR
b e e

13,5
13.68
11.%
13,93
14.07
14,28
.35
14, 4%
14,63
W
14.93
15.08
15. 8
15.38
15.9
15.68
15.84
15.00
15.1%
16.32
16.48
16.65
15,81
164
31
1.1
1.4
1.8
7.8
it.82
18,10
18.18
18,5
.75
12,91
.1
13.1
13.5%
1978
19.8%
048



113
LAl
33
3
nI
ak |
i
i
i
I
1
1
ki
178
i
1
1%
e
m
n
m
EE] )
15
LE} )
m
EE
e
i
ut
L
i1
iy
13
113
i
Ha
L
L

18,15
15,41
18,57
18,73
16,49
16,48
16.11
16. 18
1654
16,71
16.89
170
17,14
17.4
1.5
17,74
1.4

1.1

18,11
16,43
18,68
18.47
19,05
19,28
19.44
19.63
19,83
20,83
0.3
1044
20,61
0.8
R
1,26
1.1
1.6
.8
.11

- =

1 A e e e L e

e L R -
E—l -~ R -

B Gl el i - e ¥ =ilH

O LY sl b S O OO O

]
-|...i-|..|:.l-n-ll...l-.l..l:..1.|...|-|..luumuuuuuuuuuuuuuuupuhﬁ“m'
a w0 o wre e v vt . w TR A F e,

e - e - - R =
nlF CED EFa AFY e Ll e

.

=]

i
B
Lkl

107

1.05
.08
111
115
1.18
1.0
1.2
18
1.1
11
1.8
L3t
1.3
1.1
1.1

i
r N
e

=i CEF OO W T = P LaF e L D il PER s T

ek e e ik g B Rl i e g e R B g S Bl Rl e
P G e e e e pol ER e Pl P me Bl ol e Lad

i =l

= o Pl O

et
L e TER

=

_-14'-;'—4—.:—1;qhk'hﬁ_Eﬁﬂ:'ﬂ:h—werum

O Em EEE el @FN AP Al il Sl s Rl il P s

=

G e e o e e Ca R KR

Foll Pl Pal Bl Do Bl Pl TeF Pl Tel Ped foF Pl red Fed md el bl B D Bl Pl B R R T Bl Bl DY e R R Pl R el R
s h B. ry irt = = = . " P, - - - - e
allF e O LTV e el B e el

i3

M

&1
1.02
1.0
1.08
11
1.1%
1.18
3 |
13
1.8
B h
1.1%

£
1.
1.1
i
1.3
LU
1.3
1.2%
1.
1.1
L
1.2
LU

.....
-
L=

i

[
e
jm

[ T A e
el el el e el ==
Y = =i —a O N

14
17.91
17,64
11.87
18.0%
18.21
13.41

19.60

14.7%
18.97
19.16
18,35
19,55
19.74
1%
0.4
0.4
20.54
.14
20.9%
11.18
in.n
7.58
21,79
.08
1.4
4
1n.68
1.8k
131
u.1
1156
15,79
.
.36
.5
1
Pl

= L LAl S T O e ol e Ak el e

Sl R e OO T OO O BT R O el el =l = =l
e o e P B e Db e oy st L
B — |

:l—li—-H:

L= =]
e
[

§.50

519

§.91
16.0¢
10.0%
1833
14
10.62
18,74
15.98
11.0%
11.2%
11.35
11.51
11.5%
11.82
1.9
17.14
1.3
174

itu
11§
i
11.60
1A
23,01
118
18
HER )
i
s
A7
74,85
24,490
%.u
15,38
15,61
5T
76.12
138
76,83
5.5
77.14
.40
.81
.4
7.20
w14
W14
a0t
4.2
.57
14.85
38,13
0.41
1.7
30,44
1.1



Teors+Turves 1981a 19682 1983

G e
EH'E 16 23 EE-E
i 9.2 3.6 24.e
= == =l
Y e=—h
| we—_
ﬁ | h
&
il (5
Ny
M : !
il /
et /
=
n It
ik
—t
i
3
=
i}
25 7
_|_‘J -
L
=7
T T:od T :
e BERRT:" : 3
_ freguaency (GHz)
F’Eumf'-f.lj:'ﬁ-,ﬂn-:lrtn. altenust lon dius Lo Molel alr Tor
L'y eeagon abt Kene for Lha yeare lndisaled.

45




Tearsourvs 1981a 19820

P hPa 9.2 2R.1
B =
T %
o =Tl
H -
2
o]
N,
8 8 Ko
0 ]
L E
.
(8]
L -
i
D
= =]
—
m -
e
3 4
o
&
1@ 1

P2
frequency (GHz)

Figure (4,31 SpeeiTle alieruallon dus Lo
Mo tat mir for Hel samson et
Kang for Lhe vears indicale.

]



Saneone Dry Mo t Dir ke L

Years curves 1281s 1981 128Z2: 17824

P hPa 96,5 95,9 98,1 GE, 4
RH = 16 6 23 72
T " 29,2 8.4 T1.6 oB.E
l—ll-l-llll-
——
';n:l JHl-r:
1
s =
E
o
@
m 3
L=
_
,D -
—
e |
[« s
=
= -
[11] -
- "
s
=
5
.ll' ¥ ; I'Il-ll| i. ¥ ‘.I
i 100

frequency ( GHz)

Filgure (4.4) i Spacific atbenvebtion dus ko Molel alr
Tfor Dry and Hel sesscne abk Esno
Tor Lhe yesore indioated.

a7



Tearwsourves 1581o 19828 19840

P hPa 5H.2 5.1 8.2
AH % 26 23 26
T.‘U- E?rE 31-'& 34.3
E
N
i
‘D .
= 1
ﬂ -
=
0=
3
=
o ]
e
5 &
o
E
19

182
Treguency (GHz)

Figure{4.5): Spacific altenuatlon due Lo Molel air Tor
Dry sseason al Minne Tor Lhe years lndilcaled.



Tearsssurves 1981 19825

P hPa 58,2 99,1
FH = 26 23
" T Pa IFBE 3.5
i
T 1

B
2
ﬂEE
=
2l
e
ﬂ -
=
s
=]
i
2 ]
ﬂ B

&

i T T L} L I | Li T 1

T L]
T & i L] 2 -

. 120
frequency (GHz)

Figure (Bh6): Specific etlenustion dus Lo Molst alr Tor
et season at Minne Tor Lhe yesrs Llndlocoled.

B9



Sensone Oir y el 1, Dy Het
Taor 19-Turvae B4 Bla BZa B2
P bPs o8, 2 98,4 98,1  58.4
i 2 T2 B3
= IF.5 2H. 5 2.6 25.5
:ﬂ: H-i-i-l:
T drdrded
4| =~—~d
=
E
N
[ A
-
g #
: C
£
= g ‘
4D
= S
= o
= 3
@ J
el
-t
ﬂ e
o3
— + i T ; T ; |'|r1 ]|‘ T 1
1@ 188

freguency (GHz)
quurl (4.7 BpeciTle sllsnunllon dus to Maisb alr
far Dry ond Wet seasonw al Minprs for
Mhe yeoars indiceoled,




Tepres curves 195685 19980

F hPa 109.8 1e1.3
RH = &9
T % Ay 5 B
Ll
E-.'
% =
]
-
"\—FE:
c ]
[ I
G
ﬂ_
-]
=
1 Rl
i
e
2
o
z - B TS T H Y
1@

1
frequency (GHz)

Figure (4.8 : Specific smlisnusbllan dus Molel mtr Tor
Dry swason ab Leagos Tor the yesre indicatbed,

|



Taaraurve 15668 1 %580
P nPs e, 8 81,3
RH = (=1 =k
T‘ﬂ E?-E 31|1
T
&
] b
o -0
|
—
i ]
|
o
':::-EE
-
5
mad -
4
o -
|
c
i~
h‘l =
]
n e
@]
H LR L A (A - 2 Wi g
@ 1@
Treguency (GHz)
Figure (4:9) : SpeoiTic alienustilon dus Motlel air Tor

L eoacon al Leges for the yesrs indloasled.



Sesacn Dry ba L
Tearfcurves 1590 159986
P hPa 11,3 183.3
FH = A rid
TV o 2 45 | 26.9
Ee———
" =
&
A
£
e
""..
m -
=
'hl'm-
- o
=
o ]
_J L
ke
o
3 -
=
1D
e
cad B
(&) -
il L,
s
18 i R T Tl Tl K L

190
frequency (GHz)

Figure (4,18 : Speciflc sllenuallon dues Lo Motel =i

Ory and kbt ssasen ab Loagos for
lnd loaled.,

for
ihe vaars




yagen and Hatsr vapour

Tears Turvas 1FF1e 19928 19973,
F hPa 191.3 181.3 181.3
R m =] 3 34
» T % =4, 8 32,6 34,5
— — =g
] 2]
- H-I-Il-l.h,
L =
E
R
™, B
[
o ]
- =
e
0
-.J o
L o Rty
=23
|
m -
-
s
s
.{ T ; T ; I.!-Ii T 14 ql
1@ 188
Treguency [ GHz)
Filgurs (4,11): Speatfic alisnualion dus Lo Ox
Tor ¥ sedscn ol AMure Tor Lhe

74

yoars Lodlosled,



YeareTurvan 199 o 1992, 19970

P BPa 181.3 121.3 181.3
RH = 73 78 BS
e 12.9 27.3 28.8
= SE-0-0re 5
= o
I ~==b
L2
E
-
e
I
o
s =}
| ST
]
—_— -1
e |
o]
T
e
i F] E
] -4
ud E
n .
L
'I_ L3 ; T 1 |.|.|| ‘ T I|l
1@ 1aa

Trequency (GHz)

Figure (4,12 Speo LT lo allenuallon dus Lo Molel air Tor
L seaeon al Akure Tor the years Lndlcelsd,

73



S s —————

Yearwelurves 19914 199k 1992a 1992
PhPs 1@1.3  1@1.3  1@1.3  1@1.3
RH = a3 P a3 s
"o 24 8 12.8 32,6 27,3
" S M - -1 < S L kol S e e SO0 1 - S
&
: o T ]
o EEE
o -———.
J = =p
~
E .
i
0 S
s
St
e
O
d L
43
o
= Gl
=
- REE
_‘J =
_.J e
"
5
;_ ¥ :‘ 1 .I. r-.|r| ‘ T .'|
1@

108
frequency [ GHz)

Figurs (4,131 Specifilc atlenuallion due to Molal alr
for Drv and ket seosons at Akura
for Lhe yearse Indicaled.

Th



Seoeone Dry e L Dy llot DOry Het

B O Y L L T P P R TR R T R

Tears Lurves |96 1 99@F 1 PEsh 19864 1581 19810

R e . O TR P

P HFa Ted, o 28,3 1i¥a, 2 1.3 5.7 95.%
FH = =0 73 i) 7B 16 1=
T M 4.0 2.6 32.6 273 29,2 PE.4

v - G (R FALE Wb P b
Tea
frequency (GHz)

':l.gl..r-: I.'EF"-"'-:: 5-;11r.i'|'u= sltenuallan dus La Molal aile
Tg= D’l":f and ket ssassons al Luqun.innn
= Fhure Tepr LRg yeosra rdipsled,
Thiursie.Tilagosib.diKancic.el

iF



Seonons Ehw kn t, Elrr ke i Ehr ki 1. ﬁrr Het

Yeors-Curves 195908 1P9ET | Pl 1566 1981« 1981s 1931z 1981
F kFa 1.2 18,3 1083, 2 iea.ld . .7 78.2 98,2
RH = 1 3 a2 ¥o 1& &5 =5 7e
T'% 4.8 12.a8 =i 7.4 29.2 2.4 3.6 2.1

S e . T T T i e s e i P o e T i e . e o i i g i i i i T i e e e B i e i i B e T e il - e e

;
3rid
Jano=ey
i |
2 il
N & ﬂ
0™ 3
- +
s s
i .
=t )
: -
: )k/
)
|
(a) s
Ei
L : : T T O - S T
1@ 16

freauancy (Griz)

lgurs {l?'-.?EJr ZpeniTie alispuwelior due Lo Molsl alp
far Dey ond et searppe 8l Lapee.barng,

AT UFE M i s e Fur the yrars polpaled.
CAbwrwin,Tiloagoazh,d;Keneia,eilunnong i

78



4.2 COMPARATIVE ANALYSIS

A typical ITU meteorological parameters of pressure (101.3 hPa), temperature (20,0 °C )
and water vapour pressure ( [0mb) for temperate climate were employed o compute specific
attenuation. Graphical presentations of this together with that from the tropical sites are
shown in figures (4.16) and (4.17). From these graphs, one can see the atmospheric window
ranges, wi-ws, Tables (4.10) depicts the specific attenuation at the nearly transparent bands
for both the tropical sites and temperate climate. The window regions frequency find use for
most practical applications in the operation of ground -based systems. Generally, for wet
season, alenuation at 326 GHz in the tropical sites is twice that from temperate region. This
15 50 because of uneven concentration of water vapour in the atmosphere. Observations show

also that the tropical sites enjoy higher water vapour pressure than the emperate climate,



THBLE (4,18 2 RAMGER OF SPECIFIC ATTENUATTON AT THE MIMDOYS

WINDOW  WIRDOW RANGE ATTERUKTION RARGE

FHECUENCY gkt | (®/kal

-

TROP1EAL TENPERATE
ARIRE Lw&S LI Kk

" NR 059 0088 02088 D070 0.08-0.71
&-116 L2 -8 008593 00097 0.a0=0 41
B L7300 200-3L60 0.93-15.38 0983 D.B-1M

PR-006  D33-25,58 15.00-07.48 509548 57500 T8

=z =2 =

HE-350 26762950 B0.31-01.04 90, 40-28.40 01.08-10,08 3.00-0.03




SITES TROPICAL TEMPERATE

— AKLRE KAMND

SEAZONS. Deyld) beile) Dey(f) Lallg) [al
19%@ 1983

P nPa Tatem Tabtm 1 atm latm latm
= B3 = 26 7B A
T % 255 24.5 4.8 27.1 28. 8
t—l—r-lrn-u

- = b

=l p

——

R LI

18=

i i awiad

L dtdik il
13

Lomn

i

stiarnuntl

T T 1 1 1T 1717 T
L] & B i

100
frequency (GHz)

Figure(4h18): Specific ottanuallon dus te Molat alr
for bolh Lemperale and Lroplonl silee.

i

31



SITES TROFICAL TEMPERATE

=L FITR A, L AGDS
SEASONS Drylg) Metlh) Dryl ) batl ) ()
1294 1 =
P nPa Tatlm Tatm T atm faLm TaLm
FIH._I 25 Ve &9 79 44
T e 23,6 271 21.1 26,9 2.8
——————
e
— — kK
|a_-.—|L
e e
m
&
1
~
E
s
e
(N8
=
-._-E:
=
6"
bt -
o
-
=
D
. .
i
&
=
18

fregquency (OGHz)
Figure [4.17): Bpwelfilc allangation dus Lo Molsl alr
Ter bolk Lempersls ond Lroplcal silews.



4.3 : DISCUSSIO SIONS

4.3.1 OXYGEN ABSORPTION

The absorption of oxygen up to 52 GHz is small. This is due to the constant concentration of
oxygen in the atmosphere. This observation is in agreement with whai was obtained for the

Italian climate by Barbaliscia et.al. (1994).

Between 54 GHz and 66 GHz there are series of resonant absorption lines which can guarantes
frequency reuse beyond a few kilometres without the risk of co-channel interference . The observed
isolated absorption of oxygen at 1 18 GHz (0.93-1.03dB/km ) agrees perfectly with Liebe's (1989}
and McEwan's {1989) results. The result obtained by other authors are in line with the current
evaluation.[Brussard. et.al.(1995) Barbaliscia et.al. (1994) , Watson, (1989) , ITU-R.719-3

(1980}]. Moreso, the peak oxygen attenuation at 60(iHz corresponds to approximately 13- 14
dB/km.

Al 500 GHz the attenuation is approximately 0.3 dB/km . This value is smaller than that obtained
by Barbaliscia et.al.(1994) as a result of the differences in climatic conditions of pressure and

temperature on which oxygen attenuation depends.

At 60 GHz the temperate climatic attenuation is approximately the same for the tropical sites

since the atmospheric concentration of oxygen is more or less constant,
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4.3.2 : WATER-VAPOUR ABSORPTION

There are water vapour resonant absorption lines at 22 GHz 184 GHz ,326 GHz . The first of
these has the weakest absorption spectrum ranges between 0.1 1dB/km and 0.48d4B/km, (.41d4B/
km and 0.50dB/km for dry and wet seasons respectively, Water vapour presents a weaker
spectrum at 184 GHz. At this frequency the dispersion is about 17-73 dB/km for dry season
and 64 -76 dB/km for wet season. The strongest line at 326 GHz exhibits variations between

23- 94 dB/km and 88 -106 dB/km for both dry and wet seasons respectively .

For the temperte chimate, specific attenuation 15 0.1 8 dB/km at 22 GHz, while at 1834GHz and
326 (GGHz 1t 15 respectively about 2 7dB/km and 36 dB/km. Therefore it 15 concluded that tropical

attenuation is greater than that of typical ITU temperate climate.

Water vapour spectrum has been reported at 325GHz 183 GHz , 183.3 GHz and 22.3 GHz.
[Ajayi, etal 1996, Liebe, 1989, Barbaliscia et.al, 1994 , McEwan, 1989 , Brussard, et.al..1995

» Westwater, 1994].

Specific attenuation at 183.3, 325 and 22.3 GHz has been found to correspond to 40 dB/km, 50
dB/km and to less than 0.2 dB/km in that order. Any differences in results, however, could be

blamed on the variability of atmospheric water vapour content.
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CHAPTER FIVE

5.1 SUMMARY

The main results from the present work are as follows:

* Oxygen has an isolated resonant absorption line at 118 GHz together with series of

absorption spectral lines between 54-66 GHz, the peak of this is at 60 GHz.

* Attenuation by oxygen varies slightly consequent upon constant concentration of oxygen

in the atmosphere.

* Water vapour has three resonant absorption lines; these are 22,184,326 GHz ., The weakest

and the strongest lines are 22 GHz and 326 GHz respectively.

* Attenuation during wet season is higher than that of the dry season .This is largely due w

the strong dependence of attenuation on humidity.

* Attenuation at tropical latitudes is generally higher than at temperate latitudes . For the wet
season, at 326 GHz, attenuation is two times smaller in the temperate region than in the

tropical siles.

* Adtenuation exhibits direct dependence on relative humidity pressure and frequency, while

it shows an inverse relationship with temperature,

52 CONCLUSION

The knowledge of gaseous attenuation engendered by oxygen and water vapour is of ultimate

importance in planning and predicting transmission and reception of radiowave signals. The
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results of the present study indicate the significance of local climatic influences on

microwave signals.

For a complete characterisation of atmospheric attenuation , however, there is the need to
know the influence of cloud and rain on transmitted signals. This is a fertile area of research

work in the tropical region yet 1o receive adequate research attention,
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