e {OT U BE »aKEN FROM‘THIS Hgoﬁ . !

'; .

ATMOSPHERIC EFFECTS ON PROPAGATION
fv'DUEde'DIFFERENT~PARTICLE'SHAPES»

by

Osman YILDIRIM

B.S. in E.E. , Bogaziqi University, 1983

Submitted to the Institude for Graduate
Studies in Science and Engineering ih_
- partial fulfillment of.thé‘requirements

for degree of

Bogazici University Library
VLTI =
- 9001100313397 }

390011003
Master of Science”

in
Electrical Engineering . . =«

Bogazigi University

”1986 o




ATMOSPHERIC EFFECTS ON PROPAGATION
DUE TO DIFFERENT PARTICLE SHAPES

APPROVED BY

\

) Prof. Dr. Adnan ATAMAN //Z-/%M%ﬂ/?_' |

Prof. Dr. Bingiil YAZGAN _ égézé;?_'

Dog. Dr. Selim SEKER :Jgiiggz,

(Thesis Supervisor)

DATE OF APPROVAL N6v. 3, 1986




ACKNOWLEDGEMENTS

I would like to express my-sincere gratitude. to
those who have helped me during the development of this

study, especially to my thesis supervisor Assoc Prof.Se-

lim SEKER for his kind interest and invaluable aid.
I~am also indepted to Turklsh‘Afr Forces who gave

me opportunity to get my entire graduate education in the

Faculty of Engineering at Bogazici University.

iii



Lo

ATMOSPHERIC EFFECTS ON PROPAGATION
DUE TO DIFFERENT PARTICLE SHAPES

~ABSTRACT

The pufpose of this thesis is to determine the
effects of atmospheric particles on electromagnétié wave
propagation. Especially, theratmospheric conditions are

f : _
very important at the millimetric waves.

The scattering and absorption cross-sections are
calculated for single particle, and then the samefprocess
‘issgenerilized for an arbitrarily ofientedfsingle particle

in the atmosphere by means of Euler Angle Rotation.

After calculation of 5caﬁtering ahd absorption
.cross—seetioﬁ, in general, the expressions of attenuat-
ion of electromagnetic waves are computerized as a func-
tion of réinfall rate. It~ is éhown/that'preciyitation
affaects the millimetric waves Qery much. We have to det-
ermine the/éffects of atmOSphere‘cléarly to help engineer

design -more realistic system.
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PROPAGASYONDA DEGISIK PARCACIK SEKILLERINDDN
) DOGAN ATMOSFBRIK ETKILER

OZET

Bu tezin amaci atmosférin elektromagnetik dalga-
lar iizerindeki etkilerini belirlemektedir. Ozellikle, at-
moafer gartlari milimetrik dalgalarda ¢ok Onemlidir,

Elektromagnetik dalgalarin saglima ve‘yutulmaél
tek pargacik igin hesaplandi ve daha sonra Euler agr do-
niigtimii yardlmlyla uzaya rasgele yerlegtirilmig bir par-
cacik icin ayn: islem yapildi. | X

Parcacikta sagilma ve yutulmaya neden olan alana
bulduktan sonra en genel anlamda elektromagnetik dalga-
larain zaylflama51 saattekl yagan yagmurun fonksiyonu ola-
.rak komputurlze edildi. Yagmurun milimetrik- dalgalarl da~
ha c¢ok etkilediZi ortadadir. Mithendisin daha gergekgl sig-
tem tasarlamasina yardlmc1 olmak igin atmosferin etklle—-.
rini bellrlemek zorundayiz.
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©LIsT OF sn.iEOLs
v= Velociéy of the wave
€l='Permitivity of the medium (CO for free space)
‘bi= Permeability of thefmedium'(t% for;frge space)

m= Refractive index of etmosphere

1 .
(m is real whereas m" is the complex part of m)

M= Index of refraction (alternative from)

A= Attenuation

]

» 8= Poyting vector

Qsc= Scattering cross section,C;S

Qp= Absorption cross section?E;a

A= Size parameter = k L (D=diameter of particle)

2

k= Propagation constant
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F(o,i)= Scattering amplitude

ng#\Vertical'scattering amplitude

- Fyy= Horizontal scattering amplitude
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CHAPTER I
- INTRODUCTION

The electromagnetic waves of millimeter wave-
1engths are now utilized foficommuhicatidn purposes
because of their largé‘évéilable'bandwidphs._Millimeter
waves have élso some particuiar_advaptaées such as_the.
use 6f high‘gain and high resolution antennas with mod-

erate size and compact components.,

Considerable interest has been demanstrated rec-
ently in millimeter waves for applicetions in communi-

cation, Radio astronomy, and high resolution radar.

FRadar meteorologists have been unable to obser-
ve certain types of cloﬁds at centimeter wavelengths
and have noted that shorter wavelengths,'millimeter»wavé-
length, would be desirable{wln.ﬁany cases, millimeter
waves ma§ be a2n optimum choice .for radar meteorology,
especially wheére high reéolution isvgesired.

; It is known that millimeter waves are sensitive

to rain,vfbg; and cloud dropiets. The ¢ost.important in-




fluence. of the atmosphere on propagation above 10.:GHZ

| is attenuation by precipitaﬁion. The wéli-knownmie
theory is the basis for models of{attenuation. Milli-
meter waves are attenuated by étmospheric absorption,
refraction and'Scattering. The degree of attenuation
is related inva complex way to meteorogical conditions

along the path of propagation.

This thesis has five chapters.‘In the first

chapter, introduction is given.

The second chapter contains information about.
millimeter waves and atmosphere and also a complete
simplified-analysis of millimeter waves attenuation

- _in atmosphere due to different atmospheric conditioné}

The third chapter includes a mathematical rep-

resentation of scattering and absofption by a small
particle. Under~qﬁasi-static approximation avsort.of.
genereliasing of Rayleigh-Gans is being obtained. In

addition scattering by an ellipsoid, same is used to



obtain results of circular disks, thin cylinder and
sphere. As a special case, our result converges the

result in the literature.

In the fourth chapter of this thesis a comple-
te 51mp11f1ed analysis of electromagnetlc waves atten-
uation in atmosphere due to dliferent_shgpes such as
circular disks, thin cylinder, sphere ahd so on, is
given.‘Qn the other hand, the single scétterer cont-
rary to chapter'III is arbitrarily oriented in the
atmosphere and scaﬁtering phenemona is generalized.
Finally we prove that results for scatterer which is
oriented in the origin of the carteéian system are

‘special case of the arbitrarily oriented scatterer.

The fifth chapter of this w?rk contains the .
numerical results, discussion and computer program
‘The numerical routines and result are obtained for

circular disk, thin cylinder and sphere. Here we

i



compare ouf{results with experimefital results and ag-

reement was found.




CHAPTER II
“ATMOSPFHERE AND MILLIMETER WAVES
2.1. THE USAGE OF MILLINETER WAVES

The term millimeter waves generélly refers to ﬁhe_
electromagnétic spectrum between 30 and 300 GHZ‘(Giga),
corresponding to wavélengths of 10 to lmm. Therefore, the
millimeter wa?e spectrum lieé between the microwéves and
infrared portions of the electromagnetic spectruﬁ. The
Institude of Elecﬁrical and Electronics Engineers in tﬁe
United Stétes.identifies the millimeter waveyregion as

lying between 4O and 300 GHZ. \ 2

The electromagnetic spectrum up to 10 GHZ is be-
coming overcrowded. The earth-space cqmmunicatién reguire-
ments have to exceed the electromagnetic spectrum. That
is why we have to considér the}fgasib;lity“of using the
millimeter wave region; That is, the millimeter waves
spectra with their large available banﬁwidths must be

_considered. High gain and high resolution antennas, to-




gether with moderate size and compact components some
of the particular advantages of this extended range of

the Spectrum, 

Millimeter wavelengths are utilized for commun-

" ication purposes especially as space-to-space links.

The main limitation for the use of millimeter

waves 1is the high atmospheric attenuation,



2.2. CAUSES OF ATTENUATION IN ATHOSPHERE

It is well-known that ﬁhe'atﬁosbheric propagation
of millimetéf waﬁes is strongly affécted.by certaih mete-
orological phenomena. In general, the attenuvation of rad-
' 'iQ wa#es of'centimetér or‘millimetér'wavelengths\in a
clear atmosphere near groﬁnd levelkis négligiblenfor most

practical purposes.

Millimeter waves are attenuated by atmospheric
absorption, refraction and scattering. The degreé of atte-
nuation is related in a complex way to meteorological

conditions along the path of pbOpagabion,

Attenuation is the reduction of intensity of
electromagnetic wave along its path. Formulation for atte-

nuation is givén in the next chapter.
2.2.1. REFRACTIVE INDEX

Uéing Maxwell's equations, one can show that in a

homogeneous medium the velocity of 2 wave is given by

\)Z =\______]:____- ceeeas(2.1)
o Clbﬁ '




where Gl is the permitivity: of the medium andégl,is its

permeability. In free space the speed of the wave is

equal to the speed of 1ight and is given by
C=—2—  ......(2.2)

fo o

wheréveo is the permitivity of the free space andgfo is

its permeability. For most purposes, the speed of propa-
" gation of an electromagnetic wave may be considered to
be constant and equal to the speed of light in fres-space,

3xlO m/sec.

In the optics, the index of refraction is def-

ined as

ceees..(2.3)

or

'

2 : '
m = €/ A I I
where the dielectrid constant of a medium €= Gl/Gez and
. permeability 5L=:tﬁi/éé for most_ﬁractical cases, permit-

ivity éﬁ=-l, then



me= € .......(2.5)

Since € usually exceeds unity, the index of refraction

also exceeds unity.

'In most general form, the refraction index is

a complex function.

That is,

ceeeeen(2.6)

m=m' - jm®
where the imagineripart m" is equal to zero‘in a perfecﬁ
dieiectric and is associated with the absorption of the |
medium. Whilé we are deéling with the:scattering and

absorption calculation, of course,it will be quite im-
portant .

For dry air, the index of refraction m, is given
by

e (2.7)

ale

(m - l)x106'= K,
" where F iS‘air-pre85ure in millibars, T is temperature
in degreéé Kelving and K,.is a constant which has a
value of 77.6.left side of equ (2.7) is so called radio

refractivity and (mfl)xlOé‘éis reffered to as "K unitgf



Vhile the height'of atmosphere is increasihg, the value
of refractive index decreases. Thaﬁ is why etmosphere

is assumed to. be stratiffed. The'stratifiedfatmosphere
causes the.bending of electromagnetic wave. This bending
is called refraction. The index of refraction of the

earth's atmosphere at microwave freguencies is given

by/1/

6 P

= 77.6 == + 3.73x10° &= ......(2.8)
T . T _

M= (m-1)x10

n

where m index of refraction

M

1

index of refraction (alternative form)

*P =-air pressure

=
]

temperature , K

e = pressure of water vapor (in millibars) = :

Standafd etmoephere is assumed te copsist of £or-
~izontélly_stratified layers. For'standard atmOSphere;~?
and e decfeaSe rapidly with height,of the étmesphere and

T.decreases slowly. Therefore, m<decfeeses with height
and'a wave'passing from.a lower to upper laYer is bend
dcwnward.' | | |

For dry\atmoephere'refractiVe indextis aleost_

constant. Refractive effects vary widely with meteorolo-

=T10=~ -



gical cohditipns and for some abnormal casés the wave
bends sharply\downward (superrefraction); upward (sub-
fefracpion);'or becomes trapped {ducting). Aloss in

signal due tobrefractionlshould bevdistinquished from

' attenuation by absorption or multiple scattering.
2.2.2 . ATTENUATION BY‘ATMOSPHEﬁlcldASES

The atmospheric gases ﬁhat atienuate millimeter
waves (as absorption process) are water vapor and oxyg-
!en; As shown in Fig;é.l, atmpspheric attenuation is a
function of wavelength for typical ciéar-sky'conditions;
‘Vater vapor and oxygen molecules have pérmanedt electrié
 and magnetic dipole moments. If they are excited by an .-
electromagnetic‘wave, they absorb discrete amounts of:
| energy from wave and raised to a highgr energy level.
While they are coming back to a iower,level, they are
radiating their energy iSOtrqpically.iThat is why they

cause an attenuation of the incident wave.

.Water vapor has_resonaﬁces'at.frequency of 22.GHZ
(wavelength=l.35 cm)and also at frequency ofiabout

180 GHZ (wéveléhgth:;l.émm). in the-rggion of 60 :GHZ

-1



 (wavelength = 5mm) and 120 GHZ (wavelength=~2.5mm) Oxy-

gen resonance takes ‘place.

The shapes of the water vapor resonance curves
are dependent on atmospherle temperature, pressure and
pressure of water vapor whereas in the oxygen case, sha-

pes are functlons of atmospherlc temperd*ure and pressure.

100
| 10 '
£
wtt
o 1.0
©
: .5 'V | |
E o.xo”s"’/“e}"&/\
C .
EE .
0.01}- /f\'
20
0.co1l

10 5. 3 2
- Wavelength, mitimelers

. Fig.2.1. Attenuation at millimeter wavelengths/3/
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2;2.3,_ATTENUAT10N BY CLOUDS AND PRECIFITATION

Clouds and precipitation attenuate électfomagne-
tic waves._Equation fof absorption and scattering have
. been derived by Gustav Mie (1908). Mie's work has been
restated by Straton (1941), Golstein (1946),>Kerf (1951)

% +
and by Van de Hulst (1957). Mie theory treats spherical

particles of any material in a nonabsorbing medium.

If the drdplets are very small, i.e. diamgter
' of'dropletl4lwavelength, the Rayleigh approximation
can be applied. Cloud droplets are generally less phan,

100 ym in diamgper.-

Ice clouds, 1ike cloud droplets, causes abéorp:\
tion rather than scattering. Attenuation caused by rain
has been calculated for spherical shapes from Mie theory
‘(see ref.l). In Fig.2.2, for two different wavelengths,
‘relative Mie éttenuation'is plottéd as a functibn of drop
diameter ; |

"% Deteiled information is given later

5 : D o
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. Fig.2.2. Raindrop diameter vs.Relative Nie

attenustion /1/.



Attgnuation increases rapidly with drop size.
AttenuatiOnvfor N=9mm is greater than attenuation

for?%=l7mm.t

As stated in previous section, in the millimet-

ric wave region, attenuation is very high.

\

It is possible that we can estimate attenuation

as a function ofvrainfall rate, (see Fig.2.3). It has
been found that attenuation due to rain is approximat-
ely proportibnal that to the number of droplets per
unit volume. Attenuation versus number of droplets is

formulated in the next chapter.

Dry snow and hail causes low attenuation com-
pared with rain, whereas wet snow creates same amount.

of attenuation 1like water spheres of the same volume.

Attenuation by raih was computed by Medhurst
/2/. Results are shown in’Fig.2.h for A=1,3 and 5mm

and also 1,3 and 10cm. When the date are plotted as

arly colinear. Strait lines have been added for con-

veniengecin interpolation.

o o -1s-

g

in Fig.2.4, the points for a given wavelength are ne=-. v
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Fig.2.3. Attenuation v.s Rainfall rate/1/.
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Fig.2.4. Attenuation vs. Rainfall rate /3/,



2.2.4. ATTENUATION FOR DIFFERENT WAVELENGTHS

It is known that the attenuation of electromag-
netic waves by hydrometeors in the atmosphere may result
from both absorption and scattering, depending on the size

~and shapes.

Mie scattering ﬁheory gives infbrmatibn about
cross-sections of particles. When the particles are
small with respect to wavelehgth (Rayleigh approximét—
ibn), attenuation is considerablj simpiified for those

small particles.

In the case of: clouds and fog at millimeter
wévelength, the attenuation in decibels per unit leng:,,

th is givén by /3/;

- | |
p= k343 W Im(‘K)jD3N;(D)dD ... (2.9)
N S

Volume'

Where N(D)dD-is the number of drops per cubic metre

Mitchell's report takes the.vblume integral as just
6/ times the~total volume. He aésumed that the den-
sity of»particles'is,lg/cmB, and défined attenuation

as
-18-




A(dB/km)= 81,86 ~ImCK) o o500
Where‘Im=’imaginar part of (-K)
K= (n°-1)/(m°+2)

M= the liquid water'contént’in;g/m3—7\is in mm.

Plots of Attenuatioh/M for clouds and fog as
a function of wavelength aﬁ temperatures of 0°C and

20°C are give in Fig (2.5).

Thé attenuation in dB‘/km/g/m3 varies approxi-
mately as 7\-2. He also pointed out that the Qalidity
of Rayleigh approximations was dependent on both dia-

meter, D, and Wavelength,A.

Fig.2.5 was obtained for sphere. In our wbrk,
attenuation is plotted as a function of rainfall rate
ﬁot only for sphere for different shapes as well. Our
result approaches previous results. Attenuation for dif=--

ferent shapes is given in chaptér IV,
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CHAPTER III
'SCATTERING AND ABSORPTION BY PARTICLE

3,1, INTRODUCTION

. The\5catterihg of a plane wave by a dielectric
sphere was described by G. Mie in 1908. Mie did not use
any approximations. That is Why Mie sOlutions are very
complicated. Many authors have pointed out that certa-
in approximations would be possible in the scéttering

formﬁlatioﬁ.

Rayleigh developed the full formulas for sphere

in his paper in 1910. Further contributions were made

"by Debye in 1915,

In 1925, Gans rederived the séattering formula
for a homogeneous sphere. In ordgr.to distinquish it
from Rayleigh scatterihg, wﬁich\is restricted to par-
~ ticles small compared to the4wave1ength, this épproach
. hes generally'béen termed Rayleigh-Gans’scattering. |
Actuaily Gans'contribution to this method was hardly_
Qignificant and it seems more'éppropriate to call it

N

‘Rayleigh-Debye scatering.

P

-
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| A modification of the Rayleigh-Debye (of Rayle-
igh-Gans) approximation was given by Sihimizu /20/. Sih-
imizu's parper includes thé information ofvthe refractive
‘index of scatterers. He took the fﬁdlus of the scattering
éphere‘to be the producp'of refractive'iﬁaéx; m, and
thé radius of scatterer rather than to be radluéyalode.
One then carries out the standard.Rayleigh-Gans calcul-
" ation. Just the same, in the unmodified Rayleigh-Gans
approximation, the scattering results are independent
of refractive index, m., Sihimizu points out that this
approach yields considerably better agfeement.(with
Mie theory)for the angular positions of succesive.ex-

A

trema in the scattering.

This chapter idcludes information ébout Mie
scattering theory, Rayleigh approximation, Rayieigh-_
Gans approximation, calculatién of scattering cross-
Sectioh, absorption cross- sectioh and also Ishumaru -

/i,/ result as-a special case




3.2. MIE SCATTERING THEORY

. The exact solution of thé scatteriﬁg of a plane
wave by an isotropic, homogeneous §pbere was obtained
by Miezin 1908, and is usually called the Mie theory.

Mie separated the field equations in spherical
coordinates into:two grbups-one transwerse magnetic and
the other transverse electric. Katching the boundary
conditions at the surface of the sphere, he obtained

‘the cross-sections of a sperical particle.

The 5cattefing cross-éection, Qsc is the area
which, when»multiplied by the incident inteﬁsity, gives
the total>powef scattered by the.particle; Qab, the A
absorption cross-section, is the area.whith, when mﬁl-.
tiplied by the incident intensity,'gives the power dis-
‘sipated as internal heat in the particle. The total
cross-section Qﬁ, is the area which, when multiplied
by thé‘incidenﬁ power infensity; gives the total power
taken from the incident fadio wave, of‘course, Qt is

. equal to the sum of Gsc and Cab.




In ordef to evaluate these cross-séctions, Mie
consider a concentric sphere butside the scattering par-
ticle whose radius-is large comparéd'to,that of the par-

‘ticle. Here the field is the sum of_ghg incident and
.séatteréd fields, and the enefgy’flow is found in the
usual way from the real part of the tiﬁe avétagé of |

Poynting's vector,

= (R ' X
S— (Li+ES)X (}'.i‘f H;e) .c.-ao»(B.l)
The integral of this over the large concentric
spherical surface gives the total outward flow of energy.
~When the above vector product is expénded in terms of N
the scalar components of the field Vecpors and the integ-

ration performed, the result can be,

w2

K I=Re jy:;~(E H¥ -g, H¥ ) r?Sin9d9¢¢ Ceeeseen(3.2)

2 ieig Tip1s
0O 0 4
T 21
- (’ * _p * *x *
) II=Re ,() -—-2 Seﬁip,miensg Engle EmHse)
! .
O C
2 g (3.3)
r“ Sing do df ......

St
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where the ¢ HE EL B LE. HE HE ¥
e e. e components Ele’Hf¢’Ese’Es¢’E1¢’Hse’Hs¢’Hie
- are field components which are in the spherical coor-

dinates. (%) represents complex conjugate.

The first integfal measures the net overflow

- of energy in the unperturbed incident wafe and giyes
‘zero as long as the medium is a perfeét dielectric
(conductivity=0). ihe third integral which shows the
energy of the Scattefed'field is scattering cross-sec-
. tion. Obviously, if the energy is to be conserved, the
second integral must be negative. This is because the
net eﬁergyAfloﬁ muét be négative absorption cross:see-
tion, since by virtue of the absorptidn within it, the

particle acts as an energy sing of this magnitude.

These integrals have been evaluated by G.Mie.
He ekpressed them as,

2.

Gab= 2\ - (-Ee) 2;_(2n+1)(§n+bn) veveeea(305)

2T n=1

III=Ré§ L (E.H _-E H ) r°sinededd  ......(3.4)



mO
/O"
>
et

(2n+1)(\én\2 +}bn\2 ) ;....;.(3.6)

where‘ah and b are spherical bessel fonctions of order
. n, and ‘they are given in termé of the complex index of
refraction, the radius of sphere a, and wavelength of

‘the wave, A.

3.3. RAYLEIGH APROXINATION

Rayleigh points out that the cross-seétion is
“inversely proportional to the fourth power of fhe wave-
léngth and directly proportional to the scuare of the -
volume of the scatterer. These two chafacterespics of
"a small (diameter/yswavelength) scatterer wére derived

by Rayleigh.

As restatéd in Ref'/S/; Mie scattering coeffi-
éents/heve»been carried out to powers of lC powers of
oC(size parameter= 2wa/A, a is radius of scatterer )
for real part; the imaginary part of scattering coeffi-

cients (an\and b, » scettering coeff.) also has been



carried out 60 the powers.of 7 (Fowersefies expansion
Aincx.in the . same reference); After deriving the series
~Solution, equations for Qsc ahd‘Qab were evaluated in
many textbooks. The series expansion becomes simple eq-
" uation if the diameter of scatterer is much less thah
~the wavelength, then for'Rayleigh}regionxk |

3

o m2-l
m2+2

cereeeea(3.7)

Qsc=

and

A$ seen eqﬁ's (3.7)and (3.8), if the particles
are much smaller than a wavelength, a single term in
the Mie series dominatés, and the quantities Qab and
Qg reduces to equ's (3.7)Aaﬂd (3.8). Tﬁesé two equati-
ons are so called "Rayleigh expressions™ In other words,

ifchLl,7we can easily obtzin Rayleigh approximations

of Q and Q. from eos (3 .5) and (3.6)




3.4, RAYLEIGH-GANS APFROXIMATION

_Rayleigh developed the theory of scattering by

small particles and also preseﬁted an approximate theory

for particles of any shape and size having asmall rela-
tive index of refraction. Further contribgtibns were
made by Debye‘in 1G15. Ten years later, Gans redefived'

“the scattering formulas for a homogenous sphere.

The fundamental approximation in the Rayleigh-
Gans approach is that the "phase shift" corresponding

to any point in the particle be negligible, i.e. ,that

Pkalm-1)2241 ceeennn(3.9)

where a is the longest dimension through the particle.
That is why neither the particle size nor the relative
refractive index can become too large.

" For incident radiation pblérised perpendicular
to the scattering plane, the amplitude function for

each volume element is given oy /5/

. o .2 , ’ .

| / i 3 m -l Js‘ » e & o ‘.
ds, (8)=] —2—_ A | Y ) erm dV ... | (3.10)

i b oomt




‘VWhere e:JB relates the phase of each elemental wavelet at
the position of the observer to a common reference such

as the plane P.

Fig .3.1. Geometry for approximation



At abservation points 1 and 2,.this ;pproximation says
that the phéée_of each wavelet (as seen in Fig.3.1) is
‘détermiﬁed odly by the position of each volume element.
'Whereas the phase of each wavelet is.independent'of the
.material properties of the_particle.vThis}ié‘an impor-

tant consequence of Rayleigh-Gans approximation.
If m sufficiently close unity, one can write

- 2n .‘ :
s.(8)= 3 3o (BE) &3 av .iil321)
Lo mf42

“and finally, S_(8), amplitude'funcpion be comes

5. (0)= -1 o? (m-1) [eBav L...302)
L 2rm o | | |

If m is real, the scattered intensity is defined as

1= (kM2 Lrr) (m-1)% P(B) .vuvr..(3.13)

' Ple)= —%—ljeﬁ_ dV\’




P(06) is so called the form factor.
If the incident wave is polarised parallel to
the scattering plane, the scattered wave is obtained.
as for Rayleigh scatterer, then
= (k* V¥ / 4e? r?) (n-1)2 Cos?6 P(6) ......(3.14)
- This assumes no depolarization of the scattered

‘radiation. There is no phase retardation between the

‘perpendicular and parallel components.

The paft of each of the above expressions for
Rayleigh-dans approximation is the intensity scattered
- by a’small~sphére with volume V. P(0) represents the
. modification of the‘intensity due to the finite size

B of the particleland to its deviation from sphericity.

As I mentioned before, Sihimizu modified this
approach,.he took the radiuslofythe scattering sphere
: io be refractering sphere to be refractive indexlmul-
tiplie@fwith radius rather than radius alone. Further
contributions mey be done by d;veloping form factor
r_for different shapes. In next generalisediform cf. the

Ra?leigh»ﬁanm appreach will be obtained.
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3.5. SCATTERING AND ABSORFTION OF A PLANE WAVE.
" BY A SINGLE PARTICLE

We consider a single particle and examine its
scattering and absorbtion characterestics. We mentioned
some of pertinent approiimations to the sihgle pérticle

scattering problem in the previous sections.,

- In this section we consider an. ellipsoid whose
axis-a,b,c coincide with x,y and z at the origini. Then
we evaluate internal field;scattering amplitude, scatter-

ing and absorption cross sections.

3.5.1. BASIC SCATTERING FORMULATION

A plane electromagnetlc wave incident on an arblt-

rarily oriented dlelectrlc object. The plane wave is assu-

"med to have polarlzatlon q and to be‘propagated in the i

direction, then

Ei;c (g) = 3.E0 eép (jkoi.r) f""f"(B‘ls)

7/




where -

E,= the magnitude of: incident wave (V/m)
ko= propagation constant '

N = wavelength in thé.medium

i % unit vector in the direction of wave

propagation

q = vector in the drection of its polarization

Fig 3.2 Geometry of scattering

An 1solated scatterer’cao be electromagneticéily
characterized by specifying its far field scattering
properties via the scattering amplltude, F(g,;). The
wave is incident upon a particle (see Fig 3.2) whose
"dielect,ric constanv.t,rh.as both rea_l and imaginar parts.

That is, the particle may be 1ossy and inhomogeneous.

If RD? /x (Where D is a diameter of the par-

" ticle), the field Eg hos_oomplicated omplitude and pha-

. _3‘\3'_




from dlfferent parts of the particle and then the obser-

se variations due to 1nterference between contributions
vation point is said to be in the near field of the par-

ticle. In the case of RaD? /> the scattered field Eg

behaves. as a spherical wave and is eoual to/iv/

o JKR

erien(3.16)

Fé‘g,i) ="‘_k (Gr“l)

-

-gx'[ng(z')]}dV‘ .0 (3.17)

~—
—N

L T v

where F(o,i} indicates the amplltude, phase and polar— :

for the amplitude function, _ , ' o
ization of the scattered field.



3.5.2. CALCULATION OF SCATTERING AND ABSORPTION
CROSS-SECTIONS.

‘We consider a particle (an ellipsoid) whose

surface is given by

2 2 2 .
Pt ey 2o cerene..(3.18)
a2 b2 c2 )
“and the incident field Ei has component Eix , Eiy in

the x,y and z directions, respectively.
For calculation of cross sections let us assume

" that an ellipsoid's axis coincide with x, y, z axis of

the cartesian coordinate system. See Fig 3.3.

Y 0,caq ' o] 0
0=8in8_Cosf X +Sln8551p¢s¥ +Cos8_z

. o 0. cs n o o o
—;—SlneiCosﬁiX +Sln9181n¢i¥ +Cos6. z

=35

e e a2 g



Fig.3.5. gcattering from ellipsoid

=- X~ , then §°=Q°

“We choose . ,
. 1 2

e 0-00s0.2°
i SlneiX -Cos®,2

Field components of che field inside the par-,

ticle are given by

oooooo




E. |
iz cereanao(3.21)

:E,:

Z _ |
1+ abec’ -1 ' .
{l 2 (el" l)Az} _ .

in which the constants Ax; Ay:and Az are defined as

(s 4

Ax=}[ o vie.(3.22)
J (5+a%) (0% (5%6%) WENE |

A=/ . ds (3.23)
y , — ... (3.
A (s+b2)[(s+b2)(s+c2)(s+azﬂ'l/2

| 00 E B
A =[ ds “”(3;21")
’ 0 (S+C2) [(S+b2) (S+02A) (5+32):] 1/2

1

WeiaSSum@“that the incident field is initially uniform

the internal field within the ellipsoid is also uniform.

The depolarising factors L, L, and L3 are defined as
; abc _ . : :
Ll— 2 Ax ‘_ 4 0000(3025)
-37_




be
L, a2° Ay cero(3.26)
| be | I : '
and Ll{ ;2+'L3 =1 - ven.(3.28)

_Field inside the ellipsoid is;.,

- |
E = —— =Y . ve..(3.29)
y [1+Ll(€r—1)4J | _

Since kazzl, field inside the eliipsoid is constant.

-

141, (€_-1)

The absorption cross-section is given by b/

Q.=
ab v

since G; is constant in our problem, we obtain

v eeea(3.32)

*, E =B _= ——= ....(3.30)

kel (pt) [E(e)]? v oo (3.31)



where
CE(r') is the electric fiela inside the ellipsoid,~

. 'G; . is the imaginary part of relative dieiéét-

- ric constant of ellipsoid. |

by using value of E(r') for ellipsoid, one can obtain

kE"V
2
141 (€_-1) |

Qpn~ ceee(3.33)

Verticalvvalue of electric field inside the ellip-

soid is for incident field of

Igvl=(lgy2+lgzl2)l/2 . | l . ’ | ...'.(3.31+) 

where Ey= Cos6i
[, (6,11

and E = SinbBi

z
1+4] -
in a similiar way, vertical absorption cross section is

o

Qabv= k 6; J}Evlz dy*

- -39-



v o .'2. .2.
or Qabv=\k 6; v Cos 81|2 4 —5in”76i 5
[ ten | | 141, (6,-1) |
where L= 1- 2L, . | .h;.(3.35)'

In order to calculate scattering cross-section,

we use definition and then

_ 7 o 112
Qsc—b4Qd dw —1+4F(9)})’ dw .-00(3036)
Let E(;'):»Eppiand p%e(h°,v°%) - e..(3.37)

and using equ.(3.17), one can obtain

EECCEN] {
LT

Flo,i)=
Note that we can write vector identity in paranthesis as

Lox(01r%). = -[(0F°)0-(00)2°] = £ (P10
IWand,alsp'
fl‘[fQX(QXEél]}:= %in‘xp = : | ....(3-39) 

where Yis the angle between P° and O .



Taking the square of equ.(3.38) one can obtain -

L 2 2
k G 1)V
(L) 2 P P

| ';(9,251

- where Sing%b= l-(Q-PO)z. Let'take p=b9=§ovhence Ep—-—.Ex

and given by aqu. (3.30), now substituting equ.(3.30)

- into the equ. (3.40), we obtain

xtle_-1]2 V3
2 . 2
{fh(g 1)’ ¥ —Sin%4 ...l (3.41)
) |1+ (e -1)] .
" and then - ' .
J]F l | khle 112 : /ﬁlnax Slnﬁ d d¢
%sch= )ih (o) 2,1+L (c. 1P h “h
L .
:  (3.42)
the value of integral in equ. (3. 42)15 just equal to gw
Ly, 2 € -1 _ . f
Qsch=kv r . . oa-O(BcLPB)
6T C (e . :
1+L1(Sr 1)
where
V= —%—“Wazc , C= —%f , a=radius
0

- Now, let us-take p = Vo,'then Ep= Ev

. 2ie 240w (2 S - .
L EF l@yl +l§z[_ and i



g |2=J Cos2ei . __ Sinpi
v '“17Ll(eﬁ-1)|2 EIENTISIE

t .

cees(3u44)

In a similier way to calculate the vertical scattering
,amplitude'and'related'vertical cross-section, we can

write from equ.(3.40)

5 k*|e_ -1 ve .
. Sy R ‘T ‘ 2 s 2 '
F ? ) =! E S % ‘e s e e [0 D .
|F (0,1 =2 [_vl in%e, (3.45)
and then substituting in equ.(3;33)
" L 2 42 - : .
_ by [ |2 . 2 . P ,
Qscv— (4] 2 :Qvl ’[ Sln7(v81nxv ds., dg | ....(3.&5)

 The value of integralvih equs:{3.46) is equal to 8;
K4[e 1|2 v? ) | |
and Q == . l Ev, s (3.47) -

SCV. 6“

by substituting value Of,Ev, we obtain

K4v?

61T

(€.-1) (€.-1)

1+L1(€r—l)

Sinzeif

1+L3(€r—1)

Q= Cos20i #

sScv

8

| | el (3.48)
whére;L3=/l-2Ll. -We will generalize this'éalculation»wmeh

ﬂe#ﬁ#o in next chapter.

-} D=



3.5.3. SPECIAL CASE

In Ref /4/., séattéring and absorption cross-

sections are given by

. 2
cj _ 8ﬂ3v2 er”l
( S ’ h i . -
3?\_ , 1+L1(€r_”'
and _
| (§a= k.en 1 — °
: 1+Ll(er-1) :

- From the geometry of scattering which is given in section

3.5.2, we tan take as a special caSe; Gi= 0 then

2

o2 E_-1
- _k7V -r : .
Q. =Q_ ,=Q_ = . ceee(3.49)
sC sch “scy &1 1+L. (€ -1) 3
" Vr
using k=2w/A, equ.(3.49) becomes
: l ]2
35,2 € -1
: 8u-V | r \
Q = Q = Q = 001!(3050)
sc sch scv 37F~‘l 1+L1(€r'l) , |

 Clearly equ.(3.50) is in agreement with Ref /b/

- In a similiar manner, our result

2 ?

— is in égree—
1+Ll( Cr’l )

Qabh= Qabv= kS;V

ment with Ref/L4/

L3e



CHAPTER IV
' CALCULATION OF, AMPLITUDE FUNCTIONS

L.1. SCATTERING FROM ARBITRARILY ORIENTED
SINGLE PARTICLE - |

In this section, previous results‘are general-
ised for arbitrarily oriented single particle. We are
assuming that ¢i is equal to zero degree, then h° vec-

tor coincides with y° vector.

When the particle is illuminated by‘a plane wave pro-
pagation in the direction ;,scatte?ipg direction g“canibe des
ribed by angles Bs,'ﬁs measured with respect to z and X
axes respectively. It is necéssary to exbress variable;

in the coordinates of reference frame. Let us assume‘xof

ol 0l

y ~, and 2 are unit vectors_in the primed system, they‘
can be expressed in terms of the reference system using
euler angle rotation. We use orthogonal transformation.
For this transformation wé define a matrix; A, is called
the matrix transformation, which can be fhought of as

an operator.

-]_L)_‘_-



<a21 P 259 veeoll. 1)

Aiis acting’on the unprimed system and trans-
forming it into the primed system. Matrix A containé
nine'direction cosines..it.is necessary to describe A
using some set of three independentrparémeters. The
usual choice of parameters is the euler angles. The
gdalhis to‘describe the'orientation of final rotated
- system ( Iy, X5t, Xg') relative to some initialAcoor-'
diqate system (Xl, Xy, XB)' Three matrices describing

these rotations are

Cosf Sinf © \ | ,/
RZ(¢')= :"‘Sin¢ COSﬁ 0 - sene (L}.Z)
0 0 1 -
| /'COSG' 0 -Sin® \ |
Ry(e)é' o 1 0 | .. (k.3)
\ Sin®é 0  Cos® /
, Cosx  Sinee 0 \ o
..RZ(¢)#‘\x-Sinm, COSm;’ O’}: | ""(F'h)



the total rotation is described as

AP, 8,5¢)= B (x).R (8).R,(§) oo (a5

y A
therefore,

| . Cos#Cos0Cos@-SinxSing  CosxCosBSinf+SinxCosy
A(f,0,¢)=| -8inxCos8CosP-CosxSinf -SinxCos6Sinf+CosxCosP -
| Sin8Cos@: ~ Sin®@Sing |

~-CosxSin®
SinxSino cova(b.6)
Cos®@ |

By using ;XOl = Azo we can write
2°1= Cosf Sin® X%+ Sin® Sing y°+ Cos® £° ....(L.7).
Aseseen from-equ.(4.7), the spherical angles

of incident wave 6, ¢ are measured with'respect_to a

polar axis Z and . X respectively.

L6~




Assuming that ¢i is equal to zero degree and g°,= y° ,

" then ecu.(L4.7) becomes for incident direction

On the other hand, ' from equ.(3.17), we have scattering

amplitude for homogenecus and isotropic scatterer,

2 '
- k“(e_-1) .
Flo,i)= —————Lﬁ-gx[gx Eo(:)J}» e IKEQ 4vr, (4,9)
b 4
P

In order to calculate scattering amplitude, We
have to know the value of field inside the scatterer.
Taking the axes of three dimensional scatterer aS'go,

8%, @#°, we obtain the field inside the scatterer-as

E=E h°+E V=E +E vees (4.10)

where
- 0 - 0, . o]

and

eeea (4312)

_[+'7-



E, shows the field‘insidé th;vscatperer.for ho-
rizontal polari?ation whereas E_ indicates the field in-
side the scatte;er for vérﬁicél polarisation. In equ's
(L.11) and (4.12) vectors r°, o° , 2%can be defined as

(check the matrix transform)
r°= Sin6Cos@Px® + Sin6Sinfdy® +700S9g9
6°= CosBCosfx®+ Cos6Sinfy° + Sinoz®
QO = -Sin¢§°'+ Cosgy® oL cooo(4.13)
As seen in egu's (4.13), spherital polar unit vectors
are in form of the cartesian components.
- By using the geometry of Fig AQl.,gO vector is in coin- -~
cidence with scattering drection 0 , we can write
| 0 =SinBSCos¢ §°+SinesSin¢ky°+Cosesg°
therefore
: _ 0,.0y _ ; . ' ‘
Ehr - Eih(h -.1—1: ) - EihSln651n¢ . "0 0 ¢ 00 (h'lh)
similiarly for-Eihg and Eihﬁ,:wefcap:obtain below rela-
tions

18-
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D
o
|

and

E,g = E;y (0°.8°) = E, Cosff | Ceees(4.16)

For vertical components, we can write below relations

similiarly

B o _0y _ . o .
ivr f~Eiv(! .r’) = Eiv(SlnGiCose Cos®, SinBCosy)
. ..'.(Lp-l’?)

and other components are

_ 0 AO0\_ _ Y : -
E,g = By (v fQ )= E;,(-Cos8,Cos8CosP-5in6, Sind)
- 0.1‘(14-018)
_ 0 A0y_ " , :
Ev¢ = E, (y_.Q ) Eiv(Q056181n¢) | ....(h.l?)’
As mentioned in éha?ter I1TI, siﬁiliarly by using polar
components instead of cartesian coordinates components
and using geometry in Fig.L4.l., equ's (3.19), (3.20),
and (3.21) become '

~ “hr abc sresEe
1+ == (er-l)Ar

-hg-
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Fig.,L.l., Rotated dielectric ellipsoid
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e (h21)

- ' E.
Png” 10 ?%Ehfer-l)A¢ coon(k.22)
or simply
B pm Kiv;Eihr | . o .;(h.2'3)
Ehe=Ak2 Eino e ‘.....(h.zu)
'th¢= gBEihﬁy o L eeelba2s)

Similiarly for vertical polarization we can write

;

/

E = K E. | ’ n--i-(h¢26)
Eve': KZ Eiv@ ‘ v e (lkoz?\)
EV¢= Ky Eiv¢ : - _ Ceeee(h.28)

. 0 : . .
where ;o , Qo , §° are polar spherical unit vectors

in the principal frame and

-50~



o 1 I | |
‘xl— . | ceoe (L4.29)

'1+Fl(€rfl)
K2= - l | .. X ) 'u.oo(LI-UBO.)
1+L2(Cr-l) | ‘
Ky= 1 o S eeo(4.31)
' l+L3(€rfl) ' ‘ ' -

and Ly Ly L3 are given by equ's(3.25), (3.26) and’
(3.27)

By changing the values of L's /&/, Ye can find
internal field for any shape . Now, we can evaluate scat-

tefing amplitude Since internal field is knoww.

o5



L.,2, AMPLITUDE FURCTIONS

L.2.1. CALCULATION OF HORIZONTAL AMFLITUDE
FUNCTION

Changing the value of L's by using ref /6/, one
can obtainvthe internal field components for. different
shapes. That is, scattering amplitude is caiculablefsin—
ce the internal field is known.We can write for forward

drection f{o- /7/

F(i,i,h)= -————J:LL /[?{-1X (ix Eh)‘}dv‘ | ""(L 32)

1

2 2.y | , :
F(i,i,h)= k{n”-] {:-1x(ix(E °+E 990+Ehﬁgé)jdV'
cves(4.33)

Horizontal component is obtained by dot product.

F,. = F(i,1,h°).h° and using §.h%=0

..52.'. ‘



Ve can write,

2,2 | |
_ kS (m~-1) J[ 0,0 0.0 0 . 0ye b
Fuy= S {(; %) By +(°.n°)E; o+(g%h )Emjdv' )
Vp ;
' veoe(bi3l)
where r°.h%= r°.y%= SineSing |
9°.0%= £°.y%= CoseSing
8°.1°= g°.y%= Cosp - | veeo(.35)
«:by suﬁstitﬁting (4.35) into (4.34), we obtain e
p, o Kon®-1) o ( Sin%eSin?gK, + 00s2951n2¢x |
;1 17 2
| Gk v’
+ Cos“gK, )fe OTT ax' .. (4.36)

Vp

iy

~ The value of integral in_eqﬁ.(h.36) is given in appendix.

-53- o s



472.2.,CALCULATION»OF VERTICAL-AMPLITUDE FUNCTION

In a similiar way, for vertical amplitude, we can

write easily'/7/,

W2 2.4y o -
Fyy= E_i%;_ll j’ dv'{}go.v°)E + (8% + (8°V0)E yy
Vp

cee (4.37)

where dot products are

go.y°=,-CoseiSihGCos¢ +‘SineiCose

8%.v°= fCoseiCOSGCos¢ = 5in6,5in6

g°.v°%= Cose, .Sing ceeo(4.38)

by susstituting equ's(4.38) into-the (4.37) one can obtain

2, 2 4y : , .
FVV= 5—%%:—ll Eiv{(-CoseiSinGCosﬁ + Sin9i0089)2

xK,+(Cos, CoseCosp + Sineisme)2 xK

2

2 jkoY;E'v ' | v
+(Cos6,5ind) “xKy [ | e Cdx' L. (4.39)
-Scatterihg‘amplltudes afe éalculated—for random-

ly oriented shapes .as above.
-5 -



L.3. CROSS-SECTION FORMULATION

| Under quasi-static aprroximation, internal field
of ellipsoid is obtained /7] &s
o 0 _0,.0 0 L0440 0 40\ HO
Eint(z',g )= Eo[Kl(S T +K2(9 .07)8"+ K3(9 8°)¢ ]
oo (4140)

where EO,QO,@OKand Kl,K2 and K3 were defined in section Y

»We know that internal field determines thé value
 of scattering amplitude. By a stroight forward manner, us- )
ing same definition which is used in (3.5) and.by means
of same reference, we can obtain easly below formulas,

QPP=J}F(9,1,§)|2 aw e (bb)

where dw =solid angle

Pe {n°y°}

55—



2 |
2 ) 3 0 40O ) 2
Q,, = O vA|K, (h°.09+K, (h°.8°) 4K, (h°.rT |
hh LT l 1'4 2 2 38 :
| o (bb2)
in a similiar way,
i 2 : , .

“kF(e_-1)ES : , . 2

_ o'r 0 2 L0 A0y 0 40 10 0

Q= \/ ]Kl(y Q7 )+K, (v 8 )fK3(y r)

bT
L coeo (bob3)
In the\geometry of Fig.3.3,»éllipsoid is ortented
at the origin of the cartesian coordinate system. Whereas,
in Fig.4.1, ellipsoid .is arbitrarily oriented. If We.ﬁut
0 ; g =0 in‘equations of chapter 4, we find the reéulp

of chepter 3. And also, if we put Ly =L,=L;=0.333 into

equations (4.42) and (L.43), one can obtain the results
3 of section special cases of chapter 3. That is, our res-

ults are still good agreement with references /3/ and /L/.



) .l. DROP-SIZE DISTRIBUTION

Specific attehﬂetion values were calculated using
Mie scattering theory for watef spheres .at each of 41
.freeuehcies between lvend lOOOAGHZ.‘These Values,are given
in tebulef form in /lh/ Valuee forvrefrective.index of
water recuired in the calculatlons vere obtalned at tem-
‘ peratures of 20°C 0°C, and -10°C from eouatlons given
. by Ray /15/. One_can find detailed_information”about ref-
'ractlve 1ndex 1n thls reference. ‘ : .

Four different average drop51ze dlstrlbutlons
were used in the_calculations to obtain a range of pos-

sible specific attenuation values for each frequency;
1)Laws and Parsons (LP) Distribution /16/
This distribution has been used for many prev-
ious celculations. At rainrates below about 35mm/h,

this distribution gives reasonable result.

2)Thunderstorm Distribution



This 'negative exponential distribution measur-
es the average dropsize spectrum in convective rain.
It has been used previously for some specific attenu-

ation calculetions /17/.

3)"Drizzle" Distribution:

Again this is a negative exponential distribu- .,
tion obtained by fitting the average dropsiie spectrum
of very light widespread rain, or drizzle composed of

small drops /18/

A)Marshall-Falmer Distribution

This negative exponential distribution assumed
‘here/8/. This is fairly good fit for the meanidropsize
spectra measured by both Marshall and Falmer and Laws
and Farsons. It has been found to be most appliCable

to widespread rain in continental temperature climates.
Marshall and Palmer distribution is given by

n(;)='0.16 efﬁ"a"   ;:‘”i" ; " RO TN
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where u . , _
A=g2,g0:2 SRR e (bb5)

and Riis the rainrate in millimeter per hour.

The parameter depends on the rain intensity"

and expressed in units of per millimeter. -

 4.5., ATTENUATION DUE TO DIFFERENT SHAPES

The propagation constants associated’with the

horizontal and vertlcal scatterlng amplitudes given by

ref /9/ as

Ky 4= KO+J€!'/pﬁ " (i,i) a dd e .j..(y.ué)

Where a.da is the number of drops per cubic metre
~with radii between a and a+da, and kb is the»free space

propagation constant.

Since ralndrops behave as Raylelgh scatterers
for frequen01es up to at least BOGHZ Howarth Watson

~and McEwan /19/ have developed a simple replacement
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for equ. (k.46) base on Rayleigh theory, In it, they as-
sume that the shape of the raindrops is not important‘
and that the raindrops may be descfibed by a quantity

Ay gy This assumption has been verified for sphérbids '
H NN . .

with nearly~spherical shapes.
In the_Haworth, Watson and McEwan formulation,

K

_ RN nVy | . ' | |
V’H—-—m"[[**‘z‘/;\—"‘Av,H i ‘ oooo(h-nLPr])

Where'?xis the free?spacé'wavelength in meters and V

3
3

~of cloud. The quantities Ay and Ay have unites of m -,

is the total volume of ice (in cubic metres) in-1 m

and depend on the crystal geometry and the refractive
index of ice.

When Ky and KH are known, the attehuation.may"
be calculated for arbitrarily bolarized waves propagat-'
ing throﬁgh'raindrops.

Attenuation is given by =

’ - T 5 * ‘ 3
A 8.686 Im (Ky y)x10° ;;B/km L eeoo (L.48) |
In order to obtain Av~ﬁlfof different shapes,
¥ .

we are changing values of L's by using ref /6/.
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CHAPTER \V

APPLICATIONS
5.1. THE COMPUTER PROGRAM

~ The program to compute the attenuation due to
different shapes such as circular disks, thin cylinder,

sphere and so on, is written in FORTEAN 77.

The program is written as a master program and

the following subroutines :

SUBROUTINE BESC1(X,Y)- The subroutine which
calcUlétes the volume integral of circular disk.
BESC1(X) calculates Jl(X(I))/X(I) where jl in'the
bessel function of 1 st order. The algoritm is from
Abramowitz and Stegun 9..4.1 and 9.4.6. The accurracy

iS l cOE"OB:

'SUBROUTINE GRAPHIC- The subroutine which plots

the results.




SUBROUTINE SIGMA- The subroutine which com-

putes the normalized cross-sections of circular disk,

thin cylinder and sphere.

The suggested algoritm fbr the solution is

drawn as a flow chart in Fig.5.1.

The seguence of solution procedure was arran-
zed in such 2 way that the solution will take the mini-

" mum compulation time, the minimum storage size.
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READ
THETA,THETAI ,PHI,FHII,D1,LL,Vxx,

“TT,BB,Vzz,Al,LANDA,D(I),L(I),R(I) j'

20

AN

calculation.of

CCONS(I),CINHH(I),NA(I),

CJINVV(I),KAPPA(I)

3 ,/%//f$\\\;;*' 2
J ANSVER

Y.

Ly=L,=L3=0.333| | L13=L,=0,13=1 | | L3=L;=0.5,L5=0

SPHERE CIRCULAR DISK THIN CYLINDER

N

CALL BESSEL

& 6 b

Fig.5.1. Flow chart for the program
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calculation of

CZHH (I),CZVV(I)

calculation of

CZHH(I),CZVV(I)

calculation of

CZHH (1),CZVV(I)

WV

calculation of

CKHH (I),CKVV(I)

CKHH (I),CEVV(I)

calculation of

calculation of

"CKHH (I),CKVV(I) -

r

R 4

calculation of

calculation of

calculation of

ARA(5,T) ARA(1,I) ARA(3,I)
AAA(6,T) ARA{2,1) AMA (4 ,T)
N N \L

-Print
AAA(i,I),AAA(z,I)
AAA(3,I),28A(L,1)
AAA(s,I),AAA(é,I)

CALL GKAFH

Fig.5.1. The flow chart (continued)
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Fig.5,1, The fléw chart(continued)

calculation of

CGEO, CGVE

CCONT, CCONU, CCONY;; .

3 - 2
| ~<TANSVER >
| vy }
Ly=L;=13=0.333 L, =L,=0 Ly=1 L=L,=0.5,13=0

SFHERE‘\

circular disk

Thin cylinder

|/

4/

~

calculation: of

calculation of

calculation of

CQHH (I) CGHH (1) CQHH (I)
FCGVV(I) CGQVV (1) CQVV (I)
N ‘ﬁ/

"calculation of
CQN(5,I)
CQN(6,1)

calculation of
CON(1,I)
CQH(2!I)

calculation of_
CQN (3,I)
CQN (4 ,1)

J

Ccaon(1,I

CGN 3,1

can (5 I),CQN(é,I)

‘Print
E

)
), CQN (4

I)

I)

T

CALL GEAFH
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POINT* ,XAPPACL).
CONTIVUE ' o
DY 234355 JANSWER=1,3
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L1 =1
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LT =0

aNE °¢*+31/J*vxx i
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T-T*IJ/r ' '
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CIyd=rinyvsyel o ,
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Ly
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POIMTH L,V AANCY, T ';nA°(1rT)
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(D :
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'5.2.(NUMERICAL RESULTS AND DISCUSSION

We are dealing with normalized cross-sections
versus raindrop diameter. In the other part of the
main program, we are investigatiﬂg how attenuation

varies with respect to rainfall rate.

FigUfes (5.1),(5.2) and (5.3) give us informati-
on about normalized cross-sections‘of circular disk, th-
in cylinder and sphere. In Fig.5.1,# character indicates
both horizontal and verticél normalizédﬁcroés-sections_;
of sphere. Same is true for sphere in Fig.5.2. While di-
ameter of sphere iS‘increasing, the vertical and‘hori-
zontal normalized cross-sectiOns of sﬁhere_are cOnstantz
~and equal to égch other. Whéreaé_the other.characters E
% ,¢ for circular disk or &,& for thin cyiinder,'show-
vertical and horiﬁontal normalizéd cross-sections of
those particles. In Fig.5.3,y axis is in logaritmic sc-
~ale. By using ref/6/, it is also possible to investig-
ate thg variation of ﬁormalized}cross—sections of any

shapes.




Flg(s L) givee‘us a cbmparison hetween thih cylin-
der and sphere. There are three different characters in
that flgure!(+) and é) characters indicate attenuatlone_
due to thin eylinder vefticelly and'horizontally;respec—
tively, whereas (&) cheracter shows attenuation of sphere;
It is clear that vertlcal and horlzontal attenuations are

equal to each other for sphere case.

~In fig(5.5), sphere is compéring with circular
~disk. Again vertical and horizontal attenuations'are
showing with two characters for circular disk one is

for sphere,

| Figs (5,4) and (5.5) are good agreement with fef/ﬁ
.'/3/ and /9/, From 10mm/hr up to 150mm/hr,:attenuation

is Qery high for millimetric wave propégation. The values

of horizontal and vertical attenuatios approach the res-.

‘ults given by ref /9/ Fig.(5.6) indicates that attenuat-

ion is very high at low values of wavelength Thls result

~is in a good agreement w1th ref/3/
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CONCLUSIONS -

" Rain imposes a limitatibn on millimeter wave-
1éngths,‘since attenuatibn by rain is high. In the sp-
ace-to-space; space-to-ground, or grpund-QOJSpace‘com-
_jmuﬁicatian at the hillimetric wavelength;‘the effects
of fog; cloud and other aefosols can be detected with |
a carer1ly designéd experiment.'Ié other words, in ot-
her a‘pplications,ISuch as fog and clouds studies, the

attenUationvis tolerable.

" This work shows the attenuation in rain due to
different shapes such as circular disk, thin cylinder,

sphere at the millimetric wave propagation.
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APPENDIX
‘CALCULATION OF VOLUME INTEGRAL

. The volume integral Vp is'defined in the refe-

rence frame by

[ kgyex! - o |
V= e dx' | ceee (A1)
"~ Volume '
with v= i%-¢° = ng°+vyy°+vzg° .o.. (A2)
§'=x'-01+y'y01+2'§01 . . . co--(AB)

It is necessary to express«vériables‘g"in the cobrdiﬁa;'
tes of réfereﬁce framé but the integration is done in
the prihed S?stem. Since 301;-y°¥,§°1 are unit vectors
in the primed system, they can-be’expressed in terms
of the reference system using EULER ANGLE ROTATION.

e use orthégOnal tfansformation; Fof this transfor-
hation,'ﬁevdefine.a matrix which describes these fot-
ations. The transformation matrix, A(ﬁ,eﬁn), can be

thought of as an operator whith"acting dn ﬂhe;unpri-




med System, (see equ.k.b).

Y¥(i-9)=§(-SineiCosﬁi-SinésCosﬁs)
+X(~Sineisln¢i~sineSSin¢s)

+2(-C9séi'005¢5).V' (A
thérefore\‘
vx=-Sineic§§éi-Sinescos¢s
Vy=-éineiSin¢i—SinGSSin¢é‘
Vz=‘C°551'?¢Ses | | - | : eveo (A5)
In the primed.coordinate*sYstem; integfation is done .’

That is why we have to éxpress_Y‘ in terms of the ref-

erence coordinates (angles 8, f. and €, ¢s and 0,
g,% ). Since Vi"v§

and V! are the projections of V'
on the x', y', and z' axes and since dot products are

~invarisnt under coordinate rotations, one can write

i
=
154>




v§=y'.§"

Vi=Vt.gr o o e (A6)
‘Where X', ¥' and z' are unit vectors along the x, vy,

and z axes of the scatterer-as seen by an observer in the

reference system.

~

2'=(CoéﬁGosﬁ-Sin$Sin¢Cose)§

+(ccs8s;n¢+éiﬁ$Cos¢c§ge)?

‘+Siq98in32
gi=-(SinﬁCosﬁ+C§s§éip¢CosQ)%

+(¢Sin$Sin¢+CosﬁCos¢Cosé)?

+Sin@Costz -

5'= 5in6(Sin@%x-Cosgy)+Cos0s | cooo (A7)




frdm which one:cé? obtgih
V!=(xSind- pcészs")f
v}v,;(gs:mb%dc@?)' .
ho et
Where <X.=CosGtSin9iSin(¢-¢i)fSineéSin(¢-¢s)]
-Sipe[posei+0656;]"A 
v@ =SinGiCos(¢-¢i)+SinesCo§(¢-¢s)
 S:—sme[smeism(;é-;éé)féi‘nessinv(ﬁ#;ésﬂy | |

-Cos® Cosei+Coséq' o ' «oes (AQ)

Special cases
1) Scatterer has elliftical cross-section : (¥=0)

and thickness t. Volume integfély, equ. (Al), is;

o ko tV, [ k b°VE
V = ——bub Sin( -2 2. )FZL('l)n- o '3 5: e

(

k aVx)
o




Where jn(x)'is the Bessel function of first kind of order n.

If thickness is sc¢ small, then Sinx /x, from equ. .

(A10), one can get

2

o T r
- V:;znbvt? 1\n(kbx
n=0 ) \\ a \T

>_ ._J'n;l (kOan)J -+ (A11)

X

And also, if we have a circular disk of radius

‘-a=b, then dne:éan obtain for n=0

-3

v = 2nb.

P
, koVy

Iptkgatd (2]

In the Rayleigh limit, equ.(A12) becomes Vp= azt 4s ex-

_ pected

2) If SCatterer has eliptical cross-section and
if it is sufficiently long and thin compared with the
wavelength within (elllptlcal rod), then from equ. (AlO),

one can obtain

Vp=ﬂnab1 Sin¢(———) S cee o (A13)
_ 2 e
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