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I 
ATMOSPHERIC EFFECTS ON PROPAGATION 

I 
DUE TO DIFFERENT FARTICLE SHAPES 

ABSTRACT 

are 

The purpose of this hesis is to determine the 

effects of atmospheric parti~les on ele·ctromagnetic 

propagat1on. Especially, thd atmospheric conditions 

wave 

r 
very important at the millimetric waves. 

The scattering and absorption cross-sections are 

calculated for singl~ particle, and then the same process 

'is~generilized for an arbitrarily oriented single particle 

in the atmosphere by means of Euler Angle Rotation. 

After calculation of scattering and absorption 

cross-seetion, in general, the expressions of attenuat­

ion of electromagnetic waves are computerized as a func-

tion of rainfall rate. It",is sho'-m' that preciyitatio:1 

affaects the millimetric waves very much. We have to det­

ermine the 'effects of atmosphere clearly to help engineer 

design'mor~ realistic system. 
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PROPAGASYONDA .DEGI$IK PARGACIK $EKILLERINDEN 
DOGAN ATMOSFERIK ETKILER 

OZET 

'Eu tezin amac~ atmosferin elektromagnetik dalga­
lar lizerindeki etkilerini bl?lirlemektedir. Ozellikle, at­
mosfer §artlar~ milimetrik dalgalarda gok onemlidir • 

. Elektromagnetik dalgalar~~ sag~lma ve yutulmas~ 
tek pargac~k igin hesapland~ ve daha sonra Euler ag~ do­
nli§UmU yard~~yla uzaya rasgele yerle§tirilmi§ bir par­

",. 
gac~k igin ayn~ i§l'em yap~ld~. 

'~. 

Pargac~kta sag~lma ve yutulmaya neden olan alan~ " 
bulduktan sonra en genel anlamda elektromagne"bik' dalga­
lar~n zay~flamas~ saatteki yagan yagmurun fonksiyonuola-

. rale kompliturize edildi. Yagmurun milimetrile' dalgalar~ da­
ha gole etkiledigi ortadad~r. MUhendisin daha gergekgi sis­
tem tasarlamaslna yard~mc~olmak igin atmosferin etkiie- " 
rini belirlemek zorunday~z. 
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CHAPTER I 

INTRODU CTIOK 

The electromagnetic waves of millimeter wave-

lengths are now utilized for commuhication purposes 

because of their larg~ ~vailable bandwid~hs .. Millimeter 

waves have also some particular advantages such as the 

use of high gain and high resolution antennas with mod-

erate size and compact components. 

Considerable interest has been demanstrated rec-

entlyin millimeter waves for applications in communi­

cation, Radio astronomy, and high resolution radar. 

Radar meteorologists have been unable to obser­

ve certain types of clouds at centimeter wavelengths 

and have noted that shorter wavelengths, 'millimeter wav~­

length, would be desirable. In many cases, millimeter 
\ 

"..'aves may be an optimum choice ,for rap.ar meteorology, 

especially where high resolution is desired. 
t 

It is known that milli~eter w~ves are sensitive 

to rain,fog, and cloud droplets. The ~ost .important in-

-1-



fluence of the atmosphere on propagation above lO.iGHZ 

is attenuation by precipitation. The well-knownmie 

theory is the basis for models ofabtenuation. Milli-
, 

meter waves are attenuated by atmospheric absorption, 

refraction and ~cattering. The degree of attenuation 

is related in a 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 Gomplete 

simplified,'analysis of millimeter waves attenuation' 
./ 

. in atmosphere due to different atmospheric conditions. 

The third chapter includes a mathematical rep­

resentati6n of scattering and absoiption by a smal~ 

particle. Under-quasi -static a pproxima tion a:.'sort ,: of. 

genereliasing of Rayleigh-Gan~ is being obtained. In 

addition scattering by an ellipsoid, same is used to 

I • 
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obtain results of circular disks, thin cylinder and 

sphere. As a special case, our result converges the 

result iri the literature. 

In the fourth chapter of this thesis a comple­

te simplified analysis of 'electromagnetic waves atten­

uation in atmosphere due to different shapes such as , 

circular disks, thin cylinder, sphere ahd so on J is 

given. 9n the other hand, the single scatterer cont­

rary to chapter III is arbitrarily oriented in the 

atmosphere and scattering phenemona is generalized. 

Finally we prove that results for scatterer which is 

oriented in the origin of the cartesian system are 

special case of the arbitrarily oriented scatterer. 

The fifth chapter of this work contains the 
1 

numerical results, discussion and computer program 

'The numerical foutines and result are obtained for 

circular disk, thin cylinder and sphere. Here we 
i 

-)-



compare our!results with experimefttal results and ag­

reement was found. 

-4-



-

CHAPTER II 

. ATMOSPHERE AND MILLn~ETER 'WAVES 

2.1. THE USAGE OF lJiILLI1{;ETER \ .. 'AVES 

The term millimeter w~ves generally refers to the. 

electromagnetic spectrum between )0 and )00 GHZ ·(Giga), 

corresponding to wavelengths of 10 to Imm. Therefore, the 

millimeter wave spectrum lies between the microwaves and 

in·frared portions of the electromagnetic spectrum. The 

Institude of Electrical and Electronics Engineers in the 

United States identifies the millimeter wave region as 

ly~ng between 40 and )00 GHZ. 

The electromagnetic spectrum up to 10 GHZ is be­

coming overcrowded. The earth-space c~mmunication require­

ments have to .exceed the electromagnetic spectrum. That 

~s why we have to consider the f~asib~lity of using the 

millimeter v.'ave region. That is, the millimeter waves 

spectra with their large available ban,dwidths must be 

. considered. High gain and high resolution antennas I 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 especiall~ as spac~-to-space links. 

The main limitation for the use 6f millimeter 

waves is the high atmospheric attenuation". 

,-6-



2.2. CAUSES OF ATTEt~UATIOI\ IN ATMOSPHERE 

It is well-known that the atmospheric propagation 

of milliffieter waves is strongly affected by certain mete­

orological phenomena. In general, the attenuation of rad­

io waves of centimeter or millimetei ~avelengths .in a 

clear atmosphere near ground level is negligible for most 

practical purposes. 

Millimeter waves are attenuated by atmospheric 
. . 

absorption, refraction and scattering. The degree of atte-

nuation' is related in a complex way to meteorological 

condi tions along the path of propagat~on. 

Attenuation is the reduction of intensity of 

electromagnetic wave along its path. Formulation for atte-

nuation is given in the next chapter. 

2~2.1. REFRACTIVE INDEX 

Us'ing Kaxwell's equations, one c~n show thatirt a 

homogeneous medium the velocity of a wave is given by 

y = 1 •••••• (2.1) 



where 8~ is the permitivity of the medium and JJ- is its 
, L ~ 

permeability. In free space the speed of the \'lave is 

equal to the speed of light and is given by 

c= 1 ••••••• (2.2) 

j8 0 t!o. 

where 6
0 

is the permitivity of the free space and~o 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 freB!~paee, 
S 

3~lO m/sec. 

In the optics, the index of refraction is def-

ined as 

'c 
m=--y ....•.. (2.3) 

or 

2 
m = 8f ••••••• (2.4) , 

where the dielectric constant of a medium 8= 8~/8cr~ and 

permeability f= ~~ /~ for most prac~ical cases, permit-
, , ' 

ivity t!= 1, then 

" 

" . 



. 2 ' 
m = 8 "" ••••• (2.5) 

Since 8 usually exceeds unity, the index 'of refraction 

also exceeds unity. 

In most general form, the refraction index is 

a complex function. 

That is, 

m= ro' - jmn ••••••• ,{2.6) 

where the imaginer part m" is equal to zero in a perfect 

dielectric and is associated with the absorption of the 

medium. v:hile we are dealing with the,' scattering and 

absorption calculation, of cours~,it will be quite im-

portant. 

For dry air, the ir.dex of refraction m, is given 

by 

p 
...•.. • (2.7) 

T 

",-here F i5-- air pressure in millibars, T. is temperature 

in degrees Kelvin, and K' is a constant v.'hieh has a 
, , 1.' 

value of 77.6.Left side of equ (2.7) is so called radio 

refractivity 
6 ' reffered to "N units". and ( m -1 ) xl 0 'P:i: 5 as 

.. ~ 

~ 



While the height of atmosphere is increasing, th~ value 

of refractive index decreases. That is why 'at~osphere 

is assumed to. be stratified. The stratified' atmosphere 

causes the bending of ele.ctromagnetic wave. This bending 

is cilled refraction. The index of refraction of the 

earth's atmosphere at microwave frecuencies is givgn 

by/l/ 

where 

P 

T 

m = index of refraction 

...... (2.8) 

M = index of refraction (alternative form) 

~p =·air pressure 

T = temperature · K 

e = pressure of water vapor (in millibars) 

Standard atmosphere is assumed to consist of hor­

·i~ontally stratified layers. For standard ~t~osphere, .p 

and e decrease ~apidly with height,of the atmosphere and 

·T.·decreases sl·owly. Therefore I mdecreases with height 

and a wave passing from a lower to upper layer is bend 

dovmward. 

For dry ~tmosphererefractive index is almost 

constant. Hefractive effects vary widely with meteorolo-

~lO-



gical conditions and for some abnormal cases the wave 

bends sharply'dN,mward (superrefraction), upward (sub­

refraction); or becomes trapped (ducting).·Aloss in 

signal due to refraction should be ~istinquished from 

attenuation by absorption or multiple scattering. 

2.2.2.ATTENUATION BY ATMOSPHERIC 'GASES 

The atmospheric gases that at~enuate millimeter 

waves (as absorption process) are water vapor and oxyg-

-en. As shown in Fig.2.l, atmospheric attenuation is a 

function of wavelength for typical clea.r-sky conditions. 

lJiater vapor and oxygen molecules have permanent electric 

and magnetic dipole mdments.If they are excited by an 

electromagnetic wave, they absorb discrete amounts of 
, . 

energy from wave and raised to a higher energy level. 

While they are coming back to a lower level, they are 

radiating their energy isotropically. That is why they 

cause an attenuatio~ of the incident wave. 

Water vapor has resonances at. frequency of 22.'GHZ 

(wavelength~1.35 cm)and also at frequency of about 

180 GHZ (wavelength~1.6mm). In the r~gion of 60.GHZ 

-11":-
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• 

(wavelength ~ 5mm) and 120 GHZ (wavel.ength z 2. 5mm) Oxy­

gen resonan ce i. takes ·pla ce • 

The shapes of the water vapor resonance curves 

are dependent on atmospherie t~mperature, pressure, and 

pressure of water vapor whereas in the oxygen case, sha­

pes are functions of atmospheric temperature and pressure. 

lOO------------~----~~--_r--~------_, 

.. 

lQ 

r: 
.,II( ..... 

1.0 to 
"0 . 
8 .--~ 0.10 
c .., -..... 

OIl{ 

0.01 

0.001 
30 

#. 

°2· H2 ().' 

~o 

10 5 2 
Wavelen1!th, mi~irnetcrs . 

. , Fig.2 .1. Attenuation at millimeter wavelengths/J/ 
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2.2.3. ATTENUATioN BY CLOUDS AND PRECIFITATION 

Clouds and precipitation attenuate electromagne­

tic waves. Equation for absorption and scattering have 

· been derived by Gustav Mie (1908). Mie's work has been 

restated by Straton (1941), Golstein (1946), Ker~ (1951) 
~ -. 

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

particles of any material in a nonabsorbing medium. 

If the droplets are very small, i.e. diameter 

of droplet LL wavelength, the" Rayleigh approximation 

can be applied. Cloud droplets are generally less than. 

100 Bm in diameter. 

/ 

Ice clouds, like cloud droplets, causes absorp-

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 l~ie attenuation is plotted as a function of drop 

diameter 

* Detailed information is given later 

~ 
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attenuation /1/. 



Attenuation increases rapidly with drop size. 

Attenuation for A=9mm is greater than attenuation 

for :"=17mm. 

As stated in previous section, in the millimet­

ric wave region, attenuation-is vsry high. 

It is possible that we can estimate attenuation 

as a function of rainfall rate, (see Fig.2.)). It has 

been found that attenuation due to rain is approximat­

ely proportional 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 atten~atio~ like water spheres ot the 'same volume. 

Attenuation by rain was computed by Medhurst 

/2/. Results are shown in Fig.2.4 for )\=1,) and 5mm 

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

in Fig.2.4, the points for a given wavelength are ne"': .. -" 

-arly colinear. Strait lines have been added for con­

venient:re,:~in interpolation. 

-15-
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Fig.2.4. A ttenuation 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 theory gives information about 

cross-sections of particles. When the particles are 

small with respect to wavelength (Rayleigh approximat­

ion), attenuation is considerably simplified for those 

small particles. 

In the case of>' clouds and fog at millimeter 

wavelength, the attenuation in decibels per unit leng:­

th is given by 13/. 

A= 4.)43 rr2 Im( -K) J D3N (D)dD 

/\ 
Volume 

..• (2.9) 

Where N ('D:-) dB is the number of drops per cubic metre 

Mitchell!s report takes the V~lume integral as just 

6/n times the total volume. He assumed that the den­

sity of_particles is 19/cm3 , and defined attenuation 

as 

-18-
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A ( dB /km ) = 81. 86 Im(-K) 

f\ 

Wherelm= imaginar part of (-K) 

K= (m 2-1)/(m2+2) 

M . ..~. ~ • • ( 2 • 1 0 ) 

M= the 11' u' d t t t' I 3 ". , q 1 wa er con en 1n·.g m -1"1S 1n rom. 

Plots of Atten.uation/~l for clouds and fog as 

a function of wavelength at temperatures of OOC and 

20°C are give in Fig (2.5). 

'. The attenuation in dB/km/g/m3 varies approxi-

mately as ~-2. He also pointed out that the validity 

of Rayleigh approximations was dependent on both dia­

meter, D, and viavelength ,A. 

Fig.2.5 was obtained for sphere. In our work, 

attenuation is plotted as a function of rainfall rate 

not only for sphere for different shapes as well. Our 

result approach~ previous results .. Attenuation for dif~· 

ferent shapes is given in chapter IV. 
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CHAPTER III 

SCATTERING AND ABSORPTION BY PARTICLE 

3.1. INTRODUCTION 

The scattering 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 scattering 

formulation. 

Rayleigh developed the full formulas for spher.e 

in his paper in 1910. Further contr~butions were made 

by Debye in 1915. 

In 1925, Gans rederived the scattering formula 

for a/homogeneous sphere. In order to distinquish it 

from Rayleigh scattering, which is restricted to par­

ticles small compared to the wavelength, this approach 

, has generally been termed Rayleigh-Gans 'scattering. 

Actually Gans'contrlbution to this method was hardly 

significant and it seems more ippropriate to call it 

Rayleigh-Debye scatering. 



A modification of the Rayleigh-Debye (or Rayle­

igh-Gans) approximati-on was given by Sihimizu /201. Sih­

imizu's paper inciudes the information of the refractive 

index of scatterers. He took tbe radlus of the scattering 

sphere to be the product of refractive iridex, m, and 

the radlus of scatterer rather than to be radlus alone. 

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 agreement. (with 

Mietheory)for the angular positions of succesive ex-

trema in the scattering. 

This chapter trlcludes information about ~ie 

scattering theory, R~yleigh approximation, Rayleigh­

Gans approximation, calculation of scattering cross­

section, absorption cross- section and also Ishumaru' 

/4/ result as"a special case' 



, 

3.2. MIE SCATTERING THEORY 

The exact solution of the scattering of a plane 

wave by an 1sotropic, homogeneous sphere was obtained 

. by Mie~in 1908, and is usually called the Mie theory. 

Mie separated the field equations in spherical 

coordinates intb~two groups-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 scattering cross-section, Qsc is the area 

which, when multiplied by the incident intensity, gives 
, 

the total power scattered by the particle; Q~b~ the 

absorption cross-section, is the area,wh±bh, when mul-

tiplied by the incident intensity, gives the power dis­

sipated as internal heat in the particle. The total 

cross-section ~, is the area which, when multiplied 
" . 

by the incident power intensity; gives the total power 

taken from the incident radio wave, of course, Qt is 

equal to the sum of Qsc aud Qab. 

., . 



In orde~ to evaluate these cross-sections, Mie 

consider a coricentric sphere outside the scattering par­

ticle whb~e radius" is large compared to .that of the par­

ticle. Here the field is the sum- of the incident and 

scattered fields, and the energy f~ow is found in the 

usual way from the real part of the time ave'rage of 

Poynting's vector, 

S= (E. oj. E ) x (E ~ + H ~ ••••••• (3 .1 ) 
1 s 1 S 

The integral of this over the large concentric 

spherical surface gives the total outward flow of energy. 

·When the above vector product is expanded in terms of 

the scalar components of the field vectors and the integ­

ration performed, the result can be, 

IT 2n 

I=Re f J ~ (EieHtl"-Ei.0H~e) r2Sin9d9~ ••••••. (3.2 ) 

o 0 

r2 Sine de d~ ....... (3.3) 



iT 2Jr_ 

IIl=R~ H ~ ...••. (3'.4) 

o 0 

,.-* - *' *" '* where the components E: IM.¢,E.,E )E. ,H ,H ,H. 
. 19 1 sa s¢ 10 59 s¢ 16 

are field components which are in the spherical coor-

dinates. ('*) represents complex conjugate. 

The first integral measures the net overflow 

of energy in the unperturbed incident wave and gives 

zero as long as the medium is a perfect dielectric 

(conductivity=O). The third integral which shows the 

energy of the scattered field is scatteringcro~s-sec­

tion. Obviously, if the energy is to be conserved, the 

second integral must be negative. This is because the 

net energy flow must be negative absorption cross:see­

tion, since by virtue of the absorption within it, the 

particle acts as an energy sing of this .magnitude. 

These integrals have been evaluated by G.Kie. 

He expressed them as, 

00 

./ 

Qab=: 

2 

7\ (-Re) I (2n+l) (a +b, ) :n n .•..... (3.5) 

211 n=l 

" .. 



00 

[ ••••••• (3.6) 

2 Tf n=l 

where an and bn are spherical bessel fonctions of order 

n, and "they are given in terms of the complex index of 

refraction, the radius of sphere a, arid wavelength of 
'. 

the wave, A. 

3.3. RAYLEIGH AFROXThATION 

Rayleigh points out that the cross-section is 

iriversely proportional to the fourth power of the wave-

length and directly proportional to the square of the 

volume of the ~catterer. These two characteres~ics of 

a small (diameterLLwavelength) scatterer were derived 

by Rayleigh. 

As restated in Ref/5/, Mie scattering coeffi-

cents,have been carried out to powers of 10 powers of 

~{size parameter= 2~a/AI a is radlus of scatterer 

for real partj the imaginary part of scattering coeffi­

cients (an-and bn I scattering coerf.) ~lso has been 



carried out t'o the po\'iers of 7 (Pov:e,rseries expansion 

in eX. in the, same reference). After deriving the series 

solution, equations for Qsc and Qab were evaluated in 

many textbooks. The series expansio~ becomes simple eq­

uation if the diameter of scatterer is much less than 

the wavelength, then for'Rayleigh region 

Qsc= ~3 0(.41 m~-~ 1 ........ (3. 7) 
m +2 

,and 

)} ....... (3.$) 
) 

As seen equ's (3.7)and (3.8), if the particles 

are much smaller than a wavelength, a single term in 

the lv'lie series dominates, and the quanti ties Qab and 

Q
sc 

reduces to equ's (].7) and (3.8). Thes~ two equati­

ons are so called ~Rayleigh expressions" In other words, 

if o(LL1, 'tie can easily obtain Rayleigh approximations 

ofO
ab 

and Qsc' from eqs (3 .5) and (3.6) 



3 .4. ~AYLEIGH-GANS APFRoxn1ATIO~ 

Rayleigh developed the theory of scattering by 

small particles and also presented an approximate theory 

for particles of any shape and size having asmall rela­

tive index of refraction. Further contributions were 

made by Debyein 1915. Ten years later, Gans rederived 

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 

2ka (m-l Li L 1 

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 polarised perpendicular 

to the scattering plane, the amplltude function fof 

each volume element is given by /5/ 

e j S-dV ....... (3.10) 



·s 
Where e J 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 approximation says 

that the phase of each wavelet (as seen in Fig.3.1) is 

determined only by the position of each volume element. 

Whereas the phase of each wavelet is independent of the 

material properties of the particle. This is an impor­

tant consequence of Rayleigh-Gans approximation. 

If m sufficiently close unity, one can write 

e jB dV •••••• (3.11} 

.. and finally, Sl (9), amplitude func:tion be comes 

S (e)= --L d 3 (m-l) S e j & dV ••••••• (3.12) 
1 . 2 Tf . 

If m is real, the scattered intensity is defined as 

where 
1 p(e).= -2-

V. 

. I 
1 



p(e) 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 

This assumes no depolarization of the scattered 

radiation. Th~re is no phase retardation between the 

perpendicular and parallel components. 

The part of each of the above expressions for 

Rayleigh-Gans approximation is the intensity scattered 
, 

. by a small sphere with volume V. F(e) represents the 

modification of the intensity due to the finite size 

of the particle and to its deviation from sphericity. 

As I mentioned before, Sihimizu modified this 

approach, he took the radius of the scattering sphere 

to be refract~ring sphere to be refractive index mul­

tiplied with radius rather than rad~us alone. Further 

contributions may be done by developing form factor 

for differen~ shapes. In next generalisedtform Qf.·t~e 

Ra.yleigp.~Gan~ appr<rrach will· be obtained~ . 

-]1-



I 
3.5. SCATTERING AND ABSORPTION OF A PLANE WAVE_ 

BY A SINGLE PARTICLE 

We consider a single partic~e and examine its 

scattering and absorbtion .characterestics. We mentioned 

some of pertinent approiimations to the si~gle particle 

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 olI"igin.I.~, Then 

we evaluate internal field. scattering amplitude, scatter-
" 

ing and absorption cross sections. 

3.5.1. BASIC SCATTERING FORNULATION 

~ plane electromagnetic wave incident on an arbit­

rarily orie~ted dielectric object. The plane wave is assu­

med to have polarization qO and to be propagated in the i 

direction, then 

~ ..•.... {3.15) 



where 

Eo=,the magnltude of. incident wave (Vim) 

ko= propagation constant 

~= wavelength in the medium 

i = unit vector in the direction of wave 

propagation 

q = vector in th~ drection of it,s polarization 

o 

Fig 3.2 Geometry of scattering 

An lsolated scatterer can be electromagnetically 

characterized by specifying its far field scatter~ng 

properties via the scattering amplltude, F(Q,!). The 

wave is incident.upon a particle (see Fig 3.2) whose 

dielectric constant has both real and imaginar parts. 

That is, the particle may be lossy and inhomogeneous. 

If R.L'D2 IA (VJhere D is a diameter of the par­

·ticle), the field Es has complicated amplitude and pha-

-33-



se variations due to interference between contributions 

from different parts of the particle· and then the obser­

vation point is said to be in the near field of the par­

ticle. In the case of R::::,..D2 /~ the scattered field Es 

behaves as a spherical wave and is equal to/4/ 

"kR L 
R. 

for the amplitude function, 

k2 . (€r-l) 
_ F. 

4 1\ 

....... (3 .16 ) 

f{-ex lexll(r') J}V' 
v 

•.• (3.17) 

where F(Q,i) .indicates the amplitude, phase and polar­

ization of the scattered field. 

i. 

-;34-
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3.5.2. CALCULATION OF SCATTERING AND ABSORPTION 

CROSS-SECTIONS 

We consider a particle (an eilipsoid) whose 

surface is given by 

2 x 
2 a 

•••••••• C3 .18) . 

and the incident field Ei has component Eix 
the x,y and z directions, respectively. 

For calculation of cross sections let us assume 

that an ellipsoidts axis coincide with x, y, z ax~s of 

the cartesian coordinate system. See Fig 3.3. 

o=Sin8 Cos~ XO+Sin8 Sin0 yO+Cos6 zo - s f./ s - S S s-

..... -" --~---- ... ----.--. --.----_ ... -' 
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V 0 

hO 0 

. 1 
Gi 

h 
-

"1 
c 

~ y 

x 

Fig.3.S. Scattering from ellipsoid 

Field components of the field inside the par­

ticle are given by 

E. 
E = __ ----.~1=X~----

X [1+' a~c 

..•...• (3.19) 

(8 -l)A J r x 

...... D .20 ) 
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E. 
'E -= _..,--_-=:1:.!::Z~ __ _ ••.•••.• ().21) 

,Z 

l_l + abc -(e -1) A J 
.2 r z 

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

00 

Ax = [ (s+a2 ) [( S+:;) (5+C2 ) (5+a2) ]1/2 

.; •• ().22) 

00 

Ay=f--------~d~S------------­
(s+b 2 ) [(S+b 2 ) (s+c2 )(s+a

211
/

2 
o 

•••• () .23 ) 

co 

f ds 
A z = 0 -( s-+-c-2-) -[ (-S"":;;+":;"b-2 -) (-s-+-c-2-) (-s-+-a-2-)U-l-/ 2 

We -assume that the incident field is initially uniform 

thd internal field within the ellipsoid is also unifprm. 

The depolarising factors 1
1

_, 12 and 13 are defined as 

--:-._------ _.-----

1 = 
1 

abc 

2 
•••• (3.25) 
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, .. abc: A 
2 Y 

• ••• ·(3.26) 

•••• (3.27)· 

- \ 

•••• (3~28) 

Field inside the ellipsoid is~ 

•••• (3.29) 

Since kaLL1, field inside the ellipsoid is constant. 

• • 
E =E = -,--_=1 __ _ 

x y 
l+L (8 -1) 

l.r 

•••• (3.30) 

The absorption cross-section is given by /4/ 

Q = fk 8" (rt) IE(r t )/2 dV' 
ab r - --V 

•••• (3.31) 

since G" is constant in ou~problem, we obtain 
r 

•••• (3.32) 

-)8- ..... 

----~ .. -: .. \.~--.-:---.- 7""--'--'-"'--'=-~'-' - -- --. .-:--....... --.~- _.--- --- - .. -'" .. -_.-. -_ .. -."' 

. '- . 



- where 

1];(r') is the electric field inside the ellipsoid, 
en is the imaginary part of relative dielect-r 

ric constant of ellipsoid. 

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

..•• (}.33) 

Vertical value of electric field inside the ellip­

~oid is for incident field of 

•••• (3.34) 

where E = Cosei 
y [l+L~(er-l) ] 

and 

in a similiar way, vertical absorption .cross section is 

Q = k ern J I £:v /2 d V I abv V 

-39-
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or + Sin2ei 
Il+L3 (er-l) \2 

.. : •. (3 .35) 

In order to calculate scattering cross-section, 
" 

we use definition and then 

•.•• (3.36) , 

...• (3.37) 

and using equ. (3 .17), one can obtain 

•• -.• (3.38 ) 

Note that we can .write vector identity in paranthesis as 

"·iand also' 

•.•• (3.39) 

where 'j. is the angle between po and 0 • 



Taking:the square of ~qu.{3"l$) one can obtain 
\ 

•••• (3.40) 

. 2 2· 
where Sin ~p= l-{Q"P_O) • Let take p=ho=zo hence E =E P x 

and given by aqu. (3.30) J - now substituting equ. (3.30) 

into the equ.{3.40), we obtain 

•••• (3.41) 

and then 

f . k4/ e _11 2 
V

2 
} 2 - r .2. 

Q h= IFhl dw=_ 21 ·2S1n<X.hSln'Xd~q.¢ 
sc I (4rr) l+L (C -1)1 h / 

41T .1 . r 411" 

•••• (3.42) 

the value of integral in equ. (3.42)i5 just equal to ~1f 

where 

8 -1 r 

l+L{e -1) 
1 r 

V= + 1fa 2c , c= ~ ,a=radius 

. ° ° Now, let us-take _p = Y , then E = E P v 

•••• (3.43) . 



• • •• (3 .44 ) 

t ' 

In a similiar way to calculate the vertical scattering 

amplitud~ and related vertical cross-section, we can 

write from equ.(3.40) 

and then subst1tuting in equ.(3.3$) 

The value of integral'f.'in equ·.{3,.46) is equal to 

and 

by subst1tuting 

k4V2 

k~l~r-112 V2 

6n 

value of E , -v 
-2 

I ~v /2 

we obtain 

(8r -l) 
Cos2ei of. 

(8 -1) - r . { Qscv= 
611 l+L (8 -1) 1+L3 (8r -1) 1 r '-

•• • • (3 .45) 

•••• (3 .46 ) 

an­
-3 

•..• (3.47) , 

l 2 

Sin
2
9iJ 

.· ••• (3.48) 

where' L3 =, l-2L1, }rle will generali ze this calculation Wl1eh 

e~¢~o in next chapter. 
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3.5.3. SPECIAL CASE 

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

sections are given by 

8rr3 V2 8 -1 2 

G' = r 
s 

3A4 
-

l+L (8 -1) 
:1. r 

and 
1 2 

G = k 8" V a .' r l+L (8 _1)2 
:1. r 

From the geometry of scattering which is given in section 

3.5.2, we can take as a special case, e~= 0 then 
:1. 

k4V2 
Q = Q h= Q =--se sc sev 6~ 

using k=2n-!7\, equ. (3.49) becomes 

8 -1 ·r 

l+L (8 -1) 
1 r 

8 -1 r 

l+L (8. -1) 
. :1. r 

2 

.... (3.49) 

2 

.... (3.50) 

Clearly equ.(3.50) is in agreement with Ref /4/ 

/ In a similiar rr:anner, our result 

2 

is in agree-

ment with Ref/4/ 
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CHAPTER IV 

I 

CALCULATION OF', AMPLITUDE F,U~ CTIO~S 

4.1. 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 hO vec­

tor coincides with yO vector. 

When the particle is illuminated by a plane wave pro­

pagation in the direction !,scattering direction Q can be des 
. r---' . 

ribed by angles 9s ' ¢s measured with respect to z and x 
, ~ /c, I' 

axes respectively. It is necessary to express variables 

in the coordinates of refererice frame. L~t us assume ·xo:; 

yO~, and zO~ 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 we define a matrix~ A, is called 

the matrix transformation, which CRn be thought of as 

an operator. 



a13 \ 
. 

all a12 

A= a21 a 22 
a

Z3 
) 

•• H{4.1) 
\ 

aJl a32 a
33 

A~is acting:on the unprimed system and trans­

forming it into the primed system. Matrix A contains 

nine direction cosines. It is nece ssary t.o describe A 

using some set of three independent parameters. The 

usual choice 6f parameters is the euler angles. The 

goal 1s to describe the orientation of final rotated 

system ( Xi' ,X~', X5') relative to some initial coor-' 

dinate system (Xl' X2 , X3). Three matrices describing 

these rotations are 

Cos¢ Sin¢ 0 \ 

, .. 

~z(¢)=· :-:--Sin¢ Cos¢ 0 

J 
.•.• (4.2) 

0 0 1 

I 'cose 0 -Sine \ 

P. (B)= I 0 1 0 \ •.•• (4.3) y' . 
\ 

I 

) Sine 0 cose 

( Co 5 'X. Sinry.., 0 \ 
I. 

•••• (4.4) R (¢)= 
\ 

-Sinn(, Co sex, 0 ) z 

\ 0 0 1 / 
I ' ~ 



the total rotation is described as 

A(¢, e,~)= R ('X..).R (e).R (¢) z . y z ' •••• (4.5) 

therefore, 

cos~coseCos¢-Sin~Sin¢ cos~coseSin¢+Sin~os¢ 

A(¢,9,~)= -Sin~Cosecos¢-Cos~Sin¢ -Sin~CoseSin¢+CoSXCos¢ 

-Co~Sine 

SinrxSin8 

cose 

Sinecos¢~ 

By using X01 = AXo we can write 

Sin9Sin¢ 

•••• (4.6) 

As~seen from:- equ. (4.7), the spherical angles 

of incident wave 8, ¢ are measured with respect to a 

polar axis Z and:i respectively. 

-! ~ , 

~ ____ ~L..6-. ____ . ---_ .•.. _ .... _--- .. ---~ 



Assuming that ¢i is equal to ~ero degree and bO = yO 
'-

then equ.(4.7) becomes for incident directio~ 

<5 ° i= -S~ne, X cose
l
, Z 

1 -
•••• (4.S) 

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

amplitude for homogeneous and isotropic scatterer, 

dV'. (4.9) 

In order to calculate scattering amplitude, We 

have to know the value of field inside the scatterer. 

,Taking the axes of three dimenslonal scatter'er as [0 I 

eO ~o ~~ obtain the field inside the scatterer'as - -, ¥::. , • 

- , 
./ ' 

E = Eb hO + E VO = ~h + ~v •••• (4.10). v -
where 

~h= Ehr 
[0+ EhB 9°+ Eh¢ ~o •••• (4.11) 

and 

E E rO+ ,.., eO+ E QO = !!. •••• (4~12) -v vr v9 ' y¢ 
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~h shows the field 'inside the scatterer for ho­

rizontal polarization whereas E indicates the field in-
I -v 
\ 

side the scatterer for vertical polarisation. In equ's 

(4.11) and (4.12) vectors r O , eO , ~ocan be defined as 

(check the matrix transform) 

.••• (4.13) 

As seen in equ's (4.13), spherical polar unit vectors 

are in form of the cartesian components. 

By using the geometry of Fig 4~1.,ro vector is in coin­

cidence with sc~ttering drection Q , we can write 

therefore 

•••••. (4 .14 ) 

similiarly for Eihe and Eih¢, we can obtain below rela­

tions 

-4$-



•••• (4.15) 

and 
! ' 

•••• (4.16) 

F6r vertical components, we caQ write be10~ relations 

similiarly 

Eivr = Eiv(yo.rO) = Eiv(SineiCos8-Cos8iSin8Cos¢) 

•••• (4.17) 

and other components are 

E = E, (vo • eO) = E, (-cose, coseCosn(-Sine, Sine) ve ~v - - ~v ~ p x 

... • (4.lf.n 

.... (4.19) 

'. -
As mentioned in 6hapter III, similiarly by using polar 

components instead of cartesian coordinates components 

and using geometry in Fig.4.1' t equts ().19), (3.20), 

and (3.21) become 

E'h ~ r 
1+ abc (8 -l)A 

2 r r 

-49-
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Fig.4.l. Rotated dielectric ellipsoid 
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or simply 

1+ abc (8 -l)Ad 
2 r YJ 

Eh = K E' h r 1 1 r 

, ' 

Similiarly for vertical polarization we can write 

E = K E. vr 1. lvr 

• ••• (4.21) . 

•••• (4.22) 

•••• (4.2)) 

• ••• (4.24) 

•••• (4.25) 

• .~ • (4.26) 

•••• (4.27J 

•••• (4.28) 

o . 0 ,1,0 where r , e , ~ are polar spherical unit vectors 

in the principal frame and 
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Ki= 1 ••.• (4.29) 

1+Ll(8r~1) 

I 

K = 1 •••• (4.30) 2 
1+L2 (8r -l) 

1 •••• (4.31) 

and Ll , L2 ' L3 are given by equ's(J.25), (3.26) and 

(3.27 ) 

By changing the values of L's /6/) We can find 

internal field for any shape • Now J we can evaluate scat­

tering amplitude since internal field is.know~. 
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4.2. A~~PLITUDE FUNCTIONS 

4.2.1. CALCULATION OF HORIZONTAL ~lPLITUDE 

FUNCTION 

Changing the value of LTs by using ref /6/, one 

can obtain the internal field components for.-different 

shapes. That iS l scattering amp11tude is calculable sin­

~e the internal field is know~.We can write for forward 

drection (Q-= i) /7/ 

. 2 2 J{' , 1 F(i i h)= k {m -l} -ix{ixE ) J dV' -,-,- 4rr - --h 
Vp 

•••• (~.32) 

or in the explicit form. 

J{ -~x(iox(EhrrO+Ehe~o+Eh¢~O) tv, 
Vp , 

•••• (4.33) 

Horizontal component is obtained by dot product. 

-52.:.. "ii . 



We can write, 

I .' ' 

FHH= k2[~-1) I {(rO obo) Ehr :(~O ohO)EhG+(~O ohO) Ej,¢JdV' 

Vp 

II •• (4.34) 

h 0 hO 0 0 s· es' d were t '_ = t ,Y = ~n ~np 

dO 0 dO 0 d ( ) ~ .t! = ~-.y = Cos,., .... 4.35 

. -
by substituting (4.35) into (4.34) j we obtain ~ .-

f jkov.x' 
+ Cos 2¢K3)e - - dX' . I (4.36) 

Vp 

" ' 

The value of integral in eqri.(4.36) is given in appendix. 
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4.2.2. CALCULATION OF VERTICAL'.41/iPLITUDE FUNCTION 

In a similiar way, for vertica+ ~mplitude, we can 

write easily!7! 

•.•. (4.37) 

where dot products are 

by susstltuting eq~'s(4.3B) into-the (4.37) one can obtain 

dx' . ~ .• (4.39) 

. Scatterin~ amplltudes are talculated for random- _ 

1y oriented shapes .as above. 
-54-



4.3. CROSS-SECTION FOPJ,'lULATION 

Under qhasi-static apFroximation, internal field 

of ellipsoid is obtained /7/ ~s 

( ' 0) _ [ (0 0) 0 . (0 0) 0 K ( 0 rl.o) rl.O] Eint !,~ - E6 Kl ~ ·r r +K2 ~.§ § + 3 ~ .~ ~ 

•••• (4 ~ 40) 

We know that internal field determines the value 

of scattering amplitude. By a straightforward manner, us­

ing same definition which is used in ().5) and by means 

of same reference, we can obtain eBsly below fo~mulas, 

••.• (4.41) 

where dw =solid angle 
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• ••• (4.42) 

in' a similiar way, 

•••• (4.43) 

In the geometry of Fig.3.!, ellipsoid is oriented 

at the origin of the cartesian' coordinate system. Whereas, 

in Fig.4.1, ellipsoid.is arbitrarily oriented. If we put 

9 = ¢ = 0 in equations of chapter 4, we find the result 

of chapter 3. And also, if we put Ll =L 2=L3=0.333 into 

equations (4.42) and (4.43), one can obtain the.results 

of section special cases of chapter 3. That is, our res-
.0 , 

ul ts are still good agreement with references /3/ B.nd ./4/;. 
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4.4. DRO~iSIZE DISTRIBUTION 

Specific attenuation values 'were calculated using 

Mie scattering theory for water spheres at each of 41 

. frequencies between 1 and 1000 GHZ. These ~alues are given 

in tabular form in /14/. Values for refractive index of 

water reouired in the calculations \-lere obtained at tem-- '. 

peratures of 20oC, OOC, and -lOoC from equations given 

. by Ray /15~ 6ne can find de~ai~ed information about ref­

ractive index in this reference. 

Four different average ·dropsize distributions 

were used in the calculations to obtain a range of p65~ 

sible specific attenuation values for each frequency; 

l)Laws and Parsons (LP) Distribution /16/ 

This distribution has been used for many prev­

ious calculations. At rainrates below about 35~m/h, 

this distripution gives reasonable result. 

2)Thunderstorm Distribution 

-57- ., , 
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This inegative exponential distribution mea sur-

es the average dropsize spectrum. in convective rain. 

It has been used previously for some specific attenu­

ation calculp.tions /17/. 

3)IDrizzle" Distribution: 

Again thi,s is a negp.tive exponential distribu-, ,! 

tion obtained by fitting the average dropsize spectrum 

of very light widespread rain, or drizzle composed of 

small drops /lS/ 

4)Marshall-Palmer Distribution 

This negative exponential distribution assumed 

here/Sf. This is fairly good fit for the mean dropsize 

spectra measured by both Marshall and Palmer and Laws 

and Parsons. It has been found to be most applicable 

to widespread rain in continental temperature climates. 

Marshall and Palmer distribution is given by 

--. 6 e-A • a n(a)= 0.1 ••.• (4.44) 

-5S-, 
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where 

A=$2.R-O•21 ••.. (4.45) 

and Rlts the rainrate in millimeter per hour. 

The parameter depends ,on the rain intensity 

and expressed in units of per millimeter. ' 

4.~'J ATTENUATioN DUE TO' DIFFERENT SHAPES 

The propagation constants associated with the 

horizontal and vertical scattering amplitudes given by 

ref /9/ as 

K . = V,H 

0.0 

K +. 2l{ f F 
o k 0 V,H 

o 

·-(i,i) - - •..• (4.46) 

Where a.da is the number of drops per·cubic metre 

with radii between a and a+da, and ko is the free space 

propag~tion constant. 

Since raindrops behave as Rayleigh scatterers 

for frequencies up to at least 30GHZ, Howarth, Watson 

and McEwari /19/ have developed a simple replacement 
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for equ. (4.46) ~'ase on Rayleigh theo~y ~ In it, they as­

sume that the shape of the raindrops is not important 

and that the raindrops may be described by a quantity 

AV H' ,This assumption ha's been verified for spheroids , 
with nearly· spherical s~apes. 

In the Hawo~th, Watson and McEwan formulation, 

K= ~ ; 2rrV A 
V,H ~ 1\ V,H, •••• (4.47) 

Where 7\. is the free-space wavelength in meters and V 

is the total volume of ice (in cubic metres) in 1 m3 

,of cloud. The quantities AV and AH have unites of m-3 , 

and depend on the crystal geometry and the refractive 

index of ice. 

When KV andKH are known, the attenuation may 

be calculated for arbitrarily polarized waves propagat­

ing through raindrops. 

Attenuation is given by 
. 5 

Av,H= 8.6$6 Im (KV,H)xlO. dB/km •••• (4.48) 

In order to 6btain AVJ~ for different shapes, 

we are changing values of L's by using r~f /6/. 
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APPLICATIONS 

5.1. THE COl'ftPUTER PROGRAIvl 

The program to compute the attenuation due to 

different shap~s ~uch as circular disks, thin cylinder, 

sphere and so on, is written in FORTRAN 77. 

The program is written as a master program and 

the following subroutines : 

SUBROUTINE BESCI(X,Y)- The subroutine which 

calculates the v91ume integraL of circular disk. 

BESCI(X) calculates jl (X(I))/X(I) where jl in the 

bessel function of- I st order. The algoritm is from 

Abramowitz and Stegun 9.4.1 and.9.4.6. The accurracy 

is I.OE-OB. 

SUBKOUTINE GRAPHIC- The subroutine which plots 

the results. 
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SUBROUTINE SIGMA- The subroutine which com­

putes the n6r~alized cross-sectibris of circular disk, 

thin cylinder and sphere. 

.. 
The suggested algoritm for the solution is 

drawn as a flo~ chart in Fig.5.l. 

The sequence of solution procedure was arran-

~ed in such a way that the solution will take the mini-

mum compulation time, the minimum storage size. 
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~------- ~ij)--------~--~ 
READ 

THETA, THETAI , FHI ,FHII , Dl ;1L, Vxx, 

TT,BB,Vzz,Al,LAMDA,D(I) ,L(i) ,R(I) 

I-----~--~B 

2 
>----~~A 

calculation of 

CCONS(I) ,CjNHH(I) ,NA(I), 

CjNVV(I),KAFFA(I) 

, 3 2 

Ll~L2=L3=0.333 

SPHERE 

Ll =L 2=0,L3=1 

CIRCULAR DISK 

Ll =L 2=0.5,L3=0 

THIN CYLINDER 

c 

+ 
CALL BESSEL 

Fig.5.1. Flow chart for the program 
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calcule.tion of 

CZHH ( I ) , CZVV ( I ) 

calculation of 

CKHH (I ) , CKVV ( I ) 

calculation of 

AAA(5,I) 

AAA(6,I) 

+ 
I 

® '" 

! 
i 

~ 
I 

calculation of 
CZHH ( I) ,CZVV ( I ) 

, 

ca lculati on of 

I 
CKHH ( I) ,CKVV (I ) 

"-

I calculation of 

AAA(l,I) 

AAA{2,I) 

I Print 

jAAA(l,I) ,AAA(2,I) 

AAA(J ,I) ,AAA(4 ,I) 

AA A ( 5, I ) ,AAA (6, I ) 

CALL GRAPH 

E 

v 

I 
calculation of 

CZHH (I) ,CZVV (I) 

v 

c-alculati on of 
.. 

CKHH ( I ) , CKVV( I ) 

I-

--

calculation of 

AAA(3,I) 

AAA(4,I) 

•• ,11 

Fig.5.l. The flow chart (contlnued) 
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,Fig.5.1j Theflbw chart(cont1nued) 

" 

Ll =L2=L3=0. 333 

SPHERE 

, I 

calculation- of 

CQHH (I) 

; CQVV (I) 

, 

ca.lculation of 

CQN ( 5, I) 

CQN (6, I) 

3 

~-----~------~ 

" 

-~ 
calculation of 

CCONT;CCONU,CCONY i · 

CQHO,CQVE 

... I 

~S~ 
Tl 

2 

-+ 
Ll=~2=0,L3=1 Ll =L2=0.5,L3=0 

circular disk Thin cylinder 

, ..... 

calculation of calculation of 

CQHH(I) CQHH(I) 

CQVV(I) CQVV(I) 

.... ,I 

calculation of calculation of 

CQN (l,I) CQN(3,I) 

CQTH 2, I) CQN (4, I) 

Print 

CQN(l,I) ,C~l\(2,I) 

C QK (3 , I ) J C ~r~ ( 4 , I) 1------' 

C QN ( 5 , I ) , C QN ( 6 , I ) 

CALL GEAFH =r 
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5.2. I NUMERICAL RESULTS AND DISCUSSION 

We are dealing'with normalized cross-sections 

versus raindrop diameter. In the other part of the 

main program, we are investigating how attenuation 

varies with respect to rainfall rate. 

Figures (5.1) ,(5.2) and (5.)) 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 vertical normalizedjcross-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 sphere are constant 

and equal to each other. Whereas the other characters 

* ,e; for circular disk or G,~ for thin cylinder, show 

vertical and horizontal normalized cross-sections of 

those particles. In Fig.5.),y axis is in logaritmic sc­

ale~ By using ref/6/, it is also possible to investig­

ate the variation of normalized cross-sections of any 

shapes. 

'-75':'~; '" ',' ,",' 



Fig(5.4) gives us a comparison between thin cylin-
! 

der and sphere~ Theie are three diffe~ent characters in 

that figure,( +) and el) characters indicate attenuations. 

due to thin cylinder vertically and horizontally respec­

tively, whereas(~) character shows attenuation of sphere • 

. It is clear that verticai and horizontal ~ttenuations are 

equal to each other for sphere case. 

In fig(5.5), sphere is comparing 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 ref c , 

/ 

/3/ and /9/, From IOmm/hr up to 150mm/hr,attenuation 

is very high for millimetric wave propagation. The values 

of horizontal and vertical attenuati~s approach the res­

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

ion is very high at low values 'of wavelength. This result 

is in a good agreement with ref/3/. 
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CONCLUSIONS 

Rain imposes a limi ta.tion on millimeter wave­

lengths,. since attenuation by-rain is high. In the sp­

ac~-to-space, space-to ... ground, or ground-t_o-'space com-
.\ 

munication at the millimetric wavelengthj the effects 

of fog, cloud and other aerosols can be detected with 
J 

a caref~lly designed experiment. In other words, in ot-

her a pplications, such as fog and clouds studies, the 

attenuation is tole~able • 

. This work shows the attenuation in rain due to 

different shapes such as circular disk, thin cylinder, 

sphere at the millimetric wave propagation. 

-8)-, 
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APPENDIX 

CALCULATION OF VOLUME INTEGRAL 

.The volume inte~ral V is defined in the refe­p 

rence frame by 

. J J'k v.x' 0- -V = e dx' p • .•• (AI) 
Volume 

with • ••• (A2) 

• ••• (A3 ) 

It is necessary to express variables ~' in the coordi~a~ 

tes of reference frame but the integration is done in 

the primed system. Since ~01, 'y01, ~Ol are unit vectors 

in the primed system, they can be expressed in terms 

of the reference system using EULER ANGLE ROTATION. 

Ke use orthogonal transformation. For this transfor-

mation, we define. a matrix which describes these rot­

ati ons. The transf orma tion mRtrix, A (¢ ,e ,1)(.), can be 

thought of as an operator which acting on iheunpri-
~. :. i .. 

! .... 

.1 .. 
... 1", 



rned system. (see equ.4.6). 

V=(i-o)=i(-SinB;Cos¢.-Sin~ Cos¢ ) 
- - ~ - 1 1 S S 

+Y(-Sine.Sin¢.-SinBSin¢ ) _ ·11 S S 

+z(-CosB.-Cos¢ ) 
- 1 S 

•••• (A4) 

therefore 

V =-SinB.CosG.-SinB Cos¢ x 1 1 S S 

V =-SinB.Sin¢.-SinB Sin¢ y 1 1 S S 

v =-CosB.-CosB z 1 s •••• (A 5 ) 

In the primed coordinate system, integration is done/' • 
, 

That is why we have to express_y" in terms of the ref-

erence coordinates (angles B. , ¢. and e ¢s and B, 
1 1 S ' 

¢, t ) . Since V 'V' and iV t are the projections of V'. x' y z - . 

on the xt , -. , 
y , and z' axes and since dot products are 

invariant under toordinate rotations, one can write 

V'= V' .x' x - -

, . ; .:' . 
,,",j 

, '. ~ 1 

. , , 



V'=V' y'" 
y - .-

A 

VI =V f • Z' 
Z - -

•••• (A6) 

,. 1 ,.. , 
'Khere x , y and ;1 are unit vectors along the x, y, 

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

reference system. 

~'=(COsDGos¢-SintSin¢Cose)~ 

+(CostSin¢+SintCos¢cose)y 

+SineSinD~ 

Y'=-(SinOCos¢+Cos0Sin¢Cose)~ 

+(-SinOSin¢+Costcos¢cose)y , -

+Sinecos't ~ 

i'= Sine(Sin¢i-Cc~¢y)+cosci •••• (A 7) 

... l • 

,-94;.. " 

," . 



" ,',-

",".' " 

. "~ \ 

from which one car obtain 

V~ = (o(Sin() - pCoso') 

V'= O· z • ••• (AS) 
, ! 

v;here d... =cose [Sine. Sin (¢-¢. ) +Sin9- Sin (¢-¢ )l 
11· S S ~ 

-Sine [CosB. +cose J 
1 S 

A =SinG.Cos~¢-¢.)+Sine Cos(¢-¢ ) r 1 1 S S 

6=-Sine rSine . Sin (¢-¢. ) +SinB Sin (¢-¢ .~ Li 1 1 S s~ 

-cose CosB.+CosB 
1 S 

•••• (A9) 

Special cases 

1) Scatterer has elliptical cross-section· (~=O) . , 
,. I 

arid thickness t. Volume integral, equ.(Al), is; 

v = __ 4.:,..:.1T;...;;b__ Sin ( 

p k2V V 
o x z 

-95-
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. . · .. t 
~ .. : 

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

If thi6kness" is so small, t~ep Sinx/x, from equ. 

(Ala), one can get 

roO " (k b2V2)" 
V p:::i 2lT~t l2" ( -l) n 0 - Y " 

- k v \ a V o X n=O " " X 

And also, if we have a circular d{sk of radius 

a=b, then one can obtain for n=O 

•••• (A12) 

In the Rayleigh limit, equ.(A12) becomes Vp= a2t ~s ex­

'pected. 

2) If scatterer has eliptical cross-section and 

if it is sufficiently long and thin compared with the 

wavelength within (elliptical rod), then from equ.(AIO), 

one can obtain" 

k IV 
V =1Tabl Sinc( 0 z) 

p " 2 
.••. (Al) ) 

, ,., 
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