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CHAPTER I

INTRODUCTION

1.1 Sources of Attenuation of Electromagnetic Radiation
in the Atmosphere

The attenuation of radio waves through propagation
in the atmosphere 1s due chlefly to the fcllowlng:

1. BRainfall and suspended water droplets
(including clouds)

2. Oxygen
3. Water vapor

This paper deals with the theoretical analysis of
the effects of suspended water droplets and rain drops on
the propagation of a linearly polarized uniform plane wave
through the atmosphere in the frequency range from 10 M Hz,
up to the frequency that makes kya < 0.7 at which this anal-
ysis is valid, only water droplets of radius less than or
equal to 0,11 Ad is éonsidered.

The pfesence of water droplets in the atmosphere
effects electromagnetic propagation in two ways: (1)
Scattering - reflection of electromagnetic energy due to
the discontinulty of the mediunm at the boundary of the
droplets, (2) Absorption - which can be classified into

two forms; (a) That due to the conductivity of water which



causes conductivity loss. (b) That due to the dielectric
loss factor of the water droplet (,ioe-,ég) which causes the
dielecﬁric loss.,

The guthor uses the same procedure used by Harrington
in the reference "Time Harmonilc Electromagnetic fields".
Harrington derived the scattering cross-sectional area for
e perfect conducting sphere and then mentioned briefly the
procedure for solving the boundary value problem of a loss-
less dielectric, vThe author in this thesis extended this
to the case of a water droplet in the atmosphere and de-
rived the filelds inside the dronlet as well as the scat-
tered fields., From these fields approximate expressions
for the scattered power, scattering cross-sectional area,
the power absorbed by the droplet and absorptlon cross
sectlional area are derilved.

In this paper we find that the scattered power
changes very rapildly with the change in frequency and in-
creases very ravidly with the increase of the size of the
droplet, In fact the vower scattered is a function of
a6 fl"'.

It ié shown that the absorption loss due to the water
conductivity is very small compared with the loss due to
the dielectric loss factor of water (dieclectric loss) in
the frequency range of interest, The major portion of the

absorptlon loss 1s due to the g-.comwponent of the electric

field inside the water droplet., It ig shown that absorption



loss is much greater than the loss due to scattering. Be-
cause the scattered power 1is very small compared with the
dissipated power, we can safely neglect multiple scattering
in this analysis.

Finally an expression 1s derived for the attenuation

constant of a homogeneous distribution of rain droplets,

1.2 The Procedure for Analyzing the Scattering and Ab-
sorption by a Water Droplet

In this paper, the incident wave 1s assumed to have

the followlng characteristics:

(1) It is a linearly polarized plane wave in the
X~direction, which means that the electric-field
E has only on X-component jilece, E = Ex ai.
Furthermore, the equiphase surface of the in-
stantancous electric field is a plane,

(2) It is a uniform plane wave, which means that
the magnitude of the electric field intensity is
constant over any equiphase plane,

(3) It ie propagating in the z-direction.

(L) It is sinusoidally time varying,

The medium throuzh whilch the electromagnetic wave
propagates exclusive of the water droplets is linear, homo-
geneous, isotroplc and source free, In this medivm we can

write Maxwell's equationsc in the form



-9 XE=)yuf (1.2+1)
¢ XH=(oc+3uweE (10242)

In Eqo (1¢2+1); u is the permeability of the mediunm,
which is free space in this enalysis; l.e., u = p, = L (10-7),
Fronm Equation (1¢2+1) and the relation E = E; Uy, it follows
that

from which we get

b3 = T =2 =a 3 Ff" ® T ® []

H=H, U 7 : L (1+2.22)
Therefore H has only ay-component and neither the electric
field nor the magnetic field has & conponent in the z-
direction; i.e., the wave 1s transverse electromagnetic to

z 85 was pointed out before; l.e., E = Ej e~ J¥oz

vhere
ky, =w [u, e,
Substituting for E. into equation (1¢2.2a) we get,
] = 1; 1 | - k z
Hy 0 E, e J¥q
Wil
therefore Eﬁ = Wy = g = N = 120w
H, & Jeo

Generally for a wniform plane travelling wave in a



lossless dielectric we have

3
|
o}

|

Ty

Let us now examine equation (1+2+2)., For a good

dielectric we have the following two conditions

(1) o=o

(2) e = ¢ = j&' where ¢ >> 1]
i.e., equation (1¢2¢2) can be written as
vXHE JycE

Let us now consider the problem of finding the effects
of the suspended water droplets in the atmosphere on the
propagation of the glven transverse electromagnetic wave,
The approach to the problem 1s as follows.

Any fileld cen be resolved into two components, one
being transverse electric to any particular direction (no
electric field in that direction) and the other being trans-
verse magnetic to the same direction[Z]. We can.regard the
incident field as composed of two components, one trans-
verse electric to the unit vector E& and the other transn;
verse magnetic to the same unit vector. We have complete
freedom in choosing the direction of the unit vector T&u

therefore, we choose the radial vector in a2 sphericale-

coordinate cystem to coincide with the spherical



configuration of a water droplet. This direction provides
simpler results than any other direction 1n the svherical
systen,

The procedure for developing the relations for radio
frequency scattering and absorption by a water droplet is

es follows:

(1) PFrom the incident electric and magnetic field,
we find the radiasl-components of the incident
fields (i.e., EL and HI)

1 1. 1 1oad o

(2) From Ey end HZ we can find A; and Fr (Ar pro
duces a field T. M, to U, and F% produces a

field T. E. to Bf) using the equations (see
Appendix B Egs. (B-22) and (B-25))

1s 2 + k2, Al .2
Bf = L2l + 1) 4 (102.3)
Weg 'O
and
J(UUO o Xo T b

(3) The forms for Ag end Fg can be obtained using
the configuration of the droplet as will be
‘shown later., Both forms of Ag and Fﬁ contain
a multiplicative constant which nust be eval-
uated by applylng the boundary conditions.
HNote that the centre of the dronlet is taken

as the origin for the spherical-coordinate



system; i,e.,, * = a identifies the boundary of
the droplet. |
(4) Ve find the forms of A; and F;, the magnetic

and electric vector potentlals inside the drop-
let, making use of the tact that the point

r = 0 1s inside the dronlet. Now we are in a
position that enables us to find the total
vector potentials outside the drovlet, A; and

+ + _ 1 s + _ o1
Fr, where Ar = Ar + AT end Fr = I

+ FS, the
r T

sum of the incident and scattered vector poten-
tials.

(5) After all components of the electric and moge
netic vector potentials ere known inside and
outside the water droplet, we can determine the
transverse components of the electric and mag-
netic fields inside and outside the water drop-
let using these equations (see Appendix B Egs.
(B-23), (B-2L), (B-26), & (B-27))

Eg=_=1__3Fc+ 1 32,
r Sin 6 . § r 316
where ¥y = 0 + Jwe (1+2.5)
E =13F + 1 22An (1+246)

P ¥ 30 ¥ T Sin 9 313



He = 1 dAr + 1 BZFI‘ ’
rSin® 30 zT 30
where z = Jwu (1e2+7)
B o= .1 adn+ 1 3 2Fr (1.2.8)

r 36 z7rSin 8 3r3m

It is to be noted that each expression for Ai, A;,
F? and F; contain a constant and these constants are to be

determined by matching the transverse filelds at the bound-

ary r = a

(6) Te above 5-steps (a, b, ¢, 4, e) enzble us to
determnine the fields, and from these fields we

can find
(a) The scattered power and the scattering
cross-sectionsal area.
(b) The power dissipated within the water
droplet and the absorption cross-cectional

areco.,

From these steps (a, b) we can find the attenuation

constant,

Summary

In this section we briefly discussed the pro-
cedure we are going to use for developing the scattering
and absorpton of an electromagnetic wave by a droplet of

water in the atmosphere. The procedure is divided into 8



najor sections., These sectlons are

(1)

(2)

(3)

(&)

(5)

(6)

(7)

(8)

The

Determination of E; and H

N Ko

Determination of Aij: and F

Determination of and Fi .

Hn

Determination of A; and F; .

Determination of the scattering cross~sectional
area.

Determination of the power loss due to absorp-
tion.

Comparison between the vower loss due to scat-
tering and that due to absorption.

Determination of the sttenuatloml constant,

Second Chapter (Scattering of Electromagnetic

wave by a droplet of water in the atmosphere) covers the

first 5 sectlons and the third chapter (Absorption of Elec-

tromagnetic wave by a droplet of water in the atmosphere)

covers the last 3 sections.



CHAPTER II

SCATTERING OF AN ELECTROMAGNETIC WAVE BY A DROPLET OF WATER
IN THE ATMOSPHERE

2.1 Introduction

In this chapter we are going to solve the boundary
value problem of a droplet of water in the atmosphere that
causes scattering and absorption of an incident electro-
magnetic wave, From the solution we get the fields inside
and outside the droplet, then we determine the scattering
power and the scattering cross-sectional area,

2,2 Determination of the Radial Components of the
Incident Fields

From the given incident fields we know that

E"=E e % U, (2.2.1)
and
=1 ~Jkoz T
H = EO € Uy (20202)
Mo

- 1 i b R §
Since z = r cos 6, Er am Ex cos o sin 6 and Hr = Hy N

sin v sin 6
we get

i
-jk o)
E. =B e J¥or cos 6 o4 » sin 0 (2.2.3)

10
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and
H; = %o e=¥o T oS 9 g4y o sin 9 (202+4)
Mo
Since e~J¥0 T €08 9 1 be uritten as

1 L (e—jko T Cos 9)
Jk, * sin 6 30

therefore E% can be written as

gl Eo cos r 3 (e-jko r cos 6) (2.2.5)
9

JkoT

o

Similarly we cen find

H% = Ey sin » 3 e~JXo T cos 6) (2¢2+6)

B ] e

jkor‘noa

L] Using the relation oJKo T cOos 8 _

S8
il

3P (2n + 1) dn (kor) P, (cos 8), we can write the
0 _

expression for Ei in term of the syherical Bessel function
of the first kind [ﬁn (kor)] and the Legendre polynonials

(P, (cos 0)]; t.e.,

1. B, cosn T 4N y 6
E ) o 2 377 (2n + 1) g (k1) P (cos 6)

1‘\ o~ asro.

jkor 30 n=o

Using the relation d Pn (cos 8) = 1l (cos g)
. 30 n
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~ . i
and letting (kor) 3y (kor) = J, (k,r), the relation for E.

becomes
El = =j B cos ® 3 78 (2n + 1) T (x.r) P! (cos 6)
r (o] """"“"‘"“2“ n=o n [o] n
(kor)
- ~ 3 1
= -J E, _cos 2_ [ I, (k,r) P (cos 8) +
(x,r)
0 n R 1
n__}_:1 I (22 + 1) J (kor) P, (cos )]

and since Pg (cos 8) = 0 for all values of 8 therefore

Ei =.jE coso £ §U (zn+1) J (k,r) Pi (cos 9)

(koriz = ’ (202:7)
Similarly
N o ,-nh . 1
H = -3 By sin o nZy 3 (20 + 1) J (k) P (cos 8)
Mo (kor)2 ‘ (292¢8)

Having found the radisl components of the incident
field (Eq. 2¢2¢7, 2+2.8), we now determine the vector po-

tential functions.

203 Determination of the Incident Vector Potential Func-

tions (AL, T

Equations (1¢2¢3) and (1e¢2¢4), that give A; and Fi

arc based upon the following relations;

Tne general equations for vector potentials are
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() v Xv X A=X?A=aF vd® (See Eq. (B-7))
where & = 0+ Jmwe In general and = J w ¢ In lossless mediunm,
(b) vXyXFa-x? =-2v3® (See Eq. (B-8))

»
where z = J w Ug in non magnetic medium,

4)9*, (pb are arbitrary scalars., If we choose qsa such

that -5 3@ = AT and §P such that -z P = 3Fr |

v

ar or

In Avpendix (B) it is shown that

(2) A, satisfies the relation (92 + k2) Ap = 0

(See Eq. (B-14))

(b) F, satisfles the rclation (v2 + k2) Fy = 0
I‘
(c) A and F are defined as having only radial

components; 1i,e., K = Ef A, and F = I& F.

(d) A glves a fileld transverse magnetic to B}

while F gives a fileld transverse electric
to Uy
Equation (1.2.4) 1is

i _ 2 2 i
E,=_1 ¢ a? + k%) A (1+2.4)
Jmeo 3~

Using equation (B« 16) in Appendix B, we have

(<]
A= % o

s m
xr n=0 n=o mn Bn (kor) Ln (COS e) h(mﬁ)

vhere G, are constants
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Since the incident field is finite at 6 = 0 and 6 = m, then

Ly (cos 0) = Py (cos 8) (See Eq. (A-6b) in Appendix A and

the accompanying discussions.) Also h(mp) must be eZIn?

(See Eqe (A-6a) in Appendix A and the accompanying dis-
cussions.) B, (k,r) are spherical Bessel's functlions. Taus
Eq. (B-16) becomes

1 o 0

= E m )i .3
A, nég mgg G By (kor) P, (cos 6) e=u (2+301)

Substituting the above expression for A; into Eq. (1e2+4),
we get

1 (-] o

= ; m Ay
E. = _1 Z I G P (cos 0) c Jume

jmeo n=0 nmn=o

a® B, (kor) + k§ fsn (1c_r) ' (20302)
dr2

From Eq. (B-17), we have

2 PS 245 _ PN
dd B (kor) + ko By (kor) = ngngil B (kor)
T r

N

Substituting the above relatlon into Eg., (2¢3¢2), we get

1 ) > n -
A y EInd
E. = 1_“5 ngg mg; G, Py (cos 8) e
Jwegy »
B, (k r) n(n+1). (2¢3.3)

Comparing Eq. (2¢3¢3) with Eq. (2:2+7), we get
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m=t, B, (2041) 4 = G,
n(n+1)

B, (kor) = J, (kor),

e*™ - o5 andn 21 From the above relatlions and Eq.

(2.3.1), we get

A= B % cos o J_ (k.r) Pl (cos g) (2¢3+4)
T  — n=1 ® % Yn Yo n
Wi o
where -n
an = J (2n+1)
n( n+1) (2+3+ ka)

Equation (2e¢3+4) gives the value of the radial component of
the incident magnetic vector votential (Ai) in terms of the
magnitude of the incident electric field (E,) and the wave
nunber in free space (k).

Repeating the same procedure for Hi and F; we get

1 _ g 2 C 1
F. = 20 sin m nfl R (k,r) P, (cos 9) (2¢3.5)

¥o

where a  is given by Eq. (2¢3¢L4a)

Sunmary

In this section we derived the relations for Ai, the
incident radial magnetic vector votentizl, and Fi. the in-

cident radial component of the electric vector potential,

oy

Note that Al = T% A% and Pl = U, F% . The equations for

i % R
Ar and Fr are
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1. B cos 0 o 377 (2n+1) T (k1) Pl (cos 0) (2¢3.4)
Ar;;; " n=t a(mFy o0 m

FL=% sing £ 57 (2n1) I, () P (cos 0)  (2+3.5)
r ko n=1 n(n+1

2.4 Determination of the Scattered lMagnectic and Electiric
Vector Potentials (Aq and Pg) Foriis

Using the above resuvlts we may now find the scattercd
electric and magnetic vector potentials, and consequently,
the scattered electric and magnetic fields.

Since the scattered field 1is an outward travelling
wave and the field nust be finite as r —- 0, the scattered
electric and magnetic vector potentials have the same forms
as the incident omes with J (kr) repleced by HéZ)(kr),
differing by a multiplying constent (See Eq. (B-21)).

[} . ol
Thus we can write A; and F; as

& 2 (2)
= % cosw X b 7 (kx) pi (cos 0) (2e4.1)
WUy n=1

where bn are constants to be determined from the boundary

conditions and

«Q (=] A
F; = Lo sin o 2 c, \(2)
k o n=1 n

(kor) Pé (cos ¢) (24402)
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where cn are constants to be determined from the boundary
conditions.

+
Outslide the droplet we have Ar = A1

+ AS, the total
r r

radlial component of the magnetic vector potential,

+ -] _ ~ o\(2) . 1
A.= _Eo cosn nfﬁ [én J (k) +b H (kor)] P kos g)

UIEPN "
(2044 3)
and F} is the total radial component of the electric vector
potential outside the droplet as,

i E (2) 1
¢z a t + ” ',
F Q0 sin (9] E a Jn, (k I‘) C Hn (kol)_ P (COS 9)

(o]
(20 4el)

Summary

In this section we derived the expressions for the
scattered electric end magnetic vector potentials; l.e.,
Fi and Ai end using these expressions along with the ex-
pressions for Ai and Fi, the incident radial components of
the magnetic and electric vector potentials we get the
total external vector votentials, A; and F:. These ex-

pressions are

~(2)
S . FE s 1 (eoa ol
A = Yo cos o niﬁ b, H, (kor) Pn (cos 9), (2e8401)

(181 o
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Fi = _11;:49_ sin e o2 Ch Héz)(kor) Pl}l (cos g), (20442)
o :
. SR p a(2) 1
AL = 559 cos I o, 3, (e ,r) + b, H°/(k 1)) P, (cos o),
0
(244.3)

+ (o] ~ 5(2)
= E v 1
Fr = EQ sin o né& (2, Iy (kgr) + ¢, H "' (x 7)] P (cos o).
(o]
(20 4o l)
Having found the vector potentials outside the drop-
let of water, we now find the forms of the potentials in-

side the droplet.

2.5 Destermination of the Scattered Vector Potentials and
the Vector Potentials Outcide the Droplet

I

Consider region I (inside the droplet), r < a. The

magnetic vector potential will have the form (Sece Eq. (B-

19)).

~

6 I (kgv) Pg (cos 6) (205+1)

-

Apn = Eo_ COS ¢
WLl

o
=
2

n=1
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dn are constants depending only on n which are to be de-
termined from the boundary conditions. Similarly, the elec-

tric vector potential F. has the form

[

- = E 3 S .5
F.= _20 sing néﬁ en I, (kdl) P, (cos o) (2¢502)
)

e, are constants depending only on n which are to be de-

termined from the boundary conditions,

Because the droplet of water 1s not a perfect conductor,

the boundary condlition require that the tangential components
of both the electric and magnetic fields are continuous a-
cross the surface, r» = a. Also since the field is finite in-
side the droplet including the center of it; i.e., r =0,
thus Eq. (B-19) is chosen to represent the vector potentials
inside the droplet [See Appendix (A) Eq. (A-8) and the ac-
companying discussions, salso see Eq., (B-19). ]

These conditions can be written mathematically as,

Eg = EE at r = a

+ -

E‘Q:Ecp at r = a |
T (2¢503)

Hy =Hy atr=a '
+ -

{ = H =

I@ L at r a

The above four equations are sufficlient to find the four

constants bn’ Cpys d.n and en. Let us now find E;, E-, Hg snd H

®

-
[«

)
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at r = a, we have

E, ==_1 3Fr + 1 327 (20 5.4)

® FEin o 3 Jue T 2750

(See Eq. (B-23)). Using Egs. (2+¢5.1) ond (2¢5.2), we sub-

stitute for A; and F, into the preceding equation therefore,

- o ~ 1
Eo == _Eo  cose I e J (k;r) P (cos 0) +
S ETETY nsp n "nid n

) ~/
kg Eo cos 3 a Jpkgr) « _d [Pl (cos 0)]
v Ce n=1 ae
& druo

where k ( s
a v Mot g

and k =uw [ue

Evaluating a2t the boundary, r = a,

(<o) -
Eel == B coseg X e, n (k a) P (cos 8) -
r=a k& sin % n=1
E, 1
—0 cos b d, 3! n(kqa) 4 [P (cos 6)] (2+5.4a)
akd n=1 as n

Repeating the same procedure using Eq. (B-24) we find

E =_]:. aFr-i' 1 BZAE
© r 30 Jmcdr sin 6 3rde (2¢5+5)

From which we get, at r = a
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- _E =) ~ 1
E = Yo sin, X e J (k.a) _d [P" (cos g)] +

A/ -
JE; sin ¢ °}3 d Jn(kda) _4a [Pril (cos 8)7].

kqa sin 6 n=1 1 dg
(2. 50 58.)
Similarly for Hy using Eq. (B-26) we have,
r sin © d¢eo jmuor I o
From which we get, at r = ¢
fove) o
Hy == 1 By ging ngﬁ 4, Ju (kda) P& (cos 0) +

r=g a sin 6 MU g

(=] ~/
Fo kg sin o T e Iy (ige) 4 (Pl (cos 0)]
Jmuoa ko 1 de

(2+5462)
The value of H; can be similarly found using Eq. (B-27); i.e.,

H = -1 347 + 1 3 2ry (2¢547)
e T 30 jmuor sin & 3rdm

From which we get at r = o,

- _ 7 00 ) 1
" = = Fo cos o nE:l d, I (xgqa) 4 [P, (cos 0)J+
r=e.  anl, = as
Fo cosm Xa % e J. (.a) P} (cos 0)
% cosg ' K¢ e c.2) P (cos
e e e 1 £ n ‘¢
jmuoa sin 9 ko n=1 -1 . n
(2¢5072)

To complcte the four equations that represent the bouvndary

condition we need to find Fg', F:, n;’,‘ and H,: evaluated at
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r = a., We have
+ +

Bg==_ 1 _ 3Fp + _1 _ 3% (2¢548)
r sin 9 3m Jne T 3136

From Equations (2¢4+3) and (2.4.4), we

(see Eq. (B-23)).
substitute for A; and F; into the preceding equation to find
+ | :
Ey
r=a
+ ..~ (2)
E, -~ . By cos o (= T, (k,a) +c Hy (koa)]Pé(cos 9) =
r=g a sin 9 ko
© A/ 2
J—_'IE_Q_ COS m El [an Jn(koa) ( )(k 3.)-] d {:Pl (CO ):,
k) do
(2¢5+82)
+
Similarly for Ej using Eg. (B~24) we have
+ 2,+
E+ = 1 3Fy 4 1 3 Ay (2¢5.9)
woor e Jue,r sin 6 3rde
therefore

E

From which we get o

+ evaluated at » = g,

o 582 (e 0) T

+ in «
E = Bg Sinfl ( J (k a) + ¢
o RN “”Eﬁg“” n= 1 n
.51 JE, si o
d_ [P, (cos )] + 20 Sin e 2: [a I, (k a) +
k a sin 9 n=1

o
[}

bll

Sinmilarly we find Hg using Eq.

“(2)' -1
H,  (k,a) 1[P; (cos 0)] (24 5092)

we have

(B~-26),



-
Hy = __1 N B
r sin © a@ J(j)uor 21d 8 (205.10)
From which we get at r = a
+ ' 2 -
HGI = . By sin o b [a J (k a) + Db H(z)(k aﬂ
r=n a sin O UJUO n=1 n n (o] n n o .
1 E, k, si < .
P (cos 0) + SImMo 3y la J (ka) +
J\i)u a }1 n=1 [ n n (o]
e }1(2)(1{ a)] d_ [Pi (cos e)] (2¢5-102)
ae L ,
Hc: 1s found using Eq. (B-27),
+ o+
BT = .1 3 4 1 37F,
o r 236 Jou T sin @ amw (2+5+11)

From which we get, at r = o

+ 7
H l qu cos
O ly=q enu
o

O ~(2)
g& ‘ah I (k a) + b H (k ), .

cos o

[P; (cos Gﬂ + B K,

Q1@
>

-~

c, H(Z)(koa)] 1>111 (cos e)]

jmuor sin © ko

©o ~
[ £, [2q Iy (ka) +

n=1

(2+5¢112a)

Equations (2+°58a), (2¢5:9a), (2¢5+10a) end (2:5¢112) give

+ +
the required values for E,, Eg. He.and'%: evaluated at r = a,

e - ol ~ - -+ + -+
Substituting for Ey, E Hg, Hm’ Ee, %o’ He and %m

D

evaluated

at r = a from Fgs. (2¢5+4a), (2.5.52), (2.5.68), (2:5:7a),
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(2.5.8a), (2+5¢9a), (2:5+10a) and (2:5+11a) into equations
(2+4503) we get

A

At RS ~y
- oty Iy (kya) Jn(kda) + e, Jn(koa) Jn(kda) 8,

b = » = n "
n [uoed Héz)Qkoa) Jn(kda) -,uocd Héz)(koa) Jé(kda)

-~ e/ e A -~
. moFa Jn(kon) Jy(kga) *icFs n(ka) Jy(kga)  a
B ey B2 (kpa) Tflkga) - figeg, B(2V (kg a) Ty (kga)

dn = o 1 3 ”J uoed A ~ Y ah
figgq B2V ) T, (kga) - foos, B82) (k a) 3 (kya)

B J Moo e
n\.}uoed ﬁéZ)(koa) 3A(kda) ~/uoeo ﬁéz)?koa) Iy (k42)

e
(205012)
where e 1s given by Eg. (2:3:4); i.e.,

a = A"0 (2nt1)
n n(n+1)

A S K e S . :S o s}
Now we know completely Ar’ Ar, Fr and Pr because bn,
Cho dn and e, are now known. It is to be noted that each
- s
expression of Ar' Ar
of terms, however only the term corresponding to n = 1 pre-

. F; and Fi_contains en infinite number

dominates when koa << 1, (Sce Appendix C for valucs of
koa in the frequency range of interest and for average drop

size,)
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Using the above approximation, we get[u]

b, ¥ -(k a)’ £pr -1

1 o (g;jqrjz)
©4 =0 .

. (2¢5012a)
dl = 9
2j(2 +e,)

e =

17 g

r

Thus we now have approximate expressions for Ai; A;;
Fi and F; that are valid for the frequency range of interest
and the average drop size.

Substituting the values of b, cq, d; and e, from Eq.
(2¢5+12a) into Eq. (2+4-1), (2.4.2), (2'5;1) and (2'5;2)

noting that Pi (cos 0) = « sin 0, we get,

AS = B, cos o (kya)d (cpe1) [H(Z)(k r)] sin 6, (2+5013)
WM (e +2)

19}
e

0, (2050 14)

- ~x=E cose¢p sin 0
A= o J (x r) (2¢5015)
r T Gycmy)
and
F.- X e EO sin © sin © J (k ) (2, ,16)
r . E (830 ) T ‘5

Equations (2¢5¢13), (2¢5:14), (2¢5:15) and (2.5.16)
glve the radial components of the scattered vector poten-

tials inside the droplet.
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2,6 Determination of the Scattering Cross-Sectional Area

The scattered flelds can be determined completely be-
cause we have determined Ai and Fi in section (2.5). From
the scattered fields we find the scattered power using the
relation

P =g ExE) T U]
where the integration 1s taken over a sphere of large radius,
in other words the scattered fields, ES and ﬁs, are the far
fields; i.e., a great distance from the scatterer, and ds 1s

the element of area on the spherical surface, 1i.e.,

ds = r2 sin 6 d8d»n T&. Therefore,
msﬁ‘
P_ = fg" fg [E° x H ]r r2 sin 6 d0 dp (20601)
where

—gi 2% )
[E x B° 1. = (£5 BS - ES HY ]

The scattering cross-scctional area is defined as the
area of an ideal receiving antenna that intercepts an amount
of the incident power equal to the scattered power. This can

be written as

o = ¥ A (2¢6.2)

where (Eg/no) is the incident power density,
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To find Py, we nced to find Ej, Ej, Hy and Hj. Using

Egs. (B-23) and (2¢5¢14) we have

2 s
Eg = _ 1 3 Ap
Jwe,r 3130

Substituting for An from equation (2¢5.13) noting that for

;2)/(1{01') = je-jkor [6:,’

o0
koI‘ —_—

the far field, kor ——- @ and H

we get,

E: = Ey cos 6 cos o ggpa)B o ko (er=1) | 5o=3Kor
Jweor (o) (e 42)

- B cos o cos 0 (kga)d (e~1) o=ik,T (206¢3)
wr Jﬁ;?; (e .+2)

Similarly for Qi using Eqs. (B-2L) and (2°5¢14) we have

2 s
Q; = 1 °07Ay, |
Jweor sin 8 31dp

from which we get using Eq. (2¢5¢13)

ES ='"EO sin o (koa)3 k, (€r~1) sin ¢ je=JXor
® Jwe T sin 6 (cr+2) Wil

="E, sin » (kof)3 (¢ 1) e=JKor (20604)
wr I €, (cr+2)

To find Hz we use Egs. (B=-26) and (2¢5¢14) to get

s s
Hy = __1 e
r sin & gy
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from which we get using Equation (2°5¢13)

Hg = Ey sin o (koa)3 (ep=1) . e"Jkr (2°6+5)
wdy, T (ep+2)

Similarly for ﬂg using Equations (B-27) and (2*5°*14) we have,

Hy = = 1. a,f.x‘?:
r 36

from which we get using Equation (2.5.13)

S . E, cos 9 cos (kp2)> (ep=1) o =JkT
° olg T (cpt2) (206+6)

Now we have determined the requlred fields components
for the evaluation of PS, but before doing this let us ex-
amine the scattered electric field components Eg and Ei

From Eguatlon (2¢6¢3) we have

Ey cos » cos O (koa)3 (ep=1)
wr [oeo (ept2)

L(a,f) cos ¢ cos 0
h

i

S
Ey

it

At a2 particular frequency L(a,f) is a constant and equal to

FO (1’0 )3 (Cy-:‘l)

]

T Uges (c +2)

s
Tne above cquation for the fgr field megnitude ,Ea

shows that this magnitude varies sinusoidally with 86 as well
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as ¢, Thus for fixed value of 9 and r the maximum value of
]Egl ocours for ¢ = 0 and it is zero when m = w/2. Similarly
for fixed value of r and ¢, the value of 'Egl reaches maximum
value when 8 = 0 and reaches zero when 6 = n/2, Of course
the maximun value occurred when g =¢o = 0, This 1s shown in
Figure (2.1).

The Figure shows the variliation of the magnitude of the
0 component of the scattered electric field with 6 for fixed
velues of © = 0° o = 45° and o = 600. at a fized value of r.

A similar figure can be draym for the variation of

with » for fixed values of 6 and r.

£

For the varietion of Ej with 6 and ¢, we have from

Equation (2¢6+4)

= Ey sin o koQ)B (r-1) = L(2,£) sin

e . 334 47 0 N s

wT {uoeo > (e 12) T

S
L(2,f) is the same constant used for ,EQ

|
o

(24

In this czse the magnitude of E; does not depend on
8 but varies sinusoildally with ». As shown in Figure (2.2)

the maximum value of occurs wnen o = 1 and it is zero

"o

s
for » = 0, Thus the rnagnitude of ao is zero when
i {

Egl is
maxinum and vice versa.

Similarly, we may now findeg and. ﬂge From Equation
(2¢6°5) we have,

roenare. o s 3 e s

WL (cll?) T

Hg\ . B, sina (k, 2)3 (1) (o f) sinn
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r = constant

3. P S .
Fige (2.1) Variastion of IEOI with 6 and o
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r = constant

[l

o

‘o
i

Fig., (2.2) Variation of

with ¢
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At a particular frequency N(a,f) is a constant and equal to

Eo WMUB(MMH
oty (€,%2)

therefore,

HS' does not depend on 9 but varies sinusoidally

with 9. From Equation (2¢6+6) we have,

57| = Bo_cos o cos 8 (koa)? (ey-1) = N cos ® cos
© wi T (ep+2) r
therefore, H§| varles with ¢ in the same manner ﬁi varies

|

with 9 and IQSI varies with 6 end ¢ in the same manner
varles with 9 and ¢.

To find Py we determine (Eg Hgﬁ - Qi HE") therefore,

N(cos o cos 0)2 e

'S g% S a¥ ,
B My - B S Lo

h&:jkr N sin%g ejkr

r

LN [cos%ekcosze 4 sin%g]
2
T

Substituting this expression into Equation (2:6+1) we get,
Py = J27 7L [eos®h cos?s + sinp] xr? sin 0 a8
2

T2
LV Jo Jo (sin 6 cos® cos?0 + sin 0 sin%n) &> d8

il
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i
nLN [/, cos?0 sin 6 a0 + fg sin ¢ 497

8 oI I\_I_
3 (206+7)

Substituting for L and N into Equatiom (2¢6+7) we have
8 1 EZ (oa)® [ ep-142
P_ =8 1m B (kga) [vr‘iq (2+6+7a)

S
3w 2‘1},0 [uoeo er+2

From Equations (2+6+2) and (2+6+7) we have,

3 )

therefore,

8m (ko'l) er“ _-’2 Uo

3 wzu f“"‘ e L €0

I 4 Mo€o €pt2

Q
il

Since _1 = 2, w2

Moo . (2m)2
therefore,
2
o, = 25, (kg a) [ﬁ;:i]z
3ﬂ er+2

In the frequency range of interest, €y = 78 >> 1 [7] and
~ 2 6
Oy = 2. <
S 3m %o (l‘oa)

which may be expressed in terms of square wave lengths



- . 6
o, =9 = 2 (k,a)
s -;‘g 3 o
=K (a

(7)
vhere K = (&7) (n5) = 1.29 X 104

3
= . L
O = % = 1,29 X 10 (a_ (24648)

2 (3

From the previous equation we see that the scattering cross
sectional area Oy varies as the sixth power of the radius, a;
i.e., for two drops of water one of radius "al" and the other
with a radius of "2a1“ e see that the scattered power varies
from Py to 6&?8 respectively. So the scattered power is very
sensitive to the size of the drop.

Concerning the effect of the frequency varlation we
sce that the scattered powcr from a given drop varies as fh
or the 4th power of frequency. In other words increasing
the frequency by a factor of tuwo increases the scattered
power by a factor of 16, for a given droplet size,

Note also that the scattered power is more sensitive
to the radius of the drop than to the fregquency of the inci-
dent planc polarized wave.

For the specific frequency of 0.3 G Hz, and a drop-

let size, a = 0,2 cm;
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and
b -3 0 -13 2
o, = 1.29 X 10" +(2 X 1077y = 8,25 X 10 m“
1
= 8,25 X 10"9 em®
For 2 smaller droplet, a = 0,1 cn
L -3 -1 2
o, = 1.29 X 10 (1‘§u;g )y = 1,29 X 10 n
1
= 1,29 X 10710 ¢n?
Sunmary
In section (2.5) we developed the expressions for the
scaﬁtered field comnponents Ez, ﬁg, Hg and ﬁg. These expres-
slons are
Eg = I (koa)B (er"i) e~ JKo¥ cos ¢ cos 6, (2¢603)
wr [l €, €12
° = =By (koa)? -1, =0T gin o, (260 4)
@ wr [IiJ€g €pt2
Hy = Fo_(Ko2)3 (ex-1) o™ 30T gin g (260 5)
W, T ept2
ﬂi = :9~j59£lw (Eﬁii ¢~ %Y o5 cos 6 (2¢646)
N muor cr+2

From thc sbove scattered fleld components we derived

the expression for the scattered power, P, as

S
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2
p_ = 8m Ej (koa)6 (er~1)2 (2¢6+7a)

S
3’”2 Ho ’U'OQO €r+2

and from the scattered power, P

g! Ve developed the expression

for the scattering cross~sectional ares, Oyy 8S

2 6
oy = 2. A (k.a)
317
The above exvression for the scattering cross-sectionsl
area shows that thils cross-sectional area is proportional to

the sixth power of "a" and that it i1s inversely provortional

to the fourth power of the frece space wavelength, Ao.



CHAPTER III

ABSORPTION OF A LINEARLY POLARIZED PLANE WAVE BY A DROPLET OF
WATER IN THE ATMOSPHERE

3.1 Introduction

So far we have solved the boundary value problem of
a spherical rain-drof and we have determined the electric
and maghetic flelds Inslide and outside the rain drop.
Outside the rain drop we have found the scattered
fields that exist due to the 1ncident plane polarized wave.
Finally we found the scattered power and from this we found
the scattering cross-sectional area for the dielectric
sphere of a rain-drop. The following assumptions have been
made
(1) k & = 2ma << 1 which is valid for average size
rain droPs of radius "a) throughout the frequen-
cy range of interest [from 10 M Hz, up to 300
M Hz.] (see Appendix C).
(2) We assumed that the rain-drop 1s a lossless
dielectric sphere of relative permittivity €pt
this assunption as we shall see is valid for

determining the field distribution,

The method ussd here to find the r-f energy dissil-

pated in a rain drop is the perturbational method. The

37
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fields in the rain-drop are found by assuming a lossless
dielectric., Using the lossless fleld distribution the loss
due to the dielectric loss factor and the conductivity of
water 1s calculated. If the conductivity loss 1is small
conmpared to the dlelectric loss and the dielectric loss
tangent is very small, we conclude that our assumption of a
lossless dielectric is falrly good. In other words we make
an assuuption and if this assumption leads to sufficlently
accurate results we conclude that the assumption 1is valid,

We have found in section (2.5), the complete ex-
pression for both the magnetic and electric vector poten-~
tials inside the rain drop due to the incident plane polar-
ized wave. These are equations (2¢5.15) & (2:5.16) respec-
tively.

For convenlence we'll repeat equations (2+5¢15) and

(2:5916)

AL E - Fo — 791 (kgr) cos o sin 6 (2¢515)
wu, 2] (24 )
and
F, =B (.9 Jy (k47) sin o sin o (205+16)
k, 8is
3.2 Datexnination of the Fou2r Loss due to Absorption

To obtain the power loss due to absorption we have
to find the clectric rield components inside the droplet.

To find E, using Eq. (B-22) we have,
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E.= _1 (ZAr +k2A)

wey 32

Substituting for A; from equation (2¢5+15) we get
[It is to be noted that we are following the same assump-
tion of lossless dielectric medium, we determine the fields
as if the dielectric is lossless, then from these fields
we'll find the power loss, 1if this power loss is such that
the conductivity loss is very small compared with the di-
g >> eg, where €4 = eé - Jeg,

throughout the frequency range of interest. We conclude

electric loss and furtherinore e

that our assumption is reasonable. ]

- 5 2 % . .2
E, = :_3 Eo sin 6 cos o [.4. Jq (kdl) 1 ky Iy (kgr)]

2] (2+¢%,) Jmed ar2

From equation (B=~17) we have

-~

2
(a2 + kd) 5, (gr) = _23) (kgr)
dr2 r

N

therefore
E; = 9By sin 6 cos o _ J1 (kdr) (3°2-1)

w? Uo (2+G;) earz

By a very good approximation, we modify the expression for
E_ which contains 31 (k4r) to obtain another expression
which does not contain 31 (kgr). It will be showa later
that this approxination is mecessary to solve for the power

loss of the rain-drop.
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31(x) can be expanded in power series as follows

31 (x) = sin X ~ cos ¥ (from definition)

X
therefore
I (x) = 1 (x - zﬁ XD e via) = (1 -x2 % <& Eé *aas)
' X ( ! ! )=t ! 1 6!
- (’-3-2-" 29-2-) + (gj-x‘*) + (?6- Z»_é) + (;E-zcg) oo
! 31 51 Ly 61 ] 91 81
= x2 - Eﬁ + ”23 - z8 + ...
3 30 840 8LO X 5K
therefore

310%?): inmz..(k@ﬂh-+(kwﬁﬁ..j%gﬂiw_+,,,]
| 3 30 8507  BLO X 5k

therefore

= 9 E, sin 0 cos o ZHJ,[(kdr)z -‘(kdr)u + igﬁr)6 -
mzuo (2+e7,) H rE 3 30 800

2
(kdr)8 T
8Lo X 54

For water at the frequency range [10 H Hz « 300 M Hz.],

e; = 78 at 2500 [7] where c; = €4

therefore
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5

= ( E sin © )2
- = (0.039 o sin cos o .

[- Gegm)® v kg L Gegn)© P
10 280 840 X 18

Approxinmating the above result, we get

L £2

-2 2
IErl ~ 15,2 X 10~ o sin? 8 cos? o [1 - ﬁEgr) ] (3:2.2)
5

The above approximating is valid to sn accuracy of more

than 98.6%, for k.a < 0.7. The above expression for IE;IZ

d

shows that for kda L 0.7, the variation of

oildal with 6. and also sinusoldal with .

Erl is sinus-

In other words, the value of lE;l is proportional

to sin 9 cos o, this means that for o = 0,

E;l = 0, and for

particular values of ¢ and r, |E;| reaches 1its maximun value

for 6 = n/2, However for particular values of 6 and r, E;

is maxinum for » = 0. Figures (3+1a) and (3.1b) show the
variation of IE;I vith o and 6.
Let us now consider E4, from equations (2°54),

(2°5¢15) and (2+5+16), we have

- ~ 1
E. = -Po cog 9 J, (ksr) P, (cos 6) +
0 krsin 6 B 1 d !
of S jer
-3% _ [Mocose . 9 __ Jll (kyr) & [Pi (cos 6)
WU T ey 2] (2+cry ae

1
Substituting for P; (cos e)
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constant

=
I

- constant

o
it

Fig, (3.1a) Variation or |L'1'] with o

/us;l

Y = cohnstant

© = constant

. 3 arintio; B Jith O
Fig. (3.10) Va Lvlon of Il*rl with
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therefore

Eq

= 9 EO COS o jl(kdl‘) + 9 cos on cos B [Jll(l{dl")] (302.3)
kdr

8 kor e§ 2(2+€§)

~ ~ /
Using approximations for J1 (kdr) end J1 (kdr) in terms of
their power series expansion (These approximations are nec-
essary in finding the power absorbed within the droplet.)

Therefore

-2 /
lEel i~ [(1.68)2 E02 €4 cos? u cos? 6 {1 -2 (kdr)z} +

Mo 5
(09043)2 ki Eg r? cos? ) {1 - iEngE}J (3+2.4)
5

Note that ky is equal to wJH;Ea in all our calculations in
this chapter of absorption, ea >> eg for water in the fre-
gquency range of interest at 25°C.

Looking at equation (3°2¢3) we see that IE;| ié a
function of cos ¢ for particular values of r and 9, i,e.,
for gilven values of r and 6, the value of ,Eglis max imum at
9 = 0, as shown in figure (3.2). BHowever the variation of

IEE] with respect to 0 1s not exactly sinusoidal because

one term of Eg., (3¢2+3), i.e., the tern

2 Es J1 (kqr) )

83J k,r el

does not depend on 9, The above approximation for

valid up to kr = 0.7
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constant
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-2
We now need only to find an expression for IQD|
Let us now evaluate the gp-component of the electric field

inside the droplet of water; i.e., E; using Eq. (B-24)

- - 2 -
E =1 3Fpr + 1 0 Ay
® ¥ 56 Jwelr sin 6 3o

d

Using equations (2+5¢15) and (2.5.16) for A; and F; respec-
tively we get,

E =398 sineo cos 0 J1 (kdr) -
2o g1, tzar)

Y./
9 By sin o [Ji (*aT) g (3°2¢5)
2(el,+2) k.r
S P /
For kdr < 0.7, we approximate J1 (kdr) and J, (Ldr) after
expanding them in power serics, using this approximation we

get,

2 2

= (0,043) r2 E- sin? ¢ cos® 0 [1 - (1) % 7+
5

¥y
N

(00039)2 L‘;g S:'l.].’l2 © [1 - (kdr)zj . (30206)

Wi

The above expression for ,%D

shows that l§;| iz proportional
to sin o for particular valucs of r and 0, in other words
the naxinum valve for IL l for particular values of r and 6

occurs for o = 1, and for ¢ = 0 the value of

Qo
2
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This is shown in Figure (3.3)

The veriation of E@l with respect to 6 is not ex-

sctly sinusoidal because the second term of equation (3¢2¢5),

i.e¢, the ternm

9 E 7.7 (kgr i
- 9B (T, otn o)
dI‘

does not depend on 0, So fer we have determined the electric
field components inside the rain drop, assuming that water
is approximately a lossless medium,

To fine the power absorbed by a droplet of water,
we [sjknow that the powver dissipated within the spherical
droplet is the real part of (o + Jnc Vif ' |2 dz plus the
real part of Juu I IHl dt

Since ud = uo therefore the real part of
2
Jou [1) |8] ax =0

Tnis gives,

]

P

o = Real [0+ ju (cg n'jcé)]fff |E|2 dt

whexre the integration is taken over the volume of the drop-
let. The power absorbed can be divided into two components:
(1) off/ IEiz dt which is the loss due to conductive
ity of water.
(2) we’y [ |E|? ac which is the dlelectric loss.
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constant

H
11

©)

LQ) ’ with QJ

F’lg (30 3) Variation of
P
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At the frequency of interest, 0 << wcz’which enables us to

write Pa as

P = wéy [11 |E|)® ac = we 1] {jm}lz v [55]° + |g;|f}dz
therefore

Pg = ‘”3/11 [I; + I, + 1] (30247)
vhere

a T 21

-2
I = M B aw=f5 Jo fg

]

|2 r2 sin 6 dr 46 dyp

-2 2
2 [/ |Bo| r sin 0 dr a6 dp

gm]
il

g
i

E;lz r2 sin 8 dr d6 do

- 2 - 2 -
We use the approximate expressions for lErl , !EOI and. ,E
to evaluate the preceding integrals, Substituting equation

(3*2*2) into the expression for I; we get,

- 2
I, % (6,35 X 1077) (82 - 25 kg
7 T

Note that kd = ) uoch

Substituting equation (3+2+4) into the expression for I,

we get,



49

e

I a’ [1.07 + 3.86 kzj x 1077 -

E 8> kd {0.256 + 0,46L8 ki} X 107>

Similarly, substituting equation (3+2¢6) into the expression

of 13, we get,

I

m-—“

N 2
5 ¥ 0.00387 E, k3 [%_5_- kS o’ 7+

r 10”3 52 a3 2 5
9.6 X 1077 E7 B - ky 2’ ]

Wi

Note that Il’ I, and I3 are proportional to the components

2
of power loss associated with the individual spherical-

coordinate components of the electric fleld inside the drop-
let of water; Er’ E6
Substituting the above values of Il' 12 aend 13 into

and E; respectively.

equation (3¢2.7), we get the power loss due to absorption

as

2 /Y 3 r "2 -
P, = Ej a3 we g [0.639 X 10 + 3,86 X 10 3 hd

(kda)z (3.59 X 10™3 + 0,465 X 103 1:(21 +

1011 X 10 xd a (3!298)
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= €9 = = ~7
2m [¢4 = 2m o7 or kga = (kja) Je;
Ao V€o Ao

=
]
NS
o |3

Equation (3¢2:8) gives the power loss due to absorption in
terms of the magnitude of the incident electric fileld, fre-

quency and radius of the droplet,

Evalvation of the Absorption Cross-Sectional area (o0.) =

The definition of the absorption cross-sectional sres 1is

similar to the definition of the scattering cross sectional

area with the scattered power replaced by the power absorbed.

Thus,

o, = Pa_ (3+2.9)
Eo/TIo

Substituting for P, from equation (3:2¢8), we get

- 3w -2 -3 .2
O, = Mo wey [0.639 X 107° + 3,86 X 10 kg -

(kda)2 (3.59 X 10"3 + 0,465 X 10~3 ks +

1.11 X 107" ks azq | (3+2+10)

. Note that oy verles as the third power of the radiuvs "a",
As an exanple, 61 = 1.25{?] and e; = 75:5 at a frequency
of 300 M Hz and temperature 25 C. For a = 0.2 cm at the

given frequency, k., = 55 and k.a = 0,11,

d d
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Since kda < 0.7 and the given frequency = 300 M Hz,
we use equation (3°2+¢8) to find P,» this glves
10 _2

Pa = 19,8 X 10 Eo

Note that the conductivity, o, of water 1s neglected because
o << weg in the frequency of 300 M Hz.

Let uslconsider the seme example and reduqe a® to
one half; i.e., a = 0.1 cm, then

P, = 2,45 X 1070 EZ

Thus reducing "a" to one half its original value decreases
thelpower loss due to absorption to one eighth.

At the high frequency range (see next section), the
mosf important electric-field-component that contributes to
the power loss duc to absorption 1s the é-component.

On the basis of the above example, the absorption

cross-cectional area is calculated,

f = 300 M Hz, a = 0.2, we get

0, = 7.2 X 10‘7 mz

For the second case; i.e., a = 0,1 cn, we get

-8 2
Op = 93 X100 m
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Summary s

In this section we developed expressions for the
electric fleld components inside the water droplet. These
expressions are Eqs. (3¢2.1), (3.2.3) end (3-2+5)

E.=9 %o sin,e o?s % J; (k4r) (3¢2¢1)
w4, (2+eT) eg T
ay
E;-= 9 E5 cos o Jl (kgr) + 9 cos _cos_6 J1 (Kar) (3.2.3)
83 kT el 2(2%7)) kqr
and
F = 39 Ey sin o cos 8 (31 (zgr)y -
® 8 b5 kT
~
9E, sin o J1 (kgr)
2(e7 +2) kT (3+2¢5)

From the sbove eXpressions for the electric field components,
we have approximate expressions for ,E , ’E0, andlE l

the approximation used 1is valid for kda < 0.7 and the error
involved in these expressions 1s less than 1.4%, These ex-

pressions are Eqs., (3+2¢2), (3¢2.4) and (32.6)

-2 -4 2 2
E1~| = 15.2 X 10 Ej sin® 0 cos? ¢ [1 - ﬁ_lsgslr) 1r (3+2-2)
- /
Eol = [(1.68)2 E° €4 cos® o cos? fi -2 (kdr)z} +
° u U7 %
o
(0. ol )2 e Eg 12 cos? @{1 - _(}_g_l,_}_?_h (3e204)
s )



and
-2
||

From
oped
let

from
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x (0.083)% (k,7)2 B2 sin? o cos® 0 [1 - (Kar)®q +
5
(0.039)2 Eg sin2 ) fi - % (kdr)z] (32246)

these expressions for lErl , lEel and E$| , we devel-

the expresslon for the power absorbed inside the drop-

Eq.[(3+2:8) ].

3.2

2 ] -2 -
Eg o we’) 0,639 X 1077 + 3,86 X 1077 kg -

(kda)2 (3.59 X 1073 + 0,465 X 10~3 kg +

=1
1.11 X 10 t ki az)] (3:2.8)

which the expression for the absorption cross-sectional

has been obtained as,

3.2
d

noaneé [0.639 X 10™2% + 3.86 X 10~

(k2)% (3.59 X 1072 + 0,465 X 1072 k% +

», >
1.11 X 10~% kg 2% ]
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3.3 Comparison of the Power Loss due to Scattering with
that duz to Absorption.

The power scattered by a water droplet was found to

be
2
PS = _2__ )\i (koa)6 EQ_
3m Mo
= (3.8 X 107°3) Eg 1f‘br a6 (3:3.1)

The power ebsorbed within the droplet of water is

P, = E2 e we” [0.639 X 1072 + 3,86 X 1072 kd

(kda)2 {3.59 % 1073 + 0.465 X 10"3 kg}W

In deriving the above two expressions for PS and Pa
we have assumed that water 1s approximately lossless., At
25°C this condition 1s only satisfied in the frequency range,
10 ¥ Hz., up to 300 M Hz;[711.e., in this frequency range
o <<'wc£ and ea >> eg. Furthermore kda < 0,7 for average
rain-drops or condensed droplets, Thus the low frequency
linit is 10 M Hz while the high frequency limit is the fre-

quency thet makes k.a = 0,7 or 300 M Hz. whichever 1s smaller,

a
For kd < 12,95 1.e., = 70 M Hz, the term
(k a)2 {3 59 X 10”7+ 0. 65 X 10 3 Ld} in the expression for

Pa can be neglected and we have the following expression for
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Pa in the frequency range 10 M Hz. to 70 M Hz,
2 Vi -2 - 2
P, = E, a’ weg {0.639 X 1072 + 3,86 X 1077 kd}

Using the relation kd = uoea wnere e; = 78[7] as

e& = 78 €yr W have

— 2 3 4 "'3 1 oot hd .'13 3}
P, = Ej a’ ¢ X 10 {ﬂo £ + 8,3 %X 10 £7] (3+32)

In the low frequency range (10 M Hze up to 70 M Hz.),
the ratio (Py/Pg) is

17

f3a3 aj

o *d
w i

o
4

Thus as the radius of the droplet increases, the
above ratio decreases. However this ratio 1is very large
even for the largest drop size (a = 0.01 meter),

We conclude that in the low frequency range the
power absorbed by the droplet of water is much greater than
the scattered power and the ratio of the scattered power to
the absorbed power varles approximately as the ratio (L)
in the frequency range 40 M Hz up to 70 M Hz. This ra%{o
(.L) increases wlth frequency. 7
fr The expression for power absorbed within the droplet

in the high frequency range is
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L,
d

/" L

p = Eg al we'y {3.86 x 10~ ki - %7 a2 X 4.65X 10”

a
(3+3+3)
where the high frequency range is defined as the frequency
range 70 M Hz up to the frequency that makes kda = 0,7 or
300 M Hz whichever 1s the smaller,
The ratio (gg) in the high frequency range is

smaller than that insthe low frequency range because the term
0.465 X 1073 k% (k40)?
is subtracted from the term
3.86 X 1073 x%
in the expression for Pa in the high frequency range. The
ratio gg in the high frequency range is
s

P, = 2.18 ¢4 %X 1017 _ 8.9 % 102 ¢ ¢4

Thus as the radius "a" of the droplet increases, (Pa/Ps)
decreases and also (Eg) decrecases with the increase of the
P

s

frequency, this means that the smallest ratio of (BQ) occurs
. Pg

at the highest frequency and the largest radius. At

kda = 0,7, the power absorbed within the droplet of water

is

P, = 6.9 X 10"2? E2 e’ a3 3
o r
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whilch makes the ratio

/”
Pa = °r

Ps 5.5% 1075 £ a3

Thus the ratio (zg) is very large even for the highest fre-
quency and the lgggest radius of rain-drops (a = 0,01 meter).
We conclude that the power absorbed is much greater than

the scattered power in the frequency range 10 M Hz up to

the frequency that makes kda = 0,7 or 300 M Hz. whichéver

is the smaller.

Summary

In this section we divided the frequency range of
interest (10 M Hz, to 300 M Hz.) into two ranges. [The conw
ditions of validity of these relations are (1) The electric
conductivity "o" 1s much smaller than (wég) in this frequen-
cy renge. (2) kja << 1. (3) kya < O.7J These two ranges

arce

(1) The low-frequency range (10 M Hz. to 70 M Hz.).
In this range the power absorbed "Pa" was found

to be

V4
€4

e

P

. % 1073 (Lot + 8.3 % 107> £3)

(3°32)
(2) The high-frequency range (70 M Hz to 300 M Hz)

2 3
EO a

and the power absorded In this range, Pa’ was
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found to be
~ 2 3 7 - 4n=3 2
Pa =By a” €4 (3.86 X 10 ky -
: 4 b
465 X 107 K] a?) (3+3°3)

In the entire frequency range (10 M Hz. to 300 M Hz,)
the power absorbed within the droplet was found to be much

greater than the power scattered,

3.4 Determination of the Attenuation Constent of a
Homozeneous Distribution of Bain Dronlets

The total power loss from a radio frequency field
caused by the presence of a rain-drop is the sum of the
power scattered and the power absorbed by the rain-drop;
i.e., Pt= PS +Pac

Using Eqs. (2¢6¢8) and (3:2:8), we find

2

2 L‘- 6 3 Vi -
P, = Eg [1.22 X a_ta’wey {é.639 X 10 7+

X
Ao 120n

3.86 X 10~ kg - (kda)2 (3.59 X 1072 +

-3

- 2
0014'65 X 10 ki + 1.11 X 10 L" kd 8.2)}] (30401)

We can now find the attenuation constant in decibels

(db) per meter in the presence of railn falling at the rate
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of p mm per hour with a particular rain-drop size. The at-

tenuation constant %“a" is given by
o in db =

10 log10 Total power loss in a cube of volume one cubic meter
Incident power density

(3+4e2)

Thus we have to find the total power loss in a volume of one
cubic meter, The radius "a" of each drop enables us to find

the terminal falling velocity of the drop using the relsation,
Drag force = welght of the drop
which gives
3vvmd=32mn

where m 1s the mass of the drop, 4 = 2a, v is the viscosity
of air which is equal to 0.18 kgm -sec at 70 °F and v is the
2

I
. termingl velocity from which we get

v =3.9% 10" a2

where g 1s in meter and v is in meter per sccond. In other
words, the terminal velocity 3is proportional to the square
of the redius of the rain-drop.

The rain drops in a volume of one neter cube reaches

)
the ground after 1 seconds; i.e., .,_,.19_... seconds. TFrom this

v 369 a‘
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period we get the volume of rein drops within a volume of

one cubic meter as

m3 (3:4.3)

P

3.9 a? X 360

From (3¢4.1) we get the number of rain drops within the glven

volume of one cubic meter by dividing Eq. (3.4.1) by the vol-
ume of one drop, which ylelds

12 p. droplets /m3 (3:4.4)

ad

n=1,7X%X 10"

where "p" is the rainfall rate innmnm per hour and "a" is in
meter. From Egs. (3e¢4¢1), (3+4¢2) and (3-4+4) we get the

attenuation constant "a% as

-=10 V/4 "'2

a = 10 log. 6.4 p X 10 [weq 0.639 X 10”° +
10 —>
a

3.2 _

*a

3,86 X 10° (kda)2 (3.59 X 1073 +

- b
0.465 X 10™° kg + 1,11 X 10 ki az)} +

1,29 X 1_()LF Q] db loss per meter distance (3°4.5)

120 m AY
(o]

Summary

In this section we developed the attenuation con-

stant Yo" [Eq. 3-4-5] for a particular rainfall rate and
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particular radius of the rain~drops. From this expression
for the attenuation constant we see that "a" increases very
rapldly with frequency. Also for a particular rainfall rate
and at particular frequency, the attenuation constant de-
creases as fast as J§ with the incresse of the size of the

a
drops because the term corresponding to the scattered power

in Eq. (3+4.5); i.e.,

L
gt

is very small compared with that of the power absorbed by

the rain-drops.



CHAPTER IV
SUMMARY

In this thesis we derlved the expresslons for the
incident vector potentials using the expressions for the

incident field., These are Egs. (2.3.4) and (2.3.5); i.e.,

oA - [Eo cos m goo ay Ik T) Pxil(cos 9)] T, (2.3.4)

(!)uo
wnere
377 (2n),
a = n =)
n n(n+1)
and
- - in J (x
Pl R T = [ stan 5 ey Jy007) Pleos 0)| T, oo3.5)

Also we derived the expressions for the scattered
vec tor potentials and the vector potentials outslide the drop-
let of water, these are Egs. (2.4,1), (2.4.2), (2.4.3) and
(2.4.4),

s oo -
Ar = _E_:_Q_ cos» 2 bn H(Z) (k_.r) PI(COS o), (2.4,.1)
n o n
wu n=1
o
F° = B si 7 o 12 (k r) P (cos o ) (2.4.2)
r = Eg sin o nZ1 °n n oF n cos ’ 2.4.2
o
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+ *® - ~(2
A= _Pocos o nZy [Bn Tnlr) + by Hé )(koxo] Pi (cos )
wH
° | (20443)
and

+ _E ° . - (2) 1
Fr = i{_o_ sin o n=21 [an Jn(kor) + °c, H, (kor)] Pn (cos )
° (20 Lo ly)
We developed the expressions for the vector poten~
tials inside the droplet of water, these are Egs. (2¢5-1)

and (2¢5¢2)

©o ~
. ) 1 el
A, wuo cos o ngﬁ a, Jh(kdr) P (cos 8) (2¢5¢1)
0
and
- E ot ~ 1
F, = Eg sin o gﬁ e, Jn(kqr) P, (cos 9) (205°2)
0

The values of the constants bn’ Cpye dn and e, were
found from the boundary conditions. These constants were
evaluated on the assumption that koa << 1 in the frequency
range consldered in this thesis [roughly from 10 M Hz. to

300 M HzJ , l.e.,

by = ~(koa)3 (iz:l)

€2
cy =0
(2¢5¢12a)
R ¢
cq = 9

Biep
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Eq. (2¢5°12a) reduces Egs. (2°<4¢1), (2:4:2), (2+51) and
(2¢5+2) to Egqs. (2+5¢13), (2¢5-14), (2:5+15) and (2°5°16)

As =~ E, cos o (koa)3 (ep-1) ﬁ(Z) (k,r) sin 6 (2+5+13)
Wit (€r+27 1

..

F =0 (2¢5014)
"= .E;, cos » sin 6 9 3 (k.r) (245+15)
br Wl [23 (2+e:5-] ta

and

F;‘; -E, sinkm sin e(ég} y 1 (k47) (205+16)

(o] Jer

Using Egqs. (2+5+13), (2.544), (B-23), (B-26) and (B-27) we
derived the scattered field components, E%, E;, HS and ﬂ;,
‘required to find the scattered power and the scattering

cross-sectional area; il.e.,

E: = Eq (koa)3 (er"l) e~ or ¢og ® cos © (2¢6¢3)
wr /uoeo €r+2
Es = ~E; (koa)3 (gr-l) e~ IKoT gin (2060L4)
©  Twr [uge, ert2
Hz = EO (1{08.)3 (CI‘:;) C_Jkor sin 9] (2'605)
wu 1 i
o
. 3 b 1S ‘
q; = By (koa) €r“1) e J¥oT cos o cosg 6 ’ (2:646)

¥
wuor €p 2
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From these components the expression for the scattered power

has been developed,

Ps =8 Eg (koa)6 (er—l)z (2¢6472)
er+2

2
3n“ue |Up€o

and the scattering cross-~sectional area

2 6
o, =2 A (k,2)
3m ©

The above expression for the scatterlng cross-
sectional area shows that this cross-sectional area is pro-
portional to the sixth power of "a" and that it is inversely
proportional to the fourth powver of the free space wavelength,
A .
o)

Using Egs. (2¢5+15), (2:5+16), (B-22), (B-23) and
(B-24) the expressions for the electric fleld components

inside the droplets have been derived

E = 9 E, sin 0 cos ¢ Ji(kdr) (34241)

w? uo (2+e%) e r?

E. =9 E; cos o Jq (kdr) + 9 cos o cos © J1 (kdr)

‘ 8y kT €% 2(2+el) Kqr
(3:2+3)
and
E =J 9 E; sinw cos 8 31 (kdr)) -
® 8J§;‘ kqr
9 E, sin o 31/(kdr) (302¢5)

2(‘5&.'*'2) "“““"kdr -
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From Egs. (3+2°¢1), (3°2°3) and (3°2°5) approximate expres-
sions for IE;lz, IEB,Z and IE;IZ have been derived, the
approximation used is valid for kda < 0.7 and the error in-
volved in these approximations is less than 1.4%, these are
equations (3+2¢3), (3¢2.4) and (3.2.6). From these expres-
sions for IE;IZ, IEBIZ andlE;lz the expression for the pow-
er absorbed inside the droplet has been derived, 1i.e.,

2

+ 3,86 X 1073 k2 -

2 3 "
P =E
a” w € a

o = E H [0.639 X 10

3.2

(kda)2 (3.59 X 1o"3 + 0,465 X 10 kd +

1011 % 1071 k% a2)] (3+2.8)

and from it the absorption cross-sectional ares, o

3.2

2 K2 .
Q

o = no a3 w e” [0.639 X 107° + 3,86 X 10

a d

3 2

+ 0,465 X 1073 kd +

2 -

(k2)” (3.59 X 10

1.11 % 107F 2 2)]
° - a a .

A comparison between the power absorbed by the drop=-
let of water and the scattered power shows that the power
absorbed within the droplet is much greater than the power

scaettered because of the presence of a water droplet in the
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atmosphere in the frequency range (10 M Hz. to 300 M Hz,).

77 / /"
>> >> ¢
a o and €3 €qr

i.e., water is considered a lossless medium for the purpose

In this frequency range the value of we

of determining the field components inside the droplet of
water,

At the end of the theslis an expression for the at-
tenuastion constant "a" has been developed in the case of
rainfall at a particular rate "p" and a particular rain-

drop size. This is Eq. (3°4:5)

Vi -
o = 10 log,, 6.4 p X 10“10[:2§g fb.639 x 1072 +
2

a

3.86 X 10~3 kg - (kda)z (3,59 X 10“3 +

0.&‘65 X 10-3 ki + 1,11 X 10-’4 ks 82)} +

0" Q] db loss per meter distance (3e4e5)

1,29 X i
120 n Ao
From equation (3*4¢5) we conclude that for a par-
ticular rainfall rate and particular radius of the rain-
drops the attenuation constant "a® increases very rapidly
with frequency. Also for a particular rainfall rate and at
particular freguency, the attenuation constant decreases as
fast as J? with the increase of the size of the drops be-

0l
cause the term corresponding to the scattered power in Eq.

1 b
(3¢4e5); l.e., (l&ZS—Z*i%~m§) is very small compared wit
120 m A,
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that of the power absorbed by the rain-drops.



APPENDIX A%

Solution of the Scalar Helmholtz Equation (v2 + kz) Yy = 0
in Spherical-Coordinate System

In spherical coordinates the scalar Helmholtz equa-

tion is

1 _a__(r2§_\?_)+ 1 2 (sin 03yy +
1 3% +x% =0  (a1)
2 sin? ¢ awz

r

where Y 1is a wave potential function. The solution of equa-
tion (A-1) is possible using the method of separation of

variables and letting

¥ = R(r) 9(8) (o) (A-2)

Substituting this into Eq. (A-1), dividing by ¥ and multi-

plying by r2 sin2 5, we obtain
sinf 9 4 (% am) +sin 0 4 (sin 0 g9y +
R ar dr ® as deé
1 a%h + %2 2 512 6 = 0 (A-18)
@ d@z

# The material covered in Appendix A and that in Appendix
B is the same as that presented in Harrington “Tine Harmonic
Electronagnetic Fields'. It 1is presented here for resder
convenience.

69
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The ¢ dependence 1is now separated out, and we let
1 a%d = n? (4-3)
D ap?

where m is constant, Substituting Eq. (A-3) into Eq. (A-1a)

and dividing by sin? 6 gives

R dr ar ® sin © 46 ds
m2 _ +x%r2=0 (A-1Db)
sin? o

This separates the r and © dependence; An apparently strange

choice of separation constant n is made according to

1 d_ (sin 0 49y - _ n? = an(n + 1) (A~1)

p e o grvnt

© sin 8 a6 a8’ Lin2 o

because the properties of the ® functions depend upon wheth-

er or not n is an integer. With this choice Eq. (A-1Db)

becomes
1 d. (rz dR) -nn +1) +x2 2% =0 (A-5)
R dr

which completes the separation procedure,
Collecting the above results, we have these thrce
separate equatilons;

(1) From Eq. (4-3), gi@ + mzi =0
d$2
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which gives @(m) = h(mp) (A-62)
where h(mp) 1is the harmonic function and if a
single-valued ¥ in the range 0 to 2w on o is
desired, we must choose h(mp) to be a linear
combination of sin(mp) and cos(mp), or of

edm0. ong e~Jmo, with m an integer.

(2) Eq. (A-4) cen be written as

! d_ (sin 0 d9) + [n(n+1) - _m? ] & =0
aso

sin 6 d# sin2 o

The solutions of this equation are called
associated Legendre functions. We denote
solutions in general by Lg (cos 0) where

Lg (cos 8) are combination of Pg (cos 6)
and Qg (cos ©). Pg (cos 6) are the asso=-
ciated Legendre functions of the first kind
and Qﬂ (cos 6) are the associated Legendre
functions of the second kind. Note that

Qa3 (cos 6) are infinite at 6 = 0 and 6 = m,
Thus, if ¥ is to be finite in the range 6 = 0
or 6 = 1, then n nust be an integer and

Iﬁ (cos ©) must be Pg (cos 8) and generally
0(0) = L, (cos o) (A-6D)

(3) From Eq. (A-5) we have
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a_ (x? By + [()? - n(n+1)| B =0

dr dr

This equation is closely related to Bessel's
equation. ts solutions are called spherical
Bessel functlions, denoted by b, (kr), which

are related to ordinary Bessel functions by

b_ (kxr) = ,_JL B (kr)
n 2kr n+%

where B (kr) are the Bessel'®s functions.

Thus
R(r) = b (k) (A-6c)

b (kr) is a linear combination of ‘N (kr)
and n, (kr) where 4§, (kr) are the spherical
Bessel's functions of the first kind and

n, (xr) are the spherical Bessel's functions
of the second kind. Note that the only
spherical functions finite at r = 0 arec

4n (kr). Tﬁus to represent a finite field
inside a sphere, b, (kr) must be g, (kr).

It is to be noted that hAZ)(kr) represent

an outward-travelling wave, thus to represent
e finite feild outside of a sphere, b, (kr)
must be hAZ)(kr).
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From Equations (A-2), (4-6a), (A-6b) and

(A-6c) we get
¥ = b, (kr) Iﬁ (cos 6) h(mp)

and generally we have
Y= L I C. b (kr) Ly, (cos 0) h(mp) (2=7)

C is a constant
mnn

where we have the following restrictlons on

bn(kr), Lﬁ(cos 0) and h(mp)

Vhen the field is finite at r = 0, bn(kr)
must be J,(kr), if ¥ is to be single-valued
in the range 0 to 2ir on o, h(mp) must be
eIy yith m being integer, and if the field
is to be finite at 6 =0 or 0 = m, Lﬁ (cos 6)

must be Pﬁ (cos 6) and ¥ takes the form

o o ‘
- ) P2 eos Ejmd
v = n=>=:o mEO Cun 4y (kr) P, (cos 6) e (A-8)

When r = « is consldered and the restrictions
on & and o arc the same as in case (a), then
bn(kr) must be changed to héZ)(kr) and ¥

takkes the general fornm



Y&

Y _ (7] (o]
= X +Jmxp
p z
=0 n=0 Cﬂl h(Z)
n P (kr) Pﬁ(cos 9) J
e
(A-9)



APPENDIX B

Determination of the Field Egustions in Terms of the Vector
Potentlals

In a homeogeneous source-free 1isotropic reglion the

field satisfies

-t X E = ; § where z = Jw u (B-1)
v o H=0 (B~2)
vXH=yF uvhere ; =0+ Jowe (B=3)
VeobL=0 (B-14)

Since any divergenceless vector may be expressed as
the curl of some other vector, from Eq., (B-2) we may define

a nmagnetic vector potentlal, A, such that

-

H=v XA (B-5)
Substituting Eq. (B-5) into Eq. (B-1), we have
vX(E+z%R =0

Any curl-frce vector nay bhe expressed as the gradient
of some scalar, thus a scalar potential may be defincd such

that

b?
1
4
<
[ Y]
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To obtain the equation for A, Eqs. (B-5) and (B-6)
are substituted into Eq. (B-3) glving

vaXA-kz'E=-§rV<fa

wvhere k is the wave number and =

(B-7)

-z Yy

A similar equation may be derived in terms of electric
vector and scalar potentials,

VXV XFuk?®F=uwzvdf, (B-8)

where @f is a magnetlc scalar potential and F is the electric
vector potentisl such that

e 9 X P =F
and

(B-9)

-

'I:I--l-yi?:.,,vébf

By superimposing the values of

E and H due to both the mag-
netic and electric vector potentials using Egs.

(B=3), (B=5)
and (B-9), we get

el
il

w9 XFHryXH=wvXF+ygXoeXh (B-10)
y y
end using Ti3s. (B

1), (B 5) and (B 9), we have

E=vXA+yXLoXxF

6

(B-11)
A
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Equations (B-7) and (B-8) are the general equations for the
vector potentials while equations (B-10) and (B-11) are the
field equations in terms of the vector potentials.

Suppose we attempt to construct the field as a super
position of two parts, one T.M. to ﬁr and the other T.E. to
‘ﬁr' For this we choose A ='ﬁr Ar and F = ﬁf Fr with the
fields given by Equations (B-10) and (B-11). To determine
the equations that Ar and Fr must satisfy, we return to the
general equations for vector potentials (B-7) and (B-8),.
For the magnetic vector potential we let A = TL Ar and e%-

pand Eq. (B-7). The 0 and ¢ components of the resulting

equatlion are, respectively,

Note that the above two equations are satisfied identlcally
if we choose

..‘{@a = DA

d1 ‘ (B-~-12)
Substituting this into the r-component of Eq. (B-7), we have

2,
07l 1 3 (sinedfr + -~ 1 3280 4 szr =0

brz rz sin 0 20 06 r2 sin2 0 agz

(B-13)
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It readily can be shown that this equation is

(vZ +x%) Le _o0 (B-14)
r

So Ar is a solution to the scalar Helmholtz equation that
r
we obtained in Appendix A. Therefore

A=y oraA.=ryv (B-15)

-

T

From Equation (4-7) and (B-15) we get

© o0
m
Ar = % ngb mgb Cmn [kr J bn (kr)] Ln (cos 9) h (mg)
[ <] [oe) % ~ " 6
= 12 uZy Cmn Ba (ET) Iy (cos 8) h(ry) (B-16)

~

where Gmn are constants, B, (kr) = kr b, (kv), called
the assoclated spherical Bessel functlons. By (kr) satisfies
the differential equation

A

[_gia + %2 . n(ni1)] By (kr) =0  (B-17)
drz r2

which can be obtalned by substituting for bn in terms of

B, in equatlon (A-5) noting that R = bn (kr). For case (a)
in Appendix A, 1l.¢., when the field 1s finite at » = 0, we

get using Egs. (B-15) and (A-8),
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. [ (2] P ) n :kjn‘:‘O
AL = nzb mgb,Gmn Iy (kr) P, (cos 0) e (B~18)

If the terms corresponding to m = 1 are the only terms

that exist, therefore,

o0 IS 1
=_2 G J. (kr) P. (cos 9) |COS ®
Ap n=0 n 'n n sin o
and since Pé (cos 8) = 0, then
(2]
g 1 cos ~
A = T G I (xr) P, (cos 0) S 9 (B-19)

Similarly for casz (b) in Appendix A we get using equations
(B-15) and (A-9)

(o] 0

= (2) 1.y oo £imey
A,r néb o Gmn ) (kr) P, (cos 0) e . (B-20)
Note that this case holds only if we are considering an out-
ward travelllng wave and the point r = o« is included. For

m=1, Eq, (B-20) becomues

“ (2) 1 feos

A = B G H " (kr) P (cos 0) 50 (B-21)
r n=1 n lsin ®

A dual development applies to the electric vector potential

¥ anad we get a sinilar formula for Fr°

Letting A = ﬁf A, and I o= T% F.. and expanding Egs.
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(B~-10) and (B-11), we get

_ 2, .2 ~ '
Er = ,% ( 32 + k ) Ar, y =0+ Jwe
Yy 3r
2
Ee = -1 0Fy + 1 é_“éx‘
r sin 9 3y yr 03I
=1 OF 2
E =1 T + 1 3 "Ar
® ¥ 50 3 S To
y r sin @ Troy
H =1 ¢ az + kz) F. z=Jowu
r 3 3 r
Z Jdr
L2
Hy = __1 Ofr + 1 8 Ty
r sin 68 3w ;r o1
21
H =1 B3Ar + 1 o ¥y
® r o0 z r gin 8 3Idw

(B-22)

(B-23)

(B-24)

(B-25)

(B~26)

(B-27)

The above six equatlions are the basic equations used through-

out this paper.



APPENDIX C

C-1. Average Rain-Drop Sizes and the Corresponding Values
of koa end ksa in the Frequency BRange 10 M Hz to
300 1 Hz °

In the frequency range (10 M Hz to 300 M Hz) at a

temperature of 25°C the value of ¢h = 7817 for water drop-

lets
a in cm | Frequency in M Hz | k a = 2a | kga = kya fe}
2o
0.2 300 0.0125 0.11
0.4 300 0.025 0.22
065 300 0.031 0.272

Note that k.a is smaller than 0.7 for the given drop

a
sizes and at a freguency of 300 M Hz. Note also that

koa << 1 for the same drop sizes. For a frequency, f, be-
tween 10 M Hz and 300 M Hz. the value of koa < the value of

koa at frequency 300 I Hz.
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ATTENUAT ION OF ELECTROMAGNETIC RADIATION

BY WATER DROPLETS IN THE ATMOSPHERE
by

Abdel Wahab Fayez Hussein

ABSTRACT

This thesis deals with the theoretical analysis of the
effect of the water droplets in the atmosphere on the prop-
agation of a linearly polarized plane wave. These effects
are (1) scattering - it is found that the scattered power
is proportional to the sixth power of the radius of the
droplet, also the scattered power varies as the fourth power
of the frequency. (2) Absorption - it is found that the
dielectric loss is much greater than the conductivity loss
in the frequency range 10 M Hz. to 300 M Hz. The absorbed
power 1s found to be much greater than the scattered power
in the frequency range 10 M Hz. to 300 M Hz. Multiple
scattering 1is neglected because scattered power 1s very
small compared with the power absorbed. At the end of the
thesis an expression for the attenuation constant is derived
for homogeneous distribution of rain-drops of particular

size falling at a particular rainfall rate.
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