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- Intense rain is the most serious factor limiting
the prdpagation of electromagnetic waves in the 10 to
300 GHz fréquencylfange. Absorption by liquid water
and raindrop dimensions that are comparable with the in-
cident waveléngth are responsible for the severity of
the effects in this frequency range.

A Debye model is shown to describe adequately the
absorption process for frequencies up to 300 GHz. A
fast computer program designed to evaluate the Mie co-
efficients, for the case of diffraction by a single
spherical water drop, is presented. The behavior of
the complex forward-scattering function is then analyzed
as a function of frequency ahd raindrop diameter. The
influence of temperature on the real and imaginary
parts of this function is also investigated.

Propagation of electromagnetic energy through rain
ié studied for the case of a plane wave. The statisti-
cally average pafameters of a coherent signal, that has
propagated through a slab of uniform rain, ére obtained
by using a Laws and Parsons drop-size distribution. A
simple model, in terms of an equivalent refractive in-

dex or a complex transfer function, describes the effect
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of the slab of raiﬁ on the amplitude and phase of the -
signal. This model is extended to the case of non-
uniform rain, along a path of length L, by defining a
path~averaged rainfall rate. Under certain restrictions
regarding the intensity of the diffuse enexgy, this
model can be used to describe incoherent propagation.

Logarithmic and linear regression models that
approximate the variation of the attenuation coefficient
as a function of rainfall rate are discussed. A com-
parison of the Laws and Parson theoretical model and
measured average attenuations, published in the litera—

ture since Medhurst's survey (1965) , shows reasonable .

X

agreement. The crude manner in which meteorological
data are héndled, however, makes this comparison diffi- -
cult. |
Computations of the average excess propagation
time as a function of frequency do not indicate any
appreciable bandwidth limitations resulting from delay
distortion.
The influence of temperature, drop-size distribu-
tion, and uncertainty of drop velocity on the average
pro@agation:parameters are treated in this study. Some

suggestions for future experiments are given.

This abstract is approved as to form and content. , -

Dorviee L Flocd

Faculty member in charge of thesis,

Signed
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CHAPTER 1

INTRODUCTION

1.1 The potential of millimeter waves.

The deVelopment of telecommunication s?stems has been
characteriéed by the use of higher and higher frequencies,
in an attempt to meet the never satisfied demand for in-
creased channel capacity (Martin 1971). Thére is no
leveling in sight of this trend towards higher frequencies,
especially in view of the needs of high speed digital data
transmission, advanced space exploration programs, and
‘broadband video transmission, either for communication
(picturephone) or fér monitoring the environment. ’Alir
these new tasks require high trénsmission rates which can
be accomodated only by the use of higher carrier fre-
quency.

The next unused region of the electromagnetic spec-
trum lies above 10 GHz, a domain that marks the traﬁsition
from classical electromagnetic waves to optics. The main
potentialities of this part of the spectrum are: a) large
bandwidth capability,‘b) highly directive beams, obtained
with relatively small antennas, c¢) low transmitter power
requiremént, and d) better penetration of media with high
ion density.‘ Some of these properties make those fre-
quencies ideal for space communication systems.

Some microwave relay systems already use a fregquency



2
band near 11 GHz; short distance optical links operaﬁe in
a quite satisfactory fashion in the near infrared as well
as in the visible range. However, intermediate frequen-
cies, especially those in the band ranging from 30 to 300
GHz, known as the EHF or the millimeter wavelength band,
still lie idle despite their enormous potentialities;
telecommuﬁication.systems using those ffequencies seem to
have a hard time passing beyond the stage of research and
development. The reason for thié clow evolution is to be
found in the severe effects exefted on waves in this fre-
quency band by the atmosphere (mainly the tropospheref
and the lack of the meteorological information required

for a reliable yet economic link design.

1.2. Atmospheric effects at cm and mm anelengths.

The actual atmosphere (as opposed to free space)
affects the amplitude, phase, and polarization of elecﬁro—
magnetic waves at short wavelengths. Among the physical
phenomena that cause these effects are a) dispersive
molecular absorption, the two main absorbers being water
vapor and oxygen, b) refractive effects that cause ampli-
tude and phase scintillations (rapid fading), c). thermal
emission;that increases the background noise level and,
last but nét léast, d) scattering and absorption by hydro-
meteors.

.Some of these effects, such as gaseous absorption,

are very strongly frequency dependent; selective fading,
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however, varies only slightly with'frequency. Among all
these effects, the one due to hydrometeors, especially
rain, is certainly.the'mést significant at centimeter and
millimeter wavelengths (see Figure 0). As a matter of
fact these effects may become so severe at high frequen-
cies that transmission through the atmosphere may become
impractical, except for certain applications,isuch as
satellite ¢ommunications, where advantage is taken of the
relatively_short paﬁh length through the :ainy atmosphere.
The effect of other hydrometeors is variable. Hail
céuses only a small attenuation compared to rain. The
effect of snow depends on temperature, flake size, and
water content. Fog and clouds can be treated as very
light rains at microwave frequencies but not at optical
frequencies (see Figure 0). Ekcept for the case of
melting hail or wet snow, the effects due to other hydrd-
meteors are relatively minor at cm and mm wavelengths.
Furthermore, since the frequency of occurence of such
phenomeha is very low compared to rain, their effécts

will not be discussed in this study.

1.3. The effects due to rain.

Condensed water in the atmosphere in the form of
rain affects the propagation of electromagnetic waves in
two ways: ai.water absorbs part of the incident energy,
which ié thus converted into heat, b) raindrops scatter

the electromagnetic energy. Considered from the point of
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view of its frequency of occurence and the magnitude of
its effécts, rain appears to be the most severe limiting
factor for propagation of waves in the 10 to 100 GHz band.
The very st;ong éffeéts of rain are duve to two important
phenomena that occur in this frequency band:

a) Water exhibits a strong, relaxation-ﬁype, ab-

- sorption characteristic in this range. The
location of the peak of absorption is tempera-
ture dependent and shifts [rom about 13 GHz to
50 GHz (see Appendix 1). |

b) Raihdrops, which range inbaiameter from 0.5 to
7 mm, réach their Mie region in this bahd,'i.e.
- the ratio D/\ is of the order of unity, yielding

a maximum value for the various cross-sections.

This is not the case for fog, in which the drop diameters
range from 0.1 to 100 microns and reach the Mie region
only for infrared frequencies.

The problem of the interaction of electromagnetic
energy with rain has two major aspects.

a) The first aspect is a purely electromagnetic

problem, namely that of the interaction of a
given shape and dimension. The solution of
this problem is adeqﬁately known.

b) The second aspect is a meteorological problem,

which involves the random distribution of’rain—

drops in size, space, and time for a given rain.



The amount of meteorological data’needed‘to
describe adequately such a medium would be pro-
hibiﬁively détailed and therefore seems impossi-
ble to gather; only a statistical approach is of

practical interest.

Even when considering the simpler problem of uniform rain,
the numbér of parameters governing electromagnetic propa-
gation through the medium remains considerable. The main
parameters are a) the polarization characteristic of the
ihcident wave, b) the shape and dimension of the rain-
drop, c¢) the drop-size distribution, and d) the complex
refractive index of water, which is itself a function of
frequency and temperaturk. In the case of actual rain we
must add the spatial and temporal distribution of the

raindrops.

1.4. The scope of this study.

This study considers the spectral range from 1 to 600
GHz, where the interesting phenomena due to rain are
supposéd to'happen.‘,The study of this frequency spectrum
has been undertaken in an attempt to evaluate the fre-
quency dependence of rain effects on electromagnetic
waves. A spherical shape has been adopted for'the model
of a raindrop, so that no polarization effects can be
shown by using this model. References for treating the
more complete problem of an oblaté raindrop are however

indicated along the text.



The:theory used in this study is not new, although
the attempt to formulate the propagation through rain in
terms of a complex transfer function, a familiar concept
to system analysts, is relatively modern. The main con-
tribution of this study comes from the rather exhaustive
analysis of the influence of the different parameters on
the propagation constants. This analysis became possible
after the’design of a fast computer program (presented
in Appendix 2) Which allowed obtaining‘the results rather
inexpensively. All the curves presented in this study
(except‘where explicitly referenced) are drawn from ori-
ginal computations by the author.

The meteriai has been arranged for presentation in
the following way. Chapter 1 is the present introduction.
Chapter 2 is aireview of the complex refractive index of
water in the frequency region of interest, in order to
evaluate the accuracy of a Debye relaxation model. The
main resnlts of the electromagnetic problem are then
presented in Chapter 3, for the case of a spherical water
drop. The influence of different parameters such as
temperatute, drop diameter, are examined in this chapter. -
In Chapter 4 a model for studying coherent propagation
through rain is presented in the form cf a complex trans-
fer function for a rainy atmosphere. Chapter 5 then
deals with the imaginary part of the propagation constant
or attenuetion coefficient; a comparison of this model

with measurements published in the literature since
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Medhurst's survey (1965) is also included in this chapter.
Chapter 6 examines the dispersive properties of rain
(from the real part of the propagaticn constant) in an
attempt to point out possible bandWidth limitations due
to delay distortion. Chapter seven summarizes the chief
conclusions from this study.

It may be wo:thwhileAmentioning here that the results
presented in this study include only the additional
effects due to rain and neglect free Space or clear atmos-
phere effects. Neither does this work deal with statis-
ticai properties of rainfall rates; the design of micro-
wave links’requires information about the maximum possible

outage time.Obviously this informationkcannét be ob-
tained from average effects; it must take into account
the uncertainty of the model. It is hoped that the es-
timation of the influence of various parameters presented
in this study may be useful in setting a bound to this -
uncertainty. A treatment of the statistical‘property of
a signal emerging from rain has not yet been done satis-

factorily.
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CHAPTER 2

THE REFRACTIVE INDEX OF WATER AT CM
AND MM WAVELENGTHS

2.1. Introduétion

In this chapter, the dielectric propérties of liquid

. water are critically reviewed. It is found that Debye's

formula is suitabie;for calculations of rain effects in
the centimeter andvmilliméter waveléngth region.i However,
the same formula éaﬁnot be used for calculations in the
submillimefef region, where resonant absorption phenomena

take place.

2.2. Debye's formula

Liquid water exhibits some very strong, frequency

dependent absorption in that part of the electromagnetic

spectrum, that is of interest in.this study. This

phenomena may be explained in terms of reorientation of

the water molecule dipole along the electric field,

‘giving rise to non-resonant, viscously damped absorption.

Such behavior, for the case of a time-harmonic field,
may be described by means of a complex dielectric con- -
stant, &, which is readily obtained from Maxwell's equa-

tionsvandﬂhas the form

€ = (e' - je") ='(er - j Juy (2.1)
whére

€, = is the relative dielectric constant,
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o = is the conductivity in mhos/m,
w = 2rf is the angular frequency (rad/s)
e, = 8.85 (pF/m)

The theory introduced by Debye (1929), in his work on

polar molecules, provides a formula of the form

Ay EO(T)"’am + € (2.2)
e\, T) = A3 (T) ©
1+ 3 24

where éo,.s®, A)X are temperature dependent parameters,
adjusted to fit the experimental data and X is the wave-
length of the incident radiation, usually expressed in cm.
Those parameters are listed in Table I, f£0m Kerr (1951);
notice the corrections that have been made to some para-
meters 6f his Table78.8. Unfortunately, these mistakes,
which certainly may be attributed to a misprint, have been
carried on for decades (see for example Fowler and La
Grone 1969).

More recently (1957), Grant et al. fbund better
~ agreement between theory and experimental data when a
double relaxation-type formula is used as in

€. - €

e(A,T) = =2 d + e (2.3)

The best fit was obtained for o = .02; the other para-
meters as given in Table I.
However, calculations by Crane (1966) have shown

less than 3% deviation between the two formulas at 0 °C,



T €, AX (em) | e A (em) €

°Cc | Debye's form. (232),.Grant et al. (2.3)

o | s5.58] 3.59 | 88 3.33 4.5

10 5.5 2.24 84 2.38 4.5

18 5.5 1.66 | 81 | - 4.5

20 5.5 1.53 80 1.74 4.5

30 | 5.5 | 1.12%| 76.4] 1.36 4.5
2)

40 5.5 .859 73 1.09 4.5
TABLE I

- Parameters for use in the complex

dielectric constant formulas (2.2) and (2.3).

1.)

2.)
3.)

Saxton later used a value of 4.9 for better
fit (Saxton 1952).

Values corrected from Kerr.

A good fit is obtained using this value
when o is taken as 0.02.

11
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over thé frequency range 8 - 70 GHz. Furthermore, a com-
parison of the rain scattering parameters, obtained using
the two models, showed negligible differences. The weak
effects of a variation of the refractive index on the
rain scattering parameters has also been noticed by the
authqr. |

Because the differences are small and since most of
the calculations reported are based on Debye's model,
this latter formulation has been chosen for the present
study.

The complex refractive index of liquid water is then

defined in terms of the complex relative dielectric con-

stant (2.2) as indicated by

puwes

m(A,T) = Yy =m' - jm" (2.4)

where ﬁ, the permeability of water, is taken as 1. It is

a matter of simple algebraic manipulation to show that

-~ L ~%
2 w2 : ]
n __ El +€ - E__
m - (“—. 4'— ) 2 (205)
~ L T
2 ll2 ] :
v e'"%+¢ £
m' = — + 5= (2.6)
L .

A cdmputer subroutine, called DIELEC, that calcu-
lates the complex refractive index of water has been
writtern as a function of A and T. It uses the values of
the parameters given in Table I for Debyé's formula and

has a built-in interpolation subroutine for intermediate
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Values of T.

2.3. Numerical computations

In Figure 1, the results of calculations are shown
in the complex m-plane, for three different teméeratureS'
(0,20, and 40 °C) and for values of k‘ranging from 1 mm
to 10 cm. A cartesian plot of the real and imaginary part
of m versus frequency, together with some selected values
of the refractive index, may be found in Appendix 1.
From these plots, it appears that the strongest tempera-
turé dependence occurs for the longer wavelengths (1-10 cm).
At very high frequency, this model doesn't give a value
6f_]ﬁ| which approaches 1.33, the well-known refractive
index of water at optical frequencies. An asymptotic
value of 2.3 is reached for all temperatures instead.
Thus, the guestion naturally arises, how far can this

model be extrapolated?

2.4. Comparison of theory and measurements

Good agreemegt betweén the Debye model and measure-
ments has been reéorted for frequencies up to 48.5 GHZ
(0.62 cm) (Lane and Saxton 1952). Since the curves are
very smooth, there seems to be good reason for extra-
polating téwards higher frequencies. To the author's
knowledge, no measurements have been made between 6.2 mm
and 2 mm. The only data between 2 mm and 70 um are
those by Stanevich and Yaroslavskii (1961) and those by

Chamberlain et al. (1966). Both investigators find that
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Debye's model predicts too ﬁuch refraction and too little
absorption in the submillimeter range.

A very complete survey of data for the refractive
index of water in the 10 cﬁ to 0.1 ym range has been pub-
lished recently by Lukes (1968). In his Figure 5.a
‘(page46 ) the rea1 and imaginary parts of the refractive
index of water are plotted for the above mentionéd range.
The points for frequencies below 100 GHz are for a temp-
erature of 10 °C; the others are for temperatures ranging
from 10 to 20 °C. These curves have been obtained by
selecting more than 550 data points among 20 reference
soufces; however, it is not always clear whether they are
experimental or calculated points. |

A Comparison|of Debye's model with the curves given
by Lukes ié'shown in Eigure 2., Some disagreement is
noticed for frequencies higher than 150 GHz, the error
becoming appreciable for wavelengths shorter than 1 mm.
This is not surprising since the absorption in this
region.is due to a different mechanism than that in the
microane range. It is usually admitted that ﬁhe high-
- frequency absorption is a resonant type of absorption due
to the intramolecular modes of theiliquid lattice for
which Debye's theory no longer applies. The formulas of
resonant absorption for water have been derived by Saxton
(1952), basea on a theory for resonance absorption in
polar media by Frohlich (1949). This theory shows a

peak in the absorption at a wavelength near 70 um and
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is in good agreement with measurements.

2.5. Conclusion

The absorption and dispersion of ligquid water in the
radio-frequency and far infrared regions car be divided
into two parts. The first, occurring at wavelengths

greater than 1 mm, can be associated with non-resonant,

viscously damped, reorientation of the water molecule
dipole and is accbunted for by Debye's theory; the second,
occurringbét wavelengths less than 1 mm, is attributed
to resonant absorption by the intramolecular modes of
the liquid lattice. The two phénomena overlép near 1 mm.
- A good fit to the microwave and submillimeter ex-
perimentai data cannot be obtained with a Debye function.
However, for practical reasons, and because of the weak
influence of refractive index variations on the rain
scafteringbparameters, a Debye formula has been used in
this study over the range 10 cﬁ to 0.5 mm. A critical
aﬁtitude is recommended for results obtained at 600 GHz.
Next, we consider the fundamental electromagnetic
problem of diffraction of a plane wavé by an impérfectly
conducting sphere, for which treatment the complex

refractive index derived in this chapter will be used.



CHAPTER 3

SCATTERING OF A PLANE ELECTROMAGNETIC WAVE BY A
SINGLE SPHERICAL WATER DROP

3.1. Introduction-

This chapter is a treatment of the scattering of a
plane electromagnetic wave by a water drop, according to
Mie's approach (1968). A quick review of the theory
points out the most useful equations. Computations of
the forwafd scattering function in the cm and mm wave-
length range, for drop sizes usually encountered in rain
showers, are presented. The relative roles of scattering
and absorption in the total extinction prbcess have also
been investigated, since they are of interest to radar
meteorologists. A study of temperature sensitivity is
also presented followed by a summary of the influence of
non~sphericity of the drops, as derived by Oguchi (1960).
Finally, a computer program written to evaluate Mie's
series is described in Appendix 2, and scme results ob-
tained for the cross-sections of water drops in ﬁhe cm
and mm range are presented in Appendix 3.

A widely used model for studying the effects of
rain on microwave propagation treats raindrops as homo-
geneous spheres having a complex dielectric constant.
Although the.shape:of falling raindrops as observed by
ﬁeans of a raindrop camera (such as the one developed by

Jones (19593, exhibits, at least for large drops, a



19
marked flattening on its lower surface and a smoothly
roundedkcurvature on its upper surface, the spherical
shape can be treated with reasonable mathematical com%
plexity and is the only one;that will be considered in
- this study.

"The general solution to the problem of diffraction
of a plane electromagnetic wave by a lossy dielectric
sphere was‘given'by Mie (1908) in the fofm of an infinite
series ekpansiop} Some other excellent treatments of this
problem are found in Stratton (1941), Kerr (1951), van de
Hulst (1957) and Kerker (1969). Some of the results are

briefly reviewed in the next section.

3.2, A‘Summary,of.the far-field solution

Consider, as in Figure 3,alinearly polarized plane

wave (E*,H ), propagating along the z-axis of a cartesian

y
coordinate system such that

l_l.

S S S | iy ) -
E-=E e, = E~exp ( jkyz + Jwt)e, (3.1)
gt =t s - Hiexp(~jk z + jwt)e i (3.2)
Y o Y
where k = %— = % and is the free space wavenumber (3.3)
5

and éx' éy are unit vectors in the x,y direction respec-
tively.

A sPhefical water drop of diameter D is located at
the center of.the cartesian coordinate system. The solu-
tion for the scattered far-field (E-field has been chosen)

may be written in a matrix notation as
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As A A i
e
= 4 ] (3.4)
Ag A A i . JKOr
E, Sz(m,D,e) E,

scattering matrix
(s)

where ﬁi (Ef) is the component of the scattered far-field
_perpendicular (parallel) to a reference plane,
chosen as the one containing the z-axis and the ob-

servation point (r,6,¢).

The coefficients of the scattering matrix (S) are given

by:

a0 _ 7 (2n+1) [ A N
Sl(m,D(e)- nzl ETH:TT-[aan(cose)+bnTn(coseﬂ (335)

A (2n+1) b I (cosB)+a T_ (cosB) (3.6)
Sz(m,D,e)—‘n=l A TATT [ n'n' nn ]
whefe
I (cos®) = —=— P (cos6) (3.7)
n sinf n :
.T (cosh) = a (Pl (cosb) (3.8)
n dé n *

The Pi are.the first order associated Legendre Polyno-
mials, and ﬁ(X,T) is the complex refractive inéex of the
drop as studied in.Chapter 2. The Mie scattering co-
efficients ;n-and Bn are expressed in terms of spherical

Bessel and Hankel functions as follows:
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3 (@) IRz 3, (Re)) - A% (Re) [2 3, ()Y

it

;. (I?l;Dpz) - A N ~ ~ ‘
n 0 (2) e 3o a)T - A° 3 (n2) [z, 2 ()1

(3.9)

3o (2) IRz 3, (0z)] = Falmz) iz gn (2]

]

b (mIDIZ) ’~ ~ Vi A /
n hé2)(z)[mz jpmz) 1 = Jn(mz) [z héz)(z)]

(3.10)

where z = %9 =k a [a'= D/ﬂ“ (3.11)
o o
T?.l =m' - jm"

jn(z) and.héz)(z) are the spherical Bessel and Hankel

functions in Sommerf.eld's notation:

(@) =l Tl (2) - (3.12)

(2) o o |
hn (z) = jn(z) jyn(z) (3.13)

The prime denotes derivative with respect to the argument.

The total far-field is expressed by:

gt = g1 + E° (3.14)
At Aq A g .
E/ El Sl 0 E exp(—jkoo(r-z))
= + KT (3.15)
gt) \gt) Lo 8,/ V& oF

The E and H fields are related by:

(3.16)

t -
i
Mg ‘
where g SVe - lZOw,is the free space impedance.
o
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The resulting far-field is thus an ocutgoing spherical
wave. However, the'amplitude.of the field varies signi-
ficantly with 6. In the near-field, there is a radial
component Er' but its amplitude decreases with r faster
than 1/r, so that it has been neglected in (3.4) and
(3.15).

3.3. Forward direction ({8=0).

In the forward direction, the above expressionssim-

plify considerably. 1In that case, since

M (1) = 1 (1) = n(n+l)/2 (3.16)

we get
8, @,0,0) = §,(®,D,0) =8 (,D) (3.17)
8, (D) = nzl %(2n+1) (& + B) (3.18)

This function, called the forward-scattering function, is

complex and thus carries both amplitude and phase infor-

mation. We may write it in the form
§O(x,n) = 5(0).exp(jo (0)) (3.19)

It is also a function of temperature through the complex
refractive index of water, m.

Thus, in the forward direction, the wave is trans-
mitted without change in polarization; the scattering
matrix reduceé to a single term ana the total far-field

may be written as
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i

~ t _ A ’ (o) ) .

This result implies that the intensity of the field in
the forward direction is independent of the position of
the scattering particle and is only a funct.on of A, D,

and T.

3.4. Cross-sections

Very often one is interested in finding how much
power has been extracted from the iancident beam due to the
presence of the drop. The mechanism by which power loss
occurs is twofold:

a. Due to the presence of an imaginary term in

the expression for the refractive index, some
power is absorbed inside the drop and dissipated
into heat.

b. Some power is simply scattered out of the beam

by a diffraction mechanism.

The importance with which each mechanism contributes to
the total attenuation may be characterized by a single-
drop albedo coefficient (see below). In the following,
we shall refer to extinction as the total power ioss by

either mechanism.
Extinction = absorption + scattering,

This total loss can be characterized by means of an

extinction cross-section, defined as:
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c _ total power loss ‘ __Ploss (3.21)
ext = incident power density"AiZ :
‘ lE l/zno

The total energy loss may thus be viewed as the amount of
ehergy of the incident plane wave that is intercepted by

an area C .
' ext

The value of this area can be found by integrating
the Poynting vector over an infinitely,large sphere con-

taining the drop. It is found to be

2
.. O - v ~on _ 4r A
Coxt™ 70~ & nZl(zg+1)(an+bn) - T Re[so(x,nﬂ (3.22)

o]

In the same manner, we can define a scattering cross-

section as

_ total scattered power

Cscat ~ Incident power density
and find
2
o = 29—> ? (2n+1) (] |2 + |b 12 (3.23)
scat  2m n=l\ n %n n' J :
Also
A - _ (3.24)
Cabs = Cext ~ Cscat

3.5. Efficiency factors

Normalizing the cross-sections by the geometrical

croés—section of the drop G = wD2/4, we get the efficiency

factors. Those are so called, because they are a measure .
of how efficiently a drop extracts energy from the beam.

. We get:

R R .Re_[éo(k,Dﬂ ©(3.25)
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c C
_ Tscat _ “abs
and Qabs = g (3.26)

Qscat - G

If we define
4 ~ »

we get a relationship between those efficiency factors

and the forward-scattering function of the form

§§(>\,D) . _ -
—~;7-~ = % (Qext + ]Qim) (3.28)
where
1D
zZ = koa = 5 (3.29)
' o

The forward and backscattering efficiency factors may

also be obtained and are of the form

. o2 S _ 2 R 2

Storw ~ 1im s IET =0~ é?' SO(A,D)i (3.30)
R0 ma l E 2 :
2 s 2 ©

. 4mR” |E” (6=Tm) 1 n ~ A
S = lim — = == | J (-1)™(2n+1) (a_-b_)
baCk, R+® Ta gt 22 |n=1 n °n
4 3 0 2 (3.31)
= ;j (SW( D)

These factors are related'to the energy density
present in the forward or in the backward direction re-

spectively.

3.6. Rayieigh approximation
Rayleigh scattering is a limiting case of the above
theory, when the drop is small compared to the incident

radiation wavelength (z = koa<<1 and ]ﬁz]<l). Expanding
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Mie's series in power of z and neglecting terms of order
higher than‘6, it can be shown that the above formulas

reduce to the one derived by Rayleigh (1881):

s R,D) =3 R 2%+ % 18]2 28 + o(2%) (3.32)

| D S VS

absorption scattering

where

k=0 -1 (3.33)
oom 2

From (3.32) we obtain:

2 .
R _ 2 ~12 6
Cocat = 3 ;—I.]K] D (3.34)
o
R ‘wz 3
Cabs = X—.Im(—K) D (3.35)
' o
R _ R R
Coxt = Cabs * Cscat ‘ : (3.36)
R _ 3 _R _ R '
Sback = 7 Cscat = Storw (3.37)
6

Since Rayleigh scattering is proportional to Z° and
the absorption to Z3( in practical calculations involving
water drop;,.scattering effects may be neglected when

2z < 0.01. The term "Rayleigh approximation" is often
used when scattéring is negligible compared to absorption
and the extincﬁion is proportional to the volume of water
in the path. It has been found experimentally by Crane

(1966) that this condition holds for frequencies below 2

GHz when calculating atten uation, and up to 10 GHz when
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calculating reflectivity.

3.7. Numerical‘Computations

In actual use, the Mie theory is somewhat cumbersome
because it requires summing of a slowly convergent infi-
nite series. This is especially true for large values of
“the érgumeﬁt, such as the one that 6ccur_in the upper mm
range.

To avoid this difficulty, investigators in the past
have.tried to use approximations (the Rayleigh approxi-
mation has often been extrapolated too far), or have
looked into limiting cases (perfectly conducting spheres).

The avéilability of high speed digital computers
has someWhét changed this situation, but the computer time
still remains excessively high, if one tries to calculate
the spherical Bessel and Hankel functions of complex ar-
gument and their derivatives (3.9 and 3.10) by their
series expansions.

The introduction of logarithmic derivatives by Aden
(1951), reduces the evaluation to a recurrence formula,
thus considerably diminishing the time required to com-
pute the fUnctions; A fortran subroutine, named ADEN,
based on this method, has been written by the author and
is presented in some detail in Appendix 2. The results
obtained from this program for a single water-drop are

presented next.
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3.8. Forward scattering function:'go(A,D) .

A ndrmalized form of the forward‘scattering function
is plotted in thé complex plane in Figures 4 and 5. The
different curves correspond to various drop diameters and
the parameter on the curves is frequency, expressed in
GHz{ Cartesian plots of the real and.imaginary parts of
the same function can be found in'Appendix 3, displayed
versus’fréquehcy and drop diameter.

Reéarding §O(A,D), the following comments can be
formulated:

a. §O(A,D)/22 is contained inside a circle of unit

diameter, centered at (0.5, 0 ).

b.. SomeJrésﬁnances, especially pronounced in the

vcase of large drops for frequencies below 15 GHz,
apﬁear bﬁ the curves; they are severely damped
when théy occur in a region where the absorption
is high (A<1 cm).

C. The real part (extinction) has a maximum occuring

at a fréquency approximately equal to %%%ET GHz;
the value of the peak increases with decreasing
drop diameters.

d. The imaginary part has a sharper maximum than

’the real part and occurs slightly before that
of the latter.

€. In general, a drop has significént influence

oﬁly for D > 0.1X.
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f. When D/A=+w, SO(A,D) becomes purely real and

'Q approaches the value of 2, which means

that C
e

ext
is twice the geometrical cross-section.

Xt
This "extinction paradox" has been investigated,
among others, by van de Hulst (1957) {(page 7107 )
ahd by Kerker (1969) (page’06). It can only be
explained by the laws of physical optics and is
a.consequence of Babinet's principle.

g. It is worfhwhile pointing 6ut that the imaginary
part becomes negative, for a frequency that is

dependent on the drop diameter:

D (mm) 7 6 5 4 3 2 1 .5
£ (GHz) 64 72 80 92 120 146 280 500

(3.38)

,This fact will have some consequences later on.

h.l The fact that the maxima of the cross-sections
occur at different frequencies for each drop dia-
meter may be useful in déterming the drop-size
distribution from multiple-frequency propagation
measurements.

3.9. Single-drop scattering albedo

Next, we examine the relative part of scattering and
absorption in the total extinction process. Such a dis-
tinétion iS'impértant, because a simplified formula for
evaiuating attenuation from radiometric measuréments neg-
lect scattering (e.g. see Fanin (1971).

The ratio of scattering energy to the total enexgy

loss is called single-drop scattering albedo

0
A(A,D) = gﬁﬁ (3.39)
ext
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This funcﬁion is plotted in Figure 6 versus frequency,
for a temperature of 20 °C. (Actually, the ratio_Qscat/

Qbs = A/(l-A) hasvbeen plotted, so that_the A scale is
not linear !). The guantity (1-A) is the percentage of
energy that is absorbed.

As can be seen from thisAplot, a drop starts
scattering energy only when X » 10D; ﬁhe'scattering effect
is maximum for A ~ D (Mie regicn); for rain drops,(l mm <
diam < 7 mm), this maximum occurs ir the EHF band. At
higher frequencies, the albedo has a tendency to stabilize
aréund.O.S, which means that thére is as much energy
scattered as there is absorbed. The limit as D/X becomes
very large is one, since the absorption is negligible in

the visible region.

3.10. Temperature dependence

All the results obtained until now have been for a
temperature of 20 °C. Since the refractive index is
very,strdngiy temperature dependent, the forward scatter-
ing function must depend on temperature also. |

Figures 7 to 9 illustrate this dependence for Qaxt?
the temperature of 20 °C has been chosen as the reference
and the correction factor is multiplicative.

Figure 7 shows that large drops are very sensitive
to temperature in the region below 10 GHz; for small

drops the influence of temperature can extend up to 100

GHz. This condition accounts for the strong temperature
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dependence of the attenuation observed in fog and the
somewhat less important effect observed in rain.

Figure 8 shows the relative effect of different
temperaturés for a single drop diameter (1 mw). The
effects due to a decrease in temperature are larger than
those for an increase by the same amount. The frequency
range over which the influence extends is approximately
the same for all £emperatures.

An éttempt‘to plot the 3 dimensional surface Qext

~(0°cC)/q (20 °C ) as a function of X and D has been made

ext

in Figure.Q, The graph shows a narrow valley (-50%) in
the region A z 10D and a maximum sensitivity for small
drops and large wavelengths.

' The temperature dependence for the imaginary part-

of the same function has also been investigated. For
frequencieé below 30 GHz (where the large resonances
occur)it-sﬁowed a similar behavior to that of the real
part} however, the error was always within 50% whereas

for the real'pqrt the correction exceeded 100%. But,
~unlike the.real.part dependence, some very strong effects
occur for frequencies where the imaginary part is changing
sign (see sect. 3.8). This fact seems to be due to the
strong frequency gradient of the function near this point.
A small shift of the curve, due to a temperature change,

alters the relative value drastically.

3.11. Non-sphericity of the drop

A falling raindrop has more nearly the form of an
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oblate spheroid than a sphere. Assuming that the eccen-
tricity is small, spheroids can be'tréated by considering
perturbatiohs~from the spherical form. The theory.has
been developed by Oguchi (1960, 1964).

The forward scattering fuhctiohs are no longer in-
dependent of the polarization'of the incident-wave,as

shown by the relations

sy (A,D) = §,(0,D) + v§, (A,D) (3.40)
§.2(7"D) = 8_(0,D) + v§, (A,D) (3.41)
2

where v =1 ?‘Ef ’
b
a is the minor axis,
b is the major axis,
§O(A,b) is the forward-scattering function for a
sphere,
and §L(X,D), §”(A,D) are complicated expressions

to be found in Oguchi's paper.

- The efficiency factors are larger for horizontal polariza-
tion than for vertical polarization. When the incidence
is not normal (6#0), some cross-terms appear in the
scattering matrix,»giving rise to cross-polarization
interfetencé. This effect has been studied by'Saunders

(1971) and also by Thomas (1971).

3.12. Conclusion

In this chapter, the forward scattering function for

a water sphere'has been analyzed. Although such phenomena
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as higher atﬁenuation observed for horizontal than for
vertical polarization, cross-polarization effects, cannot
be explained by means of a spherical-drop model, no
attempt has been made to systematically analyze the
oblate spheroid model; non-sphericity effects can alwaysv
be considered as perturbations from the spherical drop
model and be accounted for by means of a correction factor.
Tabulatibhs of those corrections factors exist for a
limited numbér of frequencies; they can always be obtained,
when needed, from;Oguchi's formulas.

A complete study of the diffraction problem would
include ﬁhe ahgular dependence of the scattering function; .
this is needed, for instance, when studying the inter-
ferepce between‘two radio-links due to coupling by energy .
scattefed by rain. However, the angular dependence is
not very sharp around zero degrees and for our pﬁrpose
§O(A,D) Will be considered as a sufficient approximation
for angles up to 10 degrees on each side of the normal.

This does not imply, however, that scattering from a
spherical drop is isotropic. Rain drops are strongly

anisotropic scatterers and the ratio of forward to back~

ward scattering cross-section, which is frequency depen-
dent, can reach values as high as 103 at 300 GHz. ' -
We are ready now to consider the effect of an ensem-

ble of dfops.and to try to model propagation in yrain.



CHAPTER 4

ELECTROMAGNETIC PROPAGATION THROUGH RATN

4.1. Introduction

As shown in the previous chapter, rain drops both
absorb and scatter electromagnetlc ehergy in the centlmeter
and mllllmeter wavelength range The equations governing
electromagnet;c propagatlon through rain are thus those
of radiative transfer theory (Crane 1971). The lnten31ty
of the radlatlon at a given point inside the medium can
be viewed as made up from two components, an unscattered
(coherent) wave that has been attenuated by absorptlon
‘and- scatterlng and a diffuse (incoherent) wave that re-
sults from scattering and thermal emission by the drops.
In the case of one-dimensional propagation through an
1sotrop1c medium ,the dlfferentlal equation takes the

simple form

dI(sf) = =I(s'")B(s') ds' + S[I(s')] ds' (4.1)
coherent incoherent
where B(s') is the extinction coefficient per unit
volume (cm_l)

SII(s')] is the incoherent soﬁrce term due to

scattering and thermal emission

A first-order approximation of the integral equation may

be obtained by replacing the incoherent source term
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SII(s')] by €(s)-I'(s') where I'(s') is the solution of
(4.1) obtained for the coherent‘source‘only. By integra-
tion we obtain the intensity, after propagating a dis-

tance s

o s s . s
I(s) = I exp (- B(s')ds')+Io e(s')exp(—jﬂ
o o o
: (4.2)
B(s")dsll)dsl

where I, is the incident intensity (W/mz)
and e(s') describes the scattering-and thermal emission

process inside the medium.

‘The first term characterizes fhe behavior of the coherent
wave, whereas the second term gives the intensity of the
diffuse; incoherent component inside the medium. If we
neglect thermal emission, the incoherent radiation is only

due to”scattering.v The scattering properties of the
medium méy be described by means of a single-scattering
albedo coefficient, which is an indication of the frac-
tion of the total energy loss per unit volume that is due
to scattering; This coefficient has been calculated for
different rain intensities, assuming homogeneous rain
with a Laws and Parsons (1943) drop-size distribution,
(see section 4.4). Figure 10 shows this coeffiéient
versus frequency°and clearly indicates that at milli-
meter wavelengths rain cannot be considered as a purely
absorbing medium.

In general scattering is anisotropic and an angular

dependence has to be introduced in (4.2). A recent
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survey of the approximate solutions that have been ob-

tained for the general radiative transfer problem, in-
cluding the secondary source term, can be found in a
paper by Lerner and Holland (l970’.‘ Another zpproach,
which leads to thé same kind of mathematical complexity,
considers randomly distributed discrete scatterers
(Twersky 1962). This approach looks into the microscopic
detail of the scattering process, whereas the radiative
transfer approach is a macroscopic one, averaging the
phenomena inside»an elementary volume. A solution of

the integral equation derived by Twersky has recently
beén obtained by Lin and Ishimaru (1971), under the
assumption of isoﬁropic scattering, but raindrops are far
from being iSotfopic scatterers (see section 3.12).

The complexity of the general problem is beyond the
scope of this work. For the pﬁrpose of this study we
investigate the simple case of coherent propagation, for
which the scattered energy is a loss of the same kind as
the one caused by absorption. The background noise due to
thermal emission is also neglected. In section (4.3) we
examine the conditions under which this model for coherent

propagation can be used in studying incoherent. systems.

4.2. Hypotheses
Furthermore, wé simplify the problem of coherent
propagation through rain,by introducing the following

hypotheses:
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The incident radiation is a plane wave. This

assumption limits the spatial variation to a
single variable and eliminates all angular
dependence. Only the forward scattering proper-
ties of a particle are thus needed. In the case
of é reflector type antenna, this assumption is
justifieé in the far-field zone, which is con-~

sidered to start at a distance 2 such that

: 2
z > %.Diam (antenna). (4.3)

For a satellite receiver earth-station this dis-
tance can be quite large.

The shape of the drops is assumed to be spherical

~and their dielectric properties homogeneous,in

drder to make use of the theory developed in the
ptevious chépter. However, no polarization
effects in the forward direction can be accounted
for by this model. We also assume the drops do
not carry electrostatic charges.

The random motion of the drops is such as to

destroy all cooperation effects in scattering.

We shall call this type of scattering independent

(sometimes also misleadingly referred to as in-

~coherent). This assumption implies that the

- distance between the drops is large compared to

the wavelength; this point has been questioned
by Medhurst (1965) who speaks of drop"clustering"

in»actual rains.
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d. In the forward direction the interference be-

tween the incident and the scattered wave takes
place independently of the location of the drop.
Thus the amplitudes may be coherently added.

e. The rain medium is assumed to be relatively

transparent, so that each drop is illuminated

by the inciden£ plane wave. This seems a‘reé-

sbnable hypothesis, considering that the portion

‘of the total volume occuried by the drops is of

the order of 10~ for a 10 mm/hr rain and 1076
for a 150 mm/hr. (See curves for liquid water
content as a function of rainfall intensity,
section 4.4).

£. The diffuse intensity, whether scattered once or
several times, is considered as a loss from the
.cdherent beam. The total energy loss is thus

simply proportional to the number of particles

present in the rain volume considered.

With these restrictions in mind, we proceed now to the
calculation of the propagation parameters per unit volume

of homogeneous rain.

4.3. Volume propagation parameters.

Two approaches are possible in order to evaluate the
extinction coefficient per unit volume of uniform rain.

We shall show that both lead to the same final result.
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A, - The first approach, used by Ryde'(1941), considers a
" plane wave incident on a slab of rain of width dx located
at a distance x along the path (see Figure 11). The num-
ber of drops per unit volume ié expressed by n(D,x,t).
The power extracted from the incident wave by scattering
‘and absorption inside this slab, is given under the assum-
ption of singlé—scattering, by the sum of the effects due

to each drop

or
dP = -P-B(A,X,t) . dX (405)
\
where B(A,x,t) is the power extinction coefficient per

Unit volume for the coherent wave, expressed in
em L oif

Cext(A,D) as given by equation (3.22) is in cmz.

The remaining signal power, after propagating a distance

L through rain, is obtained by integration of (4.5)

, i L ’
P =P expl- B(A,x,t)dx) (4.6)
o .

where Pi is the incident power.

Equation (4.6) is the same as the one_obtained.from
radiative transfer theory, neglecting the diffuse com-
ponent of the signal. Part of the energy extracted from
the incidenthbeam will be present at the receiver,however,
in the form of incoherent noise. Thié approach, as well

as the radiative transfer approach, involves only the

i
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power (modulus squared) of the signal and does not give
any information on the phase of the attenuated coherent

wave.

B. Another apprbach, first used by Rayleigh (1881) and
developed by van de Hulst (1957), considers the‘wave
propagating-in_the airection of incidence to be the re-
sult of interference betwéen,the,incident plane wave and
waves scattered in the fdrward direction or close to that
direction. Summing the field intensities in an arbitrary
direbtion is a very complicated task, since one must take
into écccunt the phase shifts introduced by’ﬁhe random
positionyof the drops inside the slab. Furthermore, the
resulting field intensity is very likely to be zero, due
to the uniform’distribution of the effective phase,to be
expected with‘éuch a degree of randomness. ‘Thus only a
power approach is possible, since the resulting rms value
will in general be differenﬁ,from Zero.

This-ﬁask is much simpler in the direction of propa-
gation of_the incident wave, since the interference = takes
place regardless of the position of the drop along x.

The onlyvphaée shifts that occur are due to the scattexring
process itself (§O(A,D) is a complex function).

Tt is reasonable to assume that the incideﬁt plane
wéve is coherently influenced only by those scattered
waves,originating in a vdlume delimited by the‘first

Fresnel-zone (see Figure 11). The elementary volume dV
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is thus given by

av = (L-x) A dx = 2L (L-x) dx ~ (4.7)
: [@]

The hypothesis of single-scattering allows ﬁs to write
the scattered field in the forward directiorn as the sum
of the scattered waves by each individual drop inside the
volume dV. We can thus write the far-field in the direc~

tion of the propagation as

fR_ogl a4 jﬁ n(D,x,t). E5.dp - av)  (4.8)

From equation (3.20) we get the intensity of the scattered
field in the forward direction, expressed by
ES = E- §,(1,D) (4.9)
jkOZL—xi
The forward-scattering function is assumed to be constant
for small variations of the angle 6. From equations

(4.7) to (4.9) we get

/\R Ai

- (=3) &
E™ = E (1 + W)L Y\(D,X,t)SO(X,D)dDr

2T (L-x)
k

O

dx)

(4.10)
The factor (-3j) has been introduced because the average
phase lag over the first Fresnel-zone 1is (—%). The re-
sulting far-field, after propagation through a slab of
rain of width dx, may finally be expressed by

R = gt (1 - 4T n(D,x,t)8_(1,D)dD - dx) (4.11)
- k D ©
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and §o(A,D) is given by equation (3.18).

By comparing equation (4.11) with the result ob-
tained for propagation of a piane'wave through a medium
of complex refractive index Iﬁel<<l

AT _ A'i .‘ _a A - Ai s o~
E" = E- exp ( jkomedx)~ E (l, Jkomedx) (4.12)
we can characterize the slab of rain by an equivalent com-
piex refractive index

ﬁe(k.x,;) =m! - jm" = 2£3 f n(D,x,t)S_(,D)dD (4.13)

e

DS
The free space propagation constant is included in E.
The assumption ]ﬁe]<<l is verified by the computations

(see section 4.6). From equation (3.28) it is easily

found that
mé(k,x,t) = 5%— .j. n(D,x,t)Cim(l,D)dD ' (4.14)
[} D
and ‘
W 1 f
me(A,»x,t) “E’E; Dn(D,x,t)Cext(A,D)dD (4.15)

The power extinction coefficient per unit volume is
thus given by -

'VB(A,x,t) =-2kd mg(l,x,t) = J; n(D,x,t)Cext(x,D)dD

(4.16)
which is the same result as the one derived in equation

(4.5). Similarly, the excess phase due to propagation
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through rain may be obtained from
Q(A,x,t) = ko mé(ﬁ,x,t) (rad/cm) (4.17)

It must be reminded here that this analogy with a con-
tinuous slab of eguivalent complex refractive index is
valid énly_for the coherent wave in the forward direction.
It may not be used, for example, for calculating the
energy reflected from rain; the reflectivity from rain
must be calculated using the backward scattering function

,§ﬂ(A,D) (see equation 3.31).

4.4. Multiple-scattering and incoherent propagation

The effect of multiple-scattering on the coherent
wave has been studied by Twersky (1962), whb derived a
first order‘solution for the equivalent refractive index

of the form .

2

~ A 2 A
m. = m + (“E§' J[ n(D,x,t) S“(A,D)dD (4.18)
_ ko D

Since the backscattered amplitude is usually small com-
pared to the forward scattered amplitude, the effect of
multiple—scattering on the coherent wave is negligible.
Some investigations with the computer confirmed this
statement. Thus, single—scatteriné formulas afe suffi-
cient to describe coherent propagation through rain
(Crane'1966).~ The problem of multiple-scattering in the
_ césé»of incohergnt propagation still remains to be

treated; in any case the effect is not expected to be

negligible.
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We examine now the applicability of the above theory

in the case of,an incoherent telecommunication system.
It was shown by Crane (1971) that a Born approximation
to the complete radiative transfer problem, i.e. the one
including the incoherent source, reduces to the coherent
prOpagationiproblem, under the condition

scat L <1 (4.19)

K

The maximum distance through uniform rain for which this
- criterion iS'éatisfied has been calculated and is dis-
played in Figuré 12. It is apparent that for frequencies
less than 20 GHz rain can be treated as a puxely absorbing
medium for all rainfall rates and path length usually
encountered (see also Figure 11). For frequencies larger
than 20 GHz multiple-scattering is no longer negligible
and its effects may appear for short paths in intense
rain or for long paths in light rain. The average path
length through rain for an earth-satellite link (Hogg
- 1971) is also shown on this graph.

Using the coherent channel formula for predicting
the attenuatién for incoherent systems will usually be a
pessimistic approach, since part of the energy'scattered
in the medium will finally reach the receiver after
multipie scattering. The trend is reversed when predic-
ﬁing bandwidth cépability, since multiple~-scattering will
be associated with multipath fading and its bandwidth

deterioration effects.
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.The only unknown left in the above equations is the
drop-size distribution per unit volume which wiil be
examined now. | | |

4.5. Meteorologicals parameters

Rain is essentially an ensemble of scatterers ran-
domly distributed in number, sizg, spacé, and time.‘ The
true meteorological parameter gcvérﬁing electromagnetic
propégation through rain is thus the distribution of rain
drops in number and size, at a given point and moment.

Meteorologists have studied drop-size distribution
in rain for about one century; a gobd summary of their
work may be found in Hardy (1962). The numerous investi=
gators found these distributions to vary significantly
with type of rain, geographic location, and season of the
year. Réin'associated with thunderstorms shows wider
drop-size distribution than other rainfall; fain—drop
distribution varies both in the vertical and horizontal
direction as well as with time for a given shower. Eva-
poration, COal«escence, accretion, and wind direction
and intensity are the main physical mechanisms governing
these fluctuations. ’ |

Measurements of drop-size distribution in rain have
been performed using such diversified fechniques as flour

pellets, filter paper, raindrop cameral Doppler radar,

phctcelectric devices and acoustic mi'fophones. Each
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the possible exception df the last two mentioned, are
very tedious when it comes to reducing data, and they
show a wide scatter in the measured points. This clearly
shows the:statistical nature of‘drop—size distribution in
rain. Except for very low frequencies, the water content
is not enough to describe the effect of rain on an electro-
magnetic wave; the way the total volume of water is dis=-
tributed aﬁong rain drops of different sizes plajs an
important role. However, due to difficulties in measuring
the drop-size distribution n(D,x,t), this parameter is
not commonly used. A more easily measurable, and there-
fore more commonly available parameter, is the point

rainfall rate p(x,t). Both parameters are related by

pl(x,t) = 1.885 106f n(D‘,x,t)Iv(D)—w(x,t)]D3 dD (4.20)
' D

vwhere_ D is the drop diameter (cm)
| v(D) is the terminal velocity of the drop (m/sec)
w(x,t) is an uncertainty factor on the vertical
velocity of the drop, due to turbulence (m/sec)
n(D,x,t) is the instantaneous, local drop-size
distribution (drops/cm3 em 1) and
p(x,t) is the ground instantaneous point rainfall

rate as measured by a fast raingauge (mm/hr).

The terminal velocity of a falling raindrop has been
measured by Gunn and Kinzer (1949) and values can be found

in Medhurst (1965). The uncertainty factor W(x,t) is a
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difficult parameter to measure and it has been usually
disregarded and taken equal to zero. This assumption

can lead to a substantial amount of error as will be
shown later. Values of p(x,t) are available from weather
bureaus, usually averaged over one-hour periods. More
recently, rain-gauges with a resolﬁtion time better than
one second have been designed (Semplak 1966).

From equation (4.16) it is evident that p(x,t) is
not a single-valued function of n(d,x,t). Even when
neglecting the randomness introduced by the vertical com-
pohent of the wind, there is an infinite set of distribu-
tions ni(D,x,t) that, when integrated, will lead to the
samé rainfall rate. Since the propagation parameters are
related to the drop-size distribution, not to the inte-
grated water content, a scatter of points will appear in
the(B-p)plane,.for example, when relating specific
attenuation to rainfall-rate. Notice that we have not
‘yet introduced the fluétuations‘due-to the variations of
precipitation rate in space and time.

If we define the statistical average of the.ni dis-

tributions for a given rain intensity p(mm/hr) as

N(p,D) ='<ni(D,x,t)> y (4.215

then the relationship between p and N becomes single-
valued. The first investigatbrs to measure such average
distributions were Laws and Parsons (1943); their data

are the result of three years of measurements in the
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Washington, D.C. area. In fact thé did not measure
N(p}D) but a related distribution M(p,D) which expresses
the average‘percentége’of precipitation rate; P, that is
due to drops of diameter D. N(p,D) may be obtained from

this distribution through

N{(p,D) = ' M(Efglip : (drops/cc-cm_l) (4.22)
1.885 10°{v(D)-W)D

if D the drop diameter is in cm
p the precipitation rate in mm/hr
v(D) and w are in m/sec,

M(p,D) in percent.

The function M(p,D) is given for a number of precipitation
rates énd for a discrete number of drop diameter inter-
vals AD, centered at D. A median drop diameter Do is
obtained such that half the intensity of rainfall is
caused by drops of diameter smaller or equal to D,- This

median diameter is related to the precipitation rate by

0.182

Do(mm) = 1.24 p (mm/hr) (4.23)

Laws and Parsons' tables alsc show a maximum diameter for
the drops, which is a function of the intensity of pre-
cipitation. Rain drops of diameter larger than 7 mm
very seldom exist, since the surface tension is not
strong enough to keep them together. The median and
maximum diameters are shown in Figure 13 as a function of

rainfall rate. The tendency for intense rain to have
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larger drops and also a wider distribution of drop -
diameters is clearly evidenced. The total number of 3

drops per unit volume N, and the liquid water content L

t
are also shown in this figure.

N, (p) =f

N(p,D) dD (drops/cc) (4.24)
D : o

and

\ ' g . o
L (p) = J[ N(p,D) £%~ dD (gm/cc) (4.25)
D : .

- since the density of water is approximately equal to
1 gm/cc.

It has been shown by Crane (1966) that the theoreti-
cal curve using Laws and Parsons (L.P.) distribution
provides the best fit for measurements in New England
rain. In a recent paper by Semplak (1971) a similar
conclusion'is reached for measﬁrements in New Jersey.
Since the L.P. distribution is the most widely used
today, it will be adopted for this study, keeping in mind
that it may not be suitable for all typeé of rain.

Numerous workers have tried to fit a continuous
mathematical function to the Laws and Parsons discrete
distribution. The advantage of having a continuous dis-
tribution rather than a discrete one is that it allows
to choose adaptative integration steps or to use a
Gaussian quadrature technique.

The simplest of those fits, since it contains only

one adjuStable parameter, is due to Marshall and Palmer
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(1948) . They found that the Laws and Parsons distribu-

tion can be reasonably well approximated by

N(p,D) = N, exp (-C+D) ' (4.26)
where |
-2 -1
N, = 8.10 (drops/cc.cm )
C = 41. p—O'Zl (cm_l if p is in mm/hr)

Figure 14 shows a comparison of this distribution with
data points obtained froﬁ the Laws and Parsons distribu-
tion using equation (4.18). It appears that the Marshall-
Palmer distribution approximates the measured distribu-
tion quite well for large drop diameters and low to
moderate rain intensities. For drop diameters less than
1.5 mm however, it has a tendency to exaggerate the num-
ber of drops. Also, it does not go to zero for zero

drop diameter, as might be expected. For practical cal-

culations the range of D may be limited to

0.21

0.5(mm) < D < 2.75 p () (4.27)

6 (drops/

The upper bound is found by setting N(p,D)< 10~
cc.cm—l). Some more sophisticated fits, having more
than one parameter, may be found in the literature (e.g.
Fowler énd'LaGrone 1969). Due to their greater com-
plexity, fhey have not been as widely used as the

Marshall-Palmer distribution, and will not be discussed

further in this study.
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We have shown in section (4.3) that the propagation
of the coherent radiation through rain could be expressed

in the case of a plane wave by

BT = BN exp (-3 A, O, e)ax) (4.28)

where m (A,x,t) is Stlll a random functlon of space and

tlme, due to the random characteristics of n(D,x,t). 1If
we assume that the statistical averdged drop-size distri-
bution is given by the Laws and Parsons distribution, we
can derive the average intensity of the field as a func-

tion of the point rainfall rate p(t)

<gRs = E; eXp(—jko<ﬁe(x,p)>dx) (4.29)
where
< Oup)> = 27 | Np,D)E (A,D)dD (4.30)
e 3 o)
kO D

The functign <ﬂe(l,p)> isknow a deterministic function
Oof the rainfall rate and is time varying according to
p(t).

ﬁnifOrm rain of intensity p(mm/hr) can thus be

viewed as having a transfer function

A

H(2,P) = exp [ -jk_ (L+<n, (A,p)>) ax] (4.31)

or, since kb]{ﬁe(l,p)>] is less than one (see Figure 15).

H(A,P) = exp(-jkodx)-(1-jko<ﬁé(a,p)>dx) (4.32)
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per unit length of propagation, for the average field
component . The term ekp(~jk§9 is the free space propaga-
tion de;ay. The function <me(1,p)> is plotted ih Figure
15 for selected values of the precipitation rate. Notice
the 107° scale factor. It is also shown in its real and
Aimaginaryipart versus frequency in Figures 16 a and b.
The negative ﬁalue“of the real part for frequencies lar-
ger than 200 GHz at high rainfall rates is less than
-0.1 (10-5 units) and thus‘almdst negligible in compari-
son with the positive values that may be reached. |

It seemed interesting to compare the complex refrac-
" tive index of water (see Appendix I) with the equivalent
refractive index for rain at different intensities.
Since the 1attef is 10“6 smaller in absolute value than
the former, we compare a one micron thick slab of water
with a one meter slab of rain (see Figures 16 a and b.)_
From Figure 16a.it is apparent that water has stronger
phase shift effects at millimeter wavelengths than rain
of any intensity. kAlso from Figure 16b we deduce that
a rain of 100 mm/hr has about the same absorption charac-
teristics as a slab of water one million times thinner.
This fact illustrates the good transparency of .rain
medium in the microwave region.

In the Rayleigh region (]ﬁz]<(1),‘the forward
scatteiing.fuhction ¢an be approximated by (see Section

3.6)
SY(A,D)x § K z (4.33)
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where
N D2 '
R=D L1 =xo-jx (4.34)
m- o+ 2 ‘

and m is the complex refractive index for water. Hence,
the equivalent refractive index for the medium takes the

from

3

<ﬁ§(1,?)>‘= iz R (1) Lip) | (4.35)

where L{p) is the ligquid water content, as defined by
(4.25). Equation (4.35) shows that, whenever scattering
is negligible as compared to absorption, the propagation
phenomena depend only on the amount of water thatis present'
in the path (the first Fresnel ellipsoid volume in the
case of coherent propagation) and not on the way it is
distributed among the different drop diameters. ‘This
 situation mainly occurs for fog at centimeter and milli-

meter wavelengths.

4.7. Propagation in non-uniform rain

When studying the propagaticn along a path of length
L, we have to take into account the contribution of all
the slices.of width dx, limited by thé first Fresnel
ellipsoid (see Figure 11). The hypotheses of single-
scattering and transparency of the rain mediuﬁ allow us
to write, for the resulting coherent field at the
receiver

A A1 P L ~ .
ER = gt (1 - %15 j[ J[' n(D,x,t)SO(X,d)dD-dx) (4.36)
‘ o D

kO

\
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The statistical average of the field is obtained using'
a Laws and Parsons'drop—size'distribution
AR .Ai . 27T L ‘ N
<E™> = E (1~—~——§ N(p:D)SO(K,D)dD-dX) (4.37)
v : -k ‘o) D
o

This function is still random, since the point rainfall
rate is a random function of space and time (see Figure
11). In order to get an estimate of the average field
component at the receiver we introduce a path-averaged

rainfall rate defined by
[ _

or, in the éase of a finite number of sampling points

along the path

N .
'Z p(xi,t)-Axi' ' {4.39)

R__(t) =
av i=1

=l

where X, is the estimated zone of influence of the ith
gauge, with the condition Z Axi = L., The field component

<eR> is now given by

<R =8 - 2F | w08 (1,D)aD)  (4.40)
' K
. o D

and is only a random function of time, as in the case of
uniform rain. It can be noted that this procedure is

analog to defining an equivalent refractive index by

<me(k,RaV)> (see equation 4.30)

Equation (4.40) still leads to an interpretation in
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terms of a transfer function. An example of coherent
propagation through rain for a path length of 0.3 km

and a péthéaveraged intensity of 150 mm/hr is given in
Figure 17 which indicates the locus of the ~esulting
phasor as a function of frequency. This graph is pureiy
qualitati?e and has not been drawn on scale. However,
the main characteristics of coherent propagation through
rain, such as ma#imum phase lag, maximum attenuation;
phase advance at high frequencies, clearly appear on the
graph. Such locus could be drawn' for any rainfall inten-
sity, resulting in a family of curves. The effect of an
increase in path length is to distort the locus, accord-
ing to a geometric transformation which is an affinity +

a rotation.

4.8. Propagation effects due to rain in earth-space links

For a satellite path, at a fairly high elevation

angle, both vertical and horizontal drop-size variations

are important. It is expected that the median diameter
of the drops trends towards larger values when moving
from the base of the cloud towards the earth surface;
this is due to such phenomena as coalescence and accretion.
Since propagation parameters are very sensiﬁivé to drop-
siéavdistribution, it is not impossible that for % verti-
cal path theleffect of rain may be less than for &?
equivalent horizontal path. To the author's knowledge

no satisfactory study of this problem has been made yet.
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The ground measured rainfall rate,even if measured
below the path; is of not much use in predicting attenua-
tion forlearth—spacé'paths. Increasingvdelays, due to
the finite falling speed of raindrops, are introduced in
the measurements when going away from the ﬁ:ansmitter.
However, good correlation has been obtained by Ippolito
(1971) whenyweighting the ground measured precipitation

rates by a formula of the type

| 1 X hy ,
R ,(t) =& Z (1-z) P, (&) (4.34)
i=1
_where h, is the height of the path above the ith gauge
P, (t) is the point rainfall rate measured by the
ith gauge

H is the maximum height of the path in the rain

cell.

Measurement of the water content in the path could also
be determihed by radar. However, radar is very sensitive
to snow and hail particles, which cause only little
attenuation, and its guantitative indicaﬁions are tar-
nished by error due to absorption by the drops.

A recent analysis by Hogg (1971) of sun tracker
measurements at two different frequencies provides us
with an effective path length through rain for ah earth-
space path; Hogg's curve is reproduced in Figure 18;
it shows that intense showers are limited in extent,

whereas light rain is spread out over tens of km. Using
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this effectivé path length, the excess attenuation due to
rain, at three different frequencies, has’been.calculated
and is shown' on the same plot (in db). It is apparent
that a 15 db fade margin may be sufficient at 15.3 GHz,
whereas it has to be increased to about 40 db at 31.65
GHz and to an excessive 65 db at 94 GHz. vThe cﬁrve for
15.3 GHz is in good agreement with the ATS-V experimental

results (Ippolito, 1971).

4.9. Conclusion

In this chapter the rainy atmosphere has been shown
to have a behaviof equivalent to a lossy dispersive
medium; this is exactly true for coherent propagation in
uniform rain. The model can be extended to non-uniform
rain, by introducing a path-averaged rainfall rate, and
to incoherent propagation, under the condition that
scattering is reasonably small compared to absorption.

Such a model enables us to compare average measured
variations of the signal with those calculated from al-
most instantaneous rainfall rates, measured along the
path. This is what is done in experiments designed to
verify the validity of this theory. To the author's
knowledge, none of these experiments have treated
meteorological data with enough accuracy to be able to
decide as to. the validity or the non-validity of this
theory.

In the design of microwave links, there is no need
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for instantaneous rainfall rates; a cumulative distribu-
tion of rainfall rates along.the'path is sufficient. It
has been shown by Bussey (1950) that undex certain re-_ 
strictions, not yet fully determined, the path.statistics

may be dervied from the point statistics. It has also

peen shown by Ruthroff (1970) that a cumulative distribu— -

tion curve for the attenuation obtalned from p01nt rain-
fall data using Laws and Parsons' drop-51ze dlstrlbutlon,
provides an upper-bound to the measured curve.

In both cases, however, there 1s a need for a
theoretical relatlonshlp between attenuation and/or phase
velocity and rainfall rate, which 1svwhat we are going to

investigate in the next two chapters.



CHAPTER 5

THE ATTENUATION COEFFICIENT FOR COHERENT
PROPAGATION THROUGH RAIN

5.1." Introduction

In this chapter we are interested in the power atten-
uation of the coherent signal after propagating through
homogenedus rain of average intensity Rav‘ Two models
relating the attenuation coefficient to the precipitation
rate will be examined. The influence of the drop-size
distribution and temperature of the rain drops on the
attentuaﬁion coefficient is then discﬁssed. A comparison

of measurements‘with theory concludes this chapter.

5.2. The attenuation coefficient

From the equivalent refractive index model for a
rainy atmosphere we deduce the power attenuation coeffi-
cient

. D
: _ " _ | "max, . ,
<B(X,Rav)>,_ 2k°<me(A,Rav)>.-jf N(RaV,D)Cext(A,D)dD

/ Dmin _
(5.1)

The attenuation coefficient obtained this way is expressed

in (cm'l)., A more practical coefficient is defined in

aB/Km; We have
C<y> = 4.343 10° <B> (dB/Km) (5.2)

From equation (5.1), it appears that the attenuation co-

efficient is a function of frequency and path-averaged
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rainfall rate; it also depends from temperature and drop-
size distribution. In this study we have adopted the
Laws and Parsons distribution and a drop temperature of
20 °cC.

Calculations of attenuation coefficiénts have been
undertaken by several investigators: Ryde and Ryde (1945),
Gunn and East (1954), Oguchi (1964), Medhurst (1965)
and Setzer (1971). The first calculations suffered some
inaccuracy, due to the lack of adfuate automatic computing
devices. Modern high-speed digital computers allow us
to obtain those coefficients quite rapidly and_inexpen-

" sively. Our dwn computations were compared with those
of preﬁious workers; they agreed within reasonable accu-
racy with Medhufst‘s computations, the slight differences
being attributed to differences in the value of the re-
fractive index of water. Setzer's results, however, are
slightly larger than ours, although he uses the same
values for the‘refractive index of water; this tendency
toWards exaggeration is especially marked at low rainfall
rates, where his results are 30 to 40% larger than ours.

| The author does not believe that a tabulation of
these cdefficients‘for'different‘values of\rainfall rate,
temperature, frequencies, raindrop distributions, etc.
would be very useful. In a particular problem, when such
coefficients.are'needed, they can be obtained guite in-
expensively using a computér program such as the one

described in Appendix 2 of this study. However, in order
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to discuss general trends, the attenuation coefficient due
to rain has been plotted in Figure 19 as a function of
frequency, for selected values of rainfall‘intensity.

This plot serves to illustrate the fact that the attenua-
tion reéches a maximum at a frequency of about‘lSO GHz;
this maximum is more pronounced for intense showers than
for light rains, and is of the order of 50 dB/Km for a

150 mm/hr rain. The decrease of the attenuation coefficient
at wavelengthé less than about 2 mm is not due, like many
authors pretend, to ﬁhe pronounced effect of forward
scattering at those f:equencies; in this model, all
scattered energy is considered as a loss and the decreas-
ing trend may.ohly’be explaihed by the fact that the.
drops responsible for the chief part of attenuation are

no longer in the Mie region at those frequencies.
Asymptotic values of those coefficients are obtained
using £he’geometric cross—section of the drop; they are
indicated by arrows on the right hand vertical scale. In
the far infrared region, a smooth transition has been
assumed, although values of the refractive index from
ChapterIZ'shoﬁld_be introduced into the computer program
in order to calculate those coefficients. Another use-
ful plot is an isocontour plot in the frequency - rainfall
intensity plane; this allows us to visualize immediately
the regions of high attenuation or to find the order of
magnitude of the attenuation to be expected in given

circumstances. Figure 20 indicates that the attenuation
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rate to bé'expected at frequencies below 10 GHz is less
than 3 dB/Km for rainfall rates less than 100/hr; that
is why attenuation}aue'to rain is commonly considered as

a problem of minor importance at those frequencies.

5.3 Attenuation as a function of rainfall’intensiti

The specific attenuation coefficient can be defined
as thg ratio of the attenuation coefficient to the rain-
fall intensity that causes the attenuation. This ratio
is shown in Figure 21 as a function of rainfall rate.
Extréme variations of about one order of magnitude‘can be
seen in Figure 21, the largest changes occuring at both
. extremes of the frequency range’considered in this study.
This leaves no hope'of estabiishing a linear relationship
between attenuation and rainfall rate, except in the
30 to 50 GHz band where the curves are nearly horizontal.

_ The attenuation coefficient as a function of rain-
fall rate can be obtained accurately ftom the computer
program; pafameters such as frequency, temperature, rain-
drop distribution, etc. can be changed at will. Thus,
there seems to be no need for constructing a simple model.
However, people measﬁring attenuation coefficient.as a
function of rain intensity obtain a scatter of 'points in
the (<B>, Rav) plane. To compare their measurements with
theory,vthey’try to fit least-square error regression
curves to their data. Two of the most popular regressions

are the linear and the logarithmic.
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5.4. A linear regression model

As explained in the previous section, the attenua-
tion coefficient is not proportional to the rainfall in-
tensity. Many experimentalists, however, have derived

empirical formulas of the form
<y> = K(2) Bav (dB/Xm) (5.3)

Their reason for choosing a linear regression;model is
that the uncertainty is such that a more sopﬁisticated
f£it is not justified. The coefficient of proportionality‘
K(A) should, however, éompare with the specific attenua-
tion coefficient given in Figure 21, which is strongly
dependent on rainfall rate.

In order Eo compare their measurements'With the
theory, we have divided rainfall in two categories:

a. light rains, with intenéityfless than 10 mm/hr

b. intense rains, with intensity larges than 10 mn/hr.

The reason for this choice of 10 mm/hr will be explained
in the next section. We can thus approximate the curves
6£ Figure 21 by two horizontal segments, which define

£wo specific attenuation coefficients independent of rain-
fall rate. These two qoefficients are shown in Figure

22 (conﬁinuous lines) as a functioﬁ of frequency. As'
expected, they intersect at about 37 GHz,.where the
specific attenuation was found to be'independent of rain-

fall rate (Figure 21).
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Experimental data points that have been published
since Médhurst’srsurvey (1965) are also shown in Figure
22. Unfortunately, most authors didn't make the dis-
tinction between ligﬁt and intense rain, so thét no
strict comparison can be established. With the exception
of two meésurements, the one by Straiton (1970) at 15.3
GHz and the one by Roche (19705 at 35 GHz, the average
measured specific attenuations do nof exceed the theoret-
ical maximum,calculated under the assumption of mono-
dispersé rain (see section 5.8); This observation is
somewhat differént from the conclusion reached by Medhurst
 (1965) from the survey of measurements made before that
year. The curve for average measured attenuation taken
from his péper cends to be an upper bound to more recent-
ly obtained data.

Another important observation from Figure 22 is that
for frequencies larger than abouﬁ 37 GHz, light rains
have a specific attenuation coefficient that is larger

“than that}for intense rain. This is due to the important
scattering effect cf small drops, which reach the Mie
region at those frequencies. For a similar reason, fog
droplets will have a more severe effect than raindrops‘
at still higher frequencies. For intense raih, a better

linear fit would be
<y> = K‘_("X) R, * M) ' . (5.3 bis)

where K'(}), M(}) are constants to be determined.
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(e.g., see Lammers 1967).

5.5. A logarithmic regression model

From e‘plot of the attenuation coefficient versus
rainfall rate in a log-log graph, it appears that the
curves can be fairly well approximated by two segments of
straight lines, interseeting at a reinfall rate of approx-
imately 10 mm/hr.A~This fact mede us decide to distin-
guish between light and intense rain, with 10 mm/hxr as
a.turnéng'point, and to celculate values of the parameters
in those two regions. These two stralght llnes are de-

scribed by an equatlon of the form

<p> = atg,m) RELET) (aB/kn) (5.4)

The parameters A(f£,20 °C) and B(f,20 °C) have been ob-
tained in each domain from our previously calculated
values for the attenuation coefficient, by a least-square
error regression method; they are plotted in Figures 23
and 24 and also listed in Table II. The}parameter B
fixes the slope of the line whereas the parameter A con-
trols its position in the plane. From Figure 23 it is
apparent that the curvature of the attenuation curve
versus rainfall rate is upward for frequenc1es between 1
and 8.5 GHz, then downward for frequenCLes.up to 85 GHz,
and then upward again. Figure 24 shows a slight varia-
tion of the parameter A for intense rains, compared to

light rains.
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Again, experimental data published in the literature
‘since Medhurst's survey (1965) are indicated by dots on
both graphs. Only few of the authors adopting the loga-
rithmic regression model made the distinction between
light and intense rain, so that no systematic comparison
can be made. It looks like a number of points in the 10
GHz region fali below the curves (Figuré 23); however,
computation of the parameter B at 9.4 GHz for two different
temperatures (as indicated by crosses on the graph) shows
the extreme sensitivity of this parameter to temperature.
Since no temperature is indicated for the measured data,
nothing definitive can be infered. The parameter Ab
shows good agreement in generél between calculated and

measured values.

5.6. Temperature sensitivity

The temperature dependence of the refractive index
of water makes the attenuation coefficient also sensitive
to temperature. An investigation of this dependence in
the case of a single water drop was carried out in
Chapter 3 (section 3.10). 1In the case of uniform rain
the curves of Figures 7 and 8 have to be weighted by the
drop-size distribution. We obtain roughly the same
tendency as in the single-drop case, where the drop
diameter has to be replaced by the rainfall intensity.
Figure 25 shows that, for a given temperature difference,

very light rains are the most sensitive; this sensitivity
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may extend to frequencies as highAas 20 GHz, whereas for
more intense rains it may not beIVery'critical for fre-
quencies ‘larger than 10 GHz. Figure 26 shows the correc-
tion.factor for different temperatures at the most criti-
cal rainfall rate (0.25 mm/hr). The correction for
temperatures less than 20 °C is larger than the one for
temperétures in excess. For frequencies larger than 25
GHz the correction factor is within 15% at all tempera-
tures. As a general rule we can state that the correction
factor for temperature has a maximum importance for low
frequencies at low rainfall\rates; no very important
’ température effects are to be expected in the millimeter

wavelength range for all rainfall rates. The value of:

15% can be adopted as an uncertainty bound in that case.

5.7. Sensitivity to drop-size distribution

A comparison between the attenuation coefficient ob-
tained using the Laws and Parsons drdp—size distribution
énd the one obtained using Marshall and Palmer's distribu-
tion (see'Chapter 4) was carried out for a temperature of
20 °C. The ratio M.P./L.P. is plotted in Figure 27%for
three different rainfall rates. An analysis of the re-
sults shows that‘the Marshall and Palmer distributiong'
gives values of the attenuation coefficient that are )
usually iarger than the one obtained from Laws and Par-

sons distribution; the largest difference occurs for low

rainfall rates at high frequency.
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This illustrates the fact that th~ Marshal and Palmer

distribution exaggerates the number of small drops, which
have their maximum contribution at low rainfall rates

and high frequencies. A minimum sensitivity seems to be
obtained for a wavelength of about 1 cm. This may be due
to the fact that at this wavelength all rain drops have
about the same influence on attenvation, independently of
their diameter. It was also found that é shift of the
drop size distribution towards smaller diameters,scaling
the new distribution such as to get the same rainfall
intensity, resulted in less attenuation for frequencies

- less than about 30 GHz and in é reversed trend at higher
frequenqies. It may be noticed here that at frequencies
less than 15 GHz, the most important contribution comes
from large drops, Whereas drop diameters less than’2 mm
play the important role at frequencies larger than 60
GHz. 1In between there is a zone of transition where
almost all drop diameters play an equivalent role. On

an average, the Marshall and Palmer distribution gives
results'tha£ are larger than those obtacined from the Laws
and Parsons dist;ibution; £his is especially true at low
rainfall rates. For intense rains the difference is con-

tained within + 10%.

5.8. A comparison of theory and measurements

In comparing the theory with experimental results we
shall examine two points: a) compare the mean measured

attenuation coefficient with the one obtained using Laws



Name'} AYear | erqpengy{Gﬂzj..  p1a¢e
Crane 1966 ' 1.29.to 94 New England
Lammers 1967 54 Germany
Blevis et al. 1967 8.39 Ottawa

l14.916 Canada

Weibel et al. 1967 90.5 New York
Harrold 1967 35 England
Semplak et al. 1969 18.5 New ﬁersey
Hogg et al. 1968 48.5

6§.7
Semplak 1970 30.9 New Jersey
Roche et al. 1970 34.47 Washington,DC
Straiton et al. 1970 15.3 Texas
Godard 1970 35 France
Babkin et al. 1970 314 Russia
Skerjanec et al. 1971 10 Mississippi

14.43
Ippolito 1971 15.3 North Carolina

31.65

TABLE III

List of new data sources for altenuation
~ by rain since Medhurst's survey

(1965) .




97
and Parsons drop-size distribution (we arbitrarily selec-
ted a rainfall rate of 10 mm/hr for this comparison),

b) compare the makimhm measured attenuatién coefficient
with the one obtained for a monodisperse rain.

Figure 28 is a plot of the attenuation coefficient
as a function of frequency at a rainfall intensity of
10 mm/hr. The tendency for the Marshall and Palmer dis-
tribution to give larger values of the attenuation co-
efficient at frequencies larger than 30 GHz is evidenced
again‘from this plot. Average measured values of the
attenuation coefficient at 10 mm/hr, taken from the litera-
"~ ture published affer 1965, are indicated by white dots
on the same figure. Black dots indicate values calculated
at 10 mm/hr from measurements at another rainfall rate.

A list of the data sources for experimental values of the
attenuation coefficient is given in Table III. Measure-
ments before 1965 are summarized in the average measured
curve from Medhurst's survey (1965); this curve is also
plotted in Figure 28.

A first conclusion from this plot is that Medhurst's
average ﬁeasured curve is not a good fit for the more
recent experimental data. With the exception of two or'
three points, it lies constantly above the measured data.
A possible explanation for this tendency towards exaggera-
tion is the considerable weight given by Medhurst to
the experiment at 24 GHz by Anderson et al; also Med-

hurst's curve was derived for the specific attenuation
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coefficient (ih dB/Km/mm/hr) and not at 10 mm/hr. This
tendency towards eXaggeraﬁion may thus be due to errors
introduced by the linear regression model used and also
to the fact that the average regression curve is different
from that obtained averaging upper and lower bound. But
it is evident from Figure 22 thaﬁ his curve for specific
attenuation éoeffigient also lies above most of the
daﬁa points.

Another conclusion is that the Laws and Parsons dis-
tribution seems to provide the best fit to experimental
data, at least for a rainfall rate of 10 mm/hr.: This

Pt

" doesn't seem to be the case at lower rainfall ré?es,
where aiééneral tendency for thé points to lie é%ove the
Laws and.Parsons average curve has been réportediby al-
most all experimentalists. Two explanations may.account
for this fact: either the meteorological data are not
suitably interpreted, due to the imprecision of the in-
struments at low rainfall rates and turbulent effects, or
- the Laws and Parsons distribution underestimates the
number of small drops at low values of the precipitation
~rate. Modern drop-size measurement methods seem to be
more sensitive to small drops than the flour-pellet
method, and new measurements of the drop-size distribu-
tion at low rainfall rates are suggested in order to solve
this underteﬁinationl

It was shown in section 5.4 that, with the exception

of two cases, the average measured attenuation coefficient
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was less than a theoretical maximum calculated under the
assumption of monodispefse rain. Medhurst (1965) intro-
duced this upper-bound bf considering an artificial rain
consisting'of drops having all the same diameter (mono-
disperse) and in such a number as to give a 1 mm/hr
intensity. The curves for the specific attenuation ob-
tained this way, at a given frequendy, shoﬁ a maximum
and a minimum which occur for two well-defined drop
diameters. It seems evident that the attenuation for
actual rain, conéisting of several diameters, cannof be
larger thaﬁ if it were composed exclusively of drops
giving the maximum attenuation.

These attenuation coefficients for monodisperse rain
have been‘recaléulated, using our prdgram, and show good
agreement with Medhurst's data. Both theoretical maximum
and minimum as a function of frequency are shown in
Figure 29; as expected the average attenuation coefficient
for actual rain, using the Laws and Parsons distribution,
lies within those boundaries. Many experimentalists,
however, have measured points that lie above this theoret-
ical maximuﬁ, even if their averagés do not. The maximum
measured vaIuesvreported by Medhurst are shown,in Figure
29, and the curve is seen to lie well above the theoreti-
cal maximum. In order to explain this fact, we have to
recall an aséumption that was introduced when relating
the point rainfall rate to the average drop-sizg distri-

bution, namely that the uncertainty on the vertipal com-
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distribﬁtion for calculating the average attenuation
coefficient still remains to be demonstrated; this is
especially true for low rainfall intensities, for which
several experimentalistsvhave reported a tendency for
measured data to exceed the theoretical value: Godard
(1970), Blevis et al. (1967), Straiton et al. (1970),
Skérjanec et al. (1971). Also the use of an average

' rainfall rate over the path for predicting average
attenuation still needs experimental evidence.

Experiments involving more careful handling of the
meteorological data still need to be carried out. Alter-
" natively, one way of avoiding meteorological measurements
consists of carrying measurements at two different fre-
quencies along fhe same path. One can then compare the
experimentally measured ratio of the two attenuations
with the one predicted by the theory. Such results for
New Jersey‘rain have recently been published by Semplak
(1971) and show that the Laws and Parsons distribution
" provides the best fit fo the average measured data.
Similar experiments should be carried on’for different
climates before definitive conclusions can be drawn.

When carrying on.experiments where the path-averaged
rainfall rate is measured, it is suggested that the com-
parison be established in the specific attenuation versus
rainfall;raté'plane;(see‘Figure 21) rather than in the
kB>,Rav) plane. This would take care of the variation
of the specific attenuation coefficient with rainfall

intensity.



CHAPTER 6

THE DISPERSIVE PROPERTIES OF RAIN

6.1. Introduction

Rain not only causes attenuation of the‘coherent
signal, but also modifies its velocity of propagation,
as compared to free space conditions. -This variation
in propégatidn-time would cause no harm to the signal
if it would be the same for all frequency components.
In rain, hdwever, the phase velocity is frequency de-

- pendent, as is characteristic of a dispersive medium,
and causes delay distortion.

Most communication systems are not sensitive to
the absolute value of the velocity of propagation. It
is the ra£e of change with frequency that is relevant
in causing delay distortion. The bandwidth limitations
imposed on a transmission system by the dispersive
properties of rain cannot be established in general; it
largely depends on the type of transmission system that
is used (éoherent, non-coherent) and also on the choice
of modulation techniques. 1In the EHF band, in order to
take full advantage of the bandwidth capabilities, the
baseband signal is very likely to be in a digital form.
But, even in that case, several modulation techniques
are still possible.

The only known published study of this problem is

the one by Crane (1967); the author investigated the
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theoretical value for pulse broadening after propagation
through intense rain, at four different frequencies

4, 8, 15.5, and 34.86 GHz. Setzer (1971) published
tabulated data for the excess phase at different rain-
fall rates and frequencies. Unfortunately, the published
values show unexplained discontinuities. In the follow-
ing treatment, we shall attempt to determine bandwidth
limitations due to rain by a study of the complex trans-
fer function in the frequency domain (rather than in the
time domain like Crane did). This approach implies

linearity in the scattering process, so that the effect

~on a signal is equal to the sum of the effects on its

spectral components.

6.2. The dispersive phase constant

The complex transfer function for a rainy atmos-.
phere was found in Chapter 4. For a moncchromatic,%
sinusoidal 51gnal propagating through such a medlum,
the total average phase delay, per unit path length;éls

glven by

NP
T AT00 2

<® (A ’Rev)> = ko(l + <mé(A,RaV)> ) (rad/Km)

(6.1)
where k  is the free space wave number (km™ 1) and

<mé(A,Rav)> is given by equation 4.10 and is

plotted in Figure 16.

Since the real part of the equivalent refractive index

is very small compared to one (10_5) and since the
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second term in (6.1) is the only one responsible for
dispersion, it seenms convenient to analyze it separately.

We define the dispersive phase constant as

<W(X,Rav)> =k <mé(A,Rav)> ’ (6.2)

which is expressed in rad/km or in deg/km according to
the definition adopted for k .

Values of <9(A,Rav)> were easily obtained from our
computer program; several drop-size distribution models
were even tried. The Marshall-Palmer model gave smoother
results than others models in the far-end of the milli-
meter>wave1engths range, and therefore was preferred to
other models, although it is known to exeggerate the
number of small drops. The aavantage of the Marshall-
Palmer model over other models is paftly due to the
fact that we can use a Gaussian two points integration
method, which gives better accuracy in the region
where the integrand function is changing sign.

Figure 30 is a plot of the excess phase delay ver-
sus frequency, for different rainfall rates. It shows
that a maximum in the absolute delay is reached in the
30 to 50 GHz range, depending on precipitation intensity.
At 30 GHz the delay after propagation through one kilo-
meter of intense rain can reach values as large as half
@ wavelength. But it takes about ten kilometers at

low rainfall rates to bring forth the same result. As
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it appears from Figure 15 (Chapter 4), the equivalent
refractive index becomes negative at higher frequencies,
thus leading to é phase advance as compared to free
space propagation. This is explained by the fact that
the drops having a major contribution at those frequen-
cies yieid a phasé lag of more than 180° for the
scattered wave (see Section 4.7, Figure 17).

The specific dispersive phase constant in deg/km/
mm/hr is defined as the ratio of the dispersive phase
constant £o the rainfall rate that caused it. This
ratio is plotted in Figure 31 a’and b versus Rav’ for
differeht frequencies. This plot shows that the dis-
persive phase constant is not a linear function of rain-
fall rate. This non-linearity is especially marked in
the lower millimeter wavelength range, where the ratio
can vary over several orders of magnitude.

The sensitivity of the dispersive phase constant to
temperature was also investigated. For frequencies
less than 10 GHz, it showed less than + 3% variation
for all temperatures and rainfall rates. In the 10 to
150 GHz bénd, the variations were bounded by + 10%,
whereas at higher frequencies variations of several hun-
dred percent were noted. The extreme variations
occurred»fbr a temperature of 0 °C (as referred to 20 °C)
at moderate.rainfall rates (5 - 25 mm/hr). Thus, at
the opposite of the attenﬁation coefficient, the phase

constant is rather insensitive to temperature at low
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frequencies and very sensitive at short millimeter wave-
lengths. It may be pointed out here that in both cases,
however, the maximum sensitivity to temperature occurs
in regions where the absolute value of the attenuation
or phase constant are very low and almost negligible.

The sensitivity of the dispersive phase constant
to drop-size distribution may be tested by comparing
the Marshall-Palmer distribution to the Laws and Parsons
distribution. The results plotted in Figure 32 as the
ratio of the two phase constants, show the tendency for
the M.P. distribution to predict more phasé delay than
the L.P. distribution. However, it is remarkable that,
for frequencies below 40 GHz, this difference is quite
independeht oflfrequency and is just a function of rain-
fall intensity, low rainfall rates showing the largest
difference. At higher frequenciés where the.effecté of
small drops are important, the differences become very
large; it is interesting to note the tendency towards
larger phase shifts at low and moderate rainfall rates
and a réverée trend at intense rains. The 50 mm/hr
curve seems rather undecided between those two extremes
and, after some hesitations, finally decides for the
intense rain trend.

Unlike the attenuation coefficient for which the
drop diameter for maximum influence varied from large
values at cm wavelengths to small values in the milli-

meter band, small drops always cause the largest phase
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shifts. This appeared from a study of monodisperse
rain in order to evaluate upper-and lower-bounds for
the specific dispersive phase constant. The upper-bound
is thus very sensitive to the miniﬁum drop diameter
chosen .in the drop-size distribution function. 1In
Figure 33 two such upper bounds are shown, one assuming
a minimum drop diameter of 0.5 mm and the other for
0.25 mm. The lower-bound becomes negative at frequencies
larger than 60 GHz. Three curves for different rainfall
rates; assuming a Laws and Parsons drop-size distribu-
tion, are also shown in Figure 33. They all lie well

within the boundaries.

6.3. Delay distortion caused by rain

In the previous sections, we have discussed exten-
sively the absolute value of the dispersive phase con-
stant. However, the absolute value itself is of little
importance in determining the amount of distortion.

The rate of change of the value of the phase constant
with frequency.is the parameter that fixes the amount
of delay distortion. |

A linear variation of the phase constant with
frequency causes a constant time-delay for all frequency
components of the signal and hence no distortion. This
is not the case, however, for a rainy atmosphere, as
can be seen from Figure 30, except for the longest
centimeter wavelengths. A zero excess phase constant is

yet admissible and this is nearly the case for the
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shortest millimeter wavelengﬁhs. For intermediate”.
wavelengths, that is in:the'region from S,tc 100 GHz,
the eXcees.propagation time will be different for all
frequenc? components. They will be'scraﬂbled in time
and delay distortion Will result.

In the case of linear modulations techniques, where
all the frequency components  are usually concentrated |
in a relatively narrow band around the carrier frequency,
the delay distortion may be characterized in terms of
enveiope delay, which is defined as the reciprocal of

the group velocity

_ 11 deys - _
Teg = 5 = = + Em (sec/km) | (6.3)
g
or
Tg = TO + At (w) | (6.4)

where T is a constant, approximately equal to 3 usec/km
and At (w) is the relative envelope delay time (picosec/

km)which is a function of frequency (uw = 2wf)

Only the relative envelope delay is of 1mportance in

determlnlng the delay dlstortlon. In a reglon where

At (w) as a function of frequency is relatlvely flat, no

s1gn1flcance dlstortlon in the envelope of the signal

will result. | .
It mﬁst be pointed out here'that-fhis method of

characterlzlng the delay dlstortlon is only valld for

narrow-band modulation systems and sllghtly.dlsper51ve
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stronger variations at high rainfall rates, whereas in
the millimeter wavelengths regidn the theory is no
longer valid.

For non-linear modulation techniques, which are
more likely to be used at those frequencies, the approach
chosen consists in studying'the carrier delay time as

a function of frequency. This time delay is given by

k(1 + <m'>) , <m'>
_ o e - 1 e
or
tC =T, + At (w) (sec/Km) (6.6)

where At(w) represents the relative carrier delay time

(picosec/Km) for a purely sinusoidal signal .

The envelope and carrier time delays are related by
!
2 d<me>

Ao dw

(6.7)

AT (w) = At (w) +

emphasizing the fact that the excess propagation time
for the envelope of the signal is due to first order
non-linearities in the variation of the equivalent
refractive index with frequency (see Figure 16).

As can be seen from equations (6.5) and 16.6), the
relative carrier delay time is_prqportional to <mé> and
thus must show the same behavior versus frequency as
the curves of Figure 16. However, this delay time is

presented here again (see Figure 35) for the case of a
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Marshall-Palmer drop-size distribution. The dashed curve
on the same figure sepafies‘the'regions of'weak and
strong dispersion. It also indicates their eitent in
the frequency domain as a function of rainfall rate.
There is also a region of weak dispersion at frequencies
larger than 150 GHz. |

The relative carrier delay itself is not very im-
portant in calculating the signal distortion due to
phase delays. When using frequency keyed transmissions,
howeVei, the maximum transmission rate can be found from
these curves, looking for the condition that the pulses
do not get scrambled in time. Since these delays are
very small, practically the path lengths that would pro-
duce pulse oveflapping are much laiger than those usable
at millimeter wavelengths. This may not be the case if
frequencies are chosen far apart, but this situation is
not practical either.

Of greater significance is the rate of change of

the carrier delay-time with frequency, given by

= d(At(w))

D(f) an

(6.7)

This function is shown in Figure 36 for intense rainfall
rates. The curves show a zone of maximum sensitivity

at frequencies ranging from 4 - 6 GHz, depending on

the rainfall Lntens;ty, and another zone of strong
frequency dependence ranging from about 10 to 40 GHz,
where the slope becomes negative. Practically rain be-

low 25 mm/hr intensity will produce only a negligible
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CHAPTER 7

CONCLUSION

This study deals mainly with the propagation of a
plane electromagnetic wave in a rainy atmosphere. A sim-
ple model, analogous to the transfer function concept in
' system analysis; is shown to describe adequately the
statistical average influence of rain on the phase and
amplitude of a coherent wave. The limits within which
this model can be used to describe indoherent propagation
through rain are also investigated.

From our survey of the 1 to 600 GHz spectrum range,
the main characteristics of the interaction of electro-
magnetic energy Qith rain are demonstrated and summarized
below.

a. The complex refractive index‘of water is de-
scribed adequately by a Debye relaxation-type formula for
frequencies up to 300 GHz. The parameters to be used in
'this formula are listed in Table I; the asymptotic value
for the dielectric constant at high frequencies (e,) may
be taken equal to 4.9 rather than 5.5 (Saxton 1952). The
influence on the propagation parameters of a slight change
in the refractive index of water is minor (a few percénts)
compared to the variations caused by other parameters.

b. The éttenuation due to rain reaches a maximum
for incident radiation having a free space wavelength of

the order of 1.5 to 2 mm, depending on the rainfall
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intensity. The values of this maximum as a function of

precipitation rate are listed below

rain intensity 150 100 50 12.5 mm/hr
max. attenuation 50 (36) 37 (26) 21 (15) 8 (6) dB/km

‘The figures inside the bracket are the asymptotic values
at optical wavelengths, obtained using the geometric cross-
section. For frequencies up to 35 GHz the rainfall in-
tensities that cause serious handicaps in propagation are
in excess of 50 mm/hr.

c¢. The excess phase delay, as compared to free
space propagation, is maximum in the 30 to 50 GHz band,
dependingvon rainfall intensity. A phase lag of 180
deg/km is reached at 30 GHz for a 150 mm/hr rain. The
apparent phase advance which is encountered at frequen-
cies larger than 200 GHz in very intense rain, and at
600 GHz for all rainfall rates, does not exceed 30 deg/km,
however. |

d. No serious bandwidth limitations due to delay
distortion are expected in the whole range considered.
The dominant distortion effects occur in the region from
"4 to 40 GHz and for rainfall rates larger than 25 mm/hr.
A maximum change in the relative propagation time of 1.1
picosec/km/GHz is obtained at 4.5 GHz for a rainfall in-
tensity of 150 mm/hr. More serious bandwidth limitations

may occur due to the fluctuations of the propagation delay.
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€. Drop diameters that yield thé\maximum attenua-
tion vary from 7 mm to 0.5 mm when the frequency varies
from l'to 600 GHz. The smallest drops, however, always
caﬁse the maximum contribution to the imaginary part of
the scattering function, which yields the phase shifts.

f. The attenuation coefficient is relatively in-
sensitive to the drop-size distribution in a region
around 35 GHz. This frequeﬁcy marks the beginning of the
frequency range for which small drops play the major
role in the scattering process.

g. The sensitivity of both propagation parameters
to the raindrop temperature is maximum in the regions
where these parameters have their smallest values. For
frequencies 1arger than 30 GHz, the influence of tempera-
ture on the attenyation coefficient is within + 15% at
all rainfall rates. For the excess phase, the correction
for temperature changes is less than 10% for frequencies
less than 150 GHz.

- h. 8Small drops, and hence light rains, are sensi-
tive to témperature up to the millimeter wavelengths
range. Attenuation due to fog is expected to be very
sensitive to temperature over the whole range ¢onsidered.
Also, a change of temperature in excess of 20 °C has
less effect, usually, on the propagation parameters than
a similar chéhge'in the reverse direction.

i. The correction factors for a change in tempera-

ture or drop-size distribution are of the order of several
+
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tens Qf percent; a variation in the drop velocity of a
few m/sec produces changes of several hundred percent.
This last factor is the only one that can explain the
fact that certain measured values are about twice as
large és the maximum theoretical value calculated.

j. The Laws and Parsons drop-size distribution
seems to provide the best agreement between measured
and predicted attenuation coefficient when a path-
avefaged rainfall rate is used. The tendency for the
Marshall—PaLmer distribution to exaggefate the number
of small drops appears clearly to arise from the fact
that this model predicts too much attenuation at fre-
quencies larger than 50 GHz.

k. vHowevet, the Laws and Parsons distribution may
underestimate the number of drops at low rainfall rates,
since measurements have a tendency to lie above the pre-
dicted ﬁalue at those rainfall intensities.

1. In view of the agreement between measurement
and theory, the correctiop for forward scattering in the
case of incoherent transmission systems seems to be

negligible for frequencies up to 100 GHz at least.

The model developed in this study gives §atisfactory
results in estimating the average effects of rain on
electromagnetic waves, when the influence of wind tur-
bulence is taken into account. It could be improved

by introducing a finite beam geometry and a shape factor
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for the receiving antenna, instead of assuming an in-
finite plane wave. Also polarization effects could be
accounted for by considering raindrops of spheroidal
shape. The question whether such a refinement of the
theory is worthwhile, given the crude way in which
meteorological parameters are handled, is a good one.

In this work, we have only been concerned with the
statistical average value of the signal parameters after
propagation through rain. But even in the case of
spatially uniform rain, the signal will be phase and
amplitude modulated, due to the random discrete strﬁc?
ture of the medium. Frequency modulation may also occur
if the random motion of the drops is sufficient to cause
noticeable Dopﬁler effect., Polarization fluctuations
and cross-polarization effects will also be noticed in
actual rain with non-spherical drops.

The design of microwave links requires a knowledge
of the statistical outage time due to' attenuation by
rain. This can not be obtained from an average model;
isolated attenuation spikes in excess of the average
value play an important role. The uncertainty due to
temperature fluctuations and tb'wind turbulence can be
evaluated if adequate meteorological data are made
available. The undetermination due to the drop-size
distributioﬂ for a given rainfall rate, in the coherent
case; may be bounded by considering the incoherent

channel. In that caSe; the conditions for obtaining a
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Rice—Nakégami distribution (independent'scattering

= 0, << N) seem to be satisfied, and the mean and
variance of the distribution are readily obtained (see
also Oguchi 1962); Preliminary calculations of the stan-
dard deviation showed values less than 10% for all rain-
fall intensities and frequencies up to 100 GHz. Thus
the fluctuations due to drop-size variation for a given
rainfall rate seem negligible in comparison of the
effects due to fluctuations of the rainfall ihtensity
along the path. These effects still have to be evaluated.
The problem looks very complicated, since it has been
shown by Freeny and Gabbe (1969) that, for intense rain,
‘the time series cannot even be considered as piecewise
stationaiy, thué making the classical approach by means
of the correlation function useless.

Although we consider this theory to give satisfactory
results, the applicability of the Laws and Parsons drop-
size distfibution for predicting average effects in
different types of rain remains to be demonstrated. In
order to avoid measuring rainfall rates, experiments to
establish this fact can be designed, using two different
frequencies propagating along the same path (Semplak
1971). When doing so, it is expected thatkgxeater sen-
sitivity can be attained by using two frequencies
located on bbth’sideS’of 35 GHz, the variation of the
attenuation coefficient being of opposite directions for

these two freguencies.
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At the end of this study we should be able to
answer the question: are the great expectations placed
in the EHF band for channel capacity annihilated by at-
mospheric effects? Of all the atmospheric phenomena
that have an effect on millimeter waves, rain is cer-
tainly the one that causes the most severe limitations.
If a system is tolbe designed to overcome 40 dB of
attenuation and yet maintain an acceptable signal—to—
noise ratio, with an outage time less than 6 min.a year
(which corresponds to the time per year a rainfall rate
of 100 mm/hr is exceeded in New Jersey), the maximum
repeater spacing decreases from 33 km at 6 GHz, to 4 km
at 18.5 GHz, to 2 km at 30 GHz, and to only 1.4 km at
60 GHz. These figures illustratéﬁhe drastic effects of
rain on millimeter waves which make such links practi-
cal only over short distances. However, intense rains,
that exert the most severe effects, seldom occur over
large areas; thus the path lengths could be slighfly
increased. But, although the electromagnetic aspect of
the problem is adequately known, the meteorological data
that would permit an optimum design of millimeter links
through the use of path-diversity are still largely
missing today. |

The relatively short pa ‘ths through the troposphere
at high,élevétion angles make the use of millimeter
wavelengths very attractive for earth-space links.

But in this case too, the meteorological data for a
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slant path through the atmosky re are still largely un-
known. How does the‘drop-size'distribution vary with
altitude, and how does this variation affect the attenua-
tion coefficient?‘ What is the relationship between
ground measured rainfall rate and the path averaged
rate? The cost of one unit of fade margin being very
expensive in space communications, a more precise esti-
mation of the atmospheric effécs would be justified in
such a case. The average value of the path length
through»rain of a given intensity for an earth-space
path is given by Hogg (1971). His values allowed us to
calculate the order of magnitude of the attenuation due
to rain to be expected in a satellite communication
éystem at différent frequencies. Attenuation up to 14
dB may be expected at 15.3 GHz in intense rain; values
can reach'37 dB at 31.65 GHz and be in excess of 60 dB
at 94 GHz. The first two figures do not seem to be
excessive for a telecommunication link and allow us to
conclude that these two candidate frequencies will be in
use in the near future. Space diversity techniques will
make the 94 GHz band more tractable in the far future.
The values predicted by.the theory show very good agree-
ment with experimental data obtained»from the ATS-V
satellite (Ippolito 1971).

Although atmospheric effects are very annoying in
the millimeter wavelengths range, radio-engineers have

started to live with the problem and find ingenious ways
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for taking advantage of the great potentialities of this
part of the electromagnetic spectrum. All thatvremainé
is that the need for a millimeter system be great

enough to justify its cost.



10.

11.

12.

BIBLIOGRAPHY

Abramowitz, M., Stegun, I.A., (1968), Handbook of
MathematicoslFunctions, Dover ed. 1968, p. 437.

Aden, A.L., (1951), Electromagnetic‘Scattering from
Spheres with Sizes Comparable to the Wavelength,
~Jour. of Appl. Physics,‘gg, 5, May 1951, pp.

601-605.

Babkin, Y.S., et al., (1970) , Measurement of Attenu-
ation in Rain over 1 km Path at a Wavelength of
0.96 mm, Radio Eng. and Electronic Physics,
15, 12, December 1970, pp. 2164-2166.

Beach, C.D., Brockway, R.J., (1970), A Review of
Wave Propagation and Noise from 10 to 100 GHz,
Westinghouse Georesearch Lab. Tech. Rep. 71-
141-COMSY~R2, CCPE 605, December 70, Boulder,
Colorado, 53 pages.

Blevis, B.C., et al., (1967), Measurements of Rain-
fall Attenuation at 8 and 15 GHz, IEEE Trans.
AP, 15, 2, May 1967, pp. 394-403.

Bussey, H.E., (1950), Microwave Attenuation Statis-
tics Estimated from Rainfall and Water Vapor
Statistics, Proc. IRE, 38, 7, July 1950, pp.

~781-785. T

Chamberlain, J.E., et al., (1966), Submillimetre
Absorption and Dispersion of Liquid Water,
Nature, 210, 5, May 1966, p. 790.

Chandrasekhar, S., (1960), Radiative Transfer Theory
Dover ed. New York 1960.

Chu, T.S., Hogg, D.C., (1968), Effects of Precipita-
tion on Propagation at 0.63, 3.5, and 10.6
microns, Bell System Tech. Journal, 47, 5, May-
June 1968, pp. 723-759. T

Crane, R.K., (1966), Microwave Scattering Parameters
for New England Rain, MIT Lincoln Lab Report
426, Lexington Mass., 3 Oct. 1966, AD 647798.

Crane, R.K., (1967), Coherent Pulse Transmission
Through Rain, IEEE Trans. AP, 15, 2, March 67,
pPp. 252-256.

Crane, R.K., (1971), Propagation Phenomena Affecting
Satellite'Communication Systems Operating in



13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

134

the Centimeter and Millimeter Wavelengths Bands,
Proc. IEEE, 59, 2, Feb. 1971, pp. 173-188.

Debye, P., (1929), Polar Molecules, The Chemical
Catalog Co. Inc. New York, Chapter 6.

Deirmendjian, D., (1963), Complete Microwave Scatter-
ing and Extinction Properties of Polydispersed
Cloud and Rain Elements, Rep. RAND-~R-422-PR,
Rand Corp. Santa Monico Calif., December 1963,
AD 426139.

Fannin, B.M., et al., (1971), Calculation of Rain
Scattering Effects in Radiometric Measurements,
Paper presented at the IEEE Meeting, Los
Angeles, Calif., September 22-24, 1971, (Session
13). '

Fowler, M.S., LaGrone, A.H., (1969), A Survey of
" Gaseous or Hydrometeors Absorption in the
10-100 GHz, University of Texas, Rep. P-37,
October 1969, 108 pages, (exhaustive biblio-
graphy) . :

Freeny, A.E., Gabbe, J.D., (1969), A statistical
- Description of Intense Rainfall, Bell System
Tech. Journal, 48, 6, July-Aug, 1969, pp. 1789-
1851. —“

Godard, S.L., (1970), Propagation of Centimeter and
Millimeter Wavelengths through Precipitation,
IEEE Trans. AP, 18, 4 July 1970, pp. 530-534.

Grant, E.H., et al., (1957), Dielectric Behavior of
' Water at Microwave Frequencies, J. Chem. Phys.
26, 1, Jan. 1957, 156.

Gunn, K.L.S., Kinzer, G.D., (1949), The Terminal
Velocity of Fall for Water Droplets in Stagnant
Air, J. Meteorol., 6, 4, p. 243.

Gunn, K.L.S., East, T.W.R., (1954), The Microwave
Properties of Precipitation Particles, Quart.
J. Roy. Meteorolog. Soc., 80, pp. 522-545.

Hardy, K.R., (1962), A Study of Raindrop Size Dis-
tribution and Their Variation with Height,
University of Michigan, Rep. 05016~1-8,

AFCRL 62-1091, 174 pages.

Harrold, T.W., (1967), Attenuation of 8.6 mm-wave-
length Radiation in Rain, Proc. IEE, 114, 2,
Feb. 1967, 201-203.



24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

135

Hogg, D.C., (1967), Path Diversity in Propagation
of Millimeter Waves Through Rain, IEEE Trans.
AP' ..1—5‘, ppg 410"415‘

Hogg, D.C., (1968), Millimeter-Wave Communication
Through the Atmosphere, 801ence, 159, 3810,
Jan. 1968, pp. 39-46.

Hogg, D.C., (1968), Statistics on Attenuation of
Microwaves by Intense Rain, Bell Syst. Tech.
J., 48, 9, Nov. 1969, 2949-2962.

Hogg, D.C., (1971), Rain on EarthrSpace Paths, Paper
presented at the IEEE Meeting in Los Angeles,
Calif., Sept. 22-24, 1971, Session 13.

Van de Hulst, H.C., (1957), Light Scattering by
Small Particles, John Wiley, New York , 1957.

Ippolito, L.J., (1971), Effects of Precipitation on
15.3~ and 31.65- GHz Earth-Space Transmissions
with the ATS-V Satellite, Proc. IEEE, 59, 2,
Feb. 1971, pp. 189-205. -

Jones, P.M.A., (1959), The Shape of Raindrops, J.
Meteorol., 16, 1959, pp. 504-510.

Kerker, M., (1969), The Scattering of Light and
other Electromagnetic Radiation, Academic
Press, New York, 1969.

Kerr, D.E., (ed.), (1951), Propagation of Short
Radio Waves, ‘MIT Rad. Lab Series, Vol. 13,
McGraw Hill, New York, 1951.

Lammers, U., (1967), The Attenuation of mm Waves by
Meteorological Precipitation, Neue Technische
Zeitschrift--Comm. Journal (English ed.), N.
516, pp. 230-236.

Lane, J.A., Saxton, J.A., (1952),'Dielectric Dis-
persion in Pure Polar Liquids at Very High
Radio Frequencies Part I, Proc. Roy. Soc.
London, A 213, p. 400.

Laws, J.0., Parsons, D.A., (1943), The Relation of
“Rain Drop-Size to Intensity, Trans. Amer.
Geophys. Upion, 24, 1943, pp. 452-460.

Lerner, R.M., Holland, A.E., (1970), The Optical
Scatter Channel, Proc. IEEE, 58, 10, October
70, pp. 1547-1563.



60.

6l.

62.

63.

64.

65.

66.

67.

68.

138

Setzér, D.E., (1971), Anisotropic Scattering Due to
Rain at Radio~Relay Frequencies, Bell Syst.
Tech. Journal, 50, 3, March 1971, pp. 861-868.

Skerjanec, R.E., Samson, G.A., (1971), Rain Attenua-
tion Measurements in Mississippi, IEEE Trans.
AP, 19, 4, July 1971, pp. 575-578.

Stanevich, A.E., Yaroslavskii, N.G., (1961), Absorp-
" tion of Liquid Water in the Long Wavelength
Part of the Infrared Spectrum (42-2000y),
Optics and Spectroscopy, 10, 4, April 1961,

pp. 278-279. : T

Straiton, A.W., et al., (1970), Amplitude Variations
of 15 GHz Radio Waves Transmitted Through Clear
Air and Through Rain, Radio Science, 5, 3,
March 1970, pp. 551-557. -

Straiton, A.W., et al., (1971), Propagation of 15.3
and 35 GHz over a 15.5 km Path, Paper presented
at the IEEE Meeting in Los Angeles, Calif. Sept.
22-24, 1971, Session 13.

Stratton, J.A., (1941), Electromagnetic Theory,
McGraw Hill, New York, 1941, pp. 563-573.

Thomas, D.T., (1971), Cross-Polarization Distortion
in Microwave Radio Transmission Due to Rain,
Radio Science, 6, 10, Oct. 71, pp. 833~839.

Twersky, V., (1962), On Scattering of Waves by
Random Distributions. Part I: Free Space
Scatterer Formalism, Journ. of Math Phys., 3,
4, July-Aug 1962, pp. 700-715.

Weibel, G.E., Dressel, H.O., (1967), Propagation
Studies in Millimeter-Wave Link Systems, Proc.
IEEE, 55, 4, April 67, pp. 497-513.



APPENDIX 1

DATA FOR THE COMPLEX REFRACTIVE INDEX
OF WATER

This appendix presents the variation of the real
and imaginary part of m -versus frequency. It was
plotted in'the complex plane in Figure 1 (Chapter 2).
The real paft is é measure of the excess phase delay and
the imaginary part of the excess attenuation over free

space propagation, according to:
exp(—jkoﬁl) = exp(—kom"l) . exp(fjkbm'l) (1)

Those curves aré typical for non-resonant, viscously
damped, Debye type absorption phenomena. The effect of
‘an increase in temperature is to éhift the breaking
point of the real part and the absorption peak of the
imaginary part towards higher frequencies (see Figures
T.1 and I.2). Practically, all these phenomena occur
in the cm and mm wavelength region; the absorption for
20°C has its peak around 30 GHz (1 cm). Real and ima-
ginary part do not vary independently; they are related
by the so-called Kronig-Kramers relationship. Some
values of the refractive index of water, for selected

wavelengths, are listed in Table I.3.
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Wavelength Frequen’cy Index (10°C) Index (20°C)
foml - | - femzl | oo B T
10 3 9.006-j0.930 8.871~-30.628
7.5 4 8.890-31.211 | 8.815-30.828
5 6 8.590¥jl.705 8.664-j1,203

- 3.2 9.4 7.97l—j2.313 8.317-31.743
2 15 6.943-§2.808 | 7.620-32.359
l.62 18.5 6.399-32.913 7.182-32.589
0.86 35 4.802-42.735 | 5.607-j2-838
0.62 48.5 4.130-92.443 4.821-52.689
0.43 70 3.537-j2.054 4.077-32.380
0.3. 100 3.106-31.663 3.505-32.007
0.2 150 2.773-3j1.254 3.039-31.575
0.1 300 2,481—j0.705 2.587fj0.937

TABLE I-3

SOME SELECTED VALUES OF THE REFRACTIVE INDEX
FOR LIQUID WATER, USING DEBYE'S FORMULA



APPENDIX 2

A SUBROUTINE FOR CALCULATING THE MIE COEFFICIENTS

2.1. The method of the logarithmic derivative Ffunction

This appendix is a treatment of the numerical com-
putation of Mie;s coefficients giveh in’Chapter 3
(formulas 3.9 and 3.10). The convergénce of those
series is examined for a particular example and an
evaluation of the required number of terms, for a rea-
sonable accuracy, is also presented. A listing of the
Fortran subroutine for computing the coefficients is
included at the end of this appendix.

Tt can be shown (e.g. see Aden (1951)) that, by
introducing the function

o_ (%) - In(x.3_(x) (1)
n dx n :

the expressions (3.9) and (3.10) for gn and Bn reduce to:

~ o dplade M) -m( g (2) - 2 (=)

= (2)
n (2) ~ oyt (2) (2)
© b " (2)o (mz)—m(hn__:,_(z)"—z'l h, (z)

i (2) = mo (mz) j_(z)

héz)(z) - ﬂon(ﬁz)héZB(z)

R i

n (2
- hpoy (@) -

(3)

N3 N3

Notice that'an and Bn in Aden's paper are of oppésite
sign and interchanged with ours.

The functions jn(z) and héz)(z) can be evaluated by
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the classical,formula for spherical Bessel functions

CE (=)
, n-1"" :
£,(z) = (2n-1) —F— = £..,(2) - (4)
with  h'2(2) = 3 (2) - iy (2) (5)
n n n |
and , o
3o (2) = y_;(2) = sin(z)/z - (6)
g (2) = -y, (2) = cos(z)/z _ (7)

The advantage of this procedure lies in the fact that
there exists also a recurrence formula for on(ﬁz)
(fﬁz)2 - n(ﬁé) %) (ﬁz)*n2
. (mz)* - ) -1 (12).

0, (mz) = — . . (8)
n(mz) - (mz) ch_l(mz)

with v
cot (mz) (9)

il

oo(r?xz)

Thus, by writing the classical solution for the
scattering function coefficients in terms of a suitably
defined logarithmic derivative function, the coefficients
can be calculated by formulas from which all derivatives
have disappeared. All the functions treated can be
evaluated by simple recurrence formulas.

Since recurrence formulas accumulate errors at
each step, we have to work with double-precision arith-
metic in the computer; the price we have to pay for that,
aince'doublé—preCision complex numbers are not allowed,
is to separate those expressions into their real and
Lmaginéry part, which is a tedious but straightforward
job. |
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expressions for these functions should be used instead

of the recurrence relation, whenever n >> }ﬁz_

The convergence of this subroutine has nevertheless
been tested at optical wavelengths, where the extinction
cross-section was found to converge in an oscillatory
manner towards twice the value of the geometrical cross-
~ section, |

If the Fortfan program as written,is not optimum
for calculating the Mie coefficients for raindrops in
the infrared region, it is perfectly suitable for evalua-
ting the effect of fog up to visible frequencies. Fog
droplets reach their Mie region in the near infrared
only,_and the number of iterations still remains rea-
sonable.

In the case of rain at visible frequencies, the geo-
metric cross-section approximation séems to be a reason-

able dne.

2.3. Subroutine ADEN

The input variables of this subroutine are
WAVE : free-space wavelength in cm (double-precision)
R : raindrop radius in cm (double-precision)
EN1,EN2: real (imaginary) part of the complex refractive
index of water (double-precision)
EC,ED : real (imaginary) part of the complex dielectric

constant for water.

The output values are the efficiency factors (normalized

cross—-sections) as defined in Chapter 3.
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QAN absorption
QSN : scattering
QTN : extinction
QIN : imaginary
SBACK : backward-scattering
SFOR : forward-scattering

The Mie coefficients are represented inside the program

by ANSR + j ANST = & , and BNSR + j BNSI = b .

This subroutine uses the Rayleigh approximatioh for
values of the Mie parameter less than 0.01. The number
of iterations can be adjusted, éccording to the number
of accurate deciﬁal places desired. Finally, this pro-
gram has been Wri¢ten for a CDC 6400 system. A listing

of the subroutine is presented next.
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SUBROUTINE ADEN(WAVEsRoENL,EN24ECoEL,QAN,QSNy

1QTN,QIN,SBACK,SFOR) N o

TYPE DOUBLE WAVE Ry ENL,EN2yALFA,PT,SIGOR,
1SIG0I+U+VyBESA, BESB,BESC,
ZEM,YMA'YMB,YMC,SEM,TEM,SM.TM,A,B'C,D,SIGARo
3SIGAT.ENMA, '

GANSRyANST yQEMyREM,BNSRyBNS I
TYPE DOUBLE DlpCDEFoSUMSRB:SUMS[B,SUMS
TYPE CCMPLEX EPS,ANS,BNS,ID

ID:(O.,I.’
EPS=FEC + ID#*ED
DM=2 %R

PI=3.141592653589793238462643383 DO
AREA = PI*(R*%2)

ALFA = (2.00%P[%R)/WAVE

I=ALFA

COEF = (WAVE*%2)/(2.0D0%P])
IF(Z.L7T.0.01) 31,32

RAYLEIGKE REGION At Aok ok de e el ol ok o ok ok ok ok

31 I=0

ANS==(IC/15. V4L EPS ~ 1,)%(Z%%5)
BNS==(2.%ID)#((EPS=1.)/(EPS+2.) )% (Z%%3)%
L{le+ 6% ((EPS=2.)/(EPS+2.))
2¥(Z*%2) —{.666666%ID)*((EPS—1.)/(EPS+2.) )%
3(Z%%3))~(3.%1D) *
4 (LEPS=1.)/(2.%EPS+3) )% (2%%5)
XL=REAL (ANS)
X2=ATMAG ( ANS )
X3=REAL (ANS)
X4=ATMAG( BNS )
QS=({WAVE*%2)/(2.0D0%PT) )% (X1%%2 )+ (X2%%2) 4+
LIX3%%2) 4+ {X4%%2) )
QT=-(WAVE®%2) /(2. %P 1) #(X14X3)
QI=-(WAVE*%2)/(2.%P [ ) %(X2+X4)
0A=CT~QS
USN=QS/AREA ¢ QAN=CA/AREA & QTN=QT/AREA
QIN=QI/AREA
CSFOR={1./(Z#%2) )% ((XL4X3 )42+ (X24X4 ) #%2)
SBACK = 1.5%QSN
GO TO 45

153



sNelsisReN e

OO0

32

36

154

PRSI

MIE REGION e e o e e o 3 o ok ok 3k ok e e ek ool o o e ol e o e e o e e e

FIRST STEP HA %k { N=0)

=1

U=2. DO*ALFA*ENI

V=2.DO*ALFA%EN2
SIGOR=DSIN(U)/((DEXP{V)+CEXP(-V))/2.0D00 - DCOS{U))
SIGOI=( (DEXP(V)-DEXP(=V))/2.0D0)/({DEXP{V)+

10EXP(=V))/2.000-DCOS{UN)

BESA = CCOS{ALFA)/ALFA

BESB = ESIN(ALFA)}/ALFA

YMA=BES®

YMB=-BESA

X1=0.0 $X2=0.0 $X3=0.0 $X4=0.0
X6=0.0 $ X7=0.0

QS=0.0

QT 1=0.0

KT=0

" START ITERATIONS ook Rk tokok ot dodok kRt KRR R

EM=1

BESC={2.0D0%EM-1.00)*BESB/ALFA ~ BESA

YMC = {2.DO*EM -1.D0)*YMB/ALFA -YMA
SM=EN1%*SIGOR + EN2*SIGOI

TM = EN1%SIGQI - EN2 * SIGOR

A = (ALFAX®2)%{ (ENL¥%2)—(EN2¥*%2))-(EM¥%2)+

LEM*ALFA*SM

B = EM¥ALFAXTM - 2.CO%ENL*EN2¥(ALFA%*2)
C = ALFAX(EM#*ENL-((EN1%*2)-(EN2%%2) ) *ALFA*

1SIGOR-2 .DO*ENL*EN2*ALFA%S1GOL)

D = ALFA%*(2.DO¥ENL*EN2¥ALFA*SIGOR —~((EN1%%2)-

LIEN2%%2) ) %ALFAX*SIGOI-EM*EN2)

CALL SEPAR (A4B+CyDsSIGAR,SIGAT)

SEM = ENL*SIGAR+EN2*SIGAIL

TEM = ENL*SIGAI - ENZ2*SIGAR
EMA = EM/ALFA + SEM

A = BESR —EMA%*BESC

B = — BESC*TEM

C = BESR - BESC*EMA -YMC * TEM
D = EMA*YMC - YMB - BESC#*TEM

CALL SEPAR(A+B,CyDyANSRyANSI)
QEM BESB — EM % BESC / ALFA
REM YMR - EM % YMC/ALFA

0o
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A= BESC*SIGAR — EN1#QEM

B = BESC * SIGAI + EN2%QEM

C= BESC*SIGAR + YMC*SIGAI - EN1*QEM + EN2%REM
D=BESC*SIGAI - YMC®SIGAR + EN1#REM+EN2%QEM
CALL SEPAR (AsByCyDyBNSRyBNSI)

BESA=BESSH .

BESB=BESC

YMA=YMB

"YMB=YM(

SIGOR = SIGAR

SIGOUI = SIGAI

D1=-{2.CO0%¥EM+1.0D0)

X1=X1+D1*ANSR

X2=X24D1*ANS{

X3=X3+D1*BNSR

X4=X44+#D1%BNS I
SUMS=CDEF*((ANSR**Z)*(ANSI**Z,+(BNSR**2)*
1(BNSI**2,)*(Z.ODO*EM+1.0DO’
SUMSRB=C1*(ANSR-BNSR!*((‘1.’**T)

SUMSIB= DI*(ANSI-BNSI )% ((=1.)%%])
QS=(GS+SUMS

X6=X6+SUMSRB

X7=XT+SUMSIB

X5=X1+X13

AUTOMATIC CONVERGENCE CRITERION #%#assnts
QTT=ABS ({X5-QT1)/X5)
SET FOR 6 DECIMAL PLACES ===-==-mmmmmmmemm

IF(QTT.LT.5.E~-7) 813,84
I=1+1

KT=0

QT1=X5

GO TO 3¢

KT=KT+]

IF(KT.GE.4) 86,87
I=f1+]

OT1=xX5

60 TO 36
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