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Volume Integral Equation Solution of Extinction
Cross Section by Raindrops in the Range 0.6—
100 GHz

Der-Phone Lin and Hsing-Yi CheMember, IEEE

~ Abstract—The validity of the volume integral equation formula-  most of the theoretical studies, a raindrop was usually consid-
tion (VIEF) is validated for the purpose of estimating the extinction  ered as a sphere or an oblate spheroid for the computations of

cross section (ECS) of raindrops. The validations are performed . _. : : o
against two well-established models. The validated volume inte- rain attenuation. In fact, raindrops are nonspherical in shape and

gral equation model is employed to calculate extinction cross sec- have preferred axial orientation angles different from vertical di-

tions of raindrops specified by a modified Pruppacher and Pitter rection [13]. Morrison and Cross [9] used the least-square fitting
(MPP) model. Data are given for drops with mean radii between process of the boundary conditions and dealt with raindrop as
0.2510 3.5 mm in the frequency range 0.6 to 100 GHz. Our study 5 ghpergidal object in order to calculate rain attenuation. Later,

has showed that results of the extinction cross section for vertical :
and horizontal polarizations can be used to predict rain attenua- °2Sed on the spheroidal models, further developments have been

tion in wireless communications. achieved by many researchers [10]-[13].
Index Terms—Moment method, polarizations, rain attenuation, Atypical and accepted model for realistically describing rain-
wireless communications. drop shapes was developed by Pruppacher and Pitter [20], who

solved a pressure balance equation on the surface of falling rain-
drops by numerical techniques and determined their shapes of
raindrops for various sizes. To simplify the computation, Oguchi
N recent years, the demand for wireless communicatiofl] used a cosine series function to replace Pruppacher and
has grown exponentially. With such a rapid growth, thBitter's nonlinear equation. Recently, &i al. [22] used a dif-
most important problem for wireless communications is hoferent functional expression to further simplify the P-P (MPP)
to offer higher data rates and bandwidth-on-demand capacitiesdel for the calculation of rain attenuation. In this paper, the
Since RF bandwidth is a limited resource, the solution to thisodified P-P model [22] will be adopted for the studies of ex-
problem is to increase operating frequencies. For higher opgnction cross sections of raindrops in the frequency range from
ating frequencies in wireless communications, communicati®rb to 100 GHz. Results of extinction cross sections obtained by
technology has become more and more sophisticated wilte volume integral equation formulation (VIEF) implemented
the use of digital techniques. Moreover, frequencies abovesih the moment method [23] will be also presented.
GHz, especially in the microwave or millimeter-wave range,
used for future terrestrial repeater systems or earth—satellite
communication systems may cause some degradation to the Il. MODIFIED P-P MODEL OF RAINDROPS

performance of communication lines due to the hydrometor ) ) _ o
attenuation (e.g., rain, hail, fog, snow, and ice crystals) [1], According to Oguchi's study [13], raindrops range in size

[2]. In this paper, we only consider attenuation (absorption afi@m very small tofairly large. The smallest drops may be equiv-
scattering) from rainfall since hail, fog, snow, and ice cryste%lent to those found in clouds. The largest drops do not exceed

are viewed as secondary affects in the studies of RF sigr‘}amm in radius. Photographic measurements of raindrop shapes
; have shown that raindrops larger than about 1.0 mm in radius are
propagation. psiarg

The problem of rain attenuation has been studied for mdpE oblate spheroidal shape with a flattened base whose optical
than four decades [3]-[19]. These studies utilized different me&¢€S Were orthogonal to reach other and lying on a horizontal
surements for the attenuation produced by rain and a numbePEn€ to know the real axial ratio. For example, for drops with
models have been developed. Experimental results were gifhequivolumetric sphere radiag of 1.5 mm, the axial ratio

by Medhurst[6], Yecet al.[14], and Crane [18], respectively. In@/b ranged from 0.6 to 1.2, whee: is the height andb is the
width of a drop, respectively [13]. Two straight lines A and B

are the relations used in the calculations of scattering properties
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proposed by Let al.[22] has been obtained. In this new modelky represents angular frequendy(7) is an unknown total elec-
the surface of a raindrop in three-dimensional (3-D) spheridzic field inside the dielectric object and needs to be determined.

coordinategr, 6, ¢) is given by [16]

T:a(1—v)<1+

sin? 9)
—v

where

a =1.11582a¢
and
v =71
= —1.375447 x 1072 + 6.543960 x 1072

1)

Ei(7) is a known incident electric field. To obtain a solution for
the VIEF in (2), the object of interest is divided infé small
mathematical cubical cells and constant electric field compo-
nents were assumed in each. This process converts the integral
equation into summation over tl3év components of the elec-
tric fields in theV cells.

In order to solve (2) numerically for electric fields, the mo-
ment method together with a point matching procedure are then
applied to convert th& N summation into3N simultaneous
equations in th8N unknown field components in th¥ math-
ematical cells. The following matrix equation is then obtained:

0<6<Z,0<¢<2m Cow Gay ] [[Es] [£2]
= —7.239211 x 102 + 1.827561 x 10 Gea Gay Gez ] | [E] [E7]

SSésmo<g<om

The symbok denotes the raindrop mean radius introduced b;\fe

Laws and Parsons [24] and Oguchi [21].

. VIEF | MPLEMENTED WITH MOMENT METHOD

In this section, we will briefly describe the volume integrdf’x. x, =
equation formulation (VIEF) [25]-[27] and its discretization
into a linear system of equations using the moment method [23]. X [(afm — 1 — jtmn)bpg +

where[G x, x ] isanN x N matrix,p, ¢ = 1,2,3, andz; = ,

= y, zz3 = z in the rectangular coordinate system. The
ments inGx,x,] are defined byG¢"y , wherem,n =
1,2,3,...,N.

— jwpokoT(Fr) AV, eI dmn

3
dre,,

(' —p)(wg" — 2g)

2
The volume integral equation formulation (VIEF) imple- R
mented Wlt'h the moment method was develo.ped tp calcqlate X (3— 72nn + 37'amn)} 7 m#n 4)
the scattering and absorption by aerosol particles in previous
works [25]-[27]. Based on Maxwell's equations and Van,.. _s —2j@poT (7)) =7 0% (1 4 jkoan) — 1]
Bladel's analysis [28], we can obtain the following tensor X»X« — 74 3k3 JHotn
integral equation [29]: o
gral eq [29] _{1_70_”)”, m—n )
3jweo

{1+ L_?)} E(F) - PV / (E(F) - G(F,7) dv = E\(7)

3jweg

where

7(7) =o(7) + jw(e(7) — co)

where

AV, = volume ofnth cell = / d’
Vi,

X, —kOannv rnn - |7rn - W|
G(F, r) = — jwpe | I + ea (T, 1) 3AV 1, ifp=gq
(—jko |F 2 ) n = 0, otherwise
o,y = S E (7D) E: ()
47r|7,_7,/| B ( ) E‘v( )
ZTp ; 7—
kg :w(uof':O)l/2 El‘p = . 5 E;p = p. 2 . (6)
I =unit dyadic . .
B, (Tn) B, (7n)

The PV symbol is called the "principle value" of the integral,
meaning that the integral is carried out by excluding a small Once the internal fields are determined by solving the matrix
volume surrounding the field point first and then letting thigquation, the total absorbed power in the dielectric objects can

small volume approach zergy andg, are the permeability and be calculated using the following equation:

permittivity of the free spac&. and+ indicate the locations of

the field and source points, respectivetyande are the conduc- —12

o . g . Py= [ -ol|E|"dv @)
tivity and the permittivity of the dielectric objects, respectively. 2
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Fig. 1. Comparisons of extinction cross sections for horizontal and vertical polarization at 20 GHz. The refractive index of raifdrepa0atC is taken to
beN, = 6.614 — 52.780.

whereos is the conductivity of the dielectric objects. Similarly,and Morgan [11] for spherioidal models andétial. for MPP
the scattered power by the dielectric objects is given by models [16]. The dielectric properties of raindrops are usually
expressed by the complex relative dielectric constant

! E'F) x H (7)) - ds
Py =5 Re U (E°(F) x H” (7)) - d 8) e, = ¢l — je” (12)

whereR, represents the real part of the equation.
Finally, the absorption cross secti@h, and scattering cross
section@, are defined by

or by the complex refractive index

N, =n' — jn” (13)
Pab 2
¢ =—, m 9 . : . ,
@ P; (M) © assuming the time harmonic factoreisp(jwt).
P, The real part ofe,. is the relative permittivity, while the
Q. = (m?) (10) part ote P y

B’ imaginary part is the loss factor. 20 °C, we first take the
refractive indicesV,. of (6.614— 52.780), and(5.581 — 52.848)
whereP; is the incident power density (WAR for the simulation of extinction cross sections at frequencies of
The total (extinction) cross section is the sum of the scatterid§ and 30 GHz, respectively [30], [31]. The extinction cross
and absorption cross section sections for vertical and horizontal polarizations obtained by
VIEF, Morrison and Cross [9], and lét al.[16] are shown in
Q)= Qo + Q. (m?). (11) Figs. 1 and 2. From Figs. 1 and 2, it is clear that the results

of extinction cross sections obtained by the VIEF are quite
close to those obtained by lgt al. for both horizontal and
vertical polarizations. The reason is because the VIEF and Li
et al. used the same MPP model. The results of extinction
To examine the accuracy of the VIEF procedure, we cormross sections obtained by the VIEF anddtial. are much
pare the obtained results of extinction cross sections with thdggher than those obtained by Morrison and Cross for both
obtained from Morrison and Cross [9], Warner and Hizal [LOhorizontal and vertical polarizations, especially in the larger

IV. NUMERICAL RESULTS
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Fig. 2. Comparisons of extinction cross sections for horizontal and vertical polarizations at 30 GHz. The refractive index of raiffteopdatC is taken to
beN, = 5.581 — j2.848.

raindrops. The main reason for larger relative errors between TABLE |

VIEFEs and Morrison and Cross’ results is because the secoff@MPARISONS OFEXTINCTION CROSSSECTIONS WITHWARNER AND HIZAL
10] AND MORGAN [11] FOR SPHEROIDAL MODELS. THE MEAN RADIUS

and higher order expansion terms of the Taylor series USEO- 3 38 mm. THe SPHEROIDHAS A MAJOR SEMIAXIS OF b = 2.9 mm, WITH
by Morrison and Cross [9] to describe the spheroidal shap@sAxiAL RATIO OF a/b = 0.55. THE REFRACTIVE INDICES OFRAINDROPS AT

i EMPERATURET" = 10 °C ARE N,. = 6.727 — 72.866,5.972 — 72.938,
have been neglected. A secondary check of the validity of t?.%% — 72.888,AND 4.954 — 72.789 AT éEéPECJTIVEFREZUI;NCIEJS OF15, 2

VIEF is made by comparing the results of extinction crosgire ELemenT MeTHOD, PROPOSED BYMORGAN [11]; EBCM, EXTENDED
sections with those obtained by Warner and Hizal [10] andBouNDARY CONDITION METHOD, PROPOSED BYWARNER AND HizAL [10]

Morgan [11] for spheroidal models as shown in Table I. In this

comparison, the mean radius is taken tazge= 2.38 mm, the Freque Vertical Horizontal
major semiaxis of the spheroid is taken totbe 2.9 mm, the fequency Methods Polarization | Polarization
axial ratio of the spheroid is taken to bgb = 0.55, and the (GHz) (em?) {em?)
refractive indices of raindrops at temperatdfe= 10°C are FEM 0.0795 0.6100
taken to beV,. = 6.727—;2.866, 5.972—2.938, 5.396—2.88, s EBCM 02346 0.6612
and4.954 — j2.789 at respective frequencies of 15, 20, 25, and VIEF 02265 0,683
30 GHz. From the comparison shown in Table |, it is clear - -

that there is a good agreement among the VIEF, Varner and FEM 0.2620 0.6766
Hizal [10], and Morgan [11]. After checking the validity of the 20 EBCM 0.2953 0.6030
VIEF, we use the VIEF extensively to calculate the extinction VIEF 0.3257 0.6352
cross sections of raindrops for MPP models in the frequency FEM 0.2919 0.6142
range from 0.6 to 100 GHz. Results of extinction cross sections 25 EBCM 0.3022 0.5893
for vertical and horizontal polarizations are shown in Figs. 3 VIEF 03282 0.6228
and 4. Figs. 3 and 4 depict the variation of extinction cross FEM 0.3043 0.5563
sections with frequency for raindrops with a mean radiys

varying from 0.25 to 3.5 mm. The extinction cross-section 30 EBCM 0.3238 0.5758
values reach a relative maximum and then slowly increase VIEF 03541 0.6042

as frequency continues to increase. It is also found that the
extinction cross section decreases below 8 GHz and increasestions are available to provide predictions of rain attenuation
significantly with raindrop size. Results of extinction cros# wireless communications.
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Fig. 3. Extinction cross sections (ECS) for horizontal polarization in thEig. 4. Extinction cross sections (ECS) for vertical polarization in the
frequency range from 0.6 to 100 GHz. Resullts are obtained by the VIEF usifigquency range from 0.6 to 100 GHz. Results are obtained by the VIEF using
MPP models with mean radius varying from 0.25 to 3.25 mm. The refractive MPP models with mean radius, varying from 0.25 to 3.5 mm. The refractive
indices of raindrops are taken2 °C from [31]. indices of raindrops are taken °C from [31].

procedure, we used the VIEF extensively to calculate the extinc-
tion cross sections by raindrops in the frequency range from 0.6
Although many researchers previously have investigated rain100 GHz. In our next paper [33], we will derive an empirical
attenuation by raindrops, further investigation of scattering afgkmula for rain attenuation based on extensive studies of ex-
absorption due to realistically distorted raindrops is still verynction cross sections.
important for wireless communications. When the raindrops are
very small, it may be very easy and efficient to calculate the ex- REFERENCES
tinction crosg sections US'”Q many analytl(_:al solutions based OrEl] J. Doble,Introduction to Radio Propagation for Fixed and Mobil Com-
the assumption of a spherical or spheroidal model. However, = munications Boston, MA: Artech House, 1996.
as the size of raindrops increases to over 1.0 mm in mean rakl B' C. 'ﬁ;gg anld gés' Chltgc;ghf:;g::.e gf raiﬂlzitg”ite communications,”
. . . . roc. vol. 63, pp. — , Sept. .
dius, the ralr_]dmps be_come distorted sphermdal _shapes, an_d tl"t% J. W. Ryde, “Attenuation of centimeter and millimeter wave by rain, hail,
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V. CONCLUSION
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