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Abstract—The T-Matrix approach toward the computation of
total cross sections of spheroidal raindrops due to electromagnetic
scattering is considered numerically exact, and has therefore been
used in this paper for the analysis of thetotal cross section
(TCS) of the spheroidal raindrops. A more accurate computer
programme based on the T-Matrix method has been developed
in M athematica ™ so as to evaluate the TCS'’s of the spheroidal
raindrop scatterers. With the checked programme after compar-
ison, a large amount of TCS data has been obtained and plotted
in a three-dimensional (3-D) graphic in this paper. Utilizing
these exact data points, a 3-D (or two-step) nonlinear least
squares fitting procedure has been proposed and implemented
successfully. As a result, an efficient formula of the TCS as a Case 1 Case 11
function of both raindrop mean radius and operating frequency (@) (b)
has been obtained. In the analysis, four cases (both parallel and
perpendicular polarizations, and outdoor temperatures of 10 and
20 °C) are considered. Covering a very large validity range for
practical useful problems, this formula is very compact, easy to
use, and very much faster (by about two orders of magnitude) al.to analyze EM wave scatterings by various dielectric bodies

Fig. 1. Geometry of the spheriodal raindrop illuminated B and E;
polarized plane waves.

than the conventional algorithm. [6]-[10]. Based on the T-Matrix approach, Barber [6] came up
Index Terms—Electromagnetic scattering, numerical analysis, with some detailed and S|mp||f|8d theoretical equations easier
rainfall attenuation, and radio wave propagation. and more suitable for computer implementation for the case

of dielectric scatterers. A computer program written in Fortran
language was also developed by Barber [11] which made use
_ of approximations for Bessel and Hankel functions.

VER the past many years, scattering of plane electro-The EM scattering by raindrop scatterers has also received

magnetic (EM) waves by various types of scatterers hagych attention in the past many years [12], [13]. The knowl-
received much attention in the literature. An exact formulati%ge of microwave rainfall attenuation due to the raindrop
of scattering of EM waves by perfectly conducting obstaclegattering is quite important for scientists and engineers in
was given in 1949 by Maue [1], who obtained a pure integradany of their applications. Fig. 1 shows the geometry of
equation which sufficed for the determination of the unknows spheroidal raindrop. Among the work published in the
surface currents on the obstacle. Based on the concept of @¥rature, the original and most significant contributions with
tended boundary condition, which leads to an extended integfalie recognition has been made first by Oguchi [14], [15]
equation where the unknown surface current appears in @ing point-matching techniques and thereafter by Morrison
integral over the surface, Waterman [2]-[4] proposed a maténd Cross [16] using the least-squares fitting process of the
formulation method for the analysis of scattering of plane EMoundary conditions. The other contributions in this topic
waves by a perfectly conducting obstacle. The_ matrix formgire mainly from Erma [17]-[19], who applied sphere-based
lation method, commonly known as the T-Matrix approach, ifaylor expansion to the scattering, Pruppacher and Pitter [20],
both numerically exact and applicable to scatterers of arbitrgpy1] who developed the “hamburger-shaped” raindrop model
shapes and sizes. This matrix formulation method was thRRown as the P-P model, Asano and Yamamoto [22], who
further extended by Peterson and Strom [5] to the EM waygyplied spheroidal vector wave function expansion to the
scattering by multilayered structures and applied by Baeberscattering, Warner [23], [24], who considered the effects of
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Since the spheroid is widely adopted as the shape mdrallel polarized incident field is characterized by the field
the raindrops, we will analyze the total cross sections cbmponentE’, and a perpendicular polarized incident field by
spheroidal raindrops. The T-Matrix approach leads to an exalee componenE;; see Fig. 1. In the coordinate system of this
analysis and has therefore been applied in the computatfggure, the equation describing the spheroidal raindrop shape
of the TCS’s of the spheroidal raindrops. We have tried ia given as follows:
couple of computer programs written in Fortran based on an
approximated form of spherical Bessel and Hankel functions. r(6) = ao(1 — ao)
However, it is found that such programs do not work well (or V1 —ao(2 — ag) cos?(f)

accurately) when the raindrop size or the operating frequenc

becomes large (mainly due to the approximations of the Besgg]?reqo (in centlmetgrs) stands for the input raindrop mean.
and Hankel functions after detailed check). radius introduced earlier by Laws and Parsons [30] and Oguchi

As the Mathematic3 package is an accurate commerciéllz]'

software with very good symbolic and numerical function The drel?t|veo(;|1|etlr?;:tréc :gt]'s;amf({é ’ Tér?f tgz ra'g?qr(;)pth'z
and has been used widely, we have rewritten the T-Matr pendent up perating frequenty(GHz)

program using exact Bessel and Hankel equations to ca?éjrdog\r/ teir:dpe):ar'zur?b( C;). Inmthlst Véork’ir:hihcog??sn%n%am
directly to the application of spheroidal raindrop scattere active index has been computed using the Ray's prog

in the MathematicB” programming language. As the metho 1] written in Fortran language.

applied is exactly the same as that introduced by [6] and [11], ] _

no details will be provided in this paper. Instead, we woulf: Comparison of Results and Correctness of Programming
present a large number of data points of the TCS’s of theUsing the computer program developed, various values for
spheroidal raindrops for the scientists or engineers to usee TCS'’s of spheroidal raindrops illuminated by a EM plane
These data points are given in terms of a three-dimensiomave of unit amplitude have been generated and compared
(3-D) figure instead of being tabulated in a large number of those values provided by Morrison and Cross [16] who
tables. The tabulated data are readily available in [29] and camployed the least-squares fitting technique to the spheroidal
be supplied upon request. raindrops’ boundary conditions.

However, for more efficient utilization of these readily To ensure the correctness of the program, a two-step exam-
available data of the TCS of spheroidal raindrops, we hairation has been taken. First, the T-Matrix program has been
developed a 3-D (or two-step) curve-fitting procedure witherified by comparing the results of the TCS'’s for spherical
Mathematicd" program. An efficient and compact formula asaindrops that were generated using the T-Matrix program
a function of both raindrop mean radiug (cm) and operating and the Mie scattering algorithm. The comparison shows that
frequency f (GHz) has been successfully obtained for eadhe two sets of results were in very good agreement with
of the four cases, i.e., parallel and perpendicular incideatdeviation of less than 1.5%, as expected. Secondly, the
polarizations, and temperatures of 10 and°gZ0D TCS values at the frequencies of 11, 18.1 and 30 GHz at

The theoretical fundamentals for the computer prograatemperature of 20C (i.e., the same conditions assumed
implementation can be found in [2], and hence will not bby Morrison and Cross [16]) have also been generated and
given for the problem where the geometry of EM scattering lyompared with those in [16]. The values generated by the two
a spheroidal raindrop is shown in Fig. 1 in Section |. Section fhethods also agree very well and deviate by a relative error
briefly addresses the mathematical expression of the oblafdess than 2%. Based on these comparisons with available
spheroidal raindrops, the comparison of the currently generamsblished data, the validity of the new program developed
exact data and those published results using other methods, laa@ is confirmed.
the validation coverage of the developed formula using a 3-D
least-squares fitting process. In Section Ill, the curve-fitting. Data Generation and Presentation

procedure is detailed and subsequently the resulting formul .
o - : nce the computer program had been verified to work
together with its coefficients are tabulated in a table. Error ) X .
rfectly, a large number of data points of TCS’'s against

analysis of the fitting process is carried out in Section IV a . . ;
. e oblate spheroidal raindrop mean radias (cm) and
comparisons are also made between the exact results comp%ﬁed

using the T-Matrix Approach and the fitted results applying the operating .frequency‘ (GHz) have been g.enerat(.ed..As
. - indicated earlier, both parallel and perpendicular incident
3-D nonlinear least-squares fitting procedure.

polarizations and two outdoor temperatures (i.e., 10 and
20 °C) have been taken into account in the data generation
Il. SPHEROIDAL RAINDROP SHAPE AND DATA GENERATION  ysing the newly developed T-Matrix computer program. It

The raindrops scattering analysis has been carried out usiws that the TCS increases as frequency is increased
the oblate spheroidal model shown in Fig. 1. for parallel polarization, but is decreased for perpendicular
polarization direction ag& > 2.5 mm.

2/3

(1)

A. Oblate Shape Expression

The z-direction is considered as the axis of revolution and !l CURVE FITTING AND FORMULA GENERATION

the incident EM illumination is characterized here by the Based on the exact data generated using the T-Matrix
E-field component normal to this axis. In other words, Method, a 3-D curve fitting procedure has been conducted over
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Fig. 2. Break points for the TCS versug curve. The curve shown is that (@)
for a EM wave of parallel incident polarization on spheroidal raindrops at
temperature of 20C and frequency at 17 GHz. a0 b
- o —— parallel
. . . . or / \. / ]}\. —-— perpendicular
different ranges of raindrop mean radiug (cm), operating s ) j J ’?cg;:\,
frequencyf (GHz) and outdoor _temper_aturéé (°C). How- ol 2 / Wl’\xv:}z;:;:;::\_\' e
ever, as the one-step commercial nonlinear 3-D least squares [ ]
fitting package is not readily available, we used a two-step two- '+ \\\ i
dimensional (2-D) fitting procedure in the 3-D fitting. First, ¢ ol ! Y /
the graphs of TCS@,) against mean radius, were fitted
with suitable curves which will be discussed in greater detail
later. Next the coefficients of these well-fitted curves were ™[ \ ,
again fitted against operating frequency. The same process is [ y
applied at both temperatures of 10 and 2D and for both €0
parallel and perpendicular incident polarizations. 70 p 0 s p
Frequency (GHz)

A. Fitting I: TCS Versus Mean Radius ®)

It has been realized after many tests that a smgle functlgﬁ_ 3. Graphs of coefficient§/s andC’3 as examples, versus the frequency

cannot give a good fitting of the TCS (within the givery (GHz). The coefficients shown have obtained for the case of spheroidal
frequency range 10-80 GHz) against the mean radjuat raindrops at temperature of 2@ illuminated by a unit amplitude plane EM

a given temperature. After observing the curves of TCSWve of parallel incident polarization.

againsta, for all ranges of frequency and temperature, it was

decided to break the curves into three sections, each fitted wifB found that the third-degree polynomials can lead to very

a different equation and ensuring continuity at joining pointgood fittings and they have therefore been chosen. The equa-
After trying out various approaches for the three separaiéns selected must be able to fit across all frequencies within

fitting sections, we chose the break points 0.15 and 0.25 am-80 GHz and temperatures 10 and°ZDto a good extent

as a good compromise between minimizing the number of about 5% relative error. Using the selected equations, there

sections and obtaining a good fit. To gain insight into thgere ten unknown coefficients to be determined over the range
detailed variation, Fig. 2 shows the TG8m?) against the of q, up to 0.45 cm.

raindrop mean radiug, (cm) and the two proposed break

points. - ] -
The equations for the different mean radius sections were Fitting II: Coefficients Versus Frequency
selected as follows: To determine the ten coefficients in (2) for frequencies

ao(Co + Crao)?, 0.00 < g < 0.15 r_anging from 10 to 80 GHz (in steps of 1 GHz), th_e coef-
Qu(a0) = { Co + Czag + Caa? + Csad, 0.15 < ag < 0.25 f|C|ent.s, QO to Cy fo_r bpth parallel(E%) and perpendicular
Cs + Crag + Csa? + Coal, 0.25 < ag < 0.45 (£,) incident polarlzat_|ons and at a temperature of °20)
- T @) have been plotted against frequency in an attempt to perform
the second round of curve fitting or the 3-D fitting. Two
where Q;(ap) is the total cross section at a mean radigs examples are shown in Fig. 3(a) and (b) for coefficiefits
(cm) andCy to Cy in (2) are the ten unknown coefficients thaand Cs. At a temperature of 10C, similar graphs have been
need to be determined. obtained (except with different degree of fluctuation across
After trying out various other equations such as exponentidle higher frequency region) but will not be given here to
and second-degree polynomials which were not satisfactosgve space.
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TABLE |
FORMULA AND ITs COEFFICIENTS FORBOTH Ej AND Ej POLARIZATIONS AT BoTH 10 AND 20 °C
Cases Raindrip Mean Radius Ranges
T f Ocm < ap < 0.15 cm 0.15 cm < ap < 0.25 cm 0.25 cm < ag < 0.45 cm
Qt(ag) = a9(Co ¥ Ciap) Err Qt(a0) = Cp + Czag + Cqag + Csag Err Q:(a0) = Cs + Cra0 + Caaj + Coag Err
E: [[10 ] 10 [ Co = 3.884~0.9197+0.08f 7% || C2 = 0.359+0.65¢"018%0s(15.409+0.456 ) 5% || Ce = —0.277+2.22¢ 9907 Jcos(13.4464-0.484 f) 5%
| —0.003734+4.023x 1075 4 C3 = —6.453+11.308¢%017cos(12.394+0.447 ) C7 = 1.69—23.683¢ 0017 /205(0.685+0.488 f)
25 || €1 = —38.156+9.541 f—0.804 f2 Cy4 = 37.967463.6657¢% 018 fcos(15.685+0.436 ) C3 = 3.66+69.546¢~%-918/05(13.02+40.495 f)
+0.03 3 -0.0004 f* Cs = —50.485 - 116.837e%°17%0s(15.684-0.433 f) C = —1.929—67.452¢ %92 Jc0s(56.809+0.5 f)
25 || Co = 5.024—0.478 f+0.014 f 3% || C2 = —1.094—93.308¢ 7 "5%0s(21.8414+0.294 f) 7% Ce = —0.044—27.113e V- 1T %c05(17.37940.452 f) 4%
| —1.285x 10743 C3 = 16.641641.5¢~0-1540s(21.404+0.309 1) C7 = 0.507+247.708¢=0-113k05(17.137+0.458 f)
44 || C1 = —46.6464+4.654f—0.1282 Cy4 = —T1.7614+8779.814e 70156 0s(11.562+0.324 f) Cs = 6.7814715.97e~0113L05(20.11+0.463 f)
+41.122x 10343 Cy = 121.118-14858.51e~%157 os(1.401 —0.338f) Co = —2.826+731.088¢~0-116/c05(35.4484+0.473f)
44 || Co = —1.74240.095 f—0.001 f 2% || C2 = —13.861+0.63f—0.01 f4+5.119x 1077 f 2% || Ce = —6.989+0.313f—0.005f%+2.298x10 > f 3%
| +6.833x 10763 C3 = 221.853—-10.134f+0.159/2-8.241 x 104 f3 C7 = 54.52—2.4f+0.036 f2 —1.732x 1074 f°
80 || C; = 20.463—0.714f40.011 5% Cy = —1135+452.404 f—0.821 f2+4.257x 1073 f Cg = —126+5.782f—0.084f24+4.039x 1074 3
—5.513x 1053 C5 = 1889—87.009 f+1.363 f2 —0.007 f3 Y9 = 91.136—-3.923f40.056 f2—2.602x 10— f3
20 | 10 || Cp = 6.666—1.642f40.145f 7% [ C2 = 0.390—2.278e 70092 %05(12.768+0.427 f) 5% || Co = —0.232+2.803¢ "0 "% %0s(7.6291 0.46 f) 5%
| —0.005f24+7.48x 10~5 f4 C3 = —7.114+438.198e 04 /cos(12.842+0.42f) C7 = 1.398-28.168¢ 0025 0s(7.39+0.466 f)
25 || ¢ = —67.5417.0235—1.472f2 Cy = 42.655 —205.86Te 0937 fcos(12.936+0.412 f) Cy = 4.177479.826e9:021%05(13.425+0.474 )
+0.055 7% —7.43x 10" % f4 Cs = —59.769+356.623e %036 00s(12.934 4 0.409f) Co = —2.382+74.514e~9-0?5/05(10.064+0.481 f)
25 || Co = 4.971-0.460f+0.013f2 3% || Cz = —1.045+104.554e0-1%9%05(18.712+0.29) 7% || Ce = —0.073—52.195¢= 0129 %0s(17.175+0.458 f) 4%
| —1.19x 10743 C3 = 15.866 — 1894.89e 015 05(18.265+0.305 f) C7 = 0.8274504.682¢ 0138 fo05(16.830+0.468 f)
44 || C1 = —44.954+4.398—0.1192 C4 = —68.423+10401.486 0162 %05(1.012—0.32 ) Cs = 5.478+1546.212e° 141 £05(19.705+0.476 f)
+1.02x1073f3 Cy = 115.556—18075.26e 0194 0s(1.42-0.335 f) Co = —1.608+1749.89¢ %148 %05(16.052+0.491 f)
44 || Co = —1.99740.107 f—0.002f 2% || C2 = —12.054+0.546 f—0.009f2+4.456 X102 2% Cs = —1.497+0.054f—6.666f2+2.782x 10~ f 3%
| +7.87x1076 3 C3 = 188.504—-8.565f+0.134f2 —7.008 x 10~ * £ C7 = 18.315—0.712f40.01 f2—4.475x 105 f3
80 || C; = 22.732—0.829/40.013 2 Cy = —933.914+42.91/—0.6747243.508x 102 f2 Cg = —79.154+3.711 f—0.054 f% +2.649x 104 f3
—6.48x 1075 3 Cy = 1505—68.837 f+1.081 f2 -0.006 f° Cy = 133.039—-6.193f+0.095 f2—4.778 x 104 f
Ej [ 10 ] 10 [ Co = 4.22—1.057/40.096 f2 7% || Oz = 0.876+2.323¢%90%59:05(15.078 +-0.5081) 5% || Ce = —0.51+14.562¢9-958%05(6.748+0.56 ) 5%
| —0.004f%+5.392x107° f* Cy = —14.981+44.121e—%-%01 k05(18.285+0.502 f) C7 = 3.537—150.735e70-0%7/os(0.165+0.572 f)
25 || Oy = —41.842+11.005f-0.978f2 Cy4 = 81.754+277.164¢ ~°0%7fe05(15.223+0.495 f) Cs = 1.125—464.259¢ 971 fcos(15.623+0.582 f)
+0.038/%—5.396x10~% 4 Cs = ~109.162+546.637¢~0-°13405(18.362+0.492 ) Cy = 7.69+431.855¢ 07 %o0s(53.122+0.59 f)
25 || Co = 6.109—0.63f+0.02 /7 5% || C2 = —0.97844305.077¢ U2°Ticos(23.883+0.115f) | 7% || Ce = —0.072—436.174e~ 0 2*%lcos(18.761+0.455]) | 6%
| —1.883x1074f3 Cs = 14.577—351908¢ 70286 &c0s(31.5164+-0.06 f) Cr = 0.824—4903.038e 0218 5205(21.69540.462 f)
44 || C1 = —61.476+6.484f—0.19f2 Cq = —67.754+1000027.9¢0-2%8/c05(17.032+0.137f) Cg = 7.321—17634.3¢ 70226 o0s(18.33340.469 f)
+0.002 5% Cs = 115.85948375943.1e~-37f05(2.58+0.086 f) Cy = ~0.395+14261.52¢ 0221 0s(37.343+0.463f)
44 || Cp = —0.629+0.041f—5.202 2% || C2 = —2.149+40.051 f-5.323x 107 fZ4+2.11x 10~ % 3| 2% Cs = 2.347—0.173f40.0036 f—2.335 x 10~ ° f° 3%
| x10~4 f242.322x 106 3 C3 = 30.79-0.684f46.693x1073f2 -2.417x 1075 f3 C7 = —22.8314+1.662f—0.035f24+2.21x107453
80 || C; =11.696—0.242f+0.003 2 Cy = ~135.225+3.096 f—0.028 {2 +8.218 x 105 f3 Cg = 77.946—4.949f+0.102 2 —6.556 x 10~ f3
—1.337x10757% Cy = 225.807—4.7f40.035f2—-6.398 x 105 f3 Cg = —56.67+4.238f—0.091 f245.967x 104 3
20 | 10 || Cp = 6.064—1.574f+0.146f2 % || C2 = 0.836—3.275e~0012%;05(12.182+0.491 f) 5% || Cs = —0.49+14.902¢ =798 %05(6.838+0.553 ) 5%
| —0.006 f348.139x 105 f4 C3 = —14.358+60.239¢ 0016 /c05(18.5064-0.487 f) C7 = 3.367—152.954e 008 Jc0s(6.54+0.565 )
25 || Cp = ~62.638416.636 f—1.502f2 Ca = 78.851+364.894e =002 Jcos(15.416+0.481 f) Oy = 1.42+468.035¢ 9972 %05(12.572+0.575 f)
+0.059 5 —8.216 x 1074 f* Cs = —105.24—698.239¢ %924 fc05(15.401 +0.479f) Cg = 7.38—432.8¢=°:°71£05(6.087+0.583 )
25 || Co = 6.477—0.646 f4+0.02f7 3% || C2 = ~1.001—3701.03e~0- 2% %05(20.622+0.118 ) 7% || Co = —0.135+99.797¢ 015" k0s(15.202+0.469 f) 4%
| ~1.86x107%f3 Cy = 15.893 —95689.234e 025 0s(23.487+0.128 f) C7 = 1.425-655.545¢ 70117 {0s(21.389+0.472 f)
44 || C1 = —63.009+6.478 f—0.186 f2 Cy = —66.367+2604446.9¢ %311 Lcos(5.9084-0.078 f) Cy = 5.29341558.404e 0 142/05(52.664+0.477f)
+1.7x1073 58 Cs = 120.1+6612950.9¢ 0336 e05(2.227+0.099 1) Cg = 1.742202.73e =% 156 £0s(17.93440.482 f)
44 || Co = —0.868+0.053/—7.07 2% || C2 = —8.046+0.371/—0.006/2+3.46x 10~ 53 2% || Ce = —12.82+0.665/-0.012/°+6.468 X 10 ° 3 3%
| x10~4 f243.322x 1078 f3 C3 = 130.068—6.088 f+0.103 2 ~5.737 x L0~ 43 C7 = 120.512—6.236 /4+0.108 {2 —6.053 x 104§
80 || €1 = 13.726-0.346 f+0.005 f2 Cy = —675.891+32.564f—0.551 f2+0.003 f3 Cy = —370.3224+19.636 —0.339f24+1.9x 1072 f3
—2.248x 10~5 f° Cy = 1172—56.389f40.956 f2 —0.005 f® Cy = 408.335—21.126 f+0.362 f2 —0.002 f3

Again, it is seen from Fig. 3 that each of these coefficient§ and for a polarizationt® (7', E%) from (10 °C, 20 °C),
cannot be well-fitted by using a single function. For a bettéE;,E;). It implies that four cases as shown in Table | have
fitting of these second-step curves, the ten coefficients verdeen considered and therefore four sets of the formulas have
frequency have again been separated into three different fpeen obtained.
guency sections, i.e., 10-25 GHz, 25-44 GHz, and 44-80 GHz.

And correspondingly, the following three types of equatiors. Validation Coverage of the Formula
have actually been employed in the fitting process where thethe formula of TCS's developed using incident field with
subscripti stands for a value between zero and nine for thgit amplitude is applicable for oblate spheroidal raindrops

coefficientsCp to Co: with mean (effective) drop radius ranging up to 0.45 cm and
) 5 4 frequency from 10 to 80 GHz because of its corresponding
Qo +O‘1f@+ arf +asf +aaf range used for data generation. The validation coverage of
Ci = Po+ pre™ cos[Bs + Baf] (3)  both the data readily available and the formula developed has

Yo +mnf+9f?+sf? been summarized as follows:

where the subcoefficients shown in (3y¢—¢ =0, 1,2,3 and Parameter Symbol Range

4), B¢ andy, (x = 0, 1,2 and3)—denote the unknowns to be Mean drop radius a 0.00—0.45 cm

determined from the second-round least-squares Curve'ﬁtﬁrlﬂ’equency fO 1d80 éHz

proceqlure. i . . Temperature T 10 and 20C

Again, the least-squares fitting procedure is applied to th%olarization Ei Parallel& Perpendicular
curves obtained from the second round after the completion Y

of the curve fitting in (2). The unknown subcoefficients in (3)

are thereafter obtained for different ranges of raindrop mean
radius o (cm) and operating frequency (GHz). They are  Although there are quite a number of coefficients to be
tabulated in a very compact form in Table | at a temperatudetermined for any particular set of operating frequencies and

IV. ERROR ANALYSIS AND DATA COMPARISON
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raindrop sizes, the formulas obtained are rather compact. These 1s
formulas involve exponential and cosine functions and can

be easily calculated. The maximum degree of polynomial is
restricted to four and it is mainly used for raindrops at low 5
frequencies and small raindrop mean radii. It should be noted
that the general formula for both temperatures of 10 ant20
and both parallel and perpendicular polarizations is the sam% 08
as given in (2) and (3), and only the values of the coefficientse,
vary. 2 os

A lot of trials were carried out using different equations
and separating the curves at different positions in an effort
to come up with the most suitable formula. Due to the 02
wide range of parameters considered, it is very difficult to
find equations that fit uniformly across all the parameters. A
particular equation might fit values at one frequency perfectly a, (cm)
but at the same time causing significant error in the fitting at @
another frequency.

The curve-fitting procedure in Section Il was carried out
separately using a two-step approach. The errors introduced in 20|
each fitting process therefore cause the overall results to suffer
higher errors (7%) at certain frequencies and size regions and
at the same time slight discontinuity across the regions (see '5r
the relative errors namely “Err” in Table 1). Large errors at
certain regions can occur and are found basically due to thes
summation of errors over the two fitting processes, especially{3 o
at a highly nonlinear region 08.15 cm < a9 < 0.25 cm. -
Particularly, large errors (7%) also occur near 10 GHz due
mainly to the fact that the fitting of coefficients in (3) starts
at this point, therefore resulting in insufficient information to
get a good fit. 00 : : :

The errors can be reduced by considering smaller frequency o o2 e o o8
and size regions. However, it also results in more different 3 (em)
formulas to be used. Therefore, the method employed in this (b)
work is a compromise between the number of formulas a'&% 4. Comparison between the results obtained using T-Matrix Method
degree of accuracy. and least-squares curve fitting for TCS's of oblate spheroidal raindrops at a

Although the errors arising from using the formula at certaitemperature of 20C. Both parallel and perpendicular incident polarizations
small regions over the whole 2-D regions are considerable, considered in the analysis of the TCS’s at a frequency of 20, 50, and
fitted formulas are able to provide a rather good estimation
of the TCS for oblate spheroidal raindrops. Fig. 4(a) and
(b) shows two 2-D plots, respectively, for the parallel and with these generated data, a very efficient formula for
perpendicular polarizations. From the comparison as showgS's of oblate spheroidal raindrops has been obtained by
in Fig. 4, it is seen that the two results obtained by usingpplying a 3-D (or two-step) curve-fitting procedure. It is
numerically exact T-Matrix Method and applying the leasta rather compact formula, consisting of cosine, exponential
squares curve fitting formulas generated in this work agghd polynomial functions. As compared with the T-Matrix
in excellent agreement. The relative errors, as expected, argorithm, the computational speed by using this formula is
basically acceptable for practical problems. increased by about two orders. This formula is very easy to
use because it does not 1) require special functions such as the
spherical Bessel functions and associate Legendre functions,
and 2) encounter convergence problem and therefore needs

Based on the T-Matrix Approach developed by Watermaro special considerations of the Bessel functions’ special
[2] and Barber [6], a more accurate algorithm than that @iroperties (when index number and argument are comparable).
Baber and/or Hill [6], [11] in Fortran language has beeh covers the practical usable range of raindrop radius (up
developed with Mathemati¢¥ for evaluating the total crossto 0.45 cm), operating frequency (10-80 GHz), and outdoor
section of spheroidal raindrops illuminated by a unit amplitudemperature (10 and 28C), and includes both parallel and
EM wave. By utilizing this more accurate algorithm, a hugperpendicular incident polarizations. Hence, it is a very useful
number of TCS data against both raindrop mean ragjsm) and efficient formula for users to evaluate the total cross
and the operating frequendgy(GHz) have been generated andection of oblate spheroidal raindrops for microwave rainfall
plotted. attenuation calculation.
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