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Several prediction methods for rain attenuation presented so far are evaluated using a common
Jong-term data base (total 124 sets of measurements) for oblique propagation paths with frequencies of
from 10 to 20 GHz, and an improved prediction method reflecting the evaluation results performed is
proposed. The evaluation results indicate that CCIR methods give relatively high precision, although in
this respect, there s not such a great difference from other methods. The method proposed here
includes a rain area size parameter as a function of rain rate for 0.01% of the time so as to minimize
the prediction error. It is verified that the method thus obtained gives the best precision, at the present
time, for predicting rain attenuation on Earth-to-space propagation paths at 10-20 GHz.

1. INTRODUCTION

In order to cope with increased demand in interna-
tional satellite communications by INTELSAT, the
use of the 14/11 GHz and 14/12 GHz frequency
bands is being introduced in addition to the existing
6/4 GHz band. At frequencies above 10 GHz, how-
ever, the attenuation of signals due to rain is a
serious problem in the design of communication sys-
tems. Therefore many researchers have focused their
energies on establishing a reliable prediction method
for rain attenuation.

Various types of prediction methods for rain at-
tenuation have been discussed, mainly by the CCIR
study group 5, for a considerable time, improvements
to the prediction method being made at every meet-
ing. In parallel to the work of the CCIR, some other
methods have also been proposed independently.
Under such circumstances, an evaluation of the pre-
diction accuracy of these methods and an assessment
of their limits of applicability based on a common
data base are strongly required with a view to de-
signing reliable satellite communication systems.

In this paper, we will describe the results of an
evaluation of various prediction methods, including
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CCIR methods, using long-term data (total of 124
sets of measurements) reported so far for oblique
propagation paths, and propose an improved predic-
tion method reflecting the evaluation results per-
formed.

2. EVALUATION OF EXISTING PREDICTION
METHODS

2.1. Methods examined

The evaluation is performed on following eight ex-
isting methods for which calculation procedures are
described in detail: A-1, CCIR Rep. 564-2 (MOD I)
[1984] (out of print); A-2, CCIR Rep. 564-2 (MOD
F) [1986]; A-3, Crane’s method (1) (global model)
[Crane, 1980]; A-4, Crane’s method (2) (two-
component model) [Crane, 1985a]; A-5, Morita’s
method [Morita, 1980]; A-6, Misme and Waldteu-
fel's method [Misme and Waldteufel, 1980]; A-7,
Lin’s method [Lin, 1979]; A-8, Stutzman and Dish-
man’s method [Stutzman and Dishman, 1982].

2.2.  Evaluation procedure

Data used for examination. To evaluate these pre-
diction methods, 86 measurements registered in the
CCIR data bank [CCIR, 1985] and another 38
measurements reported in other papers, are used.
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TABLE 1. List of Data for Evaluation
Station
Height, Climatic Frequency, Ele-
Number Location (Country) Latitude m Period Zone Method GHz vation Reference

1  Sodankyla (Finland) 67.4N 180 7901/8312 E SAT 11.6 13.2 CCIR (316-1)

2 Marugame (Japan) 343N 10 7905/8004 M RDM 119 45  CCIR (611-3)

3 Marugame (Japan) 343N 10 7905/8004 M RDM 11.9 150 CCIR (611-2)

4  Lario (Italy) 46.2N 210 7801/8012 K SAT 11.6 32  CCIR (313-1)

5  Spino d’Adda (Italy) 454N 80 7810/8009 K SAT 11.6 32 CCIR (314-1)

6  Fucino (Italy) 420N 680 7801/8012 K SAT 116 33 CCIR (315)

7  Austin, Tex. (U.S)) 304N 239 7606/7906 M SAT 11.7 50 CCIR (110-1, 2, 3)

8  Waltham, Mass. (U.S) 424N 50 7706/7905 K SAT 14:7 24  CCIR (102-1, 2)

9  Holmdel (US.) 404N 115 7604/7704 K SAT 1.7 27 Rustako [1978] -
10  Leeheim (F. R. G)) 499N 90 7901/7912 E SAT 11.6 28.8 Rucker [1980]
11 Leeheim (F. R. G, 499N 90 7901/7912 E SAT 11.6 32.5 Rucker [1980]
12 Leeheim (F. R. G)) 499N 90 7401/7612 E RDM 114 32.5 Rucker [1980]
13 Slough (UK) 51.5N 30 7301/7512 G RDM 11.6 29.5 Allnutt [1977]
14  FEtam, W. Va. (U.S) 39.3N 560 7710/7810 K RDM 11.6 18 CCIR (113-1)
15 Lenox, W. Va. (US) 39.6N 610 7710/7810 K RDM 11.6 18  CCIR (112-1)
16 Kashima (Japan) 35.6N 40 7901/8112 K SAT 11:7 37  CCIR (604-3)
17  Kashima (Japan) 35.6N 40 7705/7804 K SAT 11.5 47  CCIR (604-1)
18  Innisfail (Australia) 17.68 10 74127610 N RDM 11.1 30 CCIR (703-1)
19  Innisfail (Australia) 17.68 10 7611/7904 N RDM 11.1 45  CCIR (703-2)
20 Darwin (Australia) 17.65 20 7711/7904 N RDM 11.0 60 CCIR (702-1)
21  Clarksburg, Md. (U.S.) 392N 180 7607/7707 K RDM 11.6 21  CCIR (105-2)
22  Clarksburg, Md. (U.S)) 39.2N 180 7708/7808 K RDM 11.6 41  CCIR (105-3)
23 Clarksburg, Md. (U.S) 392N 180 7808/7908 K RDM 11.6 43.5 CCIR (105-4)
24  Clarksburg, Md. (U.S)) 39.2N 180 7410/7509 K RDM 11.6 42  CCIR (105-1)
25  Greenbelt (U.S) 38.5N 200 7604/7704 K SAT 11.7 29  CCIR (106-1)
26  Greenbelt (U.S.) 38.5N 200 7704/7804 K SAT 1.7 29  CCIR (106-2)
27  Greenbelt (U.S)) 38.5N 200 7804/7904 K SAT 11.7 29  CCIR (106-3)
28  Holmdel (U.S.) 40.39N 115 7606/7706 K SAT 11.7 27  CCIR (104-1)
29  Holmdel (U.S) 40.39N 115 7706/7806 K SAT 11.7 27 CCIR (104-2)
30  Holmdel (U.S) 40.39N 115 7806/7906 K SAT 11.7 27  CCIR (104-3)
31 Munich (F. R. G) 482N 510 7801/7812 K SAT 11.6 29  Rogers [1979]
32  Harwell (UK) 51.6N 7511/7611 ~ E RDM 11.6 28  Rogers and Hyde [1978]
33 Boston, Mass. (U.S.) 424N 7505/7605 K RDM 11.6 25  Rogers and Hyde [1978]
34  Singapore 1.3N 20 7601/7702 P RDM 11.6 41  CCIR (622-1)
35 Hong Kong ; 22.3N 20 7512/7701 N RDM 11.6 20 CCIR (623-1)
36  Michelbachberg (Austria) 47.5N 7605/7706 K RDM 11.6 33 Rogers and Hyde [1978]
37  Bringelly (Australia) 33.958 7601/7703 N RDM 11.6 43  Rogers and Hyde [1978]
38  Martlesham (U.K.) 52N 30 7901/8112 E SAT 11.8 299 CCIR (306-2)
39  Leeheim (F. R. G) 499N 90 7901/8101 D SAT 11.6 30  Dintelman [1983]
40 Gometz (France) 48.7N 170 7801/7812 H SAT 11.6 32 CCIR (311-1)
41  Gometz (France) 48.7N 170 7901/7912 H SAT 11.8 33.6 CCIR (311-3)
42 Bern (Switzerland) 47.0N 650 7401/7612 H RDM 11.45 35 CCIR (311-3)
43  Fucino (Italy) 42.0N 650 7301/7412 K RDM 1145 42  CCIR (311-3)
44 Stockholm (Sweden) 59.0N 65 7301/7612 E RDM 1145 21 CCIR (311-3)
45  Milano (Italy) 458N 130 7301/7412 L RDM 11.45 37 CCIR (311-3)
46  Porto (Portugal) 38.0N 1050 7401/7512 H RDM 11.45 40 CCIR (311-3)
47  Buitrago (Spain) 40.5N 600 7401/7512 H RDM 11.45 40 CCIR (311-3)
48  Graz (Austria) 47.3N 450 74017612 K RDM 11.45 34  CCIR (311-3)
49  Marugame (Japan) 343N 10 7701/8009 M RDM 119 6 Yasukawa and Yamada [1985]
50  Yamaguchi (Japan) 342N 121 7910/8009 M RDM 11.9 92 Yasukawa and Yamada [1985]
51  Hamada (Japan) 349N 216  7910/8009 M RDM 11.9 8.4 Yasukawa and Yamada [1985]
52  Shimotsui (Japan) 34.5N 35  7810/7909 K RDM 11.9 6.0 Yasukawa and Yamada [1985]
53  Kurashiki (Japan) 34.6N 10 7810/7909 K RDM 11.9 6.0 Yasukawa and Yamada [1985]
54  Blacksburg (U.S.) 37.2N 640 7701/7711 K SAT 11.7 33 CCIR (108-1)
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TABLE 1. (continued)
Station
Height, Climatic Frequency, Ele-
Number Location (Country) Latitude m Period Zone Method GHz vation Reference

55  Blacksburg (U.S.) 37.2N 640 7801/7812 K SAT 11.7 33  CCIR (108-2)

56  Blacksburg (U.S)) 37.2N 640 7606/7906 K SAT 11.7 33 CCIR (108-3)

57  Blacksburg, Va. (U.S.) 327N 643 7901/8112 K SAT 11.6 10.7 CCIR (108-7)

58  Albertslund (Denmark) 557N 30 7901/8112 E SAT 11.8 26.5 CCIR (305-3)

59  Martlesham (U.K.) 52.IN 30 7901/8112 G SAT 11.6 29.9 CCIR (306-1)

60  Nederhorst (Holland) 522N 20 7901/8112 E SAT 11.6 30.0 CCIR (307-1)

61  Slough (UK. 51.5N 30 7807/8008 E SAT 11.8 30.3 CCIR (308-1)

62  Slough (UK.) 51.5N 30 7709/8008 E SAT 11.6 29.5 CCIR (308-2)

63  Leeheim (F. R. G.) 499N 90 7901/7912 E SAT 11.8 329 CCIR (309-2)

64  Leeheim (F. R. G)) 499N 90 8001/8012 E SAT 11.8 329 CCIR (309-3)

65 Leeheim (F. R. G.) 499N 90 8101/8112 E SAT 11.8 329 CCIR (309-4)

66  Gometz (France) 48.7TN 170 7901/7912 H SAT 11.6 320 CCIR (311-2)

67  Munich (F. R. G) 48.2N 510 7901/7912 K SAT 11.6 29.0 CCIR (312-1)

68  Kirkkonummi (Finland) 60.2N 60 7901/8012 E SAT 11.8 20,6 CCIR (317-1)

69  Stockholm (Sweden) 59.3N 60 7901/7912 E SAT 11.6 224 CCIR (318-2)

70  Lustbuehel (Austria) 47.1N 490 7901/8212 K SAT 11.6 352 CCIR (319-1)

71  Lyngby (Denmark) 557N 30 8001/8112 E SAT 11.8 26.5 CCIR (320-1)

72  Wakkanai (Japan) 45.3N 60 7809/7909 K SAT 12.06 29  CCIR (601-1)

73  Kesennuma (Japan) 388N 10 7809/7909 K SAT 12.06 344 CCIR (615-1)

74  Osaka (Japan) 347N 40  7809/7909 M SAT 12.06 410 CCIR (610-1)

75 Owase (Japan) 34.3N 10  7809/7909 M SAT 12.06 41.5 CCIR (613-1)

76  Matsue (Japan) 35.5N 20 7809/7909 M SAT 12.06 420 CCIR (606-1)

77  Ogasawara (Japan) 27.1N 50 7809/7909 M SAT 12.06 42,5 CCIR (617-1)

78  Ashizuri (Japan) 32.8N 100  7809/7909 M SAT 12.06 44.6 CCIR (614-1)

79  Yamagawa (Japan) 31.2N 80 7809/7909 M SAT 12.06 47.3 CCIR (616-1)

80  Minamidaito (Japan) 258N 190 7809/7909 N SAT 12.06 51.7 CCIR (618-1)

81  Yonaguni (Japan) 24.5N 200 7809/7909 N SAT 12.06 57.9 CCIR (620-1)

82  Austin, Tex. (U.S) 30.4N 239 7810/8011 M RDM 13.6 52  CCIR (110-4)

83  Palmetto, Ga. (U.S.) 33.3N 100  7306/7506 M RDM 13.6 38.2 Lin et al. [1980]

84  Palmetto, Ga. (U.S.) 333N 100 7606/7707 M RDM 13.6 29.9 Lin et al. [1980]

85  Palmetto, Ga. (U.S)) 333N 100 7708/7808 M RDM 13.6 49.5 Lin et al. [1980]

86  Grant Park, Ill. (U.S.) 41.1N 100 7607/7707 K RDM 13.6 273 Lin et al. [1980]

87  Grant Park, Ill. (U.S)) 41.1IN 100 7708/7808 K RDM 13.6 41.8 Lin et al. [1980]

88  Longmont, Colo. (U.S) 40N 1500 7306/7506 E RDM 13.6 42.6 Lin et al. [1980]

89  Ibaraki (Japan) 34.1N 57  7506/8005 K RDR 13.85 10 Yamada et al. [1981]

90  Martlesham (U.K.) 521N 30 7901/8112 E SAT 14.5 29.9 CCIR (306-3)

91  Albertslund (Denmark) 55.7N 30 7901/8112 E SAT 14.5 26.5 CCIR (305-4)

92  Gometz (France) 48.7N 170 7901/7912 H SAT 14.5 33.6 CCIR (311-4)

93  Stockholm (Sweden) 59.3N 60 7901/7912 E SAT 14.5 224 CCIR (318-3)

94  Holmdel (U.S)) 404N 150 6909/7109 K RDM 15.5 32 Lin et al. [1980]

95  Holmdel (U.S) 404N 150 7111/7211 K RDM 155 32  Linet al [1980]

96  Holmdel (U.S.) 40.4N 150 7001/7012 K RDM 16.0 32.0 Wilson and Mammel [1973]

97  Palmetto, Ga. (U.S.) 33.3N 290 7306/7506 M RDM 17.8 38.2 Lin et al. [1980]

98  Palmetto, Ga. (U.S.) 333N 290 7606/7706 M RDM 17.8 29.9 Lin et al. [1980]

99  Longmont, Colo. (U.S) 40N 1500 7306/7506 E RDM 17.8 42.6 Lin et al. [1980]
100  Lario (Italy) 46.2N 210 7801/8112 K SAT 17.8 320 CCIR (313-2)
101 Fucino (Italy) 42.0N 680 7801/8112 K SAT 17.8 31.0 CCIR (315-2)
102  Kawasaki (Japan) 35.5N 20 7503/7605 K RDM 18.0 20  Satoh et. al. [1978]
103  Kawasaki (Japan) 35.5N 20 7503/7605 K RDM 18.0 55  Satoh et. al. [1978]
104  Holmdel (U.S.) 40.4N 110 7607/7806 K SAT 19.0 18.5 CCIR (104-4)
105 Holmdel (U.S.) 404N 110  7705/7805 K SAT 19.0 38.6 CCIR (104-5, 6)
106  Tampa (U.S.) 27.6N 20 7901/7912 N SAT 19.0 570 CCIR (111-1)
107  Austin, Tex. (U.S) 304N 239  7810/808 M SAT 19.0 52  CCIR (110-5)
108  Palmetto, Ga. (U.S) 333N 100 7606/7707 M SAT 19.0 29.9 CCIR (109-1)
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TABLE 1. (continued)
Station
Height, Climatic Frequency, Ele-

Number Location (Country) Latitude m Period Zone Method GHz vation Reference
109  Palmetto, Ga. (U.S.) 33.3N 100 7708/7808 M SAT 19.0 49.5 CCIR (109-2)
110  Grant Park, Ill. (U.S)) 414N 100 7607/7706 K SAT 19.0 27.3 CCIR (103-1)
111  Grant Park, Iil. (U.S) 41.4N 100  7708/7808 K SAT 19.0 41.8 CCIR (103-2)
112 Blacksburg, Va. (U.S) 372N 640 7707/8008 K SAT 19.0 45  CCIR (108-10)
113  Blacksburg, Va. (U.S) 372N 640 7707/8008 K SAT 19.0 45  CCIR (108-11)
114  Clarksburg, Md. (U.S.) 39.2N 180 7607/7707 K SAT 19.0 21 CCIR (105-5)
115  Clarksburg, Md. (U.S.) 39.2N 180 7607/7707 K SAT 19.0 21 CCIR (105-6)
116  Clarksburg, Md. (U.S.) 392N 180 7708/7808 K SAT 19.0 41 CCIR (105-7)
117  Clarksburg, Md. (U.S.) 392N 180 7708/7808 K SAT 19.0 41 CCIR (105-8)
118  Clarksburg, Md. (U.S)) 39.2N 180 7808/8009 K SAT 19.0 43.5 CCIR (105-9)
119  Kashima (Japan) 35.6N 40 7804/8203 K SAT 19.45 48  CCIR (604-4)
120 Waltham (U.S) 424N 10 7901/7912 K SAT 19.0 38.5 CCIR (102-4)
121  Waltham (U.S)) 424N 10 7801/7812 K SAT 19.0 356 CCIR (102-3)
122 Tampa (U.S) 27.6N 10 7901/7912 N SAT 19.0 54.5 CCIR (111-2)
123 Yokosuka (Japan) 35.IN 110 7804/7903 M SAT 19.45 48.0 CCIR (608-1)
124  Yokchama (Japan) 352N 20 7804/7903 K SAT 19.45 43.0 CCIR (607-1)

These data are limited to oblique propagation paths
at frequencies of 10 GHz to 20 GHz. In these
measurements, 77 are from measurements using sat-
ellites (SAT), 46 using a radiometer (RDM), and 1
using radar (RDR). The configuration of each
measurement is summarized in Table 1.

For evaluation, the following procedure is adopt-
ed: data obtained over a period of 10 months or
more are selected for examination. Weighting factors
are assigned as follows: 10-21 months, 1; 22-33
months, 2; 34-45 months, 3; more than 46 months, 4.

Observations taken at the same point, but at dif-
ferent frequencies and elevations, are treated as inde-
pendent data.

Rain rate. Every method requires the intensity of
rainfall rate for certain percentages of the time for the
computation of rain attenuation. In order to put the
conditions on a common basis as far as possible, two
types of evaluation are performed: (1) evaluation
using assigned rain data from the CCIR rain-climatic
zone [CCIR Rep. 563, 1982]; (2) evaluation using
experimental rain rate data. In the case of Crane’s
two-component model (A-4), five parameters includ-
ing the probability of the occurrence of strong rain
(cell), and weak rain (debris), and the mean rainfall
rate are necessary for calculations, and these parame-
ters cannot be obtained directly from the usual ob-
servations of rain intensity. Therefore only evalu-
ation (1) is performed using the above parameters for
each climatic zone assigned by Crane [19855].

Measure of evaluation. For evaluating prediction
accuracy, the mean error, AX (%), and standard de-
viation, o,, (%), are used. These parameters are de-
fined as follows:

R 1 N (WX =X
AX = — 2{ (X ""}XIOO(%)
Z i=1 Xmi
i=1 '
BB, W s o o
pi mi [+)
ggl“"('x—f‘ﬁé) e
i=1
where

X,; predicted attenuation for the ith measurement;
X, ith measured attenuation;

W, weighting function of the ith measurement;

N total number of sets of data.

2.3.  Results of evaluation

Prediction discrepancies are evaluated in the fol-
lowing four cases with different conditions for frac-
tion of times of 0.001%, 0.01%, 0.1%, and 1%.

Case 1. All data in the frequency range 10-15
GHz (93 measurements).

Case 2. Data in the frequency range 10-15 GHz
at elevations of 20° or less (12 measurements).

Case 3. Data in the frequency range 10-15 GHz
at elevations of above 20° (81 measurements).
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Results of Evaluation for Existing Prediction Methods: Mean Errors

Time CCIR CCIR Crane-G Crane-2C Morita M& W Lin S&D
Rate, MODI MODF (A-3), (A-4), (A-5), (A-6), (A-7), (A-8),
Case  Condition %  (A-1), % (A-2), % Yo % Yo Yo % %o
I-a f=10-15 GHz 1. 80 12% —34 -20 14+ —-20 —53 —49
Rain rate: 0.1 7 13 1% 3 2 2 14  —1*
CCIR zone 0.01 2% 6t 24 15 10 10 49 16
0.001 4% Tt 85 51 32 32 111 60
1-b f=10-15 GHz 1. 85 15% —171 33 —19 —-35 =30
Rain rate: 0.1 12% 18 —11* 71 12¢ 26 14
measured 0.01 14* 19% 30 e 81 36 61 26
0.001 8* 12§ 57 i 135 92 71 38
2-a f=10-15 GHz 1. 77 7 —67 -9 48 —1* 39 -—-34
Rain rate: 0.1 2% 7 5 12 92 —2% 40 14
CCIR zone 0.01 16* 22 24 46 124 16* 106 23
El < 20° 0.001 40t 54 57 106 187 30* 149 57
2-b f=10-15 GHz 1. 67 2% 0* 50 -9 =31 =24
Rain rate: 0.1 — 2% 31 11 96 11 46 24
measured 0.01 37 a4 367 166 361 130 35%
El < 20° 0.001 (e
3-a f=10-15 GHz 1. 83 15F —57 —29 —14* —-36 —-63 —61 !
Rain rate: 0.1 9 16 —1* -2t 32 4 2t -8
CCIR zone 0.01 —1* 3t 24 10 48 9 39 14
El > 20° 0.001 — 2% 4t 87 48 90 32 110 60
3-b f=10-15 GHz 1. 103 281 — 287 ses 1% =31 -39 -34
Rain rate: 0.1 21 28 11 e 50 of 11 7*
measured 0.01 8* 131 29 el 53 36 44 24
El > 20° 0.001 8* 12¢ 57 135 92 25 38
4-a f=15-20 GHz 1.0 133 42 —-37 1* —41 =39 —44 —40
Rain rate: 0.1 —3% o* -9 —10 8 -3t —-11 -—18
CCIR zone 0.01 —6 —3* 13 —3* 30 16 17 9
0.001 21* 25t 82 50 133 92 65 73
4-b f=15-20 GHz 1. 148 47 27 8* -9t =31 =27
Rain rate: 0.1 16 18 -7t 26 16 —6* —16
measured 0.01 2% 6F 20 o 37 25 28 17
0.001 —23% —21%* 58 95 84 40 49

*Best values.
1Second best values.

Case 4. All data in the frequency range 15-20
GHz (31 measurements).

It should be noted that for some cases a complete
set of data was not available for each fraction of
time, so the total number of data points for each
fraction of time is less than the number of measure-
ments stated above.

Table 2 shows the mean values AX and standard
deviations g, obtained for each of the above predic-
tion methods under each set of conditions cited

above. The asterisks and daggers in the table, respec-
tively, indicate the method which gives the most pre-
cise value (i.e, the smallest discrepancy), and the
method which gives the second best value in a given
fraction of time.

The following is evident from the table:

1. As for the mean value, the CCIR methods (A-1
and A-2) give better precision than the other meth-
ods. The other methods have no particular advan-
tages or disadvantages.
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TABLE 2b. Results of Evaluation for Existing Prediction Methods: Standard Deviations

Time CCIR CCIR Crane-G Crane-2C Morita M&W Lin S&D
Rate, MOD1 MODF (A-3), (A-4), (A-5), (A-6), (A-T) (A-8),
Case  Condition % (A-1), % (A-2), % Yo % % Yo % %
{-a f=10-15GHz 1 159 100 51 66 83 68 3% 39%
Rain rate: 0.1 56 60 58 53% 71 53% 61 54
CCIR zone 001 42% 46 50 45t 63 47 61 52
0.001 66+ 15 85 71 108 60* 99 81
1-b f=10-15GHz 1. 257 151 74 e 116 71 62* 701
Rain rate: 0.1 621 64 64 e 77 Si¥ 62% 63
measured 0.01 451 47 43* it 70 80 56 50
0.001 51% 61 51% 153 89 60 48*
2-a f=10-15GHz L 122 80 52 54 88 61 29% 35%
Rain rate: 0.1 497 62 64 56 84 40* 69 61
CCIR zone 001 39 42 30t 31 56 27 53 39
El < 20° 0.001 1 16 17 23 47 13t 24 17
2-b f=10-15GHz L 72 55 24 23 16* 2%~ 23
Rain rate: 0.1 54% 70 68 e 52% 65 56 63
measured 0.01 67 72 49 sn 6* Tt 62 73
EISZOO 0001 iy e e e
3.a f=10-15GHz 1. 169 106 46 70 80 66 33 40t
Rain rate: 0.1 57 59 58 54% 70 54+ 61 53*
CCIR zone 0.01 42% 46 51 45t 62 49 62 53
El > 20° 0.001 67t 77 86 72 105 61* 101 83
3-b f=10-15 GHz 1. 282 163 80 129 78 68% . 771
Rain rate: 0.1 621 62t 64 80 56* 627 63
measured 0.01 45+ 46 43* e 67 84 56 49
El > 20° 0.001 51F 61 51% 153 89 60 48*
4-.a f=15-20 GHz 1. 208 131 69 108 86 77 54%* 61F
Rain rate: 0.1 41 40 36* 36* 42 39 37 36*
CCIR zone 001 2% 33t 38 28 49 41 44 38
0.001 52% 58 34 57t 61 87 66 80
4b f=15-20GHz 1 410 234 112 146 142 96* 1101
Rain rate: 0.1 60 58 25% e 60 60 26 24*
measured 0.01 50 497 45* S 66 59 62 49%
0.001 37 38 381 160 164 7% .25

*Best values.
+Second best values.

9 As for the standard deviation, one of the CCIR
methods (A-1), Misme and Waldteufel’s method
(A-6), and Lin’s method (A-7), are relatively superior.

3. No significant difference is observed when
rainfall intensity is given by either experimental
values or assigned values from the CCIR rain clima-
tic zones. An accurate prediction is therefore not nec-
essarily guaranteed because measured rain rate data
are used.

4. For methods other than the CCIR methods
(A-3 to A-B), there is a tendency to overestimate the

attenuation for a smaller fraction of time, and under-
estimate it for a larger fraction of time.

5 QOverall, the CCIR methods (A-1 and A-2) give
a more accurate prediction than the other methods.

Focusing on the CCIR method (A-2), the mean
discrepancy for 0.01% of the time using the CCIR
zone rain rate is shown in Table 3. Values in the
table are given for the three areas of E, K, and M
where more than 10 measurements are available.
From this table, the following can be seen:

6. As for the CCIR method (A-2), we can sec the

i
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TABLE 3. Mean Errors of the CCIR Method (A-2) for Three
Kinds of CCIR Rain Climatic Zone
Region
CCIR Climatic Zone E K M
R, 01> mm/h 22 42 63
Mean error AX, % —13 1 14
Number of data 24 38 16

trend that calculated values are likely to be under-
estimated for regions where rainfall intensity is low
(region E), and conversely, overestimated for regions
where rainfall intensity is relatively high (region M).

Moreover, apart from the fact that a good predic-
tion method should give a high accuracy of predic-
tion, it is also said that the simplicity of the model,
physical significance and flexibility are also of prime
importance [Fedi, 1981]. Table 4 compares each of
the various models from this viewpoint (the evalu-
ation may however be influenced to some extent by
the authors’ subjective impressions). From this table,
the following can be seen:

7. The CCIR methods are also the best from the
viewpoint of ease of use. These methods consist only
of simple equations, and in addition, the rain attenu-
ation for any time percentage can be calculated by
using only 0.01% rain rate. In contrast, other meth-
ods require input of the rainfall rate for each fraction
of time, or one set of rain rate data with a different
fraction of time. This demonstrates the superiority of
the CCIR methods.

TABLE 4. Evaluation From the Point of Convenience

Physical
Simplicity Meaning Flexibility Mark*
A-1 CCIR MOD I 3 1 2 13
A-2 CCIR MOD F 3 1 2 13
A-3 Crane-G 2 2 1 11
A-4 Crane-2C 1 3 1 10
A-5 Morita 2 2 1 11
A6 M & W 0 3 1 7
A-7 Lin 2 1 2 10
A-8S & D 2 2 1 11

*Simplicity, x3; physical meaning, x2; flexibility, x 1. Full
mark is 18.
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3. AN IMPROVED PREDICTION METHOD

In the previous section, we have shown that, at the
present time, the CCIR methods are superior to the
other methods, insofar as both prediction accuracy at
frequencies from 10 to 20 GHz and ease of use are
concerned. In this section, we will attempt to devise
an improved method with greater accuracy reflecting
the result of evaluations performed.

Many prediction methods, including the CCIR
methods, depend on the following basic relation:

A =kR°L, dB (1)

where kR* is the specific attenuation (decibels per
kilometer) for a spatially uniform rainfall intensity R
(millimeters per hour) and L, is the effective path
length in kilometers. The effective path length is de-
termined by getting information regarding the verti-
cal and horizontal extent of rain volume (we will
refer to the horizontal extent hereafter as the charac-
teristic length for the sake of convenience).

We therefore consider an improved method using
characteristic length so as to minimize prediction
error.

In the CCIR model, effective path length is given
by

L,=L/(1+ L, cos 8/Lg) (2)

In this equation, L, is the slant path length deter-
mined by the effective rainfall height and the eleva-
tion 6, and L, is the characteristic length of a rain
cell. In the CCIR model, L, is given by a fixed value
of 22.5 km.

If we limit our consideration to a given area, the
size of the rainfall area is generally smaller when the
rainfall becomes very heavy, as in the case of convec-
tive rain (corresponding, for example, to rains for
0.01% to 0.001% of the time), than when it is weak
(e.g., 0.1%). However, regarding the characteristic
length, namely, the size of the rain area for the 0.01%
rain rate, there are not necessarily any well-defined
differences among areas with different climates. As
we described in the previous section, therefore, the

_attenuation can be predicted with a fairly high degree

of precision even if the characteristic length is taken
to be constant, as in the CCIR model.

On the other hand, according to the results of the
analysis in case 6 of the previous section, the charac-
teristic length seems to have a slight dependence on
the 0.01% rain rate itself. Better accuracy may thus
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be obtained by considering the characteristic length
to be smaller for heavy rain areas.
We now assume the relation:

Ly =aexp (—bRyoq) (3)

where L, is the characteristic length for the 0.01%
rain rate, Ry o4

Table 5 shows the mean value and standard devi-
ation of prediction errors for case 1-a in Table 2, as a
function of the parameters a and b in equation (3).
The values of a and b have been chosen such that the
characteristic length is approximately 20 km when
the rainfall rate is about 40 mm/h. In Table 5, the
case where a = 22.5, and b = 0 corresponds to CCIR
model A-2 itself.

From Table 5, it can be seen that the best values
for the mean are obtained for a = 35, b = 0.015,
while better values for standard deviation are ob-
tained for a = 40, b = 0.02. In the latter case, how-
ever, mean error increases when the time percentage
factor becomes larger. In (3) therefore we choose
a = 35and b = 0.015.

Table 6 shows the prediction accuracy of the im-
proved method stated above. (A step-by-step calcula-
tion method is presented in the appendix.) For the
purpose of comparison with Table 2, the asterisks
and daggers have been used to denote the new best
and new second best values among the existing and
proposed methods. As can be seen from this table,
the proposed method gives predicted values which
are considerably better than those of other methods,
and, particularly, the mean values of errors can be
significantly reduced. As for the CCIR method A-2,
there is a trend for the predicted values to be lower
than the experimental values for rainless regions, and

TABLE 5. Prediction Errors of the Proposed Method for Case
1-a as a Function of a and b of Equation (3)

Time Rate, a=22.5, a= 30, a =33 a = 40,

% b=0 b=001 b=0015 b=0.02
AX, % L. 12 1 —4 —10
0.1 13 4 0 -5
0.01 6 2 0 -3
0.001 7/ 5 3 2
alAx, % 1 100 95 93 90
0.1 60 54 51 50
0.01 46 42 40 38
0.001 75 68 63 58
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TABLE 6. Results of Evaluation for the Proposed Method

Time Rate,
Case Condition % AX, % Opxr 0
1-a f=10-15 GHz 1. —4%* 93
Rain rate: 0.1 0* 51%
CCIR zone 0.01 0* 40*
0.001 3% 63+
1-b f=10-15 GHz 1. —2%* 135
Rain rate; 0.1 ¥ 54%
measured 0.01 8* 37>
0.001 % 53
2-a f=10-15 GHz 1 —13 68
Rain rate: 0.1 —12 33"
CCIR zone 0.01 10* 27%
El < 20° 0.001 417 15
2-b f=10-15 GHz 1. —12 33
Rain rate: 0.1 —11 45*
measured 0.01 22% 54
El < 20° 0.001
3-a f=10-15 GHz 1. 3* 98
Rain rate: 0.1 6 52%
CCIR zone 0.01 —2%* 41%*
El > 20° 0.001 1* 641
3-b f=10-15 GHz 1. 13* 146
Rain rate: 0.1 15 53%
measured 0.01 5% 3>
El > 20 0.001 Ths 53
4-a f=15-20 GHz 1. 32 115
Rain rate: 0.1 -5 39
CCIR zone 0.01 -7 32%
0.001 21* 58
4-b f=15-20 GHz 1. 35 195
Rain rate: 0.1 9 51
measured 0.01 —2* 37*
0.001 —21%* 36

*Best values.
tSecond best values.

to be larger for heavy rain regions. In the proposed
method introducing the characteristic length L, as a
function of the 0.01% rain rate, it is possible to elimi-
nate this trend.

As a reference, Figure 1 shows a scattergram of
experimental values and corresponding predicted
values calculated by the proposed method for case a
and case b.

4, CONCLUSION

An evaluation of errors associated with eight exist-
ing methods, including those of the CCIR, for pre-
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Fig. 1. Scattergram of predicted and measured attenuations for
0.01% of the time. (@) Case 1-a; (b) case 1-b.

dicting rain attenuation on oblique (Earth-to-space)
propagation paths was made, based on 124 sets of
data which have so far been reported for frequencies
of 10-20 GHz. The results showed that the CCIR
methods gave relatively high accuracy, although in
this respect there was not such a great difference
from other methods.

As the CCIR methods are very easy to use, we
used them as a basis to attempt to improve the accu-
racy of prediction. The CCIR methods predict values
higher than those of the experimental data for areas
with heavy rainfall, and they tend to give lower

values than the data for areas with low rainfall. The

method proposed here includes a rain size parameter
as a function of the rain rate for 0.01% of the time so
as to minimize the prediction error, and therefore the
method can eliminate the above shortcoming of the
CCIR methods. It was verified that the method thus

obtained gives the best precision, at the present time,
for predicting rain attenuation on Earth-to-space
propagation paths at 10-20 GHz.

Most prediction methods, including the proposed
one, assume a single volume for falling rain, but actu-
ally there must be two types of rainfall: convective
rain (cell), and stratified rain (debris). The Crane’s
two-component mode A-4, wherein these two types
are mixed together, is therefore quite persuasive. The
fact that the Crane’s two-component model does not
necessarily give better results than the other methods
may be due to the difficulty of assigning rainfall pa-
rameters (e.g., probabilities of occurrence and mean
rainfalls, for cell and debris). In other words, it is
probably largely due to the difficulty of determining
accurate parameters,

Further, as most of the data obtained up to now
consist of measurements in middle latitude regions at
relatively high elevation angles, the prediction of at-
tenuation for propagation paths with low elevations
or in equatorial regions with heavy rainfall, has not
yet been fully evaluated. This task remains to be ac-
complished when sufficient new data beome avail-
able.

APPENDIX: STEP-BY-STEP-CALCULATION
PROCEDURE OF PROPOSED METHOD

Step 1. Identify the one-minute rain rate of the
site for 0.01% of the time, R,,, (mm/h), from
measurements, otherwise CCIR rain climatic zone
data. '

Step 2. Calculate the specific attenuation, A,
(dB/km) given by

A, =kR% o,

k, o are given in Rep. 721 of the CCIR.

Step 3. Calculate the slant path length, L,, as a
function of elevation angle, 0, and altitude of the site,
H,;

S

L=(H-H)sng 03z10°

where H is effective rain height given by
H=4(km) 0°<¢=<36°

H=4-0075p —36) ¢ > 36°

and ¢ is latitude of the site. When calculating
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8 < 10°, more exact formulation should be employed
(CCIR 564-2).

Step 4. Calculate the characteristic length of the
rain size for 0.01% of the time, Ly,

L, = a exp (—bRg.01)

where a = 35 and b = 0.015.
Step 5. Calculate the effective path length, L,

L,=L,/1+ L;cos 6/L,)

Step 6. Calculate the rain attenuation for 0.01%
of the time, 4, o, (decibels),

AO.UI = As Le

Step 7. Calculate the rain attenuation for p% of
the time, 4, (decibels),

= ~(0.546+0.043
A =1024) 5 p7 0340 log )

for0.001 = p < 1.
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