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Multiyear Slant-Path Rain Fade Statistics at 28.56 and 19.04 GHz 

for Wallops Island, Virginia 

Abstract 

Multiyear rain fade statistics at 28.56 GHz and 19.04 GHz 

have been compiled for the region of Wallops Island, Virginia 

covering the time periods, 1 April 1977 - 31 March 1978, and 
1 September 1978 - 31 August 1979. The 28.56 GHz attenuations 

were derived by monitoring the beacon signals from the COFSTAR 

geosynchronous satellite, D2, during the first year, and satel- 

lite, Dj, during the second year. Although 19.04 GHz beacons 

exist aboard these satellites, statistics at this frequency 

were predicted using the 28 GHz fade data, the neasured rain 

rate distribution, and effective path length concepts. The pre- 

diction method used was tested against radar derived fade distri- 

butions and excellent comparisons were noted. For example, the 

nns deviations between the predicted and test distributions were 

less than or equal to 0.2dB or 4% at 19.04 GHz. The average 

ratio between the 28.56 GHz and 19.04GHz fades were also derived 

for equal percentages of time resulting in a factor of 2.1 with a 

- 3 5  standard deviation. These were compared with ratios derived 

from distributions measured at other locations and similar values 

near 2.0 were also observed. 

Comparisons are made of yearly, monthly, and time of day 

fade statistics for the first, second and combined years. 
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Although considerable year to year variations in exceedance 

times exist for the monthly and time of day fade statistics, 

the overall fade distributions for the individual years showed 

relatively small differences. For example, comparing the second 

year fades relative to those of the first year at equal percen- 

tages of time, less than 20% rms deviation was found. 

The year to year variations of rain rate distributions 

are also examine6 and show consistently small differences. The 

resultant fade distributions at 28 -55  GHz and 19-04 GHz for 

Wallops Island, Virginia are compared with those arrived at 

using a prediction method which is a recent refinement of the 

C.C,I.R. global model, and rms deviations of less than 148 and 9% 

were noted at the respective frequencies, 

1.0 Introduction 

As future earth-satellite communications systems are being 

planned at frequencies above 10 GHz, the designers of such systems 

desire a knowledge of rain fade statistics for establishing link 

transmitter and receiver parameter requirements. In particular, 

they are interested in fade statistics established from meaning- 

ful data base; namely those calculated over a multiyear data 

period (1). They are also interested in the year to year var- 

iations of these statistics for purposes of establishing margins 

of uncertainties in their design criteria. 

In this report we describe fade statistics derived from the 

monitoring of a 28.56 GHz beacon signal emanating from the COMSTAR 

geosynchronous satellite (2) over twc non-contiguous years. These 
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d a t a  w e r e  acquired a t  t h e  SPANDAR site a t  t h e  NASA f a c i l i t y  a t  

Wallops I s l and ,  V i rg in i a  (37' 51' 16.8" N. l a t i t u d e ,  75" 30'  48.4" 

W. l ong i tude ) ,  approximately 180 km S.E. of  Washington, D. C.8 

off t h e  m i d - ~ t l a n t i c  coas t .  

The r e s u l t s  a s soc i a t ed  wi th  t h e  f i r s t  y e a r ' s  d a t a  base 

(1 Apr i l  1977 - 31 March 1978) w e r e  p rev ious ly  descr ibed  by 

Goldhirsh (3) .  We examine here  t h e  mul t iyear  v a r i a t i o n s  asso- 

c i a t e d  wi th  t h e  f i r s t  and second yea r ' s  d a t a  base (1 September 1978- 

31 August 1979),  as w e l l  as t h e  combined yea r s  r e s u l t s .  Spec i f i -  

c a l l y ,  t h e  yea r ly  v a r i a t i o n s  of t h e  yea r ly ,  monthly, and t i m e  of 

day fade  d i s t r i b u t i o n s  as w e l l  a s  t h e  yea r ly  v a r i a t i o n s  of t h e  

r a i n  ra te  d i s t r i b u t i o n s  a r e  presented.  

Sources a t  19.04 GBz were a l s o  on board t h e  COFSTAR s a t e l -  

l i tes. As no r e c e i v e r  was a v a i l a b l e  a t  t h i s  second frequency, 

t h e  corresponding fade s t a t i s t i c s  were pred ic ted .  The predic-  

t i o n  nethod used is  t e s t e d  a g a i n s t  r ada r  der ived  fade d i s t r i b u -  

t i o n s  a t  28.56 and 19.04 GEz. Fade r a t i o s  of t h e  28  t o  19 GHz 

l e v e l s  a r e  a l s o  examined a t  equa l  exceedance t i m e s  and t h e  ave- 

rage ra t - .o  is  compared with  those  d e r i v e s  from the  r e s u l t s  of 

o t h e r  i n v e s t i g a t o r s .  

2.0 Expe r i r en t a l  Aspects 

2 . 1  General 

As t h e  d e t a i l s  of t h e  experimental  system have, f o r  t h e  most 

p a r t ,  kcen previously  descr ibed ( 4 ) ,  t h e  fol lowina r ep re sen t s  only 

a  b r i e f  review. I n  add i t i on ,  a desc r ip t ion  of some modif icat ions  

a r e  given. 
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The genera l  experimental  conf igura t ion  a t  Wallops I s l a n d ,  

V i rg in i a  is  depic ted  i n  Fig. 1. During t h e  f i r s t  yea r  per iod ,  

t h e  rece iv ing  antenna po in ted  i n  t h e  d i r e c t i o n  of s a t e l l i t e  D2 

(95'  W longi tude)  wi th  an azimuth and e l e v a t i o n  of 210.0" and 

41.6O, respec t ive ly .  During t h e  second year ,  t h e  r ece iv ing  

antenna pointed towards t h e  satellite, D3 (87'  W longi tude)  wi th  

an azimuth and e l e v a t i o n  of 198.3O and 44.5", r e spec t ive ly .  The 

switch t o  t h e  second sa te l l i t e  w a s  a r e s u l t  of t h e  beacon tu rnof f  

A phase lock loop r ece iv ing  system (beamwidth = 0.4" an6 

dynamic range = 30dB) monitcrs t h e  28.56 GHz beacon s i g n a l  con- 

t inuously .  During t h e  second year  pe r iod ,  a Faraday r o t a t o r  

swi tch had been loca t ed  a t  t h e  r e c e i v e r  antenna feed and c r o s s  

po la r i zed  s i g n a l  levels a t  28.56 GHz were a l s o  sampled continu- 

ously.  The c r o s s  po la r ized  s i g n a l s  are being monitored t o  s tudy 

t h e  in-luence of high a l t i t u d e  ice c r y s t a l  depo la r i za t ions  which 

may occur dur ing per iods  of l i t t l e  o r  no r a i n f a l l  ( 5 ) .  This  type 

of  cross p o l a r i z a t i o n  i s  p re sen t ly  being reduced and analyzed and 

w i l l  be considered i n  a l a t e r  r epo r t .  Located nearby (1.57 m away) 

is a high r e s o l u t i o n  S Band r ada r  which measures t h e  r a i n  r e f l e c -  

t i v i t y  along t h e  e a r t h - s a t e l l i t e  pa th  f o r  purposes of t e s t i n g  

r ada r  methods f o r  es t imat ing  s l a n t  pa th  r a i n  a t t enua t ion  ( 4 ) .  The 

radar  which has a frequency of 2 .84  GHz, peak power of l o 6  watts 

and pulsewidth of 1 psec,  monitors the r a i n  r e f l e c t i v i t i e s  a t  

contiguous pu lse  volunes wi th  a range r e so lu t ion  of 150 m. The 

r e s u l t s  pe r t a in ing  t o  t h e  r ada r  es t imat ion  of s l a n t  pa th  a t tenua-  

t i o n  have been previously  descr ibed ( 4 )  and f o r  t h e  most p a r t  i s  

not  considered here. 
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Also located nearby (within 10 m away) is a disdrometer- 

raingage system which measures drop size spectra and rain rate, 

respectively ( 6 ) .  These measurements are used as inputs for 

the radar estimation methods of slant path attenuation. They 

are also employed for the estimation of the cumulative fade 

distribution at 19.04 GHz as described in Section 5. 

Measurement and Recording Systems 

Because many different measurements of data are simultan- 

eously made, a minicomputer system was placed on-line during the 

second year period to efficiently handle and record these data. 

A block diagram describing the overall neasurement and recording 

system is depicted in Fig. 2. 

The incoming co-polarized signal passes through a Faraday 

switch, is down-converted in the front e n 2  unit and the I.F. 

(1.05 GHz) passes to a phase locked loop receiver. The receiver 

output (0 to 5 volts) feeds into an A/D unit-switching interface 

which injects the Sigitized receiver levels into an on-line HP 

9825 minicomputer where it is sampled and recorded on magnetic 

disk. The switching interface also periodically transmits a 

current pulse to the Faraday switch which enables the cross 

polarize2 signal to pass into the receiver with negligible in- 

sertion loss while isolating the co-polarized signal (isolation 

being approximately 25 dB) . Both co and cross-polarized signal 
levels are recorded on magnetic disk at a sampling rate of once 

per two seconds. 
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The disdrometer d a t a  a r e  a l s o  s inu l taneous ly  monitored 

and recorded on magnetic d i s k  ( 7 ) .  I n  addi t ion ,  r a i n  r a t e s  

frmt two t ipp ing  bucket raingages,  one with  a enlarged funnel  

f o r  improving t h e  time re so lu t ion  of smal ler  r a i n  r a t e s ,  are 

recorded on t h e  magnetic disk.  Time i s  a l s o  recorded per!-od- 

i c a l l y  from an i n t e r n a l  cloc': i n  tne  minicomputer. Receiver 

d a t a  may be recorded continuously f o r  a per iod of 65 hours on 

each d isk  s ide .  Receiver system c a l i b r a t i o n s  a r e  performed by 

in j ec t ed  23-56 GHz s i g n a l  l e v e l s  through t h e  f r o n t  end and these  

are a l s o  recorded on a d i s k  an6 are l a t e r  recal le t !  f o r  re3uct ion 

and ana lys i s  of t h e  data .  

3.0 Cumulative Fade Dis t r ibu t ions  

Yearly =d Combined Years Di s t r ibu t i cn  

In  Fig. 3 are given t h e  fade d i s t r i b u t i o n s  for t h e  f i r s t ,  

secon6, and combine6 years  d a t a  bases. The fades range from 3 

t o  28 dB and t h e  exccedance times range a ~ p r o x i m a t e l y  iron! 1% 

(87.6 hours) t o  .04% (3.5 hours) .  Pbove 25 d B ,  t h e  fade sta- 

tistics appear noisy (exceedance t i n e s  smal ler  than 5 hours) .  

Althoagh the  two year ly  d i s t r i b u t i o n s  are c lose  t o  one another,  

t h e  second yea r ' s  exceedance times are scmewhat l a r g e r  than the  

f i r s t  up 'to 25 dB. The average r a t i o  of percentzges down t o  

25 dB is 1.20 (average of l a r g e r  percentages divided by smal ler  

ones) and the  nns devia t ion  between the  two year ly  d i s t r i h t i o n s  

is  2 dB o r  18% r e l a t i v e  t o  t h e  f i r s t  yea r ' s  fade l e v e l s .  
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3.2 Comparison of 28.56 and 19.04 G H z  Fade Distributions 

In fig. 4 are plotted both the 28.56 GHz measured distri- 

bution (comb~ned years) as well as the estimated 19.04 GHz one. 

As mentioned, the method by-which the 19.04 GHz distribution is 

calculated is described in Section 5. We note the lower frequency 

distribution ranges in fades ktween 1.3 to 12.6 dB over the same 

probability interval that the 28.56 GHz distribution ranges in 

fazes tetween 3 and 25 a. The average ratic of the 28.56 GBz 

fades to the 19-94 G E z  fades calculated over a number of fixee 

probability levels was found to be 2.12 with a stzndzrd 8eviation 

of 0.05 (see Table 1). The results cf Goldhirsh in Tzble 1 were 

calculate6 by the foll-ing two methds: (I) from the measured 

and estinated distributions at 28.56 and 19.04 GHz, respectively, 

over the two year period, and (2) by ccnsiderinq raCar derived 

fade distributions at 28.56 2nd 19.04 GBz (as described in Sec- 

tion 5 ) .  

In Table 1 are also given shilar ratios calculated from 

the results of ether investigators for the same fade interval. 

The similarity of the ratio among the various investigator 

attests to the relative invariance of this ratio with drop size 

distribution (3). It is interesting to note that the calculate2 

ratio is similar to that obtained by Drufuca (8) for the range 

11.2 to 18.7 GHz;  namely, 
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Table 1 Ratios of A2g/A19 as arrived at from 

results of various investigators over the 

same fade range ( 3 to 25 dB). 

* r 

Location and Period 

Clarksburg, Ed. 
6/76 to 1/77 

Palmeto, Ciorgia 
6/77 to 7/77 

Crawford Eill, N.J. 
5/77 to 5/78 

Wallops Island 
4/7?-3/78 
9/78-8/79 

Wallops Island 
summer 77 
fall winter 78-79 

Blacksburg, Va. 
1977 - 1979 
(14 months, 
intermittent) 

E.D. 

-09 

-12 

-07 

-05 

-13 

0.66 

t 

Investigator 

Harris and Hyde ( 9 )  

Ber-ann (10) 

Cox et a1 (11) 

Goldhirsh 
measured 28.56 GRz 
estinated 19.04 GHz 

Goldhirsh 
(radar data base) 

C. Bostion 
(Private Communication) 
December 10, 1979 

'*28/*19' avq 

1.92 

1.94 

2.18 

2.12 

2.08 

2.17 
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where A2 and A1 are the fades at the respective frequencies, 

il and f2, ior any given probability level. We observe that 

AZ/Al = 2.01 for the frequencies of 28.56 and 19.04 GHz, re- 

spective ly. 

3.3 Approximation to the Lcg Normal Distributicn 

In Fig. 5 are plotted the overall 28.56 and 19.04 GEz data 

points for the kulative distribution on a log-normal scale; 

the ordinate and abscissa having Ga~ssian and logarithmic scales, 

respectively. The solid and dashed straight lines represent 

fitted log-normal distributions down to -08% and .05%,  respec- 

tively (17 and 27 dB at 28.56 GHz). We note from the table in 

Fig. 5 that the data points for the former and latter cases for 

both frequencies deviate from their log normal estimates by 

less than 5% and 12% (peak) and 3% and 7% (rms), respectively. 

These results are consistent with the contention of Lin 

(12) that, because the rain attenuation at any instant of time 

is multiplicatively affected by a large number of random time 

varying parameters of the environment, the central limit 

theorem applied to this characteristic leads to the lognom,al 

distribution of the rain attenuation. It is shown in Section 

4 that the rain rate distribution also gives an excellent 

lognormal fit; probably for similar reasons (Fig. 13). 
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3.4 Monthly S t a t i s t i c s  

I n  Figs. 6-8 a r e  p lo t t ed  t h e  monthly fade d i s t r i b u t i o n  

f o r  28.56 GHz (combined da ta  base) where t h e  o rd ina te  repre- 

sen t s  the percentage of t h e  month the  a t tenuat ion  exceeds t h e  

abscissa.  For 10 dB and g rea te r ,  August is observed t o  have 

t h e  l a r g e s t  exceedance times and hence represents  t h e  "worst" 

month f o r  a l l  fades g r e a t e r  than 10 dB. As matter  of f a c t ,  

upon superimposing a l l  t h e  d i s t r i b u t i o n s  on a s i n q l e  page, we 

note t h a t  t h r e e  groupings of d i s t r i b u t i o n s  e x i s t .  The l a r g e s t  

exceedance t i m e s  occur from May through August, intermediate 

times occur during October, December, Januzry and March, and 

minimum leve l s  e x i s t  i n  February, April  and September. 

The year t o  year  va r i a t ions  f o r  the  monthly faOes a r e  de- 

p ic ted  i n  t h e  histogram i n  Fig. 9; t h e  v e r t i c a l  scale represent ing 

the  percentage of time of month given threshold l e v e l s  of fade,  

Aq. 
a r e  exceeded. The threshold l e v e l s  a r e  5dB (white) ,  15dB 

(cross  hatch t o  r i g h t )  and 25dB (cross  hatch t o  l e f t ) .  The absc issa  

represents  the  corresponding month of the  year where t h e  numbers, 

1, 2 and 3 denote t h e  r e s u l t s  corresponding t o  t h e  f i r s t ,  second, 

and combined years ,  respect ively.  One may no t i ce  from examining 

an overview of t h e  e n t i r e  histogram t h a t  a general  enhancement 

of the  exceedance t i n e s  e x i s t  from May through August a t  t h e  

higher fades. A s  a matter of f a c t ,  a t  a 15dB threshold . leve1,  

May through August have exceedance times f o r  t h e  combined years  

which are approximately more than double those of the  o ther  8 

months. 
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Fade depth, dB 

Figure 7. !Ionthly cumulative fade distributions for cornbined 
(>lay-Augus t) . years 
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W e  a l s o  note  t h a t  cons iderab le  year  t o  yea r  v a r i a t i o n  

exists. S i x  of t h e  twelve months have exceedance times which 

d i f f e r  b- nore  than a f a c t o r  of 2 when comparing t h e  f i r s t  

and second yea r s  a t  t h re sho lds  of 15  dB and g r e a t e r  (February,  

Apr i l ,  J u l y ,  September, November, and December). 

3.5 Time of Day S t a t i s t i c s  

I n  Fig. 10 a r e  given t h e  fade d i s t r i b u t i o n s  a t  28.56 GHz 

using t h e  combined d a t a  base f o r  6 contiguous time s l o t s  of  

four  hours each. The o rd ina t e  represen t h e  percentage t i m e  

of yea r  t h e  abscissa l e v e l s  of f ades  a r e  exceeded, where t h e  

i nd iv idua l  t i n e  s l o t s  are i n  GMT; EST a t  Wallops I s l and ,  

Vi rg in ia  being 4 and 5 hours e a r l i e r  during t h e  summer and 

win te r  mozths, r e s p e c t i v e l y  (i .e. ,  t h e  d i f f e r ence  being due t o  

day l igh t  saving t i m e ) .  W e  note  t h a t  a t  fades  of 12 dB and 

g r e a t e r  thc. d i s t r i b u t i o n s  s epa ra t e  i n t o  3 groupings. The 

grouping with  t h e  h ighes t  exceedance times (more than double 

t h e  o t h e r  groupings) have 3 contiguous t i m e  s l o t s  which range 

from 1600 t o  0400 GMT (noon t o  midnight, EST, f o r  t h e  summer 

pe r iod ) .  

I n  Fig .  11 is  given a histogram dep ic t ing  t h e  year  t o  year  

v a r i a t i o n s  of t h e  exceedance t i m e s  a s  a func t ion  of t h e  timz of 

day. The v e r t i c a l  s c a l e  r ep re sen t s  t h e  percentage of t h  e a r ,  

t h e  a t t enua t ion  exceeds t h e  th reshold  l e v e l  A where tl.2 i nd i -  
9 

ca ted  nomenclature is  t h e  same a s  i n  F ig .  9.  The s i x  t i m e  s l o t s  

of fou r  hours each (GMT) are qiven along t h e  ho r i zon ta l  ax i s .  

An overview glance a t  t he  histogram a l s o  d e p i c t s  t h e  ex i s -  

tence of l a r g e r  exceedance times during t h e  per iod 1 6 0 0  through 

0400 a t  threshold l e v e l s  of 15 dB and g r e a t e r  f o r  t h e  combined 

year  case.  
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Figure 1 

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 

Fade depth, d B  

0. Cumulative fade distributions over conbined years p 
for 6 contiguous t h e  slot i~tervals (GMT). 
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Considerable year to year variation i s  observed a t  +he 

respective time slots. W e  note that upon comparing the first 

and second year, 3 out o f  the 6 time slots have exteedance 

tbes which differ by more than a factor o f  2 (12-16, 16-20, 

and 20-24 hr GMT). 
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4.0 Rain Rate Statistics 

In Fig. 12 are given the rain rcte distributions measured 

during the first (triangular data points), the second (circular 

Cata points) and combined years (solid points). The combined 

year's distribution ranges from .7S5 at 4 W h r  to -30125 at 

190 W h r .  Beyond 100 &hr the data becomes increasingly noisy 

(exceedance times <.0035% or 18 minutes). 

We note that the first =d second year's distributions are 

similar to one another; the second year's exceedance times being 

slightly larger than the first year's distribution cp to a rain 

rate of 40 mr;l/:zr. At larger rain rates, the curves cross over an6 

the first year's exceedance times are slightly larger. These 

results are consistent with the yearly fzde distributions de- 

picted in Fi3. 1; the second year's exceedance times being only 

slightly larger thcn *ost of the first year's up to a fade of 

approximately 25dE, beyond which the curves cross over. 

It is interesting to note from Fig. 13 that the combined 

year rain rate gives an excellent fit with a log nornal distri- 

bution down to 10C mm/hr; the rms ane peak deviation being less 

than 4% and lo%, respectively. 

In Fig. 14 we examine how the two years of monthly rainfall 

compare with the average monthly rainfall during a period of 26 

to 30 years. Shown in this figure are the average rainfalls 

(centered horizontal dash) and the respective - + standard devia- 

tions for each of the months (upper and lower horizontal dashes). 

Thase curves were deduced from the results supplied by the U.S. 
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0 1 April 1977 - 31 March 1978 
0 1 Sept 1978-31 A u ~  1979 
A Combined 

190 

180 

ol I I I I I 1 I i 1 i I I 
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 

Month of Year 

F i g n r e  14. Lon9 terz a v e r a q e  ~ o n t k l y  raicfzll ?.+ith ressec t i -~e  - - 
s t a n d a r d  d e v i a t i o n s  a t  i < a l l o z s  I s f m d ,  T:irginia ( cen te r  
dash linos re?resent t h e  a v e r a g e s  an2 tks exzrene Sash 
Lines Zenote  t?Le + s t a n d a r 2  d e v i a t i s ~ s ) .  The Cata ? o i n t s  - d e n o t e  t h e  1st ( c i r c z l a r ) ,  2nd ( s q z a r e )  and c o ~ i b i n e d  ( t r i -  
a n g u l z r )  a o ~ t h l y  r a i n f a i l .  (3ata o b t a i z e d   fro^ t h e  Y .  S .  

C Yavy a ~ d  L. S .  >:ea=her S e r c i c e  - o r  t h e  X a l l o ~ s  S t z t i o n . )  
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Navy and U.S. Weather Service for the Wallops Station. Also 

shown, are the total rainfalls over the first (circular data 

point) and second year (square data point) as well as the com- 

bined years (triangular points). It is interesting to note 

that August, the "worst" fade month, shows the largest average 

rainfall as well as the largest standard deviations. 

We also observe that when the indiviaual yearns rainfall are 

taken by themselves they are not representative of the lon5 term 

average monthly rainfall. For example, during the first znd 

second year, the individual rainfalls are outside the vertical 

lines (depicting the average with the plus and mincs standard 

deviations) 5 out of 12 months, and 6 out of 12 months, respec- 

tively. When the two years are, however, averaged together, 

the combined months rainfall are within or border those of the 

average month in 10 out of 12 cases (triangular points), thus 

2emonstrating the necessity for acquiring data over a multiyear 

period. 
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5.0 Predict ion of t h e  Fade Dis t r ibut ions  a t  19.04 GHz 

In this sec t ion  we  review and t e s t  t h e  formulation f o r  

predict ing t h e  fade s t a t i s t i c s  a t  a second frequency, given 

a knowledge of  the  d i s t r i b u t i o n s  of t h e  fades a t  a f i r s t  

frequency and of the  r a i n  r a t e s .  

5.1 Effec t ive  Parameters 

The pa th  a t tenuat ion  a t  a frequency, f, a t  any f ixed  

percentage, P ,  is assumed given by t h e  r e l a t i o n ,  

b A ( f )  = a R L e  [dB] 

where R is  t h e  ground measured r a i n  r a t e  (=/hr) a t  t h e  percentagez 

P, ae is t h e  e f f e c t i v e  path lengths (km) over which a uniform R 

gives A ( f ) .  Also, a and b a r e  empirical  parameters which a r e  

primarily frequency and drop s i z e  d i s t r i b u t i o n  dependent. Con- 

s ider ing  r e l a t i o n s  sf the  form (2 )  a t  28-56 and 19.04 GHz a d  

dividing t h e  former a t tenuat ion  by the  l a t t e r ,  w e  a r r i v e  a t ,  

where, 
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and where the subscripts denote the defined parameters at the 

respective frequencies. It is tacitly assumed in the deter- 

mination of ( 3 ) ,  that the effective path length is frequency 

invariant, at least over the frequency interval of 19 to 28 GHz. 

They therefore cancel out in the ratio. 

In Table 2 are given the calculated parameters, a, and fl 

employing from the tabulztions of Olsen et a1 (13) for the 

EIarshall-Palmer distribution (14) and Joss distribution for 

thunderstorm (15). Also qiven are the calculated parameters 

derived from the best fit regression relationships derived from 

drop size spectra, measured at Wallops Island, Virginia,(here- 

after referred to as the PPL distribution). These data were 

derived from 5 rain days during the summer of 1977 and 5 rain 

days during the fall-winter of 1978-79 (17 hours of disdrometer 

data) (4,16). 

We note that the values of a or 0 for the three cases are 

very similar even though the drop size spectra corresponsing to 

the Joss and Marshall-Palmer distributions are very 5uch dif- 

ferent. We also observe from the smallness of the quantity, 6, 

for all the cases, a minimal dependence on rain rate. 

These results are consistent with the notion that the ratio 

of attenuations at frequencies not too widely displaced are rela- 

tively invariant to drop size spectra as theoretically denon- 

strated by Goldhirsh ( 3 ) .  
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5.2 Testing of the Various Empirical Relations 

In Fig. 15 are plotted radar derived fade distributions 

(solid points) at 28.56 and 19.04 GHz obtained from 17 tours of 

radar data over the same period that the drop size spectra were 

measured at Wallops Island, Virginia. These fade distributions 

were derived by converting radar measured rain reflectivities 

along the earth-satellite path to partial attenuation contribu- 

tions and summing to obtain the integrated path attenuations at 

any instant of time (4, 16). 

The ordinate in Fig. 15 represents the percentage of the 

total observation time (17 hours) in rain that the abscissa 

values of attenuations are exceeded. The radar derived distri- 

butions are given by the solid curves and these are assumed to 

be the tzue or test distributions. Confidence in these distri- 

butions was established by comparing the 28.56 GEz case with the 

directly measured beacon distribution over the same time period, 

resulting in an approximate 1 dB rins deviation (4, 16). 

Shown in the vicinity of the solid curves are circled 

points denoting predicted levels using the form (3). Hence, the 

circular points for the 19.04 GHz case were obtained using the 

radar derived fade Zistribution at 28.56 GHz (solid curve), the 

measured rain rate distribution (at equal percentages) over the 

sane period (not shown) and the disdrometer derived results in 

Table 2. Similarly, the circular points at 28.56 GHz were obtained 

using the radar derived 19.04 CHz fades. The proximity of the 

predicted and radar derived distributions demonstrate the ability 
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1 0 2 , ~ , ~ 1 1 1 1 1 , 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1  
9 - - 
8 r  Note: 

Frequency rrns Deviation trorn predicted 
(GHz) 

APL M - P  JOSS A28/A,g = 2.08 

dB % dB 96 dB % dB ?6 

19.04 0.2 3.8 0.2 3.3 0.8 7.7 0.3 5.5 

L 
28.56 0.5 3.9 0.5 3.6 1.4 6.9 0.6 6.0 

Attenuation (dB) 
Figure 1 5 .  4adar dsrived conditional fade Zistributions (solid 

points) compared with predicted levels (circled saints). 
RaZar data covers 17 hours of rainfail during 3 surrmer 
and 5 winter rain 3ays.  



Page Thirty Six 

to predict up or down in frequency. In Fig. 15 is given also 

a table co~paring the various rms deviations for other distri- 

butions. We note that the rms deviations for the APL, M-P, and 

Joss cases are less than 4%, 4%, and 8%, respectively, when corn- 

paring the predicted an2 test distributions at both frequencies. 

As previously mentioned, the average ratio of attenuation 

cf the radar derived levels resulted in the factor 2.08 with a 

standarz ~eviztion of 0.13 (Table 1) . When this factor is 

used to either predict up in frequency ( 2 8  GEz) using the 19 GHz 

distribution or dorm (19 GEz) using the 28 GHz distribution, ras 

uncertainties of 6% and less are noted (see table in Fig. 15) . 
F?e thus note that all of the above predictions give very 

respectable asreement with the test distributions; demonstrating 

quantitatively that the ratio cf attenuation is relatively in- 

variant to drop size spectra. 

Because of the excellent zgreenent in Fig. 15, the 19.04 GHz 

fade distributioc for the overall data base was derived usinq the 

relationship (2) in conjunction with the PPL parameters in Table 

2, the combined fade distribution at 28.56 GBz (Fig. 2), and 

the o.~erall rain rate distribution (Fig. 12). 
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6.0 Comparison wi th  Refinement of C.C.I.R. Global Model 

In  t h i s  s e c t i o n  w e  compare t h e  cumulative d i s t r i b u t i o n s  

i n  Fig. 2 wi th  those  p red ic t ed  using a refinement ( 1 7 )  of t he  

g loba l  model developed by Crane (18 ) .  The former C.C.I.R. 

model ( 1 9 )  d iv ided  t h e  world up i n t o  5 c l ima to log ica l  regions  

a s  opposed t o  8 r e g i ~ n s  f o r  t h e  re f ined  case .  I n  t he  p red ic t i on  

model used ( l 8 ) ,  t he  U . S .  is  divided up i n t o  5 regions;  Wallops 

I s land  being c a l l e d  re.gion D (Cont inen ta l ) .  Region D is  

f u r t h e r  subdivided up i n t o  3 subragions ( D l ,  D 2 ,  and Dj) t o  

b e t t e r  descr ibe  t h e  c l i m a t i c  v a r i a t i o n s .  Each region o r  sub- 

regi+.,n has a s soc i z t ed  wi th  it a  designated r a i n  r a t e  d i s t r i b u -  

t i o n s  deduced from a v a i l a b l e  experimental  da t a .  

In  Fig. 16 a r e  dep ic ted  r a i n  r a t e  d i s t r ib r? t io r l s  (snoot11 

curves) f o r  regions  Dj (south of Wallops I s l p l d )  and D, ( reg icn  
L 

of V?allops I s l a n d ) .  The do t t ed  cltrve r e7 re sen t s  t h e  meas-:re?, 

d i s t r i b u t i o n  using t h e  combined two year  da t a  5ase f o r  Kallops 

I s l and ,  Vi rg in ia .  W e  note  t h a t  f o r  r z i r  r a t e s  up t o  SOm/hr 

the d i s t r i b u t i o n  l i e s  between curves D2 and D 3 ' A t  higher  

va lces ,  t h e  Wallops d i s t r i b u t i o n  exceeds those  of D3. According 

t o  the  g loba l  mode, a  fade a t  28.56 GHz of 2 7  d B  (approximate 

upper value :aeesured a t  Wallops Islanl) corresponds t o  an ei- 

f e c t i v e  r a i n  r a t e  of 23mm/hr ( . 0 4 5 % ) .  A s  noted i n  Fiq.  1 6 ,  

r e l a t i v e l y  c lo se  agreement e x l s t s  between t h e  q loba l  model and 

t h e  measured S i s t r i b u t i o n  of r a i n  r a t e s  up t o  t h i s  upper v a l ~ e  

of 23mm/hr. 

I n  Fig .  17 are given t h e  comparisons of t he  g loba l  rncdel 

fade d i s t . r ibu t ions  wi th  those  obta ined f o r  Wallops I s l a n d ,  Vi rq in ia .  
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100- ' 1 1 1 ,  1 1 , 1 1 1 1 1 1 1 , 1 1 1 1 1 1 1 ~  
9 - - 
8 - - 
7 - - 
6 - - 
5 - - 
4 - - 

Global model (f = 28.56 GHz) 
3 -  - 

2 - - 

10-1 - - 
9 - - 
8 - - 
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( f  = 19.04 GHz) 
5 - 
4 - 

4 1 April 1977 - 31 March 1978 
3 - 1 Sept 1978 - 31 Aug 1979 - 

Deviation from global model 

2 - 
F req. rms Peak 

(GHz) d 8 96 % 

19.04 0.7 8.8 13.6 

29.56 1.6 13.7 19.7 

Fade, dB 

,re 17. Con?arisor: of caiiulative faze 2is=ribdtior.s f o r  Xal 
Island, V i r g i n i a ,  with those 3reeitte2 u s i n ?  t?.e gl 
coBe1 (18). 
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We note that agreement is re la t ive ly  g o d ;  the peak deviations 

over the fade range shown are less than 20% and 14% f o r  28.56 

and 19.04 GHz, respect ively,  and the ms deviations are less 

than 9% and 1 4 % .  In calculating the predicted curves, the 

mcuie l  rain rate  for  region D2 was used (18) . 
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7.0 Sunuuary and Conclusions 

Multiyear rain fade statistics at 28.56 GHz and 19.04 GHz 

are presented here for the climatological region of Wallops 

Island, Virginia. These results are important for designers 

of earth-satellite communication's systems who require reliable 

fade statistics for establishing link-margin requirements, Re- 

liable statistics may be compiled only through the examination 

of multiyear data bases. For example, Crane (1) showed that 

at least two or nore years are generally required to achieve 

a meaningful fade distribution down to -01% of the time with a 

reasonably small standard error (less than 10%). 

In this work, fade stotistics are given which provide the 

communicator with yearly cumulative fa6e distzibutions as well 

as " t i m e  of day" and "month of year" face statistics. This 

latter information is usefgl for ascertaining diurnal and 

monthly power demands for systems employinq variable trans- 

mitter power capabilities. 

The salient results of this work are as fo1lok;s: 

1) The fade distribution characteristics show thzt 

exceedznce times of approximately 1% to .04% 

corresponl to fades between 3 and 26 dB, respec- 

tively. At 19.04 G H z ,  the corresponzing fades 

range from 1.3 to 12.6 dB (Fig, 2). 

2) Although the monthly and time of Oay distributions 

possess considerable year to year variability, the 

overall fa2e distributions for the individual years 
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are similar ts one another. Far example, the 

second year's fades are within an 18% m.s devia- 

tion of those for the first year (Fig. I). 

hiether this is fortuitous or not will be esrab- 

lished by examining future data bases. 

3) The average ratio of fades calculated from the 28.56 

and 19.04 GHz combined years distributions at equal 

time percentages was found to be 2.12 with a stacdare 

deviation cjf 0.05, This ratio is close to those de- 

rived from similar type fade statistics obtained at 

other locations (Table 1) supporting the relative 

invariance of this ratio with drop size distribution. 

4) The emulative distributions a t  28-56 and 19.04 GHz 

follow with good approximation log normzl distributions 

(the xms deviation being less tha? 7% for exceed~nce 

times down to - 0 5 % ;  Fiq. 5). The rain rate distribution 

also follows with good approximation a 10s normal dis- 

tribution down to 0.005% of the time (e.g., the m s  

deviation is less than 4%; Fig, 13). 

5 )  August was found to be the "worst month" (maximum ex- 

ceedurce times) at the extrerne fade of 25dB for both 

years (Fig. 9 )  and for a21 fades ezceedi~g lOdB for 

the combined years (Fig. 7) . 
6 )  May through August (combined years) have exceedance 

times which are more than double those of the other 

8 months for fades of 15dE and greater (Figs. 6-8) .  
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7 ) .  Considerable year  t o  year v a r i a b i l i t y  e x i s t  

for both t h e  "monthly" arid " t i m e  of day" 

statistics. For example, 6 of  t h e  1 2  months 

have exceedance times which d i f f e r  by more than 

a f a c t o r  of 2 when comparing t h e  f i r s t  and 

second yea r s  at 15dB th resholds  and g r e a t e r  

(Fig. 9 ) .  I n  add i t ion  3 o ~ t  of t h e  6 t i m e  s l o t s  

( 4  ho~rs each) have exceeCwce times ( a t  15 dB 

th resholds  and g r e a t e r )  which l ikewise differ 

by more than a f a c t o r  of 2 when comparing the 

ind iv idua l  yea r s  (Fig. 11) . 
8 ) .  Exceedance thws were crsatest a t  fades of 12dB 2nd 

more i n  t h e  t i m e  s l o t s  from 1600 t o  0400 GET (noon 

to  midnight during t h e  summer). I n  l a c t ,  they 

a r e  more than double those  e x c e e d a c e  times per t a in -  

i ng  t o  o t h e r  t imes of the  Cay (Fig. 10) .  

9) . The r a i n  r a t e  d i s t r i b u t i o n  d e p i c t s  a r a t e  of 4 t o  

140 m / h r  over 0.75% t o  0.9012% exceedance tine, re- 

spec t ive ly .  Beyond 100mn/hr, the d a t a  appears in-  

c reas ingly  noisy (Fig. 1 2 )  . 
10) . Using e f f e c t i v e  path length concepts (equation (13 1 1 , 

t h e  fade d i s t r i b u t i o n  has been CemonstrateC t o  be pre- 

d i c t a b l e  to within 4% (nns) of t h e  radar derived. 

fade d i s t r i b u t i o n s  a t  19.04 and 28.56 GEz (Fig.  15) . 
This p r ~ x i m i t y  supports  the usefulness  of t h i s  pro- 

cedure for p red ic t ing  fade 2 l s t r i b u t i o n s  a t  o t h e r  

frequeccies.  
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The ratio of fades at 28.56 and 19.C4 GHz has 

been quantitatively deranstrated to be relatively 

invariant to drop size distributicn. A theoretical 

argument demonstrating this characteristic has been 

previously given ( 3 )  . 
The fade distributions at 28.56 and 19.04 GEz give 

rms fade deviations which were within 14% and 98, 

respectively, from those derived using a global 

prediction model (18) which represents a refinement 

of a previous nadel (17) . 
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