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miles-with negligible ground reflections. The path clearance was 
adequate even for the extreme of equivalent earth radius (k) equal to 
two-thirds, as shown on the path profile in Fig. 2. It is believed that 
this path is typical of those inland paths subject to multipath fading 
conditions. 

The MIDAS equipment sampled each signal five times per second, 
converted each measurement to a decibel scale, and recorded the data 
in digital form for subsequent computer processing (in the absence of 
fading the recording rate was less than the sample rate). Further 
equipment details are given in Ref. 2. 

The data were obtained during the period from 00: 28 on July 22 
to 08:38 on September 28, 1966. The total elapsed time was 5.9 X 106 

seconds of which 5.26 X 106 seconds was selected for the data base; 
the balance was unusable mainly because of maintenance of the radio 
equipment or MIDAS. Within the data base, 7.8 X 105 seconds con­
tained all the multipath fading in excess of approximately 10 dB. The 
balance of the time, 4.48 X 106 seconds, was categorized as nonfading 
time. 

A natural epoch for multipath fading is the 24-hour period from noon 
to noon. It was convenient to number these periods from 1 to 69 starting 
at noon on July 21 and ending at noon on September 28. Here the 

NOTE: +INDICATES TREE HEIGHT MAXIMA 

~17' 

~-------------2B.5 MILES --------------­
WEST PLEASAN'T 
UNITY LAKE 

Fig. 2-West Unity-Pleasant Lake path profile. 
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missing end periods from 12:00, July 21 to 00:28, July 22 and 08:38 
to 12: 00 on September 28 ha've been assumed negligible. Most of the 
multipath fading was found to occur in the period between midnight 
and 9 A.M. as will be discussed later. These latter· time periods were, 
for all practicaf purposes, subjectto continuous measurement for 66 of 
the t:i\:) periods. Thus, we reduce the· multipath fading data base to 
66 nine-hour periods. These were used for channel characterization and 
for investigating the daily and hourly statistical properties of multipath 
fading. . 

All fading distributions will be g{ven in terms of the received voltage 
relative to the midday normal in dB. The rms variation in the dB 
reference level was estimated as ±0.8 dB. 2 

IV. ll-GHz MULTIPATH RESULTS 

The ll-GHz data were analyzed in terms of the statistical properties 
previously reported for the 4~ and 6-GHz data. 2 4 These were (i) the• 

fraction (P) of 5.26 X 106 seconds that the· signal was faded below a 
.given level L; (ii) the number of Jades (N) below L, (iii) the average 
duration in seconds (l) of Jades .below L, and (iv) the fade duration 
distribution. The data were carefully inspected to insure that only 
multipath fading wa:;; included and that rain fading was excluded. This 
was done by inspection of signal level vs time plots with the determina­
tion made by the frequency of the fading and by comparison with the 
4- and 6-GH~data. As in the caSe of the 4- and 6-GHz data, we were 
most interested in fades greater than 15 dB. However,reliable data 
for the ll-GHz signal were limited to fade depths of 35.dB because the 
reference level of received signal strength was 5-10 dB lower than that 
for the 4- and 6_GHz signals.. 

The data for the fractional fade time are given in Fig. 3. They are 
adequately represented by a straight line whose equation is P = Q.69L2 

• 

. The dataf6r' the number of fades are given in Fig. 4 along with the 
fitted li~e N = 12,300L. The data for the average fade duration are 
obtained from the ratio of .the total time faded to the number of fades 
and are given in Fig. 5· ~lo~g with the fitted line l = 330L.These 
variations of P, N, and l with L are in agreement with those previously 
found for the more extensive 4- and 6-GHz data and are aspredieted 
from a mathematical model of the multipath fading process.7 

The probability that a fade of depth - 20 log L dB lasts longer than 
t seconds, i:e., the fade duration distribution, can be estimated by 
dividing the number of fades of depth L and duration ~ seconds or 
longer by the total number of fades of depth L. A normalization is made 
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Fig. 3-11-GHz fade depth distribution, 1966 West Unity. 

2, <: 

til 

~
 
~ 10 3� 

IL 
o o 
a: 
I1J 

::; '" 
:J 
z 21 1 , 1 ..., 

15 20 25 30 35� 

FADE DEPTH IN dB (-20 LOG U� 
(RELATIVE TO MIDDAY NORMAL)� 

Fig. ~ll-GHz number of fades, 1966 West Unity. 

102r'----------------­I 

til 
o
z' 
8 
I1J 

'" 
~ 

z 
o 
~ 

Ii: 10' 
:J 
o 
I1J 

o~ ~ oa:: 
I1J 

i( 
21 II! , 
15 20 25 30 35 

FADE DEPTH IN dB (-20 LOG L) 
(RELATIVE TO MIDDAY NORMAL) 

Fig. 5-11-GHz average fade duration, i966 West Unity. 



329 MULTIPATB PROPAGATION 

o,o~ II~ /-Pr (tit >U) AT 6GHz� 
?> 0 J<� 

00 00
0 00

00 
0000 ' 

0.3 rf3<:/!;: 
~O$ 

o 
~ 

/I 
I+' 
~ 

;!:. 

'" ~ 

0.1 

Q. 

o 
0.0\ 

o 
OO~ 

o 
D'.oon 

0.2' 
I 

0.5 
I 
1 

I 
2 

u 

I 
5 

I 
10 

I 
20 

" 
50 

Fig, 6-11-GHz fade duration distribution: probability that the fade duration, 
normalized to its mean for a given fade depth, is longer than a given number. Data 
pooled for all fade depths greater than 10 dB. 

with respect to the average fade duration. The ll-GHz data are plotted 
on Fig. 6, using a normal probability scale, for all fades ~ 10 dB. The 
data indicate that til is independent of L and. that the probability is 
approximately log normal with 1 percent of the fades being longer than 
ten times the average fade duration. ,The liD;e on Fig. 6, taken from 
Fig. 40 of Ref. 4, represents the fade duration distribution for the 
corresponding 6-GHz data. Thus, the fade duration distributions, when 
properly normalized, appear to be invariant with frequency. 

V. MULTIPATH EFFECTS AS A FUNCTION OF FREQUENCY 

The ll-GB:z results of Section IV can be combined with those pre­
viously obtained for 4 and 6 GHz2 

.' to obtain an estimate of the variation 
of the characteristics with microwave frequency. This treatment is 
valid because all the data were obtained under identical conditions: 
same path, same antennas, * and same time period. 

*The different beamwidths of the horn reflector for the three frequencies playa 
minor role' because the variations in angle-of-arrival of the multipath components 
are generally less than the smallest beamwidth, which is ±O.6 degree at 11 GHz. 
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TABLE II-MuLTIPATH FADING CHARACTERISTICS 

(L ~ 0.1) 

Freq 
(GHz) P 'N l 

4 0.25£2 3670L 408L 
6 0.53£2 6410L 490L 

11 0.69£2 12300L 330L 

Table II summarizes the 4-, 6-, and 11-GHz results. The tabulated 
coefficients incorporate the effects of the environment and frequency. 
Plotting them versus frequency (as in Fig. 7) allows us to' observe that 
the Nand P coefficients increase, within experimental error, linearly 
with 1 while 1 is longer at 6 GB:z and shorter at 11 GHz with respect 
to 4 GHz. Based upon these data, an approximation that.l is independent 
of t is reasonable. The functional dependence is described by: 

P = 0.0781L2 
, (1) 

N == 1000fL, (2) 

l=~~, ~ 
with 1in GHz. 

The deviation of the P and N coefficients of Table II from these 
empirical equations is less than·±1 dB which is within the bounds of 
experimental error. 2 The 1 coefficients agree with equation (3) within 
±2 dB. This is satisfactory since the 1<lata were originally obtained as 
the ratio of the P and N data at each fade level; ±1 dB variation each 
in P and N corresponds to ±2 dB variation in t. 

The multiple transmission paths ~hi~h give rise to the fading effects 
are generated by irregularities in the refractivity gradient in the volume 
defined by the beamwidths of the two antennas. As the relative path 
lengths vary with time the composite received signal may fade due to 
destructive interference (or be'enhanced by constructive interference). 
It is easy to see that ,a given change in relative path length will cause 
more signal variations at higher frequencies because of the proportion­
ally larger phase variations; we. have found that the effect in Ohio 
in 1966 was linear. There is ).10 apparent reason why this variation with 
frequency does not generally apply for multipath fading for a normal 
overland path engineered in standard fashion. Also, a linear variation 
of P with frequency has been theoretically predicted by C. L. Ruthroff6 

from a careful analysis of a simple physical model of multipath fading. * 
* The results discussed here predate Ruthroff's analysis. 
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Fig. 7-Coefficients of P, N, and l characteristics versus frequency. 

VI. OCCURRENCE OF MULTIPATH FADING 

6.1 General 

It is well known that the time (probability) distribution of the 
envelope of a microwave signal subject to multipath fading depends 
upon path length, path geometry, terrain clearance, type of terrain, 
and meteorological conditions in a complex manner. A general treatment 
of these relationships is intractable. However, based on the results 
discussed in previous sections and in otlier papers, an engineering 
estimate (incorporating the most important factors) of the fade depth 
distribution can be made for typical microwave paths for the heavy 
fading time of the year, i.e., the so-called worst month fading. In the 
results that follow adequate path clearance and negligible ground 
reflections are assumed. 

6.2 Relation to the Rayle1:gh Distribution 

Quite often in propagation studies it is assumed that the probability 
distribution of the envelope (v) of the received signal is given by the 
Rayleigh formula 

PI' (v < L) = 1 - e- L
' 

'"'-' L 2 for L < 0.1. (4) 
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One physical basis of this distribution is the limiting case of the 
envelope of an infinitely large number of equal amplitude signals of 
the same frequency, but random phase. Since this is a good approxima­
tion in many situations, e.g., tropospheric and mobile radio propagation, 
this distribution has seen much use. In the case of line-of-sight micro­
wave radio, this is not a good assumption and the distribution is not 
directly applicable. From Table II the results for the fade depth dis­
tribution P vary as L 2 but with different coefficients. * The coefficient 
is generally not fixed, but depends upon the time base of the data, and 
upon the particular path parameters. The path parameters can be in­
corporated in the coefficient by expressing the multipath fade depth 
distribution as 

Pr (v < L) = 1'L2 L < 0.1� (5) 

where r is defined as the multipath occurrence factor; r 1 is appro­
priate to the Rayleigh distribution. 

6.3 Path Parameters 

As discussed in Section V, r is directly proportional to frequency; 
terrain and distance effects have to be incorporated. An engineering 
estimate for r can be given as a product of three terms t 

r= c(i)D31O-5� (6) 

where: t is frequency in GHz,� 
D is the path length in miles,� 

f1 average terrain 
c = over-water and Gulf Coast l4 

0.25 mountains and dry climate. 

The terrain effects and the distance dependence are based on applicable 

:: ~	 (albeit meager) Bell System data, most of which was acquired at 4 GHz 
on paths of 20-40 miles length. The plot given on Fig. 8 extends beyond 
this range. Indeed it can be argued that,' the curves should become 
parallel to the abscissa as D decreases (no multipath fading for paths 
sufficiently short6

) and parallel to the ordinate (saturation) as D increases. 

* An analysis of a mathematical model for multipath fading shows that the deep 
fade region of the distribution will be proportional to £2 under very general conditions 
(Ref. 7). 

t This empirical result for r is partially supported by British data as reported by 
K. W. Pearson8 and is similar to a concise result reported by S. Yonezawa and N. 
Tanaka. 9 
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Fig. 8-Worst month multipath fading: P = rV = c(f/4) D3L'. 

The plotted values are certainly upper bounds for either extreme. The 
fD 3 dependence has been theoretically obtained by Ruthroff.6 

The engineering estimate, equation (6), indicates that on a path of 
above average length, maintenance of the per-hop fading outage 
usually obtaining requires compensation for the additional free-space 
loss (0: D 2

) and for increased multipath (a: D 3 ), which combine to 
impose a DO (15 dB/octave) length dependence. 

VII. TIME CONCENTRATION OF DEEP MULTIPATH FADING 

7.1 Introduction 

The results and estimates already given utilize the entire data base, 
thus averaging temporal effects. It is well e;stablished that multipath 
fading occurs most often at night, with a few nights experiencing 
considerably more fading than most of the others. Describing this 
variability statistically is the objective here. We consider the fade time I 
statistic for hourly and for daily periods and the median fade depth 
during an hour or a minute. 

The analysis includes data from four fade depth values, * 9.8 dB, 
20.4 dB, 31 dB, and 40.1 dB (henceforth labeled as levels 1 through 4). 
At each fade depth and for each analysis period the fade time for the 
seven 4-GHz channels was arithmetically averaged, as was that for the 
six 6-GHz channels. The fade time for the ll-GHz channel was used 

* The unusual numbers are the result of quantization and calibration.' 
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