4, THE AMPLITUDE PROBABILITY DISTRIBUTION

As noted in the introduction, atmospheric noise (and most forms of man-made
noise) is a random process. This means that the noise can be described only in
probabilistic terms. The basic distribution of any random process is its first
order probability density function (pdf) or distribution function, and a random
process is said to be completely described by its hierarchy of density functions
(first order, second order, and so on, ad infinitum).

The received atmospheric noise process under consideration here is a bandpass
process in that it is describable by an envelope process and a phase process. That

is, the received noise process is given by
N(t) = E(t) cos [t + ¢(t)], (26)

where E(t) is the envelope process and ¢(t) is the phase process and W, is the band-
pass filter center frequency. Since the phase process is known (phase uniformly
distributed), the required pdf of the instantaneous amplitude can be obtained from
the envelope amplitude pdf. Usually, also, the envelope pdf can be used directly

in system performance analyses. The atmospheric noise envelope statistic is usually
given as (and measured as) a cumulative exceedance distribution, termed the "ampli-
tude probability distribution" or APD. The APD was described earlier (11) and is
given by the probability of the envelope level E (26) being above the level Ess

D(E) = Prob[E z_Ei] =1 - P(E) (27)

where P(E) is the cumulative distribution function of the envelope. The pdf of E
is given by the derivative of P(E).

Various statistical moments of the received noise envelope were defined earlier.
0f concern here are the parameters Vd (15) and Ld (16). Crichlow et al. (1960a)
developed a "model" or method of obtaining the APD from these two measured statis-
tical moments. A "most likely" subset of this model became the "CCIR Report 322"
model (1964). CCIR Report 322 also gives estimates of Vd(for a 200-Hz bandwidth).
One of the purposes here is to review this model and present a numerical representa-
tion, including bandwidth relationships, since the received APD is a function of
the receiver bandwidth. There have been many models for atmospheric (and other)
noise developed over the years, with the CCIR ad hoc model for the APD being one
of the many models. A historical summary of the various main models and their
interrelationships has been given by Spaulding (1977, 1982) and by Shaver et al.

(1972).
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4.1 The CCIR 322 APD Model

Using all the measured distributions (APD) of the received atmospheric radio
noise envelope available at the time (a small number compared to what is available
today), Crichlow et al. (1960a) developed an APD model, where the APD is represented
by two straight lines connected by the arc of a circle on a particular coordinate
system. The coordinate system used is given by the ordinate being the envelope
voltage level (in dB) and the abscissa being the percentage of time the ordinate is
exceeded. The coordinates are such that the Rayleigh distribution (envelope of
Gaussian noise) plots as a straight line of slope -1/2. These coordinates are log
of voltage versus -1/2 10910 (-1n of probability). Figure 82 shows these coordin-
ates, an APD composed of the two straight lines and the circular arc, and the param-
eters that were used to define this idealized APD. The low envelope level-high
probability straight line is a Rayleigh distribution, since the noise process must
approach Rayleigh at the lower voltage levels. The parameters used (Figure 82) are

defined as follows:

A = dB difference between Rayleigh at 0.5 probability and the Erms level.

B = dB difference between the point of intersection of the Rayleigh and
high-voltage, Tow probability Tine and the tangent to the circular
arc (the tangent being drawn perpendicular to the bisector of the
angle formed by the Rayleigh and high-voltage, low probability line).

C = dB difference between the high-voltage, low probability line and
Rayleigh Tine at 0.01 probability coordinate.

X = absolute value of slope of high-voltage, low probability line
relative to Rayleigh, that is X = -2 My s where m, is the slope of
the high-voltage, low probability 1ine.

Next, it was shown that B could be given, approximately, as
B = 1.5(X - 1). (28)

Figure 83 shows the correlation of B with X for the measured distributions available
at the time. A number of APD's were drawn for a range of values of X, C, and A (the
remaining unknowns). These distributions were numerically integrated (essentially
by hand) and Vd and Ld determined for each APD. From these integrations, X and C
were obtained as functions of Vd and Ld’ and A was obtained as a function of X and C.
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Figures 84, 85, and 86 show these functional relationships. Use of these results
allowed construction of arn APD for any measuyred Vd-Ld combination, and these con-
structions did represent the measured APD's rather well. Crichlow et al. (1960b)
presented sets of APD's, a set for each Vd along with the allowed range of Ld's for
that particular Vd.

The APD is a function of receiver bandwidth, and when developing a method to
convert the APD appropriate in one bandwidth to that which would be observed in
another bandwidth, Spaulding et al. (1962) noted that Vd and Ld were highly corre-
lated. Using approximately 95 measured distributions, the majority measured in a
200 Hz bandwidth and various frequencies between 13 kHz and 20 MHz, it was shown
that the Tinear correlation of Ld with Vd is given by
+ 0.7265 . (29)

L, =1.697 V

d d

A few of the above distributions were measured in other than a 200 Hz bandwidth.
These bandwidths were 0.64 Hz, 6 Hz, 10 Hz, 170 Hz, 950 Hz, and 1170 Hz. APD's
measured since in wider bandwidths appear to be still representable by the above
model. For example, Figure 87 shows an APD of atmospheric noise measured at 4.75
MHz in a 50 kHz bandwidth along with the "CCIR APD" for a Vd of 8.6 dB. The rela-
tionship (29) was used to develop the "standard" set of APD's given in CCIR Report
322. The linear correlation (29) gives results for small V, that are not mathemat-
ically valid. For example, for a Vd of 2 dB, say, the resulting value of 4.12 dB-
for Ld is not mathematically possible. Therefore, the relationship (29) has to be
relaxed slightly in order to obtain APD's for the smaller value of Vd(gﬁ dB), and
this modification is arbitrary. The dashed curves on Figures 84 and 85 show the
relationship (29) and, therefore, the particular APD's that compose the CCIR 322
model. This set of APD's is given on Figure 88.

A mathematical representation of the APD using the above model was developed
some time ago for computer use. This development was never documented, but was used
by various authors in system performance studies. See, for example, Conda (1965),
Halton and Spaulding (1966), and Spaulding (1966). The input parameters to these
computer algorithms are X, C, and A, obtained graphically from figures such as
84, 85, and 86.

In the next section, we present the geometry of the APD model and a computer
algorithm for the "standard" set of APD's where the input is Vd directly. This is
based on earlier results by Akima (1972). The "standard" set of APD's obtained
from this algorithm will be seen to be slightly different from the earlier CCIR 322
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standard set (Figure 88) for the smaller values of Vd' This is due to much more
precise numerical integration of the APD's and determination of the relationship
between the parameters defining the APD's and the corresponding Vd's and Ld's. Also,
a more physically meaningful modification of the linear regression (29) was used

(See Akima, 1972).

In order to use the computer algorithm or the corresponding set of graphical
APD's (Figure 88), the appropriate V, for the required bandwidth must be determined.
CCIR Report 322 gives estimates of Vd for each season and time block for frequencies
between 10 kHz and 20 MHz. These values of Vd are for a 200 Hz bandwidth. The
bandwidth conversion of Vd will be treated in a later section. The CCIR 322 Vd
estimates were obtained by fitting the function

_ 2 3 4
Vd(x) = Cg t Cyx * CoXT + Cax + cyx s (30)
where X = 10910(fMHz) s
and fMHz is the frequency in MHz.

Table 41 gives the sets of c coefficients for each season and time block to be used
with (30) to obtain the CCIR Report 322 Vd estimates. It is interesting to note
that these coefficients have not been presented previously.

The observed variation of Vd, Ty s is also an important statistic for system
d
performance analysis. Table 42 gives sets of d coefficients for each season and

time-block for oy using the relationship (30). That is
d

_ 2 3 4
gy (x) = dD + dlx + dzx + d3x + d4x . (31)

CCIR Report does not give Oy s but handles the variation of the APD differently.
d
Using (31) is much more appropriate, however, especially for numerical work.

The network of recording stations that made the measurements that produced
CCIR Report 322 measured the parameter Ld as well as Vd. Table 41 and 42 give the

coefficients for the season time-block estimates of Vd and oy - A similar set of
d

estimates for Ld and oL is now also available, based on all the previous measure-
d
ments. Tables 43 and 44 give the coefficients [corresponding to (30) and (31) above]

for Ld and OL for each season-time block. That is
d
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ey t eyX + eX + exx” + epx’ (32)
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and

2 3 4
fo + f]x + f2x + f3x + f4x s (33)

(x)
ch X

and, as before

x = 109 (i, )-

Figure 89 shows the relationship between the Vd's from (3g) and Ld's from (32) using
each of the 24 season-time blocks and the 11 measurement frequencies, .013, .051,
.120, .160, .246, .495, .545, 2.5, 5, 10, and 20 MHz. These estimates for Vd and

Ly
season-time block. Note that these average Vd‘s and Ld's are highly correlated
(Figure 89), but that this correlation is somewhat different from that given in (29),
which was obtained from a set of actual measured distributions. The relation (29)

are for average values, averaged over the entire Earth's surface and over each

is also shown on Figure 389 for comparison.

A monograph by V. F. Osinin (1982) presents the results of experimental studies
of natural radio noise on frequencies from VLF to HF within auroral, subauroral,
and middle-latitude areas of the USSR. Osinjn (1982) shows Ld versus Vd relation-
ships obtained from APD measurements for four locations, three in the far eastern
USSR and one in Japan. The three USSR locations are M. Schmidt, Magadan, and
Khaborovsk. The Soviet measurements are in the frequency range 12 to 10,000 kHz
and the measurements from Japan are at 50 kHz with a 1 kHz bandwidth. The bandwidth
used for the Soviet measurements is not specified. In all four cases the results
are similar to Figure 89 in that Vy and L, are highly Tinearly correlated with the
individual Vd-Ld points clustering slightly below the Ld = 1.697Vd + 0.7265 line
(which Osinin also displays).

The APD for man-made noise can also be modeled by the Crichlow et al. (1960a)
model. See, for example, Disney and Spaulding (1970), Spaulding et al. (1971),
Spaulding and Disney (1974), Spaulding (1976), and Hagn (1982). Figure 90 shows the
correlation of Ld with Vd for man-made noise, using 637 measured Vd and correspond-
ing Ld median values for numerous locations throughout the United States and for
various frequencies covering the range 250 kHz to 250 !"Hz and in a 4-kHz bandwidth.
Note that the relationship is somewhat different from that for atmospheric radio
noise (29). The computer algorithm for the APD presented in the next section has
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