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REPORT 322-3°

CHARACTERISTICS AND APPLICATIONS OF ATMOSPHERIC RADIO NOISE DATA

(Study Programme 29B/6)
(1963-1974-1982-1986)

LIST OF SYMBOLS

Where a symbol is shown in botk lower case and capital letters, the capital letter is used to represent the
equivalent, in decibels. of the quantity denoted by the lower case letter.

A Instantaneous amplitudz cf the noise enveiope (dB)

A s Root-mean-square value of the noise envelope voltage (dB)

APD  Ampliude-probability distribLtion of received noise envelope (exceedance probability)
b, B Effective receiver noise bandwidth (Hz) (8 = 10 log &)

D Deviation of a random variable from its median value (dB)

D, Lower deciie, value of the average noise power exceeded 90% of the hours within a time biock (dB
below the median value fcr the time biock)

Dy Upper decile of signal-to-soise ratio (dB value exceeded 10% of the time)

Ds Upper decile of the received signal power (dB value exceeded 10% of the time)

D, Upper decile, value of the average noise power exceeded 10% of the hours within a time block (dB

above the median value fcr the time block)

E, Expected value of the s:gral field strength required for a given grade of service (dB(uV/my

E, Root-mean-square noise fweld strength for a bandwidth & (dB(uV/m)}

f Operating noise factor of 1 receiving system

F Operating noise figure of 3 receiving system (F = 10 log /)

Ja Effective antenna noise factor that results from the external noise power available from a loss-free
antenna

F, Effective antenna noise figure (F, = 10 log f2)

Fom Median of the hourly values of F, within a time block
A Noise factor of the antenna circuit (its loss in available power)

j Frequency (MHz)

JA Receiver noise factor

i Noise factor of the transmission line (its loss in available power)

k Boltzmann's constant = 1.38 x 10~ 'K

K Temperature (Kelvin)

P Received signal power avzilable from an equivaient loss-free antenna (dBW)
P, Expected median value of P (dBW)

P». Pr Noise power available from a1 equivalent loss-free antenna (P, = 10 log p,)

pi. P Received signal power required for a given signal-to-noise ratio, from a loss-free antenna
(P, = 10 log p;)

pdf Probability density functicn
r, R Signal-to-noise power ratio required (R = 10 log r)
R, Median value of R

! Standard normal deviate
T, Effective antenna temperature in the presence of external noise (K)
T Reference temperature = 288 K

This new version of Report 322 was adoptzd by the XVIth Plenary Assembly (Dubrovnik. 1986) for the purpose of
facilitating further studies to be carried ot1 by Swedy Group & (see Recommendation 372-4}.
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Vy Voltage deviation: the ratio (dB) of the root-mean-square envelope voltage to the average noise
envelope voltage

Vin  Time-block median value of V;
Op Standard deviation of D
Op Standard deviation of D,
Gp Standard deviation of D,

Tpg Standard deviation of Dg

Cr.m Standard deviation of F,.

Gp Standard deviation of the expected received signal power
Oa Standard deviation of R
or Total standard deviation: total uncerta:nty of P,

Gy Standard deviation of ¥,

1. Introduction

The determination of radio communication system performance and the resulting minimum signal level
required for satisfactory reception is a matter of the proper statistical treatment of both the desired signal and the
real-world noise (and interference) processes. System performance is highly dependent on the detailed statistical
characteristics of both the signal and the noise. It has long been recognized that the uitimate iimitation 1o a
properly designed communicanon link will usually be the radio noise.

There are a number of types of radio noise that must be considered in any design: though. in general. one
type wiil be the predominant noise and will be the deciding design factor. In broad categories, the noise can be
divided into two types — noise internal to the receiving system and noise external to the receiving antenna. The
internal noise is due to antenna and transmission line losses, cr is generated in the receiver itself and has the
characteristics of thermal noise (i.e.. white Gaussian noise). Noise power is generally the most significant
parameter (but seidom sufficient) in relating the interference potential of the noise to system performance. Since
the noise level often results from a combination of external and internal noise, it is convenient to express the
resultant noise by means of an overall opsrating noise factor that characterizes the performance of the entire
receiving system. In so doing, it is then possible to make decisions concerning required receiving svstem
sensitivity: that is, a,receiver need have no more sensitivity than that dictated by the external noise. Indeed.
world-wide minimum noise levels have been estimated for this purpose {Report 670). Also. the noise levels can
then be compared to the desired signal level to determine the pre-detection signal-to-noise ratio. The pre-detection
signal-to-noise ratio is an important system design parameter and is always required knowledge (required put
seldom sufficient) when determining the effects of the exiernal noise on svstem performance.

External noise can be divided into several tvpes, each having its own characteristics. The most usual 1vpes
are of atmospheric. galactic, and man.made origin. All these types are considered here, but since atmospheric
noise usually predominates at frequencies below about 30 MHz. this Repor deals primarily with this type and
with its influence on the reception of signals. Unlike the internal noise. the external noise is generally highiy
non-Gaussian in character, usually being impulsive in nature.

The purpose of this Report is to present values of noise power and of other noise parameters, and (¢
show. by example. the method of using these noise parameters and their statistical variations in the evaluatior. of
the performance of a radio circuit. Additional exampies of the use of the noise data in this Report and a summan
of the effects of atmospheric radio noise (and similar forms of impulsive noise) on telecommunication sysizms
performance are given in Spauiding [1982]. Also, recent results concerning atmospheric noise from lightning ard
means of developing appropriate communication systems to perform in this noise are summarized by URSI [16+1
in Report 254 and in the references therein. Finally, Reports 258 and 670 give additional information cencerning
man-made and atmospheric noise, and Recommendation 339 gives required signal energy to noise power spectru
density ratios for various systems operating in the presence of atmospheric noise.
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The estimates for atmospheric noise levels given in this Report are for the average background noise level
due 1o lightning in the absence of other signals. whether intentionally or unintentionally radiated. In addition, the
noise due to local thunderstorms can be imporant for a significant percentage of the time. This local noise can
also be significant at frequencies well above 3¢ MHz. Some information pertaining to local thunderstorm noise is
available in Hagn and Shepherd [1984], Kotaki and Katoh [1983] and Kotaki [1984],

2. Radio noise estimates

This Report gives:
— estimates that take account of major reliable programmes of noise measurements,
— statistical information on the accuracy of the estimates,
— a statistical description of the fine structure of the noise,
— exampies of using the estimates in the determination of system performance.

The data used were obtained from the 15 stations that used standardized recording equipment. the ARN.2
radio noise recorder. which was operated by a number of organizations in an international cooperative
programme [URSI, 1962). a measurement station in Thailand that used equipment equivalent to the ARN-2, and
10 measurement stations within the USSR. The measurement station locations are shown in Fig. 1. Data from the
stations during the period 1937 to 1966 inclusive were used in the analysis. Not all the stations produced data for
the entire period. Data from the Southern Hemisphere are sparse. Details on the specifics of this data base of
long-term atmospheric radio noise measurements and the analysis of these data are given in Spaulding and
Washburn [1985].

For these predictions. the data were grouped into four seasons of the year and six four-hour periods of the
day in each season. The aggregate of corresponcing four-hour periods of the day throughout a season was defined
as a tme block. Thus, there are in the year twenty-four time blocks, each consisting of about 360 hours (four
hours in each day for about ninety days).

The division of the year into four seasons of three months each was made in the following way, although
it was realized that the seasonal pattern of noise variations existing in temperate regions was not necessarily
followed at lower latitudes.

Month Season i
Northern Hemisphere Southern Hemisphere
December, January, February Winter Summer
March, April, May Spring Autumn
June, July, August Summer Winter
September, October, November Autumn Spring

The main parameter presented is the median hourly value of the average noise power for each time block,
and the variations in this parameter show systematic diurnal and seasonal variations of the noise. The variations
of the hourly values within a time block have besn treated statistically.

To facilitate the use of the noise data in this Report, computer programs are available from the CCIR
Secretariat that give “exact” numerical representctions of all the noise characteristics contained in this Report.

3. Description of the parameters used

As noted above, the single most important and basic noise parameter is noise power, although this single
parameter (or any other single parameter) is almost never sufficient to determine the effects of the noise on syvstem
performance. Also, it is convenient to express the external noise in a form that allows for its combination with the
internal noise. thereby given an overall operatirg noise threshold for a receiving system. Report 670 details how
this noise threshold is obtained.
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The noise power received from sources exiernal to the antenna is expressed in terms of an effective
antenna noise factor, f;, which is defined by:

Jo = po/kTyb = T,/ T M

where:
P~ noise power available from an equivalent loss free antenna (W),
k: Boltzmann's constant = 1.38 x 10~ J/K,
Ty: reference temperature, taken as 288 K,
b: effective receiver noise bandwidth (Hz),

T,: effective antenna temperature in the presence of external noise.

Equation (1) gives two equivalent methods of specifying the noise power, by the effective noise factor or

by the effective noise temperature of the antenna. The value of T, has been taken as 288 K so that 10 log 4T; is
204 dB below one Joule.

Since atmospheric noise is a spectrally broadband process, both f, and T, are independent of bandwidth
(for normal communications bandwidths). Note that f; is 2 dimznsionless quantity, being the ratio of two powers
(or. equivalently, two temperatures). The quantity f,. however. gives, numerically, the available power spectral
density in terms of AT, or the available power in terms of AT:b. The noise factor f, is commonly given by the
corresponding noise figure F,, ie.. £, = 10 log f;.

The antenna noise figure, F,, in decibels, in this Report is for a lossless short vertical antenna over a
perfectly conducting ground plane. Means of obtaining the appropriate antenna noise figure, F,, for other tvpes
of antennas from the data in this Report are given in Report 670, the references therein, Hagn and
Shepherd (1934] and Lauber and Bertrand [1977]. ¥, is simply related to the vertical r.m.s. field strength (for the
short vertical antenna) by:

E, = F, — 955 + 20 log fyw; + 10102 b 2

where:
E,: r.ms. noise field strength (dB(uV/m)) in bandwidth & (Hz).
Fa: noise figure for the centre frequency fun, (MHz).

Atmospheric radio noise is characterized by large. rapid fluctuations, but if the notse power is averaged
over a period of several minutes, the average values are found to be nearly constant during a given hour.
variations rarely exceeding =+ 2 dB except near sunrise or sunset. or when there are local thunderstorms. The
ARN-2 radio noise recorder yielded values of average power at each of eight frequencies for fifteen minutes each
hour. and it is assumed that the resulting values of F, used in the analysis were representative of the hourly
values. Similar assumptions are made to obtain hourly F, values “or the other measurements (non-ARN-2) used in
the analvsis. ’

In predicting the expected noise level, the systematic trends. that is. the trends with time of dayv. season.
frequency, and geographical location, are taken into account explicitly. There are other vaniations that must be
taken into account statisticaliy. The value of F, for a given hour of the day varies from day to day, because of
random changes in thunderstorm activity and propagation condttions, The median of the hourly values within a
time block (the time-block median), is designated as F,.. Variations of the hourly values during the time biock
can be represented by the values exceeded for 10% and 90% of the hours. expressed as deviations D, and D from
the time block median. When piotted on a normal probability graph (level in dB), the ampiitude distribution of
the deviations, D, above the median can be represented with reasonable accuracy by a straight line through the
median and upper decile values. and a corresponding line through the median and lower decile values can be used
to represent values below the median,

It is natural to expect some correlation of atmospheric radio noise with sunspot activity. since both
propagation conditions and thunderstorm activity seem t> be a‘fected by solas activity. Some measurements ar
very low frequencies, made many years ago, did seem to show such a correlation [Austin, 1932), A thorouph
examination of the data for Bouider, Colorado (1957-1966) did not reveal any systematic variation of the noise
with sunspot activity.
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So far. we have dealt with the average power as represented by F, ‘or T,) as the most useful and common
way of specifying the external noise level When one is concerned with determining the effects of the external
noise on sysiem performance, more information about the received noise process than just its energy content
(level) is almost always required. An excep:ion would be if the external noise were 2 white Gaussian noise process.
buit this is almest never the case. Atmospheric noise (and man-made noise) is a random process. The fact that we
are dealing with a randem process means that the noise can be described only in probabilistic or staustical terms
and cannol be represented by a deterministic waveform or any collection o7 deterministic waveforms.

The basic description of any random process is its probability density function (pdf) or distribution
function. The first-order pdf of the received interference process is almost always required in order to determine
system performance {although sometmes it i+ not sufficient). 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.
Since the phase process is known (phase unifarmly distributed), the required pdf of the instantuneous amplitude
can be obratned from the envelope amplitude pdf. Usuatly, also, the enve ope pdf can be used directly in system
performance analyses. The atmospheric noise er velope statistic is usually given as (and measured as) a cumulative
exceedance distribution. termed the “ampluude probability distribution™ or APD. For some envelope level, 4., the
APD is the fruction of the total measurement time, 7, for which the envelooe was above level A,.

A large number of APDs have been measured in several countries. and reasonably consistent results have
been obtained [URSIL, 1962: Clarke. 1962: Science Council of Japan, 1960: see aiso URSI, 1975, 1978, 1981, 1984,
and reterences therein]. For presenting the data in an operationally useful form, it is convenient to construct a
family of idealized curves. one of which can be chosen to represent a practical APD to a sufficient accuracy. This
has been done by using a system of coordinazzs in which a Rayleigh distribution (representing the enveiope of
thermal-ty pe noise), is a straight line with a slope of —0.5. The low amplitade parts of an atmospheric noise curve
have this slope. the high amplitude parts are represented by a second streight line, with a greater slope. and the
two lines are joined by an arc of a circle. The construction of these curves involved the use of quantities reizted 1o
the r.m.s. average. and mean logarithmic values of the distribution, parameters that have been recorded in routine
noise measurements [Crichlow er al., 1960z, 1960b]. In practice, because th2 average voltage and mean logarithmic
voltage are found to be closely correlated, the ratio of r.m.s. to average vohage, V,(dB). is sufficient to specify the
curve that can be used to represent the distribut;on [Spaulding ef af,, 1962] A set of the APD curves is reproduced
in Fig. 27, which gives the probability {» 100) that an envelope level 4, (given relative to the envelope r.m.s.
level, A.,.) will be exceeded. Figure 27 represents one "model” for the APD parametric in the parameter V.
Many other models for atmospheric noise stanstics have been developed. and a historical summary of the various
main models and their interrelationships hus teen piven by Spaulding [1977. 1982) and by Shaver er af [1972].
Numerical representation (coefficients and computer programs) of the AFD model in this Report is available in
Spaulding and Washburn [1985]. It should be noted that the actual noise power is one-half the envelope power (as
given by A, 1

The APD curves (Fig. 27) can be used for a wide range of bandwidths. The estimates of ¥, given in this
Report, however, are for a bandwidih of 20C Hz, so0 a means to convert the 200 Hz V), to other bandwidths is
needed. Herman and De Angelis [1987] conducted an extensive study in order to develop a F; bandwidth
relationship. Figure 26 gives the results of :“is study and gives a means to convert the 200 Hz ¥, 1o the
corresponding ¥ in other bandwidths. The res.its of Fig. 26 are strictly valid only at MF, although recent results
indicate they are valid also at HF. Care should be exercised, therefore. when applving these results 1o lower
frequencies (i.e., LF, VLF, ELF). '

4. Methods used to obtuin the estimaces

Values of F,, collected from the measursment stations previously mentioned. were edited (0 remoerve. o vor
as possibie, the effects of man-made neise and unwanted signals. The remaimng values werz copsiceror
represent actual atmospheric radio noise. The time biock median 1 MHz values were compared .« in -e
Report 322-2 values and corrections deri~ed. The meuns {or cbtaining .he t MHz values from the 1. :
measurements at afl the measurement frecuencies and the numerical interpolation and mapping procedurs- .-2u

to obtain the world-wide 1 MHz F,, vatues fo- each time b.ock are detaited in Spuulding and Washburn
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Only data from measurement stations that emploved ARN-2 equipment were used to obtain the variation
of F,», with frequency (i.e., for frequencies other than 1 MHz). An analysis of these data indicated no significant
difference from the frequency variations given in Repont 322-2, The same is trus for the deviations, D,. D;, of the
decile value of F, from the median value Fg,, for tach time block, and also for the median value, V., of the
voltage deviation F;.

To obiain a measure of the variability of the noise with respect 1o the predicted values in each time block,
standard deviations of F,., D,. D, and ¥, as functions of frequency, were found.

s, The noise data or estimates

World charts, showing the expected median values of background atmospheric radio noise, F,, in dB
above k7Tyb, at § MHz for each season. 4-hour-lime block, in local time, are shown in Figs. 2a 10 23a. The only
geographical variation given is for the 1 MHz F,,,. The variation of F,,, with frequency for each season-time block
is given in Figs. 2b to 25b and the variation with frequency of the other noise parameters is given in Figs 3¢
to 25c.

Galactic noise levels, from Cottony and Johler [t1952] and verified using a vertical antenna. are shown on
the frequency curves (Figs. 2b to 25b). Within a £ 2 dB temporal variation (neglecting ionospheric shielding), the
values shown will be the upper limit of galactic noise but in any given situation the receired noise should be
determined considering critical frequencies and the directional properties of the antenna.

In many locations and at some freguencies, man-made noise is 2 limiting factor in radiocommunication
for at least part of the time. Although this type cf noise depends on local conditions, a curve of expecied values at
a quiet receiving location has been added. The values shown are the “average” ot the man-made values recorded
at sites chosen to ensure a minithum amoJsnt of man-made noise (the ARN-2 sites). Man-made noise levels, n
terms of F,, and their variations for various environmental categories (business, residential, rural and quiet
rural, etc.) are given in Report 258. The notse levels for “quiet rural™ locations gwen in Report 258 are taken from
this Report. Additional information concerning man-made noise is summarized in Hagn [1982), Skomal [1978] and
URSI [1975, 1978, 1981, 1984).

It will be observed that values of atmospheric nowse are indicated that are below the expected levels of
man-made noise and galactic noise. These values should be vsed with caution, as they represent only estimates cof
what atmospheric noise levels would be recorded if the other tyvpes of noise were not present. An examination of
the data, however, shows that such low levels were, or rare occasions, actually measured.

On Figs. 2c 10 25¢ are the estimatec values of D,, Di. 1., Op,. Gp; 04, and g, D, will normally be
used for assessing minimum required signal strengths, but D; may be needed to determine whether the internal
noise of a receiving system is negligible uncer the quieter external noise conditions.

The variation of F,» with frequency (Figs. 2b to 25b) is given by a least squares numerical mapping of the
totality of ARN-2 data for all the measurement frequencies [Spaulding and Washburn, 1985]. The parameter oy,
represents. as a function of frequency, the variation of the F,, dats about the "mapped” \or estimated) values. The
curves for gy, will be seen to extend only up to 10 MHz, since at higher frequencies the predominant noise at

many measurement locations was often of galact:c origin.

Originally. separate curves for D,, Dy, op,. and op, were derived using data from measurement locations
in temperate and tropical zones. No statistically sign ficart difference beiween the two zones was obtained and.
therefore, this Report gives a single curve for the entire Eanh's surface. These curves shoulid be used with some
caution. especially at the higher frequencies

APD curves corresponding to various values of V,. are given in Fig. 27, in which the r.m.s. envelope
voltage, Am,, is taken as the reference. Th: measured values of F, vary about the predicted median value. F,,,.
and their variation is given by o.,. The ¥, estimates giver are for a 200 Hz bandwidth. The corresponding 17,
for other bandwidih can be obtained from Fig. 26. As noted earlier, this bandwidth conversien should be used
with caution at the iower frequencies (VLF and LF+

The figures are used in the following wav. Tae vaiue of F,, for | MHz is found frcm the noise charts
(Figs. 2a to 25a) for the season under consideration. Using this value as the noise grade. the vaiue of F,,. for rhe
required frequency is determined from the frequency curves (Figs. 2b to 25b). The variability parameters 55, . D,
Gp,. elc.. are obtained for the required frequency from Figs 2¢ to 25¢. If the value of Di= F, — F,.) or ¢
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value of Gp is required for anv percentage (less than 50%) of time other than 10%, the vatues can be found by
plowting D, and g, on a normal probability graph (with ordinate values in decibels) and drawing straight lines
through 0 dB at 50%: and the 10% values, as shown in Fig. 28. That is, the noise power is log-normaily distributed
(above 50%). Values at percentages greater than 50% can be obtained in the same manner using D and oyp,.

6. Application of ncise data to system evalcation

The treatment here is not intended to be comprehensive; however, it is considered desirabie to give some
indication of how the data may be used in the study of telecommunication system performance. Additional
examples and information are given in Spaulding [1982), URSI [1975, 1978, 1981, 1984], and the references
therein.

As noted earlier. it is desirable to express the external neise as an antenna noise factor, so that it can be
combined with the noise generated within the receiving system to give an overall operating noise factor. f
{Report 670) {Barsis er al, 1961]. If the receiver is free from spurious responses and all elements prior to the
receiver are at the retference temperature Ty, then fis given by:

S=t- 1+ fSS (3)

where:
Jfoi noise factor of the antenna (its loss in available power),
f+  noise factor of the transmission liae (its loss in available power), and
fr:  noise factor of the receiver (10 log f, is the familiar receiver noise figure).

The operating noise factor, f is useful in determining the relation between the signal power, p,. available
from a loss-free antenna and the corresponding signal-to-noise ratio, r, at the intermediate frequency output of the
receiver, since:

P = SrkTyb (4)

or:

P= R+ F+ B-204 (

tn
—

where:

F=101lcg f
B = 10 log b, etc.

In evaluating the operating noise figure, F, for use in equation (5), it is necessary to consider all of the
parameters in equation (3). However, in many cases, one source of noise will predominate, and only one of the
ccmponent noise faciors will be important. At low frequencies, a receiving system with poor internal noise
characteristics may be used, since the values o £, are large, and will determine the value of £ In general, F, will
decrease with increasing frequency, and, at the higher frequencies, the antenna tends 10 become more efficient and
f. approaches unity. Under these conditions, £, and-or f. may become important in the determination of f
(Report 6700

The relation (3) is used to obtain the required average signal power from the required signal-to-noise ratio,
R (dB). The required R always depends on the detailed statistical characteristics of both the noise and signal
processes. For the noise, the APD (or statistics derivable from it) is almost always required (but sometimes not
sufficient) information. Also, since the determination of system performance involves predicting the future
(staustically) and such predictions are subject to error, it is common to define system performance in terms of
three independent component pans: grade of service, time availability, and service probability [Barsis er al.. 1961:
Spaulding, 1982].

6.1 Grade of service represeats the average performance for stationary noise and signal processes. Typical
examples are probability of symbol error versus signal-to-noise ratio for digital systems, articulation index ersus
signal-to-noise ratio for voice systems, eic.

6.2 Time availabifiry is the percentage of time a given grade of service or better will be achieved.
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6.3 Service probability is the probability that a specified grade of service or better will be achieved for a
specified time availability. It is the “standard™ statistical confidence factor required for any statisttcal description.

When the desired performance of a system has been defined, it is necessary to evaluate the various factors
affecting this performance. For the sake of clarity and simplicity, the performance will, in the following two
examples. be evaluated in terms of the characteristics of the available signal and noise powers at the terminals of
the equivalent loss-free receiving antenna. In both examples it will be assumed that a short vertical rod antenna is
used and that the predominant noise is atmospheric noise external to the system. In the first example,
ground-wave propagation is assumed, so that the signal level is constant and only the noise levet is variable. The
second example involves sky-wave propagation and thus both the signal and noise levels vary with time. In both
examples, the variation of the noise power is log-normal (i.e., dB values normally distributed) and the signal
power is also log-normal tbut constant, zero variance, in the first example). This results, then, in the signal-to-
noise ratio, r, also being log-normal. This means that the standard procedures (based on the normali distribution)
to determine statistical confidence factors (service probability) can be followed. The determination of the service
probability involves not only uncertainties associated with the noise parameters but also the uncertainties of all
values involved in the prediction process.

6.4 Example |

Determine the performance of a binary svmmetric non-coherent frequency shift keying (NCFSK) syvstem
with reception at Geneva, Switzerland, under the following conditicns. :

Frequency: 50 kHz

Time of day: 2000-2400 local time

Season: summer

Bandwidth: 100 Hz

Propagation: ground wave (resulting in a constant signal)

Grade of service: probability of bit error of § x 10~ This corresponds approxirately to 1% tletvpe
errors in a five unit start-stop system.

The problem is to assess the probability that a given received signal power will provide the specified grade
of service for any given percentage of time.

The expected value (mean value) of received power. P, required for a particular grade of service for a
given external noise figure, F,, is from relation (5):

P,=F,+ R+ B - 204 dBW C6)

where R is the required pre-detection signal-to-noise ratio (dB) for the given bandwidth,

When the receiving antenna is a short vertical rod over a ground plane, the coriesponding field strenygth,
E,., is given by:

Ef - P.- + 20 Iog .fMHl + 108.5 dB(p\'m) (7,

The first step is to determine the required R (and its variation). Following Montgomery [1958], we have the
following results for any arbitrary additive noise that is independent from one integration period (bit length) 1o
the next and that has uniformiy distributed phase. For the symmetric binary NCFSK system, the probability of a
bit being in error is given by one half the probability that the noise envelope exceeds the signal envelope.
Therefore, the required signal-to-noise ratio can be obtained direztly from the APD (Fig. 27) for the appro-
priate ¥;. From Fig. 19¢c. the 200 Hz ¥, at 50 kHz is 8.5 dB and o, ts 1.2 dB. Using Fig. 26, this translates to
the 100 Hz ¥; ranging between 6.6 and 8.9 dB (from the 200 Hz ¥. range of 7.3 t0 9.7 dB) with the 100 Hz Vim
being 7.7 dB. The APDs can be used directly to determine the median required signal-to-noise ratio (R) and 1ts
variation. However, this is also available in Akima er al [1969] where probability of bit error versus signal-to-
noise characteristics for various Fy's is given (using the APDs of Fig. 27 of this Repori). The required R for 4 Iy
of 7.7 is 203 dB with a vanation of approximately 0.8 dB based on the above expected Fyrange: that is,
ox = 0.8 dB. It should be noted [Akima er al., 1969] that if the signal was Ravleigh fading the required R will be
28 dB and oz would be 0 dB, since for small probability of errors, probability of error is independent of 17, This
is not true for other forms of fading (eg., log-normal) or if diversity reception is employed. In these cuses.
probability of error is quite dependent on the APD (i.e., ¥,).
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F, must now be derived from the median value Fom plus a deviation D consistent with the percentage of
time during which satisfactory service must be obtained (rime availability). From Fig. 19a, the | MHz value is
74 dB and the value of F,, at 50 kHz is 133 dB with a stzndard deviation, ¢ f,,, of 3.4 dB (Fig. 19b, 19¢). To
obtain values of F, for percentages of time other than 50% (given by F,.). D, (6.4 dB from Fig. 19¢) is used to
obtzin D = F, — F,, as shown on Fig. 28. Likewise, op is obtained using op, (1.9 dB from Fig. 19¢) as also
shown on Fig. 28.

Equation (§) is next evaluated (with F, = F,, + D) using the appropriate D for the required time
availability. From equation (6), then, with R = 20.3 dB, F,, = 133 dB, and 8 = 20 dB, we obtain;

P, = D - 307 dBW (8)

This is the usual prediction of the signal power required (or required field strength from equation (7)) to
produce the specified grade of service for various time ava.labilities. The required signal power for various time
availabilities is shown on Fig. 29. Since, however, the prediction uncenainties have not been taken into account
yet, only one-half of such circuits will meet the design criteria.

The uncertainties to consider are given by the follow ng standard deviations:

Gp: the standard error of achieving the expected “constant™ received signal power. This must be derived
from propagation and other dara and, for the furposes of this example, is assumed to be 2 dB:

Og: uncertainty in the required signal-to-noise ratio 0.8 dB as derived above;
Orm = 3.4 dB (from Fig. 19¢);
Op: standard deviation of D (from Fig. 28).

The resulting siandard deviation, o7, is obtained. since the e-rors are uncorrelated from:

2 2 2+ 2 02 9
ch UP+UR o + b {9)

um

or is also shown on Fig. 29 and enables us to de:ermine the service probability (confidence} that the
indicated time availability will be achieved, as follows. o

Since, as noted earlier, only log-normal distributions are involved, for any given value of received power,
P, the time availability can be determined as a function of the service probability from:

t = (P~ P)/or (10}

where 1 is the standard normal deviate. Figure 30 gives the velues of 7 as a function of service probability.

If a probability of only 0.5 (50% confidence) is requi-ed that a specified time availability will be achieved,
{=0, P= P, and the required powers are given by Fig. 29. Suppose, however, we specify that we want to be
90% confident (service probability of 0.9) that our grade of service (probability of bit error of 5 x 10-4) or better
will be achieved 90% of the time {or better), then r = 13 (Fig. 30), or = 4.45 dB (Fig. 29), P, = 24.3 dBW
(Fig. 29) so that, from equation (10), the required signal strength is —18.5 dBW. In general, using equation (§)
and equation (10):

P=D- 307 + tor {(1n
Results for service probabilities of 0.5, 0.8, 0.9 and 0.99 are shown on Fig. 31.

6.5 Example 1]

Determine the performance of an A3E telephony double-sideband system with reception at Geneva,
Switzerland, under the following conditions:

Frequency: 5 MHz

Time of day: 2000-2400 local time

Season: summer

Bandwidth: 6 kHz

Propagation: tonospheric (resulting in 2 fading signal)

Grade of service: marginally commercial.
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Again the problem is to assess the probability that a given received signal power will provide the specified
grade of service or better for any given percentage of time. Here, both the signal and aumospheric noise have
statistical variation. For ionospheric propagation, it is usually noted that the short-term (within an hour, say)
distribution of the signal is Rayleigh and the long-term fading of the hourly (say) median values is log-normal
{Report 266). The resulting normal distribution of signal median dB values, for this example, has a standard
deviation of 8 dB (Report 266), which results in an upper decile value for the signal, D, of 1.27 x § = 10 dB.
Based on the variation noted in Report 266 for the standard deviation of the long-term signal fading distribution,
a value of gpe = 2 dB is used.

Recommendation 339 gives a median required carrier power to noise power in a | Hz bandwidth of 64 dB
for marginally commercial AJE emissions. This gives a median required signal-to-noise ratio X of 26 dB. For
analogue systems these performance requirements are based on white Gaussian noise. [n general, a given voice
understandability can be achieved with a smaller R in impulsive (e.g., atmospheric) noise than in white Gaussian
noise [Spaulding, 1982). Figure 19¢ gives a Fyn of 4.5 dB at 5§ MHz and a 200 Hz bandwidth. This translates to 2
6 kHz bandwidith V., of 7.5 dB (Fig. 26). Spaulding {1932] gives results for AM voice systems in atmospheric
noise ( ¥y = 12 dB). These results indicate that we can probably safely reduce the required R,, by about 6 dB (a1
least. assuming no noise limiting). We, therefore, will specify a required R, of 20 dB, with a o of 3 dB.

As in Example I, the | MHz F,, value for Geneva for June, July, August and 2000-2400 h is 74 dB. From
Figs. 19b and 19c; the § MHz F,, value is 56 dB with a standard deviation o4, of 4.1 dB. Also from Fig. 19c.

D, = 48 dB and op, = 1.3 dB. Since the signal-tc-noise ratio is log-normally distributed (as it was in
Example 1), we proceed as before. The upper decile for R is given by:

Dy = D3 + D} (12}

since the signal and noise processes are independent. The deviation D = R — R,, (Dg = (1.1 dB) and op (using

5
a decile value given by opp = /07, + c;) = 2.4 dB) are shown on Fig. 32.
" 5

The deviation, D, now accounts for the long-term statistical variation of both the signal power and the noise
power. .

In order to obtain the service probability, the prediclion uncertainties are given by the following standard
deviations:

op: standard deviation in the expected received signal power. We have specified the shon-term snd
long-term fading distributions of P, but there stiil is a prediction error for the expected value, due 10,
for example, errors in the ionospheric propagation prediction method used. We will use 5 dB for op:

Ga: uncertainty in the required R, 3 dB as discussed earlier:

Sram = 4.1 dB (Fig. 19¢);

ap: standard deviation of D (Fig. 32), which is a function of the required time availability.

The standard deviation or is shown on Fig. 33. Also shown on Fig. 33 is the expected mediun value of the
received signal power, P,, for the different time availabilities, from equarion 16). given by:

Powmw Foo+ Ry~ D+ B—= 204

or: i13)

P,= D - 902 dBW

Finally. Fig. 34 shows the required received signal power \versus time availability for service probabihities
of 0.5, 0.8, 0.9 and 0.99 using, as in Example 1.

P= P + 107 [REY
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7. The infiuence of the directivity and polarization of antennas

All the noise information presented in this Report, including the examples given in the last section, relates
to & short vertical receiving antenna. Although such an antenna may be used in practice at low frequencies,
long-distance communication at high frequencies is normally achieved by the use of a highly-directional antenna.
Some allowance must therefore be made for the effects of directivity and polarization on the signal-to-noise ratio.

It is assumed that the signal gain is reasonably well known, although it is dependent on the relative
importance of the various propagation modes, which vary with time. The effective noise factor of the antenna.
insofar as it is determined by atmospheric noise, may be influenced in several ways. If the noise sources were
distributed isotropically, the noise factor would be independent of the directional properties. In practice, however,
the azimuthal direction of the beam may coincide with the direction of an area where thunderstorms are prevalent,
and the noise factor will be increased correspondingly, compared with the omnidirectional antenna. On the other
hand, the converse may be true. The directivity in the verticai plane may be such as to differentiate in favour of,
or against, the reception of noise from a strong source. The movement of storms in and out of the antenna beam
may be expected to increase the variability of the noise, even if the average intensity is unchanged.

Experimental information on the 2ffects of directivity is scarce, and in some respects conflicting. In an
equatorial region (Singapore), the median value of F, for certain directional antennas was found to be somewhat
higher (about 4 dB on the average), than that for a vertical rod antenna over the same period {Bradley and
Clarke, 1964). This figure is considerably lower than the maximum possible antenna gain, as would be expected
from the widespread nature of the storms. but the fact that there was, on the average. some gain in noise in a
wide range of storm conditions suggests :hat there was a tendency for the noise to be received more from the
lower angles of elevation. In the Federal Republic of Germany also, directional antennas had, on the average,
higher noise factors [(Kronjiger and Vogt. 1959]. In order to determine the effects of antenna directivity on the
signal-to-noise ratio, it is necessary to take into account the storm locations and the critical frequency of the
ionosphere in addition to the antenna polar diagram. Rather detailed information on thunderstorm locations is
now available [e.g., Kotaki and Katoh, 1983; Kotaki. 1984; Crichlow er al,, 1971].

Even less information is available on the effects of antenna polarization but for a first approximarion. it
may be assumed that the received noise would be comparable with either polarization, provided the antenna
height is large compared with the wavelength. Some limited data on polarization (and directivity) for antennas
“close™ to the ground is available in Hagn er al. [1968] and Hagn and Shepherd [1984]. Additional information is
also available (primarily in the references) from URSI [1975, 1978, 1981, 1984).
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FIGURE 18s —~ Valeurs attendues du bruit aimosphérique radioélectrique, F,,,.. en d mrdessus de kTob & 1 MHz (Eté; 1600-2000 heure locale)

FIGURE 18 — Expecied values of atmospheric radio noise, F,  (dB above kTob at I MHz) (Summer; 1600-2000 LT)
FIGURA 18a — Valores probables det ruide aimosferico, Foum. et dB por encima de kTyb en | MHz (Verano,; 1600-2000 hora focal)
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Porcentaje de uempo durante ¢l cual se rebasa el vaior de ordenadas

cIGURE 27 — Distroutivns Je probubilice a amplituae du bruit atmospherique radioelectrigue pour differentes

vateurs de |V,

FIGURE 27 - dmplitude probabi:itv distribu,tons tor aimospheric radio noise for various values of ¥
FIGURA 27 - wisinbu tiones de ta prusabiiidad de ampliad ( DPA) del ruids radioelécimico atmosferico para
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FIGURE 28 — Valeurs aitendues de D et de leurs écans types o
FIGURE 28 — Expected values of D and their standard deviations op
FIGURA 28 — Valores probabies de D y de sus desviaciones tipicas, op

Ete; 2000-2400 heure locale Summer: 2000-2400 LT Verano: 2000-2400 hora local
Frequence: 50 kM2 Frequency: 50 kHz Frecuencia: 50 kHz
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FIGURE 29 — Volues of P, and their standard deviations oy
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FIGURE 30 —~ Probaoilité de service en fonction de l'écart normalisé ¢
FIGURE 30 — Service probability as a function of the standard norma! deviate.t
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FIGURE 3! — Puitsance de signal requise en forction de o duree de service sarisfaisant, pour difféerentes probabilites de service
{niveaux de confiance)

FIGURE 31 — Required signal power versus time availabilitv for various service probabilities (confidence levels)

FIGURA 31 — Potencia de sefial necesaria.P. en funcion de la disponibilidad en el tiempo para diversos valores de la probabilidad
de servicio {niveles de confianza}

Geneve. Suisse Geneva. Swiuzerland Ginebra. Suiza

Ete: 2000-2400 heure locale Summer: 2000-2400 LT Verano: 2000-2400 hora local
Frequence: 50 kHz Fraquency: 50 kHz Frecuencia: 50 kHz

Largeur de bande: 100 Hz Bandwidth: 100 Hz Anchura de banda: 100 Hz
Erreur binaire: 5 X 10-4 Bimary errors: 5 X 1074 Ertores binarios: 0.05%

Tvpe de service: non coherent a MDF Type of service: NCFSK Tipo de servicio: MDF no coherente
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FIG'.RE 32 — Voleurs de D et de leurs écany types o,
FIGURE 32 ~ Values of D and their standard devigtions op
FIGURA 12 —~ Valores de D y de sus desviaciones nipicas, Gp
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FIGURE 34 — Puissance de signal requise en fonction de la durée de service saiisfaisant, pour différentes probabiiites de service
(niveaux de confiance}
FIGURE 34 — Required signal power versus time availability for various service probabiliries (confidence levels)

FIGURA 34 — Porencia de senal necesana, P, en funcion de la disponibilidad en el tiempo para diversos valores de la probabiiidad
de servicio {niveles de confianza)

Geneve, Suisse Geneva, Swigerland Ginebra. Suiza

Ete: 2000-2400 heure locale Summer: 2000-2400 LT Verano: 2000-2400 hora local
Frequence: 5 MHz Frequency: 5 MHz Frecuencia: 5 MHz

Largeur de bande: 6 kiHz Bandwidth: 6 kilz Anchura de banda: 6 kHz
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