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FOREWORD

NRSC-R13, AM Technical Assignment Criteria: An Examination of Issues Raised in MM Docket No. 87-
267 (“Review of the Technical Assignment Criteria for the AM Broadcast Service”), was prepared for the
National Association of Broadcasters and addresses four issues raised in Docket 87-267:

° Atmospheric and man-made noise;

Minimum usable field strength;

Adjacent-channel protection ratios;

Root-Sum-Square (RSS) calculations and adjacent-channel skywave interference.

The NRSC is jointly sponsored by the Consumer Electronics Association and the National Association of
Broadcasters. It serves as an industry-wide standards-setting body for technical aspects of terrestrial
over-the-air radio broadcasting systems in the United States.
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AM Technical Assignment Criteria
An Examination of Issues Raised in MM Docket No. 87-267

HARRISON J. KLEIN, P.E.!

I. EXECUTIVE SUMMARY

This technical report addresses four issues in the FCC's
Notice of Inquiry in MM Docket No. 87-267:

1. Atmospheric and man-made noise
2. Minimum usable field strength

3. Adjacent-channel protection ratios
4,

RSS (root-sum-square) calculations and
adjacent-channel skywave interference.

Here are the principal conclusions of this report:

1. Minimum usable field strength can vary widely
depending on atmospheric and man-made noise
environment and on required system performance.
No single protected contour is appropriate for all
circumstances. Differing requirements should be
accommodated by the Commission's allocation
scheme.

2. Existing protection ratios are entirely inadequate to
prevent adjacent-channel interference, even with
today's narrowband receivers. New protection ratios
can be calculated that will reflect present and future
technical parameters such as the National Radio
Systems Committee (NRSC) audio standard.

3. The existing RSS calculation method using 50%
exclusion results in unrealistic predictions of
nighttime service and, over the years, has permitted
widespread increases in interference. Use of a 25%
exclusion method would more accurately portray
nighttime service contours and would minimize
future increases in interference.

4. The existing RSS calculation method produces
correct estimates of total 10%-time interference even
though the 10%-time values of the interferers are
individually specified prior to calculating the RSS.

5. RSS calculations should include the effects of
adjacent-channel skywave interference by weighting
each RSS contributor by the appropriate protection
ratio.

Finally, and most importantly, this report contains PC-
compatible computer programs that permit an AM engineer to
calculate the values of appropriate technical assignment criteria
using user-supplied input parameters. Sample calculations are
provided.

1 Mr. Klein is with Hammett & Edison, Inc., Consulting
Engineers, Box 280068, San Francisco, CA 94128-0068,
(415) 342-5200.

II. INTRODUCTION

This report, which was prepared on behalf of the National
Association of Broadcasters (NAB), contains the results of a
broad examination of AM technical assignment criteria.

. NAB's efforts were prompted by the August 17, 1987, release

by the Federal Communications Commission of a Notice of
Inquiry in MM Docket No. 87-267 ("Notice"). The Notice
initiated a review of the many technical assignment criteria
that collectively represent the technical framework for the AM
broadcast service. Among the issues raised by the
Commission are whether existing protected contours and
protection ratios for the various classes of AM stations are
appropriate in light of past and potential changes in
transmission technology, AM receiver design, and listener
habits. Related issues include the effects of atmospheric and
man-made noise, and whether current FCC calculation methods
adequately describe AM groundwave and skywave propagation
and the effects of multiple interfering signals.

This report collects and analyzes available technical
information and provides computer tools useful in developing
recommendations for FCC action. The report considers the
geographical dependence of atmospheric and man-made noise,
and provides sources that contain estimates for their values. It
analyzes each component required to determine the minimum
usable field strength, Emin. It describes the factors that affect
radio frequency protection ratios and describes the methods that
have been developed to calculate protection ratios. The matters
of RSS calculations and adjacent-channel skywave interference
are thoroughly discussed; in particular, the report describes the
proper method for calculating the effects of multiple interfering
skywave signals.

Computer programs are provided for calculating Epyip,
adjacent-channel protection ratios, and signal-to-interference
ratios for multiple skywave signals. The algorithms are
explained in some detail and are available for the Commission
and others to use in their deliberations.

A specific set of technical standards is not proposed by this
report. Rather, interested parties are encouraged to use the
information contained in this report to formulate suitable
technical criteria they believe to be appropriate for the present
and future AM broadcasting environment. This study was
conducted because NAB wished to ensure that the
Commission's technical standards are as accurate and objective
as possible.



UI. ATMIOSPHERIC AND MAN-MADE NOISE

The ambient noise level is a determining factor in the
minimum usable field strength, Emjn, which in turn is the
basis for defining protected contours. A knowledge of the
ambient atmospheric and man-made noise throughout the
United States is essential to the development of more
appropriate technical standards for the AM band. Stations
must have an appropriate RF signal-to-noise ratio (SNR) in
order to provide listeners with the quality of sound they
demand.

A. Atmospheric Noise

Knowledge about atmospheric noise levels has improved
significantly in the years since the present FCC allocation
standards were developed. Extensive research has been
conducted into the distribution of atmospheric noise
throughout the world. The results are summarized in reports
of the International Radio Consultative Committee (CCIR);
the most recent is CCIR Report 322-3, "Characteristics and
Applications of Atmospheric Radio Noise Data,” which is
dated 1986 and is included with this report as Appendix A.
Report 322-3 is based principally on research performed by
Spaulding and Washburn of the U.S. National
Telecommunications and Information Administration [1].

Report 322-3 presents atmospheric noise data in the form
of maps and graphs. Each map and its two associated graphs
cover a specified season (winter, spring, summer, autumn) and
four-hour time period (e.g., 0000-0400 local time). The map
shows the expected value of atmospheric radio noise
throughout the world, for a frequency of 1 MHz. Consistent
with conventional technical discussions of noise, this report
defines noise in terms of an effective antenna noise figure, Fa,
and describes how F3 can be converted to an equivalent noise
field strength in millivolts per meter. In the United States,
Famz ranges from a low of approximately 30 dB (Pacific
Northwest, winter, 0800-1200) to a high of approximately
90 dB (Midwest, summer, 2000-2400).

One of the graphs associated with each map shows the
variation of radio noise with frequency. Noise levels are
highest at low frequencies and generally decrease with
increasing frequency at the rate of approximately 30-70 dB per
decade. Above about 30 MHz, atmospheric noise levels are
beneath the level of galactic noise.

The other graph associated with each map shows, as a
function of frequency, the remaining parameters necessary for a
complete statistical description of the noise. V{ is the ratio,
in dB, of the rms noise envelope voltage to the mean noise
envelope voltage.3 The higher the value of V4, the more
impulsive or "spiky" the noise. Dj and Dy are the lower and
upper deciles, respectively, of the average noise power. The

2 Fam is the median of the hourly values of Fa within a time
block.

3 The graph shows Vgm, which is the median of Vy for the
specified time-block.
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lower decile is the value exceeded for 90% of the hours within
a time block; the upper decile is the value exceeded for 10% of
the hours. Dj and Dy are measures of the deviation of Fy from
its median value. The graph also shows the standard
deviations of the various statistical quantities.

B. Man-made Noise

Man-made noise has become a much more serious
allocation consideration as its level has increased due to the
proliferation of power lines, industrial machinery, and noise-
generating appliances, but less data is available on this topic
than on atmospheric noise. CCIR Report 258—4, "Man-made
Radio Noise,” which is included with this report as
Appendix B, includes a discussion of man-made noise based
on work published in 1974 by Spaulding and Disney [2], but
opinions differ on whether these levels are still valid.

Man-made noise is described using the same statistical
quantities, such as Fam, as is atmospheric noise. Five
"environmental categories” are defined in Report 258-4
corresponding to different values for Fam: galactic (as defined
in Report 322-3), quiet rural, rural, residential, and business.
Figure 1 of Report 258—4 shows that Fam for each category
of noise varies linearly with the logarithm of the noise
frequency.

To describe an environment that may better correspond to
the increasing noise levels that have occurred over the last 15
years, this report defines a new environmental category called
"intense,” which is even noisier than the "business” category.
"Intense” noise is equivalent to the noise level measured in the

 vicinity of power lines, which was reported in {2].

The next section of this report describes how the above
statistical parameters of atmospheric or man-made noise,
together with other transmission system parameters, are used
to calculate Emin.

1V. MINIMUM USABLE FIELD STRENGTH

The minimum usable field strength, Emin, is defined as the
field strength necessary to permit a desired reception quality,
under specified receivinf conditions, in the presence of natural
and man-made noise.* If noise were constant, one could
define reception quality simply as a certain signal-to-noise
ratio, then add that value to the noise level to obtain Emin
directly. But because the noise level is always changing, a
technically accurate Emin must instead be evaluated
statistically.

The report now describes how the concept of system
performance is used to develop a method for calculating Emin.
The statistical terms that define system performance are
necessarily abstract. Readers without a theoretical background
in probability and statistics should not expect to gain a
thorough understanding of the concept of system performance
from this report, but should become familiar with the basic
terminology.

4 A more complete definition can be found in [3].
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A. The Components of System Performance

For the purposes of this report, Emin is the field strength
necessary to achieve a desired system performance, where
system performance is defined in Report 322-3 in terms of
three independent component parts: grade of service, time
availability, and service probability. The concept of system
performance used here is consistent with that for other
communications systems. Each component of system
performance must be specified before Emin can be calculated.

1. Grade of service

"Grade of service" represents the short-term reception
quality of the system. The purpose of defining grades of
service, which are common in many communication systems,
is to develop subjective descriptions of quality that correspond
to particular objective technical specifications. For example,
common grades of service for commercial telephony systems
are "just usable,” "marginaily commercial,” and "good
commercial.” Example II in Section 6.5 of Report 322-3
defines the "marginally commercial” grade of service for a
double-sideband telephony system to be a median signal-to-
noise ratio of 64 dB in a 1 Hz bandwidth.

"Marginally commercial” provides a better subjective

: description of reception quality than does the technical

specification "a median signal-to-noise ratio of 64 dB in a
1 Hz bandwidth." Knowing, for example, that a S mV/m

| field strength is required to obtain a SNR of 64 dB in a 1 Hz

bandwidth is of little practical benefit without also knowing
the relationship between the technical specification and the
subjective description.

The terms used to specify grade of service depend on the
particular communication system, but all grades of service for
statistical systems must include a measure of time in addition
to one of signal quality. The above example did not explicitly
include a reference to time, but use of the term "median signal-
to-noise ratio” implies a time percentage of 50%. Example I
in Section 6.4 of Report 322-3 describes a frequency shift
keying system in which grade of service is specified by the
probability of bit error which, for a given transmission rate,
corresponds to a certain number of errors per unit time.

In a telephony system such as AM, the grade of service is
specified by an instantaneous signal-to-noise ratio and the
percentage of time that the SNR is achieved. Note that the
specification refers to the instantaneous SNR. Even for noise
with a constant rms level, the instantaneous noise envelope
voltage is constantly changing. Grade of service refers to the
percentage of time that the signal is above the instantaneous
level of the constantly changing noise, for a certain rms noise
level.

At this time there are no generally accepted definitions in
the United States for AM broadcasting grades of service. An
instantaneous signal-to-noise ratio and percentage of time must
be specified before Epmin can be calculated, but there has been
no relationship developed in which a certain combination of
SNR and time percentage comresponds to Grade A or best

3

quality service, a lower SNR to a Grade B or lesser quality
service, and so forth. With further research, a relationship
could be developed analogous to the TASO grades for
television pictures. In the absence of defined grades of service,
values that appear reasonable must be chosen for instantaneous
SNR and time percentage, but those values cannot now be
related to known levels of listener satisfaction.

2. Time availability

In the above discussion concerning grade of service, the
time specification refers to the percentage of time the signal is
above the instantaneous noise envelope voltage, for noise of
constant rms level. But the rms noise level itself also changes
from hour to hour within each four-hour seasonal time period
(e.g., summer, 2000-2400 local time) shown in Report 322-3.
"Time availability” is the percentage of time throughout the
specified time period that a given grade of service or better will
be achieved.

3. Service probability

Each parameter that describes the statistical nature of the
noise has an uncertainty, which is described by its standard - -
deviation. "Service probability” is the statistical confidence
factor, required for any statistical description, that combines -
these various uncertainties.
specified time availability. .

To aid in understanding the concept of service probability,.
consider an Empin calculation made using the data in-
Report 322-3 for a particular season and time period, grade of .
service, and time availability, and for a service probability of
50%. For a given path from transmitter to receiver, 50%
service probability means that there is a S0% chance that this
value of Emin will be sufficient to achieve the specified grade
of service and time availability.

B. Calculation of E;mijn by Computer

To provide information that will be useful to anyone
wishing to develop specific recommendations for Emin, 2
PC-compatible computer program was written that allows the
user to specify any desired set of input conditions, which
consist of atmospheric or man-made noise parameters, system
performance requirements, frequency, bandwidth, and standard
deviation of the expected received signal strength.5
Appendix C contains further information about the algorithm
and instructions for program operation.

Sample Enqip calculations have been made and are shown
in Figure 1. The figure is arranged in order of worsening
noise. Each example is for an instantaneous signal-to-noise
ratio of 26 dB. Although the time percentage for grade of
service can be specified differently from the percentage of time
availability, in the examples the two percentages are specified
identically; the columns labeled 50%-time, 90%-time, and

5 See Appendix C for a discussion of standard deviation of the
expected received signal strength.

It is the probability that a . .
specified grade of service or better will be achieved for a .
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Figure 1

CALCULATED MINIMUM USABLE FIELD STRENGTH, Emin

Signal-to-noise ratio = 26 dB

Frequency = 1 MHz

Service probability = 50%

Location or Season Calculated Emin (mV/m)
Noise Type Category and Local Time 50%-time 90%-time 99%-time
Atmospheric Pacific Northwest Winter, 0800-1200 <0.005 <0.005 0.03
Man-made Rural 0.04 0.35 2.02
Man-made Residential 0.07 0.67 4.69
Man-made Business 0.11 1.04 7.52
Atmospheric Midwest Summer, 2000-2400 0.18 2.12 249
Man-made Intense 056 5.89 46.7

99%-time refer to both grade of service and time availability.
Each example is for a service probability of 50%. The
examples show the values of field strength that would be
needed for the instantaneous signal-to-noise ratio to be at least
26 dB, for the indicated percentage of time and for the indicated
percentage of hours within the CCIR seasonal time period,
with a confidence factor of 50%.

The bandwidth was specified as 10,666 Hz for all
calculations. 10,666 Hz is the effective RF bandwidth of a
receiver meeting the NRSC deemphasis standard, assuming
infinite attenuation outside the +10,000 Hz receiver
passbancl.6 The standard deviation of the expected received
signal strength was specified as 2 dB and the frequency was
specified as 1 MHz for all calculations.

The specific program input parameters for the two
atmospheric noise examples were determined from
Report 322-3 as follows:

Pacific Northwest, Winter, 0800-1200

Fam: 30dB Standard deviation: 4.5 dB

Vdm: 4.1dB Standard deviation: 2.2 dB

Dy: 92dB Standard deviation: 52dB
Midwest, Summer, 2000-2400

Fam: 90dB Standard deviation: 4.8 dB

Vdm: 5.7dB Standard deviation: 1.5dB

Dy: 82dB Standard deviation: 2.8 dB.

6 Effective bandwidth is the bandwidth of a hypothetical white
noise signal (constant power density) that has the same total
noise power as noise that has been weighted by the
deemphasis characteristic. The effective audio bandwidth was
obtained by numerically integrating the NRSC deemphasis
curve from O Hz to 10,000 Hz, using Simpson's rule with a
step size of 50 Hz. The effective RF bandwidth is twice the
effective audio bandwidth.

For the four man-made noise environments, Fam, Vdm, and
Dy were taken from (2}, if available, and are built into the
program. The user is not required to specify these parameters.

Two general observations can be drawn from the data in
Figure 1. First, under some circumstances noise levels can be
extremely low. During winter in the Pacific Northwest, the
50%-time and 90%-time values for Emin are less than
S microvolts per meter. Even in a business noise
environment, a field strength of 0.1 mV/m is sufficient to
provide a 26 dB signal-to-noise ratio approximately 50% of
the time. This indicates that reception of a quality some may
consider acceptable can occur even in areas of relatively low
signal strength, such as the fringe areas of the 0.1 mV/m
protected contour of a Class I station. If such a signal is the
only kind available, as it may be in rural areas with no local
radio station, it may provide listeners with perfectly usable
service.

On the other hand, Figure 1 shows that it takes a strong
signal to yield high time availabilities, especially in urban
areas. A field strength of 1 mV/m is needed in a business
noise environment merely to get a 90%-time signal-to-noise
ratio of 26 dB. For a better SNR, the field strength would
have to be correspondingly higher. To obtain 99%-time
reliability, even with a signal-to-noise ratio of only 26 dB, in
most locations AM signals must have field strengths in the
2-25 mV/m range.

This section has demonstrated that the calculated values of
minimum usable field strength can vary widely depending on
atmospheric and man-made noise environment and on required
system performance. Thus no single protected contour is
appropriate for all circumstances. Differing requirements
should be accommodated by the Commission's allocation
scheme.
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V. ADJACENT-CHANNEL PROTECTION RATIOS

The development of more realistic co-channel and adjacent-
channel protection ratios is probably the most important
technical issue in the AM improvement proceeding. The
protection ratios that underlie existing allocation standards are
largely responsible for the interference situation on the AM
band. This section describes the factors that affect the
protection ratio and discusses how protection ratios can be
calculated that will reflect present and future technical
parameters.

A. Factors Affecting Protection Ratio

The RF protection ratio is defined’ as the RF desired-to-
undesired (D/U) ratio at the receiver input8 that will provide
the required audio signal-to-interference ratio at the receiver
output. The RF protection ratio depends on diverse parameters
such as channel spacing, modulation characteristics,
transmitter and receiver characteristics, human hearing
characteristics, and subjective listening preferences. In
particular, it depends on a number of technical parameters that
have changed since the present allocation system was
implemented, or that the broadcast industry hopes will change
in the future:

- 1. The bandwidths of the transmitter and receiver and
the preemphasis and deemphasis characteristics of
the system. The NRSC standards and wider-
bandwidth receivers should form the basis for new
protection ratios.

2. The spectral energy distribution of the modulation
signal. The spectral content of modern
programming differs greatly from that found decades
ago.

3. The amount of compression and limiting. The
effects of heavy processing should be taken into
account.

4. The amplitude and frequency response of the human
ear. As listeners have become accustomed to
improved quality sound reproduction from other
media, their subjective preferences may have
changed, which would affect their perception of
interference.

7 A more rigorous definition of both audio and RF protection
ratios can be found in [3).

The term "at the receiver input’ can mean different things
depending on context. In FCC allocation standards the term
refers to the ratio of field strengths at the receiving antenna,
but in the context of measurement practice it refers to RF
voltages at the receiver's antenna terminals. In allocation
standards based on protection ratios determined by
conventional measurement techniques, receiving antenna
directivity is assumed to be negligible; this is a reasonable
assumption given the random orientation of the antenna and
the random spatial relationship between the desired and
undesired stations.

8

B. Determination of Protection Ratios

Protection ratios can be determined in several ways [4].
The most accurate method, and the only method for co-channel
ratios, is through subjective listening tests, wherein listeners
evaluate reception quality under specified conditions of desired
and undesired signals and receiver characteristics. The
protection ratio is chosen based on an agreed-upon listener
satisfaction level. The subjective method is extremely time-
consuming because it involves many variables and many
people.

It is possible to determine adjacent-channel protection ratios

. through subjective listening tests. However, if listening tests

are first used to determine the co-channel protection ratio, then
various objective methods can be used to derive the adjacent-
channel protection ratio relative to that co-channel ratio [5].
This relative adjacent-channel protection ratio, Arg, is defined
in [4].

Are} is a construct — it does not represent an actual D/U
ratio at any frequency — but it is useful because it can be
calculated objectively and then used to derive the actual
adjacent-channel protection ratio, A. The following equivalent
equations relate Are] to A and to the co-channel protection
ratio, Ag:

Arel = A-Ap
A = Ao + Arel.
For example, the existing AM allocation system is based on 2

co-channel protection ratio at the protected contour of 20:1, or . o

26 dB, which means that the desired signal must be 26 dB

greater than the undesired signal. The adjacent-channel N

protection ratio at the protected contour is 1:1, or 0 dB.
Therefore, for the first adjacent channel,

Arel = A-Ao
= 0-26
= -26dB.

All of the objective methods for obtaining relative
protection ratios involve defining the technical parameters that
make up the transmitter and receiver response. "Transmitter
response” refers to the overall transmitted energy spectrum.
"Receiver response” refers to the overall receiving system,
which includes human hearing characteristics. In principle, if
all of these technical parameters that affect Are] are properly
defined, the objective methods should yield the same protection
ratios as would be obtained subjectively.

NAB has retained B. Angell & Associates, Inc., of Chicago
to conduct the subjective tests needed to determine the required
co-channel protection ratio, Ag. This companion report is
intended to provide the background and tools necessary for
interested parties'to calculate the relative adjacent-channel
protection ratio, Are], for any desired transmission and
reception parameters. From Ag and Age}, recommended values
for the actual adjacent-channel protection ratio, A, can be
derived.



C. Objective Methods for Determining Protection
Ratios

Of the several objective methods described in [5] for
determining Are], the most accurate is the "objective
measurement method," which uses RF generators as the desired
and undesired signals, modulates them with noise that
simulates program material of the desired level and character,
detects them with a receiver of the proper characteristics, and
measures the signal-to-noise ratio with a properly weighted
noise meter. While the objective measurement method is
accurate, and serves as a reference for the other methods that do
not involve measurement, it is time-consuming and requires
specialized test equipment. The test equipment must be
modified if the transmission or reception parameters are
changed, which makes it difficult to use the objective
measurement method with hypothetical transmission systems.

Another of the objective methods in [S] for determining

Arel] is called the "numerical method,” which involves a.

computer calculation that takes into account each of the
objective parameters that affect the adjacent-channel protection
ratio. It permits immediate determination of Arej for any
transmitting and receiving system, existing or projected. The
numerical method is especially useful in the development of

allocation standards because it can take into account the.

characteristics of the NRSC system, including future NRSC
receivers.

D. Calculation of Protection Ratios by Computer

The CCIR numerical method is based on work done in
Germany by Groschel. His paper, "A mathematical model for
the calculation of the adjacent-channel interference in single-
sideband and double-sideband AM sound broadcasting
systems,” which discusses the numerical method in detail, is
included with this report as Appendix D. The paper describes a
computer program that determines Arej by means of numerical
integration.9 A copy of this program was obtained from the
author. It was re-written to translate the German expressions,
to make it PC-compatible, to permit specification of technical
parameters such as the NRSC standards that are appropriate to
domestic AM broadcasting, and to make it convenient for users
to modify the program to specify different hypothetical
parameters. Appendix E contains instructions for program
operation. '

The computer program permits interested users to evaluate
relative adjacent-channel protection ratios under varying
conditions and to make appropriate recommendations to the
FCC. Samplie calculations have been made and are shown in
Figure 2. For ease of interpretation, the values of Are]
calculated by the computer have been converted to actual
protection ratios using the existing FCC co-channel protection
ratio, Ag, of 26 dB. Note that if Ao were some higher value
such as 40 dB, the adjacent-channel protection ratios shown in

9 Gréschel's original program was ‘written in BASIC for
Hewlett-Packard desktop computers.
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Figure 2 would have to be increased by 14 dB. Thus the
protection ratios shown in Figure 2 can be considered
minimal. For comparison, Figure2 also shows the
protection ratios implicit in existing allocation standards. 10

The following parameters were used for all sample
protection ratio calculations:

Transmission mode: DSB/ISB

Modulation spectrum: USASI noise
Modulation factor: 1.00

Transmitter noise: 100.0 dB below carrier
Intermodulation attenuation:  40.0 dB

Psophometric curve: CCIR—468
Out-of-band selectivity: 100.0dB

Notch filter: None.

The remaining parameters were varied according to the desired
transmission and reception mode. The transmission mode
"Pre-NRSC" refers to transmission conditions pnor to the
adoption by stations of the NRSC audio standard, 1 in which
an audio processor is used that has a simple 50-microsecond
preemphasis curve and does not have the NRSC low-pass
filter, "NRSC" refers to transmission with the preemphasis
curve and low-pass filter of the NRSC audio standard; the
NRSC RF mask limits were used as the out-of-band radiation
model only in Sections B and C of Figure 2. The "5400 Hz
bandwidth” mode refers to transmission with a sharp-cutoff
5400 Hz audio low-pass filter and no preemphasis.

The reception mode "Current Radios” refers to typical AM
radios that begin to roll off about 2000 Hz, are down 20 dB at
5 kHz, and are down 40 dB at 10 kHz, "Ideal NRSC" refers
to a radio using NRSC deemphasis and the same "brick wall"
filter characteristics as an NRSC transmitter. Since a filter
this sharp is unlikely in commercial AM radio receivers, a
"Realistic NRSC" receiver was defined having a less selective
band-limiting filter with a 60 dB per octave slope beyond
10 kHz; even this filter characteristic may be overly
optimistic.

The specific program setup conditions for the various
transmission and reception modes were as follows:

Pre-NRSC

Band limiting: Low-pass
Attenuation: 40 dB/kHz
Bandwidth: 14000 Hz
Preemphasis: 50 us

Out-of-band radiation: CCIR

10 FCC Rules do not specify a second-adjacent-channel
protection ratio. A ratio of -29.5dB is specified
internationally in [6]. The contour overlap table in
Section 73.37(a) of the FCC Rules, which prohibits
overlap of the 2mV/m and 25 mV/m field strength
contours of stations with a frequency separation of 20 kHz,
does not provide a 30 dB protection ratio at the 0.5 mV/m
protected contour.

The term "NRSC audio standard” refers to NRSC Standard
No. NRSC-1, EIA Interim Standard EIA/IS40, "NRSC AM
Preemphasis/Deemphasis and Broadcast Audio Transmission
Bandwidth Specifications.”

11
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Figure 2

REQUIRED ADJACENT-CHANNEL PROTECTION RATIOS

for Co-channel Protection Ratio of 26 dB

Adjacent-channel Protection Ratio (dB)

Transmission Mode Reception Mode First (10 kHz) Second (20 kHz)

A. Out-of-band radiation: CCIR model

Pre-NRSC Current radios 17 -8
NRSC Current radios 14 =30
NRSC "Ideal” NRSC 21 -28
NRSC "Realistic” NRSC 24 _ -7
5400 Hz Current radios ) 0 -47
audio bandwidth
B. Out-of-band radiation: NRSC RF mask test limits
NRSC Current radios 18 3
NRSC "Ideal” NRSC 20 (+)7
NRSC "Realistic" NRSC 21 +)8
C. Out-of-band radiation: NRSC RF mask maximum limits
NRSC Current radios 20 + 15
NRSC "Ideal” NRSC 22 (+) 16
NRSC "Realistic” NRSC 22 (+) 16
EXISTING ALLOCATION STANDARDS 0 -30
NRSC "Ideal” NRSC
Band limiting: NRSC Band limiting: NRSC
Preemphasis: NRSC Deemphasis: NRSC
Out-of-band radiation: CCIR, NRSC TEST, or "Realistic” NRSC
5400 Hz audio bandwidth Attenuation; 6 dB/kHz
Band limiting: Low-pass Bandwidth: 10000 Hz
Attenuation: 20 dB/kHz Deemphasis: NRSC.
Bandwidth: 5400 Hz . To interpret Figure 2, note that a higher protection ratio
Preemphasis: None requires a lower undesired signal to prevent interference. Said
Out-of-band radiation: CCIR another way, a higher protection ratio implies that a given
Current Radios undesired signal level will cause more interference.
Band limiting: Low-pass Consider first the data in Section A of Figure 2 for the
Attenuation: 8 dB/kHz CCIR out-of-band radiation model. For stations operating
Bandwidth: 2500 Hz under pre-NRSC conditions, the data indicate that a 17 dB
Deemphasis: None first-adjacent-channel protection ratio is required, even with

existing narrowband radios. A 17 dB protection ratio means
that, at a station's 0.5 mV/m protected contour, an undesired
signal 10 kHz removed should be 17 dB below 0.5 mV/m.
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However, under the existing 0 dB allocation standard, that
undesired signal could be as strong as 0.5 mV/m — 17dB
greater than it should be to avoid interference.!

Implementation of the NRSC audio standard for
transmission while using narrowband radios makes only a
modest 3 dB improvement in the first-adjacent-channel
protection ratio, from 17 dB to 14 dB. However, NRSC
transmission makes a major 22 dB improvement at the second
adjacent channel: from -8 dB to -30 dB. This is an indication
of the benefits to second-adjacent-channel interference of the
NRSC bandwidth specification.

As receivers begin to implement the NRSC audio standard,
their wider bandwidths will require protection ratios to increase
far above those in existence today if adjacent-channel
interference is to be avoided. The combination of NRSC
transmission and "realistic” NRSC reception requires a first-
adjacent-channel protection ratio of 24 dB — only 2 dB less
than the 26 dB co-channel ratio. One can conclude that even if
the FCC were to immediately change its contour overlap rules
for new facilities to reflect higher protection ratios, wider
bandwidth receivers would continue to experience adjacent-
channel interference at the 0.5 mV/m contour for many years
unless vast numbers of stations ceased operation.

To highlight the protection limitations inherent in existing
allocation standards, the program was used to determine the
transmission bandwidth that would be required with current
radios to yield a first-adjacent-channel protection ratio equal to
the existing 0 dB. Even with narrowband receivers, AM
stations would be required to transmit with 5400 Hz audio
bandwidth to obtain O dB protection. This is a clear indication
of the magnitude of AM's present difficulties.

Sections B and C of Figure 2 repeat the calculations of
Section A for NRSC transmission, but reflect use of the
NRSC RF mask test limits and maximum limits,
respectively, instead of the CCIR model, as the out-of-band
radiation subfunction. While the two NRSC RF mask curves
result in modest changes in the required first-adjacent ratios,
they result in dramatic increases of up to 45 dB in the second-
adjacent ratios. A 15-16 dB protection ratio is required if the
NRSC maximum limits are assumed, which is 45-46 dB
greater than the -30 dB of existing allocation standards.

These gross protection ratio changes occur because the
NRSC limits assume far greater energy in the 10-25kHz
frequency band than does the CCIR model. Groschel's CCIR
model, with an intermodulation attenuation of 40 dB, has
energy in the 10-25kHz frequency band ranging from
-71.7dB to -94.5dB. The NRSC test limits in that band
range from —25 dB to —43.4 dB, and the NRSC maximum
limits range from -25 dB to -35 dB.

Both Gréschel's out-of-band radiation model and the NRSC
RF mask are said to be based on measurements of actual high-
power transmitters, yet they yield vastly different results. If

12 “To avoid interference” means only to prevent the weighted
signal-to-interference ratio from becoming worse than
26 dB.
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the NRSC mask really does represent the spurious energy
radiated from modemrn transmitters, these data raise serious
second-adjacent-channel allocation concerns. However, it may
be that the NRSC RF mask represents the worst-case envelope
of measured or expected spurious components from any
transmitter; each transmitter may not be expected to radiate
spurious energy up to the RF mask limits at every frequency.
If so, then use of the NRSC limits in the out-of-band radiation
subfunction is overly pessimistic and the CCIR model may
provide more realistic results. Further investigation is needed
to determine which model is correct.

Regardless of which out-of-band radiation model is
assumed, the protection ratios shown in Figure 2 demonstrate
that, although the NRSC audio standard may make a dramatic
improvement in AM frequency response, it will exacerbate
adjacent-channel interference problems in weaker signal areas
where the desired-to-undesired signal is low. In those areas,
NRSC receivers will be required to contain selectable
bandwidth or variable bandwidth circuitry to avoid interference.
Figure 2 indicates that existing protection ratios are entirely
inadequate to prevent adjacent-channel interference, even with
today's narrowband receivers.

VI. RSS CALCULATIONS AND ADJACENT-
CHANNEL SKYWAVE INTERFERENCE

The existing methods specified in the FCC Rules for the
calculation of nighttime skywave interference ignore many
signals that may contribute substantially to the interference
environment. Over the years, the number of these signals has
multiplied, making the true interference environment much
worse than it is calculated to be. This section examines the
two most significant problems with present interference
calculation methods: the exclusion method used when
calculating the RSS, and the omission of adjacent-channel
skywave signals from interference consideration.

A. The RSS and the 50% Exclusion Method

The RSS, or root-sum-square, is intended to characterize the
nighttime interference level of a station by combining the
effects of all interfering signals into one net number. Because
the various interfering signals arrive with random phase and
modulation, the proper way to add them is on a power basis
rather than on a voltage basis. The field strength voltage of
each interfering signal is squared to obtain power, the squares
are added, and the square root is taken to return to voltage.
This root-sum-square voltage is multiplied by 20 to obtain the
quantity conventionally known as the "RSS." Thus the RSS
is the field strength that a desired signal must have to be 20
times, or 26 dB above, the interference level on the channel.
Since 26 dB is the protection ratio, a station with a field
strength at or above the RSS will provide interference-free
service as it is now defined. Therefore, the value of the RSS
is the limit of interference-free service; the RSS is also
commonly known as the "limit.”

It is impossible to add a new station to a channel without
creating some additional interference to all the other stations
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on that channel, although the amount of interference added to
many of the stations may be extremely small. So if the FCC
Rules specified that the RSS was to be calculated by taking
into account every interfering signal, and if the Rules also
prohibited, as they now do, any increase in the RSS,!3 then it
would be impossible to add any new stations at all. To make
it easier to add new stations, the FCC adopted the fiction that a
new station will not increase the existing RSS unless the new
station's interference contribution is at least 50% of the
existing RSS or more than the smallest interference
contribution already in the RSS. This is known as the "50%
exclusion method.” :

B. Understatement of Interference and
Overstatement of Coverage

The 50% exclusion method makes it possible to legally add
a significant amount of new interference to an existing station,
as long as it is done without raising this artificial measure of
interference, the 50%-exclusion RSS. This has indeed
occurred. Interference conditions are worse than they are
calculated to be, and much worse than was expected some 50
years ago when the 50% exclusion method was adopted.
Computer studies of several hundred AM stations have been
made and were reported in [7] and [8]. Even though these
studies did not take all interference contributions into account
(only the ten greatest contributors were included), they showed
that the 50% exclusion method understates the true interference
level on a channel by more than 4 dB for some stations. The
average understatement was approximately 2 dB.

In addition to allowing new interference to be created, the
50% exclusion method results in unrealistic predictions of
nighttime service. As discussed above, the RSS is the limit
of interference-free service. Nighttime service contours aré
defined as the field strength contour having the value of the
calculated RSS. A station with a calculated RSS of, for
example, 3.0 mV/m is considered to have interference-free
service out to the 3.0 mV/m contour. If that station happens
to be one for which the 50% exclusion method results in
underestimation of interference by 4 dB, the station's true
interference-free service would extend only to the smaller
4.8 mV/m contour. In a large metropolitan area, the
population within those two contours could differ by many
thousands of persons.

C. Alternative RSS Calculation Methods

Several ways have been suggested to produce a more
realistic - or otherwise "better” RSS. First, the exclusion
concept could be retained but the calculation procedure
changed. One alternative is the "n-highest contributor
method,"” in which a certain number of stations, such as the
four or eight greatest interference contributors, are included in
the RSS and the rest excluded. Another alternative is to

13 Ecc Rules generally prohibit a new facility from
increasing the RSS of another station if that RSS is above
the normally protected value.
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change the exclusion percentage to some smaller number such
as 35%, 25%, or 15%. Both alternatives would tend to raise
the calculated RSS closer to the actual interference level by
including more stations. Both alternatives would reduce the
amount of new interference that could be caused!4 but would
retain some ability to add new stations or to improve existing
ones.

Second, exclusion could be eliminated entirely, requiring all
interference contributions to be inciuded in the RSS
calculation, but stations could be permitted to cause
incremental increases in interference of 1 dB or perhaps some
smaller amount. This option would retain some potential for
new stations or facility improvements. The advantage of this
option over an exclusion method is that it eliminates an
inconsistency in the Rules. Under the 50% exclusion method,
a new station can go on the air, or a station that is not now z
contributor to another station’s RSS can improve its facilities,
and each is permitted to cause up to 1 dB of additional
interference., However, a station that is already a contributor to
another station's RSS is not permitted to raise that RSS at all,
so it would be prevented from a facility improvement even if
that improvement would also cause only a 1 dB interference
increase. The second option would eliminate this
inconsistency.

Third, exclusion could be eliminated while retaining the

prohibition against increases in the RSS. As discussed above,

this would prevent all further increases in interference, but =~

would also prevent most new stations and most improvements
in facilities. (

D. Comparison of Alternatives

The ramifications of the first option, which is to modify -
the exclusion method, have been investigated in detail by
Lahm and reported in [8]. He found that the n-highest
contributor method was undesirable, even though it would
more accurately represent the true interference levels on a
channel, because of its inconsistent effects on the threshold of
entry into the RSS from station to station and from channel to
channel. The n-highest contributor method would yield
substantial differences in the amount of new interference that a
new or modified facility could cause, depending on the
particular distribution of existing interference contributions on
its channel.

Lahm found that a reduction in exclusion percentage
provides better results. For 35% exclusion, the calculated
RSS is increased by an average of 0.9 dB over that now
calculated with 50% exclusion. For 25% exclusion and 15%
exclusion the average increase is 1.5dB and 1.8 dB,
respectively; note that the magnitude of the increase decreases
with decreasing exclusion levels. These increases in calculated
RSS were found to be relatively consistent from station to

14 A gew RSS contribution of 50% will increase the actual
interference level by up to 1dB. Contributions of 35%,
25%, and 15% correspond to increased imterference values
of up to approximately 0.5 dB, 0.25dB, and 0.1 dB,
respectively.
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station and channel to channel. Furthermore, the threshold of
entry into the RSS was also consistent. A decrease in
exclusion percentage from 50% to 25% has a substantial effect
on the calculated RSS and on the amount of new interference
that can be caused, while a further decrease to 15% has only a
small marginal effect. Lahm concluded that an exclusion
percentage of 25% was reasonable and in keeping with the
desire to better define the interference-free coverage and to
protect stations from interference.

The second option, which is to eliminate exclusion while
permitting any station to increase interference by a specified
amount, appears to offer no significant advantages over a 25%
exclusion method; indeed, it appears to offer no significant
benefits at all. The proposal to permit 1 dB or even 0.5 dB of
additional interference to be caused is little different from the
present undesirable situation that has permitted the creation of
substantial increased interference. It would actuaily be worse,
because in eliminating the FCC rule inconsistency mentioned
above, all stations would be permitted to increase interference,
not just new stations or stations that do not now contribute to
the calculated RSS.

Even if the amount of permissible interference for the
second option were to be defined as 0.25 dB, the problem of
potential abuse through multiple applications for 0.25 dB
interference increases would still need to be solved. Further,
when comparing the first option using an exclusion percentage
of 25%, with the second option using a corresponding
increased interference amount of 0.25 dB, the FCC rule
inconsistency becomes immaterial. It would be very unlikely
for an existing station to be prevented from making a desired
change only because it cannot cause a 0.25 dB RSS increase;
the protection requirements could easily be met through the
choice of power or antenna pattern.

In support of the third option, which is to completely
eliminate exclusion, it has been suggested that the AM band is
mature and that interference protection is more important than
new stations or improved facilities. While this may be an
accurate assessment, the third option does present severe
practical problems without offsetting benefits. It would be
very burdensome to include all stations in the calculated RSS.
There may be SO or more stations on one channel in the U.S.
alone. Those stations, foreign stations, and possibly adjacent-
channel stations!5 would all have to be included. The task of
data gathering and computation, even with modern computer
data bases, would become monumental. Yet even the long-
term incremental interference-protection benefits of the third
option over those of a reduced exclusion percentage are on the
order of only 1dB. The third option is not attractive.

The above comparison supports Lahm's conclusion that the
existing RSS exclusion principle be retained but the exclusion
percentage reduced to 25%. Such a change in the RSS
calculation method would make the RSS a more accurate
indicator of true interference levels on a channel. Predictions

15 See the discussion of adjacent-channel skywave interference
in Section VI-G of this report.
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of coverage would be more accurate, causing the calculated
interference-free contour level for some stations to change as
much as several dB.

E. Future Interference Levels

One should not be overly optimistic about the effect that a
change in RSS calculation method would have on interference
levels in the AM band. Changing the exclusion method would
not change the actual level of nighttime interference, it would
change only the calculated level. No stations would be
required to cause less interference if the exclusion method were
changed. At best, an improved exclusion method can only
prevent or reduce future increases in interference. Therefore, in
evaluating the impact on interference of a new exclusion
method, the important question is: how much does the actual
interference level that could eventually exist differ from what
now exists?

Consider a hypothetical Station A on a channel with 15
other nighttime signals. Station A's actual nighttime
interference level, represented by its total RSS of 5.00 mV/m,
is made up of contributions from all 15 of those signals.
However, the present 50%-exclusion RSS of 3.50 mV/m
understates that interference by about 3 dB. With 50%
exclusion, a new interference contribution of 1.74 mV/m
could be added, which would increase the total RSS to
5.29 mV/m, an increase of 0.49 dB. With 25% exclusion, a
new interference contribution of 0.87 mV/m could be added,
which would increase the total RSS to 5.08 mV/m, an
increase of 0.14 dB. If exclusion were eliminated entirely, no
increase would be possible, of course.

In this example, changing from 50% to 25% exclusion
would make only a 0.35 dB difference in the amount of actual
new interference that could be created by a new station.
Eliminating exclusion entirely would make less than 0.5 dB
difference. The small differences are a result of the maturity of
the AM band, which has many stations per channel and
significantly understated interference levels.

Although Station A was a hypothetical example, it is not
unrepresentative. A computer study of many stations could be
performed to better characterize the actual differences in effect
between the various exclusion method alternatives. Even
without such a study it is clear that, due to the maturity of the
AM band, a change in RSS calculation method is unlikely to
have a major impact on future interference. The effect on
interference-free contour accuracy is much more significant.

F. The Effect of Multiple 10% Interferers

The existing RSS calculation method combines the
10%-time field strengths of all interfering signals to determine
the total interference level. It might appear that the calculation
procedure assumes "worst case” conditions; each interferer is
assumed to be continuously present even though the 10%-time
interference level is used in the calculation. Perhaps the
present calculation method yields artificially high estimates of
interference under multiple-interferer conditions. This section
of the report demonstrates that the existing RSS calculation
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method is indeed a proper procedure for combining multiple
10% interferers.

Section 73.182(1) of the FCC Rules defines interference to
exist when the skywave field strength of an undesired station,
or the RSS interference level of two or more stations, exceeds
specified levels for 10% or more of the time. In other words,
the total interference, as defined in theory, is considered to be
the 10%-time value of the RSS combination of the individual
interferers.

The definition differs from the following procedure which is
used, in practice, to calculate the total interference:

1. The 10%-time field strength of each interfering signal is
determined using the curves and formulas in Figures 1a,
1b, or 2, as appropriate, of Section 73.190

2. The individual 10%-time field strengths are combined in
the RSS formula.

In other words, the total interference, as calculated in practice,
is considered to be the RSS combination of the 10%-time
values of the individual interferers.

Thus for the results of interference calculations to be
correct, the 10%-time value of the RSS combination of the
interferers must be equal to the RSS combination of the
10%-time values of the interferers. This equivalence is not
intuitively obvious. However, its validity is demonstrated in
the paper by Anderson, "Signal-to-Interference Ratio Statistics
for AM Broadcast Groundwave and Skywave Signals in the
Presence of Multiple Skywave Interferers,” which is attached
as Appendix F. Anderson's paper, prepared for inclusion in
this report, directly addresses the issue of interference from
multiple interferers. He has also provided a computer
program, SKYIN, described in Appendix G, which permits
interested users to perform their own calculations.

Anderson analyzes multiple interferers statistically,
explicitly taking into account the continuous voltage variation
of each one. In Section 7.0 of his paper he demonstrates that,
regardless of the number or amplitude of the multiple
interferers, the effect of the sum of the interferers on the
signal-to-interference ratio is the same as the effect of a single
interferer with equivalent power. Therefore, the existing RSS
calculation method produces correct estimates of total
10%-time interference even though the 10%-time values of the
interferers are individually specified prior to calculating the
RSS.

G. Adjacent-channel Skywave Interference

It is apparent from Section V of this report that first-
adjacent-channel signals can produce significant amounts of
interference. Yet the FCC Rules provide no interference
protection from nighttime adjacent-channel skywave
interference. It is likely that much of the increased nighttime
interference on the AM band over the last 40 years is due to
adjacent-channel skywave signals.

Two approaches have been suggested for treating adjacent-
channel skywave signals. In the Notice, the Commission
suggests that one alternative would be to amend
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Section 73.182(n) of the Rules to require inclusion of
skywave signals in the calculation of the adjacent-channel
RSS.16 While this altemative would result in accounting for
adjacent-channel skywave interference in allocation studies, it
would be a cumbersome method of achieving that desirable
end. It would require additional time-consuming calculations,
calculations that are not now normally required because, as
described below, Section 73.182(n) is not pertinent to most
nighttime allocation situations.

A station's protected daytime contour, which is generally
the 0.5 mV/m contour, is usually more extensive than its
protected nighttime contour. Therefore, the prohibition
against daytime 0.5 mV/m contour overlap of adjacent-channei
stations results in the two stations being so far apart that there
is seldom any calculated adjacent-channel groundwave
interference at night. If skywave signals were required to be
included in the RSS calculations of nighttime adjacent-channel
interference specified by Section 73.182(n), new RSS
calculations would be required at numerous points along the
protected contour.

The Commission's other suggested alternative, which is to
include adjacent-channel skywave signals in conventional RSS
calculations, would be a far better way to take account of
adjacent-channel interference in allocation studies. A typical
nighttime allocation study consists of RSS limit calculations
for the pertinent stations on the proposed channel, with =
showing that the proposed operation wouid not enter any RSS
that is above the normally protected value. This showing is
included in the application for construction permit. _

Most RSS calculations are now done by computer. The
co-channel stations to be included in the study are selected, the
computer calculates the skywave field strengths of each station
at each chosen site, and the RSS at each site is computed
using the 50% exclusion rule. It would be a relatively simple
task to include adjacent-channe} stations in the study and to
redefine the RSS formula to include adjacent-channel skywave
signals weighted by the appropriate protection ratio. The
application showings now required could be retained, but with
the inclusion of adjacent-channel data. Substantial additional
engineering time would not be required.

Inclusion of adjacent-channel skywave signals in the RSS
would be in accordance with the CCIR methods in [9] and with
procedures specified in the 1982 Region 2 Agreement [10].
Each specifies a formula for usable field strength which
includes weighted adjacent-channel signals in an RSS
calculation.
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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 both 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
Arms
APD
b B
D

D,

plls Pll
ps, P

pdf

Instantaneous amplitude of the noise envelope (dB)

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

Amplitude-probability distribution of received noise envelope (exceedance probability)
Effective receiver noise bandwidth (Hz) (B = 10 log b)

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

Lower decile, value of the average noise power exceeded 90% of the hours within a time block (dB
below the median value for the time block)

Upper decile of signal-to-noise ratio (dB value exceeded 10% of the time)
Upper decile of the received signal power (dB value exceeded 10% of the time)

Upper decile, value of the average noise power exceeded 10% of the hours within a time block (dB
above the median value for the time block)

Expected value of the signal field strength required for a given grade of service (dB(uV/m))
Root-mean-square noise field strength for a bandwidth b (dB(uV/m))

Operating noise factor of a receiving system

Operating noise figure of a receiving system (F = 10 log f)

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

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

Median of the hourly values of F, within a time block

Noise factor of the antenna circuit (its loss in available power)

Frequency (MHz)

Receiver noise factor

Noise factor of the transmission line (its loss in available power)
Boltzmann’s constant = 1.38 x 10~ J/K -

Temperature (Kelvin)

Received signal power available from an equivalent loss-free antenna (dBW)
Expected median value of P(dBW)

Noise power available from an equivalent loss-free antenna (P, = 10 log p,)

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

Probability density function

Signai-to-noise power ratio required (R = 10 log r)

Median value of R

Standard normal deviate

Effective antenna temperature in the presence of external noise (K)

Reference temperature = 288 K

This new version of Report 322 was adopted by the XVIth Plenary Assembly (Dubrovnik, 1986) for the purpose of
facilitating further studies to be carried out by Study Group 6 (see Recommendation 372-4).
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V4 Voltage deviation; the ratio (dB) of the root-mean-square envelope voltage to the average noise
envelope voltage

Vim Time-block median value of ¥,
Sp Standard deviation of D

Op Standard deviation of Dy

Op, Standard deviation of D,

Opr Standard deviation of Dg

Or, Standard deviation of Fum

op Standard deviation of the expected received signal power
ORr Standard deviation of R
or Total standard deviation; total uncertainty of P,
Sy 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 ultimate limitation to a
properly designed communication 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 will 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, or 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 seldom 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 operating noise factor that characterizes the performance of the entire
receiving system. In so doing, it is then possible to make decisions concerning required receiving system
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 but
seldom sufficient) when determining the effects of the external noise on system performance.

External noise can be divided into several types, each having its own characteristics. The most usual types
are of atmospheric, galactic, and man-made origin. All these types are considered here, but since atmospheric
noise usuaily predominates at frequencies below about 30 MHz, this Report deais primarily with this type and
with its influence on the reception of signals. Unlike the internal noise, the external noise is generally highly
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 to
show, by example, the method of using these noise parameters and their statistical variations in the evaluation of
the performance of a radio circuit. Additional examples of the use of the noise data in this Report and a summary
of the effects of atmospheric radio noise (and similar forms of impulsive noise) on telecommunication systems
performance are given in Spaulding [1982]. Also, recent results concerning atmospheric noise from lightning and
means of developing appropriate communication systems to perform in this noise are summarized by URSI [1981],
in Report 254 and in the references therein. Finally, Reports 258 and 670 give additional information concerning
man-made and atmospheric noise, and Recommendation 339 gives required signal energy to noise power spectral
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 to lightning in the absence of other signals, whether intentionally or unintentionally radiated. In addition, the
noise due to local thunderstorms can be important for a significant percentage of the time. This local noise can
also be significant at frequencies well above 30 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,
— examples of using the estimates in the determination of system performance.

The data used were obtained from the 16 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 1957 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 corresponding four-hour periods of the day throughout a season was defined
as a time 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
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 been 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 representations 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 system
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 operating 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 external to the antenna is expressed in terms of an effective
antenna noise factor, f,, which is defined by: .

Jo = p/kTob = T/ Ty M

where:
p.: noise power available from an equivalent loss free antenna (W),
k: Boltzmann's constant = 1.38 x 10-% J/K,
T, : reference temperature. taken as 283 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 kTj 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 /. is a dimensionless 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 kT, or the available power in terms of kTyb. The noise factor f, is commonly given by the
corresponding noise figure F,, i.e., F; = 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 types
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]. F, is simply related to the vertical r.m.s. field strength (for the
short vertical antenna) by:

E, = F, — 95.5 + 20 log fuu, + 10 log b (2)

where:
E,: r.m.s. noise field strength (dB(uV/m)) in bandwidth b (Hz),
F,: noise figure for the centre frequency fun. (MH2).

Atmospheric radio noise is characterized by large, rapid fluctuations, but if the noise 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 for the other measurements (non-ARN-2) used in
the analysis.

In predicting the expected noise level, the systematic trends, that is, the trends with time of day, season,
frequency, and geographical location, are taken into account explicitly. There are other variations that must be
taken into account statistically. 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 conditions. 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 block
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 plotted on a normal probability graph (level in dB), the amplitude 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 to be affected by solar activity. Some measurements at
very low frequencies, made many years ago, did seem to show such a correlation [Austin, 1932]. A thorough
examination of the data for Boulder, 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 system performance, more information about the received noise process than just its energy content
- (level) is almost always required. An exception would be if the external noise were a white Gaussian noise process,
but this is almost never the case. Atmospheric noise (and man-made noise) is a random process. The fact that we
are dealing with a random process means that the noise can be described only in probabilistic or statistical terms
and cannot be represented by a deterministic waveform or any collection of 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 sometimes it is 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 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 “amplitude probability distribution™ or APD. For some envelope level, 4;, the
APD is the fraction of the total measurement time, T, for which the envelope was above level 4;.

A large number of APDs have been measured in several countries, and reasonably consistent results have
been obtained [URSI, 1962; Clarke, 1962; Science Council of Japan, 1960; see also URSI, 1975, 1978, 1981, 1984,
and references 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 coordinates in which a Rayleigh distribution (representing the envelope of
thermal-type noise), is a straight line with a slope of —0.5. The low amplitude parts of an atmospheric noise curve
have this slope, the high amplitude parts are represented by a second straight 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 related to
the r.m.s. average, and mean logarithmic values of the distribution, parameters that have been recorded in routine
noise measurements [Crichlow et al., 1960a, 1960b]. In practice, because the average voltage and mean logarithmic
voltage are found to be closely correlated, the ratio of r.m.s. to average voltage, V,(dB), is sufficient to specify the
curve that can be used to represent the distribution [Spaulding et al., 1962]. A set of the APD curves is reproduced
in Fig. 27, which gives the probability (x 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 statistics have been developed, and a historical summary of the various
main models and their interrelationships has been given by Spaulding [1977, 1982] and by Shaver et al. [1972].
Numerical representation (coefficients and computer programs) of the APD 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 Agm).

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 bandwidth of 200 Hz, so 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 ¥, bandwidth
relationship. Figure 26 gives the results of this study and gives a means to convert the 200 Hz ¥, to the
corresponding F; in other bandwidths. The results of Fig. 26 are strictly valid only at MF, although recent resulits
indicate they are valid also at HF. Care should be exercised, therefore, when applying these resuits to lower
frequencies (i.e., LF, VLF, ELF).

4. ' Methods used to obtain the estimates

Values of F,, collected from the measurement stations previously mentioned, were edited to remove, as far
as possible, the effects of man-made noise and unwanted signals. The remaining values were considered to
represent actual atmospheric radio noise. The time block median | MHz values were compared with the
Report 322-2 values and corrections derived. The means for obtaining the 1 MHz values from the totality of
measurements at all the measurement frequencies and the numerical interpolation and mapping procedures used
to obtain the world-wide 1 MHz F,, values for each time block are detailed in Spaulding and Washburn {1985].
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Only data from measurement stations that employed ARN-2 equipment were used to obtain the variation
of F,, with frequency (i.e., for frequencies other than | MHz). An analysis of these data indicated no significant
difference from the frequency variations given in Report 322-2. The same is true for the deviations, D,, D, of the
decile value of F, from the median value F,,, for each time block, and also for the median value, Vim, of the
voltage deviation V.

To obtain a measure of the variability of the noise with respect to 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, Fyn in dB
above kTyb, at 1 MHz for each season, 4-hour-time block, in local time, are shown in Figs. 2a to 25a. 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. 2¢
to 25¢c.

Galactic noise levels, from Cottony and Johler [1952] 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 received noise should be
determined considering critical frequencies and the directional properties of the antenna.

In many locations and at some frequencies, man-made noise is a limiting factor in radiocommunication
for at least part of the time. Although this type of noise depends on local conditions, a curve of expected values at
a quiet receiving location has been added. The values shown are the “average” of the man-made values recorded
at sites chosen to ensure a minimum amount of man-made noise (the ARN-2 sites). Man-made noise levels, in
terms of F,, and their variations for various environmental categories (business, residential, rural and quiet
rural, etc.) are given in Report 258. The noise levels for “quiet rural” locations given 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 noise are indicated that are below the expected levels of
man-made noise and galactic noise. These values shouid be used with caution, as they represent only estimates of
what atmospheric noise levels would be recorded if the other types of noise were not present. An examination of
the data, however, shows that such low levels were, on rare occasions, actually measured.

On Figs. 2¢ to 25¢ are the estimated values of Dy, D;, Vim, Op,, Sp Ovy, and G gy 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 under 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 o,
represents, as a function of frequency, the variation of the F,, data about the “mapped” (or estimated) values. The
curves for o, will be seen to extend only up to 10 MHz, since at higher frequencies the predominant noise at
many measurement locations was often of galactic origin.

Originally, separate curves for D,, D, op,, and op, were derived using data from measurement locations
in temperate and tropical zones. No statistically significant difference between the two zones was obtained and,
therefore, this Report gives a single curve for the entire Earth’s surface. These curves should 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, A, is taken as the reference. The measured values of V, vary about the predicted median value, Vm,
and their variation is given by oy,. The V,, estimates given are for a 200 Hz bandwidth. The corresponding Vin
for other bandwidth can be obtained from Fig. 26. As noted earlier, this bandwidth conversion should be used
with caution at the lower frequencies (VLF and LF).

The figures are used in the following way. The value of F,, for 1 MHz is found from the noise charts
(Figs. 2a to 25a) for the season under consideration. Using this value as the noise grade, the value of F,, for the
required frequency is determined from the frequency curves (Figs. 2b to 25b). The variability parameters og,,, D,
Op,, etc., are obtained for the required frequency from Figs. 2¢ to 25c. If the value of D(= F, ~ F,n) or the
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value of o) is required for any percentage (less than 50%) of time other than 10%, the values can be found by
plotting D, and 6p, 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-normally distributed
(above 50%). Values at percentages greater than 50% can be obtained in the same manner using D; and op,.

6. Application of noise data to system evaluation

The treatment here is not intended to be comprehensive; however, it is considered desirable 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 noise 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 et al., 1961). If the receiver is free from spurious responses and all elements prior to the
receiver are at the reference temperature T, then fis given by:

f=tfa— 1+ SIS (3)

where:
f.: noise factor of the antenna (its loss in available power),
f;: noise factor of the transmission line (its loss in available power), and
£, 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. = frkTob | @

or:

P.=R+ F+ B - 204 %)

where:

F=10log 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
component noise factors will be important. At low frequencies, a receiving system with poor internal noise
characteristics may be used, since the values of f, are large, and will determine the value of £ In general, F, will
decrease with increasing frequency, and, at the higher frequencies, the antenna tends to become more efficient and
/. approaches unity. Under these conditions, f; and/or f, may become important in the determination of f
(Report 670).

The relation (5) 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
(statistically) and such predictions are subject to error, it is common to define system performance in terms of
three independent component parts: grade of service, time availability, and service probability [Barsis ez al., 1961;
Spaulding, 1982].

6.1 Grade of service represents 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 versus
signal-to-noise ratio for voice systems, etc.

6.2 Time availability 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 statistical 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 exampie,
ground-wave propagation is assumed, so that the signal level is constant and only the noise level 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 normaily distributed) and the signal
power is also log-normal (but 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 normal 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 symmetric non-coherent frequency shift keying (NCFSK) system
with reception at Geneva, Switzerland, under the following conditions.

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 5 x 10-% This corresponds approximately to 1% teletype
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, £, is from relation (5):

P,=F,+ R+ B - 204 dBW (6)

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 corresponding field strength,
E,, is given by:

E, = P. + 20 log fum; + 108.5 dB(uV/m) %)

The first step is to determine the required R (and its variation). Following Montgomery [1954], we have the
following results for any arbitrary additive noise that is independent from one integration period (bit length) to
the next and that has uniformly 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 directly from the APD (Fig. 27) for the appro-
priate ¥;. From Fig. 19c, the 200 Hz ¥, at 50 kHz is 8.5 dB and oy, is 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 to 9.7 dB) with the 100 Hz V;,
being 7.7 dB. The APDs can be used directly to determine the median required signal-to-noise ratio (R) and its
variation. However, this is also availabie in Akima et al. [1969] where probability of bit error versus signal-to-
noise characteristics for various V,'s is given (using the APDs of Fig. 27 of this Report). The required R for a ¥,
of 7.7 is 20.3 dB with a variation of approximately 0.8 dB based on the above expected V¥, range; that is,
or = 0.8 dB. It should be noted [Akima et al., 1969] that if the signal was Rayleigh fading the required R will be
28 dB and o would be 0 dB, since for small probability of errors, probability of error is independent of V. This
is not true for other forms of fading (e.g., log-normal) or if diversity reception is employed. In these cases,
probability of error is quite dependent on the APD (i.e., V).
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F, must now be derived from the median value F,, plus a deviation D consistent with the percentage of
time during which satisfactory service must be obtained (time availability). From Fig. 19a, the 1 MHz value is
74 dB and the value of F,, at 50 kHz is 133 dB with a standard deviation, o 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
obtain D = F, — F,, as shown on Fig. 28. Likewise, op is obtained using op, (1.9 dB from Fig. 19¢c) as also
shown on Fig. 28. ‘

Equation (6) 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 B = 20 dB, we obtain:

P,= D - 307 dBW )

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 availabilities. The required signal power for various time
availabilities is shown on Fig. 29. Since, however, the prediction uncertainties 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 following standard deviations:

op: the standard error of achieving the expected “constant” received signal power. This must be derived
from propagation and other data and, for the purposes 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. 19c);
op: standard deviation of D (from Fig. 28).

The resulting standard deviation, o, is obtained, since the errors are uncorrelated from:

02 52+02+02 +cs2 [¢
T P R F, D )

am

or is also shown on Fig. 29 and enables us to determine the service probability (confidence) that the
indicated time availability will be achieved, as follows.

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 ¢ is the standard normal deviate. Figure 30 gives the values of ¢ as a function of service probability.

If a probability of only 0.5 (50% confidence) is required that a specified time availability will be achieved,
t=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~%) or better
will be achieved 90% of the time (or better), then ¢ = 1.3 (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 (8)
and equation (10):

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

6.5 Example 11

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

Frequency: S MHz

Time of day: 2000-2400 local time

Season: summer

Bandwidth: 6 kHz

Propagation: ionospheric (resulting in a 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 atmospheric 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 8 = 10 dB.
Based on the variation noted in Report 266 for the standard deviation of the long-term signal fading distribution,
a value of opg = 2 dB is used.

Recommendation 339 gives a median required carrier power to noise power in a 1 Hz bandwidth of 64 dB
for marginally commercial A3E emissions. This gives a median required signal-to-noise ratio R of 26 dB. For
analogue systems these performance requirements are based on white Gaussian noise. In 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¢c gives a V,» of 4.5 dB at 5 MHz and a 200 Hz bandwidth. This transiates to a
6 kHz bandwidth V,, of 7.5 dB (Fig. 26). Spaulding [1982] gives results for AM voice systems in atmospheric
noise (¥; = 12 dB). These results indicate that we can probably safely reduce the required R, by about 6 dB (at
least, assuming no noise limiting). We, therefore, will specify a required R, of 20 dB, with a 6 of 3 dB.

As in Example I, the 1| MHz F,, value for Geneva for June, July, August and 2000-2400 h is 74 dB. From
Figs. 19b and 19¢, the 5§ MHz F,, value is 56 dB with a standard deviation og,, of 4.1 dB. Also from Fig. 19c,

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

D% = D} + D} (12)

since the signal and noise processes are independent. The deviation D = R — R, (Dg = 11.1 dB) and op (using

a decile value given by 6pp = oi) + OZD = 2.4 dB) are shown on Fig. 32. -
u S

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 prediction uncertainties are given by the following standard
deviations:

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

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

orm = 4.1 dB (Fig. 19¢);

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

The standard deviation oy is shown on Fig. 33. Also shown on Fig. 33 is the expected median value of the
received signal power, P,, for the different time availabilities, from equation (6), given by:

P,=Fm+ R+ D+ B— 204

or: (13)

P,= D - 902 dBW

Finélly, Fig. 34 shows the required received signal power versus time availability for service probabilities
of 0.5, 0.8, 0.9 and 0.99 using, as in Example I:

P=P. + tor (14)
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7. The influence 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 a 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 vertical 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 effects 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 that 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 et al., 1971},

Even less information is available on the effects of antenna polarization but for a first approximation, 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 et 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 2s — Vuleurs attendues du bruit atmospherique radioelectrique, F,,,, en dB au-dessus de kTyb a | MHz (Hiver: 0000-0400 heure locale)
FIGURE 2a - Expecied values of atmosphenc radio noise, F,,,, (dB above kTyb at 1 MHz) (Winter; 0000-0400 LT)
FIGURA 2a — Fualores probables del ruido atmosferico, F,,,. cn dB por encima de kTyb en | MHz (Invierno; 0000-0400 hora local)
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FIGURE 3a — Valeurs attendues du bruit atmosphérique radioélectrique, F,,,, en dB au-dessus de kTob a 1 MHz (Hiver; 0400-0800 heure locale)
FIGURE 3a — Expected values of atmospheric radio noise, F,,, (dB above kTyb at 1 MHz) (Winter: 0400-0800 LT)
FIGURA 3a — Valores probables del ruido atmosférico, F,,,, en dB por encima de kTob en 1 MHz (Invierno; 0400-0800 hora local)
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FIGURE 4a — Valeurs attendues du bruit atmospherique radioélectrique, F,,,, en dB au-dessus de kTob a 1 MHz (Hiver; 0800-1200 heure locale)
FIGURE 4a — Expected values of atmospheric radio noise, F,,, (dB above kTob at 1 MHz) (Winter; 0800-1200 LT)

FIGURA 4a — Valores probables del ruido atmosfeérico, F,,,. en dB por encima de kTyb en 1 MHz (Invierno; 0800-1200 hora local)
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FIGURA 4b — Variaciones del ruido radioeléctrico con la frecuencia
(Invierno; 0800-1200 hora local)

Voir la legende de la Fig. 2b/See legend of Fig. 2b/Véase la leyenda de la fig. 2b
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FIGURE 4c — Données sur la variabilité et le caractére du bruit
(Hiver; 0800-1200 heure locale)

FIGURE 4c — Data on noise variability and character
(Winter; 0800-1200 LT)

FIGURA 4c¢ — Datos sobre la variabilidad y el caracter del ruido
(Invierno; 0800-1200 hora local)

\?oir la legende de la Fig. 2c/See legend of Fig. 2¢/ Vease la leyenda de la fig. 2¢
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FIGURE 5a — Valeurs attendues du bruit atmospheérigue radioélectrique, F,,,, en dB au-dessus de kTob a 1 MHz (Hiver; 1200-1600 heure locale)
FIGURE 5a — Expected values of atmospheric radio noise, F,,, (dB above kTyb at 1 MHz) (Winter; 1200-1600 LT)
FIGURA 5a — Valores probables del ruido atmosférico, F,,,, en dB por encima de kTob en 1 MHz (Invierno; 1200- 1600 hora local)
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FIGURE 5b — Variation du bruit radioélectrique en fonction de la fréquence
(Hiver; 1200-1600 heure locale)

FIGURE 5b — Variation of radio noise with frequency
(Winter; 1200-1600 LT)

FIGURA 5b — Variaciones del ruido radioeléctrico con la frecuencia
(Invierno; 1200-1600 hora local)

Voir 1a légende de la Fig. 2b/See legend of Fig. 2b/ Vease la leyenda de la fig. 2b

20
18
1§
14 /—r-~.\ 0,
N
12 -
N
\ N
g / N N
= N N
o - L
< ‘*}\\\ Vdm . i
¢ | 0 N \\
/ ‘ - \ 14 oy —— ... }- {44
6 , Vi 9, ™~ N /‘// \
- 41 N
/ L N~ LT ] i\
A ( ’/ O-Du N N LA )5
D V - P ~
/u d //"TIDI L T :""""“'/ \
. I_-—/- /,w // r—— il NN
4,»/ a'\,‘i ~.~.,_~_~.
. [
001 002003 005007 01 02 03 0507 i 203 510 0 Y4

Frequence/Frequency/ Frecuencia (MHz)

FIGURE 5c — Données sur la variabilité et le caractére du bruit
(Hiver; 1200-1600 heure locale)

FIGURE 5¢ — Data on noise variability and character
(Winter; 1200-1600 LT)

FIGURA 5c — Datos sobre la variabilidad y el caracter del ruido
(Invierno; 1200-1600 hora local)

Voir la légénde de la Fig. 2c/See legend of Fig. 2c/ Vease la leyenda de la fig. 2¢
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FIGURE 6a — Valeurs attendues du bruit atmosphérique radioélectrique, F,,,, en dB au-dessus de kTob a 1 MHz (Hiver; 1600-2000 heure locale)
FIGURE 6a — FExpected values of atmospheric radio noise, F,,, (dB above kTyb at | MHz) (Winter; 1600-2000 LT)
FIGURA 6a — Valores probables del ruido atmosférico, F,,,, en dB por encima de kTyb en 1 MHz (Invierno; 1600-2000 hora local)
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F,,, (dB au-dessus de kTyb)/(dB above kTyb)/(dB por encima de kTpb)
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FIGURE 6b — Variation du bruit radioélectrigue en fonction de la fréquence
(Hiver; 1600-2000 heure locale)

FIGURE 6b — Variation of radio noise with frequency
(Winter; 1600-2000 LT)

FIGURA 6b — Variaciones del ruido radioeléctrico con la frecuencia
(Invierno; 1600-2000 hora local)

Voir la legende de la Fig. 2b/See legend of Fig. 2b/Véase la leyenda de la fig. 2b

0
, i I H
; | :
L AU mREARIE i
: i L1l ' 3 1
: o Ik I
1 ' f ‘ o
| ! I Dy ! | M i
=t : T 1T
L} /,/‘ ™ ! 1 I : E
A | Ao
! \ : i I
12 o +H ;
,4/ - \\ ' :
- 1 . i ; I H
=) — o 4 N \\ L
- |/ / \\ \\ \ ; :
: T N ;
8 /4 1IN bl Ny
/ i l N Vam : ie S
§ // i Fam N P L :
{ ™ i ) R '
; H R ! T \,\ !
] / // LoD, —ls L ] ™N S{ ;
= 1
A e 17 \«\\‘r\ N / \E ;
g SH g :
2T o, T~ N~ )
V "/ e UD_‘ d ~~\\~ ]
Z ! " I
] ~J |
0 : 1
]| 002 003 Q05007 O a2 a3 a5 o7 | 23 5S51e 20 340

Fréquence/ Frequency/Frecuencia (MHz)

FIGURE 6c — Données sur la variabilité et le caractere du bruit
(Hiver; 1600-2000 heure locale)

FIGURE 6¢ — Data on noise variability and character
(Winter; 1600-2000 LT)

FIGURA 6¢ — Datos sobre la variabilidad y el caracter del ruido
(Invierno; 1600-2000 hora local)

Voir la legende de la Fig. 2c/See legend of Fig. 2c/ Véase la leyenda de la fig. 2¢
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FIGURE 7a — Valeurs attendues du bruit atmospheérique radioélecirique, F,,,, en dB au-dessus de kTob a 1 MHz (Hiver; 2000-2400 heure locale)
FIGURE 7a — Expected values of atmospheric radio noise, F,,, (dB above kTob at | MHz) (Winter; 2000-2400 LT)
FIGURA 7a — Valores probables del ruido atmosferico, F,,,, en dB por encima de kTyb en 1 MHz (Invierno; 2000-2400 hora local)
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F, (dB au-dessus de kTyb)/(dB above kTyb)/(dB por encima de kTgb)
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FIGURE 7b — Variation du bruit radioélectrique en fonction de la fréquence
(Hiver; 2000-2400 heure locale)

FIGURE 7b — Variation of radio noise with frequency
(Winter; 2000-2400 LT)

FIGURA 7b — Variaciones del ruido radioeléctrico con la frecuencia
(Invierno; 2000-2400 hora local)

Voir la legende de la Fig. 2b/See legend of Fig. 2b/Vease la leyenda de la fig. 2b
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FIGURE 7c — Données sur la variabilité et le caractére du bruit
(Hiver; 2000-2400 heure locale)

FIGURE 7¢ — Data on noise variability and character
(Winter; 2000-2400 LT)

FIGURA 7Tc — Datos sobre la variabilidad y el caracter del ruido
(Invierno; 2000-2400 hora local)

Voir la legende de la Fig. 2¢/See legend of Fig. 2¢/Véase la leyenda de la fig. 2c
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FIGURE 8a — Valeurs attendues du bruit atmosphérique radioélectrique, F,,,, en dB au-dessus de kTyb a | MHz (Printemps; 0000-0400 heure locale)
FIGURE 8a — Expected values of atmospheric radio noise. Fyp, (dB above kTyb at 1 MHz) (Spring; 0000-0400 LT)
FIGURA 8a — Valores probables del ruido atmosferico, F,,,, en dB por encima de kTyb en 1 MHz (Primavera; 0000-0400 hora local)



F,,. (dB au-dessus de kTpb)/(dB above kTyb)/(dB por encima de kTob)
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FIGURE 8b — Variation du bruit radioélectrique en fonction de la fréquence
(Printemps; 0000-0400 heure locale)

FIGURE 8b — Variation of radio noise with frequency
(Spring; 0000-0400 LT)

FIGURA 8b — Variaciones del ruido radioeléctrico con la frecuencia
(Primavera; 0000-0400 hora local)

Voir la legende de 1a Fig. 2b/See legend of Fig. 2b/Vease la leyenda de la fig. 2b
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FIGURE 8¢ — Données sur la variabilité et le caractére du bruit
(Printemps; 0000-0400 heure locale)

FIGURE 8¢ — Data on noise variability and character
(Spring; 0000-0400 LT)

FIGURA 8c — Datos sobre la variabilidad y el caracter del ruido
(Primavera; 0000-0400 hora local)

Voir la legende de la Fig. 2c/See legend of Fig. 2¢/ Vease la leyenda de la fig. 2¢
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FIGURE 9a — Valeurs attendues du bruit atmosphérique radioélectrique, F,,,, en dB au-dessus de kTob & 1 MHz (Printemps; 0400-0800 heure locale)
FIGURE 9a — Expected values of atmospheric radio noise, F,,, (dB above kTyb at 1 MHz) (Spring; 0400-0800 LT)
FIGURA 9a — Valores probables del ruido atmosfeérico, F,,,, en dB por encima de kTyb en 1 MHz (Primavera; 0400-0800 hora local)
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F,,, (dB au-dessus de kTyb)/(dB above kTyb)/(dB por encima de kTyb)
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FIGURE 9b — Variation du bruit radioélectrique en fonction de la fréquence
(Printemps; 0400-0800 heure locale)

FIGURE 9b — Variation of radio noise with frequency
(Spring; 0400-0800 LT)

FIGURA 9b — Variaciones del ruido radioeléctrico con la frecuencia
(Primavera; 0400-0800 hora local)

Voir la legende de la Fig. 2b/See legend of Fig. 2b/Veéase la leyenda de la fig. 2b
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FIGURE 9c — Données sur la variabilité et le caractére du bruit
(Printemps; 0400-0800 heure locale)

FIGURE 9c¢ — Data on noise variability and character
(Spring; 0400-0800 LT)

FIGURA 9¢ — Datos sobre la variabilidad y el caracter del ruido
(Primavera; 0400-0800 hora local)

Voir la legende de la Fig. 2¢/See legend of Fig. 2¢/Vease la leyenda de la fig. 2¢
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FIGURE 10a — Valeurs attendues du bruit atmospherique radioélectrique, F,,,, en dB awdessus de kTyb a | MHz (Printemps; 0800-1200 heure locale)
FIGURE 10a — Expected values of atmospheric radio noise, F,,,, (dB above kTob at 1 MHz) (Spring; 0800-1200 L'T)

FIGURA 10a — Valores probables del ruido atmosferico, F,,,, en dB por encima de kTob en | MHz (Primavera; 0800-1200 hora local)
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F,, (dB au-dessus de kTyb)/(dB above kTph)/(dB por encima de kTyb)
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FIGURE 10b — Variation du bruit radioélectrigue en fonction de la frequence
(Printemps; 0800-1200 heure locale)

FIGURE 10b — Variation of radio noise with frequency
(Spring: 0800-1200 LT)

FIGURA 10b — Variaciones del ruido radioeléctrico con la frecuencia
(Primavera; 0800-1200 hora local)

Voir la legende de la Fig. 2b/Sce legend of Fig. 2b/ Vease la leyenda de la fig. 2b
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Fréquence/Frequency/ Frecuencia (MHz)

FIGURE 10c — Données sur la variabilité et le caractére du bruit
( Printemps; 0800-1200 heure locale)

FIGURE 10c — Data on noise variability and character
(Spring; 0800-1200 LT)

FIGURA 10c — Datos sobre la variabilidad y el caracter del ruido
( Primavera; 0800-1200 hora local)

Voir la legende de la Fig. 2c/See legend of Fig. 2c/ Vease la leyenda de la fig. 2¢
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FIGURE 11a — Valeurs attendues du bruit atmosphérique radioélectrique, F,,,, en dB au-dessus de kTob a 1 MHz (Printemps; 1 200-1600 heure locale)
FIGURE 11a — Expected values of atmospheric radio noise, F,,, (dB above kTyb at 1 MHz) (Spring; 1200-1600 LT)
FIGURA 11a — Valores probables del ruido atmosferico, F,,,, en dB por encima de kTob en 1 MHz ( Primavera; 1200-1600 hora local)
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F,,, (dB au-dessus de kTyb)/(dB above kTyb)/(dB por encima de kTpb)
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Fréquence/Frequency/Frecuencia (MHz)

FIGURE 11b — Variation du bruit radioélectrique en fonction de la fréquence
(Printemps; 1200-1600 heure locale)

FIGURE 11b — Variation of radio noise with frequency
(Spring; 1200-1600 LT)

FIGURA 11b — Variaciones del ruido radioeléctrico con la frecuencia
(Primavera; 1200-1600 hora local)

Voir la legende de la Fig. 2b/See legend of Fig. 2b/Vease la leyenda de la fig. 2b
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FIGURE ! lc — Données sur la variabilité et le caractére du bruit
(Printemps; 1200-1600 heure locale)

FIGURE 1lc¢ — Data on noise variability and character
(Spring; 1200-1600 LT)

FIGURA 11c — Datos sobre la variabilidad y el caracter del ruido
(Primavera; 1200-1600 hora local)

Voir la legende de la Fig. 2¢/See legend of Fig. 2c/ Véase la leyenda de la fig. 2¢
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FIGURE 12a — Valeurs attendues du bruit atmosphérique radioélecirique, F,,,, en dB au-dessus de kTyb a | MHz (Printemps; 1600-2000 heure locale)
FIGURE 12a — Expected values of atmospheric radio noise, F,,, (dB above kTyb at 1 MHz) (Spring; 1600-2000 LT)
FIGURA 12a — Valores probables del ruido atmosferico, F,,,, en dB por encima de kTyb en 1 MHz (Primavera; 1600-2000 hora local)
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F,m (dB au-dessus de kTyb)/(dB above kTyb) /(dB por encima de kTyb)
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Fréequence/Frequency/ Frecuencia (MHz)

FIGURE 12b — Variation du bruit radioélecirique en fonction de la fréquence
(Printemps; 1600-2000 heure locale)

FIGURE 12b — Variation of radio noise with frequency
(Spring; 1600-2000 LT)

FIGURA 12b — Variaciones del ruido radioeléctrico con la frecuencia
(Primavera; 1600-2000 hora local)

Voir la legende de la Fig. 2b/See legend of Fig. 2b/Véase la leyenda de la fig. 2b

20

| 1] i
16 4 Du H N
,y A7 LT i oy
i ' N N [ ]
“ A il
N
/ . o ININ L]
H H
12 NI
N T
/ NN
[ NN ]
20— 5 N1
2 / / \\\‘ /Vdm ¢ }\ i |
T . i |
8 N W ¥
N N
6 / Dy T ™ N 1! i
Jal A TN SR N |
P T~y
JOA LA NN Tk Y 1
[ LK o | TITRR®. Y i
. />- - Op UD‘ \\::\...— ;
L LT \a‘,’d T L H
0 | [l
00 002 003 00500701 0203 05071 2 3 57 10 20 3040

Fréquence/Frequency/Frecuencia (MHz)

FIGURE 12¢ — Données sur la variabilité et le caractére du bruit
(Printemps; 1600-2000 heure locale)

FIGURE 12¢c — Data on noise variability and character
(Spring; 1600-2000 LT)

FIGURA 12¢ — Datos sobre la variabilidad y el caracter del ruido
(Primavera; 1600-2000 hora local)

Voir la legende de la Fig. 2c/See legend of Fig. 2c/ Véase la leyenda de la fig. 2¢
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FIGURE 13a — Valeurs attendues du bruit atmosphérique radioélectrique, F,,,, en dB au-dessus de kTyb a 1 MHz (Printemps; 2000-2400 heure locale)
FIGURE 13a — Expected values of atmospheric radio noise, F,,, (dB above kTob at 1 MHz) (Spring; 2000-2400 LT)
FIGURA 13a — Valores probables del ruido atmosferico, F,,,, en dB por encima de kTyb en | MHz (Primavera; 2000-2400 hora local)
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F,,, (dB au-dessus de kTyb)/(dB above kTyb)/(dB por encima de kTpb)
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FIGURE 13b — Variation du bruit radioélectrique en fonction de la fréquence
(Printemps; 2000-2400 heure locale)

FIGURE 13b — Variation of radio noise with frequency
(Spring; 2000-2400 LT)

FIGURA 13b — Variaciones del ruido radioeléctrico con la frecuencia
(Primavera; 2000-2400 hora local)

Voir la légende de la Fig. 2b/See legend of Fig. 2b/ Véase la leyenda de la fig. 2b
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FIGURE 13c — Données sur la variabilité et le caractére du bruit
. (Printemps; 2000-2400 heure locale)
FIGURE 13c — Data on noise variability and character
(Spring; 2000-2400 LT)
FIGURA 13c — Datos sobre la variabilidad y el caracter del ruido
(Primavera; 2000-2400 hora local)

Voir la legende de la Fig. 2¢/See legend of Fig. 2¢/ Véase la leyenda de la fig. 2¢
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F,,, (dB au-dessus de kTyb)/(dB above kTpb)/(dB por encima de kTyb)
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FIGURE 14b — Variation du bruit radioélectrique en fonction de la fréquence
) (Eté; 0000-0400 heure locale)
FIGURE 14b — Variation of radio noise with frequency
(Summer; 0000-0400 LT)
FIGURA 14b — Variaciones del ruido radioeléctrico con la frecuencia
(Verano; 0000-0400 hora local)

Voir la léegende de la Fig. 2b/See legend of Fig. 2b/Véase la leyenda de 1a fig. 2b
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FIGURE 14c — Données sur la variabilité et le caractére du bruit
(Eté; 0000-0400 heure locale)

FIGURE 14c — Data on noise variability and character
(Summer; 0000-0400 LT)

FIGURA 14c — Datos sobre la variabilidad y el caracter del ruido
(Verano; 0000-0400 hora local)

Voir la légende de la Fig. 2c/See legend of Fig. 2¢/ Vease la leyenda de la fig. 2¢
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FIGURE 15a — Valeurs attendues du bruit atmosphérique radioélectrique, F,,,, en dB au-dessus de kTob a 1 MHz (Eté; 0400-0800 heure locale)

FIGURE 15a — Expected values of atmospheric radio noise, F,,, (dB above kTyb at 1 MHz) (Summer; 0400-0800 LT)
FIGURA 15a — Valores probabies del ruido atmosferico, F,,,, en dB por encima de kTyb en 1 MHz (Verano; 0400-0800 hora local)
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F,,, (dB au-dessus de kTyb)/(dB above kTyb)}/(dB por encima de kTyb)
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FIGURE 15b — Variation du bruit radioélectrique en fonction de la fréquence
(Eté; 0400-0800 heure locale)
FIGURE 15b — Variation of radio noise with frequency
) (Summer; 0400-0800 LT)
FIGURA 15b — Variaciones del ruido radioeléctrico con la frecuencia
(Verano; 0400-0800 hora local)

Voir la léegende de la Fig. 2b/See legend of Fig. 2b/Véase la leyenda de la fig. 2b
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FIGURE 15¢ — Données sur la variabilité et le caractére du bruit
(Eté; 0400-0800 heure locale)

FIGURE 15¢c — Data on noise variability and character
(Summer; 0400-0800 L'T)

FIGURA 15¢ — Datos sobre la variabilidad y el caracter del ruido
(Verano; 0400-0800 hora local)

Voir la legende de la Fig. 2¢/See legend of Fig. 2¢/ Vease la leyenda de la fig. 2¢
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FIGURE 16a — Valeurs attendues du bruit atmosphérique radioélectrique, F,,, en dB au-dessus de kTob a 1 MHz (Eté; 0800-1200 heure locale)
FIGURE 16a — Expected values of atmospheric radio noise, F,,,, (dB above kTyb at 1 MHz) (Summer; 0800-1200 LT)

FIGURA 16a — Valores probables del ruido atmasferico,

Fam. en dB por encima de kTob en I MHz (Verano; 0800-1200 hora local)
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F,.. (dB au-dessus de kTyb)/(dB above kTyb) /(dB per encima de kTpb)
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FIGURE 16b — Variation du bruit radioélectrique en fonction de la fréquence
(Eté; 0800-1200 heure locale)

FIGURE 16b — Variation of radio noise with frequency
(Summer; 0800-1200 LT)

FIGURA 16b — Variaciones del ruido radioeléctrico con la frecuencia
(Verano; 0800-1200 hora local)

Voir la légende de la Fig. 2b/See legend of Fig. 2b/Véase la leyendé de la fig. 2b
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FIGURE 16¢ — Données sur la variabilité et le caractére du bruit
(Eté; 0800-1200 heure locale)

FIGURE 16¢ — Data on noise variability and character
(Summer; 0800-1200 LT)

FIGURA 16c — Datos sobre la variabilidad y el caracter del ruido
(Verano; 0800-1200 hora local)

Voir la legende de la Fig. 2c/See legend of Fig. 2c/ Vease la leyenda de la fig. 2¢
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FIGURE 17a — Valeurs attendues du bruit atmosphérique radioélectrique, F,, en dB au-dessus de kTob a 1 MHz (Eté; 1200-1600 heure locale)
FIGURE 17a — Expected values of atmospheric radio noise, F,, (dB above kTyb at | MHz) (Summer; 1200-1600 LT)
FIGURA 17a — Valores probables del ruido atmosferico, F,,,. en dB por encima de kTgb en 1 MHz (Verano; 1200-1600 hora local)
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F,., (dB au-dessus de kTyb)/(dB above kTyb)/(dB por encima de kTyb)
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FIGURE 17b — Variation du bruit radioélectrique en fonction de la fréquence
(Eté; 1200-1600 heure locale)

FIGURE 17b — Variation of radio noise with frequency
(Summer; 1200-1600 LT)

FIGURA 17b — Variaciones del ruido radioeléctrico con la frecuencia
(Verano; 1200-1600 hora local)

Voir la legende de la Fig. 2b/See legend of Fig. 2b/Vease la leyenda de la fig. 2b
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FIGURE 17¢ — Données sur la variabilité et le caractere du bruit
(Eté; 1200-1600 heure locale)

FIGURE 17¢ — Data on noise variability and character
(Summer; 1200-1600 LT)

FIGURA 17¢ — Datos sobre la variabilidad y el caracter del ruido
(Verano; 1200-1600 hora local)

Voir la legende de la Fig. 2c/See legend of Fig. 2¢/ Vease la leyenda de la fig. 2¢
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FIGURE 18a — Valeurs attendues du bruit atmosphérique radioélecirique, F,,, en dB au-dessus de kTyb a 1 MHz (Eté; 1600-2000 heure locale)
FIGURE 18a — Expected values of atmospheric radio noise, F,,, (dB above kTyb at 1 MHz) (Summer; 10_500—2000 LD
FIGURA 18a ~ Valores probables del ruido atmosferico, F,,,, en dB por encima de kTyb en 1 MHz (Verano; 1600-2000 hora local)
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F,.n, (dB au-dessus de kTpb)/(dB above kTyb)/(dB por encima de kTpb)
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Fréquence/Frequency/ Frecuencia (MHz)

FIGURE 18b — Variation du bruit radioélectrique en fonction de la fréquence
(Eté; 1600-2000 heure locale)

FIGURE 18b — Variation of radio noise with frequency
(Summer; 1600-2000 LT)

FIGURA 18b — Variaciones del ruido radioeléctrico con la frecuencia
(Verano; 1600-2000 hora local)

Voir la legende de la Fig. 2b/See legend of Fig. 2b/ Véase la leyenda de la fig. 2b
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FIGURE 18c — Données sur la variabilité et le caractére du bruit
(Eté; 1600-2000 heure locale)

FIGURE 18c — Data on noise variability and character
(Summer; 1600-2000 LT)

FIGURA 18c — Datos sobre la variabilidad y el caracter del ruido
(Verano; 1600-2000 hora local)

Voir la legende de la Fig. 2c/See legend of Fig. 2¢/ Véase la leyenda de la fig. 2c
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FIGURE 19a — Valeurs attendues du bruit atmosphérique radioélectrique, F,,, en dB ate-dessus de kTyb ¢ 1 MHz (Eté; 2000-2400 heure locale)
FIGURE 19a —~ Expected values of atmospheric radio noise, F,,, (dB above kTob at 1 MHz) (Summer; 2000-2400 LD
FIGURA 19a — Valores probables del ruido atmosferico, F,,,, en dB por encima de kTob en 1 MHz (Verano; 2000-2400 hora local)
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F,n, (dB au-dessus de kTyb)/(dB above kTpb}/(dB por encima de kTpb)
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FIGURE 19b — Variation du bruit radioélectrigue en fonction de la fréquence
(Eté; 2000-2400 heure locale)

FIGURE 19b — Variation of radio noise with frequency
(Summer; 2000-2400 LT)

FIGURA 19b — Variaciones del ruido radioeléctrico con la frecuencia
(Verano; 2000-2400 hora local)

Voir la legende de la Fig. 2b/See legend of Fig. 2b/Véase la leyenda de la fig. 2b
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FIGURE 19¢ — Données sur la variabilité et le caractere du bruit
(Eté; 2000-2400 heure locale)
FIGURE 19¢ — Data on noise variability and character
) (Summer; 2000-2400 LT)
FIGURA 19c — Datos sobre la variabilidad y el caracter del ruido
(Verano; 2000-2400 hora local)

Voir la legende de la Fig. 2c/See legend of Fig. 2c/ Véase la leyenda de la fig. 2¢

€-72€ 1 / €Tz 4oy / £ ¥

SL-V



—e

S
/

n%\\%ﬁgh \\( TE -
.,\\\\\ [ — ‘P/;['—"‘?&Z: a0 o=
NN B e
,u\iJG'i“/;/ 4/%?\
ENNE S SSEREATE N
RN N AR
=il =
A/ (

[
)
74
1

e

—

s
7

Nl
TR

]

//
\F A
A

// S—

A
—

X

\

|
//
|

|
LA

- 80

(e
d f/\__\ﬁ?—qﬁ——o

— 40

ST w0 W5 10 18 B0 W5 0 s 10 1% 120 W6 %0

FIGURE 20a — Valeurs attendues du bruit atmosphérigue radioélectrique, F,,,, en dB au-dessus de kTob & 1 MHz (Automne; 0000-0400 heure locale)
FIGURE 20a — Expected values of atmospheric radio noise, F,, (dB above kTyb at 1 MHz) (Autumn; 0000-0400 LT)
FIGURA 20a — Valores probables del ruido_ atmosferico, F,,,,, en dB por encima de kTyb en 1 MHz (Otofio; 0000-0400 hora local)
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F,,, (dB au-dessus de kTyb)/(dB above kTyb)/(dB por encima de kTyb)
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FIGURE 20b — Variation du bruit radioélectrique en fonction de la fréquence
(Automne; 0000-0400 heure locale)

FIGURE 20b — Variation of radio noise with frequency
(Autumn; 0000-0400 LT)

FIGURA 20b — Variaciones del ruido radioeléctrico con la frecuencia
(Otoho; 0000-0400 hora local)

Voir la legende de la Fig. 2b/See legend of Fig. 2b/ Véase la leyenda de la fig. 2b
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FIGURE 20c — Données sur la variabilité et le caractere du bruit
(Automne; 0000-0400 heure locale)
FIGURE 20c — Data on noise variability and character
(Autumn; 0000-0400 LT)
FIGURA 20c — Datos sobre la variabilidad y el caracter del ruido
' (Otono; 0000-0400 hora local)

Voir la légende de la Fig. 2c/See legend of Fig. 2¢c/ Véase la leyenda de la fig. 2¢
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FIGURE 21a — Valeurs attendues du bruit atmosphérique radioélectrique, F,,,, en dB aw-dessus de kTob & 1 MHz (Automne; 0400-0800 heure locale)
FIGURE 21a — Expected values of atmospheric radio noise, F,,, (dB above kTyb at 1 MHz) (Autumn; 0400-0800 LT)
FIGURA 21a — Valores probables del ruido atmosferico, F,,,, en dB por encima de kTyb en 1 MHz (Otono; 0400-0800 hora local)
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F,,, (dB au-dessus de kTyb)/(dB above kTyb)/(dB por encima de kTpb)
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FIGURE 21b — Variation du bruit radioélectrigue en fonction de la fréquence
(Automne; 0400-0800 heure locale)

FIGURE 21b — Variation of radio noise with frequency
(Autumn; 0400-0800 LT)

FIGURA 21b — Variaciones del ruido radioeléctrico con la frecuencia
(Ortono; 0400-0800 hora local)

Voir 1a legende de la Fig. 2b/See legend of Fig. 2b/Véase la leyenda de la fig. 2b
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FIGURE 21c — Données sur la variabilité et le caraciére du bruit
(Automne; 0400-0800 heure locale)

FIGURE 21¢ — Data on noise variability and character
(Autumn; 0400-0800 LT)

FIGURA 21l¢ — Datos sobre la variabilidad y el caracter del ruido
(Ortono; 0400-0800 hora local)

Voir la legende de la Fig. 2¢/See legend of Fig. 2¢/Véase la leyenda de la fig. 2¢

€-77¢ 1/ €-22€ 4oy / €-72€ ¥

6L~V



g

8

3

g

&
g
&
B
&>

g

&

8

A\
\

ok

ERaNN

Vs

W 150 16 120 08 9% 4]

FIGURE 22a — Valeurs attendues du bruit atmosphérique radioélectrique, F,,,, en dB au-dessus de kTob a 1 MHz (Automne; 0800-1200 heure locale)
FIGURE 22a — Expected values of atmospheric radio noise, F,,, (dB above kTyb at 1 MHz) (Autumn; 0800-1200 LT)
FIGURA 22a — Valores probables del ruido atmosferico, F,,,, en dB por encima de kTyb en 1 MHz (Otofio; 0800-1200 hora local)
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F,,, (dB au-dessus de kTyb)/(dB above kTyb)/(dB por encima de kTpb)
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FIGURE 22b — Variation du bruit radioélectrique en fonction de la fréquence
(Automne; 0800-1200 heure locale)

FIGURE 22b — Variation of radio noise with frequency
(Autumn; 0800-1200 LT)

FIGURA 22b — Variaciones del ruido radioeléctrico con la frecuencia
(Oroho; 0800-1200 hora local)

Voir la legende de la Fig. 2b/See legend of Fig. 2b/ Véase la leyenda de la fig. 2b
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FIGURE 22c — Données sur la variabilité et le caractére du bruit
(Automne; 0800-1200 heure locale)

FIGURE 22¢c — Data on noise variability and character
(Autumn; 0800-1200 LT)

FIGURA 22c — Datos sobre la variabilidad y el caracter del ruido
(Otoro; 0800-1200 hora local)

Voir la legende de 1a Fig. 2c/See legend of Fig. 2c/ Véase la leyenda de 1a fig. 2¢
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FIGURE 23a — Valeurs attendues du bruit atmosphérique radioélectrique, F,,,, en dB au-dessus de kTob & 1 MHz (Automne; 1200-1600 heure locale)
FIGURE 23a — Expected values of atmospheric radio noise, F,,, (dB above kTyb at 1 MHz) (Autumn; 1200-1600 LT)
FIGURA 23a — Valores probables del ruido atmosferico, F,,,. en dB por encima de kTyb en 1 MHz (Otono; 1200-1600 hora local)
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F,,, (dB au-dessus de kTpb)/(dB above kTpb)/(dB por encima de kTpb)
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FIGURE 23b — Variation du bruit radioélectrigue en fonction de la frequence
(Automne; 1200-1600 heure locale)

FIGURE 23b — Variation of radio noise with frequency
(Autumn; 1200-1600 LT)

FIGURA 23b — Variaciones del ruido radioeléctrico con la frecuencia
(Otono; 1200-1600 hora local)

Voir la legende de la Fig. 2b/See legend of Fig. 2b/Véase la leyenda de la fig. 2b
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FIGURE 23c — Données sur la variabilité et le caractére du bruit
(Automne; 1200-1600 heure locale)

FIGURE 23c — Data on noise variability and character
(Autumn; 1200-1600 LT)

FIGURA 23c — Datos sobre la variabilidad y el caracter del ruido
(Otoho; 1200-1600 hora local)

Voir la legende de la Fig. 2¢c/See legend of Fig. 2¢/ Véase la leyenda de la fig. 2¢
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FIGURE 24a — Valeurs attendues du bruit atmosphérique radioélectrique, F,,,, en dB au-dessus de kTob a 1 MHz (Automne; 1600-2000 heure locale)
FIGURE 24a — Expected values of atmospheric radio noise, F,,, (dB above kTyb at 1 MHz) (Autumn; 1600-2000 LT)
FIGURA 24a — Valores probables del ruido atmosferico, F,,,, en dB por encima de kTob en 1 MHz (Otono; 1600-2000 hora local)
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F,, (4B au-dessus de kTyb)/(dB above kTyb)/(dB por encima de kTyb)
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FIGURE 24b — Variation du bruit radioélectrique en fonction de la fréquence
(Automne; 1600-2000 heure locale)

FIGURE 24b — Variation of radio noise with frequency
(Autumn; 1600-2000 LT)

FIGURA 24b — Variaciones del ruido radioeléctrico con la frecuencia
(Otono; 1600-2000 hora local)

Voir la legende de la Fig. 2b/See legend of Fig. 2b/Vease la leyenda de la fig. 2b
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FIGURE 24c — Données sur la variabilité et le caractére du bruit
(Automne; 1600-2000 heure locale)

FIGURE 24c — Data on noise variability and character
(Autumn; 1600-2000 LT)

FIGURA 24c — Datos sobre la variabilidad y el caracter del ruido
(Otono; 1600-2000 hora local)

Voir la legende de la Fig. 2c/See legend of Fig. 2¢/ Veéase la leyenda de la fig. 2¢
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FIGURE 25a — Valeurs attendues du bruit aimosphérique radioélectrique, F,,,, en dB au-dessus de kTob a 1 MHz (Automne; 2000-2400 heure locale)
FIGURE 25a — Expected values of atmospheric radio noise, F,,, (dB above kTyb at I MHz) (Autumn; 2000-2400 LT)
FIGURA 25a — Valores probables del ruido atmosferico, F,,,, en dB por encima de kTyb en 1 MHz (Otorio; 2000-2400 hora local)
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F,,, (dB au-dessus de kTpb)/(dB above kTpb) /(dB por encima de kTyb)
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FIGURE 25b — Variation du bruit radioélectrigue en fonction de la fréquence
(Automne; 2000-2400 heure locale)

FIGURE 25b — Variation of radio noise with frequency
(Autumn; 2000-2400 LT)

FIGURA 25b — Variaciones del ruido radioeléctrico con la frecuencia
(Otoho; 2000-2400 hora local)

Voir la légende de la Fig. 2b/See legend of Fig. 2b/Véase la leyenda de la fig. 2b
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FIGURE 25c — Données sur la variabilité et le caractére du bruit
(Automne; 2000-2400 heure locale)

FIGURE 25¢ — Data on noise variability and character
(Autumn; 2000-2400 LT)

FIGURA 25¢ — Datos sobre la variabilidad y el caracter del ruido
(Otono; 2000-2400 hora local)

Voir la legende de 1a Fig. 2c/See legend of Fig. 2¢/ Véase la leyenda de la fig. 2¢
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FIGURE 26 — Translation of a 200 Hz bandwidth Vy, V., to other bandwidths, b

FIGURA 26 — Conversion de V, para una anchura de banda de 200 Hz, V,,,, en valores para otras anchuras de banda, b
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FIGURE 27 — Distributions de probabilité d'amplitude du bruit atmosphérique radioélectrique pour différentes
valeurs de V,

FIGURE 27 — Amplitude probability distributions for atmospheric radio noise for various values of V4

FIGURA 27 — Distribuciones de la probabilidad de amplitud (DPA) del ruido radioeléctrico atmosférico para
diversos valores de Vy
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FIGURE 28 — Valeurs attendues de D et de leurs écarts types op
FIGURE 28 — Expected values of D and their standard deviations op
FIGURA 28 — Valores probables de D y de sus desviaciones tipicas, op
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FIGURE 30 — Probabilité de service en fonction de I'écart normalisé ¢
FIGURE 30 — Service probability as a function of the standard normal deviate,t
FIGURA 30 — Probabilidad de servicio en funcion de la desviacion ripica normal, t
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FIGURE 31 — Puissance de signal requise en fonction de la durée de service satisfaisant, pour différentes probabilités de service
(niveaux de confiance)

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

FIGURA 31 — Potencia de seral necesaria.P, en funcion de la disponibilidad en el tiempo para diversos valores de la probabilidad
de servicio (niveles de confianza)

Geneve, Suisse Geneva, Switzerland Ginebra, Suiza

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

Largeur de bande: 100 Hz Bandwidth: 100 Hz Anchura de banda: 100 Hz
Erreur binaire: 5 X 1074 Binary errors: § X 1074 Errores binarios: 0.05%

Type de service: non cohérent 2 MDF Type of service: NCFSK Tipo de servicio: MDF no coherente
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FIGURE 34 — Puissance de signal requise en fonction de la durée de service satisfaisant, pour différentes probabilites de service
(niveaux de confiance)

FIGURE 34 — Required signal power versus time availability for various service probabilities (confidence levels)

FIGURA 34 — Potencia de sefial necesaria, P, en funcion de la disponibilidad en el tiempo para diversos valores de la probabilidad
de servicio (niveles de confianza)
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REPORT 258-4*

MAN-MADE RADIO NOISE

(Study Programme 29C/6)
(1963-1970-1974-1978-1982)

1. In the solution of telecommunication problems, it is highly desirable to be able to estimate the radio noise
at any location as caused by different types of noise sources. At certain locations, unintended man-made noise
may be dominant. Since such noise can arise from a number of sources, such as power lines, industrial machinery,
ignition systems, etc., it varies markedly with location and time [Hagn, 1973, 1981; Herman, 1971, 1979.
Horner, 1971; Skomal, 1978; URSI, 1975, 1978 and 1981},

2. Current information is not available for estimating man-made noise intensities under all conditions but
from limited observations [JTAC, 1968; Spaulding and Disney, 1974; and Spaulding et al., 1975] it is possible to
derive typical values.

3. Median values of man-made noise power expressed in terms of F, (dB above thermal noise at
T, = 288 K, see Reports 322 and 670) attributed to man-made sources are shown in Fig. 1 as curves A to D, for
business, residential, rural, and quiet rural areas, respectively, in the United States of America [Spaulding and
Disney, 1974]. Measurements from 103 areas during 1966-1971 inclusive were used in the determination of the
upper three curves. Business areas are defined as any area where the predominant usage thoughout the area is for
any type of business (e.g. stores and offices, industrial parks, large shopping centres, main streets or highways
lined with various business enterprises, etc.). Residential areas are defined as any area used predominantly for
single or multiple family dwellings with a density of at least five single family units per hectare and no large or
busy highways. Rural areas are defined as areas where dwellings are no more than one every two hectares.
Attached to the use of these area classifications is the qualification that localized, intense noise sources are
excluded. Curve D (for quiet rural areas) corresponds to the values of man-made noise at carefully selected quiet
receiving sites as reported in Report 322. The dashed curve E, for galactic-noise obtained from Report 322, is
included for reference. Further limited measurements in the USA reported by Spaulding and Disney [1974] relate
to parks and university campuses (which generaily have less vehicular traffic, electrical equipment and other types
‘of noise source than business or residential areas) and relate to interstate highways (where the main source is
ignition noise).

*  This Report is brought to the attention of Study Group 1.
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FIGURE | —~ Median vaiues of man-made noise power for a short vertical lossiess grounded monopole antenna

Environmental category:
A: business
B: residential
C: rural

D: quiet rural
: galactic

In all cases, as with the data of Fig. 1, results are consistent with a linear variation of the median value,
F,m, with frequency f of the form:

Fup=c—dlog f _ (M

With fexpressed in MHz, ¢ and d take the values given in Table I. Note that equation (1) is valid in the range 0.3
to 250 MHz for all the environmental categories except those of curves D and E as indicated on the figure.
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TABLE I — Values of the constants ¢ and d

Environmental category ¢ d
Business (curve A) 76.8 27.7
Inter-state highways 73.0 27.7
Residential (curve B) 72.5 217
Parks and university campuses 69.3 277
Rural (curve ) 67.2 217
Quiet rural (curve D) . 53.6 286
Galactic noise (curve E) 520 23.0

Table II gives the variations measured within an hour about the hourly median value of noise power at a
specified location. Upper and lower decile values D, and D; respectively are quoted for a selection of frequencies
and for three types of environmental category. -

An indication of the variation encountered from location to location within each environmental category is
given by Spaulding and Disney [1974]. For all frequencies combined these authors quote the standard deviation of
the median value as 7.5 and 6.5 dB, respectively, for business, residential and rural areas. A better estimate of the
location variability of F,., for these environmental categories for a specific frequency may be obtained from the
standard deviations oy, given in Table II for the measurement frequencies used. .

Hagn and Sailors [1979] have presented four statistical-distribution models of increasing complexity (simple
Gaussian, composite Gaussian, x-square, Gaussian from x-square) which utilize the time and location variability
of F, to predict the excecedence probabilities of man-made radio noise available power levels for short,
vertically-polarized antennas located near the ground. The models are useful in predicting the probability that the
short-term signal-to-noise ratio for a given communication system equals or exceeds a value required for
successful communications [Hagn, 1980). The parameters for these models at each of the measurement frequencies
are summarized in Table III. For the simple Gaussian model, the mean is approximated by F,. and the standard

deviation is oy where:
Oy = ]/afu + oy (#))

assuming that the temporal and spatial variabilities are uncorrelated. The parameter ayr is the standard deviation
of the temporal variability and values are obtained from D, and D, of Table II using:

o - _l_ [Dllz + DIZI%. 3)
METET 2 (

For the composite Gaussian model, the standard deviations for the upper and lower halves of the
distribution are given by oy, and oy, respectively, and the mean is given by F,.. The corresponding upper and
lower deciles are given by Dy, and Dy,. The composite Gaussian model is the simplest model which takes into
account skewness (Dy, * Dy) in the distribution. The x-square model also takes into account skewness. In the
x-square model, the parameter v is the number of degress of freedom. The x-square model satisfies the relationship
F, = a + by;. The mean noise F, = a + bv, and the standard deviation oOng = b (2v)V?, where a, b, and v are
given in Table III for ten discrete frequencies between 0.25 MHz and 250 MHz. For details of fitting data with a
¥-square distribution and the use of the parameters v, a, and b of Table III, see Zacharisen and Crow [1970]. A
second Gaussian model is given in Table IIl using parameters estimated from the x-square approximations. For
this model, the mean is given by Fa, and the standard deviation by ox ;. When the skew is not too great, all four
models predict similar values between the deciles; however, the x-square model gives the best fit to the entire
distribution. The simple Gaussian modei should be used when the skew is not too high (v > 10) and when a
simple model is required as in interference analysis {Sailors, et al, 1977] (Report 657). The composite Gaussian
model (which accounts for skewness) is the choice when a means is availabie to determine the appropriate half of
the distribution. To date it has not been possible to choose one of these four models as consistently being the best.
The above description may be used as a guideline for picking the appropriate model for a specific case.



TABLE Il — Representative values of selecsed measured noise parameters for
business, residential and rural environmental categories

-4

Environmental category
Frequency Business Residential Rural
(MHz)

Fom D, Dy ONL Fam D, Dy ONL Fom D, b, ONL
(dB (kTg) (dB) dB) B (dB (kTy) dn) (dB) (dB) (dB (kTg) dB) dB) (dB)

025 9.5 8.1 6.1 ) 6.1 89.2 93 5.0 35 839 10.6 28 39
0.50 85.1 12.6 8.0 8.2 80.8 123 49 43 75.5 12.5 40 44
1.00 76.8 98 40 23 72.5 10.0 44 25 67.2 9.2 6.6 11
2.50 65.8 1 95 9.1 61.5 10.1 6.2 8.1 56.2 10.1 5.1 8.0
5.00 57.4 11.0 6.2 6.1 53.1 100 5.7 5.5 478 59 15 17
10.00 49.1 10.9 42 4.2 4438 84 5.0 29 395 9.0 40 4.0
20.00 40.8 10.5 7.6 49 36.5 10.6 6.5 47 31.2 78 5.5 4.5
48.00 30.2 131 8.1 7.1 259 - 123 11 40 20.6 53 18 32
102.00 21.2 11.9 5.7 88 16.9 12.5 48 27 11.6 10.5 3.1 38
250.00 0.4 6.7 32 8 6.1 69 18 29 08 s 0.8 23

857 4oy

Fom: median value
D, D;:  upper, lower decile deviations from the median value within an hour at a given location
onL: standard deviation of location variability



TABLE Il — Summary of noise model parameters

. . . S Gaussian
Simpic Gaussian Composite Gaussian X-squarc from y-squarc
Environmental category (:::lqz
Fem aN ONu ONI Dyy Dy v a b Fo? o
(dB (xTo) (dB) (dB) (dB) (dB) dp) (dB (Tp)) (dB)
Business 0.25 9315 83 88 78 113 9.9 92.16 37.51 0.61 939 83
0.50 85.1 1.6 128 103 164 132 32.12 39.26 1.46 86.1 1.7
1.00 76.8 6.3 8.0 39 102 5.0 3l 69.77 2.46 78.4 6.5
2.50 65.8 124 130 1.8 16.7 15.1 142.29 -38.56 0.74 66.3 12.4
5.00 574 9.2 10.5 18 13.5 10.0 16.58 3L70 1.62 $8.5 93
10.00 49.1 17 9.5 53 12.1 6.8 495 38.38 249 50.7 78
20.00 408 8.7 9.6 17 123 9.9 32.66 6.18 1.08 4Ls 8.7
48.00 30.2 TR 12.5 9.5 160 122 2091 - 4.69 1.713 314 1.2
102.00 212 114 128 98 164 126 21.95 -15.62 1.713 223 1S
250.00 10.4 5.6 6.4 45 83 5.8 12.28 - 280 113 1n. 5.6
Residential 0.25 89.2 6.8 8.1 53 10.3 6.8 8.67 75.88 1.66 90.3 6.9
0.50 80.8 8.5 10.5 57 135 74 4.67 69.42 284 827 8.7
1.00 725 6.5 8.2 43 10.5 55 4.02 64.49 237 74.0 6.7
2.50 61.5 10.4 113 9.4 144 120 ‘45.36 12.58 1.09 62.2 10.4
5.00 53.1 8.4 9.6 7.1 123 9.1 17.11 29.28 1.45 54.1 8.5
10.00 4.8 6.1 72 49 9.2 6.2 10.38 3157 1.36 45.7 6.2
20.00 36.5 83 9.5 6.9 122 8.8 14.80 14.75 1.54 375 8.4
48.00 259 8.8 104 6.8 133 8.7 8.90 8.53 211 213 89
102.00 169 79 10.1 46 130 5.9 3.09 8.98 335 19.0 8.2
250.00 6.1 49 6.1 32 78 4.1 413 0.00 1.74 7.2 5.0
Rural 0.25 839 72 9.1 45 117 57 352 75.82 2.80 85.7 74
0.50 75.5 85 10.7 54 13.7 6.9 378 65.57 37 71.6 8.7
1.00 67.2 9.5 10.1 88 130 13 75.34 9.41 0.717 61.7 9.5
2.50 56.2 10.2 11.2 9.0 14.4 1.5 28.718 18.36 1.35 5.1 10.2
5.00 418 9.4 9.0 9.7 1.5 12.4 260.87 154.61 0.41 47.6 9.4
10.00 39.5 6.8 8.1 5.1 10.4 6.5 1.49 21.37 1.78 40.7 6.9
20.00 312 6.9 7.6 6.2 9.7 8.0 39.08 0.87 0.79 317 7.0
48.00 20.6 4.5 5.2 35 6.7 4.5 9.84 11.27 1.02 213 45
102.00 1.6 7.1 9.0 4.5 11.6 5.8 mn 325 2N 13.3 14
250.00 0.8 3.0 35 23 45 30 9.20 - 529 0.71 12 30

857 ‘doy

-4
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4. Measurements made at HF in the United Kingdom indicate that curve D is appropriate for rural areas and
that the man-made noise powers in business and residential areas are below those given by curves A and B.
Measurements made at VHF in business and residential areas indicate man-made noise powers some 10 dB below

those of curves A and B.

These results seem to suggest that differences in patterns of utilization of electrical and mechanical
appliances or in the national statutory regulation of interference can lead to differing values of man-made noise
power and that, until further evidence is available, the curves in Fig. 1 should be treated with caution.

s. Skomal [1973, 1978] has reviewed man-made noise data collected in a range of countries at various
distances from metropolitan areas. Results over the frequency range 500 kHz to 1 GHz are summarized. In the
frequency range of about 300 to 800 MHz there is evidence that the rate of decrease of noise power with
frequency is significantly less than that at lower frequencies as given in Table I. This is consistent with the
presence of a localized maximum in the UHF-band emission spectrum of vehicular ignition interference.

6. At four sites in downtown Ottawa, Canada, measurements of the UHF-VHF radio environment
were carried out over a 17-day period in November, 1976 by Lauber and Bertrand [1977]. A linear regression
equation of the median values of F, data for all four sites for the frequencies 200 to 500 MHz is given as
Fon = —158 log f + 48.4 (f in MHz). In the frequency range from 200 to 300 MHz, the results using this
equation compare favourably with those using the business area equation of Spauiding and Disney [1974]. The
standard deviation oy and upper and lower deciles, D, and Dy, for these data are given in Table IV for the
measurement frequencies 200, 300, 400 and 500 MHz.

TABLE IV — F_, distribution parameters for business areas

Frequency Standard deviation oy D, Dy
(MHz) (dB) dB) (dB)
200 4.7 5.0 6.0
300 4.6 7.0 4.5
400 4.2 5.5 4.5
500 4.1 6.5 ’ 2.5
7. Beyond 1 GHz for business areas and 250 MHz for residential and rural areas, the measurement of

man-made noise has been difficult because the available receivers have been internal noise-limited. In such a
receiver system, the external noise does not affect its operating noise-threshold appreciably (Reports 413,
(Oslo, 1966) and 670). Man-made noise measurements in an urban environment at frequencies between 1.7 and
35 GHz have been reported by Pratt er al. [1978] using radiometer techniques; however, the resuits were always
below the reference temperature of 288 K.

8. Measurements made in the MF and HF range to determine the propagation attenuation coefficient of
man-made noise a, as 2 function of residential density p, have in Poland led to the empirical relationship

log a = —3.47 + 0.690 log p

where a is in dB/m and p is residential density in inhabitants/hectare. The influence of frequency on the value of
attenuation coefficient was found to be insignificant [Rymarowicz, 1974 and 1975},
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An unexpected result of measurements made in the MF range was lower man-made noise intensity in the
residential areas of cities in the highly industrialized parts of the country. This is contrary to the generally held
opinion about increase in the man-made noise power with increase of industrialization. This may probably be due
to greater attenuation over paths through dense settiement patterns in highly industrialized regions, while the
density of noise sources remained sensibly unchanged [Morén and Rymarowicz, 1975} Further investigations are
necessary to confirm these results.

9. Measurements of the amplitude probability distributions (APD’s) of man-made noise both from the overail
environment and from specific sources have been made at many locations [Spaulding et al., 1971, Lauber and
Bertrand, 1979; Hagn, 1981}.

The results of mathematical modelling of amplitude statistics using empirical and theoretical models have
been reported by Lauber and Bertrand [1979]. A summary of a wide selection of mathematical models, mostly
designed for atmospheric noise, has been given by Spaulding [1981). A new series of statistical-physical modeis
which use the characteristics of the physical processes to derive expressions for the amplitude statistics have been
developed by Middleton [1979a, b}. To date, these models have been applied to a number of measured APD’s with
excellent agreement.
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Appendix C
Instructions for Operation of Program "EMIN"

Introduction

These instructions describe the operation of a computer
program for the calculation of minimum usable field strength,

Emin.

Diskette description
The diskette is a double-density 5-1/4" 360 kb floppy. The

master diskette contains the executable file EMIN.EXE. The

source code file EMIN.FOR is available on a separate diskette
from NAB upon request. The program may be copied, such as
to a hard disk, but no additional disk space is necessary for
program execution. The program was compiled with
Microsoft FORTRAN v4.01 and is designed to run on almost
any PC-compatible computer.

Hardware requirements

A typically equipped PC with 256 kb or more is required.
The program was designed to use the capabilities of the math
coprocessor. The program contains emulation routines that
will permit it to run without the coprocessor, but it will run
more slowly., A coprocessor-equipped machine is
recommended.

All output data appears on the screen. Neither a printer nor
graphics capability is required.

Program description

The noise environment for AM broadcast reception is
dominated by two noise types: atmospheric and man-made
noise. Both are typically characterized as non-gaussian, white
noise processes that are non-stationary; that is, their statistical
properties change with time and bandwidth. To estimate Eqin
in the presence of this type of noise, the statistical properties
of the noise must be evaluated in a specified bandwidth.

The program allows the user to specify any desired set of
parameters to define the grade of service, average noise power,
statistical variation of the noise, bandwidth, frequency, and the
parameters needed to assess the time availability and service
probability. Operation of the program is self-explanatory
using the information displayed during the run.

Grade of service

The program first performs a grade of service analysis,
finding the level of signal necessary to be above the noise
level by the specified number of dB for the specified percentage
of time. This is found by evaluating the amplitude probability
distribution (APD) function for the noise. The APD function
gives the instantaneous noise level exceeded a certain
percentage of time relative to the rms noise level. The APD
function used in the program is a computer model presented in
{1], which approximates the empirical descriptions presented in

CCIR Report 322-3. Based on the studies in [2], both
atmospheric and man-made noise have similar statistical
properties, so the same APD computer model can be used for
both types.

The three parameters used to construct the APD are Fapy,,
Vdm, and bandwidth. Fam, which represents the average noise
power, moves the amplitude of the APD up or down but does
not affect its shape. The shape of the APD is determined by
Vdm and bandwidth. The value of V4 given in the noise
measurement data is for an effective noise bandwidth of
200 Hz. Its value is automatically adjusted by the program: to
the actual noise bandwidth, using the equations found in [3].
For atmospheric noise, the program user obtains the value for
Vdm from the graphs in Report 322-3. For man-made noise,
the values for Vgm were derived from [2] and are built into the
program,

Time availability

The result of the grade of service analysis is a signal level,
R (dB), which is the level of the required received signal above
the average noise level. This indicates that the specified grade
of service will be available for 50 percent of the time since the
calculation of R was based on the median value, Fam. If 2
higher time availability is required, the value of Fay, is
adjusted based on its statistical variation, as indicated by the
upper decile, Dy. For example, for a time availability of
90 percent, the value of Faq, is adjusted upward by adding the
value of Dy, since the 90-percent point is exactly the upper
decile value.

The value of Fam, as adjusted, is F3. The program
automatically adjusts Fam for a specified time availability.
For atmospheric noise, this is done using the Dy supplied by
the user. For man-made noise, the values for Dy were taken
from [2], if available, and are built into the program.

With the value of F5 and R known, the program calculates
the value of Epin using the equation

Emin (dBmV/m) = F3 + R + 10 log10(BW)
+ 20 log10fMHz + 48.5
Emin is the minimum usable field strength,
in dB relative to 1 mV/m
BW is the effective noise bandwidth in Hz, and
fMHz is the frequency in MHz.

Service probability

The value for Eqin calculated using the above eguation is
only an estimate. Since median values for all parameters were
used to determine this value for Ejp, this estimate provides
the specified grade of service for the specified time availability
for only 50 percent of the paths or circuits. This is equivalent
to a service probability of 50 percent.

where



To increase the service probability, or confidence level,
above 50 percent, Emin must be increased to take into account
the uncertainties in the estimates of the parameters used to
determine Emin. The uncertainty or variability in any
estimate is indicated by its standard deviation, or ¢ value.
Each of the parameters that was used to formulate the variables
in the equation for Emin (Fam,» Vdm, Du) has an associated
standard deviation which is provided in Report 322-3. For
man-made noise, these parameters are generally not available
and will therefore appear in the output as zeros.

A fourth element of uncertainty is the accuracy with which
a given value of field strength can be predicted. When
calculating the signal required to produce a desired signal-to-
noise ratio, the signal is assumed to be known and constant.
In reality it, too, varies from its expected value. This
uncertainty is represented by the standard deviation of the
expected received signal strength. For AM broadcast
groundwave signals, considerable differences may exist
between the actual and the predicted field strength due to
uncertainties in the ground conductivity, reflections from
nearby metallic objects (wires, buildings, towers), or physical
elements (hills and abrupt conductivity boundaries) along the
propagation path. These uncertainties are not accounted for in
the current FCC field strength prediction method. Based on a
relatively small amount of data, one study [4] found that the
standard deviation of actual field strengths compared to
predicted field strengths was about 1.4 dB. For skywave or
other types of propagation paths, another value may be more
appropriate.

With all four standard deviations or uncertainty factors
identified, the total uncertainty can be found as the root-sum-
square of the four individual standard deviations. That is, the
variance of the final estimate for Emin is equal to the sum of
variances of each constituent part of Emin. This summing
operation is performed by the computer program.

With the total standard deviation, o, found for the
estimated Emin, Emin can be adjusted for service probabilities
other than 50 percent. Assuming the variation is normally

APPENDIX C

distributed, Emin is increased by oTt, where t is the standard
normal deviate. For a service probability of 50 percent,
tequals 0. For a service probability of 90 percent, t equals
about 1.28. The program automatically evaluates t to
determine the final adjusted value of Emjn that achieves the
required service probability.

Program execution

The program is run by typing "EMIN<ret>". A title screen
will appear, followed by an instruction screen. The user is
then asked sequentially for the required input data as discussed
above. When all data has been entered, the program will
display "Working . . ." while Emin is being calculated.

When the calculation is complete, a results screen will be
displayed which tabulates all of the input data and the
calculated value of Emin. Results can be printed using the
"PriSc" keyboard command. The user can then select another
Tun or exit from the program.
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This article describes a mathematical model applicable to AM sound broadcasting
systems, by means of which it is possible to calculate. as a function of the transmission-
system characteristics, the relative RF protection ratio that represents the effect of
adjacent-channel interference. The calculation simulates the C.C.I.R. objective measure-
ment method and has the advantage that the influence of various parameters in the
transmission sysiem can easily be investigated without having real equipment available
for testing. After a description of the mathematical elements required for that numerical
method, various examples are evaluated and the parameters chosen are discussed with
regard to their effect on a possible furure SSB transmission system for AM sound broad-

casting.

A mathematical model for the calculation of the
adjacent-channel interference in single-sideband and
double-sideband AM sound-broadcasting systems’

1. Introduction

In preparation for the 1974/75 LF/MF Broadcasting
Conference, a method for the calculation of adjacent-
channel interference in AM sound-broadcasting systems
using double-sideband modulation (DSB) was developed
as a function of the system parameters [1] and converted
into a mathematical model which, subjet to slight
modifications, makes possible also corresponding exa-
minations of systems with bandwidth-saving modulation
methods, such as transmissions using a single sideband
(SSB) or two sidebands independent of one another
(ISB). The C.C.LR. has been requested to investigate
such systems with a view to their subsequent application

2, 3|.
[ ThJe model described below has in the meantime been
incorporated in the C.C.LR. documentation [6], in
addition to a graphical method [4] and a numerical
method employing polygon-type approximations [5].

The mutual interference (adjacent-channel inter-
ference) that must be expected between two adjacent
channels in an AM sound-broadcasting network in
Bands 5 (LF), 6 (MF) and 7 (HF) is, among other
parameters, determinant for the configuration of the
transmitter network and for the quality of the received
signals.

The effect of adjacent-channel interference in AM
sound broadcasting is characterised by the relative RF
protection ratio A.., [7, 8] which depends not only
on the spectral energy distribution of the modulation
signal and the physiological sensitivity characteristic
of the human ear, but also, in a complicated manner,
on the technical characteristics of the transmitter and

* Dieser Aufsatz erscheint gleichzeitig in Deutsch under dem
Titel " Ein mathematisches Modell zur Berechnung der Nach-
barkanalstérung in Einseitenband- und Zweiseitenbandsyste-
men des AM-Tonrundfunks * in Rundfunktechnische Mittei-
lungen, Heft 3, 1978.

** Mr. Grischel is with the Fernmeldetechnisches Zentral-
amt of the Deutsche Bundespost at Darmstadt.

G. Groschel™™

receiver. ‘The most important characteristics of the
transmitter and receiver, whose influences are to be
considered here, are as follows :

— the channel spacing AF ;

- the bandwidth of the transmitter By and of the
receiver By ;

— the attenuation slopes ag and ap of the band-limiting
filters at the transmitter and at the receiver respect-
ively ;

- the carrier reduction T ;

— the depth of modulation 7, ;

— the spectral energy distribution of the modulation
signal ;

— the out-of-band radiation of the transmitter (charac-
terised by the relative amplitude D, of the inter-
modulation products in the transmitter when modul-
ated with two tones of equal amplitude) ;

— the pre-emphasis and de-emphasis at high frequencies,
to which the signal to be transmitted is subjected at
the transmitter and at the receiver respectively ;

- the compression of the dynamic range ;

— the suppression of adjacent-channel catriers at the
receiver by means of a notch filter.

So far, if one disregards the costly subjective measur-
ing methods that produced very scattered results, only
the objective measuring method described in [6] has
been available for the measurement of the RF protec-
tion ratio. That method only enables measurements
to be made on systems that have already been developed
and constructed, and it is therefore not suitable for the
initial optimisation of the system parameters, for exam-
ple, as regards the best utilisation of the frequency
bands available, with the best possible transmission
quality. On the other hand, the numerical methods
mentioned above, which use electronic computers,
enable rapid calculations of the relative RF protection
ratio to be made for any parameters for the transmitters
and receivers, and in that manner, the future trans-
mission systems may be optimised.



2. The objective measuring method

In order to reduce the outlay and the considerable
scatter (inevitable with that type of evaluation) of the
results of subjective listening tests for the determination
of the relative RF protection ratio, an objective measur-
ing method has been developed [6], wherein the inter-
fering transmission and the wanted transmission are
simulated by a test transmitter modulated with band-
limited weighted noise (m = 50 ¢), tuned to the
frequency f,, the wanted reception channel being
simulated by a standardised receiver tuned to the
neighbouring frequency f,. As a function of the
detuning AF = f.—f, of the receiver, the interference
power weighted by means of a psophometer is measured
at the receiver output and expressed as a proportion of
the wanted power that is obtained there with AF = 0.
That ratio is known as the relative RF protection ratio
Aper - It is expressed in decibels and indicates the
minimum value of the ratio of the field strengths of
the wanted and interfering transmitters with carrier
frequencies differing by AF, such that the signal-to-
noise ratio at the output of the receiver (co-channel
protection ratio) does not fall below a particular value.

It is assumed in this connection that, in the case of
reception in the adjacent channel, the subjective impres-
sion of the interference is proportional to the ratio of
the weighted wanted power to the weighted interference
power. That assumption is valid in the case of
amplitude modulation.

3. Principle of the numerical method

For the purpose of the calculation of the relative RF
protection ratio, the physical process (that is to say, the
determination of the wanted power, the weighted
interference power in the adjacent channel and of their
ratio) underlying the objective measuring method is
simulated by a mathematical model. Two adjacent
channels having the carrier frequencies fg and fq are
assumed, their frequency difference AF being equal to
the channel spacing in question. The radiated spectrum
related to an increment of bandwidth B,,, is simulated
by a function Fg which depends on the relative fre-
quency |f|. That function is composed of multiplic-
ative partial functions (such as the rate-of-cut of the
band-limiting fiiter, spectral energy distribution in the
sideband, pre-emphasis etc.) and of additive partial
functions (for example, out-of-band radiation, carrier
level, noise spectrum). Similarly, the overall attenuation
of the receiver, including the weighting of the inter-
ference power by the psophometric filter, is represented
by a function F, dependent on the relative frequency
f* = |(aF — f)|. That function, too, is composed
of multiplicative partial functions (such as band limit-
ation, de-emphasis, psophometric weighting) and addi-
tive partial functions (for example, out-of-band selec-
tivity).

With DSB modulation, Fg and Fp are symmetrical
with the associated carrier frequencies. With SSB
modulation, on the other hand, one sideband in the
radiated spectrum must be suppressed by the mathem-
atical simulation of the attenuation of a filter with
steep attenuation slopes, and the out-of-band radiation
must be simulated by an additive term asymmetrical to
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the carrier, At the same time, the bandwidth of the
recetver filter must be halved, and its centre frequency
must be displaced by half that bandwidth in the
direction of the radiated sideband relative to the
reception carrier.

With ISB modulation, the radiated spectrum, apart
from the reduced level of the carrier, corresponds to
the spectrum for DSB modulation. The reception filter
is, however, composed of two partial filters symmetric-
ally displaced by half the passband with reference to
the reception carrier. ,

The slight asymmetry of the attenuation curves of
the transmitter and receiver filters (band-pass filters)
which generally exists in practice, has been disregar-
ded here. However, it could be taken into account
at any time through the adoption of a more refined
attenuation function.

So that the subjective impression of the interference
due to the unwanted power in the adjacent channel can
be correctly appreciated, the function Fp must contain
the weighting of the psophometric filter. The basic
characteristics of the functions Fg and Fg, and the
most important partial functions, as well as the signi-
ficance of the notation used, ate shown in Fig. I.

The radiated spectrum Fj (f), being centered on the
carrier frequency fg, gives rise in the receiver, which
is tuned to the frequency fp of the adjacent channel,
to an interference power APy, which can be calculated -
by the integration of the product Fg?. Fg? with a given
channel spacing AF. One thus obtains :

sy = | TR Fe(SE—f) & ()

If the integration according to (1) is. carried out
for AF = 0 (receiver tuned to wanted carrier), then
the wanted reception power APy is obtained. The
corresponding RF protection ratio A, is the ratio of
the interference power to the wanted power in the
reception channel, that is, in dB :

APg
APy

4., = 10 log (2)

By varying AF, it is thus possible to calculate the
adjacent-channel RF protection ratio A, as a function
of the channel spacing. Moreover, the method of
calculation makes it possible to calculate separately the
interference components in the adjacent channel that
are due respectively to the carrier (beat tone) and to
the sidebands. The integration according to (1) is
appropriately carried out by means of electronic compu-
ters*, using numerical integration methods. For most
problems, a solution based on bandwidth increments
of B,,, = 100 Hz is sufficient.

In the following, we shall indicate the functions
Fg and Fyp and their partial functions for amplitude-
modulated DSB transmissions (class of emission A3),
for ISB transmissions (class of emission A3B) and for
SSB transmissions (class of emission A3A). In the case
of single-sideband transmissions, an attenuated carrier
is taken.

* In this particular case, a desk model HP 9830 with 16 K-
Byte storage capacity is utilised. The computer program is
written in BASIC.
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Fig. 1. — Partial functions and notation for a DSB system.
Abscissa : f = relative frequency (referred to the transmitted carrier).
Ordinate : ¢ = relative level (or attenuation) referred to the carrier level or the peak envelope power.
Bx = 3-dB bandwidth of the transmitter (overall) F, = out-of-band radiation of the transmitter
Br == 3.dB bandwidth of the receiver {overall) Fs = function representing the spectrum of the transmitter
Bert = incremental bandwidth to which the power-density D: = attenuation of the 3rd-order intermodulation products
spectrum refers and within which the power density of the transmitter when measured with two tones
and the receiver attenuation are in all cases taken as ay == relative level of the maximum power density in the
being constant, for the calculation sideband, referred to the carrier level
fs = carrier frequency of the transmitter F, = attenuation of the filter for the band limitation at the
fe = carrier frequency of the adjacent channel receiver
AF = channel spacing F; = attenuation of the psophometer filter
fi, f- = lower and upper limits of integration Fr = function representing the overall attenuation of the
Fa = carrier receiver, including the weighting by the psophometer
F, = spectral energy distribution in the sideband filter (weighted receiver attenuation)
F. = attenuation of the filter for the band limitation at the as = level of the transmitter spectrum at the frequency f
transmitter ae = weighted receiver attenuation at the frequency f
Fs = pre-emphasis at the transmitter

4. The radiated spectrum

The function Fs, which approximates to the radiated
spectrum, is composed of individual partial functions
which are linked with one another additively or multi-
plicatively, depending upon the physical cause of their
formation or their effect. The essential properties of
the radiated spectrum can be sufficiently accurately
simulated by means of six partial functions, as follows :

Fs (fy = F, () + aw [Fi(f) F-(f) F5 (I

+ VIE@ + E@] 6

wherein

F, = carrier function,

ay = relative level of the maximum of the power
density spectrum in the sideband, referred to
the carrier level,

F, = spectral energy distribution of the modulation
signal,

F, = attenuation of the band-limiting filter,

F, = pre-emphasis at the transmitter,

F, = out-of-band radiation,

F; = noise spectrum of the transmitter.

All the levels in the spectrum, in the case of DSB
modulation, are referred to the carrier level (0 dB),
and with ISB or SSB modulation to the peak envelope
power (0 dB). The carrier and peak envelope powers
are taken as unity.

4.1. Carrier

The carrier is a single-frequency oscillation in the
continuous power-density spectrum, whose level when
measured is independent of the bandwidth of a tuned
level meter. A solution, that can be used for the type
of integration applied here, can be obtained by replacing
the carrier by an additive term F, (f), which produces
the desired carrier level in the centre of the corres-
ponding bandwidth B, and which, still within the
limits of that bandwidth, falls off on both sides to
negligibly small values. There applies :

- (—T—+ 50 ¢])
F, () = 10 = (4)
wherein T = carrier reduction (in dB), referred to the
full carrier or to the peak envelope power.



For single-sideband transmissions, the peak envelope
powers are always maintained constant in all of the
observations that follow. The relations between the
level of the carrier and the level of the sideband
oscillations, therefore, depend on the degree of carrier
suppression T. Those relations are dealt with in [9].

4.2. Power density in the sidebands

The power density in the sidebands depends on :

— the modulation signal F, (f),

- the depth of modulation . or, with ISB or SSB
modulation, the relative level of power components
Peff ’

— the compression factor K,

— the pre-emphasis at the transmitter F, (f),

— the attenuation of the band-limiting filter of the
transmitter F, (f),

— the carrier suppression T, because the peak envelope
power is maintained constant.

The dependence on frequency of the power density
in the sidebands is represented by the product of
F (f), Fo(f), Fi(f) and ay .

The relative level p,, indicates the percentage of
voltage in relation to the voltage available for the
sideband components (permissible maximum voltage
of the transmitter less the voltage of the residual carrier)
that is effectively radiated in the sideband signal.

4.3. Spectral power density of the modulation signal

For the present investigations, standardised weighted
noise according to [6] has been taken as the modulation
signal, whose relative level, referred to the maximum
value at 210 Hz [10], is represented by F, (f). There
applies :

A, 4, f°
Fi (fy = — (5)
VBif*+ B:sf*+ B.f —B.f*+ B,

wherein

A, = 2.836 B, = 4,716.10*

A, = 77,65 B, = 4,085.108

By = 9,243.10°° B, = 1,274.1013

B, = 8,674.10°*

i

The factor A, compensates the passband attenuation
of the weighting network described in [6].

The factor ay defines the position of the maximum
of the power-density spectrum in the sideband, relative
to the carrier or to the peak envelope power [10].
It takes into account the depth of modulation m,,
the carrier suppression T, the compression factor K
and the element of bandwidth B,,,, to which the power
density of the radiated spectrum is referred. Bg, the
equivalent bandwidth, is an auxiliary factor, which is
explained in greater detail below.

For DSB modulation :

Bett
2 2By

2 (/Kj25)
Mot vKi

(©)

ay =

for ISB modulation :

[l — 100101 _Bpf_t R (7)
dy = pore® . [l — “Trere  —— 10
v Dece 2B,
and for SSB modulation :
Bas: (YK 25
ay = Pcfiz . [1 _ 10(-1“':0)]2 R .10 (8)
Bg

Fig. 2 indicates the empirical relationship assumed
in the model between the compression factor K and
the increase due thereto of the depth of modulation

Mege OF Pefl‘ .
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Fig. 2. — Increase of the depth cf modulation with compression.

Abscissa : degree of compression (in dB).
Ordinate : increase of depth of modulation (factor).

Fig. 3 indicates how, with DSB modulation, the
value @y depends on the bandwidth By of the
transmitter. The auxiliary value By (equivalent band-
width) is appropriately introduced here. Bg is the
bandwidth required for modulation with white noise
(constant power density in the sideband), that produces
the same sideband power as modulation with standard-
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Fig. 3. — Position of the maximum of the power-density
spectrum in the sideband, with DSB meduiation.
Abscissa : necessary RF bandwidth 2 Bx (in kHz)
Ordinate : maximum level ay of the sideband spectrum (in
dB) relative to the carrier level
Parameter : effective depth of modulation meer;  effective

noise bandwidth Beer of the analysing device.
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Fig. 4. — Relationship between the equivalent bandwidth B
and the required bandwidth Bx.
Abscissa : relative frequency f (in kHz)

Ordinate : spectral power density of the modulation signal
relative to the maximum at 210 Hz (in dB).

ised weighted noise and with the transmitter bandwidth
By [10]. Bg is defined as follows :

B =\ Fe) FA(p Fe(hdf )

This ensures that the desired depth of modulation of
the transmitter retains the value assumed for the
calculation, even when pre-emphasis or different band-
limitation is applied. The relationship in principle
between By and By is depicted in Fig. 4. It applies
to standardised weighted noise according to [6].

4.4, Band-limitation of the transmitter

The attenuation of a filter limiting the width of the
passband of the transmitter is simulated by the function
F, (f), a multiplicative term. Any attenuation functions
can be applied here. For the investigations described
in Section 8 on single-sideband emission systems,
filters with a Butterworth characteristic have been
assumed, whose attenuation can be represented [11] by
the expression :

1
F,(f) = m———— (10)

T

The variable f here is the frequency deviation from
the carrier. The necessary audio-frequency bandwidth
By of the transmitter determines the 3-dB point of the
attenuation. By means of the exponent N, the rate-
of-cut «g of the attenuation characteristic of the trans-

Fig. 5. — Attenuation of the band-limiting filters.

Abscissa : relative frequency f (in kHz)
Ordinate : attenuation (in dB)

Parameter : attenuation slope at the inflection point (in
dB/kHz).

mitter filter is determined, measured at the point of
inflection, the steepest point of the attenuation function.
Fig. 5 gives an example of such attenuation character-
istics with the constant 3-dB bandwidth B = 4500 Hz,
for various attenuation slopes a .

In the attenuation characteristic chosen, the steepest
slope occurs at the frequency f, (inflection point)
referred to the carrier :

fm = B.\' . (N-—l)hx (11)

For a given bandwidth By, the maximum attenuation
slope « (in dB/kHz) can be calculated from the expo-
nent N and vice-versa, by applying the following
relation (applicable also to the reception filter) :

4
le| = ;43 (N — 1)te-n/N1 (12)

N

The relationship « = f(N), with the bandwidth By
as parameter, is depicted in Frg. 6.

In many eases of mutual interference between
adjacent channels, the LF/MF Broadcasting Conference,
Geneva 1975, agreed limitations of the radiated audio
bandwidth to system-adapted values (= 4500 Hz) and
included these in the Plan. The attenuation charac-
teristic of a filter which has been utilised in the
transmitters in the Federal Republic of Germany for
some time, and has a 3-dB bandwidth of 4500 Hz
and an attenuation slope of about 60 dB per octave,
corresponds approximately to the following attenuation
function :
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Fig. 6. — Dependence of the exponents of the attenuation functions on the bandwidth and on the attenuation siope.

Abscissa : exponent of the attenuation function
Ordinate : slope of the attenuation at the inflection point « (in dB/kHz)
Parameter : necessary bandwidth By (in kHz).

The precise attenuation characteristic is given in [12].

4.5. Pre-emphasis at the transmitter

For the purpose of investigating the influence of a
deviation of the spectral energy density of the modul-
ation signal from that of the standardised weighted
noise [6], the function F;(f), another multiplicative
term, was introduced, by means of which it is possible

ds

to simulate an emphasis of high audio frequencies
resembling pre-emphasis with FM.

F,(h = V1 + @rrsfr (14)

wherein rg is the time-constant (in ps) of the equivalent
RC circuit producing the same attenuation. The degree
of AF emphasis can be modified by the time-constant.
Fig. 7 depicts the variation of F,(f) with rg as parameter.
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4.6. The out-of-band radiation

The components of the power-density spectrum that
occur immediately outside the required bandwidth
2.B, of the transmitter are termed out-of-band
radiation [13]. They are produced by the non-linearity
distoction of the modulating signal in the transmitter.
The effect of that distortion on the out-of-band radiation
is characterised by the intermodulation factors of third
and fifth orders D, and D; [14], which are measured
when the transmitter is modulated with two tones of
equal amplitude (double tone).

The out-of-band radiation is very dependent on the
intermodulation factors, on the depth of modulation
of the transmitter and on the pre-emphasis of the
modulation signal. Measurements with weighted noise
[10] on high-power transmitters using DSB modulation
have indicated that :

- the levels of the out-of-band radiation at the band
limits f, =+ By are lower by the amount of the
third-order intermodulation factor D, than the
wanted levels at the edge of the passband ;

— with DSB modulation, the out-of-band radiation
beyond the required bandwidth 2.By falls off,
symmetrically to the carrier, on both sides by about
15 dB/octave. With SSB modulation, the out-of-
band radiation is asymmetric to the carrier ;

- to a first approximation, the level difference Aa of
the out-of-channel transmission remains unchanged,
even when the depth of modulation and the band-
width are modified.

For the mathematical simulation of the out-of-band
radiation, the additive term F,* (f) of the following
expression is used :

Vo (o)

1
F*(f) = (15)

which, in its position relative to the levels in the
wanted band, is deviated at the point f, = By, as a
function of rs and m.., in such a manner that the
condition

Aa =~ D, (16)
which was determined empirically, is maintained. The

additive partial function F, (f) thus adopts the following
form :

F (fy = F*(f).Q* (17)
with

o* = |/ L+ (—B-"—) Vg Fy (B . Fy (BN)-V'

3000

The relationships for the formation of Q* are explained
in more detail in Fig. 8 (drawn in logarithmic scale).

4.7. Transmitter noise energy spectrum

An additional noise energy spectrum of the trans-
mitter, due, for example, to a decade master-oscillator,
can be simulated by a further additive term F; (f). In
the case under study, a constant noise level §, =

R (A
w0 e
" f
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CM \ £ (B
{ J\F"(ﬁ
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' 2X0)
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Y Q*3 0, +F, (By)+ 0.95D,-F,*(8,.)-F, (8,,)
Ffl=fo()) +Q*

Fig. 8. — Level relations of the out-of-band radiation.

Abscissa : relative frequency (in Hz)
Ordinate : attenuation a (in dB).

—100 dB (relative to the carrier level) has been assumed,
very much simplified. Therefore :

F 10(8,/20 / 100

5 (f) - ¥ l, Bure

The out-of-band radiation and the noise energy spectrum
are added quadratically.

(19)

5. Simulation of the receiver characteristics and of
the weighting by the psophometer

The influences of the band-limiting filter of the
de-emphasis and of the weighting of the interference
power in the receiver are summarised in the function
Fg (f*). It is composed of the following multiplicative
and additive terms :

Fa(f*) = F,(f* F:(f*) F.(f*) Fs(f*) + Flo((g(,:;

wherein the relative frequency f* depends in the
following manner on the channel spacing AF and on
the relative frequency f (referred to the transmitter
carrier) :

f* = |aF — (21)

100
Ber!

. 10—(0.951'):/20) (18)

5.1. Attenuation of the band-limiting filters of the receiver

The entire frequency-dependent attenuation of the
receiver, which is distributed over the RF and AF stages,
is summarised in the multiplicative term F, (f*) which
is derived similarly to the corresponding term F, (f)
of the transmutter :



Fy(f*) = = (22)
\' R
’ 1 + ( B, |

Analogously. too, the 3-dB point of the attenuation
is determined for the receiver with By (in Hz), and
with ag the slope (in dB/kHz) of the attenuation
characteristic of the band-limiting filter. Equation (12)
and Figs. 5 and 6 apply here correspondingly.

For many investigations, it is advantageous to assume
the average selectivity characteristics of a reference
receiver. The E.B.U.'s MBF reference receiver can be
regarded as being such a receiver. It has a 3-dB band-
width of 2 kHz and a maximum attenuation slope of
its filters of about 8 dB/kHz. The attenuation curve
may be represented approximately by the expression :

1
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5.3. De-emphasis in the receiver

Another multiplicative term F, (f*) makes 1t possible
to investigate the effect on the adjacent-channel inter-
ference of de-emphasis in the receiver.

Fy(f%) = : - (29)
\/ I (2= f*)" . 10-=

The desired de-emphasis is chosen by means of the
time-constant r, of the equivalent RC circuit.

Fa(f*) =

VL + (F* 2300)] - [t -+ (* 3300)"] . I + (f* 4100)*]

Fig. 9 shows the attenuation according to equation
(23), as well as several attenuation curves measured on
different receivers. It will be seen that the selectivity
of the MBF receiver is already clearly better than that
of the simple or even of the average-quality receivers.

5.2. Weighting with the psophometric filter

In order that the subjective impression of the inter-
ference in the disturbed adjacent channel, which is a
function of the frequency-dependent sensitivity of the
human ear, is correctly assessed, the interference power
APs, which occurs within the receiver passband, must
be weighted with the frequency-dependent attenuation
of the psophometric filter. This requires a further
multiplicative term F; (f*). The attenuation of the
psophometric filter at present used and standardised
{15] may be represented by :

_ 4|7
Fo(f) = —— (24)
VA (f*) + B*(f*)
with
A(f*) = — Ko (f*)* + K (Y — K(f*)? + K,
(25)
and
B(f*) = K; |f*|* — Ky |[f*|° + K, |f*| (26)
as well as the constants :
K, = 0,4010.10* K, = 8,1023.10-2
K, = 2,2124 . = 5,1866.10-1¢

ol

K, = 5,3848.10"
K, = 8,3417.10%

a 1,9000.10-%°

Up to the frequency f* = 20 kHz, the approxim-
ation according to equations (24), (25) and (26) does
not deviate by more than + 0.2 dB from the nominal
values indicated in [15]. By way of comparison, we
also indicate an approximation for the psophometric
attenuation used previously [16] :
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Fig. 9. — Receiver attenuation curves.

Abscissa : relative frequency f (in kHz)
Ordinate : attenuation « (in dB)

(1) E.B.U. reference receiver MBF
(az = 7.5 dB/kHz)

(2) LR.T. receiver with mechanical IF filter
(ar = 16 dB/kHz)

(3) Four-stage hybrid IF filter
(ar = 20 dB/kHz)

(4) Hybrid IF filter
(az = 12 dB/kHz)

(5) Commercial equipment, superior medium quality
(s = 6.5 dB/kHz)

(6) Commercial equipment, superior medium quality
(ar = 5 dB/kHz). :

7.08.10°5 . |f*|1425 . \/ 1 + (f*/11400)™

Fa(ff) =

(27)

1+ (f*/1200)?] . [1 + (f*/6300)%] . [L + (f*/8600)%]
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5.4. Suppression of the carrier interference by a notch
filter

In HF broadcasting, in particular, the inclusion of
a notch filter with a narrow attenuation range in the
audio-frequency amplifier downstream of the demodul-
ation stage in the receiver, has proved to be very
satisfactory for the selective suppression of the inter-
ference component due to the carrier. The centre
frequency of the notch filter corresponds to the channel
spacing, so that the carrier whistle is suppressed in the
case of optimum tuning to the wanted signal. In the
calculation, this is effected most easily by not taking
into account the interference component which is dealt
with separately. In the computer program, this
corresponds to the inclusion of an extremely narrow
notch filter which infinitely attenuates only the carrier
itself.

If it is necessary to take into account the fact that
a real notch filter suppresses, in addition to the carrier,
also part of the wanted spectrum, then, for example,
the attenuation function F, (f*) of a single series-tuned
circuit of magnification factor Q and resonant frequency
f. may be applied, upstream of which a resistance R
is inserted for the voltage division :

L <f* fe ‘)’

/
/R2+ (=) | == — =
[, = iy
F (ff) = (29)
"R ARE + () (f—* _ Ly
b RPN
The attenuation resistance R, is a function of the
Q factor and the L/C ratio of the series-tuned circuit :

5.5. Out-of-band selectivity of the receiver

The additive term F,, (f¥) makes it possible to
simulate a value of the receiver out-of-band selectivity
deviating from infinity. We have here assumed. as
the most simple case, a constant value R, (in dB), which
may be represented as follows :

Foo(f) = 10%2 (31)

Fig. 10. finally, depicts an example of the typical
characteristic of the overall attenuation of the receiver
Fg (f), with a notch filter for SSB modulation, and
the associated power-density spectrum of the transmitter

Fs ().

6. Limitations of the numerical method

In the numerical method described above, the
adjacent-channel RF protection ratio is calculated from
the power ratio of the wanted and interfering signals
received. It must be taken into consideration here that
the power of the wanted signal (AF = 0) is demodul-
ated by means of its own coherent carrier, whereas the
interfering power is the result of the demodulation of
the sideband components (or of the partial noise
bands) of the interfering transmission by means of the
carrier of the wanted signal. Randomly-distributed
phase differences Ay occur in the latter case. 1In the
case of co-channel interference (AF = 0) therefore, the
measured interfering power is smaller by 3 dB than the
result of the calculation, because of its non-coherent
demodulation with the wanted carrier [17]. That
difference does not occur with single-sideband systems.
These differences must be taken into account when
comparing the calculated and measured results.

By means of the mathematical model described, it is

R, = 1 i V _{'__ (30) possible to deal separately with the interference
Q C component attributable to the carrier in the adjacent
LR
2
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Fig. 10. — Example of functions Fs{f) and Fa{f} for an SSB system.

Abscissa :

relative frequency f (in kHz)

Ordinate : level or attenuation (in dB).



channel (beat tone), on the one hand, and with the
interference attributable to the sidebands, on the other
hand. The carrier interference is given by :

APy = K F¢(0) Fa (AF)

and the interference power attributable to the sidebands
by :

APgp =

(32)

APy — AP (33)

= \:F s {f) Fa* (%) df — K Fs? (0) Fe® (aF)

1

If another spectral energy distribution (for example,
the conventional speech signal according to C.CIT.T.
Recommendation G.227, Geneva 1976, Vol. III-1
pp. 145-147) and the associated psophometer curve
are assumed, it is possible to apply the method described
also to other AM systems (for example, telephony).

7. Comparison between calculation and measurement

The system parameters were measured on a low-power
SSB system (SSB receiver and SSB transmitter-drive
unit), and the relative RF protection ratio was calculated
as a function of the channel spacing AF, by means of
the mathematical model. The calculated values were
compared with the values measured directly. The
results are depicted in Fig. 11.

For relative RF protection ratios of about —40 dB,
the measured values do not differ from the calculated
values by more than + 1 dB. It is only in the range
below —40 dB that the measurement is increasingly
influenced by the noise voltages of the equipment and
by the intermodulation distortion in the receiver, which
can no longer be neglected. Non-linearity effects in
the receiver have not been taken into account in the
calculation.

8. Application of the mathematical model

Below we shall examine, by means of the numerical
method described above, for an SSB sound-broadcasting
system having an ideal, infinitely steep, band-limitation
at the transmitter radiating the upper sideband, how
the adjacent-channel RF protection ratio depends on
the following parameters :

— out-of-band radiation,

— slope of the attenuation at the edge of the band in
the receiver,

— carrier reduction,

— receiver bandwidth,

- suppression of the interference component attributable
to the carrier, by means of a notch filter.

In addition, the following are assumed :

— constant effective modulation depth p.,, = 35 ¢,
- frequency-independent carrier-noise level S, =
—100 dB (referred to the peak envelope power),

- frequency-independent out-of-band selectivity of the
receiver R, = —100 dB,

- carrier reduction T = 12 dB.

The parameters chosen for this application example
are based on the values for a possible future SSB
system in Band 7 (HF): channel spacing 5 kHz,
bandwidth 4.5 kHz, residual carrier —12 dB.

8.1. Influence of the out-of-band radiation

Fig. 12 depicts the relative RF protection ratio A,
as a function AF for various values of the intermodul-.
ation attenuation D, in the case of ideal (rectangular)
band-limitation of the transmitter and of the receiver,
bandwidth By = Bp = 4.5 kHz and the other
parameters as mentioned above.

AA,,;
dB
+10
0
-10
AF M
-20
By =~ 4.2 kHz \\
30 — :
Pz B, = 3 kHz N\
+ ‘\
-40 L
AF
05 1 2 3 4 +5 kHz
Fig. 11. — Comparison between calculated and measured results for an SSB system.
Abscissa  : channel spacing A F (in kHz)
Ordinate  : relative RF protection ratio Aret (in dB)

+ 4+ 4+ 4 : measured values.
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Abscissa : relative frequency f or channel spacing A F (in kHz)

Ordinate : relative RF protection ratic Are(; transmitter spectrum Fx

(f); weighted overall attenuation of the receiver Fr(f) (in dB)

Parameter : intermodulation attenuation Ds of the transmitter (in dB).

What is remarkable is the considerable asymmetry
relative to the carrier of the curve of A, (AF), which
is typical of SSB systems. For example, with a 5-kHz
channel spacing. the protection ratio A for the upper
adjacent channel attains already —41 dB, whereas the
value for the lower adjacent channel, with the same
channel spacing, is, A;ep = —25 dB, or worse by
16 dB.

With a very moderate transmitter linearity (D, =
20 dB), the out-of-band radiation, even in the most
unfavourable case of the lower adjacent channel, permits,
with a 5-kHz channel spacing, protection ratios of
better than —25 dB. Without too great an outlay,
intermodulation attenuations of D, = 30 to 40 dB can
be attained from high-power SSB sound-broadcasting
transmitters, which result in RF protection ratios better
than —30 dB. So far as the RF protection ratio is
concerned therefore, the out-of-band radiation does
not present too serious a problem.

The considerable asymmetry of the protection ratios
for the upper and lower adjacent channels with SSB
systems could have an effeect on the planning of
optimum SSB transmitter networks. That matter is
worthy of investigation.

8.2. Influence of the receiver bandwidth

If the ideal band limitation of the transmitter with
a 4.5-kHz bandwidth is retained, but the bandwidth

of the receiver is attenuated between 3 and 7.5 kHz
with a 15-dB/kHz attenuation slope, one obtains the
results depicted in Fig. 13.

The receiver bandwidth By , for a constant transmitter.
bandwidth By , has a stronger influence on the relative
RF protection ratio against interference from the lower
adjacent channel only. It has almost no influence on
that against interference from the upper adjacent
channel, because there the RF protection ratio is
determined practically only by the power density in the
sideband and by the attenuation of the psophometric
filter.

If the receiver bandwidth (with a 15 dB/kHz
attenuation slope) is modified in the same way as the

“ transmitter bandwidth (with ideal rectangular band-

limitation), then the relative RF protection ratio against
interference from the lower adjacent channel changes
only negligibly (max. 1 dB), whereas the ratio against
that from the upper adjacent channel is raised by 2
maximum of 7.5 dB in the range AF = 3 to 7 kHz
only. That result, which is depicted in Fig. 14, is to be
compared with the results depicted in Fig. 13 (constant
transmitter bandwidth) ; it leads to the conclusion that
the increase in sideband power occurring with greater
transmitter bandwidth (hachured area in Fig. 14) affects
only the upper adjacent channel.
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8.3. The influence of band-limitation with different slopes
at the receiver

Fig. 15 depicts the dependence of the relative RF
protection ratio on the slope of the band-limitation by
the filters in the receiver with 4.5-kHz bandwidth, Fhe
other parameters remaining the same as in the preceding
example. With a receiver bandwidth of 4.5 kHz and
a channel spacing of 5 kHz, even with ideal band-
limitation at the transmitter, an attenuation slope of the
receiver filters of more than 60 dB/kHz would be
necessary, in order to obtain an RF protection ratio
against interference from the lower adjacent channel
of —20 dB, a value which corresponds to favourable
coverage in DSB sound-broadcasting networks [18].
A similarly steep slope would be required also, for
example, when changing over from the DSB system
in the MF band to SSB modulation by halving the
channel spacing to 4.5 kHz and with a system band-

width of 4 kHz, in order to obtain the value A,,, =
—20 dB.

8.4. Influence of the carrier reduction

As would be expected, different degrees of carrier
reduction have a more marked influence on the relative
RF protection ratio, because if the transmitter peak
envelope power is kept constant, any increase in the
level of the residual carrier not only reduces the side-
band power, but also increases the catrier interference,
which is stronger in the lower adjacent channel and is
directly proportional to the carrier level. A higher
carrier level signifies a lower sideband power (see

Sections 4.1 and 4.3). With T = 3 dB, for example,

only about 30 % of the modulation range of the
transmitter is available for the sidebands.

With the other parameters kept constant, the degree
of the carrier reduction T was varied between 3 and
40 dB. The result is given in Fig. 16. As expected
the effect is more marked in the lower adjacent channe!.
For carrier levels below about —20 dB, there is only-'
a negligible decrease in the relative RF protection ratio.

8.5. Influence of a notch filter

Notch filters in the AF amplifier of the receiver

"make possible the selective suppression of the inter-

ference with reception due to the carrier in the adjacent
channel. On the basis of the present conditions in
the HF bands, the effect of a notch filter having a
centre frequency of 5 kHz and about 40 dB attenuation
was examined in an assumed SSB system having the
same bandwidth for the transmitter and for the
receiver, By = Br = 4.5 kHz, ideal band-limitation
of the transmitter, and a slope attenuation oz = 15 dB/
kHz for the band-limiting filters of the receiver.

Fig. 17 shows that the notch filter has no influence
on the relative RF protection ratio in the upper adjacent
channel, because there the interference caused by the
residual carrier is negligible compared with the inter-
ference caused by the sideband itself. In the lower
adjacent channel, the relative RF protection ratio is
improved selectively at AF = 5 kHz by about 12 dB.
The absolute value 4,,, = —7 dB is, however, still
very unfavourable for optimum network planning. '
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Fig, 17, — Influence of a notch filter.
Abscissa : relative frequency f or channel spacing A F (in kHz)
Ordinate : relative RF protection ratio Aee:; transmitter spectrum Fs(f); weighted overall attenuation of the receiver Fr(f) (in dB)

Resonant frequency of the notch filter : 5 kHz.
Magnification factor Q of the notch filter : 50.

L/C ratio of the notch filter : 2000.
Series resistance of the voltage-divider : 100 Q.



9. Conclusions

The conclusion may be drawn from these results -

that the combination of parameters

AF = 5 kHz (channel spacing)

B, = By = +.5kHz {bandwidth)

ag = 0 (maximum attenuation slope,
transmitter)

ag = 15dB/kHz (maximum attenuation slope,
receiver)

T =12dB (carrier reduction)

despite the utilisation of a notch filter with a 40-dB
attenuation in the lower adjacent channel, does not
result in an adequate relative RF protection ratio. 1In
order to retain the same attenuation slope of the
receiver, the bandwidth would have to be reduced to
about 3.5 kHz, or, if the bandwidth were retained, the
attenuation slope would have to be increased to about
40-50 dB/kHz.

The greatly differing relative RF protection ratios
in the upper and lower adjacent channels of an SSB
system can probably also be taken into consideration
when planning an optimum transmitter network.
Appropriate planning methods have yet to be examined.
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Appendix E
Instructions for Operation of Program "ADJACENT"

Introduction

These instructions describe the operation of a computer
program for the calculation of relative adjacent-channel
protection ratio, Are].

Diskette description

The diskette is a double-density 5-1/4" 360 kb floppy.
Protection ratio calculations require two BASIC programs,
ADJACENT and ADJPRO. ADJACENT is a user-friendly
data entry program; ADJACENT chains to ADJPRO, which is
the program that does the calculations. Execution of the two
programs may also generate other files.

The master diskette contains executable files
(ADJACENT.EXE, ADJPRO.EXE) for both programs and
contains three other related files (ADJPRO.DAT, NRSC.FSR,
NRSC.OUT). The source code files (ADJACENT.BAS,
ADJPRO.BAS) are available on a separate diskette from NAB
upon request. Additional disk space is needed for program
execution so the master diskette programs should be copied to
a hard disk or separate floppy prior to use. The programs were
compiled with Microsoft QuickBASIC v3.0 with coprocessor
support and are designed to run on almost any PC-compatible
computer.

Hardware requirements

A typically equipped PC with 256 kb or more is required.
The program was designed to use the capabilities of the math
coprocessor. The program contains emulation routines that
will permit it to run without the coprocessor, but it will run
extremely slowly (one run may take 30 minutes or more,
compared to about 60 seconds with a coprocessor). A
coprocessor-equipped machine is highly recommended.

A printer will provide a hard-copy of the output data, but
the program will run without it (output data can be viewed on
the screen). Plotting and graphics routines are not included as
there is no standard plotting or graphics protocol for the PC.

Program setup

Users should familiarize themselves with the paper, "A
mathematical model for the calculation of the adjacent-channel
interference in single-sideband and double-sideband AM sound
broadcasting systems,” by G. Groschel, published in the
E.B.U. Review — Technical, June 1978. The computer
program is modeled directly on the techniques described in the
paper. During program setup, the user defines the
subfunctions corresponding to each technical parameter that
contributes to the overall transmitter and receiver response.
These consist of:

FO: the carrier (can be suppressed for single-sideband
transmission)

F1: spectral power density of the modulation signal

F2: transmitter band limiting

F3: tansmitter preemphasis

F4: transmitter out-of-band radiation

F5: transmitter noise

F6: receiver band limitation

F7: psophometric curve

F8: receiver deemphasis

F9: receiver notch filter

F10: receiver out-of-band selectivity.

In addition, the user specifies a "modulation factor," discussed
in the Groschel paper and below, which takes into account the
depth of modulation and the amount of compression.

The program is run by typing "ADJACENT<ret>." The
setup screen then appears; the help screen (press <F1>)
explains how to use the setup screen. Once all fields are
showing the correct information, typing "X" (no return)
executes ADJPRO. Typing <Esc> exits the program. Typing
either "X" or <Esc> will save the current setup screen data in
the file ADJPRO.DAT.1

Following is a description of the fields in the setup screen:

Transmission mode. Select DSB/ISB (double
sideband/independent sideband) or SSB (single sideband).
Selection of mode automatically modifies the various
subfunctions, and changes the setup screen, to match the mode
requirements. This is discussed in detail below.

Type of study. Select SINGLE or SWEEP, and enter the
difference frequency (dF) or difference frequency range and step
size to be used. To obtain first- and second-adjacent-channel
protection ratios, select SWEEP, with dF=10000 Hz to
20000 Hz every 10000 Hz.

ES/FR_functions. Select COMPUTED, FROM DISK, or
FROM KEYBOARD. Normal mode is COMPUTED, in
which FS (the composite transmitter response) and FR (the
composite receiver response) are calculated at the time of
program execution from the transmitter and receiver
subfunctions (FO through F10) specified below. FROM DISK
indicates that previously stored FS and FR values, if any, will
be retrieved from disk. (The file name of the stored values will
be requested at time of program execution.) FROM
KEYBOARD permits FS and FR, from -25,000 Hz to
+25,000 Hz in 100 Hz steps, to be manually entered. Use of
FROM KEYBOARD is expected to be rare.

1 As supplied on the master diskette, ADJPRO.DAT contains
the settings for NRSC transmission and "Ideal” NRSC
reception, as defined in Section V of the report.
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Tabulate subfunctions. Select YES or NO. If YES, select
frequency range from low to high. Selection of YES will
print out FS, FR, and FO through F10, at 100 Hz increments
across the selected range.

Print FS/FR. Select YES or NO. Selection of YES will
print out FS and FR from 0 Hz to +25,000 Hz in 100 Hz
increments.

Allow changes to FS/FR. Select YES or NO. Selection of
YES will allow changes to FS and FR at any desired frequency
to be manually entered from the keyboard. If FS/FR are
COMPUTED, Print FS/FR is YES, and Allow changes to
FS/FR is YES, then FS/FR will first be computed and printed
for examination before the program asks for changes.

Save ES/FR to disk. Select YES or NO. Selection of YES
will cause FS/FR values to be saved to a disk file for future
use. At the time of execution, the program will ask for the
filename to be used. FS/FR filenames will automatically be
given the extension " FSR".2

Modulation spectrum. Select USASI NOISE or CCIR
NOISE. USASI noise has been recently used to characterize

modem U.S. program material.

Modulation factor. Enter value from 0.01 to 2.00. An
appropriate value for very highly compressed program material
is 1.00. Modulation factor is related to "loudness.” It affects
the peak level of the sideband energy, Am, but does not affect
its shape, which is defined by F1, F2, and F3. While at first
it might appear that the choice of modulation factor is critical,
in fact it has a negligible effect on Arel. Any overall change
in sideband energy will indeed affect the adjacent-channel
protection ratio, A, but its effect on the co-channel protection
ratio, Ag, will be essentially equal. Since Arel = A - Ao,
Are] will be affected little.3

TRANSMITTER DATA

Band limiting. Select LOW PASS, IDEAL, NRSC, or AK-5.
If LOW PASS or IDEAL is selected, screen will also ask for
filter parameters. Band limiting characteristic depends whether
DSB/ISB or SSB transmission mode was selected. If SSB is
selected, the screen will also prompt for carrier reduction and
undesired sideband suppression. The filters have the following
characteristics:
LOW PASS is an nth-order Butterworth filter of the
selected attenuation rate and bandwidth. For DSB/ISB
mode, the response is 3 dB down at % the selected
bandwidth, and attenuates at the specified rate above and
below the passband. For SSB mode, the response has
the same attenuation rate, but a lower 3 dB point of
0 Hz.

2 As supplied on the master diskette, NRSC.FSR contains FS
for NRSC transmission and FR for "Ideal” NRSC reception.

This is true in the usual case where the adjacent-channel
interference is dominated by the sideband energy, not by the
carrier energy. If the carrier emergy were the dominant
contributor to adjacent-channel interference, a change in
sideband energy would affect Ag and Aref, not A.
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IDEAL is a filter with flat response within the selected
bandwidth and, for DSB/ISB transmission, 100 dB
attenuation at the + cutoff frequencies and beyond. For
SSB transmission, the filter is down by the selected
amount of undesired sideband suppression from 0 Hz to
the negative cutoff frequency, and is 100 dB down at that
frequency and beyond.

NRSC is a 9th-order elliptic-function filter with a
passband of +9600 Hz (0.162 dB ripple) and a stopband
of £10,100 Hz (minimum attenuation 50 dB). NRSC is
not available in SSB mode.

AK-S is a 4500 Hz, 60 dB/octave filter characteristic
used in Germany. It is not available in SSB mode.

Preemphasis. Select NONE, TC, or NRSC. If TC is
selected, the screen will also prompt for time constant in
microseconds.

Noise. Enter residual noise in dB below carrier. Typically
assumed to be 100 dB down.

Qut-of-band radiation. Select CCIR, NRSC MAX, or NRSC
TEST. CCIR is the out-of-band radiation subfunction
described in the Groschel paper. If CCIR is selected, the
screen will also prompt for intermodulation attenuation ("IM
atten™) in dB, which is typically assumed to be 30-40 dB.
NRSC MAX and NRSC TEST are the maximum limits and
test limits, respectively, of the emission limitation for AM
broadcast transmission specified in NRSC Standard No.
NRSC-2. This parameter has a significant effect on second-
adjacent-channel protection ratios.

Carrier reduction. Only used with SSB transmission. Enter
carrier reduction in dB below full carrier.

Undesired sideband suppression. Only used with SSB
transmission. Used to specify undesired sideband suppression
in ideal band limiting filter (see above).

RECEIVER DATA

Band limiting. Select LOW PASS, NRSC, or MBF. If LOW
PASS is selected, the screen will also prompt for filter
parameters. Band limiting characteristic depends whether
DSB/ISB or SSB transmission mode was selected. The
LOWPASS and NRSC filters are specified identically to those
in the transmitter data. The MBF filter simulates an E.B.U.
reference receiver. NRSC band limiting is not available in
SSB mode.

Deemphasis. Select NONE, TC, or NRSC. If TC is selected,
the screen will also prompt for time constant in microseconds.

Psophometric curve. Select CCIR—468 or CCITT-P53.
CCIR—468 is most appropriate for medium-wave AM
broadcasting. The psophometric curve represents the
objectionability of sound as a function of frequency. Itis
needed in the calculations because, for adjacent-channel signals,
the interfering frequencies are shifted by 10 kHz or 20 kHz
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and the energy contribution at each frequency must be properly
weighted to correspond to the sensitivity of the ear.

Qut-of-band._selectivity. Enter response in dB. Typically
assumed to be 100 dB down.

Notch filter. Select NONE, IDEAL, or LC. If IDEAL or LC
selected, the screen will prompt for resonant frequency Fr.
IDEAL puts a 200 dB notch at exactly the selected frequency.
If LC is selected, the screen will prompt for other LC notch
filter parameters as described in the Groschel paper.

Program execution

When all setup screen fields are as desired, pressing X will
exit ADJACENT and execute ADJPRO. If FS/FR are to be
retrieved from disk, the program will display all .FSR files and
prompt for a selection. If FS/FR are to be input from the
keyboard or changed, the program will prompt for the data.
FS/FR will be printed if so specified. If FS/FR are to be
saved to disk, the program will ask for a filename (extension
JFSR will always be assigned). :

When FS/FR calculations have been completed, the screen
will display the following: a summary of input data; the three
calculated Groschel parameters of equivalent bandwidth Be,
maximum power density Am, and out-of-band radiation factor
Kr (if CCIR is selected); and a scrolling table of calculated
protection ratios. If only a few frequency separations are being
calculated, all input and output data will be simultaneously
visible.

4 The psophometric curve is defined in equal 100 Hz
increments, as are the other subfunctions. The program does
not differentiate between a single tone and an equal-energy
100 Hz band of noise, even though the tone would be
psychoacoustically more objectionable. Therefore, even
though a protection ratio calculation may indicate that the
interfering carrier does not contribute significant adjacent-
channel interference, implying that a 10 kHz notch filter
would make no audible improvement, a psychoacoustic test
might show a notch filter to be effective.
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The program will ask whether output is to be printed, and
then whether it is to be saved. Output can be saved in a user-
specified filename and reviewed later at DOS level, using a
TYPE command or other available file-examination utility.5
After the two questions have been answered, the program
returns to the ADJACENT setup screen for another run. If no
other run is desired, type <Esc> to exit.

Output data

The program displays the relative adjacent-channel
protection ratio Arel, and the contribution to Arel of the carrier
(Atr) and the sidebands (Asb) of the adjacent-channel signal.
Arel is a power summation of Atr and Asb. Users are
encouraged to read the discussions in the Groschel paper on
interpretation of data and limitations of the numerical method.
In particular, note that the relative adjacent-channel protection
ratios calculated by the program are based on a determination
of power. The numerical method does not take into account
the additional 3 dB of co-channel noise suppression that
results from coherent detection of the desired signal in the
receiver. Therefore, values of Are] calculated by the computer
program must be corrected by -3 dB.

Program modification

Users with access to a QuickBASIC compiler are
encouraged to modify the programs to meet their individual =
requirements, such as to include alternative subfunctions. -
Note that the program contains mathematical expressions that -
must be compiled on a coprocessor-equipped machine, using
QuickBASIC with coprocessor support. :

5 As supplied on the master diskette, NRSC.OUT contains the
output for calculations of Arej at 10 kHz and 20 kHz under
conditions of NRSC transmission and “Ideal” NRSC
reception.
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Abstract - The development of a statistical description
of the signal-to-interference ratio (SIR) for AM broad-
cast groundwave and skywave signals in the presence of
multiple skywave interference signals is presented. The
analysis assumes that the interfering signal envelope am-
plitudes are Rayleigh-distributed random variables with
a lognormal distribution used to describe the long-term
variations of the sum envelope amplitude. The resulting
statistical description is used to evaluate the SIR degra-
dation for a number of “interference exclusion” formulas
under consideration for frequency allocation purposes.

1.0 INTRODUCTION

Describing the statistics of the signal-to-interference ra-
tio (SIR) of AM broadcast groundwave signals in the pres-
ence of multiple skywave interfering signals is important to
understanding the reception and coverage possibilities of an
AM broadcast station. Previously, the SIR has been calcu-
lated assuming the skywave fields were static; that is, not
varying with time. With a constant desired groundwave sig-
nal amplitude, the resulting SIR was also a constant quan-
tity.

It is the intent of this paper to consider the statistical
variations of the combined skywave signals and to develop
a statistical description of the SIR. This description is in
the form of a probability density function (pdf) and asso-
ciated cumulative distribution function (cdf). The cdf can
be directly used to determine the percent time for which a
given SIR is exceeded.

Following the analysis for a constant amplitude desired
groundwave signal, the method will be extended for the case
when the desired signal is a time-varying skywave signal.

2.0 SKYWAVE SIGNAL AMPLITUDE STATISTICS

AM broadcast skywave signals propagate primarily dur-
ing nighttime hours by means of electromagnetic energy
radiated from the transmitting antenna reflecting off the
ionosphere and returning to earth at some distance from
the transmitting antenna. AM broadcast signals reflect off
both the E layer of the ionosphere at about 100 km above

the earth and from the F layer at about 220 km above the
earth. In North America, the dominant skywave propaga-
tion mechanism is via the E layer with an average altitude
taken to be-100 km [1].

The amplitude of a skywave signal as received on earth
varies primarily due to two mechanisms - the changing alti-
tude and charged particle density in the reflecting layer and
the fact that the skywave signal as received is actually the
composite sum of several signals reflecting from different
parts of the reflecting layer. The amplitude of each con-
stituent part of the signal varies in amplitude and phase
due to the changing layer characteristics. It can be shown
[2] that with as few as six such reflecting signals, the ampli-
tude variation of the sum is a gaussian-distributed random
variable while the phase (relative to some arbitrary fixed
reference) is a uniformly-distributed random variable.

For a signal with a gaussian-distributed total amplitude,
the probability distribution of the envelope of that signal
is Rayleigh-distributed. As the signal amplitude varies,
the received signal appears to “fade” in and out, being
louder and less noisy at times and weaker and more noisy
at other times. Since the amplitude variation is Rayleigh-
distributed, the term “Rayleigh-fading” has been used to
describe this effect. The nature of the amplitude distribu-
tion of the skywave signal has been confirmed by measure-
ments (3].

The pdf for the random variable v with a Rayleigh dis-
tribution is given by
v —02
pv(v) = ;exp['i;?] : (1)

The corresponding cdf is given by

o =1- o[ 32] g
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The voltage amplitude which is exceeded 50 percent of
the time (median) can be readily found by integrating the
pdf as follows:



0.5 = / ” o (v)dv = exp[%:—:-] 3)

which yields a median value of 1.177¢. Similarly, the
voltage exceeded 10 percent of the time is:

- -]
01= / pv (v) dv @)
v
This gives a 10 percent time voltage of 2.1460.

From this it is apparent that the voltage exceeded 10
percent of the time for a Rayleigh distribution is always
about 5.2 dB higher than the median voltage. If the 10
percent time voltage is known or calculated using propa-
gation curves, it can be used to find ¢ and thereby fully
describe the distribution.

While measurements show that the short term (within
an hour) variations in the signal envelope amplitude are
Rayleigh-distributed, measurements taken over a longer pe-
riod of time (from days to months) show a statistical vari-
ation in the median received field strength which is more
closely described by a lognormal distribution {3,4].

The lognormal pdf is given by

—(lnv - a)’] (5)

1
pv(v) = vV2x03 exp[ 203

where g is the mean value. The lognormal cdf is given
by

1 (Ln__:ﬂ)]
Pv(v)—2[1+erf( o3 (8)
where erf is the error function.

As shown above, the 10 percent time voltage for the
Rayleigh distribution is only 5.2 dB above the median value.
However, it is common in currently employed skywave field
strength prediction methods to set the 10 percent time value
at 8 dB [5] or 10 dB [1] above the median value, indicating
that the lognormal distribution is the appropriate choice
to describe the long term variations in the skywave signal
strength.

3.0 COMPUTATION OF THE COMPOSITE
INTERFERENCE PDF

In most situations, the total skywave interference at a
given point in a station’s coverage area is the sum of sev-
eral co-channel interfering signals arriving from different
stations with different power levels and transmitting an-
tenna characteristics. Typically, the interfering signal from
each is computed using the 10 percent time amplitude FCC
propagation curves, and taking into account the interfering
station’s radiated power and antenna radiation character-
istics at the appropriate vertical departure angle which re-

sults in an ionospheric reflection at the given point in the
desired station’s coverage area.

The total power in the composite interfering signal is
the sum of the power of the contributing interfering signals.
This power is given by the envelope voltage squared divided
by the receiver input impedance. As shown above, for each
interferer the 10 percent voltage can be used to find o?
which is then an indication of the power contributed by
that interferer.

The problem of adding up the interfering signals can
be easily solved by recognizing that each interfering enve-
lope voltage can be resolved into quadrature voltage com-
ponents, each of which is a gaussian random variable (r.v.).
The gaussian quadrature components of all the interferers
can then be added to yield a composite gaussian r.v. with
o2 of the sum equal to the sum of the constituent ¢? from
each interferer and with a mean value equal to the sum of
the mean values. If N(a,o?) is used to indicate a normal or
gaussian-distributed r.v., then the distribution of the sum
of any M gaussian r.v.’s is given by:

N[iam,i'a,’n] ™

m=1 m=1

Since all of the skywave signals have zero mean values
(i.e., no d.c. component), the sum of the mean values a,, in
(7) is zero.

Each of the individual o3, can be found from the pre-
dicted 10 percent time voltage as described above. By sum-
ming the o3 for both quadrature components, the quadra-
ture components can then be used to find the Rayleigh dis-
tribution of the composite envelope voltage with

M
oi=>) on (8)
m=1

This composite ¢ can now be used to find the median
value of the Rayleigh distribution which describes the to-
tal interference; that is, median = 1.17707. This median
value is then used for a in the lognormal distribution pdf
equation given in (5). The standard deviation of the log-
normal distribution as indicated by ¢ in (5) can be set to
correspond to 8 or 10 dB as found in [5] or [1]. For FCC
purposes, the upper decile value is 8 dB above the median,
which corresponds to o = .72 in equation (5).

The value of o in the lognormal distribution given above
produces the appropriate distribution when the voltage lev-
els are around 1 mV/m or less. At higher voltage levels, the
distribution is somewhat skewed.

It is recognized that this transition from the Rayleigh
distribution to the lognormal distribution is a simplified,
ad hoc approach. This ad hoc approach is not incorrect,



however, because the empirical data on skywave amplitudes
generally falls between a Rayleigh distribution and a lognor-
mal distribution. In other words, the distribution of ampli-
tudes cannot be strictly characterized as Rayleigh or lognor-
mal using some statistical-physical model of the ionospheric
reflection mechanism. The distributions are approximate,
empirical models which represent a reasonable match to the
data. However, a more refined analysis of the interdepen-
dence of the two distributions can be done. This analysis is
presented in the next section.

4.0 CONDITIONAL DISTRIBUTION OF RAYLEIGH
SKYWAVE SIGNAL AMPLITUDES

In [4], the skywave amplitude is described as being
Rayleigh-distributed over short periods (hours) with the
median hourly value of this Rayleigh distribution itself a
random variable (over long periods) with a lognormal dis-
tribution. The envelope .oltage at any time, then, is a
conditional Rayleigh probability density function which de-
pends on lognormally-distributed median values.

If pv(v) represents the pdf over all time, then py(vls)
represents the conditional pdf with median value s where 2
is a lognormally-distributed r.v. For a Rayleigh-distributed
r.v., the median is proportional to the standard deviation
(z = 1.1777), 8o that one can write

v —y?
pv(vle) = Ty ”‘p[z(z/1.177)=] ()

Our objective is the unconditional pdf py (v) which is
given by

)= [ ~ v (vls) pals) ds (10)

where pz(2} is a lognormal pdf. Substituting the appro-
priate pdf’s into (10) yields

pv(v) = /: (3/1."177)2 “p[z(zl_lf"")’]

1 ~(lnz - a)?
Va3 eJ‘P[ 293 ] dz (11)

Rearranging terms results in

(v) = * 1.385¢3 o —v? —(lnz - a)? ds
W= | vared P|2(z/L17T) 203
(12)

This somewhat cumbersome integral can be solved nu-
merically to find the unconditional pdf for v over all time.
The mean value of the lognormal distribution given by a in
(12) would be found from the average of the hourly median
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values over a long period of time. As before, the value of
o can be chosen so that the voltage exceeded 10 percent of
the time approximately matches the data.

5.0 COMPUTATION OF THE PDF FOR THE
SIGNAL-TO-INTERFERENCE RATIO

The pdf for the SIR can be found by first converting the
lognormal pdf from (5) in volts to a pdf in dBmW and doing
the corresponding process for the desired signal amplitude
in volts. The pdf of the SIR in dB is then found by sub-
tracting the interference pdf in dBmW from the signal pdf
in dBmW.

The signal amplitude in dBmW and the interference am-
plitude in dBmW are both random variables so that the SIR
is also a random variable. The pdf of the sum (or differ-
ence) of two r.v.’s is given by the convolution of the pdf’s,
as follows:

p3(z) = px(z) * pr (-y) (13)

For this case, z represents the SIR, z represents the de-
sired signal level in dBmW, and y represents the interference
level in dBmW.

The process of converting the envelope voltage pdf in
volts (or mV/m) to dBmW across 1 ohm starts with the
relationship:

§ =20log(mV)-30 dBmW (14)

where S is power and mV is the voltage in millivolts. If
the relationship between two quantities is known, the pdf
for one can be found in terms of the pdf for the other using
the following relationship:

;d_g
ds

ps(s) = pv(v) (15)

Starting with (14) and performing the operations indi-
cated by (15), the resulting pdf for the power s in dBmW
is

In 10
PS(-’) = pv(lo((a+30)/10)) 10((0+30)/10) —26— (16)

The pdf for py(v) is given by (5). To find ps(s), it is a
matter of substituting the argument

10(('4’30)/10)
into equation (5) for v, and multiplying in the other com-

ponents of (16), to arrive at the final equation for the pdf
of s in dBmW.
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The convolution in (13) can now be performed. Since
this analysis was implemented on a computer, the convolu-
tion was done by a numerical method which is somewhat
more efficient than the straight multiplication and summa-
tion approach. The technique goes as follows:

1. Take the Fast Fourier Transform (FFT) of each pdf
2. Multiply the two FFT’s together
3. Take the inverse FFT of the resuilt from step 2.

Since FFT’s can be done very rapidly, this approach to
a convolution is much faster than the straight multiplying
method.

The convolution in (13) was performed using a constant
desired signal amplitude of 1.0 mV/m (-30 dBmW across 1
ohm) and several different combinations of interfering sig-
nal amplitudes corresponding to various interference “exclu-
sion” principles currently under consideration for frequency
allocation purposes. Note that the pdf of the constant am-
plitude desired signal is simply a delta function at the signal
level -30 dBmW.

Tables 1 through 5 show tabulations of various percent-
time points for which the SIR is exceeded for the cases which
were studied. The results show that for the addition of one
interferer at the 50% exclusion level (that is; it would not be
permitted if its amplitude were greater than 50% of the first
interferer), that the SIR at the 50% time point is degraded
by about 1 dB. This is found by comparing the 50% percent
time points in Tables 1 and 2. For the 25% exclusion case,
the degradation in SIR is about 0.27 dB (compare Tables
1 and 3). Similarly, for the four additional interferers and
50% exclusion, the SIR is degraded about 3 dB from the 1
interferer case. For 25% exclusion, the SIR is degraded by
about 1 dB.

6.0 COMPUTATION OF THE PDF FOR THE SIR
FOR A TIME-VARYING DESIRED SIGNAL

If the constant amplitude desired groundwave signal rep-
resented by z in (13) is replaced with a time-varying sky-
wave signal (such as the 50% time secondary skywave ser-
vice of Class I-A stations in the United States) the analysis
in the last section can be repeated and a new set of SIR
statistics produced for such skywave coverage areas. The
lognormal pdf for the desired signal is established using the
50% time (median) value and the same o value used before
to set the upper decile point at 8 dB above the median.
Convolving the resulting desired signal pdf in dBmW with
the combined interference pdf in dBmW yields the SIR pdf.

The results of this process are shown in Tables 6 through
10. The tables show that the 50% time degradation in SIR
- is about what it was for the constant amplitude case. How-
ever, the standard deviation of the SIR is much greater ow-
ing to the spread in the desired signal amplitude. The 90%
time point for the single interferer case (Table 6) is about
11 dB below the median value. The relative differences in

the SIR statistics between the 50% exclusion and 25% ex-
clusion cases are the same as for the constant amplitude
desired signal case discussed in Section 5.0.

7.0 IMPACT ON SIR OF MULTIPLE INTERFERERS
VERSUS A SINGLE INTERFERER

For frequency allocation purposes in the United States,
it is common to use the root of the sum of the squares
(RSS) of the amplitudes of multiple interferers to arrive at
an indication of the signal-to-interference ratio. Currently,
this RSS calculation is done using the 10 percent time sig-
nal amplitudes for each of the interferers as given by the
appropriate propagation curve. This procedure suggests to
some that a “worst case” assumption has been made that
the 10 percent time signal level from each interferer is con-
tinuously present rather than present or exceeded only 10
percent of the time.

It is easy to show that the probability of multiple in-
dependent interferers all exceeding their 10 percent levels
simultaneously at any given time is much smaller than 10
percent. However, only considering whether or not a 10
percent threshold is exceeded provides a very incomplete
description of the sum voltage of multiple interferers since
the contributing voltages involved are continuous, rather
than discrete, random variables. To find the complete sta-
tistical description of the sum voltage, an approach like that
taken in Section 3.0 of this paper must be used where the
continuous statistical voltage variation of the constituent
interferers is explicitly taken into account.

Consider the case of N interferers where the rms voltage
of the 4 interferer is given by v/20;. From Section 2.0, for a
Rayleigh distribution the 10 percent time voltage is 2.1460:.
The RSS of the 10 percent time voltages of this set of N
interferers is then

RSS = i(2.1460.-)’ (1)
\ =1
N
RSS = \ 4.605 ) o? (18)

Now consider a single interferer with an rms voltage V20,
and with a power level equal to the sum of the powers of
the N individual interferers. The total power for the sum of
the N interferers is the sum of the individual powers. The
individual power for each (across 1 ohm) is given by the rms
voltage squared, or 20?. The sum of these powers is then

N
Total power = Pr = Z 203 (19)

=1

The equivalent single interferer will have a power equal
to Pr. The power of this single interferer across 1 ohm is
also equal to its rms voltage squared, or 203.



TABLE |
Constant desired signal amplitude: 1.00 mV/m
102 time amplitude of interferer |: 0.0500 mV/m

Percent Time Signal-to-Interference Ratio Exceeded:

90 % 26.11 dB
80 28.86
70 30.84
60 32.54
50 - 34.12
40 35.70
30 37.40
20 39.38
10 42.13
TABLE 2

Constant desired signal amplitude: 1.00 mV/m

10% time amplitude of interferer 1Il: 0.0500 mV/m
10% time amplitude of interferer 2: 0.0250 mV/m

Percent Time Signal-to-Interference Ratio Exceeded:

90 % 25.09 4B
80 27.85
70 29.83
60 31.52
50 33.11
40 34.69
30 36.39
20 38.37
10 41.12
TABLE 3

Constant desired signal amplitude: 1.00 mV/m

102 time amplitude of interferer l: 0.0500 mV/m
102 time amplitude of interferer 2: 0.0125 mV/m

Percent Time Signal-to-Interference Ratio Exceeded:

90 % 25.83 dB
80 28.58
70 30.57
60 32.26
50 33.85
40 35.43
30 37.12
20 39.11

10 41.86

Constant

10% time
10% time
10% time
10% time
102 time

Percent Time

TABLE 4

desired signal amplitude:

amplitude
amplitude
amplitude
amplitude
amplitude

of
of
of
of
of

Constant

10X time
10% time
102 time
10% time
102 time

Percent Time

TABLE 5

desired signal amplitude:

amplitude
amplitude
amplitude
amplitude
amplitude

of
of
of
of
of

1.00 mV/m
interferer 1: 0.0500 mV/m
interferer 2: 0.0250 mV/m
interferer 3: 0.0250 nV/m
interferer 4: 0.0250 nmV/m
interferer 5: 0.0250 mV/m
Signal-to-Interference Ratio Exceeded:

22.96 dB

25.71

27.69

29.39

30.97

32.55

34.25

36.23

38.98

1.00 mV/m
interferer 1: 0.0500 mV/m
interferer 2: 0.0125 mV/m
interferer 3: 0.0125 aV/m
interferer 4: 0.0125 mV/m
interferer 5: 0.0125 mV/m
Signal-to-Interference Ratio Exceeded:

25.09 dB

27.85

29.83

31.52

33.11

34.69

36.39

38.37

41.12



TABLE 6
50% time desired signal amplitude: 1.00 mV/m
10% time amplitude of interferer 1: 0.0500 mV/m

Percent Time Signal-to-Interference Ratio Exceeded:

90 2 22.79 dB
80 26.68
70 29.49
60 -~ 31.88
50 34.12
40 36.36
30 38.76
20 41.56
10 45.45
TABLE 7

50% time desired signal amplitude: 1.00 aV/m

102 time amplitude of interferer l: 0.0500 mV/m
102 time amplitude of interferer 2: 0.0250 mV/m

>

Percent Time Signal-to~Interference Ratio Exceeded:

90 2 21.78 4B
80 25.67
70 28.47
60 30.87
50 33.11
40 35.35
30 37.74
20 40.55
10 44,44
TABLE 8

507 time desired signal amplitude: 1.00 mV/m

10%2 time amplitude of interferer l: 0.0500 mV/m
107 time amplitude of interferer 2: 0.0125 mV/m

Percent Time Signal-to-Interference Ratio Exceeded:

90 2 22.52 4B
80 26.41
70 29.21
60 31.61
50 33.85
40 36.09
30 38.48
20 41.29

10 ) 45.17

50% time

10% time
10% time
10% time
10X time
10% time

TABLE 9

desired signal amplitude: 1.00 mV/m

amplitude of interferer
amplitude of interferer
anmplitude of interferer
amplitude of interferer
amplitude of interferer

[V B R T el

Percent Time Signal-to-Interference

0.0500
0.0250
0.0250
0.0250
0.0250

Ratio

nV/m
mV/m
mV/m
mv/m
nV/m

Exceeded:

S0%2 time

10% time
10X time
10% time
10X time
102 time

19.64 dB

TABLE 10

desired signal amplitude: 1.00 mV/m

amplitude of interferer !: 0.0500 nV/m
amplitude of interferer 2: 0.0125 nV/m
amplitude of interferer 3: 0.0125 mV/m
amplitude of interferer 4: 0.0125 mV/m
amplitude of interferer 5: 0.0125 nV/m
Percent Time Signal-to-Interference Ratio Exceeded:

21.78 dB

25.67

28.47

30.87

33.11

35.35

37.74

40.55

44,44



N
203=)_ 277 (20)
i=1
The 2’s cancel so
N
g0 = Z a? (21)

The 10 percent time voltage for this single interferer is

2.1460¢9 oOr
N
10 percent time voitage = 2.146 Z o? (22)
=1

The RSS of the 10 percent time voltage of this single
interferer ia just

1 N 3
RSS= | (2.146 a,?) (23)
k=1 i=1
N
RSS = ,|4.608 ) o? (24)
i=1

Since the RSS value for the single interferer equals the
RSS value for the sum (equation (18)), the variances are
also the same and the Rayleigh distribution of the single
interferer is the same as the Rayleigh distribution of the sum
of the multiple interferers. It is clear, then, that regardless
of the number or amplitude of the multiple interferers, the
effect of the sum of interferers on the SIR is the same as the
effect of a single interferer with equivalent power.

It should be noted that this analysis applies only to the
ratio of the desired signal power to the total undesired signal
power. It does not deal with the psychoacoustical effects,
or listenability, of a single interferer versus multiple inter-
ferers. One might intuitively argue that a single interferer
will more drastically degrade listenability than multiple in-
terferers (though the SIR is the same), because the single
loud interferer will cause more distraction from the desired
program than will a “babble” of lower level interferers. Lis~
tenability tests of various interference circumstances will
ultimately be needed to resolve this issue.

Since a Rayleigh distribution with ¢ = oo provides a
complete description of the statistical characteristics of the
sum of N interferers, it is now possible to return to the
earlier question of the probability that the sum voltage will
be equal to or above some combination of 10 percent time
voltage levels from the individual interferers. For example,

assume that N = 8 and that each of the eight interferers”

has a 10 percent time amplitude of 2.146c. The probability
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that the sum voltage will be, for instance, four times the 10
percent time voltage of one interferer is

Probabili = ht —v14 (25)
roba 1'ty=/ —exp[—-—] v 25
4x3.1480 90 203

From equation (21), and with N =8, we have

N
oo = ,] Y o? =2.8280 (26)
=1

Putting this value of oo into (25) and performing the
integration (from (3))

(27)

- 3
Probability = exp[ (8.5840) ]

2(2.8280)2

This results in a probability of 0.009998 that the sum
voltage will exceed 4 times the 10 percent time voltage of a
single interferer.

For this case, the ratio of the 10 percent time voltage of
the sum to the 10 percent time voltage of one of the eight
constituent interferers ( with all the o;’s the same) is

N 3 |
28V o o e ()

2.1460;

8.0 CONCLUSIONS

The foregoing analysis used statistical descriptions for
the amplitude of a desired AM broadcast groundwave sig-
nal and multiple interfering skywave signals to develop a
statistical description of the desired signal-to-interference
ratio. The resulting probability density function was used
to evaluate the percentage of time SIR’s are exceeded with a
variety of interfering signal combinations. The results show
that adding four equal interferers, each at a level equal to
50% of a first interferer, degrades the 50% time SIR by a
little more than 3 dB. If the four added interferers are all
set at a level equal to 25% of the first interferer, the 50%
time SIR is degraded by only 1 dB.

A similar analysis was conducted using a time-varying
desired signal with a lognormal amplitude distribution. The
results show that the spread of the SIR distribution in-
creases so that the 90% time point is about 11 dB below
the 50% time point. However, the relative changes in the
SIR statistics between the various combinations of inter-
ference cases is the same as for the study with a constant
amplitude desired signal.
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A comparison of the impact on the SIR of multiple in-
terferers with the impact on the SIR of a single interferer
of equivalent power shows that the effect was the same in
both cases.
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Appendix G
Instructions for Operation of Program "SKYIN"

Introduction

These instructions describe the operation of a computer
program to calculate signal-to-interference ratio statistics for
AM broadcast groundwave and skywave signals in the presence
of multiple skywave interferers.

Diskette description

The diskette is a double-density 5-1/4" 360 kb floppy. The
master diskette contains the executable file SKYIN.EXE. The
source code file SKYIN.FOR is available on a separate diskette
from NAB upon request. The program may be copied, such as
to a hard disk, but no additional disk space is necessary for
program execution. The program was compiled with
Microsoft FORTRAN v4.01 and is designed to run on almost
any PC-compatible computer.

Hardware requirements

A typically equipped PC with 256 kb or more is required.
The program was designed to use the capabilities of the math
coprocessor.— The program contains emulation routines that
will permit it to run without the coprocessor, but it will run
more slowly. A coprocessor-equipped machine is
recommended.

All output data appears on the screen. Neither a printer nor
graphics capability is required.

Program description

Users should familiarize themselves with the paper,
"Signal-to-Interference Ratio Statistics for AM Broadcast
Groundwave and Skywave Signals in the Presence of Multiple
Skywave Interferers,” by H. Anderson, which is Appendix F of
this report. The paper describes the calculations made by the
program and gives several examples.

Program execution

The program is run by typing "SKYIN<ret>". After a title
screen appears, the user is asked to select a constant amplitude
or lognormal-fading desired signal and to enter its amplitude.
If a lognormal-fading signal is selected, there will be a delay
while the computer calculates its probability density function
(pd).

The user is then asked for the number of interferers (up to
10) and their amplitudes, and the computer begins its
calculations. When the calculation is complete, a results
screen will be displayed which tabulates all of the input data
and the signal-to-interference ratio exceeded from 10% to 90%
of the time in steps of 10%. Results can be printed using the
"PrtSc” keyboard command. The user can then select another
run or exit from the program.
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