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V. General description of radio noise
1.1. Concept of radio noise

Fig.1.1-1 illustrates the significance and concept of radio noises
on the telecommunication system, by indicating the situation where we con-
vey the information{message or signal) to the receiver in the presence of
radio noises, "Radio noises” are defined as the noises which are induced
either during the telecommunication propagation path or at the receiving
terminal of the electrical observing equipment, then making the message
in an unpredictable condition. The end of the telecommunication link re-
ceives not only the wanted signal, but also unwanted signals which are
not necessarily related with the wanted signals. These unwanted signals
consist of the receiver's own internally generated noise, naturally occur-
ring noises, man-made noises which reach the receiving antenna, and cross-
talks from other teleconmunication system. This composite interference
environment, whether predominantly noise or unwanted signals, is referred
to simlpy as "noises”. The noise generated within the receiver is an
example of the *internal noise”, which is defined as being due to the
electron phenomena. While,the natural noise with its origin either terrest-
rial or extra-terrestrial and man-made noises are called the “external
noises” in contrast with the internal noise.
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Fig.1l,1-]1 Concept of radio nolses in the telecommunications

1.2, Classification of radio noises

Radio noises can be classified from the different points of view,
but they are normally clagsified in the following way based either on the
nature of the generation source or on the consideration of their waveforms,

(&) Classification in terms of generation sources:

atmospheric radio noise
natural ncise cosmic noise(solar,planetary and
Radio noise galactic and extra-galactic radio
stars)
thermal noise

man-made noise (different kinds of sparks, high freq-
{artificial) uency oscillation etc)



{b) Classification in terms of waveforms (see Fig.1.2-1}:

continuous noise--thermal noise,glinder,
random nofse { hissing etc ’
impulsive ncise--atmospherics(short
distance),spark dis-
charge,clicks,etc

periodic noise -- most of the man-made noises are syn-
chronized with the frequency of power
generator

{s] erntinuous nolse
—
Fig.1.2-1 Classifi- [ Eu : tine

cation of random
noise based on
waveforms

Radio noise

e,k

{b} impuleive noise

1.3. Intensity of radio noises

Radio noises are essentially random and complex in nature, and so it
is necessary to make use of the statistical treatment when expressing
quantitatively the characteristics of radio noises such as their inten-
sity. In the following we give a brief description of the three basic
quantities in order to indicate the intensity of radic noises,

{a) Electric field intensity :

Let the instantaneous value of electric field of radio noises for a
particular polarization be expressed as e"£t¥ and then the effective value
of the electric field is defined as Cen(t)c> e where the bracket indicates
the time average, This effective value in this definition is dependent on
the polarization, measuring system,bandwidth of the receiver,detection
system,etc, and 50 it is necessary to specify these quantities as well,
Other expressions for the electric field include, average valuve,quasi-
peak value and so on.

{b} Poynting power (Power flux density) :

Let us consider a cross section with unit area [Im2] perpendicular
to the propagation direction of radie waves, Then,the power flux density
W is defined as the energy flow of radio noises over a bandwidth of 1Mz,
and W is related to the intensity of noise electric field e, as follows.

we ey, : [W/m?] (1.3-1)

If we receive the noises with a recelver having the bandwidth B and with
the receiving antenna having the effective area A,

the available power Py is given by
Py = A-W-B W] {1.3-2)

(c} External noise figure, EN :

Every electric conductor produces the noise voltage across fts termi-
nals as a result of the thermal motion of the free electrons in the conduct-
or. This effect is referred to as thermal noise. The Nyquist theory indicates
that the mean square value of the noise voltage is given by

e «=4xT RSB (1.3-3)

where e is the thermal noise voltage[V] across the resistance R[Q] at the
absolute temperature T[°K], «,Boltzmann constant, B, noise bandwidth[Hz].
So,this body §s equivalently regarded as the noise generator with an in-
ternal resistance R, and then the available power of radio noise,Py be-
comes,

Pi= e g — Py=xTB [N (1.3-4)

This equation 1s Rayleigh-Jean's law and so the noise r can be express-
ed in terms of the equavalent nolise temperature, T [°K]. When Wy is the
noise power received by a lossless,isotropic antenna and we put the corres-
ponding noise temperature as Ta, the following relationship results in,

Wy =kTaB=F kTygB [N} {1.3-5)

Then,
F = Ta / To [ To- 290°K] (1.3-6)

F is called the "effective external noise figure". In order to distinguish
this external noise figure F from the internal noise figure to be discussed
in 5.4, we usually describe this external noise figure as ER,

1.4, Frequency dependence of radio noise

Radio noises are found to occupy a wide frequency range as shown in
Fig.1.4-1, In the figure,we have plotted the frequency dependence of differ-
ent kinds of radio noises including natural and man-made noises. The figure
jmplies that we can expect that atmospherics play an important role in the
frequency range below 10-20 MHz, while the dominant noise sources above
VHF are extra-terrestrial radic noises and man-made urban noises. The
noise level equal to kTp is also shown for the sake of comparison.

The detailed description of each radio noise will be given in the
subsequent sections.

2 Natural Radig Noises
2.1, General description

The naturally occurring radio noise sources that dominate the radio-
noise spectrum are summarized in Fig.2,1-1. The radiated power flux den-
sity is plotted in dB above 1 W/mé/Hz as a function of frequency for
different kinds of natural noises. The important sources are generally
found to be (1) atmospheric radio noises, {2) solar radic noises and (3}
cosmic noise, The figure indicates that in the frequency range below 20
MHz ,atmospheric noise{ so-called "atmospherics") predominates over other
natural sources in the temperate latitudes,and also that the most import-
ant noise source above VHF is cosmic noise, In the following we provide
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Fig.2,1-1 Power flux density of natural radio noise sources

you with more detailed description of the characteristics of each noise
source,

2.2. Atmospherics

2.2,1, Different kinds of sferics

Atmospherics are defined as the radio noises originated in the natural
phenomena occurring within the atmosphere, and the most important noise’
source for atmospherics is considered to be lightning discharges. However,
we can list other possible sources of sferics due to the similar natural
electrical disturbances as follows; (1) electrified droplets, (2)dust,(3)
blizzard, (4)volcano eruptien, Then,we call these collectively “precipi-
tation statics™. The atmospherics can be roughly classified into the two
types;(1)"stationary sferics” whose intensity and direction of arrival
exhibit approximately the same diurnal pattern and whose seasonal variation
is also very small, The other is “drifting atmospherics” due to the local
thunderstorms,typhoons etc,

2.2.2. Generation sources of atmaspherics

It has been established that the average frequency of lightnings
over the farth is about 100-400 flashes every second,originated from about
1000 storms. _Each storm covers a certain range of the surface of the order
of 20-200 kmZ (about 16% of the farth's surface in total), and moves with
a speed of 30-50 km/h. Above the land the storm activity takes place most-
1y during the summer in the local time of 13 to 15h,while above the sea it
occurs during the winter in the night and morning hours,usually lasting
1 to 2 hours.

One of the simplest way to describe the storm activity in a specific
region is by giving the so-called "number of stormy days". The day is count-
ed as being stormy if at least one instance of thunder is registered within
the reach of the observation point{~ 20km). An example of the world-wide
map 1llustrating the number of stormy days in a year is shown in Fig.2.2-1
(ng. The storm activity at different geographic regions exhibit different
properties. In the area situated above 82°N and 60°S, and also in the
desert areas, storms with electric discharges are generally not observed.
The areas for which the numbar of stormy days exceeds 100, are called
“world storm centers",and we find such centers in Africa, South America,
and South-East Asia. The number of stormy days in a year is,however,not a
precise indicator,because the meteorological observatory network is not
dense enough and not uniform.

A more precise characteristic quantity to define the storm activity
1s the number of discharges per specified area in a particular period of
time,which is determined by radio methods. The map illustrating the distri-
bution of the number of storm discharges per 100kmZ per year is shown in
Fig.2,2-1(b). The world storm centers are again identified in this figure
and the distribution in Fig.2.2-1{b) is considered to be very similar to
that in Fig.2.2-1{a).

Atmospheric radio noise originates in thunderstorms throughout the
world, and it varies over a wide range as a function of a number of para-
meters such as the geographical location,radio frequency, time of day and
season, Some of these variations are systematic,while others are random
and require a statistical description. The observations of atmospheric
noise are conducted systematically at several stations in the world. in
the following sections we indicate more detailed characteristics of atmos-
pherics.



2.2.3, Diurnal and seasonal variations of atmospherics .
The sferic intensity at any given lecation is the sum of nearby -
sferic(drifting sferic) and sferic of distant origin(stationary sferic).

So in the absence of local tunderstorms,the received sferic will depend

on the propagation conditions and will possess diurnal and seasonal variat-
jons, The diurnal variation is resulted from the combined effects of the
temporal variation on thunderstorm intensity and the corresponding tem-
poral variation in wave propagation. Thunderstorm intensity throughout
the world generally reaches a peak level during the mid-afternoon in
L.T., and we discuss the propagation effect as a function of wave freq-
vency, At frequencies for which the propagation-path loss is low, specif-
jcally in the vicinity of 10kHz,the ncises are propagated over intercon-
tinental ranges, arriving at a local time corresponding to the time
offset of the equatorial midafterncon storm period. In the LF and MF
bands(30kHz to 3 MHz),as well as in the lower portion of the HF band
up to approximately 20 MHz,P-region attenuation during the local day-
time suppresses intercontinental propagation of thunderstorm noise,
resulting in a relative enhancement of locally generated atmospheric
noise from storm fronts near the observer, Long-distance transmission
of thunderstorm nofze arising in African,South American, and Southeast
Asian equatorial centers s never totally suppressed by high D-region
loss, Some portion of the transcontinental great-circle path between
an equatorial storm center and a temporately positioned observer will
always 1ie in an evening shadow,and thus will experience low attenvat-
{b) fon, The resulting diurnal variation of received sferic is shown in

o .0 o w 0 Fig.2,2-2 where atmospheric average radio-noise power per Hz, in dB

] i relative to kTy is plotted versus L.T, for a temperate,northern lo-
cation at several frequencies between 51kHz and 20MHz. Local day-night

" T ¥ F T T T 1] T 1
11 -

f o

100...“0 2000 |.- - (115 ,luarhe Somut
f'r‘égﬁlfL‘J 1se} N

183 Shke

i :‘—“——\\/_,_/\/——

¥ ke

T
v

L S S,

Average noise power (dB relative to xTa)

1 J 1 1 1 | S | i 1 1 (]
00 02 o W M 10 1 M [T 7 I

Local Mean Time

Fig.2.2-1 Worldwide distribution of storm activity.(a} Regions with equal
nurber of stormy days per year. 1- above 20, 2- above 60, 3-
above 100 and 4- above 140. {b) Contour lines of cqual number Fig.2.2-2 Average nolse power of atmospheric radio noise as a function of
of discharges per 100knm? per year, local time and frequency for a north latitude site



o we (T 0O¥0-0000 !I3wmmg)
ZHNWT
ﬁ ua.ﬂ.ubonangh.uuwocoauuu..nuunmnoﬁnuo»usﬁqbvuuuo&ﬂvlm.n.m..—.m

o e (I COZI-0080 ‘IFIUTM)
{ZHWT 3@ L 2a0qe gp) & ‘9s7ou otpez osrxaydscwne Jo sanTea p¥idadxa f-z'7 674

2 -
P \

o
e S NP

i.

.. T T T S py 11
- - m 4, - - 1’3

"qeg *uer *oaq

*bny “{ne *unp

*bny g twnp

"qag “uer “23d



time transitions are noted by the vertical dashed lines. In the radio
bands above the {pnospheric cutoff frequency, observed atmospheric
noise is of local origin,arising from 1ightning discharges associated
with thunderstorm activity occurring within line-of-sight range of
the observing point( drifting sferics).

Figs.2.2-3 and 2.2-4 are the 1llustrations of the corresponding
world-wide distribution maps of atmospheric radio noise intensity given
as the median noise figure (Fam) for different seasons of the year and
for different times of the day so that we can understand the seasonal
variation of the intensity of atmospheric radio noises.

2.2.4. Frequency spectrum of atmospherics

The atmospheric noise intensity varies with frequency,because the
electromagnetic energy emitted during & storm as well as its attenuat-
fon on the propagation path, are frequency dependent. The gecgraphical
depedence ¥s such that the highest levels are observed in equatorial
areas and the lowest in polar areas as described in 2.2.2, The noise
level i5 also dependent on the local topography of the terrain. Fig.
2.2-5 iltustrates the frequency dependence of atmaspheric radio noise
intensity, and it implies that the noise intensity,generally,decreases
with increasing frequency. Being associated with the temporal variat-
ion of the ionospheric effect on radio wave propagation, the frequency
dependence of atmospheric radio noises varies correspondingly with L.T.
For the drifting ,nonstationary atmospherics in the frequency ranges,
0.3-5MHz and 10-20 MHz, the intensity of atmospherics,E is given by
the following relationship(art, LT constants),

E= a, ! (night)
= a -2 (day)

Also,it is statistically known that for a group of atmospherics
in the long wavelenghth(VLF,LF) their jntensity E and their occurrence
number N [no/sec] are related by,
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Fig.2.2-5 Frequency dependence of atmospherlc radic noises
for the night and day conditions.

N = X
where K is a constant,

The sferics in the broadcasting freguency range exhibit a more cons-
picuous diurnal variation than that in the frequency range of long waves
by comparing Fi9.2.2-5 with Fig.2.2-2, such that their intensity is en-
hanced from sunset to sunrise and very weak during daytime.

The radio noise in the short wave range increases by about 30 dB
due to the nearby lightnings located within 30km from the gbserver,but
the lightnings located more than BOkm from the observer have no influence
on the level of stationary sferics.

The radio noise at the frequency above 50MHz in the very short
wave range, are considered to be entirely due to the drifting sferics,
and their intensity £ [u¥/m] shows the following depedence on the dis-
tance d [km]. :

E=c;d” (d< ~30m)

E=c,d? (d>~0km)
where ¢, and c, are constants, Then,there are extremely few reports on
the sfe;ics in“the SHF{cm waves).

2.2.5. The waveforms of atmospherics

The waveforms of atmospherics can be classified in terms of the di-
fference in generation mechanism, The "main discharge stroke type" is a
waveform of a damped oscillation associated with ground dischargese,as
shown in Fig.2.2-6, which is characterized by the tendency of the period
to be larger for decreasing amplitude. The "multiple stroke type" stands
for a phenomenon of multiple discharges along the same lightning channel
with a period of 5-50 ms, and it is considered roughly as a succession of
the main stroke types. The “leader stroke type" is relatively weak in in-
tensity,and it contains mainly higher frequency components as shown in
Fig.2.2-7, It takes place during the step-type discharges preceding the
main stroke, The "intracloud discharge type" is considered to be due to
the discharge between intraclouds, and its waveform is just like a di-
fferentiation of several step-1ike waveforms,which are occa§1ona1ly
accompanied by damped oscillations with short periods(see Fig.2.2-8).
Then, the “ionospheric reflection type™ takes a waveform similar to the
main stroke type,due to the myitiple reflections from the 1onqsphere
even for one stroke. This type is only observed during nighttime. The
summary of the characteristics of different types of atmospherics is
given in Table 2.2-1.

2,2.6. Statistical properties of atmospherics
The intensity of atmospheric radio noises is usually determined
at the output of a band-pass filter transmitting only a narrow frequency
band of its whole spectrum, Whenever the bandpass of the filter is a
small fraction of the center frequency wc, 8 narrowband process n(t)
resuTts and it means that the received noise is describable in terms of
its envelope v(t) and phase ¢{t).

n {t) = v(t) cos[ w (t) + #(t) ]

The phase ¢{t) 1s uniformly distributed and is usually of secondary
significance. The envelope of the process v(t} may be described by
several parameters; (1) amplitude probability distribution(APD}, (2}
crossing rate distribution(CRD), (3)pulse width disgrlbution(fHD}. and
{4) pulse spacing distribution(PSD) and so on. Detailed description of
the statistical treatment of random noises will be given in Section 6.
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The APD is most commonly used,which is defined.as the fraction of the
total measurement time,T for which the envelope is above a level vj{
D{vi) = Prob [ v3v; ] =1 - Plv{) .
where P(v) is the cumulative distribution function, P(v)=‘.p(x)dx {p(x},
probability density function). Examples of the amplitude probability
distributions of atmospheric radio noises are presented in Figs.2.,2.-9
and 2,2-10. These results are plotted in the coordinate system in which
the Rayleigh distribution,corresponding to the Gaussian thermal noise,
is represented by a straight line with a slope equal to -2, For the
Gaussian thermal noise,the cumulative probability distribution P(v) is
given by ?

v
2 ¥2
This 1s the Rayleigh distribution determined by a single parameter ¥.

The effective and mean values of the envelope of noise of this kind are
correspondingly,

18"’ ) 1/2
Vess =1112[—T  v(t) dt] = 2y

ANy
Ymean llm,_[_s v(t) dt] = _,'f.;-_y
]

Plv) = exp(

T

As is shown in the figures,for low levels of atmospheric noise its distri-
bution is approximated by this Rayleigh distribution, A deviation from
this distribution indicates a domination of individual impulses,and it

is observed at higher amplitude levels of the envelope. In this range

the empirical distribution is approximated by a log-normal distribution
as given in Fig.2.2-11. The probability density function p{v) for the
leg-normal distribution is given by the following equation.

. _H loogv -V Y

plv) =
5] Ty

where vm 15 the median value and o is the standard deviation of logv,

This log-normal distribution gave reasonable approximations to the im-
pulsive tafl of the distribution, but did not match the Rayleigh{Gaussian)
character of the interference at lower amplitude levels, which can be
easily expected from Fig,2,2-11,

For a given period of the day and the season of the year, the vari-
ations of atmospheric noise level have 2 random character and difficult
to predict. However, we can describe them statisticaily, If the pro-
bability of the average hourly variations (so-called time block] is
plotted in the log-normal coordinates as shown in Fig.2.2-12,we can
approximate it with two straight -1ine segments. Thus,the variations
around the average values are characterized by two parameters Dy and
Dy defined in Fig.2.2-12, Dy and D} are the upper and lower decile
values,i.e. the values exceeding 102 and 90% of the time. Figs.,2,2-13
and 2,2-14 represent noise vartability and character as a function of
{requency for the data corresponding to Figs.2.2-3 and 2.2-4,respective-
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2.3, Radio noises of extra-terrestrial arigin

2.3.1. General information

Noises from sources external to the Earth,may be more important
than atmospheric noises,which can be understood from Fig.2,1-1. The
sun and other members of the solar system contribute part of the extra-
terrestrial background, and the remaining cosmic noise has both galactic
and extragalactic components,being important at VHF. These radio noises
are becoming important because of the development of space communicat-
jon via satellites. From the standpoint of space communications in the
YHF band above 20 MHz, two important noise sources are galactic and so-
lar noises. Since these noises are coming from the sky, the directivity
of receiving antenna makes it possible to avoid these noises except in
the case of space comwunications. In the following subsections,we pro-
vide 2 more detailed description of the characteristics of different
extra-terrestrial radio noises,

Extraterrestrial radio noise intensity is often expressed in terms
of the equivalent radio emission temperature,which is defined as follows.
The radio source s assumed to be a black body at a temperature T [°K],
and we express the amount of _electromagnetic energy from the body pass-
ing through a unit area [ 1m¢] perpendicular to the propagation direct-
fon, in a unit time {1s] and in a unit solid angle as dW fﬂ]. Then ,we
have the following expression.

2T B

dy = A! dn

Here A 1% the wavelength [m], B, the frequency bandwidth [Hz] and da is
the solid angle element, This is again the Raylteigh-Jeans' law. This T
is the equivalent radic emission temperature.

A perfect black body radiates({and absorbs) ideally electromagnetic
waves of all frequencies and at every temperature, snd its radiation in-
tensity depends entirely on the temperature and frequency(wavelength).
In the radio frequency range the black body radiation is known to follow
the Rayleigh-Jeans law. While,at higher frequencies( generally at hf s>
kT, h;Planck constant) Planck's law is valid,the Rayleigh-Jeans formula
taking its asymptotic form,

2.3.2. Galactic and cosmic radio noise

An illustrative radio magtof the whole sky is presented in Fig.2.3-1,

which indicates the results obtained at a frequency of 150 MHz with a
resolution of 2°x2°, The emission sources are distributed over the whole
map(but not uniformly),and a concentration is noticed in the vicinity
of the galtactic plane, this fact being observed at all freguencies. The
galactic noise s generated within our galaxy by numerous unresolved,
discrete sources plus a continuum emiss?on concentrated in the plane of
the galactic equator.

The frequency spectrum of galactic noises is shown in Fig.2.3-2 in
the frequency range from 1 to 100MHz as being appropriate for vertical
half-wave dipoles near the surface of the Earth, The curve exhibits a
frequency dependence of £-2.3 and the noise temperature is very high
for decametric and metric waves (HF,VHF}.

In the frequency range of 10GHz or above,galactic noise becomes
negligible compared with a residual noise which is interpreted today
as being of cosmic origin. This noise seems to be isatropic and to have
the spectrum of a black body with a temperature of 2.76°K,

F1g.2.3-1 Examples of galactic noise chart: 150MHz sky brightness
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Disturbed sun
2.3.3, Discrete radin sources

This term generally covers all objects of apparently small dimen-
sions which are sources of detectable radio transmissions. These radio
sources correspond to very different types of objects in the sky; super-
nova galactic gas clouds, galaxies,quasars, etc.{Cassiopea A is the rem-
nants of a supernova which exploded in 1750). The spectrum is generally
non-thermal, i.e. the spectral noise density does not correspond to that
of a black body at a fixed temperature. Two strong radio sources among
them are Cassiopea A and Cygnus A. The frequency dependence of their
power flux density is illustrated in Fig.2.3-3, together with other
sources such as quiet sun,active sun,galactic noise and moon.

2.3.4, Radio noises from the solar system

Solar radio emissions are classified roughly into the following
three types according to their generation mechanism, and these three
types are summarized in Fig.2.3-4, The first type is the quiet sun radi-
ation,which is the constant component of solar radiation and is the black
body radiation. The second type is the component that displays long-term
variation,being connected with variations in number 0of sunspots and it
is frequently observed at a particular wavelength range from Jem to 60
cm. The last type arises from isolated radio flares or radio bursts,

-22
Relative power flux density(in 10 H/nz/Hz)
[
1=

The quiet-sun radiation produces power flux spectral densities ! 10 107 107 107
on the Earth which increases with frequency as indicated in Table 2.3-1 - Frequency (MHz)
and Fig.2&3-4(also in Figs.2.3-3 and 2.1-1}. This radiation is gbserved
over a wide range from millimeters to meters. Its intensity is determin- "
ed during periods of minimum solar act1v§ty and it corresponds to an Fig.2.3-2 :;‘““etzzeztfzzgzniidzﬁ ::i:;::‘ pover flux density
effecgive temperature,changing from 6x10° °K for the millimeter waves ¥ep

to 10° °K for the meter waves. The second radiation component displays
slow variations with a noticeabie 27 day cycle,and 1t is identified
with the correlation with the number of sunspots. Its intensity on the
wave range 3-50 c¢m is three times higher than the radiation background.
The final solar-flare radiations vary in spectral content,duration and
polarization. While the black-body radiation is randomiv polarized, the
radio bursts are known to be circularly polarized, The rise in noise
level Yasts for a few minutes and on some occasions of severe disturb-
ances, the succession of radio bursts endures for a few days. Solar- Table
flare radiations are classified by their features into five flare types
as given in Fig.2.3-5. The radio spectrum for a Type IV flare is shown
in Fig.1.4-1 and may be compared with the emission of the quiet sun,

2.3-} Power flux gpectral densities from the sun,the moon
and Jupiter (in W m~2 Hz-1),

The flux density of 2 Type IV flare is not the largest of the five Frequency (CHI Wavekeasth i)
flare types,but Type 1V emissfons are broadband and stable,capable of 0.03 0.l 0.1 1 3 10 !
persi:ting for periods of several days. While, Typeshl.l% and I11 Source lo L i 0.3 ol 0.0y, + DO
have been observed to emit greater power densities than Type IV.

Radiations are known to be emigted from the planets, The strong- s TETH METI agEma MiE-a nE-m LEow TETM
est one is Jovian radiations which are of non-thermal origin due to the Average moon - - A4G-13 AGE-M  I9E-2) 44E-71 JSE-H
high-energy electrons in its magnetosphere. Ionospheric opacity of the dupiter 40E-26 6IE-M  IIC-26 EIC-26 TE-M LIE-25 LEE-M

Earth's atmosphere produces the apparent extinction at the Earth's sur-
face of the Jovian flux at frequencies below 20 MHz,as given in Table
2.3-1 and Figs.1.4-1 and 2.1-1.

The lunar emission spectra presented in Figs.2,1-1 and 2.3-3,and
manifesting a distinct positive slope is that of a black-body whose
temperature varies between 100°K and 300°K during the lunar cycle.

e-n = 10"
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3. Man-made noise
3.1, General description

The natural electromagnetic processes discussed above are originated
in the unverse and constitute fundamental etements of the Earth's environ-
ment, Relatively recently,however,man began introducing new elements into
this environment,and they are man-made noises due to the human activity,
These man-made noises are the external noises generated hy the traffic
systems ,power transmission 1ines and the electrical equipments connected

these power Tines,and hence these noises are sometimes called "industrial
noises”,

Just like the atmospherics are roughly divided into two major groups,
{1) stationary ones and (2) non-stationary,drifting ones, man-made noises
are also classified into three types depending on the magnitude and nature
of the noise sources.

(1) city (industrial) noise:

Even if there are no specific nearby man-made noise sources, we en-
counter the interference as the composite of many noise sources in the
distant, in the rural region of high pollution(we call this "city noise").
In this case, it is of no imporiance to consider the waveforms of indi-
vidual noises and their generation mechanism, and its magnitude is roughly
proportional to the cultural activity utilizing the electricity. Also, as
the consequence of the composite of many noise sources,there is no specific
polarization and it is considered to be continuous noise,

(2) Building noise:

This building noise s the radio interference taking place in the te-
lecommunication or radio wave reception at the different places such as
the power qenerating point,telecommunication stations, factories,big
buildings,ships and so on. While the city noise gives the interference
through aerials,the building noises come on many occasions on the feed-
jng lines between the aerials and the receivers. 1t is rare that this
noise is continuous,

(3) Single man-made noise source:

We have noises generated from the discharge noise from particular
electrical equipments,corona noises from specific transmission lines
and so on, and it is defined as the noise from a single electric equip-
ment, with possessing its specific waveform and intensity. The degree
of interference is dependent on the surrounding condition and this noise
belongs to impulsive noise, The range of interference from jndividuat
noise source 1s considered to be limited by A/2n.

The macroscopic observation of man-made noises provides useful in-
formation on the city noise {1) as the composite noise, and the micro-
scopic measurement refers to the noise cateqory {3). Noise category (2)
1s the intermediate of the two types (1) and (3). The intensity of city
noise {1) is a function of time, frequency and measuring location,and
it is closely correlated with the electrical power consumption,which
indicates indirectly that the city noise (1} is related with the popula-
tion and cultural activity of the urban region,



3.2. Sources of man-made noises

3.2.1. Unintentional man-made noise and intended coherent radiation
There are many devices emitting electromagnetic energy,and one can
divide them into two groups. The first includes devices built especially
for the purpose of radiating energy,and the second includes those in
which this radiation constitutes “unintentional noises™.

Radio transmitting devices such as television,radio communication,
radio navigation,radar etc belong to the first group. Their unit powers
can differ a great deal and sometimes reach up to 10 MW. In addition to
their desired emissions,such powerful transmitters can radiate broadband
noise,harmonics,and other unintentional radiation, and they cause pro-
blems to nearby receivers.

Unintentional man-made radiators also contribute to the composite
electromagnetic environment. Table 3.2-1 summarizes some of the primary
categories of such radiators, and it includes superheterodyne radio and
TV receivers(local oscillator radiation),automobiles(radiation of the
ignition system),various electrical devices,appliances with electric
motors,lighting devices, neon signs,high voltage power Yines, medical

Table 3.2-1 Categories of unintentional radiators

Ovechead power transmission and distribuslon liney

Ignition systems (e.g., sutomotive, aircralt, small engines, ¢ic.)

Industrial fabrication and processing equipment {including arc welders)

Electtic motors and geacralors

Eieciric buses and trains (excluding their power lines)

Contact devices {e.g., lhermastals, bells, and buzzers)

Elecicical conteol, switchings, and converting equipment (e.5., SCR3, and ac/dc convesiers)
MEedical and scicniific apparalus

Lamps (e.3.. gaseous discharge devices and neon signs)

Various clectrical consumer producis (including tlecuronic games and computers)

Intentionsl Radigtor

[Land-Maobie Tranumitter)
Unintentional Radiator
{Vehicke Ignition System)
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Fig.3.2-1 Examples of contributions to the composite electromagnetic
environment by intentional and unintentional radiatorxs.

devices and many others. The level of radiation from these equipments
and devices is typically much less than the levels from intentional
radiators, Fig.3.2-1 is an example of the relative contributions to
the composite noise environment at 155 MHz, We notice, from this fi-
gure, the relative significant contributions of the land-mobile trans-
mitters and the ignition noise. In the following,we discuss the proper-
ties of two major incidenta) noise sources, (1) power tramsport and
eneratian facilities (distribution lines,transmission lines,etc) and
?2) automotive sources (ignition circuitry,alternators, generators,
electric motors etc).

3.2.2. Radio noise from powar transmission and distribution 1ines

Radio noises arising in electric-power production, conversion and
transport facilities occur within the spectral range extending from the
fundamental generation frequency (50 or 60Hz) into the UHF range. Through-
out this frequency interval, the radio noise intensity in the immediate
vicinity of power transport facilities arises from one or both of the
two types of noise sources, "gap breakdown" and "line conductor corona®.
Either source emission level may be comparable to or greater tham the
noise levels of other man-made sources. Furthermore, the resulting ra-
diation may exceed atmospheric noise levels between sunrise and sunset
when the daytime noise minimum occurs, which in mid-latitudes represents
a decrease of 20 dB from the diurnal maxima evident in the middle and
lower portion of the HF band {Fig. 3.2-2). Levels of incidental radiat-
ed noise comparable to those observed on transmission and distribution
Vines and arising from incidental cause originate from power-conversion
facilities such as local transformer substations.

Overhead power line noises are important mainly below 15 to 20 MHz,
as given in Fig.3.2-2. Power }ines can be categorized by their function,
which determines their operational voltage and noise-generating mecha-
nism. The lower-voltage distribution and transmission lines{below about
70kV) produce noises from various types of discharges in gaps,.while
the high-voltage transmission lines (110 kV and higher) generate noise
by varous kinds of corona. The high rate of current rise transforms to
a broader spectrum for gap noise than for corona noise, as observed with
peak detectors and with quasi-peak detectors (see Fig.3.2-2). The low-
voltage jines may also radiate noises resulting from switching transients
and other effects and from devices connected to the Tines.

High-voltage DC transmission lines are coming into use. It is point-
ed out that the noise is generated at the conversion stations,which then
propayates on the lines.

The noise from power lines is greatly influenced b{ the weather
and by the state of maintenance of the line. Fig.3.2-3 1llustrates
the median values of average noise power spectral density data obtained
{n the near field at MF,HF and VHF with rms detectors. Vertical monopole
antennas are used,directly under the line. The Figure shows that at
any given frequency the difference between measured medians for the
noisiest and the quietest line was about 30 dB for these fair-weather
data. Noise increases of 17dB are likely during rain and we expect
more enhanced noise during snow. Also,in about 60% of the measurements,
those made with horizontally polarized dipeles produce greater noise
than those made with vertically polarized dipoles. The differences
range from 0 to 10 dB over the frequency range band 15kHz to 10 GHz.

Fig.3.2-4 presents examples of APDs for a 115-kV transmission 1ine
for which we expect the largest noise power in Fig.3.2-2. Also,we can
study the variation of APD with the weather condition.
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3.2.3. Automotive noise

Ignition noise is generally found wherever automobiles or other vehi-
cles using spark-initiated power systems are used. The sources of ignition
noise include the distributor, spark plugs and generator. Typically in a
given frequency band, one of these is the dominant source. This noise 1s
highly impulsive and spreads over much of the frequency spectrum. At the
low end of the spectrum (below about 20MHz),ignition noise is generally
believed to be exceeded by power line noise when both sources are present.
The actual lower limit will be determined by specific situations,includ-
ing the density of automobile traffic and the proximity of power Vines.
The high frequency limit to the automobile ignition noise spectrum has
not been as well studied.

The APDs of three vehicles measured in an 8 kHz bandwidth are shown
in Fig.3.2-5, and we note the change in the shape of APDS in the figure
as a function of engine speed. The sharp increase in negative slope begin-
ning at abscissa values of up to 5 percent is a dramatic manifestation of
the impulsive character of ignition-system noise. Fig.3.2-6 gives the
time statistics of the peak envelope, in which the peak-envelope values
exceeded for varying percentages of the 15-min observation period are
given. This figure indicates that the autemobile noise increases in in-
tensity with frequency above 30 MHz and exhibits a relatively flat spectrum
above 100MHz,giving interference to televisions. Fig9.3.2-7 indicates a
good correlation of the noise intensity with the automobile density.as
measured at 100 MHz.

3,3. Composite city noise

With a high number of sources operating simultaneously,the resulting
process consists of dominant singular components of particularly high in-
tensity and of background electromagnetic noise. The discrete components
originate from the closest or extremely powerful sources as discussed in
the previous sections, while the background noise results from the re-
maining mass of sources. The mast reliable data on the urban electromag-
netic environment can be obtained experimentally. Current information
is not available for estimating man-made noise {ntensity under all con-
di:?ons. But it is possible to derive typical values from limited obser-
vations.

The experimental data are presented in Fig.3.3-1,which were based on
the measurements made is USA. The results are classified into four groups
{A,B.C and D} corresponding to midtown(A),Suburban(B),and rural{C) regions,
with a separate group(D} containing the lowest observed levels. An 1indi-
cation of the variations encountered from location to locatien shown in
the figure is given by the standard deviation. This parameter has no
clear dependence on frequency: The observed data are consistent with the
standard deviation equal to about 7dB in all areas. It should be noted
that it is not evident that the values shown in Fig.3.3-1 can be applied
without reservations to the regions other than those investigation,al-
though the tendency will be valid.
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fstimates of median values of man-made noise
power measured by a short vertical lossless
grounded monopole antenna, Four different
areas are considered. For the sake of compar-
ison,atmospheric noise and galactic noise are

plotted.

Table 3.3-1 gives a measure of the time variations within an hour
about the hourly meadian value of noise power at a specific location.
Upper and lower decile values Dy and Da are indicated for several se-

lected frequencies. The definition of

figure of Table 3.3-1.
When assessing noise influencing a receiver, the gain,polarization

and directiona) properties o¢f the receiving antenna should be taken into

account. Fig.3.3-1 concerns an omnidirectional,short,lossless,vertical

u and Dy are given in the bottom

Table 3.3-1 Representative upper and lower deciles,D, and Dj,respectively
of noise level variability within an hour at a given location.
The definition of D, and D] are given in the botton fiqure.

Residential Area

Frequency | Business Area Pural Area
MHz Py(dB) | Dg(dB) | D,(dB) | DgdB} Dylan) Dy{aB})
0.25 8.1 6.1 9.3 5.0 10.6 2.8
0.5 12,6 8.0 12.3 4.9 12.5 4.0
1.0 9.8 4.0 10.0 4.4 9.2 6.6
2.5 1.9 9.5 10,1 6.2 10.1 5.1
s 11.0 6.2 10.0 5.7 5.9 7.5
10 10.9 4.2 8.4 5.0 9.0 4.0
20 10.5 7.4 10.6 6.5 7.8 5.5
48 131 -8.1 12.3 7.1 5.3 1.8

102 11.9 5,7 12.5 4.8 10.5 3.1
250 6.7 3.2 6.9 1.8 3.5 0.8
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grounded mongpo]e antenna. The values shown in this figure can be easily

transformed into rms values of the field intensity E. Geographical variat-
ions of man-made noise depend on the spatial distribution of the emission : Lo o e e o o e e e

sources. Below about 10MHz man-made noise is related primarily with the r——w
density of electrical devices and electric power lines. This means that ee 0008 1971 Wy

they are correlated with the population density,industrial activity and BN, 1ML Notr Bomdwician -
electrical energy consumption. Above 20 MHz man-made noise seems to be ¥-Darotas Meerwed Pants

correlated with the motor vehicle traffic density and urbanization. And, ol
the set noise of the receiver will be important in the TV band. -
Urban radio noise depends on many factors such as,for example, geo-
graphical location,time,day of the week, season of the year, frequency
and direction,etc. Unfortunately,knowledge of these problems is not yet
comprehensive,and this is confirmed by the varous study programs of differ-
ent organizations like URSI and CCIR.
The statistical-physical model of the composite electromagnetic
environment has been developed. Analytical first-order probability den-
sities and distributions as observed at the output of typical narrow-band »

g8 Above AT,D

1

hgrQ)
receivers of bandwidth, AfR are obtained for three basic classes of elect- P T
romagnetic noise. 1. Class A noise: The frequency components of this type n 0782
are concentrated to a spectral width (AfN)} that is less than the bandwidth ok . _
of the narrow-band receiver {AfR) (AfN< AfR). Consequently,the transient Rycriver Noite %
responses of the receiver are negligible relative to the steady-state
responses caused by an incident wave. 2.Class B noise; The frequency o
components of this type extend over a spectral range that is greater than
afy afy > afg) , which may experience impulse excitation and manifest
exBonent1al signal buildup,signal decay and damped oscillation. 3. Class AL Lt Lt L) ) L
C noise, which is a linear combinations of Class A and Class B components. LI I T I TR S TR I '] H o»
These models combine statistical and physical structures; the noise Pertant of Time Crcinole i1 Ezceedsd

sources are assumed to be independently and randomly distributed in space,
and they emit arbitrary waveforms randomly in time,so that the basic sta-

tics are Poisson. The emitted waveforms obey 2ppropriate propagation laws Fig.3.3-2 canparison of the measured envelope probability distribution
and explicitly include the effect of source and receiving antenna patterns, : of autorotive jqnition noise from nmoving traffic with
relative Doppler effects,source distribution in space and other geometrical Class B nodel.

factors. The results are highly non-Gaussian,as would be expected,but they
are analytically tractable and canonical (i.e. the form of the probability
structures are essentially invariant of the waveform and of kinematic and
geometric details). This is strongly true for Class A noise(such as some
man-made noise and communication signals),but only moderately so for Class
B noise(such as atmospheric noise and automobile fgnition noise} whose
statistics are more sensitive to the source distribution and propagation
laws, Excellent agreement of the statistical-physical model with experi:
ment is found for the relative APDs of both basic Cl1ass A and B,as in
Fi9.3.3-2. These quantitative models are useful for (1)the assessment of
electromagnetic environments from the purpose of spectrum management,(2)
the evolution of receiver performance related to the design of optimum
receivers for use in these strongly mon-Gaussian nbise situations, and

(3) analytical determination of system performance. :

2%



§, Radio noises and design of radio telecommunication system
4.1. Threshold power at the receiver

For particutar modulation/demodulation schemes there exists a certain
tevel of the power P_ at the receiver below which the signal to noise
ratio becomes degradgd abruptly,but above which we have a significant sig-
nal to noise ratio, This level is called "threshald level", and we express
PF at this level as Ppip. Them, Prep is given by the following relation-
ship.

Pon = *To B EN' R (vl (4.1-1)
-1

where EN {5 the effective externs) noise figure, B is the receiver band-

width and R is the minimum S/N necessary at the input terminat of the re-

ceiver which is dependent on the modulation/demodutation scheme employed,

€q.(4.1-1) is rewritten in dB as follows,

Pogp = R + B +EN' 200 [dBN] (4.1-2}

where R,B, EN' are all expressed in dB{ e.g, R =10 logigR ---). Here,if
we assume the propagation loss as L[dB], the minimum necessary transmitt-
ing power Py should be as follows. :

=L + R 4B + EX' - 204 [d4BW] (4.1-3)

—
As would be expected,L and EN are the values flyctusting temporally
and we indicate their median values by Ly and ER'y. Furthermore,in order
to maintain a good quality of communication,we are obliged to take into
account a surplus power which is catled the protection ratiol Ty[dB]),
and then the necessary transmitting power Py will be

Pp =Lyt R +B+EN, -2084 +7, fdaw] (4.1.4)

The accurate estimate of these R and T, for different kinds of modulation
schemes is the aim of the research of the role that radio noises play
in radic communication engineering. lm i$ connected with the problem of
propagation,which is one of the_important issues of radio propagation
studies, Finally, the study of EN' concerns the study of radio noise
jtself and is the major issue of this lecture.

4,2 Predetection signal to noise ratio and operating noise figure

Since the noise level may result from 2 combination of noise genera-
ted internal to the receiving system and external noise, it is convenient
to express the resulting noise by means of the definition of the noise
figure of a radio receiver. The system noise factor can be defined in
terms of the losses and actual temperatures of the various parts of the
system,as illustrated in Fig.4.2-1. Loss in the circuit is taken here to
be the ratio of available input power to available output power and will
differ from the loss in delivered power unless a matched load is used.
The noise factor of the antenna circuit, fc is

Te
fo=1+ — ( [c - 1) (4.2-1)
To

SIN, 1, and 1, Defined Hare

T Physicatly Accewsible Antenna Terminals
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kb o o] ©
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4= 1. A
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Fig.4.2-1 The receiving system and its operating noise figure, f.

where [ 1s the loss factor in the antenna and associated circuit, T. is
the actual temperature of the antenna circuit and nearby ground, and Tg
is the reference temperature{290°K).

Similarly,the transmission line loss factur,!t. and temperature.Tt,
will determine a noise factor,f, for the transmission 1ine given by

Ty
ft-l+';—-([t-l) (4.2-2)

L]

Using a raceiver noise factor of fp.and assuming the receiver 1s free
of spurious responses,we can use Friis' methad of combining noise figures
12 cascade to obtain a system noise factor,f including external noise,fa,
which {s

Tc Tt
Frfy t Ul —f + el -0 5+ e e Ul (4.2-3)
0 o
If all temperatures are equal to To’ Eq.(4.2-3} becomes

f= fa -1+ fc ft fr (4.2-4)




4,3, Estimates of minimum({and maximum) environmental noise levels

The best available estimates of the minimum expected values of Fa along
with other external noise levels of intereste are summarized in this section
as a function of frequency. Fig.4.3-1 covers the frequency range 0.1 Hz
to 10kHz, The solid curve is the minimum expected values of Fa at the sur-
face of the Earth based on measurements{taking into account all seasens
and times of day for the entire Earth),and dashed curve gives the maximum
expected values. Note that in this frequency range there is very little
seasonal,diurnal ,or geographic variation, The larger variability in the
100 to 10,000Hz range is due to the variability of the Earth-ionosphere
waveguide cutoff,

Fig.4.3-2 covers the frequency range 104 to 1084z, The minimum expect-
ed noise is shown with solid curves and other noises that could be of in-
terest as dashed curves, For atmospheric noise(f > 109Hz), the minimum va-
lues expected are taken to be those values exceeded 99.5% of the time,and
the maximum values are those exceeded (.5% of the time. For the atmospheric
noise curves,all times of day,seasons,and the entire surface of the Earth
have been taken into account. These atmospheric noise data are of average
background. Local thunderstorms can cause higher noise levels. The man-
made noise{quiet recelving site} is that noise measured at carefully
selected quiet sites. The atmospheric noise below this man-made noise
Tevel was,of course,not measured,and the levels shown are based on theore-
tical considerations and engineering judgement, Alsc shown is the median
expected business area man-made noise,

In Fig.4.3-3 the frequency range 108 to 101 Hz is treated. Again,the
minimum noise is given by solid curves while some other noises of interest
are again given by dashed curves, For galactic noise,the average vaiue
(over the entire sky) is given by the solid curve labeled galactic noise
(Figs.4.3-2 and 4,3-3}, Measurements indicate a ¢+ 2dB variation about
this value, The minimum galactic noise{narrowbeam antenna towards galac-
tic pole} is 3 dB below the solid galactic noise curve shown in Fig.4,3-3,
The maximum galactic noise for narrowbeam antenna is shown with dashed
curve in Fig.4.3-3.

The majority of the results in these figures is for omni-directional
vertically polarized antennas{except as noted in the figures). The average
value of Fa for directional antennas will be the same if we assume ran-
dom direction. Studies have indicated that at HF(for example),for atmos-
pheric noise from Yightning,there can be as much as 10 d8 variation{5dB
above to 5dB below the average Fy value shown) with direction for very
narrowbeam antennas is shiwn with dashed curve in Fig.4.3-3.
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4.4, Exampie determination of required receiver noise figure

We now want to consider a simple example to show how to determine the
required receiver noise fiqure. At 10kHz,for example,the minimum externa?
noise is Fa=145 dB(see Fig.4.3-2). If we assume Tc=Tt=T, and lc=lt=1(that
is,no antenna or transmission 1ine losses),then Eq.(4,2-4} yields

Feof,-14f {4.4-1)

We can take f. to be that value which will increase F by only 1dB. This
gives us a noise figure,F. of 140 dB or an overall noise figure,F of 147
dB. Any smaller noise fiqure,fy no matter how small,cannot decrease F
below 146dB. Consider now that {c={t=100,4.e. 20 dB antenna losses and
20dB transmission losses. Then,

f=f, -1+ 10000 f_ (4.4-2)

In order te raise the F no more than t dB(to 147dB8) for the above situat-
fon,Fr can only be as large as 100dB. As this example shows,it makes no
sense to attempt to use sensitive receivers at low frequencies.

As another example,consider a VHF receiver at 100MHz. The minimum
noise level is due to galactic noise and is approximately an Fa of 7 dB.
Suppose thati:=100 and ft=1; in order not to raise f more than 1d8, Fr
can only be as large as ~19.8dB.

In the first example above,the interfering noise was atmospheric
noise,and the in the second example the noise was galactic, These two
types of noise are quite different in character-atmospheric noise being
very impulsive and galactic noise being white Gaussian, Correspondingly,
these two types of noise will affect system performance quite different-
ly,even if they have the same level(i.e. available power}. In specify-
ing system performance,the detailed statistical characteristic of the
noise must be taken into account. One consequence of this is that the
external noise can stilt 1imit performance even though the receiver
noise(Gaussian in character) is made as high as possible so as not to
increase the overall operating noise factor f. System performance depends
on more than noise level, and so far we have considered only noise level
Via fa.



5. Internal noise
5.1. Internal noise(receiver internal noise)

There are different kinds of internal noises,which can be classified
in Table 5.1-1, These noises(especially the ones classified as “"noise" in
the table) are mainly due to the atomic nature of matter and electricity,
and so they can never be wholly eliminated, These include thermal noise,
shot noise and others. In the following,we give a brief description of
some representative internal noises.

(a) Circuit noise (thermal noise)
Thermal noise is defined as the fluctuations due to the random ther-

mal motion of the conduction electrons in a resister,and the thermal-noise
voltage generated in a resistance R [] is given by

el = 4xT BR (5.1-1)

This equation is identical to Eq.{1.3-3) where 8 [Hz] is the bandwidth
of measuring system. In the case of a resonance circuit, R is regarded
as the resistive component of the resonance impedance, and we take the
radiation resistance as R in the case of antennas, If we express Eq.
_{5.1-1} in dB,we obtain the following equation from the rms value,

2 =12
ems =1 €, =126 | k8 x 10 [(v] {5.1-2)

As shown in Fig.5.1-1,the thermal noise ts known to exhibit a flat
frequency characteristic over a wide frequency range of our interest,
and this kind of noise with a uniform power frequency spectrum, is call-
ed "white noise®.

(b} Tube,transister and diode noise

As the noises from vacuum tubes, transisters and diodes, there are
shot noise, flicker noise and athers, and the most important one among
them is the shot noise. When the diode is operated in the temperature-
limited state, the rms value of the fluctusting component of the plate
current 1s given by

i2 = 2el8 , (5.1-3)
where e is the electronic charge, 1[A} s the average value{direct cur-
rent component). This principle makes it possible for us to use this
noise diode for the measurement of noise figure. As shown in Fig.5.1-1,
this shot noise exhibits a flat frequency dependence in a range from
104 to 108 Hz. However,we have the flicker effect at lower frequencies,
and the transit time effect becomes important at higher frequencies.

(¢) Other naises
As indicated in Table 5.1-1, there are quasi cross-talk noises
due to the nonlinear distortion in the multiplexing system,

Tahle 5.1-1 Classification of internal noises

thermal noise
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Fig.5.1-1 Frenuency characteristic of internal noise,

5.2, Sensitivity of the receiver and the expression of internal noise
figure

It is necessary for us to obtain the sufficient S/N at the receiver
output for maintaining a good transmission quality in the communication,
Even if there is no external noise, the signal level at the receiver
input is influenced by the interna) noise, and so the determination of

R in Eq.(4.1-1) is closely associated with the receiver internal noise,
When we make the overall consideration, we estimate the response of the
receiver to both signal and noise,making it possible to choose which
kind of modulation/demodulation scheme we should adopt. In an AM receiv-
er, it is sufficient to consider only the S/N of the rms output. However,
with the advent of an FM,PCM etc, the S/N ratio is not a complete mea-
sure of the noise properties of a signal, and so we have to use “notse
figure" as well.

When we consider the S/N,we have to define the equivalent noise hand-
width of an emplifier and then to estimate the relationship between the
noise figure and the overall sensitivity of the receiver.

5.3. fquivalent noise bandwidth of an amplifier

A widely used measure for the noises of radio receiver is the equiva-
lent noise bandwidth, The noise of the receiver with an overall impedance
Z and with a power gain G in a small bandwidth AB is given by

se? = 2 emle2e12208 6 (5.3-1)
The total integrated power over a bandwidth Beq is

=
z. 2 4f = 2 .
£ =2e1G \'z df =2e167,7% By (5.3-2)

frequency
Fig.5.3-1 Equivalent noise bandwidth

L

Beq \D(Zz 72,2 ) of S {NOY AL, (102) o (5.3:3)

where A .. is the maximum amplification with the maximum gain, and A is
the amplification at a frequency f. This equivalent bandwidth,Beq
is defined as having the sama nofise power as is actually developed by

the amplifier output,as shown in Fig.5.3-1.

Then,we have

5.4, Noise fiqure

We define the ratio of available signal power to the available noise
power at the input terminal of the amplifier as So/No and the correspond-
ing ratio at the output of the amplifier is referred to as S/N. As shown
in Fig.5.4-1, the impedance at the input terminal {Rg) is assumed to be
matched with the output load impedance (R). The noise figure F of a net-
vork is defined as

F = ( SofNg) /7 (5/K) (5.4-1}

The available noise power Ho from the input terminal is given by No=xTB,

G is the power gain of the circuit and so 6=5/50. Then,Eq.(5.4-1) is re-
written as

(5.4-2)
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Fio.5.4~1 Explanation of noilse figure of an
anmplifiez.

The noise figure of a network is thys she ratio of the actual available
output noise power to the available output noise power of an ideal network
having the same gain characteristic, Therefore,the noise figure of an
ideal network that generates no noise itself is F=1 and correspondingly
the part of the noise figure of any network due to internally generated
noise is F-1. Eq.(5.4-2) is rewrittep as follows.

N=GelTB+G(F-1)Th {5.4-3)

The first term on the right-hand side in Eq.{5.4-3) represents the noise
coming from the input, and the second terms stands for the noise generated
within the amplifier. The signal to notse ratio when looking from the
input is given by

So
= ( input signa) power ) / (total noise power
FeTB transformed to the
input terminal)

On the occasion when there exists an externa) noise,the 5/H ratio at the
output terminal is given as follows,by indicating the signal power through
the antenna as So and the externsl poise as Sn,

S/N = 30 = S0 (5.4-4)
Sn+ (F-1) T B (EN  +F-1)«xT8

Let us suppose that we have a few networks in cascade as shown in
F1g.5.4-2,and we wish to know the noise figure of the combination in terms
of the noise figures of the individual networks. The overall noise figure
F is given as follows.

Fz‘l Fa‘]
F = F‘ + +
&) Gy 6,

PO (5.4-5)
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Pig.5.4-2 The noise fiéﬂrl of cascaded anmplifiers.
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Fig.5.4-3 Tha noiso fiquras of standard receivers.

where F,(1=1,2,3,---) {s the noise figure of the ith amplifier, and Gi.the

corresp3nding gain. Hence,the overall F is primarily determined by F} at

the first stage, and it is important to Jower the noise figure of the

first stage of amplifiers in cascade as possible as we can.

F 5E:au;ples of the noise figure F of radio receivers are {llustrated in
g.5.4-3.



5.5. Signal to noise ratio and its improvement

When the S/N ratio is smaller than the prescribed value,we cannot
have satisfactory communications unless we take the following procedures.
{a) Raising the receiving power: . .

Two possible ways are considered; (1) an increase of the transmission
power{ though not so economical) and (2) an increase in the gain of the
receiving antenna{it is required that EN' is small) and the 1ift-up
of the antenna height at VHF and UHF.

{b) Lowering the noise figure of the receiver:

We adopt the low-noise figure receivers such as maser,parametric amp-

lifiers, tunnel diodes,high-sensitivity receiving system.
{c) Improvement of selectivity of the receiver:

In order to suppress the noise power,we do not have the receiver

bandwidth being more than necessary.

(4} Setting up the receiver site at a place with small external noise
figure:

We try to suppress the man-made noise at the generation side.

{e) Adoption of the modulation/demodulation scheme which improves the

S/N {wideband gain):

(f) e take the procedure so as to be free from the man-made noise from
the receiving antenna,feeders,receivers,etc. Also,the insertion of
noise suppressor.

By means of a combination of the procedures listed above,we have to consi-
der the way how to achieve the most economical telecommunication in order

to trasmit the information or message. Then,the remaining problem will be

how much we can improve the 5/N ratio 1n each modulation scheme.

6. Description of random noises and their measurements
6.1. Measurement parameters

Because b.th natural and man-made noise are a random process, the
characteristics of the noise can be described only in statistical terms
and cannot be described by a deterministic waveform. Additionally,some
noises are basically non-stationary, and so great care must be done in
the planning and making of the measurements and in the interpretations
of the resylts. We must measure long enough to obtain a good estimate
of the required parameter,but be Certain that the noise remains "station-
ary enough” during this period. We assume that the random process is
stationary enough over some required time interval for us to obtain the
statistics. Of course,how these statistics then change with time, day
as well as with location,now becomes important.

The basic description of any random process is its probability den-
sity function (pdf}. The first order pdf of the received interference
process is almost always required to determine system performance. Al-
though a random process,x(t) is completely described if its hierarchy
of distributions is known, there are other important statistical proper-
ties{important to communication systems) which are not immediately im-
plied by this hierarchy. They include moments and distributions of level
crossings of x{t) within a time interval, moments and distributions of
the time interval between successive crossings, distribution of extremes
jn the interval, and s0 on.

We now want to define,in a unified way,the noise parameters that
have been measured and their interrelationships. For anatysis of a commu-
nication system, the noise process of interest is the one seen by that
part of our recejving system in which we attempt to extract information
from the desired signal. The noise process x{t) at the output of a narrow-
band filter is given by

x (t) = v(t} cos [mct + ¢(t)]
where v(t} is the envelope process and ¢(t) is the phase process as shown

in Fig.6.1-1. For atmospheric and man-made nopise in the absence of dis-
crete signals,¢ is uniformly distributed; that is )

)
p(¢) = —— ~wigsxw
21

Therefore,we will concentrate on the statistics of the envelope process, v(t),

In general, for system analysis,the required statistics that determine
performance are either the envelope statistics directly or are obtainable
from the envelope and phase statistics. For noise from some discrete
sources, or for general background noise plus 1nterferin? signals, &(t) 1s
not uniformly distributed, and the statistics of the ¢{t) process must
also be known.

Let x(t) be a white Gaussian process as an example(see Fig.6.1-1),

then
1 x?
p(x} =— exp (- —
I X

[+] Q
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where Xo is the noise power spectral density [W/Hz]. That is, the envelope
voltage v is Rayleigh distributed and the phase is uniformly distributed.

fig.6.1-2 shows the noise envelope of a sample of radio noise along
with definitions of the various noise parameters that have been measured.
From Fig.6.1-2,we have

The amplitude groba?]]i;y distribution{APD} is the fraction of the
tota) measurement time, T for which the envelope was above level vi;
D(vi) =Prob [ v 2V 1=1- P(vi)

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

The averaqe crossing rate characteristic(ACR) is the average number
of positive crossings of level vi= total number/T. For impulsive noise
and at high envelope voltage levels,an average noise pulse rate(pulses/
sec) at the receiver input can be inferred from the ACR. The requirement
for the pulse rate to be essentially equal to the ACR is that the noise

envelope(at the level vi) be composed of isolated filter impulse respon-
ses.
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Fig.6.1-2 Noise envelope of a sample of radio noise

The ngjse amplitude distribution{NAD) is a term that has been used to
describe a method of presenting ACR data as a function of threshold level,
where it is assumed that a positive level crossing corresponds to the
occurrence of a pulse at the receiver unput. Note that the NAD is not the
distribution of a random variable,but rather the HAD is a method of present-
ing impulsive noise ACR data,where the inteference is made that each posi-
tive level crossing represents an impulse at the receiver input which ex-
ceeds that particular level.

The pulse spacing distribytion{PS0) for level vi is the fraction of
pulse spacings at level vi that exceeds time t. That is,the PSD is the
distribution for the random variable t.

Jhe pulse duration digtripution!PDD! for level vi is the fraction of
pulse durations at level vi that exceeds time 1.

To specify time dependence in the received waveform, the autocorrelat-
{on function, R{t) is used.

o B0
= Way d d
R{1) J.[-vl v pz(\r.l \ 1) dvy dv,
1 T
= Him — S vit) v(t+t) dt
T °

where v; 15 the v(t) at time t,, and ¥ s v(t) at t,, and t=t,-t, ,with
pz(¥y¥ } the 2nd order pdf of v(t). Tﬁe autocovariaﬁce of v{t] is the
covariaace of the random variables v(t]) and v(t2). For zero mean process-
es, the autocorrelation and autocovariance are identical.

The power spectral density, S{w}, for a stationary random process is
given by the Fourier transform of R{t}. This is similar to the Fourier
transform pair relationship between the time domain representation and the



frequency domain representation of deterministic waveforms. Note,however,
that while for deterministic waveforms the spectrum gives the amplitude
of each frequency component and its phase,no phase information is po-
ssible for the spectrum of a random process. If the process is yime
independent{corretated only for t=0),then

R{t) = Xo §(t-0)
and S(w) = X {white noise).
The averaqe envelope voltage is termed the expected value of v,E[v];

vy =B = L [Tue at e [V anw)

o [

where :
- dp{v} = p(v)dv
The rms voltage squared,(proportina) to energy,or power) E[vz]. is

T G
Vel ® EDV2) .—l_j V() dt = - [ v2 dn(w)

Hn
(] ]
The average logarithm of the envelope voltage, E[Tog v],is

T ~
-'-l = -
vlog = [ {log v} = T Llug v(t) dt [ Jog v dD{v}

The peak voltage for time period T 15 the maximum of v(t) during T.
Quasi-peak yoltage: The noise envelope is passed through a circuit with

a very short charging time and long discharging time as shown in Fig.6.1-
3. The quasi-peak voltage,v,, is the average voltage over time T of the
guasi-peak circuit output waagform. Since the quasi-peak voltage depends
on both the amplitude and time behaviour of the interfering neise, it

has found use in subjectively determining system performance for systems
whose signals have redundancy,especially voice systems.

— quasi-peak { -
circuir

Fifq.6.1-3 The quasi-peak detector circuit,

Because the rms voitage level can be given in absolute terms(i.e.
rms available field strength or available power),it is common to refer
the other envelope voltage levels to it. The dB difference between the
average voltage and the rms voltage is termed Vg,

v
Vg ® - 20 log av

vrms

The dB difference between the antilog of the average log of the enve-
lope voltage and the rms voltage is termed Ld,

10%10g

Ly~ - 20 log
¥
ms

The dB difference between the Vap and vy, s termed Qd'

v
Qg = 20 log 7;HL

RS

Knowledge of the behaviour of the above statistics with time({hour to hour,
say) and location is also important.

Figs.6.1-4 and 6.1-5 show a 200 ms sample of atmospheric noise enve-
lope,taken from a 6min noise recording at 2.5MHz in a 4 kHz bandwidth, and
the autocovariance for this sample. Figs.6.1-6, 6.1-7, 6.1-8 and 6.1-9
show the APD,ACR,PSD, and PDD for this 6-minute sample of noise, In Fig.
6.1-6 the dashed curve(Rayleigh distribution) is the distribution of the
receiving noise at 2,5 MHz.

In addition to those above,there are the following relationships bet-
vween the various nofse statistics. In general,the ACR at the level vi,
c{vy) is given by,

¢ (vq) ==L | felptvya9) o v
2 O

where the v(t) process is the derivative(with respect to t} of the v(t)
process (note that “derivative" of a random process must be defined in a
generalized probabilistic way) and p{v,v) is the joint probability density
of v and V.

In the special case where,at the jevel v{, the envelope is composed
of isolated filter impulse responses, c(vi) can be given by

c{v;) = a By, plv;)
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where p{v.) is the probability density of v at the level v§,a §s a non-
dimenswnl] constant on the order of unity that depends on the shape of

" the receiver bandpass characteristic(or equivalently,the receiver impul -
3 se response) and the power spectrum of the noise within the band, and B
R — is the effective noise power bandwidth. €4
[_ E.L The fraction of time the noise envelope is above v{ is given by
Ti 5e
Vil Poogs Divy) = clvy) Ez,)
J /a 5 'ﬁ;..o, where E(7;} is the mean value for the pulse width distribution at Vi
1 M :
A -~ /] oS8 6.2. Measurement technigues
W
W //// s I g8 The noise measurement techniques incorporate four basic elements: an
o+ //)1 i o antenna,receiver,detector and measuring device. The antenna is a "standard”
- i vt i i 50 one or the antenna of an operational system. The receiver is a type consist-
S — - 7. FE’.,'_{ ent with the existing state-of the art tuned radio for heterodyne or a
E;&‘*” : 7 -1 @ g‘ superheterodyne. An electro-mechanfcal or vacuum tube voltmeter has been
= N/ § 7 - & on used as the measuring device. The detector chosen has been the one that
H N = b e gives the desired statistical parameter- peak voltage, quasi-peak voltage,
L Ty Iy &% square law({voltage squared or calorimeter) or average voltage. The perform-
E 3 ! ' = £ : == @ ance and especially differences in performance of these diverse detectors,
SrsanipnA g X are understood. For single-frequency,continuous wave inputs,the four detect-
¢ ors,suitably calibrated,give comparable readings. In all other general case-
& s, it is difficult to corretate readings from the several diverse detect-
[y ors unless there is a priori independent knowledge of the waveform of the
received noise. The factors determining the transient response of the mea-
surement equipment are {1) the bandwidth of IF receiver {B),{2)charge time
constant of the detector (Tc), {3) discharge time constant of the detect-
8 or, Tg and (4) the mechanical time constant of the measuring device,Tp,as
“ shown in Fig.6.2-1. The measuring device of radio noise is classified as
e G v follows from the standpoints of the characteristics of detectors.
]
» g"i (1) Envelope detector:
£ £ 9 The fundamental behavior of this detector is strongly dependent on
e 3 SE B, Tc and Td. When an impulse is incident on the measuring equipment,the
i i output of the {F amplifier exhibits a pulse waveform with its duration of
£z 4% about 1/B as in Fig.6.2-2. When this pulse wave is fed to the detector,
/R z b the output waveform exhibits an envelope of the IF amplifier output as
/. 55 shown in Fig.6.2-2(a) when both Tc and T4 are sufficiently smafl compared
] /ﬁf/s 3 g with 1/8(but larger than the reciprocal of the IF frequency). This detect-
1 ik T 3 & w or is called an "envelope detector”, and this kind of detector is used
“e . o } pri as normal receivers,electric field intensity measuring instrumentations,
2 L 4N 53 spectrum analyzers,and so on.
|;_ g A A|” % d 5 (2} Peak value detector:
— =V —] l——- a° When Tg is sufficiently large,the detector shows a discharge only very
RS En st H Eg slightly and then the detector gives rise the output of a peak value
3 ® 3 z - ~ T ze {maximum) of the IF output signal as shown in Fig.6.2-2(b). This is the
- T T "peak detector". [t was difficult to buid a detector with extremely large
- Td in the o1d days. However,the measurement of radio noises by means of
s the peak detector is considered as being important in recent days with
E the advent of the digital communications.
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Fiq.6.2-1 Fundamental construction of radio noise measuring equipment.
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Fig.6.2-2 Response outputs of different Yinds of detectors for pulse
train input.

{3) Quasi-peak value detector:

When both Tc and T4 are larger than 1/B,the detector cannot follow
exactly the envelope of IF output,and we have the detector output as in
Fig.6.2-2{c} with having the charging and discharging characteristics of
the detector. This is called 8 “quasi-peak value detector”,which 1s in
current use nowadays. The response of this quasi-peak value detector
for radio noises is strongly dependent on the bandwidth of the If ampli-
fier(B} and the charging and discharging time constants of the detector
{Tc,Td}{this point being quite different from the peak and average value
detectors), and so the fundamental characteristics are strictly regulated
by CISPR at the different frequency ranges {see Table 6.2-1).

The responses of this quasi-peak value detector to different kinds of
input waves(sine wave,Gaussian noise and ylse trains) are summarized in
Table 6.2-2. The detection efficiency (Ps) for a sine wave is approximate-
1y unity as seen in Table 6.2-2. The corresponding detection efficiency
{Pr) for Gaussian random noise is also given in the table.

The most important factor specifying the quasi-peak value detector
js its response to pulse trains,because this pulse response is strongly
influenced by the fundamental characteristics(B,Tc,Td etc),the nonlinear
effect of the amplifier,etc, The pulse train is characterized by the re-
pition{repitition frequency,N) of equal amplitude pulses{amplitude,A;
width,t ), and the detection efficiency,Pp for pulse train is numerically
calculated in Fig.6.2-3 as a function of alinversely proportianal te N).
By measuring the pulse train noises (N=100 Hz, At=0.044 pV-sec) by means
of the measuring equipments in the bands C and D in Table 6,2-1, Table
6.2-2 gives Ps=0.99 and Pp=0.27 is obtained from Fig.6.2-3. Then,the
metering value of the quasi-peak value detector becomes ~ 2 mV. 50,the
CISPR requlation requires that the response of the radio noise measuring
instrumentation with quasi-peak detector should be within # 1.5dB around
the response for the sine wave with rms vatue of 2 mV.

{4} Average value detector:

The fundamental construction of the average detector is that we obtain
the average of the output signal of the iF amplifier(see Fig.6.2-2(d})
by passing through the narrow-band low-pass filter after the envelope
detection, Some average value detectors are composed of the half-wave
rectification of the IF output,followed by the narrow-band low-pass fil-
ter. Since this average value detector is suitable for the level mea-
surement for signals with small amplitude variations such as broadcast-
ing and communication sigmals,it is equipped in the electric field in-
tensity measuring equipment, The measurement of radio noises by means of
the average value detectors has seldom been made,but recently the CISPR
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Table 6.2-1 Fundamental characteristics of radio noise measuring
instrumentation {CISPR Pub. 16)

Frequency A B c D
Band

Frequency range |10-150kHz ] 0.15-30MEz . 30-300MHz 300-1000MHz

Bandwidth (B) 200 Rz 9 kHz 120kHe 120 kHz

Charging time 45 ne Ims ! 1me 1 ms
constant{Tg)

Discharging 0 m 550 ms 550 ma
time constant{Ta) 300 ms 160 ma : l

time constant(Tpy)

i ;
Mechanical 160 ms 160 ms l100 ms I 100 ms

Table 6,2-2 Detection efficiency of quasi-peak field measuring instrumentation
for sine waves and Gausslan noises,

Frecuency A B c D
Band

Freq.rang 10-150kHg D.15-30MHz 30-300MHz 300-1000MH=z

a 2.98 3.94 4,07 4.07
Py 0.813 0.970 0.987 0.987
Pr 0.955 1,63 1.88 1.e8

a= T./(Rc C}, P, detector efficlency for sine waves,
Py: detector efficiency for Gaussian noise,

and FCC have recently suggested sunu.i2reous use of the measurement by
this average value detector in addition to the quasi-peak value measure-
mert because of the advent of the use of digital equipments.

The response of radic noise measuring instrumentation with average
detector is specified as follows in the lights of the CISPR specification.
The value indicated by the average value measuring system should be ~2my
for the pulse train with repitition frequencym N{Hz] and with amplitude
At = (1.4/H) mV.sec. And,the pulse amplitude A for the pulse train input
so as to keep the meter value constant, is regulated to be inversely
proportional to N. The amplitude of the pulse train input is plotted in
Fig.6.2-4 for radio noise measuring system with the quasi-peak value
and average value detectors. The response of the average value detector
to a sine wave and pulse train {is independent of the bandwidth,B of the
mg:izring system, and so there is no specific requlation on the band-
width.

{5) Rms detector:

The root-mean-square method of detection has a growing utflity in
problems of current interest and has low implementation cost, large dyna-
mic range, and wide frequency-band response, Of course,rms detection is
required to measure the basic noise parameter,mean power. Commercial rms
detectors are available with sufficient dynamic range for the measure-
ment of impulsive noise. Several commercial products have been marketed
that use rms detectors to measure the power in pulses as short as 100 ns
and frequencies as high as 18 GHz. There are unsolved problems in measur-
ing impulsive interference when it is extremely infrequent,of extremely
short duration,or swept in frequency. Recourse to transient instruments
(i.e., broadband oscillegraghs, storage or sampling escilloscopes, tape
Yoop recorders,etc) with wide dynamic response system capability is nece-
s$sary to investigate the man-made transient interference often encounter-
ed in present-day systems, The problem of measuring signals of low duty
cycle and single transients with duration below 1 ps is introduced.

For anaiysis and/or design of communication systems,greater know-
ledge of the received noise process is greatly required than that given
by the above detector outputs{average,rms,etc). Techniques for measure-
ments of these more detailed statistics{e.g., probability density funct-
ions, autocorrelation,etc) vary greatly and range from the analog record-
ind- A/D conversion-large scale computer analysis technique to those
using specizlized electronic circuitry. Techniques for making detailed
statistical measurements are discussed and summarized by Bendat and
Piersol(1971), Until recently,the capability te make such detailed
statistical measurements has resided in a few Government and private
research laboratories using specially developed equipment. Commercial
equipment is now available for detaziled statistical measurements of im-
pulsive noise.
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