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The phase velocity ratio of mode 1 in the dax-
time is greater than 1 for frequencies less than
- about 13 kilohertz and less than 1 for higher
frequencies. At night the crossover frequency is
about 9 kilohertz.

In daylight the attenuation of mode 1 is alwayvs
less than that of mode 2. At night the attenuation
for the two modes may be of the same order.

LOW AND MEDIUM FREQUENCIES—
30 TO 3000 KILOHERTZ*

For low and medium frequencies of approxi-
matel) 30 to 3000 kilohertz with a short vertical
antenna over perfectly reflecting ground

1= 186.4( P;)'/2 millivolts rms/meter at 1 mile
E=300(P;)'? millivolts rms/meter at 1 kilometer

where P,=radiated power in kilowatts.

Actual inverse-distance fields at 1 kilometer for
a given transmitter output power depend on the
height and power radiation efficiency of the antenna
and associated circuit losses.

Typical values found in practice for
designed stations are:

well-

Small L or T antennas as on ships:
40( P,)'? millivolts/meter at 1 kilometer
Vertical radiators 0.15 to 0.25X high:
290 ( P,) 2 millivolts/meter at 1 kilometer
Vertical radiators 0.25 to 0.40\ high:
322(P,)"2 millivolts/meter at 1 kilometer

" Vertical radiators 0.40 to 0.60X high or top-loaded
vertical radiators:

386( P,)'? millivolts/meter at 1 kilometer

where P,= transmitter output power in kilowatts.

These values can be increased by directive antenna
systems.

It has been found that the concept of basic

transmission loss, also called path loss, is convenient
for the analysis of radio communication systems.
Basic transmission loss is the dimensionless ratio
Pr/ P4, where Pg is the power radiated from a
lossless, isotropic transmitting antenna and Py is
the power available from a lossless,
receiving antenna in a matched load. The isotropic
anfennas are at the same physical locations and
operate in the same band of frequencies as the
actual antennas. -~

Surface-wave (commonly called ground-wave)
basic transmission loss is plotted in Fig. 3 for

*“Radio Spectrum Utilization,” Joint
Advisory Committee (IEEE and EIA), New York;
1964. CCIR XIth Plenary Assembly, Oslo; 1966: Vol. II,
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vertically polarized propagation over land havi ing a
representative conductivity and dielectric constant
and in Fig. 4 for vertically polarized propagation
over sea water. Both antennas are 30 fect above the -
surface in both figures. ’

In the low-frequency and medium-frequency
ranges, propagation losses for horizontally polar-
ized transmission between antennas on the surface
of the earth are impractically high. Ground con-
stants typical of various terrain types are listed in
Table 1.

Jnder the conditions used in Figs. 3 and 4, the
earth’s surface behaves like a nearly perfect re-
flector for the isotropic antennas that are only a
small fraction of a wavelength from it and that are
used to calculate the basic transmission loss. As a
result, each isotropie antenna together with the
surface of the earth has a gain of nearly 3.01 dB in
the general direction of the horizon. By contrast, a
lossless quarter-wave monopole erected over a good
ground screen would have a gain of 5.16 dB, and a

-

8 1012 14 16 18 20722 24 26 28 30
) FREQUENCY (KILOHERTZ)

Fig. 1-—Relation between attenuation, frequency, and
height of the ionosphere. The diamonds represent some
experimental observations by Taylor on the average
daytime attenuation for west-to-east propagation over
sea water. Attenuation rate in the opposite direction is
greater by about 1 decibel-per 1000 kilometers. From
“Radio Spectrum Ultilization,” Joint Technical Advisory
Committce (IEEE and ElA), TEEE, New York; 1964:

page 104.
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<hort lossless monopole would have a gain of
177 dB. [t follows that the transmission loss

hetween quarter-wave monopoles on the =urface of

the carth is very nearly 2X (5.16—3.01) =4.30 d3
less than the basic transmission loss given in Figs. 3

and 4, and the transmission loss between <hort

monopoles iz 2X (4.77—3.01) =3.52 dB less.
Figures 3 and 4 do not include the effect of sky
waves reflected from the ionosphere. Sky waves
cause fading at medium distances and produce
higher field strengths than the surface wave at
’ loxwer dl\t‘lllc(‘:, p‘utlcul‘u‘lv at night. Sky-wave
field strength is subject to diurnal, eefhonal and
irregular variations due to chan(rm g properties of
‘the lonosphele
Figure 5 shows a family of propagation curves for
Fo computed from

Fo=80.2— 10 log D—0.00176/°%D

where D=distance in kilometers, f=f{requency in
kilohertz, and Fy is the annual median received
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Fig. 2—Phase velocity V' as a function of ionospheric
height k and frequency, relative to the velocity in free
.space ¢. From “Radio Spectrum Ultilization,” Joint
Technical Advisory Committec (IEEE and EIA), IEEE,
' New York; 1964: page 105.
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TaBLE 1—Grouxp CoNpUCTIVITY AND DIELECTRIC

Co~sTANT FOR MEDIUM- AND LoNG-Wave Prora-

GgaTioN T0 BE Usep wiTH NORTON, BUuRROws,

BreMMER, OR OTHER DEVELOPMENTS OF SOMMER-
FELD PRoPaAGaTiON EQUATIONS.

Conductivity  Dielectric
a Constant ¢
Terrain (mhos/meter) (esu)
Sea water 3 80
Fresh water S$X1073 80
Dry, sandy, flat coastal 2X1073 10
land
Marshy, forested flat land 8§X1073 12
Rich agricultural land, 1X10™2 15
tow hills
Pastoral land, medium 5X10-3 13
hills and forestation
Rocky land, steep hills 2X10-3 10
Mountainous (hills up to 1X1073 5
3000 feet) .
Cities, residential areas 2X103
Cities, industrial areas 1X10~

field strength in decibels above 1 microvolt per
meter that.would be produced by a short, vertical
transmitting dipole at or near the earth’s surface
and radiating 1 kilowatt. The empirical equation is

‘hased on - measured data. Figure 5 therefore in-

cludes the effects of both ~|\\ —wave and ~mf 1ce-
wave plomg.ltlon

Penetration of Waves

The extent to which the lower strata influence
the effective ground constants depends on the
depth of penetration of the radio energy. This in
turn depends on the value of the constants and
the frequency. If the depth of penetration is de-
fined as that depth in -which the wave has been
attenuated to 1/e (379) of its value at the surface,

“then over the frequency range from 10 kHz to

10 MHz, 6 has the values shown in Table 2. It
will be seen' that,-at frequencies of 10 MHz and
above, only the surface of the ground need be
considered, but at lower frequencies, strata down

“to a depth of 100 meters or more must be taken

into account. It is particularly important to take
account of the lower strata when the upper strata
are of lower conductivity, since more energy pene-
trates to the lower levels than happens with an
upper layer of higher conductivity.
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DISTANCE IN STATUTE MILES

HIGH FREQUENCIES—3 TO 30
‘MEGAHERTZ*

At frequencies between about 3 and 25 mega-
hertz and distances greater than about 100 miles,
transmission depends chiefly on sky waves reflected
from the ionosphere. This ix a region high above
the carth’s surface where the rarefied air is suffi-
ciently ionized (primarily by ultraviolet sunlight)
to reflect or absorb radio waves, such effects being
controlled almost e\clmivel) by the free-electron
density. The ionosphere is usuall\' wlNdcncd as
consisting of the following layers.

D Layer: At heights from about 50 to 90 kilo- .

meters, it exists only during daylight hours, and
ionization density (oueaponds with the elevation
of the sun.

- This layer reflects verv-low- and low-frequency
waves, absorbs medium-frequency waves, and
weakens high-frequency waves thmu"h partial
absorption.

* K. Davies, “Ionospheric Radio Propagation,” Mono-
graph 80, National Bureau of Standards, Washington,
D.C.; 7 April 1965. CCIR XIth Plenary Assembly, Oslo;
1966: Vol. I, Propagation.
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E Layer: At a height of about 110 kilometers,
thix layer ix important for high-frequency daytime
propagation at distances less than 1000 miles, and
for medium-frequency -nighttime propagation at
distances in excess of about 100 miles. lonization
density corresponds closely with the elevation of
the =un. Irrecular cloud-like areas of unusually
high ionization. called sporadic k£, may occur up-
to more than 30 percent of the time on certain
days or nights. Sporadic £ oceasionally prevents
frequencies that normally penctrate the £ layer
from reaching higher lavers and also causes ocea-
stonal long-diztance transmission at  very-high -
frequencies. Some portion | (perhaps the - major
part) of the sporadie-£ ionization is asceribable to-
visible- and subvisible-wavelength bombardiment
of the atmosphere.

Fy Laycr: At heights of about 175 to 250 kilo-
meters, it exist= only during dayvlight. This laver
oeccasionally ix the reflecting region for high-fre-
quency-tran=mi=<ion, but usually oblique-incidence
waves that penetrate the £ layer also penetrate
the Fy laver and are reflected by the £, layer. The
Iy layer introduces additional absorption of such
waves.

l'.-_'

Layer: At heights of about 250 to 400 kilo-
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TasLE 2—DEertit 0OF PEXETRATION oF WaVEs INTO THE GROUND.

Depth §(m)
o=4 mho/m =107 mho/m o=10"% mho/m
Frequency =80 e=10 €=5
10 kHz 2.5 50 150
100 kHz 0.80 15 50
3 MHz 0.14 3 17
10 MHz 0.08 2 9

meters, F, is the principal reflecting region for
long-distance  high-frequency  communication.
Height and ionization density vary diurnally,
seasonally, and over the sunspot cyvele. Tonization
does not follow the elevation of the sun in any
fashion, since (at such extremely low air densities
and molecular-collision rates) the medium can
store received solar energy for many hours, and,
by energy transformation, can cven detach clec-
trons during the night. At night, the F; laver
merges with the-£u layer at-a height of about 300
kilometers. The absence of the /7y layer, and reduc-
tion in absorption of the X layer, causes nighttime
ficld intensities and noise to be generally higher
than during daylight. :

As indicated to the right on Fig. 6, these layvers
-are contained in a thick region throughout which
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Fig. 4—Basic transmission loss expected for surface
waves propagated over a smooth spherical earth. Over
sen water: ¢=35 mhos/meter, ¢=80. Lossless isotropic
anteuna 30 feet above the surface. Vertical polarization.

Adapted from K. A. Norton, “Transmission Loss in Radio

- “Propagation: 11, National Burcau of Standards Technical
Note 12, Fig. 8; June 1959,

ionization generally inecreases with height. The
layers are said to exist where the ionization gradient
is capable of refracting waves back to carth.
Obliquely incident waves follow a curved path
through the ionosphere due to gradual refraction
or bending of the wave front. When attention
need be given only to the end result, the process
can be as<imilated to a reflection.

Depending on the ionization density at cach
layer, there is a critical or highest frequency f. at
which the layver reflects a vertically incident wave.
Frequencies higher than f, pass through the layver
at vertical incidence. At oblique incidence, and
distances such that the curvature of the earth and
ionosphere can be neglected, the maximum usable
frequency is given by

MUF=/f. scc ¢
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Geneva; 1963. -
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where MUF= maximum usable frequency for the
particular layer and distance, and ¢=angle of
‘incidence at reflecting layer.
- At greater distances, curvature is taken into
:account by the modification

MUF=kf. secdp

where k is a correction factor that is a function of
distance and vertical distribution of ionization.

f. and height, and hence ¢ for a given distance,
vary for each layer with local time of day, season,
latitude, and throughout the 11-year sunspot cycle.

The various layers change in different ways with

* these parameters. In addition, ionization is subject
to frequent abnormal variations.

. Ionospheric losses are a minimum near the
maximum usable frequency and increase rapidly
for lower frequencies during daylight.

High frequencies travel from the transmitter to
the receiver by reflection from the ionosphere and
earth in one or more hops as indicated in Figs. 6
and 7. Additional reflections may occur along the
path between the bottom edge of a higher layer
and the top edge of a lower layer, the wave finally
returning to earth near the receiver.

Figure 6 indicates transmission on a common
frequency, (1) single-hop via E layer, Denver to
Chicago, and (2) single-hop via Fs, Denver to
Washington, with (3) the wave failing to reflect
at higher angles, thus producing a skip region of
no signal between Denver and Chicago. Figure 7
illustrates single-hop transmission, Washington to
Chicago, via the E layer (¢;). At higher frequencies
over the same distance, single-hop transmission
would be obtained via the F, layer (¢»). Figure 7
also shows two-hop transmission, Washington to
San Francisco, via the F; layer (¢3).

Actual transmission over long distances is more
complex than indicated by Figs. 6 and 7, because
the laver heights and critical frequencies differ

REFERENCE DATA FOR

¢ 3000
WASHINGTON

Fig. 6—Schematic explana-

€000 tion of skip-signal zones.

with time (and hence longitude) and with latitude.
Further, scattered reflections occur at the various
surfaces.

Typical values of critical frequency for Wash-
ington, D.C., are shown in Fig. 8.

Preferably, operating frequencies should be
selected from a specific frequency band that is
bounded above and below by limits that are sys-
tematically determinable for the transmission path
under consideration. The recommended upper limit
is called the opfimum working frequency (FOT)
and is selected below the MUF to provide some
margin for ionespheric irregularities and turbu-
lence, as well as for the statistical deviation of day-
to-dayv ionospheric characteristics from the pre-
dicted monthly median value. So far as may be
consistent with available frequency assignments,
operation in reasonable proximity to the upper
frequency limit is preferable, in order to reduce
absorption loss. ,

The lower limit of the normally available band
of frequencies is called the lowest useful high fre-
quency { LUF). Below this limit ionospheric absorp-
tion and radio noise levels are likely to be such that
radiated-power requirements become uneconom-
ical. For a given path, season, and time, the LUF
may be predicted by a systematic graphic proce-
dure. Unlike the MUF, the predicted LUF must
be corrected by -a. series of factors dependent on
radiated power, directivity of transmitting and
receiving antennas in azimuth and elevation, class
of service, and presence of local noise sources.
Available data include atmospheric-noise maps,
transmission-loss charts, antenna diagrams, and
nomograms facilitating the computation. The
procedure is formidable but worthwhile. '

The upper and lower frequency limits change
continuously throughout the day, whereas it is
ordinarily impracticable to change operating fre-
quencies correspondingly. Each operating fre-
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Fig. 7—Single-hop and two-
o hop transmission paths due
WASHINGTON to E and F. layers.
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Fig. 8—Critical frequency for Washington, D.C. National
‘ Bureau of Standards Circular 462.

quency, therefore, should be selected to fall within
the above limits for a substantial portion of the
daily operating period.

Anglés of Departure and Arrival

Angles of departure and arrival are of impor-
tance in the design of high-frequency antenna sys-
tems. These angles, for single-hop transmission, are
obtained from the geometry. of a triangular path
over a curved earth with the apex of the triangle
placed at the virtual height assumed for the alti-
tude of the reflection. Figure 9 is a family of curves
showing radiation angle for different distances.

D=great-circle distance in statute miles
H=virtual height of ionosphere layer in kilo-

£0-17

A=radiation angle in degrees
¢=semiangle of reflection at ionosphere.

Forecasts of High-Frequency Propagafion

In addition. to forecasts for ionospheric disturb-
ances, the Institute of Telecommunication Sciences
of the Environmental Sciences Services Adminis-
tration (ESSA) issues monthly predictions 3
months in advance, used to determine the optimum
~working frequencies for high-frequency communi-
cation.

In designing a high-frequency communication
circuit, it is necessary to determine the optimum
traffic frequencies, system loss, signal-to-noise ratio,
angle of arrival, and circuit reliability. Manual
methods for calculating the values of these factors
are described,* as is the use of electronic computers
for pledl(tm(r the performance of hlgh-flequenc)
sky-wave communication circuits.}

Table 3 is a typical performance predxctmu pre-
pared by computer. A general description of the
circuit parameters used in the calculations is shown
in the heading of the computer printout. Starting
at the top of the page and reading from left to
right, the heading may be described as follows.

The first line contains the month, the solar
activity level in 12-month moving average Zurich
sunspot number, and a circuit identification num-
ber. The second and third lines contain the trans-
mitter and receiver locations, the bearings, and
the distance. The fourth and fifth lines contain the
antenna system for each terminal and their orienta-
tion relative to the great-circle path. The minimum
angle indicates the lowest vertical angle considered
in the mode selection.

meters The sixth line is the power delivered to the
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Fig. 9—Single-reflection radiation angle and great-circle distance.

T*K. Davies, “Ionospheric Radio Propagation,” National Bureau of Standards Monograph 80; 1 April 1965.
T D. L. Lucas and G. W. Haydon, “Predicting Statistical Performance Indexes for High-Frequency Ionospheric
Telecommunication Systems,” ESSA Technical Report IERI-ITSA; 1 August 1966.



~RELATED INTERFERENCE

Many people are familiar with the interference t0 TV and FM Radio reception that can occur during
shuormal weather comditions. Deesa't it always seem to happen in the middie of Wimbledon Tensis
fortmight?

In fact, the weather coadifions that can cause such events do occur most commonly in the summer months so the
above can oficn be true. K is not possible to exclude completely interference due to the weather, but the
broadcasters do their planning on the basis that service areas should be clear for at least 95% of the time. There is
not much that viewers and listeners can do little about this interference when it occurs. However provided they live
wﬂunﬂwsawwmmofﬂnwtamrmﬁaandmmmgasgood&mﬁondamﬂaﬁepmﬂmshoﬂdbekeptto

5% or less most of the time.

This factsheet explains what causes this interference and what the broadcaster can do to minimise its effects. The
factors which occasionally enable a distant transmitter to blat out local reception are complex, depending very much
on complicated atmospheric conditions over the British Isles.

The Atmosphere

i layer calied the strabosphien mmmmwmmmdm
Ww«mmmmmmmMmmmw@eﬁgummm
usually sub - divided into layers D, E, F1 and F2. AMough the ionosphere has an occasional effect on FM radio, as
discussed later, the troposphere is the most important layer as far as VHF and UHF signals are concerned.

All our weather occurs in the troposphere and, during

nommal conditions, its temperature decreases with

height as shown in Fig 2. Dwring low pressure

(cyclonic) weather, the air mass is rising gently and as

it climbs, it cools and any moisture in it condenses to
* form clouds. ’

” The Earth's Surface
fig 2: in a normal troposphete the surface temperete
decreases gradually with height
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Under these conditions, the troposphere is generally g R
well “stirred up" and unsettled. During high pressure o B

(anticyclonic) weather, the air mass is sinking slowly
and as it falls, its temperature increases to produce a
warmer and drier atmosphere, very often without
clouds. Under these conditions, the troposphere is
generally very still and settled. Although temperature
normally decreases with height, certain weather

= Warm dly air
- > SONE P M ~t-u-f'3

Coldor, moist air 'S

¥isrs

conditions can result in a layer of air being formed . " Earth's Surface
whose temperature remains constant or even fig 3b: an elevated temperature inversion

s BT : In the United Kingdom, such a layer can occur

[ TR LI anywhere from immediately above the earth's surface
up to a height of around 3km. (see Figs 3a and 3b).
This condition is known as a temperature inversion.
Temperature inversions meostly occur during high
pressure periods as the still air allows stratification of
the atmosphere to take place. They have a
pronounced effect on VHF radio and UHF television

Earth's Su:facs . signals, particularly if there are corresponding changes
fig 3a: a temperature inversion at ground level in the humidity.
VHE/UHF Propagation

VHF and UHF signals normally propagate (i teavel) firough the troposphere in a slightly curved patl as shown in
Fig 4. As a result of this bending, they are able to travel frther than the geometrical horizon to 2 point known as the
mmwmummwmwmsmmm

F 4

ané dost in space

Transmitter .
fig 4: normal propagation of a VHF or UHF signal in the troposphere

The bending of these waves is caused by refraction and the extent to which they curve depends on the refractive
index of the tropospheére. This in tum depends on the temperature and humidity of the air. In a normal atmosphere,
the temperature (and hurhidity) generally decrease with height and this peoduces a steady fall in the refractive index.
with height. Under these stable conditions, the radio horizon can readily be calculated.




