Propagation of Long Radio Waves

Part 1
JOHN Apcock VK3ACA
12 AvLseRT STREET, OaK Park 3046

HE MAIN PURPOSE of this ar-
ticle is to present textbook-type
l information on the basics of
propagation on frequencies between 100
kHz and 200 kHz. Why should people be
interested in such an unusual and re-
stricted band of frequencies? Basically
because some amateurs in several parts
of the world have operated in this region,
and if an amateur band is ever allocated
in the low-frequency spectrum, it is in
this region that such a band would be
allocated. Therefore, it is important that
interested persons should understand
operating conditions on these frequen-
cies.

For some time now, I have been think-
ing of presenting this article on the sub-
ject of low frequency or long wave propa-
gation, but have been deterred some-
what by the difficulty of presenting a
clearoverall picture. This difficultyis not
helped by the apparent lack of suitable
references to fill in the picture. I have
come to the reluctant conclusion that a
lot of gaps in knowledge do exist in the
subject, and [ will point these out at the
end of the article.

As far as [ know, no attempt has ever
been made before to explain LF propaga-
tion in concise terms with the average
interested reader in mind, and to point
out where it differs from HF propagation.
It is, therefore, hoped that this article
will become a basicreference foramateur
radio on the subject of LF propagation.

There is an enormous amount written
on the subject of HF propagation forboth
the amateur and the professional. Thisis
very well presented for the amateur in
texts such as the ARRL Handbook and
many others. The subject of LF propaga-
tion has been around for along time, and
is covered in great detail in technical
books and papers on the subject, but is
not covered in amateur radio texts.

Part 1: The Basic Physics of
Propagation

Introduction

Propagation of electro-magnetic waves
from the longest radio waves through to
light wavesis affected by the same physi-
cal laws, but the physical nature of the
media through which the waves pass
varies with frequency. The differences
are brought about by many different
factors, for example, the inertia and

movement of charged particles in the
ionosphere when acted upon by fields of
different frequency.

Propagation of low frequency or long
electromagnetic waves (longradio waves)
is dependent upon surface waves and, as
with HF, waves reflected between the
ground and the ionosphere, but their
play in the propagation process is quite
different from that at the high frequen-
cies. At low frequencies the combined
effect of ground and ionospheric reflec-
tionsresultsina wavefront at the surface
of the earth similar in character to a
surface waves, as we shall see later. This
similarity has given rise to the popular
misconception that “low frequencies
propagate around the earth by ground
wave propagation”.

In general, the propagation of low fre-
quency radio waves is quite different
from high frequency. In fact there is
nothing similar in any bands at present
held by amateurs. Even propagation at
160 metres is more similar to HF than
LF.Thereare many misconceptions about
LF propagation, and it is intended to
explain all these things here.

Basic Concepts

In this article it is proposed to use the
“light” analogy frequently. Reflectionand
refraction at light frequencies are ex-
actly the same as at VHF, HF and low
frequencies — only the scale changes. To
put the twoinreal terms, the wavelength
ofred light isalittle less than one micron
or 10’2 metres. In frequency it is about
400 terahertz or 400x 10'* Hz. This is
about 30,000,000 times the frequency of
14 MHz.

Electromagnetic waves at any fre-
quency normally propagate in straight
lines, but are bent around curves by the
process of reflection, refraction or diffrac-
tion. These three processes are the basis
of radio propagation.

Forthe purpose of this article, I referto
HF as the band of frequencies mainly
between six and 30kHz, and I refer to LF
as the band of frequencies mainly be-
tween 10 and 200kHz. Ten to 30kHz is
correctly VLF, butin this articleI use the
term LF or low frequency — a general
term covering the general type of propa-
gation to be described.

Refraction

This process is well known to anyone
who has studied physics at school, so the
effects will be described briefly. An
electromagnetic wave of any frequency
will travel slightly slower in a medium,
such as air, than it will in a vacuum. The
amount by which a wave front is slowed
downin a medium is dependent upon its
“refractive index”. In light, this is also
known as “optical density”, but the proc-
ess is the same at radio frequencies as at
light frequencies. In general, the higher
the actual density the higher the refrac-
tive index. A vacuum has a refractive
index of one, air has a refractive index of
around 1.0003. Substances like glass or
water are much higher. Cold air has a
slightly higher refractive index than
warm air. Refractive index is directly re-
lated to permittivity or dielectric constant
and this is particularly important in re-
spect of the ionosphere, as we shall see
later.

The effect of a wave front, travelling
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through a plane that separates media of
different refractive indices, is that the
wavefront willchange itsdirection atthe
plane. This is illustrated in Figure 1.
When there is only a small change in
refractive index, substantial bending will
take place only when the direction of
travel of the wave front has a small angle
to the plane. Examples of refraction of
light are well known. In radio there are
many examples of refraction. Some ex-
amples are bending of VHF waves when
they cross a cold front (HF waves are
similarly affected although the effect is
not as noticeable). Another example is
that of the atmosphere, which decreases
in pressure and hence refractive index
(although the change is very small) with
height, and this has the effect of making
the horizon distance look farther than in
avacuum. Yet anotherexample of refrac-
tion in radio would be the bending in
direction of an HF wave as it passes
through the ionosphere, as shall be dis-
cussed in some detail below.

The bending that takes place when an
electromagnetic wave passes from one
medium to another is based on the for-
mula —

sl A, W
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wherei is the'angle of incidence and r
is the angle of refraction, n, is the re-
fractiveindex of the first media, andn, is
the refractiveindex of the second medium.

It is important to note that, when
dealing with bending of a wave direction
atachangeofrefractiveindex, the change
does not have to be at a plane surface. If
the change in refractive index is gradual
over a distance, then the bending will
take place gradually. This will be dealt
with in more detail under total internal
reflection.

Reflection

Reflection has taken place at a plane,
or virtual plane, when the wave front
travelling towards the plane at an angle
to the perpendicular, or normal to the
plane, is turned (or reflected) away from
the plane at the same angle to the nor-
mal. “The angle of incidence equals the
angle of reflection” (see Figure 2). Also
theincident ray,thereflected ray and the
normal to the surface at the point of
reflection all lie in the same plane and on
the same side of the surface. If the sur-
face is uneven and the irregularities are
large as compared with a wavelength,
the wavefront will be reflected in several
directions at once, resulting in “scatter-
ing”. A poorly reflecting surface can re-
sult in “loss”.

Thereare twobasically different types
of reflection.

1. Reflection that occurs at a plane sur-
faceis knownin physics as “regularor

specular reflection” and which we will
refer to here as “plane surface reflec-
tion”.

2. Reflection that occurs when a wave
travels from a medium of high refrac-
tive index towards a medium of lower
refractive index. This processisknown
in physics as “total internal reflec-
tion”.

There are numerous examples of both
thesetypesofreflectionin ofradio waves,
as we will see in the article.

1. Plane Surface Reflection

This, too, can be divided into two basic
types, they are:

1. Reflection at a plane metallic
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surface. There are noexamples of this
in nature, but there are plenty of
man-made objects for both radio and
light using metallic reflectors. These
are very familiar to the average
amateur and require no explanation.
2. Reflection at either a dielectric
surface or alossy resistive surface. In
order for useful “regular” reflectionto
take place several properties are re-
quired. There must be a surface or
discontinuity between the twomedia.
Irregularities on the surface must be
small as compared with a wavelength;
the smaller the irregularities the
better the reflection. Conversely, the
lower the frequency the better the
reflection. The change or discontinu-
ity between the propagating medium
and the reflecting surface should be
assharpaspossible. That is, a discon-
tinuity which consists of a gradual
change in refractive index over many
wavelengths will not produce regular
reflection, but it may produce total
internal reflection, as we shall see
shortly. The sharper the discontinu-
ity the better the reflection. The
greater the change in dielectric con-
stant or, in some cases, magnetic
permeability (both affect refractive
index) and/or conductivity the better
the reflection. The lower the angle of
the incident ray to the discontinuity
surface the better the reflection. Re-

flection can take place when the dis-
continuity is either of higher refrac-
tive index or lower refractive index
than the medium ofthe incident wave.
Whenreflection takes place, only part
of the wave is reflected. Some is lost
and some may pass through the sur-
face and propagate in a different di-
rection (refraction).

Reflection at plane surfaces is easy to
see with light. When light strikes the
surface of a plane sheet of glass with an
unsilvered surface, the light is better
reflected at a low angle to the surface
than at a high angle, and not all the light
is reflected. Some passes through the
glass. If the surface of the glass is rough,
scattering takes place and less light is
reflected. A similar effect is observed if
the surface is dirty. If the surface of the
glass was not hard but slowly merged
into the air similarly, reflection would be
reduced or eliminated. This is not easy to
demonstrate with glass, but the effect is
very important when dealing with at-
mospheric and ionospheric effects. An
important point to note is that a plane
reflector can have quite a poor surface
and, in fact, have practically noreflective
effect for a vertical incident ray but have
quite a good reflective property at a very
low angle.

In radio, the best example of plane
surface reflection of this type is the re-
flection of radio waves by theground, and
this displays all the properties listed
above. Sea water, which has a higher
dielectric constant and better conductiv-
ity than soil, is also a better reflector. In
fact, water will reflect all waves from
radio to light frequencies. Soil will only
produce regular reflection at radio fre-
quencies where the irregularities are
small compared with a wavelength, hence
the longer the wavelength (the lower the
frequency) the better the reflection.

2. Total Internal Reflection
This form of reflection is a direct result

of refraction. In some amateur articles
recently it has incorrectly been referred
to as refraction. The term is, therefore, a
bit misleading. It differs from ordinary
refraction or just bending in that the
wave is turned around completely and
comesoutofthe reflecting medium at the
same angle as it entered. It fulfils all the
requirements of reflection given above.
See Figure 1. Total internal reflection
takes place if the sine of the angle of
incidence times the ratio of therefractive
index of the first medium to that of the
second is greater than 1.

In mathematical terms, and by
transposing formula 1:

if no. .
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then sin r is greater than 1. There is no
angle for a sine greater than 1 and r is
unreal — reflection then takes place.

As a simple example of the above,
suppose n,=1.2 and n=1. Then, if the
angle of incidence i=3Ge (60° to the sur-
face), the angle of refraction r=36.8°. If
i=60° (30° to the surface), sin r=1.04.
Refractioncannot take place and the wave
is reflected (see Figure 1). The critical
angle occurs when sin i=1/1.2, therefore
i=56°

The old physics term of “total” internal
reflection is based on the notion that this
reflection takes place inside the higher
density media and is not caused by the
surface. Itis, therefore, lossless. The term
“total” is slightly misleading. The reflec-
tion loss may in theory be zero but the
media through which the electromag-
netic wave passes certainly may be lossy.

Total internal reflection, which is the
direct result of refraction, differs from
plane surface reflection in several major
ways. Totalinternal reflection takes place
only when a wave moves from a medium
ofhigher to one oflower refractive index.
Like refraction, this reflection can take
place over a considerable distance where
the refractive index changes very gradu-
ally. This is completely different from
plane surface reflection as described
above. In the case of the ionosphere,
bending and ultimate reflection may take
place over a distance of thousands of
wavelengths; see Figure 3. (Ifthe bound-
ary between the two media is sharp and
the angle of incidence is too small for
total internal reflection, plane surface
reflection and refraction may take place,
see the dotted line in Figure 1lc.

An example of light being reflected by
this process at a diffuse surface would be
that of a mirage or reflection from heat
hagze on a road. This is the same as
reflection of VHF radio waves from a
temperatureinversion.

Diffraction

In some ways this is the most mysteri-
ous characteristic of propagation, but it
is certainly very important at low fre-
quency. It is a characteristic of all wave
motions (even waves on water) that you
cannot have asharp edge toa wave beam.
Ifyoutry to, the edge of the wave pattern

Another example would be where a laser
beamis projected at the moon —the spot
on the moon is a lot larger than would be
expected from the radiation pattern of
the source. On an ocean island, waves
come in on every side of the island even
though the waves out at sea may be
travellingin onedirection. Inradio, waves
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will generate new waves which, in effect,
causes the beam to “spread out”. The
theory is that every point on the edge of
a beam (of light, radio waves or even
ocean waves) acts as new source of waves.
The sum total of all these sources is to
produce a beam that spreads out at the
edges.

The effect is observed when light is
projected at a very small hole; the hole
will tend to become a source of light.

bend beyond the horizon, and this is the
basis of ground or surface waves. The
larger the wave the bigger the corner the
wave will bend around. In other words,
the effect is a matter of scale.

This effect therefore becomes more
significant the longer the wavelength,
and will be dealt with particularly under
low-frequency propagation.

(To be continued)

The Marconi Spirit

Some years ago, Dr W A S Bute-
ment VK3AD told me the following
story during a business trip to the

WRE in VK5. (VK3AD is now an SK).

Bill was studying in London, going
for his PhD when he had regular CW
QSOs with his high school friend in
Wellington, who was the son of the
then Prime Minister of ZL.

Hisfriend asked Billonedaytogoto
the House of Commonsin Londonand
observe the debate on a certain mat-
ter, which would be of great impor-
tance to his father, and if he could
obtain and pass on the information via

QSO before anyone else in ZL could have
it.

Bill did as asked by his friend, and the
Prime Minister surprised not only his
opposition with the knowledge obtained
when the people of ZL were still asleep —
even the usually alert press was now
guessing.

But a few days later Bill received a
letter from the Marconi Company say-
ing: “Dear Sir, it has come to our knowl-
edge that you have used amateur radio to
communicate with New Zealand in a way
contrary to the regulation on amateur
radio, and the communication used is a
monopoly of the Marconi Company. We

must insist that you will refrain in the
future from this activity, which would
result in serious consequences.

We understandthatyouare studying
for your PhD in radio communication
at London University. Wewould like to
assist you in your work. Please contact
Mr..... , who will give you radio com-
ponents — you can select — which you
would find hard to obtain otherwise.

Yours faithfully”

The spirit of the Number 1 radio
amateur “Marconi” was still alive!

H F Ruckert VK2AOU

25 Berrille Rd

Beverly Hills 2209
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Propagation of Long Radio Waves

Joun Apcock VK3ACA
12 ALBerT STREET, OAK PaRK 3046
(CoNTINUED FROM JUNE 1SSUE)

PART 2. HicH FREQUENCY PROPAGATION IN BRIEF...

to point out some main, and some

possibly less known, features of high-
frequency propagation, and then show
how this differs from low-frequency
propagation. Many characteristics of high
frequency propagation are well known,
and will be only referred to here.

I NTHISSECTIONIT ISPROPOSED

Surface Wave Propagation

At high frequencies, the processes re-
sulting in surface wave propagation are
usually of little importance. Quite often
sky wave signals and general band noise
are sufficient to drown out surface waves
beyond a few kilometres. Also, antennas
onHF are not usually designed tooptimise
surface wave conditions.

Ionospheric Reflection at HF

Propagation of high-frequency waves
much beyond the horizon and to great
distances, depends upon reflection be-
tween the earth and theionosphere. The
process of reflection is caused by a de-
creasing “effective” refractive index of
the ionised media with height. Reflec-
tiontakes place when the wave reachesa
point where the refractive index is suffi-
cient to cause total internal reflection. In
other words, the wave is refracted to a
point where it is turned and returned to
earth, see figure 3. (Note that in all
propagation diagrams for clarity the
height scale is four times that of the
distance).

Theionosphere starts at roughly 70km
above the earth’s surface in the day an
90km at night, and increasesinintensity
and height to about 300 and 400km.
Above this, ionisation decreases with
height and is, therefore, of no conse-
quence. The ionosphere is layered. The
existence of the D, E and F layers is well
known. The layers are diffuse with ioni-
sation in between. In fact, it is probably
rare to have a decrease in ionisation
between the layers.

As far as high frequencies are con-
cerned, most significant reflection takes
placein the F layer, with some reflection
taking place in the E layer during the
day. On HF, and particularly for DX, E
layer reflection is more of a nuisance
than an advantage. For more informa-
tion the reader is referred to the many
articles on the subject of HF ionospheric

propagation, some of which have been
published quite recently. A very useful
article, “Why is there a Maximum MUF”
(Ref 1) appeared several years ago, and
presents a very good basic view ofi HF
ionospheric propagation.

Air has a refractive index slightly
higher than 1, the refractive index of a
vacuum equals 1. If normal physical
variations were to take place in air, only
very small differencesin refractive index
can exist and, therefore, reflection can
takeplace only at alow angleto any layer
of discontinuity in refractive index. The
ionosphere can reflect at a high angle to
the plane of reflection and even at right
angles to the plane. Since a medium
cannot normally have a refractive index
less than 1, it is, therefore, obvious that
the behaviour of the ionosphere is quite
different from that of a normal medium.

From formula2,ifn =1 (approx for air)
and iis a small angle, then total internal
reflection can take place only if n, is less
than 1. See formula 3:

sinr=gini 3)

n
also, if i apprgaches 0°, that is, reflec-

tion at right angles to the plane, thenn,
must approach 0%

The effective refractive index ‘n of an
ionised medium is given by:

n= Y 1BIN/F (4)

where Nisinelectrons per cubicmetre
and fisin Hertz, Nisusually in the order
of 1x10! to 7x10'2, It is obvious from this
formula that ncan have a value less than
1 or less than O (unreal). If a wave is
projected vertically into the ionosphere
and is turned around by the process of
refraction, then not only must the re-.
fractive index be less than 1, it must
equal 0. Substituting n=0 into the above
formula we come up with the often quoted
formula:

Nmax=fc%/81 &)

where fc is critical frequency and the
formula tells us the ionisation density
necessary toreturn a vertically projected
signal to earth. Thus a vertical signal of
a given frequency will pass into the
ionosphere to a point where the electron
density equals Nmax from where it will
be returned to the earth’s surface. If the
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angle ofincidence is greater than 0%or the
take-off angle is less than 90° to the
ground, less ionisation is required to re-
turn the signal (see ref 1 and 2). For an
angle of incidence greater than 0:
N=(fcos i}%/81 6)

As referred to above, we know that
refractiveindices cannot normally be less
than 1 or the wave propagation would be
faster than light (or even faster than
infinity)! When a radio signal passes
through the ionosphere the electrons are
caused to oscillate and, since they have
mass, Some energy is used in overcoming
inertia. Ifthere are no collisions between
electrons and atoms there is no energy
lost, and the energy in the oscillating
electronsisreturned tothe system in the
form of radiation in a different phase
from the original. The process of taking
energy and returning it to the system is
known as reactive and is directly analo-
gous to a capacitor or inductor in an
electric circuit in which lossless current
is drawn by the component. As referred
to above, refractive index is directly re-
lated to permittivity. The ionosphere with
its low refractive index also has a per-
mittivity less than 1, and can be looked
upon as analogous to capacitors in the
sky! Energy being absorbed and re-ra-
diated in this reactive medium is the
effect that results in the wave being re-
flected or refracted.

So this behaviour of electrons in the
ionosphere causes it to behave like a
medium with arefractiveindex less than
1. What about waves travelling faster
than light? We all know this is impossi-
ble. What actually happens is that the
wave has two velocity components, phase
velocity vp and group velocity vg (ref 2).
Thisis a characteristic of propagation in
amedium where the velocity is a function
of frequency. With the phase velocity, the
carrier waveform appears to move for-
ward in time. At the same time, because
of the reduced group velocity, the modu-
lation on the wave appears to slow down.
We, therefore, have a rather negative
kind of refraction and reflection of HF
radio wavesin the ionosphere. While the
wave appears to speed up as it is bent
round and returned to earth, it actually
slows down. The interested reader is re-
ferred to the many texts on this subject,
including the reference above.

Ionospheric Absorption at HF
At the lower edge of the ionosphere

there is a rather mysterious region we

call the D region. The D region lies be-

tween 70 and 90km above the earth; it

has no critical or maximum usable fre-
quency but causesloss to signals passing
through it at HF. Loss in the layer is
large in daylight and practically negligible
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at night. Its loss increases with decreas-
ing frequency and is high enough to form
an almost complete blanket to sky-wave
propagationbelow 2MHz in the daytime.
This layer prevents long-distance com-
municationsoverdaylight paths on 7TMHz
and, to some extent, on 14MHz.

The D region is of great importance in
LF propagation and will therefore be
dealt with in more detail in the next
section.

(to be continued)
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Errata

Sweep Generator Circuit,

Page 9 AR April 1991

Some anomalies have been
brought to my attention in the con-
nections to N3, the MC1496 balanced
mixer. The output pins omitted
should be 6 and 9. Also, resistor R18
should connect to pin 5, not pin 6.
The pin connections shown are for
the TO5 metal package and will be
different for the plastic DIL.package.
The other packages, N1 and N2, are

both DIL.
Lloyd Butler VK5BR
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THE MAIN STORY

JouN apcock VK3ACA
12 ALBert STREET, OAK Park 3046
(CoNTINUED FROM JULY ISSUE)

Introduction

T LAST WE COME TO THE pur-
A pose of the article. Most of the

information in this section came

from a book, “VLF Radio Engi-
neering” by A D Watt who, in turn, ob-
tained information from many publica-
tions by J R Wait. Some information was
obtained from “fonospheric Radio
Propagation” by K Davis, and a small
amountofinformation from practical ex-
perience by the author.

Much of the information given by Watt
isliterally intended to cover VLF, thatis
10 to 30kHz. A certain amount of ex-
trapolationisrequired toextend the range
to the “higher” low frequencies. The
methods given in Watt for path loss cal-
culations are based on theory from a
knowledge of the physical nature of the
propagation paths and processes. Davis
gives largely empirical results to calcu-
late path loss, and these seem to depart
from those of Watt in some respects. This
will be discussed later in the article. It
would appear that the general theory of
low frequency given by Watt can be ap-
plied to frequencies up to 200kHz.

In reading this section, put most of
what you know about the ionosphere out
of your mind. You will find that low-
frequency propagation is quite different.

Before going toofar, it should be pointed
out that alllow-frequency transmissions
are vertically polarised only. In fact, it is
almost impossible to radiate any hori-
zontal component unless you are trans-
mitting from an aeroplane. Radiation of
vertical polarisation was referred to in
anearlier article (Ref3). Some horizontal
component can exist in the received sig-
nal, and this will be discussed later.

Because the experimental licence is-
sued to several people in Australia was
for operation on 196kHz (Ref 3) most of
the calculations will centre around this
frequency.

Surface Wave Propagation

By now most readers should be fairly
familiar with this. At LF, ground loss is
very low, and at all low frequencies,
propagation can be of significance over
distances of up to 500 to 1000km even
over poor ground. Although surface wave
propagation is dependent on the fairly
basic physical phenomenon of diffraction

described in sectionl, the calculation of
path loss depends upon a number of fac-
tors. Inthe words of texts on the subjects,
it is easier to calculate path loss from
graphs given for the purpose. Graphs for
calculating surface wavelossaregivenin
most texts on propagation. For the pur-
pose of discussion, path loss graphs are
given here for 200kHz and 1.8MHz (see
figure 4).

At all radio frequencies, the surface
wave is composed of several components.
The most significant waves are direct,
reflected and a wave derived from the
edge of the wave shadow as described
above under diffraction. At LF, the direct
andreflected wave (Ref 4) at low angle to
the ground are phase inverted, resulting
intotalcancellation. Thisleaves only the
diffracted wave as the dominant wave.
The effect of thigis that, asenergy is lost
from the wave at ground level, wave
paths above the loss area tend to bend
down to fill in the gap. This bending also
affects sky wave propagation, and this
will be referred to again in the next sec-
tion. These characteristics are shown in
the general LF propagation diagram fig-
ure 5 and in an exaggerated form in
figure 6.

Close to the transmitter energy is lost
from the surface wave mainly due to
induced currents in the lossy ground.
Further from the transmitter, in theearth

shadow zone, energy is lost as signal
energyisfedintothegap. See figure6. At
low frequencies ground losses are low
and become lower with decreasing fre-
quency. Alsoatlow frequencies the waves
themselves are bigger. This is purely a
matter of scale; big waves fill up big gaps
better than small waves.

Onthe practical side, it is obvious from
the curves (figure 4) that at 196kHz sur-
face wave propagation is excellent, es-
pecially over seawater. For comparison,
surface wave propagation is shown for
1.8MHz. This propagation is so good and
completely reliable that this factor alone
makes LF operation desirable. From the
graph it can be seen that a 196kHz sur-
face wave over poor ground can travel up
to five times as far as a 1.8MHz wave
under the same conditions. When read-
ingthis propagation graph pleasekeep in
mind that the distance scale is logarith-
mic.

Ionospheric Propagation

This section will deal with this subject
inseveral bagic sections, and at theend it
is possible to estimate any path loss as
shown in the worked examples.

The Structure of the Ionosphere as
Seen at LF
Firstly we will look at the ionosphere
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without the earth’s magnetic field. The
upper ionosphere consists mainly of elec-
trons and ionised particles. The atmos-
phere consists mainly of molecules with
few free electrons. Lossin theionosphere
is a function of collision frequency be-
tween electrons and molecules. Where
the atmosphere and ionosphere meet, a
layeris formed which has a high electron
collision frequency and, therefore, high
loss. This lossy layer, referred to as the
conducting layer, contrary to popular
belief, is always present. In the daytime
itis thick and exists at about 70km above
the earth. At night the ionisation in the
lower ionosphere is much less and the
conducting layer is much thinner and
exists at about 90km.

The lossy or conductive layer is like a
resistive film across the bottom of the
ionosphere. It existsin the region we call
the D layer. The D layer can exist as a
layerofionisation but, more usually, it is
simply the bottom of the E layer.

At highfrequency, the Dregionislossy
in the daytime and basically prevents
long-distance communications below
about 10MHz. At night the lossy layer
haslittle effect on high-frequency propa-
gation, at least above 6MHz. Electronsin
the ionosphere oscillate as an electro-
magnetic wave passes through. At low
frequencies, electrons move further as
each wave passes, causing more colli-
sions. At these frequencies the whole
ionosphere becomes lossy to passing
waves. The loss is particularly high in
the lossy or conductive layer. The D re-
gion has no maximum usable frequency
in the same way as the E and F layers.
The high loss renders it non-refractive
and, under normal circumstances, low-
frequency waves do not propagate
through the ionosphere.

When electrons move through the
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fonosphere —,
-

Surface wave

Plane surface reflection

theoretical grazing
angle distance~2000k
ionospheric wave

extended by diffraction
»2000km

. Convergence at low

T e . angle

\qion diuc tive
\.\Oyer

Sakm

Figure 5. LF night-time propagation paths.

earth’s magnetic field the electrons are
caused to spiral. This oscillation of the
electrons of the ionosphereresonatesata
frequency known as the “gyro” frequency.
Insouth-eastern Australia this frequency
is around 1.8MHz. The general effect is
that it causes some unusual propagation
near these frequencies caused by differ-
ent reflections. That is, reflections at
other angles than normal can be empha-
sised.

Itis a popular misconception that loss
in the ionosphere is maximum at the gyro
frequency. This is not correct. The texts
on the subject state that loss in the iono-
sphere due to the earth’s magneticfieldis
lower than expected at HF and LF, and
higheratornearthe gyro frequency. This
resultsin aknee pointinthe curve of loss/
frequency (not shown here) of the con-
ductive layer, but the loss certainly in-
creases with decreasing frequency. There
is a second knee or flattening off in the
curve at the collision frequency of the
electrons and this is around 400kHz at
night.

Reflection by the Ionosphere at Low
Frequency
With such a lossy ionosphere, how can

wave

fronts

Figure 6. Exaggerated diagram showing bending of wave paths toform surface wave
and bending of low angle ray to have a virtual angle below the horizon.
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anyreflection take place? Actually an LF
signal does not enter the ionosphere at
all, butis reflected by the bottom surface.
Thisis plane surface reflection orregular
reflection as described above under “ba-
sics of propagation”. It occurs at the bot-
tom edge of the ionosphere when the
conductivity increases with height sig-
nificantly overa distance of a wavelength.
This reflective power of theionosphereat
the bottom edge discontinuityisthe same
as reflection by the surface of the ground
at the discontinuity between the atmos-
phere and ground.

Toreturn to the optical analogy for LF,
the ground and the ionosphere would
both appear like sheets of glass with
partly silvered surfaces. The top side of
the ground and the under side of the
ionosphere would poorly reflect light in
our analogy perpendicular to the surface,
but be quite good reflectors at a low angle
to the surface.

The rate of change of conductivity with
height of the ionosphere (conductivity
profile) is expressed in terms of vertical
distanceinkilometres({1) over which the
conductivity changes by the ratio 2.71:1.
For satisfactory reflection at LF the value
of this distance, /1 is between 0.5 and
3.5km, depending upon the time of day
and time of the year. From this value a
reflection coefficient can be obtained. The
reflection plane is taken as the point
where the conductivity equals 1.11x10%f
and at 196kHz this equals 2.18x10-
Siemen/metre.

In many ways, this plane surface re-
flection is much simpler than the type of
reflection which occurs at HF. It was
known to the ancients. When radio sig-
nals were first transmitted across the
Atlantic, they exclaimed that there must
be a conducting layer of some sort in the
sky. The conducting layerbehaved exactly
as expected with improving reflection
coefficient with increasing wavelength.
It was this knowledge which brought
about the idea that wavelengths shorter
than 200m were useless. A statement
which amateurs never allow the profes-
sionals to forget. Realistically, it did not



take them long to find out about the true

nature of the ionosphere, and between

1920 and 1930 most of what we know now

was discovered.

This type of ionospheric reflection
which occurs at LF has a number of
unique characteristics which are differ-
ent from that at HF.

1. Since the reflection coefficient is de-
pendent upon the change of conduc-
tivity over the distance of a wave-
length, the longer the wavelength, or
the lower the frequency, the better
the reflection down to 10kHz. The
reflectionlossis minimum at between
10 and 30kHz. Below this frequency,
the conductive layer does not have
enough thickness or conductivity to
maintain reflection. In other words,
the first factor of conductivity profile
is the limiting factor at the higher
frequency end of the LF spectrum,
and the second factor of actual con-
ductivity is the limiting factor at the
lower frequency end of the LF spec-
trum. This results in a unique form of
ionospheric reflection in the LF band
thatisdifferent from thatinany other
part of the radio spectrum.

2. Reflection by this mode is best at the
lowest angle and falls off with in-
creasing angle. This is opposite of the
situation at the lower high frequen-
cies and medium frequencies where
loss is higher at lower angles.

3. Although theionisation inthisregion
is very low at night, the reflection
coefficient is considerably improved
at low frequencies, simply because
the discontinuityis much sharperand
occurs at an increased height. This
results in a paradoxical observation
that the lower the ionisation the bet-
ter the reflection. At HF the opposite
is true.

Figure 7 gives a graph of reflection
coefficient expressed aslossindB against
frequency. The straight line sections of
the graphs are based on the formula:

20 log R=.57fl1cos i (7)

where 20log R is the reflection coeffi-
cient loss in dB, 11 is defined above, f is
frequency in kilohertz, i is the angle of
incidence at the ionosphere and R is the
reflection coefficient for vertical to verti-
cal polarisation. As with HF, a certain
amount ofthe signalis converted into the
opposite polarisation, but this is not de-
t:it_2dhere. It willbe noted that the log of
the reflection loss in dB is simply propor-
tional to the other factors. The vertical
scale of the graph is, therefore, double
log. Foraparticular frequencyand 11, the
loss in dB is proportional to cos i. The
graph is correct for a cos i=0.16. This is
roughly the cos of the incident angle for a
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cutback.
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grazing launching ray. For loss at other
angles: .
Loss dB=Loss from graph x cos i/0.16.
8)

The value of 11 is variable, depending
upon time of day and year (the sunspot
cycle appears to have little effect). The
value of 11 isusually from .8to 1.2 at night
and from 2 to 3 at midday. In the daytime
the value of 11 varies from the night-time
value at dawn in a curve peaking at

midday. Another significant point to keep
inmindisthat the height of the reflecting
plane is 90km at night and drops quite
rapidly to 70 to 75km with daylight. From
some actual values taken from observed
resultsat 200kHz and for cosi=0.16 given
in Wait, values of 20log|R| are as fol-
lows: Night —12.5, Winter day — 29, and
summer day — 48 to 60. These corre-
spond to values of 11 0f0.7, 1.7and 2.6 to
3respectively. These are the values which
were used for the calculations and ac-
companying graphs.

Cut-Back Factor and Convergence

These two effects on the received sig-
nal strength tend to be complementary
and are, therefore, both dealt within this
section.

The radiation pattern for the distant
field remote from the ground from ashort
vertical antenna is shown by the solid
lines in figure 8. Since the field strength
from a short vertical antenna is propor-
tional to the cosine of the angle to the
antenna, then the field strength radia-
tion pattern graph, when plotted on a
polar diagram, will consist of semi-circles
as shown. The gain of a short dipole is
1.78dBi (1.78dB relative to an isotropic)
atright angles to the wire. Ifthe antenna
is above a perfect ground, the lower half
of the radiated energy will be added to
the upper half, and this adds another
3dB. In normal operation on long waves
the antenna is always vertical and al-
ways short, and, therefore, the gain is
always 4.78dBi or three times.

A simple example to clarify this is as
follows. The power to an antenna is 100W
andtheantennais 1percentefficientthe
equivalent radiated power at right an-
gles to the wire is:

100x0.01x3=3W

Duetolosses ofthe signal to the ground
and to supplying the surface wave by
diffraction, the lower edge of the radia-
tion pattern is depleted as shown by the
dotted line in figure 8. This depletion is
well known at HF and is described in all
the usual amateur texts on the subject of
radiation. At HF, it usually means there
is virtually no useful sky wave signal
originating from an antenna, either ver-
tical or horizontal atan angle less than 5°
to the ground. This characteristic of loss
of signal to the ground is known as cut-
back.

At LF, cutback is less than at HF. In
fact, as a result of bending of low-angle
signals due to diffraction to produce the
surface wave, the sky wave path just
above is also bent, resulting in radiation
at avirtual angle below the horizon. This
is also illustrated in figures 5 and 6.
Refraction in the lower layers of air also
has the effect of extending the horizon at
LF in the same way as at HF.

Useful radiation can be expected fora
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sky wave path when the wave path origi-
nates from the antenna at an angle of -5°
and this is enhanced by convergence de-
scribed below. This results in a consider-
able extension of the single hop sky wave
path, and helps to compensate for the
very low height of the reflecting layer.
For anionosphericreflecting layer 90km
high, the expected maximum length of a
single hop sky wave is about 2000km,
but, with the enhancements described,
the hop can be usefully extended to more
than 2800km.

The graphs for cutback factor at
200kHz derived from information given
in Wait are shown in figure 9.

Convergence is a focusing effect and is
illustrated in figure 5. Normally signal
path rays diverge, but because the re-
flecting surface is curved, signal path
rays are caused to converge at low radia-
tion angles. The gain resulting from
convergence at 200kHz is shown in the
graph in figure 10. The gain is particu-
larly significant for signal pathsjust below
the horizon, and significantly compen-
sates for cutback. The gain is higher for
the second and subsequent hops (not
shown here).

Convergence not only takes place in
the vertical plane, but also in the hori-
zontal plane resulting from the curva-
ture of the earth. To take the effect to its
ultimate conclusion (under ideal condi-
tions), an image of the transmitting an-
tenna is formed at the opposite side of the
earth (antipodal position) from the
transmitter.

Because of much higher cutback at
HF, low-angle convergence in the verti-
cal plane would have little effect. The
author has no knowledge of this effect
being taken into account in HF calcula-
tions.

Reflection From the Earth’sSurface
After Two or More Hops

How far a low-frequency signal will

travel depends very much on the power
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Figure 10. Convergence factor at 200kHz.

used and the frequency. At 196kHz, and
with amateur power levels and antenna
efficiencies, hops much beyond the first
would be unusual. If a high-efficiency
system is used, multi-hop signal is a
possibility and, therefore, ground reflec-
tion must be taken into account.

Ground loss at LF is very low. On
multi-hop signals ionospheric reflection
islikely to be the limiting factor. Loss for
ground-reflected signals was originally
described by Terman (Ref 5) and has
been duplicated in almost every textbook
on the subject of propagation. It is not
proposed to reproduce a ground reflec-
tionloss graph here. The reader canrefer
to the many texts on the subject.
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Figure 11. Propagation chart for 196kHz above poor ground
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Other Factorsin Sky Wave Propaga-
tion

The loss in ionospheric reflection is
such that only low-angle radiation canbe
considered. At very low frequencies, loss
in the ionosphere is low, allowing long-
distance communications.

The loss in reflection from the iono-
sphere shown in figure 7 is not all total
loss. The graph represents reflection of
vertical to vertical polarisation. As with
HF ionosphericreflection, a proportion of
the energy is converted to horizontal po-
larisation. This is brought about by in-
teraction between moving electrons in
the ionosphere and the earth’s magnetic
field. Horizontally polarised waves are
undetectable at ground level due to phase
inversion and cancellation. The horizon-
tally polarised component is reflected by
the ground and on the second hop some
signal is converted back to a vertically
polarised signal and addingto the second
reflected vertically polarised signal.

The magnitude of both the direct re-
flected wave (vertical to vertical) and the
converted reflected wave (vertical to
horizontal)is affected by the direction of
the earth’s magnetic field and the direc-
tion of propagation. These effects are
very complicated and won’t be consid-
ered here, but it is interesting to note
that propagation is better in some direc-
tions, particularly from west to east.

As well as path loss, it is possible to
calculate the relative phase of the signal



along its path. For example, where the
sky wave is similar in strength to the
surface wave, or where the first hop is of
similar strength to the second hop, it is
possible to determine whether they add
orcancel. Thisis alsonot dealt with here,
to simplify calculations. It can be consid-
ered that, where two paths meet and are
of similar strength, the average effect is
an increase of 3dB, but complete cancel-
lation with a zero strength is possible.

Calculation of Path Loss
With Examples
The calculation of surface wave field
strength is as follows:
Ezg[dB above 14V/m]=109.5 + 10log
Pr{kW] - 20log d(km] + 20Log|Wn (9)
104.8 is the field strength in dB above
1uV/m at 1km from an isotropic antenna
radiating 1kW. 109.5=104.77 plus the
gain of a vertical short monopole above
ground, 4.78dB. 10Log Pr[kW]is the cor-
rection forradiated power. 20Logdisthe
loss due to spreading over the path dis-
tance in kilometres. 20Log Wn|is a nega-
tive value and can be obtained only from
graphs published in many texts on
propagation. The value of the whole
equation can similarly be obtained. It is
not proposed to further elaborate on
equation 9.
NP calculation of sky wave field
strength is as follows:
Ezm(dB above 1uV/m]=109.5 +
10log Pr(kW] - 20log(d+ d1) [km] +
20log(cos et) - Lt + 20mlog|Ri}+
20(m-1)LogiRgl +
Cm + 6 - Lr + 20log(cos er) (10)
109.5 is defined above. 10Log Pr[kW]
is also defined above. 20Log(d+d1) [km]
is the loss due to spreading over the total
path distance in kilometres. The path
distance for a sky wave is calculated from
the geometry of the configureuration. To
save space, no explanation of the method
is shown here, but reference 1 gives a
good guide. Ltis the cutback factor at the
transmitter. 20mlogiRilis theionosphere
reflection loss for each of m hops obtained
from figure 7 and/or equations 7 & 8. For
multi-hop, polarisation conversion at re-
flection may be appropriate, but is not
detailed here. 20(m-1)log(rg)is the ground
loss for each of m hops. Ground reflection
isincluded in most texts on propagation,
and is also not detailed here. Cm is con-
vergence factor (see figure 10).
20log(cos et) and 20log(cos er) repre-
sent the vertically polarised component
ofthe signal at a radiation angle e at both
the transmitter and receiver. (In other
words, radiation pattern). Normally the
radiation angle at the transmitter is the
same as the reception angle).
6dB shown here represents the amount
the vertically polarised signal strength
above a perfect ground isincreased at the
receiver, because of the adding of the
direct ray and the ray reflected from the

ground. Lr is the cutback factor, which
modifies the signal at the receiverin the
same way as at the transmitter. It repre-
sents the amount by which the received
signalisreduced by ground loss. In Watt,
the 6dB gain of the antenna above a
ground is included in the cutback factor
graphs, but the author believes the
method used here is more straightfor-
ward.

Using these formulas, graphs for path
field strength have been worked out for
propagation at 196kHz. On the graphs,
the line for a lossless surface wave and a
lossless sky wave are shown. The graphs
have been worked out for a transmitted
power of 100W. In practical situations,
the radiated poweris a lot less than this,
and in a back-yard situation may be less
than one per cent. The reader should,
therefore, correct the field strength shown
according to the actual power. The path
signal strengths are shown in figure 11
with a linear distance scale for clarity.
All graphs have been worked out for a
poor ground with a relative permittivity
of 5 and conductivity of .002 Siemen/
metre.

Readers might find all this alittle hard
to follow. The only way to understand it
properly is to set a problem and work it
through. The author has placed the cal-
culations on computer, but at the mo-
ment the procedure is not complete.

A sample calculation sky wave propa-
gation is as follows:

Frequency 196kHz
Earth radius 6370km
Atmosphere factor 1.33
Hops One
Earth Poor
Time of day Night
Radiated power 100W

Assume loss for cos i=0.16 is 12.5

Distance 1000km
Ionosphere height 90km
First factor 109.5
10log Pr{kW] -10.0
Path distance (1021)
-20log(d-d1) {km] spreading -60.1
Elevation angle radiation Et (8.40)
cos Et (antenna pattern) (0.99)
20log(cos Et) -0.1
-Lt cutback -3.3
Incident angle at ionosphere (78.10)
Cos i (0.20)
20mlog(Ri) at i=77.6 -16.0
Cm convergence 2.0

+6 6

-Lr same as Lt -3.
20log(cos Er) reception angle -0.1

(same as for Et)

Total signal strengthat 24 . 4 d B
above 1uV/m receiver

Atmospheric Noise

The final factor to be considered is
atmospheric noise. Nomatter how strong
a signal is, signal to noise ratio is always
the limiting factor. Of course, man-made
noise is also important, but it is quite

unpredictable. Atmospheric noise at LF
is high and increases at a very high rate
with decreasing frequency. Noise maps
and curves are given in texts on the
subject. Several typical noise figureures
are given here as a guide to noise level on
196kHz. They are based on noise mapsat
10kHz. Doubt is expressed as to whether
the figureures can be extrapolated this
far, but they may be useful. The figures
are based on CW reception with 100Hz
bandwidth at 200kHz receptionfrequency
and are relative to luV/metre.

Summer day -15dB
Summer night -5dB

Winter day -30dB
Winter night -18dB

Final Observations

Low-frequency propagation (10 to
200kHz) differs from high-frequency
propagation in a number of respects.
Surface wave propagation is very strong.
There is no skip zone, even though only
low-angle sky wave radiation is domi-
nant. This is because of the low height of
the reflecting plane, and the long dis-
tance travelled by the surface wave.
Where the surface wave meets the sky
wave, the two merge together, possibly
with some cancelling or adding of the two
where the strengths are equal. From
observation at the receiving site thereis
noapparentdifference between a surface
wave and a sky wave. The only actual
difference is that the phase velocities are
different. More will be said about thisin
section 4.

From 200kHz down, both surface wave
and sky wave improve. The resultis that
the zone where the surface wave equals
the sky wave remains between 500 and
1000km. At 200kHz propagation is poor
in the day and reasonable at night. Be-
tween 10 and 30kHz, propagation is ex-
cellent both day and night. The main
limiting factor from an amateur point of
viewis noise level. The frequencies where
propagationis best are those where noise
is highest. This is the main reason for
very high powersbeingused for very long
distance communications. Another rea-
son for high powers being used is poor
antenna efficiency.

On the frequency used by the small
group of experimenters here (ref 4) sig-
nalstransmitted by the author were heard
day and night in Adelaide and Hobart,
and at nightin Brisbane. I don’t think the
full potential of this has been realised.
Experimenters in America with very
small power have achieved quite good
results.
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Propagation of Long Radio Waves

PART 4 CONCLUSION
(CONTINUED FROM AUGUST ISSUE)

JouN Ancock VKSACA 12 ALBERT St., OAKk PARK, 3046

Horizontal Polarisation

N THE PRECEDING TEXT IT WAS
I stated that with an LF signal there is

no horizontal polarisation present
perpendicular to the direction of propa-
gation. There is, however, horizontal po-
larisation present in the direction of
propagation. I wish to discuss several
aspects of both these statements.

Horizontal Polarisation in the
Direction of Propagation

When a vertically polarised signal
travels over the surface of the ground the
lower end of the wave front, in effect,
drags behind the space wave above the
ground (see figure 12). This is brought
about by the ground having a higher
conductivity and refractive index than
the air, and causing the wave to have a
lower phase velocity in the ground than
in the air (or space). In fact, this is an
application of the optical law which states
that when a wave moves from a medium
of low-refractive index to one of higher
refractive index, the direction of propa-
gation of the wave will bend towards the
normal, that is it bends towards the
perpendicular to the ground. In fact, be-
low the ground the signal is almost
horizontally polarised.

The effect of this is that, at a relatively
lowheight above the ground ahorizontally
polarised component of the signal exists.
This component is present in both the
surface wave and the normally vertically
polarised component of the sky wave and,
surprisingly, the effect can be of signifi-
cance at HF. The phenomenon allows the
use of a directional receiving antenna
known as the Beverage (see Figure 12).
The Beverage antennaisbasically along
wire travelling wave antenna running in
the direction of the received signal. The
antenna is usually terminated in a re-
sistor equal to its characteristic imped-
ance at the front end and the receiver at
the farend. The antenna canbe lessthan
awavelength to many wavelengths long;
the longer the better.

The principle of the antenna is that it
intercepts the horizontal component of
thesignal asittravels along the antenna.
The induced signal adds in the antenna
until it reaches the receiver. These an-
tennas have been traditionally used on
long wave since early times. Most ama-

teurs may not be able to erect such an
antenna longenough tobe of much use on
LF. The method is still worth keeping in
mind. Many amateurs havecertainly used
Beverage antennaon 1.8MHz and higher
with considerable advantage.

Horizontal Polarisation
Transverse to the Direction of
Propagation

It was stated above that this charac-
teristic is ineffective at ground level.
Horizontal polarisation reception at the
higher medium frequencies has been of
particular interest to the author, and
was the main subject of an article some
years ago (Ref 6). Many amateurs have
made use of short or full-size dipoles on
1.8MHz for reception with great advan-
tage, and it is felt that a more detailed
discussion is in order.

Refer to figure 13. Imagine the trans-
mitting antenna is at point ‘a’ and the
receiving antenna at point ‘b’ shown asa
horizontal dipole. An electromagnetic
wave is a transverse wave motion and
can, therefore, only be polarised perpen-
dicular to the direction of travel of the
wave. If the propagation is along the
ground, direction A, that is, perpendicu-
lar to the antenna (assume a lossless
situation), the strength of the signal at a
given distance will depend upon the ra-
diated power and distance. Ifthe direction
ofradiation is vertical, direction C, there
canbenoradiation asan antennacannot
radiate offits end. If we consider a direc-

tion of propagation at an angle, direction
B, to the ground then, from the geometry
of the configuration, the field will have
an amplitude proportional to the cosine
of the angle to the ground. This is shown
by the vector triangle in figure 13. In the
case shown, the angle of radiation‘e’isat
60° and, therefore, the strength of this
field is reduced by cos 60, that is, 0.5 or -
6dB.

This cosine factor is the cosine in
equation 10. In similar manner, when
thesignal reaches the receiver,assumea
vertical antenna here for the moment,
the polarisation is not parallel with it
which, by the same geometry, is also
proportional to the cosine of the angle to
the ground. This is the second cosine
function in equation 10.

Ifthe receiving antennais a horizontal
dipole, then reception is maximum ver-
ticallyand zero horizontally. Even though
the transmitting antennais vertical, the
received signal has a horizontal compo-
nent parallel to the ground, solong as the
launching angle is not completely verti-
calorhorizontal. The received component
of the incoming signal parallel to the
antenna is proportional to the sine of the
angle of reception to the ground. In the
caseunder discussion for areceptionangle
of 60 to the ground, the received signal
will be reduced by sin 60, that is, .87 or
1.2dB. Thisis shown in the second vector
diagram in figure 13.

On medium frequency a dipole, evena
small dipole, which is balanced and ac-
curately horizontal will give high rejec-

Tower Height Adjuster
Continued from page 15

antenna parts, leaving the motor and
clutch. See figs 1 and 2. I fitted the
motor to a 3mm plate with bolts, and
fitted a nylon 30mm gear from a wash-
ing machine to the clutch with little
bolts. The clutch was a plastic cone
with a centre tensioning bolt. Another
gear of 100mm diameter was mounted
onaspindleattached to the motor plate
with a spool for the wire to raise and
lower the tower section.

The motor assembly was mounted
under a carport near the tower. An up/
down switch and a 12V supply allow
the tower section to be raised and low-
ered from the operating position. To

Py ~— e p—
=

Figure 6. Connection of Arm to Po.

indicate the position of the tower sec-
tion I fitted a potentiometer withalong
arm to the raising and lowering wire.
An old meter obtained from an SWR
meter was used toindicate the position.
The potentiometer varies the current
from the 12V supply, and the meter
can be calibrated with the tower posi-
tion. See figs 3,4,5,6and 7. ar
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tion against vertical polarisation. Such
an antenna will reject the surface wave
and most noise and enhance the high-
angle wave. On 160m horizontal polarised
reception is a great advantage in the
“interference zone” where the surface
wave equals the ionospheric wave and
beyond up to about 800km.

(Surprisingly horizontally polarised
reception on 160m not only gives better
reception on short hop signals, but often
givesbetterresults for DX reception. The
reason forthisisnot easily explainedand
could be a subject for research).

On low frequency, one might expect to
obtain a similar advantage. However,
suchis not the case, and this leads to the
next subject.

Lack of High Angle Radiation

on Low Frequency

The lack of high-angle radiation on LF
is not surprising when you look at equa-
tion 7 and also observe Figure 11. From
equation 8,itisobviousthat atfrequencies
much above 200kHz the reflection coef-
ficient at the conductivity discontinuity
will be poor at low angles. At this rate
there would be no ionospheric propaga-
tion of the type described here in the
broadcast band at all.

There must be a transition between
reflection at the conductivity disconti-
nuity described in Part 3 of this article,
and reflection due to decreasingeffective
refractive index with height described in
Part 2. What might happen is that, at a
high angle of radiation — say at 200kHz
— the reflection at the discontinuity is
very poor. Some of the signal might pass
through and be reflected by the Elayerin
the manner described in Part 2 (HF type
reflection). This change should become
more obvious with increasing frequency,
and probably the transition takes place
somewhere in the broadcast band. Texts
on this subject are very poor in informa-
tion on ionospheric propagation on me-
dium frequencies.

If a high-angle signal exists it should
be detectable with a dipole. Also, if a dual
pathexists, thisshould also be detectable
in the form of very slow fading under
certain conditions. The author has tried
a number of experiments at his QTH to
detect high-angle radiation using a dipole.
Non-directional beacons at the LF end of
the beacon band were used as experi-
mental signals. So far, no high angle of
radiation hasbeendetectable. This would
tend to indicate that the method of cal-
culatingionospheric reflection coefficient
given by Watt is correct, at least below
250kHz.

The main difficulty with this experi-
ment is that alow short horizontal dipole

Wave fronts
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yerticol compoWHoﬂzontal component
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Fig 12 Showing how a travelling wave is formed on a Beverage antenna.
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to ray proportiongl
to cos e

antenna
component
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Horizontal component of
signal parallel to ground
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Vertical component of
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to sin e

Rx
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Fig 13 Showing that a signal ray with a high angle of elevation has a strong
horizontally polarised component even when transmitting antenna is vertical.

is very inefficient. This is firstly because
it is short and secondly because of inter-
action with the ground at a low height.
The efficiency of a low short dipole de-
creases approximately with the fourth
power of the inverse frequency. For ex-
ample, ifa dipole delivers 100 microvolts
to a receiver at 1.8MHz for the same
signal strength it will deliver 1 microvolt
at 196kHz. A second difficulty with the
experiment is that the surface wave is
very strong and a high vertical rejection
is required by the dipole.

This low output is not impossible to
work with. If there was any high-angle
signal content in the received signal, it
should be detectable. The experiment is
certainly worth repeating with a bigger
dipole. There must be plenty of people
living in the country with big dipoles.

The Sporadic E Similarity
It was stated in part 3 that this plane
surface type reflection was unique to LF.
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However, one can’t help observing the
similarity between this type of reflection
and reflection by sporadic E at HF/VHF.
Reflection by sporadic E was described
recently in an excellent article in ‘AR’
(Ref 7). Sporadic E is similar, in that it is
inthe form of a thin mirror-like layer, the
reflection coefficient is less the higher
the frequency, and it is better at a low
angle than ata high angle. Itis also noted
that a high-angle signal is only partly
reflected and part is reflected by the
layer above.

Surprisingly, there is such a thing as
“sporadic D" Usuallyreferredtoin LF as
ionospheric disturbances. Stratified ion-
ised layers can form between 50 and
90km above the ground, and are deseribed
by Watt. Although they do not reflect HF,
and may result in increased loss, at LF
they resultin signals being reflected at a
lower height.

VLF Ducting
Wave guide type ducting between the



D layer and ground for LF waves be-
tween 10 and 30kHz is fairly well known,
and often referred to in articles on the
subject. Although this frequency range
falls outside that covered in this article,
it is interesting to show how ducting
relates to all that we have been talking
about. Some explanation is in order.
There is no space available to explain
wave guide theory here, and interested
readersshould refer to the many textson
the subject. Even at 10kHz, the gap be-
tweenthe ionosphere and ground is more
thanawavelength. Briefly, whenanelec-
tromagnetic wave is ducted in a wave
guide with surfaces more than a wave-
length apart, waves will travel along the
guide, being reflected between the two
surfaces at such an angle that the wave
fronts are all in phase vertically. That is,
in the case of the VLF propagation, each
wave front advances as a single unit
spanning vertically from the ground to
theionosphere. The angle of reflection of
the waves forming the waveguide mode
is critical. The most basic mode is the
TEM1 mode. The TEM2 mode is a sec-
ond-order resonance etc. The angle of the
rays to the surface forming the mode
decreases with increasing frequency.
Propagation efficiency for a particular
mode between theground andionosphere
is low, when the angle of the ray to the

ground is high, and is maximum when
the angle to the ground is zero. Above a
certain frequency, the particular wave
guide mode parts company from the
ground, and exists under the ionosphere
only, and thus becomes decoupled from
the antenna. The TEM1 mode reaches
maximum efficiency between 12 and
20kHz. The TEM2 mode reaches maxi-
mum efficiency between 20 and 40kHz,
depending upon the time of day or night.
Above the TEM3 mode, the modes be-
come so mixed they are of little signifi-
cance.

The phase velocity of propagation
making use of these modes is very accu-
rately predictable, and it is on this prin-
ciple that the Omega navigation system
operates.

In brief, propagation at 200kHz is the
same as at 10kHz, in that it depends on
reflection between two low-conductivity
concentric spherical surfaces between 70
and 90km apart — the ground and the
conductingor D region of the ionosphere.
One difference is that, at the low-fre-
quency end of the band, the propagation
isdominated by wave guide modes which
control the wave front velocity, and in
general make propagation very predict-
able over global distances. With increas-
ing frequency, propagation efficiencyfalls
off, until other propagation media be-

come dominant. At frequencies below
10kHz, the high angle of reflection deter-
mined by the TEM1 mode as well as
insufficient conductivity in the D region
causes propagation efficiency to fall off.

Final

With all this I will go back into my
shack for a while and leave readers to
think about it. After a while, I would like
to hear some interesting discussion on
the subject.
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AL811 600W PEP
HF Linear amplifier

Shades of the magnificient past! Remember the
days whena poweramplfierlooked like it meant
business and was heavy enough to convey the
message? Well those da);'s are %ack! Ameri):ron, ® Thl:ee 811A tu!aes

one of the USA's leading amateur power ampli- @ Quiet fan cooling

fier manufacturers has released an amplifierus- @@ Rugged construction
ing three811A tubes in Class AB2 grounded grid

to deliver a clean, comfortable 600W PEP. gl'he : %(;HZ rated transformer
AL-811 amplifier needsonly 40W of drive for the sy .tO use .

VK legal limit. Best of all the cost of running the ® Vernier anode tuning
AL-811 is low, and a new set of tubes will only ® Large twin meters

cost $105 not $350 - $700 or more for other @@ Safety interlock
amplfiers using more exotic tubes.

@ 600W PEP output
@ All bands 160-10

Ameritrons choice of the 811A is no accident, nor is it a purely economical one. The 811A has developed an envialbe reputation for robustness and
reliability over many many years of operation in amateur and commercial service. Its directly heated thoriated tungsten filament is immune to cathode
stripping which can ruin an expensive indirectly heated tube in a few milliseconds if the amplifier is mistuned.

Ameritron have chosen a simple yet extremely effective input circuit, a single Pi section with a slug-tuned coil for each position of the band switch. The
slugs of the coils can be easily adjusted without removing the cover so that you can peak the amplifier without danger of being exposed to high voltage

AL-811 smq'oo plus freight
Stewart Electronic ¢

supplies.
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Phone (03)543-3733
FAX (o03)543-7238

ACN 004 518 898

44 Stafford Street Huntingdale : PO Box 281 QOakleigh 3166
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