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Electromagnetic wave propaga-

tion depends on a number of
varying factors. Each of these factors
can cause radical changes in the recep-
tion of a radio signal.

The sun, the earth’s terrain, the
weather all work their peculiar influ-
ences. The sun, for instance, has a direct
effect on the jon concentration of the
ionosphere. The ionosphere in turn re-
fracts radio waves.

How a particular signal is affected
by sun, terrain or weather depends on
its path through the atmosphere. Three
such paths have been identified and
designated as sky, ground and space
waves.

Ground waves, as the name implies,
hug the ground. Sky waves travel to the
upper atmosphere where the ionosphere
refracts them back to earth. Space waves
propagate through the atmosphere just
above the ground. They usually travel in
straight lines.

At any given frequency only one or
at most two of these waves are useful.
The others are either attenuated or lost
when they are not bent back to earth.

Point-to-point  microwave systems
rely on space wave propagation. As
space waves they are supposed to follow
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. wave interference
caused by atmospheric
discontinuities means
trouble for space waves.

straight lines. Occasionally, however,
they do not because as electromagnetic
waves they are susceptible to atmo-
spheric bending from diffraction, reflec-
tion and refraction.

The Bends

A diffracted wave bends around
corners because the edges of the wave
tend to fill the areas masked by ob-
stacles. A reflected wave bends because
it encounters a reflecting medium. A re-
fracted wave bends because its speed
changes. Of the three, reflection and
refraction pose the biggest problems in
microwave transmission.

Radio waves can be reflected from
a smooth surface just as light can. The
amount of reflection depends on the
angle of incidence or the approach
angle and the reflective quality of the
material doing the reflecting. At low
angle reflection the wave undergoes a
180° phase shift.

Figure 1 shows an electromagnetic
wave at the point of reflection. If there
had not been an obstruction, the wave
front would have continued to a'b.
The reflecting surface caused a change
of direction which resulted in the wave
front acb. As the wave front continues




Figure 1.
undergoes a change of direction and
usually a change of phase at reflection.

An electromagnetic wave

to arrive at the reflecting surface, it is
redirected and its phase shifted 180°.

The third type of wave bending, re-
fraction, is the least predictable. It is
directly related to the condition of the
atmosphere and as such also has some
influence on the reflection of a radio
wave.

Density changes which affect the
speed of an electromagnetic wave cause
refraction. To describe this effect an in-
dex of refraction—the ratio of the
speed of light in a vacuum to the speed
of light in another medium—was con-
ceived.

The index was originally developed
to analyze light rays, but because both
light and radio waves are electromag-
netic, the principle applies to radio
waves as well. The speed of light, or for
the purposes of this discussion the
speed of a radio wave, decreases as the
density of the medium of propagation
increases. This relationship of density
and speed is an important one.

As a radio wave moves obliquely be-
tween two differing densities (Figure
2), its change in speed alters its direc-

tion. If the wave enters a more dense
area, the forward part of the wavefront
slows. causing it to lag behind its upper
portion. This uneven increase in speed
across the wavefront forces the wave to
pivot around its slower end just as a
marching line of soldiers does when
turning.

Atmospheric Alterations

If there were no atmosphere—-there-
fore no density changes—a radiated
signal would proceed in a straight line.

Figure 2. An electromagnetic wave is

refracted when it encounters a medium

of different density. The resulting

speed change usually causes a change
in direction.

But there is an atmosphere which can
refract waves and therefore alter their
relationship with the earth.

A single microwave beam, for in-
stance, might follow a number of avail-
able paths. One might bring it down to
the earth, another bend it away, or still
another might lead it in a curve roughly
equivalent to the curvature of the earth.

In a standard atmosphere where den-
sity decreases with height, the prevail-
ing tendency of a space wave is to curve
but at a slightly slower rate than the



curvature of the carth. Unfortunately.
the atmosphere does not always con-
form to a standard density pattern.

Figure 3 illustrates various atmo-
spheric profiles each of which will
change the propagation path of a space
wave. The graphs use a modified refrac-
tive index, M, defined in units which
relate the curvature of a microwave
beam to the curvature of the carth. The
value of M at a given altitude depends
not only on the index of refraction at
that altitude but also on the ratio of that
altitude to the radius of the earth.

Figure 3A shows a slope which is
standard for most of the earth. When
the slope of the M curve is greater than
normal but not negative, the tropo-
spheric condition is known as super-
standard (earth flattening), hence the
radio horizon distance is increased.
When the slope of the M curve is less
than normal, the tropospheric con-
dition is known as substandard (earth
bulging).

Figures 3B and 3C show two profiles
which indicate an atmospheric inver-
sion. In both cases a space wave signal
will be trapped at the elbow of the
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curve, This produces a condition known
as ducting which can confine a signal to
one height. When this happens, a signal
caught in an unfavorably located duct
can be at least partially blocked. An un-
favorably located duct is one not at the
same height as the receiving antenna.

K and the Earth

The need to correlate the conditions
of the atmosphere and the curvature of
a radio signal has led to the definition of
an equivalent earth radius factor K. This
factor compensates for apparent varia-
tions in the curvature of the earth
caused when an electromagnetic wave
bends. In effect the earth is flattened,
bulged or depressed by the condition of
the earth’s atmosphere.

In a standard atmosphere K equals
4/3 of the curvature of the earth. With
a standard atmosphere the carth does
not fall away from a microwave heam
in as short a distance as would be ex-
pected. The beam has a curvature less
than that of the earth.

The earth appears to become increas-
ingly flat as the value of K increases.
When K equals infinity the earth ap-

B C
T T 2\ ELEVATED
£ E IN_ bucT
i} [} | ~
y il suprAce 4 !

1\ DucT 4l

I

1

M —> M—>

Figure 3. Typical M profiles showing atmospheric conditions. Profiles B and C
indicate an inversion which can cause ducting. Each profile has associated with
it different propagation characteristics.
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Figure 4. The equiv-
alent earth radius
factor K shows the

pears to a microwave beam to be per-
fectly flat. In effect, when K is at in-
finity, the microwave beam curves at
exactly the same rate as the earth.

If the value of K becomes less than
one, the curvature of the beam becomes
negative. The beam itself curves in a
direction opposite to that of the earth.

To the beam the ecarth appears to
bulge. The effect of bulging is to put
obstacles in the way of the transmission
path.

The earth’s actual surface also has an
influence on the atmosphere. Over cer-
tain kinds of terrain the influence is
negligible but over others it is especially
significant.

The atmosphere over flat lands or
water, for instance, is subject to tem-
perature inversions which can cause
ducting. Atmospheric turbulence in
mountainous areas causes mixing which
aids space wave transmission.

The earth’s terrain also affects the
propagation of microwaves by causing
or preventing reflections. Reflections
from a rough surface are usually no
problem because the incident and reflec-
tive angles are quite random. A rela-
tively smooth surface, however, can re-
flect signals toward the receiving an-
tenna.

path of a microwave
beam relative to the
surface of the earth.
(For the purpose of
tllustrating this, the
earth’s curvature is
exaggerated.)

Transmission Paths

Both reflection and refraction occa-
sionally complicate transmission paths.
In itself this is not a problem. The
problem arises because a radio signal is
not the neat little beam depicted in
most diagrams. In reality radio signals
spread as they advance, becoming not
just one beam but, theoretically, an in-
finite number of them (Figure 5).

Each component of the wave, travel-
ing its own unique path, is subject to
different reflections and refractions.
Some components do not reach the re-
ceiving antenna at all. Of those that
do, there can be both principal and
secondary wave components.

One convenient definition of these
components hinges on the paths they
follow. The principal component is the
direct or unobstructed component and
any reflected component of the wave.
Secondary components are those which
travel multiple paths through the atmo-
sphere.

At any instant the signal strength at
the receiving antenna is the vector sum
of its components. Combinations of the
principal and secondary components
produce phase interference—one cause
of multipath fading.



Two components of a wave can cause
2 6 dB increase in signal strength or a
complete null. The degree and char-
acter of interference depends on the
amplitude and phase difference of the
two components.

The exact nature of a cancellation or
reinforcement varies with the circum-
stances. Components 180° out of phase
experience a degree of cancellation di-
rectly related to amplitude. On the other
hand components of the same ampli-
tude experience a degree of interference
dependent on phase differences.

There are examples of multipath fad-
ing which appear to be the result of
more than two interfering waves. In-
vestigations have led to the assumption
that very deep multipath fading often
results from the coincident arrival of a
signal weakened by its reflected compo-
nent and a secondary wave.

Solutions

Although multipath fading is quite
random, there are ways to compensate
for it. The least subtle and most obvious
solution is to provide extra signal
strength—increased by an amount
known as the fade margin. This has the
effect of increasing the amount of fad-
ing a signal can withstand before it be-
comes unusable.

A fade margin figure for a typical
6-GHz path is 30-40 dB. When the
signal path is over a good reflecting sur-
face such as water, additional fade mar-
gin must normally be provided.

Fade margin can be obtained in four
ways. The first is to increase antenna
gain by making the antenna larger. The
second is to reduce the distance between
antennas. The third and fourth are
either to increase the transmitter power
output or decrease the receiver noise
figure. The effects of these adjustments
vary widely and are often limited by
expense or location.

Another solution to multipath fading
is the use of diversity systems. Three
methods have been tested and two are
known to have been put into practical
operation on microwave systems. Both
frequency diversity and space diversity
can reduce the amount of outage time
due to deep multipath fading on most
microwave systems.

The third method is polarization di-
versity. It requires two synchronized
radios transmitting the same informa-
tion on the same frequency but at dif-
ferent polarizations. The method has
been useful in lower frequency radio

Figure5. Radio signals spread as they

travel through the atmosphere. In ef-

fect the signal becomes many beams

each subject to the atmosphere’s in-
fluence.

systems using sky waves, but with space
waves both polarizations have been
found to fade simultaneously.

Frequency Diversity

Frequency diversity systems require
at least two separate transmitters and
two receivers operating on different fre-
quencies. Normally it is not necessary
to have a separate antenna for each
transmitter and receiver. The receivers
are connected to a diversity combiner
which adds the two received signals to
form a usable, combined output.




) Figure 6. With fre-
quency diversity two
wavelengths travel
the same refracted

path (b) but will not

have the same inter-

fering effect on the
direct wave (a).

Most frequency diversity systems
have frequency separations of 2-5 per-
cent of the lower frequency. This sep-
aration keeps the frequencies within the
same band. Some systems use frequen-
cies from two microwave bands, for ex-
ample 6 and 12 GHz, thereby obtaining
much greater separation. This latter
method is called crossband diversity.

The effectiveness of frequency di-
versity depends on the wavelength dif-
ferences of the frequencies in use. Iad-
ing occurs when the components of a
signal interfere in such a way as to
cause cancellation. Interference depends
on the relationship of direct, reflected
and secondary waves. With signals hav-
ing different wavelengths but following
the same paths, it is unlikely that they
will cause simultaneous deep fades.

When considering any given path
over which both frequencies must
travel, it is casy to see why interference

will not occur simultaneously on both
frequencies. Tor each frequency there
may be a number of different paths, but
neither frequency can follow one path
to the exclusion of the other frequency.
When the wavelength of one frequency
travels a distance which causes interfer-
ence with the direct component of that
frequency, the wavelength of the other
frequency—traveling the same distance
—will not have been delayed enough in
its travels to interfere to the same ex-
tent with the direct component of its
frequency.

As a solution to multipath fading,
frequency diversity is simple and use-
ful. The redundant arrangement of
transmitters and receivers gives the sys-
tem two complete electrical paths. This
is a good hedge against equipment fail-
ures and an advantage when perform-
ing checks where service cannot be in-
terrupted.

Figure 7. With space
diversity the same
wavelengths travel
different refracted
paths (b and b’) but

will not have the

same interfering ef-

fect on the direct
waves (a and a’).




Figure8. Anunlim-

ited number of Fres-

nel zones surround

the direct beam.

Here zones 1 through
4 are shown.
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Space Diversity

In a typical space diversity system one
signal is transmitted to two vertically
spaced receiving antennas. At the re-
ceiving station the two signals are
combined.

A space diversity system requires only
one transmitter and two receivers, al-
though most systems have a second
transmitter in hot standby. In addition,
a system must have at least two receiv-
ing antennas in order to provide the
required vertical spacing. Each antenna
must have its own waveguide.

Normally the additional antenna
means a stronger if not separate antenna
tower. In all probability the tower will
also have to be taller in order to insure
adequate vertical separation.

Unlike frequency diversity, which
relies on wavelength differences, space
diversity relies on path length differ-
ences. The working concept behind a
space diversity system is that compo-

nents of the same signal traveling dif-
ferent paths will not have the same in-
terference points. The same wavelength
is interfered with differently at two ver-
tically separated points because it travels
different length paths to the antenna.

Space diversity is the best protection
against multipath fading if microwave
frequencies are scarce. Although it does
not have the advantage of two com-
plete electrical paths, it avoids the prob-
lem of obtaining two frequencies for
the same transmission path.

Interestingly, there is a growing con-
troversy as to how the spacing between
antennas should be determined. There
are two schools of thought on the sub-
ject and, appropriately, they are diverse.

One approach is based on the as-
sumption that multipath fading in-
volves a complex interaction from more
than one source of interference. This
makes it difficult to calculate optimum
antenna spacings on anything other




than a statistical basis. As a result spac-
ings are usually selected which are as
wide as possible (based on the empiri-
cal conclusion that improvement would
probably increase with separation) con-
sidering tower heights and other me-
chanical factors.

The other approach uses discrete, cal-
culated spacings to combat simple twe
path, reflected component interference.
It relies on a known vertical pattern of
signal strength consisting of alternating
nulls and maxima.

Fresnel Zones

Analysis of this pattern has shown
that interference depends on the vertical
distance between the direct component
and a reflecting surface. The relation-
ship is conveniently defined by Vresnel
zones.

These zones form a series of concen-
tric circles around the direct or shortest
path between transmitter and receiver.
The positions of the zones are wave-
length dependent. Each zone contains
wave components traveling paths no
more than half a wavelength different
in length. Two paths passing through
corresponding points in adjacent zones
will differ in length by half a wave-
length.

Fresnel zones, of which there are an
unlimited number surrounding a path,
are numbered from the center out. Paths
through the first Fresnel zone vary in
length from the direct path by as much
as half a wavelength. Paths through the
second zone vary between half and one
wavelength, those through the third by
one to one and a half and so on. Fach
zone number represents an increase of
half a wavelength in path length.

Figure 8 illustrates how the Vresnel
zones surround the direct path. Each
successive zone passes wave components
which travel half wavelength differ-
ences. These zones can be used to deter-
mine where out-of-phase paths occur.
Transmission engineers normally refer
to paths passing through even zones as
having components which cancel and
those passing through odd zones as
having components which reinforce the
direct wave.

A knowledge of Fresnel zones is use-
ful when planning a transmission path
over reflecting surfaces. Because even
Fresnel zones contain wave components
which cancel the direct component, sur-
faces which reflect even zone compo-
nents should be avoided. Logically the
vertical distance between a direct com-
ponent and a reflecting surface should

Figure 9. Reflected
waves can interfere
with direct waves. A
distance. d, betiween
reflecting point and

direct wave equal to

an odd Fresnel zone

radius can cause re-

inforcement. If d

equals an even zone

radius, the lwo waves
can cancel.




Figure 10. Fresnel
zones around two di-
rect waves can co-
incitde. A reflection at
zones 6 and 8 in A

g—
729
6—8
5="—"7
4—_65
3-"5
-4
27—
=)
—1
.

DIRECT WAVE

COMPONENTS '
would cause cancel- A
lation. To overcome

this other direct =
waves must be g—_"
chosen to obtain the Z::g
pattern in B. This is 5-—6
done by changing the e
position of at least 3-—4
one of the antennas. g —_:

=
-1

.

DIRECT WAVE o

COMPONENTS B

e

be less than the radius of an even Fres-
nel zone.

Figure 9 shows the direct and re-
flected components of a wave. If the
reflecting point is so located that com-
ponents in an even zone are reflected,
there will be a cancellation of the direct
wave. It is for this reason that trans-
mission paths are engineered to avoid
reflections at even Fresnel zones.

On a transmission path receiving an-
tennas are spaced to intercept two di-
rect components. By calculating the re-
flecting points based on an expected
value of K, it is possible to determine
which direct components and which an-
tenna heights are best suited to take ad-
vantage of the Fresnel zones.
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Using the Zones

A rudimentary approach to calculated
antenna spacings is to locate one an-
tenna to receive waves reflected at an
odd Fresnel zone for standard atmo-
spheric conditions. The other antenna
is then placed to receive those reflected
at an adjacent even zone.

If the equivalent earth radius factor
changes, the height of the direct wave
changes. The positions of the Fresnel
zones relative to the earth also change.

Unless there is a radical change in
K, the antennas will continue to inter-
cept reflections from adjacent Fresnel
zones. As K increases, however, it is
possible that reflection will occur at ad-
jacent even or odd Fresnel zones.




This can happen  because higher
numbered Tresne] zones are closer to-
gether. This means that the Fresnel
zones around two direct components
creep up on each other (Figure 10).
Eventually an even zone associated with
one component can coincide with an
even zone of another component. For
instance, zone 8 might coincide with
zone 6 on another direct component.
When this happens at a reflecting point,
there will Dbe simultaneous nulls or
maxima on both antennas.

To avoid this, antenna positions arc
sometimes fixed by determining or as-
suming the maximum possible value of
K for the transmission path. With this
method the distance between direct
paths is chosen so that coincidence be-
tween even Fresnel zones will not occur
at any reflecting points. There is some
inefficiency in this system when K is at
its normal value but this does not re-
duce the diversity effect.

The theory underlying the calculated
approach is that reflections from lo-
catable sources are the major contrib-
uters to multipath fading. On overland
paths this is not always true. It is quite
possible to have no reflections or to have
two or more of them.

Studies of deep fading microwave
signals have bheen made using paths
with low coeificients of reflection. In
spite of the low reflectivity, two, three,
and sometimes more signal components
were found. This discovery led to the
belief that ground based reflection is
not the only cause of multipath fading.
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In Sum

Several years ago Lenkurt engincers,
as well as other engineers, determined
that diversity improvement would prob-
ably increase as vertical antenna separa-
tion increased. They concluded that in
the 6-GHz band a spacing on the order
of 30 to 40 feet offered a reasonable
trade off between diversity improve-
ment and tower height. Field experi-
ence with many systems has shown that
space diversity engineered in this fash-
1on provides extremely good protection
against fading of the multipath type,
whatever its source.

Based on these results space diversity
appears to be an effective protection
against multipath fading. Tt takes into
account the disruptive influences of at-
mospheric reflection and refraction. In
fact at times it capitalizes on these phe-
nomena to obtain stronger signals than
would be expected.

Whether the biggest fading damage
is done by a reflecting surface or a
refracting atmosphere depends on the
specific path. It seems that over most
microwave paths there is more multi-
path fading from atmospheric refrac-
tion than from reflection.

In either case space diversity or fre-
quency diversity can protect against fad-
ing. Frequency diversity uses two fre-
quencies and hence two wavelengths
traveling over the same path. Space
diversity uses two path lengths to send
the same wavelength to the receiver. In
both cases the different lengths prevent
identical interference.
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