


SCATTERING OF RADIO CROUND WAVES IN PROPAGATION
OVER IRREGULAR TERRAIN

By

Kenneth A, Norton

The application of statistical methods in any field of engineering or
ecience usually becomes necessary st some stage in its development in order
that further progress can be made. Today, I will first describe some of the
characteristice of two important mathematical tools useful in statistical
predictions of ground-wave propagation and will then demonstrate their
applicability to the description of radio propaegation over irregular terrain
by means of an example. It should be stressed at the outeet that this is an
interim report on methods which have been found useful in a field in which
new and detter methods of analysis are baing developed almost daily. The
nethods I v@ll describe have been useful to us in stimulating our thinking
on this sudbject and I pass them slong to you a2t this time merely as & prog-
ress report and not as completed research.

SLIDE NO, 1

The first mathematical tool I will describe is the Rayleigh distridbution
or Handom Walk, Lord Hayleigh solved the problem of determining the probability
distribution of the intenslty and phase of the resultant vector, E.. obtained
by adding together, with random relative phase, a large number of vectors,
El, Ee, ate. up to En. When the four conditions listed are satisfied, it is
found that the amplitude of the resultant, Ea' may be calculated by means of
the simple formla: the probability, p, that a value of E, egrester than X
will occur 1s e to the minus the quantity x° over Ef. The four requirements

for this distridution are: (1) the sum of the energies of the individusl
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components is a constant, (2) each individual vector must de small compared
to the root-sum-sguare value of all of them, (3) the phase of each component
vector must be random, that 1e, sll values of the phase between O and 2 7
muat be equally likely, and (4‘) the number of component vectors rmet be sufficient-
ly large.
SLIDE O, 2

I will now show what happene as & result of deviations from each of the
above four requiremsnts, VWe see here the effect of reducing the number, n, of
component vectors. This particular graph paper has besen constructed in such a
way that a Rayleigh distributed vector of amplitude, l.. will lie on a straight
line wvith a slope of minus one. The distributions shown here are for n unit
vectors added with random relative phase, Thus, the root-sum-asqunre value in
each case is equal to the square root of n. The ordinate gives l. divided by
thie root-sum-square value., It can easily be shown that the root-msan-square
value of the resultant amplitudes, l.. is simply equal to the rcot-sum-asquare
value of the amplitudes of the individual components, Thus, the Vo is aleo
equal to the rme nl;n of B,. The maximum amplitude of the resultant of n unit
vectors is, of course, simply equal to n. The rapid approsch to a Rayleigh
distridution 1s clearly shown by the curves for m = 2, 3 and 4, Throughout the
renge of this particular graph, that ies, from a value of 0.01% up to 99.99%,
the distribution for n = 10 deviates from the true Rayleigh distridution by
less than the width of the line. It is important to notice that a complete
specification of a Eayleigh distributed wave can be made in terms of s single
parameter, which ie, in effect, a measure of the total energy in the wave., This
single parsmeter might be the root-mean-squere value which is exceeded by 36.8%




of sll of the values which the amplitude of E, may have, A BRayleigh distri-
buted amplitude could equally well be defined in termes of a value exceeded
for some specified percentage of the time, for example, the medisn, 50%,
amplitude is equal to 0.8326 timee the root-mean-squere velue of & _.

SLIDE NO. 3

We will now consider the distridbution of the instantaneocur voltage, v,
to be expected from a Hayleirh distributed vector with amplitude, x.. and
random phase (wt-t-ﬂ). This voltege may be determined simply ty obteaining the
component of the vector along the reel sxis and we find that this voltage 1s
distributed in a normal distribution with s mean value of zero and a standard
deviation B/ /2.

In most of our radio propagation studies the received fields mre rectified
before being recorded and thus our continuous recorders ordinarily provide
racords of ths variations of the inherently positive amplitudes, l.. of the
envelops rather than of the instantaneous voltage, v, which may be elther
positive or negative., For this réason, in the remsinder of my discussion of
the Rayleigh distribution no further mention will be made of the instantaneocus
voltage v. This brief discussion of the normsl distribution of instantanecus
voltage was presented because it is sometimes confused with the Rayleigh distri-
bution of the amplitude of l. and today I \dn use only the latter dietridution.
Before leaving this slide I wish %o point out an error in equation (1). The
exponent should be x2 over l’ rather than X over l:.

SLLDE ¥O. ¢
I will now discuss the spplicetion of the above theory %o a prodblem of

»

ground~-wave propagation over irregular terrain. It is well Inown that the
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resultant field, E, to be expected in propagation over a smooth earth at
points within the lins of sight may be considered to be the veator sum of a
direct wave, X,, plus a ground-reflacted wave, ¥,. Over a smooth spherical
earth the ground-reflected wave will be weaker than the direot wave not only
becauees some of its energy is lost by ebsorption but also because of a
divergence of the enersgy on reflection at the curved surface of the earth,

Over a rough earth it is convenient to consider the ground-reflected
wave %o be the resultant of a large number of component vectors with rendom
relative phases. Thus, each component vector may be considered to have its
phase determined by the length of the path from the trensmitting antenna to
the correspondling bounce point and thence to the receiving antenna. The
bounce points on the rough reflecting surface, corresponding to the several
component vectors, are the locatione on the surface for which the phase is
stationary, that {e, the path length is either & minimum or » maximum, ¥hen
the earth ie sufficliently rough, the fregquency sufficiently high, and the angle
of incidence sufficlently small, that is nct too near to grazing incidence,
it will be found that the relative phases of the individual component vectors
will be comparable to or grester than 2 radians. Under these circumetances
all values of the relative phase between the conrononf vectors are equally
likely. The above description of the ground-reflected wave over a rough
earth i{s simply that of a Eayleigh distributed wave, V¥We heve alresdy seen
that such a wave is completely described by ites root-mean-square amplitude,
Ep. If there were no sdditional loes in the ground~reflected wave energy due
to roughness, this rms amplitude, E., would simply be equal to the amplitude,
l‘. of the wave reflected from the smooth esrrth. For the present, it will be

sufficient to let 33 m Kk lz where k ie a constant, usually less than unity,



which denotes the energy in the rough-earth ground-reflected wave relative to

that in the direct wave.
It might at firat sight appear that the vector sum of the direct wave,

E,, plus the Rayleigh-distributed rough-esrth ground-reflected wave would
also be distributed in a Kayleigh distribution but this does not follow be-
cause of the fact that the component vector, lo. is, in this case, not small

compared to the root-sum-squerre value of =ll of the components,

SLITE ¥O, § h

On this slide is shown the expected dlstribution of a resultant when \1 ;;
the energy of one of the individual component vectors, represented by EE. is |
not small in comperison to the totsl energy represented by (33 ' 33)- It f %
will be noted that the distribution of the resultant, E, is Rayleigh distri- f r
buted only for very lerpe v-lues of k,  that 1s, only for very lsrge valuee S -

of multiple~component Emyleigh-diastributed energy compared to the single-

component direct wave energy. Such large values of k would be expected only
in en unusual situation where the direct wave is suppressed, for example, \
by means of n tranamitting erray directed sway from the sctusl receivins antenti/

towards the center of gravity of the imeres of the receiving antenns in the >

rough ground, i1
As k becomes smallar and emaller, theot 1s, &8s the random enerzy becomes

small in comparison to the direct wave energzy, the slope of the distribution

becomes smaller. This should be noted in connection with later experimental

resulte.
The resulte shown here can also be used in the case where the individual

component vectore do not have completely random relative phsses. Consider,



- 5

— —

i

= =

for axsmple, the situation where the individual vectors have pheses which

vary at rardom only through a rostricted totzl ranse of phase variation

mach less then 2 77, In this case each individusl component vactor can be

resolved into two other components, one of which cen be coneidered to conelet

of coherent, spocularly reflected energy and the other to consist of scatter-

ed energy. The coherent components can be added to give the vector desigrrted

AR xo on thie slide while the root-sum-squere value of the incoherent compo-
nents is slmply E.. Thus, 1t becomes possible to determine the diatridbuticr

of the amplituds of a wave reflected 2t a moderntely rough surface simply by

identifying a specularly reflected component, E,, and a scattered component,

Er.

SLIDE NO. 6
Some of the concepte Juast described can best be illustrated by applying

them to the exnlanation of the resvlts of a propagation experiment. In

this experizment two aireraft flew awey from esch other at an altitude of

9800 feet. Tield intensity measuremente were made by the Colline Radio

Company in one of the saircraft of the simaltaneous transmissions from the

other on 123 Mc and 328 Me. Two flights were made, one with the midpoint

of the transmission path on land in the Nidwest =nd the other with the mid-

point on Lake Michigan.

SLIDE WO, 7
Two samples of the received field imtensities are illustrated on this

slide. In both cases the data shown are for 328 Ke over land., The upper
sample corresponds to the case where the two aircraft were between 60 and
70 miles apart while the lower sample corresponds to the case where the
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alreraft were separrted by = range varying from 128 to 148 milee, Calcula-
tions indicated thet the regular fading is occurring at the rete which
would be expected for interference between a direct snd & ground-reflected
wave, Under these conditione, the fleld intensity maximpg should be egual
in amplitude to the sum of the direct wave amplitude plus the ground-
reflected wave amplitude and the observed minima equal to the difference in
these two amplitudees., Py measuring there maxima and minime, it is possible
to crlculrte the value of the ground réflection coefficient, A separate
value of this ground reflesction coefficient can be obtained from esch
maximum and euccedding minimam,
SLIDE ¥O. 8

On thie slide, I have shown the distridution of the ground-reflection
coefficients determined in this way for these two distance ranges. The
lines are the iayleigh distributions determined from the root-mean-equare
value of the reflaction coefficient. It will ba noted that the measurementsa
are in good agreemant with the theory at the shorter of the two distance
renges corresponding to more mearly obdlique inclidence on the ground: the
engle of incidence in this case being 87° so that the corresvonding grasisg
angle at the earth's surface is 3. The data at the larger range did mot
agree ns well with the Tayleish distribution, presumably becsuse of the
larger ¥ngle of imcidence, that is, nearly 89° in thie case. Thus, 1t
appears that the ground is beginning to appear more nearly smooth to the
radio waves st this grasing angle of omly about 1%9. By using the eurves
tgnm‘umun.ﬂw hn&.mm
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reflected; in this particulsr cese, it has been determined that the energy
received by specular reflection is about elx times the scattered energy.

Before leaving this slide it should be noted that the root-mean-
square reflection coefficient ie somewhat larger at the larger range.

SLIIE ¥O, 9

I will turn now to a discussion of the magnitudes of these ground
reflection coefficients. On this slide the points plotted represent root-
mean-square values of the ground reflection cocefficients. Each point is
the rms velue obtained from about 40 separate determinations. The circles
Joined by a dsshed curve denote values mensured over land on 378 Mc while
the croeses joined by a dotted curve represent values measured over land
on 122 Me, The upper solid curve corresponds %0 a reflection coefficient
calculated on the assumption that theesrth is smooth and may b; represented
by a dieleciric constant equal to 30; thus, these values corrsepond to the
product of a plane wave reflection coefficient multiplied by a divergence
factor to allow for the effects of earth's curvature in spreading the energy
in the reflected wave. The low values of reflection coefficient at the
shorter distances are csused by earth absorption near the peeudo-Erswster
angle while the low values at larxe distances sre due to the larger
divergence expected near grasing inoidence. The lower solid curve corresponds
to Lambert's law of reflection from diffuse surfaces; thus, according to this
lav, the enerzy reflected is proportional to the cosine of the angle of
inoidence. Lambert's law does not specify the megnitude of the reflection
and this haes been assumed in thege curves to be the plane earth reflection

coefficient. Thum, it is assumed that the divergence factor, D, over a
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smooth sphere should be replaced by the faotor, / cos P, for a perfectly
rough esrth, the latter correspording to a much greater divergence of the
energy due %o socattering. I will use the blackboard for a discusalon of
the two dashed curves which show the transition between the perfectly
smooth and perfectly rough caloulationa,
SLIDE ¥O. 20

Finally on this slide are values similar to those on the previous slide
but now for propegation over Lake Michigan. In this case it wae assumed
that the dlelectric constant should be 80 and we see that the pseudo-
Brevster eoffect cocurs nov at a large renge., The large value of A h = 10
feet which seems to agree best with the experimental data is difficult to
believe unless Lake Miochigen was unusually rough., However, 1t is not known
bow far out over the lake the measurements were made and it may be that

shore reflections played a big part in the measured results,
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RELATIVE FIELD INTENSITY

FIELD INTENSITY VARIATIONS OBSERVED IN
AIR-TO-AIR PROPAGATION OVER IRREGULAR TERRAIN

ALTITUDE OF BOTH AIRCRAFT 9800 FEET
FREQUENCY 328.2 Mc/s
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DISTRIBUTION OF OBSERVED EFFECTIVE INTENSITY OF
GROUND REFLECTED WAVE, Eg, RELATIVE TO THE
DIRECT WAVE, Ep, FOR TWO AIRCRAFT

FLYING OVER IRREGULAR TERRAIN

FREQUENCY 328 MC/S; ALTITUDE 10,000 FEET
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( From data taken by Collins Radio Company, Cedar Rapids, lowa)
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EFFECTIVE COEFFICIENT OF REFLECTION
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EFFECTIVE REFLECTION COEFFIGIENT OF THE GROUND
FOR AIR-TO-AIR RADIO PROPAGATION

BOTH AIRCRAFT AT AN ALTITUDE OF 9800 FEET OVER LAND
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EFFECTIVE REFLECTION COEFFICIENT OF THE GROUND

FOR AIR-TO-AIR RADIO PROPAGATION

BOTH AIRCRAFT AT AN ALTITUDE OF 9800 FEET OVER LAKE MICHIGAN
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