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THE. VERTICAL DISTRIBUTION OF RADAR

FIELD STRENGTH OVER THE SEA UNDER

VARIOUS CONDITIONS OF ATMOSPHERIC
REFRACTION

By J. A. RAMSAY,
Ministry of Supply

§1. INTRODUCTION
' Tnsexpeﬁmentstobedeeurib&d in this paper formed part of a more extensive
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investigation which was undertaken to examine and compare the behaviour
of centimetre-wave radar under conditions of normal and anomalous
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necessary to use an outboard motor in the dinghy and to proceed down
wind, which of course meant that the range was changing during a series
of readings;
(¢) atl-25cm. the signal was seldom of workable strength beyond 17 000 yards.
Observations were also taken on an autogyro at longer ranges, but as it was not
possible to detect the autogyro on 1:25 cm. the results of these experiments are not

reported. y
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on the assumption that signal strength varied inversely as the fourth power of the
range and by scaling the target heights up or down proportionately to the range.
The observations were then plotted in the form of decibels against height and
were compared with a theoreticual signal-strength distribution calculated on the
basis of flat-earth theory; flat-carth theory is of course inappropriate to the
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situation under examination, but the accuracy of the observations does not warrant
the greater labour which curved-earth theory involves, and the theoretical flat-
earth signal-strength distribution may be used as a convenient but arbitrary
vard-stick against which the effects of refraction can be assessed.

Meteorological measurements formed a part of the data which were collected
for purposes of the wider aspect of these investigations but no data are available
which can be regarded asrelevant to the experiments now under discussion. As a
matter of day-to-day routine it was customary to recognize *‘ weak A.P.” (i.e.
Anomalous Propagation) or, ** strong a.P.”  Under weak a.P. long-distance land
echoes, e.g. from the Isle of Man, were visible on 10 em. and 3 cm. but no echoes
from shipping at corresponding ranges; under strong A.P. echoes from shipping
were observable at ranges of 100 000 yards or more on 10 em. and 3 cm.
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Figure 3. Corner reflector. 29.5.44. 16.16-16.45 h. A.P. strong. .
Range : 15 50015 000 yards, adjusted to 15 350 yards. Mo
Height of radar: 276 ft. to 267 ft. for 10 em.
Figure 1 shows a set of observations made under conc
adjudged as normal, and it will be seen that for all three
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floating objects, such as buoys, which were often detectable on 1-25 cm. but not on
10 cm. in spite of the very much greater power of the latter.

These results provide some practical confirmation of the prediction, made on
theoretical grounds by Scott and Pearcey (1943), that anomalous propagation
would be experienced on 1:25 cm. to a much greater extent than on 10 cm.
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Abstract

Results of further measurements of 3- and 10-cm reflection coeffi-
cients of sea water for small grazing angles are reported, The
values for vertical polarization are in good agreement with theory
for a smooth sea, while the values for horizontal polarization are
lower than those predicted by theory, falling as low as 0.6, The
velues obtained for horizontel polarization are higher, however,
than those published previously in EL Report 478,
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INTRODUCTION

This report describes measurements of the effective plane-wave
reflection coefficient of sea water at wavelengths of 3 and 10 em, These
measurements are an extension of the work begum last year.l The magni-
tude of the reflection coefficient was determined from the ratio of siz-
nal strengths at the maxima end minima in an interference pattern, meas-
ured with a one-way transmission path between a fixed ground station amnd
an airplane flying at constant height toward the ground station. The
phase shift on reflection was not determined.

Figures 1 and 2 show the results at 10 cm for calm sea water
on vertical end horizontal polarizations, respectively; Figures 3 and 4
show the corresponding results at 3 cm, The dots represent the observed
values of p, the magnitude of the reflection coefficient, plotted as a
function of grazing angle (complement of the angle of incidence); the
theoretical values for smooth sea water are given for comparison (solid
lines),

It will be seen that the observed values for vertical polariza-
tion scatter about the theoretical curve at both wavelengths. With hori-
zontal polarization, however, the observed values fall consistently below
the theoretical 1lime., The observed points indicate wvalues of p between
1.0 and 0.6, the scatter being large even within a single set of observa-
tions., The results at 10 cm indicate higher values of p than those pre-

1
viously reported.

1
For numbered references consult the bibliography at the end of this

report.,
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EQUIPMENT

The trensmitter used for the 1l0-cm measurements employed a
Klystron operating at 10.0 cm and delivering a CW power output of sbout
3 watts. The output was monitored by e temperature-compensated thermistor
bridge circuit. The }mltranamittor used a British CV-129 reflex~type
velocity-modulated tube operating at 3.2 cm and delivering a CW output
of about 75 milliwatts. A crystsl monitor was used.,

The CW receivers used were developed for other purposes and
will be described in detail in another roport.a They were equipped with
automatic froquonci control and with amtomatic gain control on one, two,
or three of their four intermediate-frequency stages, the antomatic gain
control voltage being amplified and made to drive a 0-1 milliampere
Egterline-Angus recording milliammeter., The minimum detectable power
was about 130 db below 1 watt for the 10-cm receivers and 116 db below
1 watt for the 3-cm receiver., With the automatic gain control settings
usuelly used, a full-scale ramge of 50 db was available at 3 cm and of
65 to 75 db at 10 cm.

On the 10-cm path 18-inch parsboloidal antennas were used on
the ground stations while the plame carried a 12-inch pareboloid; both
ueed dummy dipole feed. The 3-cm ecuipment originally used &-inch wave-
guide-feed paraboloids, Leter the antenna in the plane was replaced by
one of a set of 8-inch paraboloids cut to have an aperture of € x §
inches. These special antennas (one for each polarization) increased
the beam width in asgzimuth to give sdditional toleranmce for errors in the

plane's heading., The measured full beam widths to half power points in
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the horizontal plane for these antennas are 13 and 1%4.5 degrees for hori-
zontel and vertical polarizations, respectively.*

The source of power in the plene was & 24-volt d.c. to 115-volt
400-cycle rotary converter with a voltsge regulator placed between the
converter end the equipment. In most of the work the ground station was
a mobile truck system which carried its own well-regulated 115-volt 60-
cycle motor-generator; a2 voltage regulator was always used with the 3-cm

equipment, Radlo communication was malntained between the truck and plane.

MEASUREMENT TECHNIQUE

The course used during the experiment is at a bearing of 43
degrees True from Deer Island, in Boston Harbor, passing through Eastern
Point in Gloucester. It is shown in Figure 5. The plane flew out as
far as desired on this course, turned, and headed toward Deer Island,
flying with as nearly constant altitude, bearing, and speed as possible,
At the beginning of the run the antenna in the plene was leveled and cor-
rected in azimuth for crab., When informed by redle that the plane was
on course, the operators of the ground station tuned in the signsl on the
receivers and rotated the antennae in agzimuth for meximum signal., The
automatic frequency control on the receivers usually held the signal in
tune throughout the flight. An observer riding in the co-pilot's seat
of the plane noted all errors in altitude and bearing, and time of pas-

sage over or near known landmarks (Thacher Island, Bastern Point, Halfway

*We are indebted to Group 54, the Radiation Laboratery, for the construc-
tion and pattern measurements on these specizl antennas.
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Rock, and the receiver station). This information was placed directly
on the record with a side pen recorder, making possible a correlation
with navigation errors and an approximate distance calibration.* The
recelver esnd recorder combinations were calibrated each day with 10-
and J-cm eignal goneratorl’.

Three generzl procedures were used during the experiment:
originelly the 10-cm receiver was carried in the plame and the trans-
mitter was placed on Deer Island, 25 feet above mean sea level; later,
the transmitter was carried in the plane and receivers were placed on
the Islamnd, 25 an(i 70 feet above mean sea level; finally, both 3~ and
10-cm trensmitters were carried in the plane with their corresponding
receivers placed on the Island, 18 and 25 feet above sea level, respec-
tively.

Because the lobe structure becomes increasingly fine as trans-
mitter and receiver heights are raised, the plane was always flown at
altitudes of 1000 feet or lees when the 3-cm equipment was being operated.
Flights at higher altitudes would have put impossibly severe requirements
on the mnavigation accuracy of the plame in order to obtain a satisfactory
cross-section of the lobe structure. When only l0-cm equipment was being
operated, it was possible to fly as high as 5000 feet; indeed, it was
often prefersble since the greater stability of the air made navigation

easier at that height.

*When the receivers were at the ground station, the information was trans-
mitted by coding on the 6-mc communications bend. A relsy operating from
the communicatione receiver activated the side pen recorder.
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The greatest difficulty with this techniaue of measuring reflec-
tion coefficients ie keeping the plane accurately en course. In order
to mske a flight at all, it was necessary that visibility be exception-
ally good and that wind speeds in the first 1000 feet be guite low. Con-
sequently all results published here are for calm sea water; the extent
to which the reflectlion coefficient is a function of water roughness cannot
be measured by this method.

Figures 6 and 7 are records of a flight at 500 feet made on
February 16, 1944, with vertical pelarization; Figures 8 and 9 show a
gimilar flight made with horizontal polarization the same deay, The dis-
tance of the plane from Deer Island and the receiver calibration in db
below 1 watt are marked directly on the record, The navigation diffi-
cultiee are very clearly shown in these flights: since the beam widths
of the 3-cm antennas are less than those at 10 cm and since the finer
lobe structure at 3 cm makes altitude errors more important, it would be
expected that the 3-cm records should be more erratic than those at 10

cm, This is clearly the case in the records shown,

REDUCTION OF THE RECORDS
When the amtenna pattern is broad, it ie easily shown that for

2 smooth spherical surfece ¢, the magnitude of the reflection coefficient,

is given by

where ]ma: end B da are the electric field strengths at adjecent maxima

and minima in the interference pattern end D is the divergence factor, a

568-5



geometrical quantity which expresses the divergence of a wave reflected
from a spherical surface.* The value of D and the grazing =amgle can be
determined at the adjecent maxims end minima and used in conjunction with
the difference in signal level at the maximum and minimum to determine 2
for the given value of the grazing sngle, The method cannet be used when
either the divergence factor or the grazing angle varies apprecisbly be-
tween the maximum and minimum being considered.

It will be noticed that as p aspproaches 1,0 the db difference
between maxime and minima becomes greater and approaches infinity., If
the db difference becomes great emough, the sigmnal level at a2 minimum
will fall below minimum detectable power and it will be impossible to
measure the db difference between the maximum and minimom, It has beem
found that values of Dp higher than 0.96 cannot be measured accurately
with this eguipment. In generszl, however, the signal level at 2 minimum
did not fall below minimum detectable power during these experiments.

Before any record was accepted as satisfactory it was required
that the meximum signal values obey the range attenuation law

Power Received = Uonstant/iangoa
and that the positions of maxima and minime check the positions predicted

by spherical earth theory. In view of the low heights of the receivers,

* In these experiments it has been decided to assume the geometrical ex-
pression for the divergence factor correct and to lump =21l departures
from theory in the quantity p.



this entailed fairly accurate knowledge of height of tide during the ex-
periment., These two checks served to eliminate those records or parts
of records in which plane navigation was poor and gave a partial check

on the existence of anomalous propagation, to be discussed below.

‘ DISCUSSION

Observations made this year on 3 cm and both this year and last
year on 10 cm indicate that the effective reflection coefficient of calm
sea water for vertical polarization is in quite good agreement with the
theory for a smooth sea, The use of the theoretical values in determin-
ing radar coverage should prove satisfactory.®

Observed values for horizontal polarization fall below the
theoretical curve on both wavelengths and show a much greater scatter
than on vertical polarization., Much of this scatter 1s believed to be
real and tends to bear out similar concluslons from the Admiralty Signsl
Establishment in England.j A sugsested cause for this scatter and for
the low vzalues observed is the roughness of the reflecting surface. At
one time it was even thought that a very striking correlation had been
found between the value of p observed and the direction of wave travel

with respect to the path. The correlation indicated that high values of

* It should be pointed out that the theoretical curve shown in Figure 3 is
drawn for a dlelectricconstant of 35 and a conductivity of 17 mho/meter.
These values have been tentatively suggested by Professor A. R. von Hippel of
the M,I,T, staff as an improvement over the values € = 55 and & = 11
mho/meter frequently cuoted for this wavelemgth, These latter values give a
theoretical reflection coefficient curve that falls below the one shown.

The observed points are in better agreement with the former set of
constants.
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P accompany wave travel along the path and low values accompany wave travel
across the path, More exact information on wind (and presumably wave)
direction and failure to reproduce the correlation has tended to discount
its value., It is now believed that the reflection area on the path used
would be so close to Deer‘Island whem the low receiver locations were
used that land reflection and disturbances created by undsmtpr obsta~
cles would prevent any unidirectional wave travel, It does seem probable,
however, that the magnitude of the reflection coefficient should be de-
pendent upon the conditlon of the surface: the effects of individual
wavelets may canse a short period scatter superposed on a genersl level
depending upon the wave amplitude and possibly direction of travel. If
such & hypothesis is true, the results shown here can be comnstrued to
show the range of values to be expected with calm sea water,

If the magnitude of the reflection coefficient is a function
of surface roughness, it might be expected that the extent to which rough-
ness affects its magnitude would depend upon the surface area illuminated
and consequently upon the transmitter and receiver heights. The various
combinations of recelver and transmitter heights listed previously were
chosen in an effort to study this variation. It was found that there
was no appreciable variation of the magnitude of the reflection coeffi-
cient at 10 cm for a ground station height variation from 25 to 125 feet
end for a plane altitude variation from 500 to 5000 feet. The heights
were chosen to simulate actuasl tactical conditions, and the results
should be directly aspplicable to operational systems.

Reflection coefficients have frequently been n;asured at con~
stant and extremely short ranges using variable heights, o both heights
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being small, Since e very small reflection area is used with this method,
roughness cannot become predominant and values obtained in this manner
are usually higher and in better agreement with theory for a smooth sur-
face than those obtained with the method discussed in this report. It

is believed that the use of a technique involving long ranges and greater
heights gives more information of tactical use,

The difference between these two technigues is even more pro-
nounced in the case of land reflection. High reflection coefficients
have been measured using the short-range, low-height mthod;s the use
of the technique discussed here has indicated that no reflection can de
depended upon in the microwave region.l The 1mp.lioa.tlon in these re-
sults is that the ground is capable of reflectinz radio waves in the
microwave region, but that surface roughness is great emough to prevent
any specular reflectlon of radiation from most radar stations. If a
station site is such as to epproximate the geometry of the short-range,
low-height method, specular reflection may occur. There are well-authen-
ticated cases of land reflection in the microwave reglon, but in every
one reported to this group the trensmitter height has been less than 25
feet and the site has been near an airport runway or extremely flat land
containing little or no vegetation., This is probably the only case in
which specular reflection of microwaves can take place over land.

The results obtained this year for sea water reflection with
horizontsl polarization at 10 cm are consistently higher than those meas-
ured last year.l While surface roughness may be responsible for part of
this difference, wind dats indicate no great difference between the sets
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of observations. The most obvious explenation for this disparity lies
in the time constant of the receiver-recorder combination., With the
equipment used last year a time of 3 seconds was required for a 90 per
cent response to full-scale deflection, That response time has now been
reduced to 0.3 seconds, which corresponds to epproximately 0.01 miles
for the plane's usual ground speed. Observations made this year on a
high speed meter and the receiver output meter, both in series with the
recorder, show that the recorder may fall to register the full depth of
minima even when the spacing between adjacent maxima end minima is con-
siderably greater than 0,01 miles, Indeed, it has been freguently no-
ticed in the records obtalned in the last two years that minime in the
interference pattern tend to be even sharper than would be predicted by
theory. This point is well illustrated in Figures 6 and 8. In order to
avoid errors introduced by the time constant, values of p at grazing
engles greater than 5 degrees were not determined.* It is believed that
the recorder will give full response up to thie angle; it is quite possi-
ble, however, that with last year's slower time constant the recorder
falled to register the full depth of minima,

In any experiments involving transmission over considerable
distances the effects of the atmosphere camnot be neglected, The calcu~
lations of the divergence factor esmd grazing angle, as well as the posi-
tions of maxima and minima, were made for an idealized standard atmos-

phere having a gradient of modified index of refraction with height of

*Navigation difficulties frequently confused the interference pattern
enough at 3 cm that it was deemed wise to limit the grazing angle to even
small values,
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3.6 x 1078 per foot (cosrruponding to an effective earth radius 4/3
times the true radius), = For other atmospheric conditions the posi-
tions of maxime and minima may be shifted, the pattern may be more or
less "washed out," and the inverse square law variation with distance
may be violated. The reghirement that the receilved signal check the in-
verse square law and the position of maxima and minima was imposed in an
attempt to detect the presence of non-standard conditi.&ns. Failure of
the record to meet either of these requirements was construed as evi-
dence of anomalous propagation, and the record was not worked up, As a
further check airplene soundings of the lower atmosphere were made prior
to the day's flights whenever possible,>:?

As a further atmospheric complicatlon there is a growing amount
of evidence that allov-lyug doct may always be present over water dme to
the very sharp decrease in vapor pressure with height, The height of this
duct is not known, but it is probable that it can "trap" neither 10 mor 3
cm waves.s While this duct zpparently has no radical effect on the re-
ceived signal, it may possibly affect the depth of the minima observed.
If such a modification corresponds to a virtual decrease in reflection
coefficient, the results printed here can be considered reliable amnd
used in coverage cslculetions, If, however, the minima are filled up
while the maxima are essentially unaffected, the results shown here in-
dicate too low & value of ©, and the maximum range obtained by a radar
get (in the maxima of the lobe structure) will be greater than would be
predicted using these values. Since so little is known about this phe-

nomenon, about the only conclusion that can be drawn is that values of
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p shown here can be considered as minimum values, It should be emphasized
that the reflection coefficient velues given here can be used in coverage
calculations only for standard meteorological conditions; relisble results
may possibly be obtained for the case of a very low duct such as may ex-
ist over water all the tife, but once the anomalous effects become at all
pronounced the interference pattern becomes so distorted that the reflec-
tion coefficient no longer has significant meaning at low grazing angles,

especially below one degree.

CONCLUSIONS

The values of reflection coefficient reported here do not give
a final answer to the problem of sea water reflection. At present no
adequate explanation is available for the fact that the variation of g
with grazing angle for vertical polarization is in good sgreement with
theory for a smooth sea, but that the variatlon for horizontal polariza-
tion does not sgree with theoretical values and shows an extreme scatter
in a very short time interval., In addition, while surface roughness is
suspected to be an importemt factor in determining the megnitude of pg,
no quantitative measurements of the effect it produces have been obtained,
nor is it likely that they ever will be obtained using the technique de-
scribed here, The results given in this report are probably relisble for
the limited case of reflection from calm sea water., They indicate that
the coversge resulting from sea reflection will not be relisbly incressed
by as much as a factor of two in the case of horizontal polarization and

in the case of vertical polarization it will be that predicted using theo-

reticel values for a smooth seas,

W. T, Fishback
P, J. Rubenstein
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SIGNAL STRENGTH VS, DISTANCE
OVER SEA WATER AT 32 CM.

TRANSMITTER AT 500 FT. VERTICAL POLARIZATION
RECEIVER AT 18 FT. FEBRUARY 16, 1944
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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



-‘—

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,
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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,



THE RAYLEIGH DISTRIBUTION OR RANDOM WALK

2

Er =Ei+ + Ej

G2 =0 Erz,

if (1) Ef is a constant, i.e. the mean energy in the
reflected wave is a constant

and (2 E?<< Ef for i = | ton

and (3) The phase of each component vector E; is random

)
)

and (4) n is sufficiently large
)

then (1) The probability that the resultant E, will be greater
than X is given by the cumulative Rayleigh distribution:
- (X*/ER)
Ple,>x) "¢ r

and (2) The phase of the resultant vector E will also be random

NATIONAL BUREAU OF STANDARDS
CENTRAL RADIO PROPAGATION LABORATORY
MAY 1949




THE RESULTANT OF n UNIT VECTORS WITH RANDOM RELATIVE PHASE
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THE NORMAL DISTRIBUTION OF VOLTAGE, v,
DERIVED FROM A RAYLEIGH DISTRIBUTED
VECTOR OF AMPLITUDE Eg

NATIONAL BUREAU OF STANDARDS
GENTRAL RADIO PROPAGATION LABORATORY
JULY 1949

v'= Eg &in (Wt+ @)

2
~(X/E
if () p(ES>X)=e(/ )

and (2) all values of (Wt +#) are equally likely.

®
_ p

then p(’z/'>X)=1—lé—;r/ ey/zdy
(XVZ/E,)

mean value of 2~ =0
standard deviation of 2 = root-mean-square voltage = Er/wl'é
E, = root-mean-square value of the amplitude Eg

Fey. 3



VECTOR REPRESENTATION OF DIRECT AND
GROUND-REFLECTED WAVES FOR SMOOTH OR ROUGH EARTH
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THE SUM OF A DIRECT WAVE PLUS A RAYLEIGH DISTRIBUTED
GROUND-REFLECTED WAVE
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GEOMETRY OF AIR-TO-AIR PROPAGATION EXPERIMENT
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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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DISTANCE IN MILES BETWEEN AIRCRAFT



