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ABSTRACT

The basic purpose of this work is to investigate experi-
mentally the phase characteristics of radio waves propagated
along the surface of the earth as proposed by K.A. Norton
(reference 1). Norton's theory indicates that the ground wave
phase at distances of the order of tens of miles is greater
than the corresponding space wave phase by not more than 180
degrees. From a radio surveying point of view, range errors
of tens of feet may result. To avoid difficulties inherent
in the direct and absolute approach, that of comparison of
optical surveying with radio surveying over actual terrain
at normally used frequencies (200 kilocycles per second to
15 megacycles per second), a new technique is developed.

It is proposed that the propagation of radio waves may
be studied by use of appropriate scale models, permitting
experiments otherwise impossible because of the gigantic size
of the equivalent true scale systems. Further, relative meas-
urements may be obtained directly in a model system by proper
choice of paths as contrasted with the absolute measurements
usually made in a full-scale system.

The technique is demonstrate@ by a preliminary experi-
mental confirmation of Norton's theory. Suggestions for
technique improvement and for furtherﬂinvestigation possibili-

ties are given.
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I. PROPAGATION THEORY UNDER INVESTIGATION

With the advent of radio wave broadcasting much theory was
presented concerning the calculation of ground-wave field in-
tensities. The theory was well summarized by K.A. Norton in
1941 (ref. 1). Very recently the theory has become of greater
interest in the fields of radio wave surveying (Doppler radar,
Shoran, etc.) and of radio wave propagation velocity measure-
ment. Norton'é work, in particular, proposed the following so-

lution to the propagation equation:

T o TR &
D e =%[C°Stp,e + Rcosy e

( (20%2 4 &)
+(|-R)‘F(P-;B)COSZ\VZ e‘ x ]

The quantities x, ry, Ty, hy, hz, ¢Yi1, and Mlz are defined in
figure 1. E and Eo/x are to be expressed in the same units,
i= J-l, and all lengths are to be expressed in centimeters.

R is the plane wave reflection coefficient of the ground, giv-

en by:
¢ ' +92 L(E—Q) l
2) R =I|Rle R. Zp_ € -
where

- Wr i
3) p= Azxc'%g's'bsr



-

4a) b' = tan"lf_(f/x)- 9-9-8;)2(—9-/3—]
ab) " = tan~1(€/x)

4c) b=2b" =D

5)

q =3Wh 2 [. cos2p" ] 3
1,2 A X cos b!

| 15

fm. Ce

€em.Ue ground conductivity in electromagnetic units

Hy
i

frequency in megacycles per second

Ty

= . 34’1-3

M. Ce

7) P

03]
i

8)

f(P,B) is given by Norton graphically on page 624 (ref. 1)
and is repeated here for convenience in figure 2a.

4’ is the associated phase shift, repeated here in
figure 2b.

R is given in figure 2c¢ for sea water at 3000 mc.
(ref. 2).

For very low antenna heights (vertical polarization assumed

throughout) R— -1, cosz’wz—*l, Ig—= Ij—= X, f(pP,B)— f(p,b) and

2mx
g) E— %ﬂ f(p,b)ei( X +¢) (surface wave equation)

-

Equation 9) is extensively used in radio surveying. By measur-
ing the phase between transmitter and receiver it is possible
to find the distance x to very high orders of accuracy-- far

higher than a first-order optical survey. Rangeerrors may be
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reduced by a knowledge of the function 4>. Lacking a knowledge
of both absolute phase and of precise distance, however, an ex-
perimental check has been difficult. Surveying operating fre-
quencies are of the order of five to twenty megacycles per sec-
ond. Confirmation of Norton's predicted ¢ would require a one
hundred mile range over sea water or a four mile range over
land. In the first case, transit surveying to within a desired
five foot tolerance is impossible; in the second case, a reflec-
tion-free area with uniform ground conditions over the propaga-

tion path is rare.
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II. THEORETICAL INVESTIGATION COF EXPERIMENTAL TECHNIQUES

A. Two possible approaches

1. Method 1 (absolute phase measurement). There are
many systems which might be suggested; basically all are vari-
ations of the system shown in figure 3. The coaxial line and
associated equipment must have a VSWR (voltage standing wave
ratio) of very nearly unity; the frequency of the source must
be constant to 1:100,000; distances must be measured to
1:100,000; and all constant phases introduced by the equipment
must be accurately known. There is little advantage in at-
tempting to use an as-yet-undeveloped, frequency stable, co-
herent local oscillator to replace the coaxial line. There is
no point in using modeling techniques-- accuracies required |

are still 1:100,000 and are Just as difficult to achieve.

2 Method 2 (relative phase measurement). Most propaga~
tion problems are interested in the behavior of radio waves as
compared with the free space behavior. The deviations from
such free space behavior are small but quite important. It is
therefore logical to attempt to measure the deviations directly
by setting up two paths of very nearly equal distance, one of
which closely approximates free space ,conditions, the other of
which incorporates the features of interest-- reflecting ob-
Jects, diffracting ridges, or, in this case, conducting sur-
faces parallel to the direction of travel.

Preliminary investigations of the characteristics of the
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surface wave show that its field strength decreases very rapid-
ly with height above the surface. Thus one path close to the
surface and one high above it are indicated. The method shown
in figure 4 is best visualized as comparing the phase between
horns A and B with that between C and D. Heighte hg and hp
should be at least ten wavelengths; heights h, and hB should be
one-~-half wavelength or less.

Propagation from horn C to horn D may take two paths, a di=-
rect one and one reflecting from the surface. The free space
criterion may be achieved and the percentage of surface wave as-
sociated with path CD reduced by proper selection of distances
CD. Readings are taken only at points of maximum signal Eop
It is apparent that the maximum signal occurs only when the re-
flected'ray is in phase with the direct ray (and when the plase
is that of free space). The associated surface wave at such
maximum signal points is at least g5 decibels down.

Norton's work indicates that the amplitude and phase char-
acteristics of the surface wave are functions of r/) and ofG .
The difficulties associated with construction of movable, ver-
tically true, mounting towers ten wavelengths high are eliminate
ed by model techniques. Instead of the normally used 10 mega-
cycles/sec., a frequency of 3000 megacycles/sec. was chosen.
Propagation over water was found to result in convenient dis-
tance limits. Ice, for example, considerably shortened the
range (p = 100 at about 10 feet); metal lengthened it to impraoc-
tical distances. A frequency of 10,000 megacycles/sec. was

discarded because the range was shortened by two-thirds and all
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construction accuracies were correspondingly increased. At
3000 megacycles per second, accuracy to within a millimeter is
sufficient, but at 10,000 megacycles/sec., one third of a mil-
limeter accuracy is required to achieve the same result.

It is interesting to note that wholly from geometrical
considerations the distance "points" of maximum Eyy are quite
broad. Measurement of the location of the maxima %0 one cen-
timeter results in phase errors of less than one degree. 1In
the absdlute system (method 1) a distance error of one centi-
meter would mean a 36 degree phase error. Tolerances will be

discussed later in more detail.

B. Investigation of the relative phase technique

1. Detailed description. Because of a complex inter-
relationship between signal strengths Epp, Epp, Egp, and Egp
and their associated phase angles, it is not readily possible
to subtract ©5p from 8,5 directly (see previous section) by
transmitting through horns A and B and receiving at horns C
and D simultaneously. Lacking 0.23° beam width horns, it is
doubtful if a direct measurement of qus possible. It is ques-
tionable, even so; if an attempt to do so is advisable. The
system would have to have a VSWR of unity throughout, would of
necessity be complex, and would requife constant checks on its
operating performance.

The solution, fortunately, is both simple and advantageous.

First, transmit with horn A and compare phases €35 and ©,p.
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This is accomplished by mixing the nearly-equal signals from
horns B and D at a crystal. A variable phase angle, ©,, is so
adjusted that a minimum resultant signal is detected. This
minimum will occur at points of phase opposition of signals EAB
and Eyp. Second, transmit with horn C and compare phases ©gp
and ®gp, resulting in ©p. Maintenance of geometrical symmetry

insures €;p = Ogp+ Then, subtract €, from €, to obtain

10) €, - e,

(6x8 - ©4p) - (©gp - O¢p)
€8~ €cp = $

In greater detail:

With the transmitter at position A the signal at the re-

ceiver through horn B is

Exp = kppkp sin [w t + Op - Oy + zrB]

where

kyp gives the amplitude at horn B input due to wave from
A to B

kB is an attenuation action in branch B
Opp 1is the total space phase shift

e5 is a measurement phase shift subtracted by some phase
shifting mechanism

KB is the phase shift in line B to the receiver, exclud-
: ing ©,, and measured with D connedted

Similarly, the signal at the receiver through D from A is

EAD = kADkD sin[ wt + GAD + b,D_J

The phase shifter, ©), has been assumed to be located in

branch B.
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The attenuators are so set that

kyp¥s = ¥upfp

Phase shift @, is then so adjusted that when the two sig-
nals, Eyg and Epp, are mixed at the crystal a minimum amplitude
reading occurs. At this phase shifter setting, therefore,

wt + g -9y + Bg= whafupe Yo

or
11) —GA = QAD - GAB + XD - XB -+ —'T

With the transmitter at position C, a proper change of

subscripts yields

18) -6 = Og -6cp + Sp - Ty +7

Therefore, if Tpp = Togo GAD = Ogp» and
oy - 8 = €5 - &p = P (P,B)

which is the same as equation 10).

Because of the comparison method used, the phase charac-
teristics of the transmitter coaxial lines, junctions, etc. are
not important. The transmitter VSWR need not be unity other
than for reasons of greater power output. Precision transmit-
ting equipment is not necessary.

It is also advantageous to eliminate the receiver coax sys-
tem phase characteristics. A phase shifting mechanism in either
lines B or D will have no meaning unless the VSWR is unity. In
addition, changing the amount of attenuation during a set of
readings will undoubtedly add phase error to the system in an

unknown manner. In other words, in terms of equations 11) and

12), the angles Xb and Xé must not change either during changes
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in €jand €gor during adjustments of attenuation.

A neat solution to thé phase shifter difficulty is accom-
plished by moving the horns back and forth on calibrated screws.
To maintain symmetry of the cross path phase angles, horn B is
moved when transmitting from A and horn b is moved when trans-
mitting from C. The distance AD is constant during the first
measurement and is equal to the distance CB held constant in
the second measurement. From figure 5 it is apparent that a
10 centimeter motion of the bottom horn will negligibly affect
the relative phase of the surface wave with respect to the
"cross-path" phase ©,p. As has been mentioned previously, m-
tion of the top horn at a broad maximum signal location will
probably introduce less error than a phase shifter in a line
of VSWR not equal to unity. Permissible motions are discussed
later under section II B 2 b. The second difficulty, that of
the attenuators adding phase error, is fortunately not too dif-
ficult of solution. Calculations of appendix A show that the
amplitude of Epp is to Eyp as the amplitude of Egg is to that
of Egp, i.e., the amplitude of the cross path wave is approxi-
mately equal to the geometric mean (Eg.m.) of the top and bot-
tom wave amplitudes. Thus one attenuator on horn D will suffice
for any one set of measurements. If this adjustment is not
changed during a set, any phase characteristice the attenuator
may have will cancel out (as part of XD).

The foregoing discussion is illustrated in figures 5
through 8. Predicted results are shown in figure 5 for sea

water (O= 5) and for fresh water (6= 10"9). Experimentally,

only distances corresponding to points of maximum ECD may be
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used to obtain data. The distances will be different in the
two cases, salt and fresh water. Figure 6 shows the relative
amplitudes of Eup, Ejpn, Egg (equal to Eap) and Egp. Eg,m. is
plotted for comparison with E;p. Eg.m. 18 realized physically
by action of an attenuator in branch D. With the transmitter
at position A an attenuator in branch D will attenuate E,p with
respect to Egp; with the transmitter at position C an attenu~
ator in branch D will attenuate Egp with respect to Egge On a
purely relative basis, Ejp is amplified by the same amount that
Egp is attenuated (see figure 6). The optimum solution {on
this relative basis) occurs when E,p = Egp = Eg.m. g'EAD. Fig-
ure 7 shows the effect of mixing two signals of differing amp-
litude and phase. In all cases, of course, the minimum point
occurs when the signals are in phase opposition. However, one-
may say that unless the two received amplitudes are equal with-
in a factor of two, an accurate minimum resultant signal point
will be difficult to observe. (In practice, the crystal de-
tector tends to sharpen the null points.) With this in mind,

one now compares E,D and E ; their ratio (or inverse) is

g.m.
plotted in figure 8. From this figure it may be seen that
the distance range of interest is useable. 1In actual opera-
tion a tuning stub on horn D was adjusted at each range point
80 that with transmission from C equal signal was received
from B and D. The stub position was not changed during the
rest of the measurements at that point. The ratio of signal

strengths received from B and D with transmission from A re-

sulted in satisfactory minima.
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3. Physical tolerances

a. Distance: Norton's work measures all distances from
antennas which are essentially point sources in size compared
to the distances involved. However, in order to reduce side re-
flections and in order to decrease the required transmitter
power in this trial system, microwave horns of reasonable size
are required. The radio wave emerging from the mouth of the
horn will not have a spherical wave front. For this reason the
equivalent source point is ambiguous. The horn lengths used
(see section II B 2 e) are approximately 70 centimeters in
length. Distances measured from transmitter horn mouth to re-
ceiver horn mouth may therefore be short by this order of magni-
tude. Experimental data was arbitrarily corrected by adding 50
centimeters to the mouth to mouth distance. The effect is great-
est at the shorter distances. Accurate theoretical calculation
of points of signal maxima is likewise most affected at the
shorter distances. The points of signal addition are best de-
termined experimentally. It is of importance, however, to
estimate phase errors introduced by mislocation of the re-
ceiver horn from such points. This mis-location may be due
to faulty measurement of the electrical maximum, but of great-
er interest is the error introduced by motion of horn D in
measuring phase. The back-and-forth motion permitted from a
maximum signal point may be obtained by differentiating ©gp
with respect to the horizontal distance x (appendix B 1). The

result of this operation is shown in curve a, figure 10. 1In
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general, except for a critical region near 300 centimeters, a
motion of 1 centimeter results in less than one degree error.

This curve was used to correct the experimental results.

be. Height fluctuation: Horn D, in moving back and forth,
may change its height above the water slightly due to a tipped
mount. This will effect the phase result. The amount of height
fluctuation permitted may be obtained by differentiating ©ap
with respect to height hp (Appendix B 2). The result is shown
in curve b figure 10. In general, except at distances less
than 200 centimeters, a one millimeter fiuctuation will intro-~

duce less than one degree error.

C. Vertical alignment: The accuracy of this method de-
pends upon the symmetry of the cross paths. The cross path
phases eAD and Ogg must be alike. For this reason (and because
these phases are sensitive to distance as seen in appendix A 3)
no motion of the cross path horns is permitted, i.e., horns A
and D are fixed while transmitting from A; horns C and B are
fixed while transmitting from C. In order that ©,p equal €0p»
rap must equal rgg. The variation in horizontal distance be-
tween pairs of horns may be obtained by differentiating LD
with respect to x (Appendix B 3). The result is curve ¢, fig-

ure 10.

d. Height differences: From appendix B 4, variations in
the average height (as compared with the fluctuating height men-
tioned above) of horns C and D above horns A and B will affect

the phase accuracy. Horns A and B may be assumed to be easily
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maintained at equal heights above water level. The tolerance
in top horn height differences, calculated from the differen-

tial of ©,; with respect to ljjis given by curve d, figure 10.

€. Horn construction: In order to minimize side reflec-
tions, decrease the required transmitter power, and yet keep to
a reasonable horn size, horns with 30 decibels down 30 degrees
from the axis were chosen. Design followed directly from ref-
erence 3 and resulted in horns 1.5% x 2.5" at the throat, 30"
long, and 1.5" x 20" at the mouth. From the above discussion
it is evident that the only critical feature of the horn con-
struction is a mouth accurate to within one millimeter. Dif-
ferent internal reflections between various horns are not crit-
ical because they are equivalent to constant phase angles, all

of which eventually cancel out in data reduction.

f. Propagation path: The lobe pattern of the horns cho-
sen indicates a path approximately one half as wide as long.
Readings up to 8000 centimeters (roughly 2300 feet) being de-
sired, a path 300 feet long by 100 feet wide is required. Mea-
surements at shorter distances of course require less width of
path; conversely, if the available path width is less than 100

feet, proportionally smaller ranges must be used.

Se Electrical tolerances
a. Wavelength: To a very good approximation Norton's
curves will shift in distance proportional to the wavelength.
From inspection of figure &b, therefore, a one percent shift

in frequency can be tolerated without serious error. As has
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been shown, phase conditions within the equipment are not im-
portant as long as the frequency does not shift so radically as
to change conditions during the time of measurement. This wave-
length tolerance is in marked contrast to that required in an
absolute phase system, both in the amount of variation permit-

ted and in the time during which stability is required.

b. VSWR: The standing wave ratio, both in transmitter
and receiver is unimportant except for reasons of increased powe
er received. Therefore, minimum tuning was used, and no attemmt.

made to measure VSWR.

C. Transmitter power: The variation of transmitter out-
put power between the two horns, A and C, is not important.
Only relative phase is being measured, not relative amplitude. -
Consequently, the horn and cable system of horn A need not ex-

actly equal the horn and cable system of C.

a. Water depth: Norton's work assumes an infinitely
deep, conducting medium. This condition may be approximated
providing reflections from the bottom of the water body are
negligible. The problem of wave incidence upon a multi-layered
dielectric configuration is very difficult to solve and worse
to evaluate numerically. For this particular case, however, a
satisfactory guess may be made. The ﬁioblem of plane wave nor-
mal incidence is first solved for an air-water-soil configura-
tion (appendix C and figure 11). Depending upon the exact depth
of the water, the bottom reflected wave may diminish or rein-

force the surface reflected wave. Figure 12 therefore shows a
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hatched area as abplot of normal incidence reflection ratio (R)
versus the attenuation function e‘2d2y°. Evidently values of
the attenuation function of 0.1 or less should be used. The so--
called "skin depth" value of this function (1/e) is unsatisfac-
tory.‘

The normal incidence solution may now be expanded to in-
clude other angles of incidence by comparison with pages 304
and 357 of reference 3. This reference solves a more general
problem, inspection of which shows that the exponential atten-

uation function, instead of being e“2°(2yO is actually

e..ZO(gYo ( \, €2 \
£ - sin® Y.
The dielectric constant of water, 552, is 80. The sdquare root
expression above, therefore, is close to unity for all angles
of incidence, ng. Physically speaking, the waves impinging
obliquely are bent very close to the normal due to the high di-
electric constant of water.

If a condition corresponding to an attenuation function
of 0.1 is considered satisfactory, appendix D shows that about
one inch of sea water or about 30 feet of lake water is neces-
sary. Such a depth of lake water is too great for ease of horn:
stand construction. Sea water is not’always available. The
dilemma may be resolved by addition of sufficient electrolyte
to the water. It was necessary in the actual experiment, for
example, to use a pond of fresh water six inches deep, 45 feet

wide, and 150 feet long. The required conductivity for the



six inch depth (appendix D) is 0.866 mhos per meter. From ap-
pendix D, therefore, addition of

(0.34) (0.666)(150) (45) (0.5) = 777
pounds of stock salt to the pond would achieve the required con-
ductivity and adequately reduce the bottom reflections. In the
experiment itself, 1000 pounds of salt was added. Common salt

was chosen because it was least in cost.

4. Expected accuracy: From the foregoing considerations
accuracies of within 10 degrees should be expected. On an ab-
solute scale this represents an overall accuracy of 1/6000 at
1000 centimeters. Relative to the expected result, the accura-
¢y is within 10 percent. Such accuracy in a propagation exper-

iment is reasonable.
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III. DESCRIPTION OF EQUIPMENT AND SITES

Al List of equipment

4 microwave horns made of riveted aluminum sheet (13)%
2 stainless steel and aluminum horn support stands. The
receiver stand supports 3 precision millimeter drive
screws (13 and 16)
30' RG-8/U cable, type N connectors (13)
1>Hickock audio oscillator (14)
1 Hewlett - Packard square wave generator (14)
1 Microline SX -~ 11 klystron signal source with 417B
klystron (14)
Coaxial wavemeter (14)
TS 12 AP Standing wave indicator (15)
1N21 crystal in coaxial crystal holder (15)

Waveguide exciter sections (16)

e

5 kw, portable,130 v, 60 cycle power supply (Pt. Mugu
only)

B. Connections of the equipment

The transmitter consists of the audio oscillator supplying
a &5 volt, 1500 cps signal to the square wave generator which
in turn modulates the signal generatof with a 50 volt, 1500 cps
square wave. Square wave reflector voltage modulation of the
klystron is necessary to minimize frequency modulation of the

microwave output and yet provide a variable amplitude signal

hd Numbers refer to pertinent figures at the end of text.
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which can be amplified conveniently at the receiver. One out-
put connection of the 417 B klystron is modified to a type N
connector into which a coaxial line from either horn A or horn
C may be plugged. The other 417 B output is connected to the
coaxial wavemeter, which serves both to measure wavelength and
to afford some tuning action.

The receiver is composed of two horns connected through a
coaxial "TY to a crystal mixer, the 1500 cps audio output of
which is amplified by the standing wave indicator (high ampli-
fication audio amplifier) to drive a milliameter mounted on the
face of the indicator. Proper crystal connections and some
tuning action are provided by a single stub tuner close to the
crystal.

All horns are fed by exciter section waveguides, each havw
ing slide fitting probes and two tuning screws. These adjust-
ments provide maximum transmitter output from horns A and C,
maximum signal into horn B and, on horn D, provide the "atten-
uator action" specified in section II B 1.

The stands were designed and built by R.W. Paulson and
J.H. Watkiﬁs under the specifications outlined in section
II B 2. Adjustment screws were provided to level the horns,
adjust their heights, and raise and lower the structures to ac-

comodate various water depths. The stands worked well.

C. The Pt. Mugu Lagoon

Several sites were investigated including an ideal casting
pond in Oak Grove Park, Pasadena; a trout fishing pond on Rose-

mead Boulevard, S8an Gabriel; and Morris Dam Lake, Azusa. For
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reasons of inadequate depth (without salt -- a requirement of
the Pasadena Park Department) or too great a2 depth for stalle
operation, these sites were not used. A sea water, controlled-
depth (tide gate) lagoon at NAMTC, Pt. Mugu, California seemed
to offer ideal conditions with the exception of a.soft mud bot-
tom and occasional winds. An alternate site in the lagoon but
on the seaward (or uncontrolled level) side of the tide gate
was also selected. Both sections of the lagoon provide suffi-
cient area (at least 100 x 200 feet) of sufficiently shallow
water (less than 12"). Winds are highest between 1 PM and 6 PN,

are lowest in the early morning.

D. Pasadena City College Mirror Pond

This site was chosen as a secondary location rather than
as a primary location because of its fresh water content (re-
quiring 777 # of salt) and because of its restricted width (45
feet). Horns sufficiently narrow-beamed to eliminate side re-
flections for the 150 foot length would be too large to warrant
the increased effort and expense of horn and stand construction.
Therefore the greatest useable range in this pond is twice 45
or SO feet. The pond, however, has the advantages of being
hard-bottomed, sheltered, and of controlled, uniform depth.

Figure 17 shows a view of the pond.



IV. THE EXPERIMENT

A. Procedure

The following procedure was used for each set of readings:

1. The transmitter and receiver stands were placed on
the pond bottom and adjusted to an approximate level. The
lower horns were adjusted in height as close as possible to
the water level without permitting calm water entry. The upper
horns were adjusted to 135 centimeters (center of the horn) a-

bove water level.

. The transmitter stand was leveled and so adjusted
that the mouths of horns A aﬂd C were vertically aligned to

within one millimeter.

Se The transmitter was turned on and tuned to 10.00 cen-
timeters wavelength. Microwave energy was directed by coaxial

cable to the upper transmitter horn, horn C.

4. The receiver was turned on. Horn D only was used.

The received signal was maximized by adjustment of the tuning
stubs on exciter sections C and D.

5. With all electrical equipment turned on the receiver
systém was shifted toward and away from the transmitter to a
point of maximum received signal. Thé receiver stand was lev-
eled and properly adjusted in height. Horn D was moved back
and forth along its screw to find the true maximum signal point.
The maximum was broad, as predicted. The true maximum point

was chosen as the scale reading at which a maximum signal
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strength existed at the same amplitude for the same distance in

both directions.

6. The distance between the horn C mouth and the horn D

mouth was measured with a surveyor's steel tape.

7. With horn D at the maximum point the mouth of horn B

was plumb bobbed vertically below the mouth of horn D.

8. The reading on the horn D scale (top zero) and the
reading on the horn B scale (bottom zero) were indicated on the

data sheet.

9. Horn D (receiver top) was disconnected and horn B
(receiver bottom) connected in its place. Tuning stubs on ex-
citer section B were adjusted for maximum received signal. The:
amplitude was noted. Horn D was then substituted for horn B
- and de-tuned to ykld the same received signal amplitude as had

horn B.

10. Both receiver horns were nawconnected through a co-

axial "T" to the crystal detector.

11. With the transmitter still radiating from horn C
horn D was moved along its scale to a point of minimum received

signal. The meter scale reading was noted (top minimum).
12. Horn D was returned to its zero position.

13. The transmitter was switched to horn A.
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14. Horn B was moved to a point of minimum received sig-

nal. The meter scale reading was noted (bottom minimum).

15. The bottom scale reading at minimum plus the top zero
were subtracted from the top scale reading at minimum plus the

bottom zero.

186. The resulting answer in centimeters was multiplied

by 36.0 to yield the phase shift.

B. Pt. Mugu Lagoon

Through the cooperation of the range instrumentation sec-
tion, NAMTC, Pt. Mugu, the Pt. Mugu lagoon and the facilities
of the Navy base were made available from 4 May 1950 to O May
1950. Unfortunately, at this period a series of very low
(minus 1.4 feet) tides resulted in the automatic draining of
all water from the inland side of the tide gate (see section
III C). All work had been undertaken with the understanding
that the normal drainage control action of the tide gate was
not to be hampered. Experiments were therefore made at the al-
ternate seaward site. Platform sleds having wooden runners and
slanted fore and aft sections were used to move the equipment
on the mud bottom. Design was based upon a ten pounds per
square foot mud support strength, determined empirically. One
of the three sleds may be seen beneath the receiver in figure
13. Difficulty was experienced starting the sleds' motion due
to high mud suction. Once started, the sleds were moved easily

by oné man ashore pulling on two quarter-inch hemp ropes.
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The tide condition provided many obstacles to success.
Designed for the slow water depth changes of the controlled
section of the lagoon, the screw height adjustments on the
stands could not compensate for the tide action. The time of
high and most stable tide coincided with periods of highest
wind. The wind rocked the light weight stands, rippled the
water to two inch waves, and chilled the personnel working hip
deep in mud and water. The waves bounced the lower horns and
often partly filled them with water, producing a wildly-oscil-
lating received signal. Readings obtained were meaningless.
The Norton phase shift could not be checked but the amplitude
relationships of section II B 1 were roughly confirmed, the
basic technique proved valid, and the electrical - equipment
tested under rugged conditions.

It is suggested, nonetheless, that the Pt. Mugu lagoon
not be discarded in consideration of further work. The con-
trolled section, in particular, may well be satisfactory in
the early morning hours when little wind is present. The elec-
trical conductivity of this fresh-water-fed section is between
one quarter and one half that of sea water. A water depth of
two to four inches is readily achieved under proper conditions.
Mud sledding, while uncomfortable, is not impossible.

=]

C. The Pasadena City College Mirror Pond

With failure on the Pt. Mugu attempt, work was initiated
immediately to modify the equipment for use in the PCC Mirror

Porid. The sleds were discarded and all cables were cleaned of
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brine. One half ton of #1 grade stock salt was dissolved in
the pond. By 15 May 1950 the equipment was ready and on the
site.

A difficulty first observed in the Pt. Mugu attempt tended
to confuse the location of the maximum Egp signal. The accura-
cy of the experiment, it has been shown, depends upon reasonabp-
ly accurate location of these maxima. Apparently due to the
phase properties of the horn lobe patterns, a smooth variation
of signal strength with distance was not observed. The points
of true maximum signal were preceded and followed by a series
of smaller maxima superimposed on the basic variation. Bottom
reflections may have been the cause, but this is doubtful. In
the Pt. Mugu experiment the water was over six inches deep at
all points, more than enough to attenuate the bottom reflected
wave below detection. Confusion was greater at the shorter
distances. Experimentally it was observed that even a shallow
film of water in either the lower transmitter or receiver ex-
citer sections greatly attenuated the received signal. Pre-
sumably a phase shift due to the water film occurred as well.
From the foregoing theoretical discussion (section II B 1 and
section II B 3 b) these phase shifts are not important unless
they change during a set of readings. Motions of the horns
during a set of readings (other than the known motion along
the millimeter screws) caused by tipping of the stands while
turning the screws distorted the readings unless care was takw
en to make all measurements slowly.

With the exception of these unexpected annoyances, the
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procedure was followed easily. Each set of readings took ap-
proximately one half hour. The set up time required was three

hours.
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V. RESULTS

Readings were taken at six distances at which Ey was a
maximum. The data is given in appendix E. The readings were
then corrected according to figure 10 (tolerances curve a).
Fifty centimeters was arbitrarily added to each measured dis-
tance (horn mouth to horn mouth) in order that the results
might be plotted on a source-to-source distance scale. Appen-
dix F gives the corrected values. Figure 18 shows the com-
parison with theory.

O0f the six readings, four are within the expected accura-
cy limits of * 10 degrees. It is believed that the experiment-
al points at 298 and 493 centimeters are erroneous. Themgni-
tude and character of the variation suggests a consistent mis-~
take in procedure -~ probably omission of step 12. Note that
a line drawn between these two points will approximate the
slope though not the magnitude of the Norton curve.

It appears likely that these data confirm Norton's theory,
if only by inference. Obviously all measured phase angles
might be in error by multiples of 360 degrees. If this were
the case, however, it is improbable that the resulting total
phase angles would obey the same law of behavior as Norton
predicted. In other words, the points should be either at
random, of different order of magnitude-(greater than 180 de-
grees occasionally), or of different slope. There remains the
question whether or not all antennas will generate this Norton
wave. This experiment seems to show that given\sufficient gen—~
erating area such a wave does travel along a conducting sur-

face.
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VI. SUGGESTIONS FOR FURTHER WORK

The above results yield a good check on the technique pro-
posed and provide a preliminary check on the Norton phase shift.
Further work undoubtedly is indicated, particularly at the short--
er distances. Small horns mounted on nearly reflection-free
stands should be used. No unessential transmitting and receiv-
ing equipment or other extraneous reflectors should be present
within the beams of the horns. The horn motion concept for
measuring phase is recommended for simplicity, although a pre-
cision measurement undoubtedly should use a calibrated line
stretcher in a unity VSWR system. Research personnel continu-
ing this work should exercise extreme safety precautions.
Standing in six inches of water adjusting electrical equipment
is dangerous. All chasses of electrical equipment should be
connected together and grounded to the water.

The basic technique proposed here may be used to check
other theoretical phase conditions than the phase charzcteris-
tics of 3000 megacycles/sec. over water. Different ground
conditions and different propagation frequencies can provide
information of other "B" curves and on other ranges of "PU".

The method is equally applicable for the study of the phase
distortion of waves propagated over ridges. The free space

criterion is always met by using points‘of maximum Eqp.



-28-
APPENDIX A

1. Calculation of Ejp (fresh water case)
Equation 1) of the text may be used with the follow-

ing modifications:

cos VY1 = cos \’AB 2 1.00
cos ¥ 3 = cos'W < 1.00
hA= hB: 2.5 cm<< T

L
sin'Y,g -2 . 5 - 0.1118 x

T sin'y g - g2 5 + 0.1118 x

. _4p - (5 + 0.1118 x)3
P s = 0.315 =

~ . .2
T - Ty = 3 h, /x
B=bz= 90°
Therefore,
i ©AB"

Eg . ol 3Tx/A [ 5 - 0.1118 x 450
x 5% 0.1118 x cos( X )+ 1

+ £(p,B) (1 - R) cos(®s é;?g)‘]

+ Eo .1 2ux/ {5 - 0.1118 x P‘SOT
=0
+! X e 5 + 0.1118 x 8i X

+ £ (P,B) (1 - R) sin(4= . %329)"]

Let K= Ea ol 3""/&, evaluate f(P,B) and
from figures 2a and 3b respectively; and substitute numerical

values,
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from which the following table results.
a %‘B'T 42 S4B
real imag.
87.5 1.0595 0.3115 16.4°
301.3 0.616 0.3417 29.1
538.5 0.885 0.3728 43.8
1105 0.128 0.1758 54.0
1788 0.717 0.12303 58.8
3000 0.387 0.0785 83.5

©,p is plotted in figure 5.

2. Calculation of Eyp (salt water case)
In case of appreciable conductivity the phase angle
of R is not a simple 0° - 180°, but is given instead by fig-

ure 2c¢. Equation 1 then becomes

® E['R' cos (1504 $,)"+ 1 + F(RB)(1 ~Rr) cos (¢ + 5P + Sﬁmﬂ
+ L’ﬂR’SIN %04. R)°+ -F(RB)(I l—R\) SIN (43 + ‘%5(_04_4?‘&),]

iB
and Pe' = % -] y i.e., B= Db + B‘bl-R
(b for salt water at 3000 mc = 69.4°) ,
from which, upon substitution of numerical values, we oOb-

tain the following table.
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d Eﬁa E%B O ] E%E‘
real imag.

67.3 1.153 .5375 250 1.273
201.3 .5735 . 4757 39.5° .745
522.5 . 3057 . 3631 60.6° .417

1105 .0558 .2418 77° .248
1788 .0296 .1378 78° .1414
3000 .0119 .09186 832.6° .0925
6000 . 00680 .04076 83.5° .0413

©,p 1is plotted in figure 5.

IEQB-' is plotted in figure 6 as Epp-

3. Calculation of E,p (fresh water case).

E. (2Mxan , 2“" , ({2 Rae
E =7 [COS\P e A 4 RCoszv;De + (l’~R)“(PB)Cos L( LW)]

X
‘P = CcoSs g =
LP"" °5 ¥ao Y2+ (125)*

3 l zl\j(,t;\o_x)] Y
Cosyp e [e AT k"°)+R ' (I~RH(BB)€“‘¢]

7

=|m
d

5 _
[1+ (x/125)217%

! »
where Tpp = T'pp =

r = sinY¥, - 0.1118 v
sin Y5 + 0.1118 ¥z = Yao
P = 0.515 Xgy (sin Yo + 0.1118)%

cos Y AD
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B=b= 90°

from which numerical evaluation yields the table below.

d ®4D | Ep/x|

50 3229.3 0.0148
100 2323.2 0.148
300 986 1.025
500 573 1.191
1000 384 .9953
2100 168 .730
4500 80.3 .417

\EAD/KI has been plotted in figure 6 as E . Note

the rapidly changing eAD‘

4. Calculation of Egp (fresh water case)
Assume hc?¥ hp = 135 CM, $JCD = 0, only points of

amplitude addition valid, and that X is as given previously.

_Ekg_o [t +R coSBVC’O +4(p,8)(1-R )cos 4:]+j[¥(P,B)(t—R) Sin 4>]

/
for sin HICD < 0.1118.

=[! +IR| cos 'H:'o ~-f®8)(}+|R!) cos <}] - jU(P,B)(HIRI)sm ¢]

A

’
for sin Y 5, > 0.1118,

!
sin ¥ op - 0.1118 . o
= Sin Vﬂcn + 0.1118 is & good approximation.
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Therefore

0315 X

o
i

(5|N VJLD +O.Nl8)

cos %ﬁo

B= b= 90°

from which a numerical evaluation yields the following

table.

d eCD

50 9

100 0

300 0

500 0

1000 0

2100 0

4500 0

%
1.039
1.1775
1.4486
1.369
1.156
1.378
1.830

8272 -1°14"#%  1.708

E
‘—%D{ , good only at points

been plotted as Egp in figure 6.
hg = hp = 185 CM is negligible.

of amplitude addition, has

The Norton effect at

#Norton Contribution
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APPENDIX B

1. Tolerance permitted in motion of horn D from maxi-

mum amplitude points. Transmitting from horn C

~ -] [ 3 4 s BT t -“
€yp = tan R cos” Y 4 sin &= (r'sp x_)]

2
de - [e]s]:] GCD S, 2'1 ; ]
—E%D * T3 R ¢os°¥ap R cos qjCD [ S (cos?’cD - 1)
de¢p R cosd Y’ ! i
= 0.628 gD cos - 1l)radians/cm

dx 1+ R cosd Y'op (cos ¥gp - 1) fem
o = nn

foTr max

or AX in centimeters for 1° error near €gp = nT
is given by

AX = 0.0377 [1 + R cos® ¥ gp ] 1 .
1 R cos® W,CD cos ‘IIICD -1

A’(,,, is plotted in figure 10 as curve a.

2. Tolerance permitted in vertical height of horns C

and D from 1235 CM of water surface

€p = tan‘l[R cos® l[/ICD gin _2.;_'\1 (rdp =X )]

-— 5 / . !
dgg:“: g1 R cos WCD SlanﬂD .
dh A 1 + R cosS¥hp radians/cm
8gp = ni

or Ah in millimeters for 1° error near ©gp = nf¥i is given by
_ 1 + cosdYgp

Ah1° is plotted as curve b in figure 10.
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3. Tolerance in vertical alignments of pairs of horns

2 l.z;‘ﬂ-(h;o_nAo)
eAD=ARG[K é (AD“")(l*Re ):‘

CB
-
= §§_ (rAD -X ) radians
de am
An: X
d x {[x3 + (hg - hA)2_]2 }v T (cos Y'gp - 1)

radlans/cm
or AX in millimeters for a 1° error is given by

. 100
AX = ZE0 TcosWap = D)

which is plotted as curve ¢ on figure 10.

4. Tolerance in vertical height of horn D as compared

to horn C
8,p & g—;r— (rAD - X ) radians
d8,p _ 27 (hg - ha) 'IWE”' sin ¥’ radians/cm
T A (T Th —Epeys A ointon /

or Ah in millimeters for a 1° error is given by

100

Ah = 360 sin P’CD

which is plotted as curve d in figure 10.
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APPENDIX C

From figure 11 the boundary conditions may be written as

El + Ell = Eg +* Ez' Ez + Ez' = Ea
at y= Yo £ at y = o
By - By =% (B - Ep') 5 - Ep! EES

where )
—)Pl"r
El = A ﬁ _ 2’ £ = o A = (0
) ]
e
El' = Be P‘?,
...\)62? "’0(1."#" 6 =
- - moe (==
2 70 faz =~ 5 h= ANwm it
iy Y = 010552 ..
Eg' - De _—FTGR
t =80€°
tﬁf} +d51r
E, = Fe gzglr,[? €,= 3¢
3 o
E_ ! = O - €,
3 and A 2 0.105 63 | &

Note that due to the high dielectric constant of water
the "skin depth" function at these frequencies is independent

of the frequency. Substitution of numerical values yields

jzﬁzfp.o —2‘{'&’;9
R = B - 0.8882 - 0.755€ -
I.1118 - 0.595 gl2firge = 2%a7ge

which is an oscillating function of envelopes
"’2‘1.70

R, = 0.8883 « 0.755 €
4+ ~ 1.1118 + 0.595 e*“z"ao

and

—2“17.
g = 0.8883 - 0.755¢€

- 1.1118 - 0.595€~2'(1."jo

This result is not frequency dependent in the frequency
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range of interest. The two equations above are plotted in
~2K,Y,
figure 12 as functiomsof e ok = e =0-3l ¥, ywhere

6 is in mhos/meter and y, is in centimeters.
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APPENDIX D

1. Coriductivities required to yield an attenuation func-

tion of 1/10 for specified water depths yq-.

YoCM 6 Mhos/meter Remarks
2 5 sea water, about 1" deep
5 3
10 1
15 0.6686 about 8" deep
20 0.500
1000 1072 lake water, about 30 feet

2. Pounds of electrolyte per cubic foot of water to

yield a given conductivity (Gm mhos/meter)

Substance lbs/cu.ft.
NaCl 0.34 6

30uS0, 0.456 &
NH4C1 0.365 6
NH4NO5 0.397 &

Data calculated from International Critical Tables.



Distance Top Zero Bot.Zero

=38

APPENDIX E

(cm) (cm) (cm)
211 31.00 22.04
298 26.00 37.06
493 29.00 29.43
619  15.00 14.83
1040 25.00 24.25
2026 27.00 28.65

Top

Min.

(cm)
16.92
31.83
26.80
21l.4
25.6

83.8

Bot.

Min.

(cm)
16.456
29.90
30.62
33.8
6.8

27.0

Norton
(om)
1.51
2.98
3.40
1.38
1.95
1.75

Norton
degrees

54

108

122

50

70

83

Readings decrease as horns moved toward transmitter.
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APPENDIX F

Distance Norton
Degrees

261 48

348 114

543 119

669 51

1090 70

3078 83
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FiGURE 8 USEABLE RANGE ON RELATIVE
AMPLITUDE CONSIDERATIONS
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FIGURE 8 HORMN CONFIGURATION
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HORIZINTAL DISTANCE (Cin
a. Error permitted in distance measurement to E maximum point for
one degree error (cm)
b. Fluctuation permitted in horn D height during measurement for
one degree error (nh)
¢. Error permitted in vertical alignments of pairs of horns for one
degree error (wn)
d. Error permitted in vertical height dnfference between pairs of

horns for one degree error {(mm;

Notes: Motion apart introduces negative phase error

Curves a and b apply only to points of maximum ECD

FIGUREZ 10 TOLERANCED
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Figure 13 Overall View of Equipment

Figure 14 View of Treansmitter



Figure 15 View of Receiver

Figure 16 View of Stub Tuners and Drive Screw
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Figure 17 View of Passdena City College lirror

Pond (background)
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HORIZONTAL DISTANCE (Cm)

FIGURE 18 COMPARISUN OF EXPER:/MENTAL
RESLLTS  WITH THEORY



