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This paper describes a method for predicting the magnitude of interchan-
nel modulation due to multipath propagation on angle-modulated tropo-
spheric scatter radio systems. Values of signal-to-intermodulation ratio,
S/1I, are caleulated for various pairs of signal reflections in the troposphere,
taking into account the base bandwidth and frequency deviation of the
system, the anlenna patterns, the path geometry, and climatic conditions
during the “worst month” of propagation. The lowest value of S/T (worst
intermodulation) computed for such pairs of signal reflections is then cor-
rected empirically to account for mulliple reflections. The result represents
the median value of S/I expected during the worst month of transmission
an a specified path.

The method yields results that, when compared to measured results from
Jowr widely different paths normalized to worst-month conditions, have a
standard error of estimate of about 2.6 db.
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I. INTRODUCTION

Various theories have been proposed to explain the mechanism by
which energy radiated from a transmitting antenna is reflected or re-
fracted in the atmosphere and ultimately arrives at a receiving antenna
beyond the horizon.'?* Apart from the merits of any particular theory
of propagation, the geometry of a typical over-the-horizon, or “tro-
pospheric scatter,” path suggests an inherent multipath transmission
problem. As illustrated by Fig. 1, components of signal reflected to the
receiving antenna from successively higher points in the atmosphere
are delayed by increasing amounts behind the earliest arriving com-
ponent.

When such time-delayed RI' signals — called echoes henceforth —
are demodulated by an FM or PM receiver, they are converted into
energy at undesired regions of the haseband. In a frequency-division
multiplexed, multi-channel voice system, this undesired energy is com-
monly called “interchannel modulation,” or simply “intermodulation.”
It adds to other distortion energy generated by equipment nonlinearities
and to the ever-present white noise, to produce the total background
of noise faced by the desired speech signal. Whether or not “‘path inter-
modulation” noise is objectionable in a given system depends on its
magnitude relative to these other components of noise.

The general theory of interchannel modulation due to transmission
echoes in angle-modulated systems has been treated by Bennett, Curtis,
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Fig. 1 — Symmetrical tropospheric scatter path.

and Rice.* The objective of the present paper is to outline a method for
predicting the magnitude of intermodulation due to echoes in tropospheric
scatter radio systems, making use of the intermodulation theory devel-
oped in Ref. 4 and the reflection theory of tropospherie propagation
given in Ref. 3.

The first step in the method, following specification of a suitable model,
involves caleulation of the relative amplitudes of signal echoes received
irom various angles of elevation above the horizon. The corresponding
time delays of these echoes are then calculated, relative to the signal
arriving via the antenna beam axes, or “centerline”’ path.

Next, signal-to-intermodulation ratios are determined for selected
combinations of echo amplitude and corresponding time delay, radio
system base bandwidth, and frequency deviation.

These initial, primarily analytical, steps provide an indication of the
magnitude of intermodulation which would be generated by single echoes
in an angle-modulated system without diversity. The results postulate
a so-called “worst echo”; that is, an echo having a combination of
amplitude and time delay that produces more interchannel interference
than any other combination.

In calculating the values of echo amplitude and time delay, the
meteorological conditions of the path are assumed to be the median
values during the worst month of propagation. Thus, the calculated in-
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termodulation represents the median value for a single worst echo during
the worst month of transmission on the given path.

From this point, the method becomes empirical in accounting for vari-
ations in the caleculated median value of intermodulation as propagation
conditions change, and in aceounting for the effects of multiple echoes
and diversity reception. Satisfactory analytical methods of handling
these factors have been elusive, to say the least. However, experimental
results have provided encouraging means of estimating correction factors
for their effects, and these corrections are discussed.

II. MODEL OF TROPOSPHERIC SCATTER PATH

The typical geometry of a tropospheric scatter path is illustrated in
Fig. 1, showing two narrow antenna beams intersecting to form a
“eommon volume.” The lower edges of the pattern represent the beam
centerlines; each is pointed toward the horizon on the azimuth of the
other antenna. The upper edges of the patterns are arbitrarily chosen to
correspond to some value of antenna gain — e.g., 3 db — less than the
centerline maximum. Throughout this paper, the antenna pattern above
the centerline is assumed to be the same as half the free-space pattern.

2.1 Reflection Theory

The reflection theory of beyond-the-horizon transmission proposed by
I'riis, Crawford, and Hogg® has been found to yield estimates of re-
ceived power which are in good agreement with reported experimental
data. The expression for received power proposed by this theory will be
adopted in the present model for use later in deriving an expression for
echo amplitude.

Assuming identical transmitting and receiving antennas, and “inter-
mediate-size” reflecting layers,* the received power in a system with
symmetrical geometry as in Ilig. 1 is given by:

MA 1 1 @
P, = P!——aﬂ—_f(—>
3 o fa (2 + E!) 0 (1)
8
where
P, = transmitted power, in watts,
M = a constant of the path proportional to the number of reflecting

* Ref. 3 proposes somewhat different expressions for the cases of large, inter-
mediate, and small reflecting layers, where the dimensions are defined in terms of
wavelength and Fresnel zones. All three may be present on a given path at vari-
ous times, but intermediate-sized layers are probably most prevalent.
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layers and the squares of path length, reflecting layer length,
and change in gradient of refractive index at the bottom of the
common volume,

A = wavelength, meters,

antenna beamwidth to the half-power points, radians,

= angle between a chord joining the ends of the path and the axis

of the antenna beam, radians,

a = half the length of the chord between the ends of the path, in
meters. For practical paths, this can also be taken as half the
ground distance between terminals,

Il

< R

and
-4

[+
f(‘_">=1+ 1 -1 2+§
-V r+el Slite

8| 8

Equation (1) indicates that the received power is critically dependent
on the angle @, and it will become apparent later that path intermodula-
tion also depends heavily on this parameter. Therefore, it is of interest
to consider those factors which influence the value of 6 on a path of
given length. These factors — atmospheric refractivity, unequal eleva-
tion of antenna sites, and nonhorizontal antenna take-off angles — will
now be discussed.

2.2 Effect of Refractivity on Angle 6

As is customary in many radio problems where the transmitted signal
is refracted by the atmosphere, the lines of propagation in Fig. 1 have
been drawn straight over an earth having an effective radius greater than
the true earth’s radius. The symmetrical path is then defined completely
by the path length L (or alternatively, the chord length 2a) and the
angle 6 between the chord and the earth-tangent ray at either end of the
path.

The value of 8 which gives the correct altitude of intersection for
horizontally directed antenna beams, allowing for refractive bending, is

L L

=5k~ smK

(2)
where R is the effective earth’s radius, R, is the true earth’s radius (3960
statute miles), and K is a constant.

The value K = % is used in many radio applications. It has been found
in the present work that better results are obtained if the value of K is



THE BELL SYSTEM TECHNICAL JOURNAL, JANUARY 1963

6

AT A TR TR LS

L A e

02l 00!

08 09

O 02 3 0 moO2

o 09 08

s “ NOILD3roYd || _ ,]._..lM s

| e R e e S |

o o> s e ||t T L | T_; oL

0o nR\HJ ....:._f..rﬁ._ J.[Wln.lnl .../l..r...“ i _Talil-l\. \L\\.ﬂv. ~ L .rl.l.llH.ll A _8.. o

0§ o__,a "_ ‘|//ﬂ|: — T 1 Hfu“ i |1|!§l..\..\\v\ \.I ._,]/___JHI||_. | ] .n_u_n 0s
i A |1...|\..|I| ] 4 | \\,«\\.ll\.. ..|.|ri.

. an_r;} anil /H.m..\ll.ll\k JH\ N i [ L\-\\t ( 02 -
o awﬁg e NN =8 q \\T\ e |
(4, ! L \|”.W|/ - L L P _§
«| i NG ) TN |
o | % . > \..\t../ ¢ h ;\& \ \’\ — nlrL“ / \\H Al
HIPARYS = (ERNEA - 4 A anN T LN |
ol AR AN TN fw_‘mp { i :Ll,.\ﬁ._ AL -
oz | &M!//.ﬂ\\\) ? 7 m ! ﬂ”“: 2 //t\v \“\I/ ,/_8 oz
LA A _ | T 1= T N
ME/ANSZ: s\ clSne//IINE ZZa\V ]
o ) N e AL | T U A I TN
o | ] ¥ N 7 %) Y u{ﬂn 7”1 N L
oc T LA | /,(;l\ﬁu..u\ ¥ & , y \% ‘ /N ] o8
o Nfle | [ FITEFI Ol LR T |,
3 K | ;!-l\\L\ ,.meﬂw AR ﬁi\i zw.mm " Wﬁi o

F a_r— . -
o8 _ o 77; @mf‘w ﬁnwﬂ J% _ % e -.r.n unm..vnﬂ — .H_ o8
o | " | [T HEEEE
] g

o8l 3 09l

owl

z
S




INTERMODULATION IN TROPOSPHERIC RADIO SYSTEMS T

determined for the specific path under study. We need, then, to deter-
mine the relation between K and refractivity.

A method for determining the approximate value of K for a given path
is developed in Appendix A. The initial step in the procedure requires
the selection of appropriate values of minimum monthly mean refrac-
tivity at sea level, N,, for the geographical coordinates of the stations
at each end of the path. Fig. 2 gives such data, collected from 306
weather stations over a period of years.

Next, values of refractivity, N, , are calculated for the altitude at each
station. This is done using equation (22), repeated here for convenience
as:

N, = N,exp (—0.0322h) (3)
where N, and N, are in “N-units,” and h is the station altitude, in
thousands of feet.

Finally, the values of K corresponding to the surface refractivity at

each station are read from Fig. 3, and a single average for the path is
estimated from the values at the end points. Unless the path is very long
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Fig. 3 — Effective earth-radius factor vs refractivity at surface.
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or there is a large difference between the altitudes of the two stations,
the values of K determined for the two stations are likely to be almost

the same.

2.3 Effect of a Difference in Anlenna Site Allitude

The angle 6 for a symmetrical path with no obstructions can be de-
termined by consideration of refractivity alone, as outlined above. When
the altitudes of the antenna sites above sea level are significantly dif-
ferent, or when the antenna centerlines are directed above or below the
horizontal, corrections are necessary to determine the angles of the beam
centerlines above the chord. The correction factors may be (and gener-
ally will be) different at the two ends of the path. The effect of a differ-
ence in altitude of antenna sites will be considered first.

Tig. 4(a) illustrates the geometry of an unsymmetrical path. The
asymmetry here is due to the high altitude above sea level of the antenna
at the left. For paths of practical interest, the difference in altitude, A,
between antenna sites is not likely to exceed a few thousand feet. (The

G =60+p3 + 6, 6 =6-0+6¢,
(84, 1S NEGATIVE)

(b)

Fig. 4 — (a) Antenna 1 at altitude A above Antenna 2; (b) negative take-off
angle at raised site 1, positive take-off angle at site 2.
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greatest difference in existing systems known to the authors is about

8000 feet, on a path in the Arctic.) Thus, since A is very small relative

to the path length, L, the correction angle 8 to account for the elevation

difference is given with sufficient accuracy by
A

B =

z )

2.4 Effect of Nonhorizontal Antenna Take-Off Angle

When an antenna site is elevated and there is no foreground obstruc-
tion the beam centerline axis is generally depressed from the horizontal
and aimed at the optical horizon to increase the received signal. Con-
versely, when there is an obstruction between an antenna and the normal
horizon it may be necessary to elevate the antenna axis above the hori-
zontal.

In the case of Fig. 4(a), for example, the beam from the elevated
antenna at the left would normally be depressed by an angle 6, in aiming
at the horizon. This is illustrated in Fig. 4(b). Also in Fig. 4(b), an
obstruction has been added in front of the antenna at the right, requiring
that its beam axis be elevated by angle 6, . 8, at either end will be con-
sidered positive when measured upward from the horizontal.

By combining the effects of antenna altitude difference and nonhori-
zontal take-off angles, the following general expressions are obtained for
the angles 8, and 6, between the chord joining the antenna sites and the
centerlines of the respective antenna beams:

31=9+.6+5u (5)
b =80 — 3+ 0 (6)

where ¢ is defined by (2), 8 is defined by (4), and 6, is at the end with
greater altitude. The factor 8 generally can be ignored if the antenna
sites are within about a thousand feet of the same altitude above sea level.

2.5 Concept of ““Fehoes”

The conventional diagram for a tropospherie scatter path, as illus-
trated in I"ig. 1, shows well-defined antenna beams projecting from each
terminal. This is a convenient model for many purposes, particularly for
determining received signal power. It can be misleading when one is
concerned about interference effects, however. We will therefore discard
the notion of a bounded antenna beam, and turn instead to the geometry
illustrated in Fig. 5.

In this illustration, the earliest-received — and generally the strongest
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—~—— ECHOES

— MAIN SIGNAL PATH
(BEAM AXES)

Fig. 5 — Illustration of tropospheric transmission in terms of “main signal”
and ‘‘echo’” paths.

— signal component travels along the axes of the antenna beams and is
reflected at their intersection in the troposphere. This will be called the
“main signal.” Other components of signal are assumed to be smaller in
amplitude because they are somewhat off the maximum-gain centerline
of the antenna beam, and also because the reflected power decreases with
increasing altitude of the reflection point. These reflections will be called
“achoes” hecause of their delay behind the main signal.

Although there must be an infinitely large number of echoes from a
continuously illuminated common volume, some sections of the volume
probably produce higher power density than others as seen by the re-
ceiving antenna. It is helpful in this argument to consider the total
received power as some equivalent result of a finite number of signal
paths.

Tn the remaining analytical sections of this paper, it is assumed that
reflections occur independently, at random, and only in the plane of the
antenna beam centerlines. Among the entire ensemble of such echoes,
one is to be designated as the “worst” echo — the echo caleulated to
produce most distortion in the output of the system. Other echoes —
including those on either side of the beam centerlines — will contribute
to the total distortion, but their effects are included later as part of the
empirical correction for multiple echoes.

a.6 Summary of Model

The results up to this point can be summarized as follows: A path
structure has been proposed which replaces the conventional 3-db an-
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tenna beamwidth by a series of signal paths. The shortest of these paths
is assumed to follow the antenna beam centerlines, and is designated the
main signal path; the rest are echo paths. Critical parameters in the
model are the angles #, and 6. between the antenna beam centerlines and
the chord joining the two antenna sites. The received power, given by
(1), depends critically on these angles. When the path geometry is sym-
metrical, (which would be the case with both antennas at sea level and
no foreground obstructions), the angles depend only on path length and
atmospheric refractivity (2). When there is a significant difference in the
altitudes of the antenna sites or non-horizontal antenna take-off angles,
g, and 8, must be modified accordingly (5, 6).

The foregoing model will be used in deriving expressions for echo
amplitude, echo delay, and finally, intermodulation.

III. ECHO AMPLITUDE

The magnitude of an echo relative to the main signal over a tropo-
spheric scatter path is derived in Appendix B. The derivation makes use
of (1) to express the power received in vanishingly small beamwidths
a and a,, representing main signal and echo paths at angles 6 and 6, ,
respectively (See Fig. 6). The ‘“‘reflection loss,” r,, of the received echo
power relative to the received main signal power is given by (28); thus:

;
r. (in db) = 10 logy (g’) = 10 logy p'. (7)

It can be shown that (7) is valid for the unsymmetrical path of Fig. 7

Fig. 6 — Geometry used to calculate ratio of main signal power to echo power
in a symmetrical path (7).
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Tig. 7 — General unsymmetrical path.

as well, where the main signal and echo angles are related by:

0 Ore
2¢e  Ule __ p (8)

8, 01

Equation (7) also holds for the “small layer”” version of the reflection
theory. For the “large layer” theory, which may be more applicable
under high-signal conditions, the reflection loss r, can be shown to vary
as (p)°.

The derivation of (7) assumed that the antenna gains in the directions
of the echo path were equal to the gains along the main signal path. In
many cases, particularly those involving half-power beamwidths less
than about one degree, the difference in antenna gain between the angles
of the echo and main signal paths will add a significant factor to the dif-
ference between the received echo and main signal powers. Thus, if the
combined loss due to the decrease in the radiation patterns of the two
antennas at the angles 6, and 6.. is given by r., in db, the resultant
ratio of main signal to echo power is:

r(indb) = r, + 7. (9)

The reflection loss, r. , is related to p by (7). The antenna loss, rq , can
be determined with sufficient accuracy from antenna patferns such as
those illustrated in Fig. 8. The beam axes correspond to angles 6 and
8, . Thus, the antenna losses at the echo angles 6, and 6, can be read
from the appropriate antenna patterns at angles from the axes given by

0. — 6 = (.0 - ])91 (10)

at one end of the path and
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Fig. 8 — Typical free-space patterns of parabolic antennas (750 me).

629—82= (p-—l)ﬂg (11)
at the other.

IV. ECHO TIME DELAY

The time delay of an echo traveling the path 8,,, 6. relative to the
main signal traveling the path 8, , 6. (Fig. 7) is:

T = 2.68 L 6,6:(p° — 1) microseconds. (12)

Here the path length, L, is in statute miles and p is as defined by (8).
The derivation of (12) is given in Appendix C.

V. INTERMODULATION, SINGLE ECHO

A method for caleulating intermodulation distortion caused by a single
echo in the transmission medium of an angle-modulated system is given
in Ref. 4. The method assumes a baseband loaded with random noise
simulating many frequency-division multiplexed voice channels. The
signal-to-intermodulation ratio, S/7, in a narrow frequency slot any-
where in the baseband output can be computed for given values of signal-
to-echo power ratio (r), echo delay (7), base bandwidth (f,)* and rms
frequency deviation (o). The technique is applicable for signal-to-echo
power ratios greater than about 5 or 6 db.

* The theory presented in Ref. 4 assumes that the baseband extends from zero
to a top frequency f; . In practical systems, the lower edge of the band starts at

some nonzero frequency, say 12 ke. For systems of many channels, the assump-
tion of a band extending to zero introduces negligible error.
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Figure 5.7 in Ref. 4 shows a set of curves from which one can determine
the S/I ratio in the top channel of an FM system without pre-emphasis.
Fig. 9 is a similar set of curves computed for a pre-emphasized I'M sys-
tem. The preemphasis characteristic, Fig. 10, is typical of those used on
many tropospheric scatter systems. The curves of Fig. 9 are probably
also sufficiently accurate for phase modulation.

Fig. 9 is used as follows:

Given values of base bandwidth, frequency deviation, and an assumed
value of time delay, compute the rms deviation ratio, o/f,, and the
product of top baseband frequency and echo delay, T . Note the value
of the contour line on Fig. 9 at the intersection of the lines for the com-
puted values of o/f, and f,T. The value of the contour at the intersection
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Fig. 9 — Contours of constant interference. (Value in db by which S/I ratio
exceeds signal-to-echo power ratio in multichannel pre-emphasized FM system.
Value is for top channel only.)
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Fig. 10 — Pre-emphasis typical of tropospheric scatter systems.

represents the amount by which the S/I ratio exceeds the received
signal-to-echo power ratio, r, in db. Thus, the values of the contour and
the signal-to-echo power ratio must be added to arrive at the S/I caused
by the echo.

The manner in which S// varies as a funetion of echo time delay can
be determined from Iig. 9, for a system of given parameters and a single
echo of known magnitude. A family of curves of S/7 vs. time delay can
be developed, where each curve in the family applies to an echo of fixed
amplitude. I'ig. 11 shows such a family. The particular case chosen for
illustration is that of a one-megacycle baseband, pre-emphasized and
frequency modulated with an rms deviation ratio of one. Each line of
this family of curves corresponds to a cross-section of the contours of
I'ig. 9 on the vertical line ¢/f, = 1.0. T'o the cross-section from Fig. 9 has
been added, in the case of each curve on Fig. 11, the indicated signal-to-
echo power ratio r.

Note that the family of curves in I'ig. 11 applies generally to any sys-
tem having the selected base bandwidth and deviation. It has not been
tied to any particular path. The problem now is to find the combination
of echo amplitude and delay time for a selected path which produces the
most distortion in the system. To illustrate the method of doing this,
the following path parameters have heen arbitrarily chosen:

Path length, L = 200 miles

Refractivity factor, K = 3

Antennas, both ends = G0-foot parabolas, with patterns as in Fig. 8

A symmetrical path
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Fig. 11 — S/I vs echo delay (single echo) for pre-emphasized FM; fi = 1.0
me, o/fy = 1.0.

Equation (2) is used to calculate 6, = 6 = 0.019 radians. This is the
angle between the chord separating stations 200 miles apart, and the
antenna beam axis for a horizontal take-off angle.

Next, choose an arbitrary value of reflection loss, r. . Suppose 5 db is
chosen, corresponding to the power ratio 3.16. This is the ratio of the
reflection loss along some echo path at angle 6., to the reflection loss
along the main signal path at angle 6; (or 6:). To this value of reflection
loss must be added the reduction in antenna gain at the angle of the
echo.

To find the reduction in antenna gain at the angle 6, corresponding to
5 db reflection loss, first compute p from (7). Then (10) or (11) can be
used to compute the angular difference (8, — 61) or (8. — 62). The differ-
ence in this example turns out to be 0.19°. At this angle from the beam
axis of a 60-foot antenna, Fig. 8 shows that the antenna loss, 7., for two
antennas at the angle of the echo path is about one db. The total loss
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along the echo path, relative to the main signal path, is then r, (5 db)
plus r, (1 db), or 6 db.

The time delay of this echo, given by (12), is about 0.075 microseconds.

Turning now to I'ig. 11, the S/I ratio corresponding to the echo delay
T = 0.075 microseconds and the echo amplitude ratio r = 6 db is about
35 db.

Similar computations are now performed for other arbitrarily-selected
values of reflection loss, say 10, 15, and 20 db. Each case is associated
with a separate echo path, and the total echo loss and delay along that
path is computed. The results of such caleulations are summarized in
Table I, together with the S/7 ratios that each echo individually would

TaBLE I — ExampLE oF SINGLE-EcHO S/I CALcuLATION

Reflection Loss, ro | Two-Ant. Loss, 7y Total Loss, r Delay T SH
(db) (db) (db) (usec) (db)

5 1 6 0.075 35

10 3 13 0.18 30

15 8 23 0.32 35

20 18 38 0.52 50

produce if it were the only contributor. These values of S/I are also
plotted on I'ig. 11, resulting in the overlay curve showing how S// varies
with echo delay and amplitude for the specific path used in the example.

The important point to note in Fig. 11 is that there is a peak in the
S/I intersection curve, occurring at time delays near 0.16 microsecond
for the 200 mile example path and the assumed baseband and deviation.
This tendency toward a ‘“‘worst echo’ effect has been found to be char-
acteristic of all paths studied. The location of the peak on the time delay
scale varies depending on the path length, base bandwidth, deviation,
and other parameters involved. In particular, it has been observed that,
as path length increases, the peak of the intersection curve for wide
frequency deviations tends to shift to the region of echo amplitude » less
than 5 or 6 db. It is in this region that the intermodulation theory loses
accuracy. This has not appeared to be a serious limitation in work to
date, however.

VI. LIMITATIONS OF THE ANALYTICAL METHOD

The analytical method as outlined predicts the intermodulation in the
output of a receiver due to a single echo, when the received power is
assumed given by (1). There are three significant limitations to the
method at this point:
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(1) Tt predicts a single fixed value of intermodulation, whereas meas-
urements show that there are both long-term changes in the average
value as well as more rapid variations about an average during a short
interval.

(43) The analysis predicts the effects of single echoes only; practically,
there must be a continuum of echoes spread over something vaguely
defined as a “common volume,” and the total intermodulation gener-
ated by these echoes is bound to be greater than that of a single “worst”’
echo.

(iii) The theory of intermodulation due to transmission echoes as
presented in Ref. 4 is valid only for echo amplitudes smaller than about
5 or 6 db relative to the main signal. On tropospheric paths, theory sug-
gests that the strongest echoes are normally associated with the shortest
time delays. Having short time delays, they would not contribute greatly
to interchannel modulation, although they would be responsible for signal
fading and the associated increases in fluctuation noise during fades.
This is not the entire story, however. While strong echoes may normally
be associated with short time delays, there are surely some meteorological
conditions which produce strong reflecting or scattering regions at ab-
normally high altitudes. Occasionally, then, an echo might be compar-
able in magnitude to the main signal and be delayed enough to cause
severe distortion. It should be emphasized that this apparently is not
the average situation, which is of primary concern in this paper.

Efforts to develop satisfactory analytical techniques to remove the
limitations noted above have thus far been unsuccessful. Empirical cor-
rections have therefore been developed to account for them, based on the
comparison of caleulated values and results of tests presented in the
following section.

VII. COMPARISON OF CALCULATED AND MEASURED INTERMODULATION

Measurements of intermodulation have been made on four tropo-
spheric scatter paths with diverse climates, path lengths, and siting con-
ditions. Significant parameters of the four paths are given in Table II.

The four systems were Gaussian-noise loaded except for a slot near the
top of the baseband. Median values of interference power were measured
in this slot at the receiver during approximately 13 to 3-minute samples.
The median of each sample was adjusted to account for fluctuation
noise and equipment intermodulation, leaving the value of intermodula-
tion noise chargeable to the path. A more detailed account of test pro-
cedures and methods of data analysis is given in Ref. 7.

Table I1T shows a comparison of the raw measured non-diversity
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TABLE II — PARAMETERS oF Four TrsT PaTHS

Path 1 Path 2 Path 3 Path 4

Trans, | Rec. Trans, Rec. Trans. Rec. Trans. Rec.

Location Caribbean Arctic Arctic Arctic
(over (over ice) (over water) (over water)
water)

Length, Stat- 185 194 440 340
ute Miles

Radio Freq., 725 900 900 800
me (Nomi-
nal)

Ant. Dia., ft. 60 6O 30 60 120 120 120 120

Site Elev., ft. | 200 10 8000 1100 70 1100 700 1100
(Above Sea
Level)

Eff. Earth 1.55 1.26 1.37 1.38
Radius
Factor, K

Ant. Takeoff 0 =0 |—0.0035(—0.004 |—0.010 |—0.0026|—0.0005—0.0014
41 6., ra-
dians

A.'s Between [0.0151/0.0151] 0.0227| 0.0087| 0.0375] 0.0309 0.0295 0.0308
Ant. Axes
and Chord,
6, and 32,
Radians

results from the four test paths and the results calculated for the single
“worst” echo. The same data are presented as a scatter plot in TFig. 12.
With the exception of the Path 2 data, each point represents an average
of the median values from at least 5 to as many as 20 test samples, for
one combination of base bandwidth and frequency deviation. Only 3
samples were available for each combination from the Path 2 tests.

VIII. ADJUSTMENT OF MEASURED INTERMODULATION TO WORST-MONTH
PROPAGATION CONDITIONS

Results from the four tropospheric scatter test paths have shown that
there is a decided correlation between average intermodulation and
average path loss (or received power). As path loss increases, intermodu-
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TapLe ITI — COMPARISON OF SINGLE-EcHO CALCULATIONS AND
Raw Mgeasurep S/I, pB

Path 1 Path 2 Path 3 Path 4
Top Baseband RMS Dev.,
Freq., ke ke* . | N
Calc. | Meas. | Cale. | Meas. | Cale. | Meas. | Calc. | Meas,
108 62 — — — — 51 38 — —
125 — — 68 48 45 35 51 47
250 — — 62 43 40 31 45 43
500 — — 57 37 36 30 41 38
300 — — 54 33 36 32 — —
1000 — — — — — — 40 33
300 62 — — — — 43 32 — —
125 — — 59 43 37 28 42 41
250 55 48 53 38 32 27 37 37
500 49 41 48 33 27 27 32 32
800 — — 45 30 26 27 - —
1000 45 36 — — — — 30 28
2000 43 34 — —_ — — - —
552 62 — — — — 37 31 - —
125 — — 53 36 31 27 37 35
250 50 42 48 33 26 24 32 32
500 44 36 43 29 22 24 27 27
800 — — 40 27 21 23 — —
1000 40 29 —_ — - —_ 25 23
2000 37 28 — — — — - —
1052 125 — — 49 30 — — — —
250 44 37 43 27 — — 33 27
500 39 32 37 23 —_ — 27 25
800 — — 34 21 —_ — 22 22
1000 35 26 — — — — - —
2000 32 24 — — — — 20 18

* The deviations used on Path 3 were slightly smaller than listed here. In each
case, however, calculated values of S/I are given for the actual deviations used
in tests.

lation also increases. While the relationship between path loss and
intermodulation may not be highly obvious from the various equations
presented to this point, the fact that intermodulation does vary and
that a correlation with path loss shows up in measured data leads to the
following questions:

(4) To what value of path loss does the computed value of intermodu-
lation correspond? In other words, what is a useful point of reference for
the observed dependence?

() What is the rate of variation of intermodulation with path loss?

The point of reference for the relation between intermodulation and
path loss has already been suggested in the earlier discussion of refrac-
tivity. It was indicated there that in calculating the effective earth radius
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Fig. 12 — Calculated single-echo S/I vs average measured (unadjusted) S/I.

factor, K, the minimum monthly mean value of refractivity indicated in
Fig. 2 should be used. Minimum refractivity corresponds to minimum
bending of the radio waves, maximum values of antenna centerline
angles 6, and 6. , maximum time delay for an echo of given amplitude,
and therefore maximum intermodulation. Correspondingly, (1) indicates
that minimum refractivity (maximum 6) tends to minimize the average
received power. Thus, the observed direction of variation of intermodula-
tion and path loss is borne out by our model. It may be deduced that the
value of intermodulation computed on the basis of minimum monthly
mean refractivity corresponds directly to what is commonly called
“worst-month” path loss — the monthly median path loss during the
worst, month-long period of propagation during the year. (There should
be some probability attached to this value, but it is usually approxi-
mated without this refinement.) Estimates of worst-month loss on a
new path are generally derived from data from other paths, with subse-
quent adjustment based on measurements over the new path.

It can be noted that the choice of worst-month conditions as the point
of reference is somewhat arbitrary. We might have chosen instead to use
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an average annual value of refractivity, compute an average annual value
of intermodulation, and relate the latter to the average annual path loss.

Apart from the point of reference chosen, there remains the second
question posed above: what is the rate of variation of intermodulation
with path loss, for propagation conditions other than the reference condi-
tion? If data were available on the time variations of refractivity for
any path of interest, it might be possible to compute an approximate
relationship. Unfortunately, such detailed refractivity data are mnot
generally available. As a substitute, we are forced to use empirical ad-
justments based on results of measurements of intermodulation and
received power.

Tig. 13 is typical of the data which have been obtained. Shown are
two plots of intermodulation (in terms of S/I ratio) versus received
signal measured on Path 3 — a 440-mile over-water path in the Aretic.
Each point represents the median values of the two variables during a
test sample of about 90 seconds. The total test period covered about ten
days, during which time a wide range of propagation conditions was
encountered. The rather wide scatter of points is an indication that
factors other than average path loss can affect the value of intermodula-
tion during any specific test sample. For example, a localized region of
high reflecting ability could produce a strong echo and unusually high
intermodulation.

The data of Fig. 13 apply for a base bandwidth of 300 ke, rms fre-
quency deviations of 125 and 250 ke, and no receiver diversity. The
slope of the curve drawn through the 125 ke deviation scatter plot is
slightly greater than one; that is, intermodulation and path loss varied
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Fig. 13 — 8/I vs path loss — 440-mi arctic path, 300-ke baseband, no diversity.
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approximately db for db. The slope of the 250 ke plot is slightly more
than 0.8. The least squares method was used to calculate these slopes.

Similar scatter diagrams plotted for other combinations of these trans-
mission parameters and the other three paths indicate that the change
in intermodulation ranged from about 0.4 db to 1.2 db per db of path
loss change. The lowest values were noted on Path 1 — a 185-mile path
between Florida and Cuba. There was no apparent pattern to the slopes
of the scatter plots as a function of baseband or deviation on any of the
four paths tested, except that the slope was generally lowest for the
highest deviation ratio. There is a technical justification for the latter
effect contained in the contour eurves of Fig. 9. Note that a variation
in time delay of an echo of given amplitude represents a change in the
ordinate f,7" on these curves. It is clear that for a given change of time
delay (say, corresponding to a change in f,T from 0.1 to 0.2), a system
operating at a high deviation ratio (toward the right on the o/f, scale)
will in general exhibit a smaller change in S/7 than will a system operat-
ing at a low deviation ratio. Except for this trend, however, the effects
of different path lengths, antenna sizes, take-off angles and climates
confound any attempt to find a precise dependence of S/I on path loss.

The data referred to above, together with similar data from three
other paths, indicate that an adjustment to the computed value of S/J
of about 0.7 db per db of path loss change is reasonable when one is try-
ing to predict the probable average value of S/7 for a path at times other
than the worst month. If one is trying to compare a computed worst-
month value of S/ with results of measurements on a specific path, it
will be more accurate to determine the average slope of scatter plots
similar to those of I'ig. 13, and use that slope to place the computed and
measured results on a comparable path loss basis. Thus, the correction to
be added to the median measured S/I during a test period to adjust it to
worst-month conditions can he expressed as:

D = S(TPL — WPL) (13)

where S is the average slope, TPL is median path loss during the test
period, and WPL is the worst-month median path loss.

During the test periods for which the results in Table ITT and Fig. 12
apply, the median path losses on Paths 1, 3 and 4 were four to eight db
less than worst-month estimates. During the tests on Path 2, which were
conducted over a period of 10 days, the median path loss was about 8 db
greater than the worst-month median estimate. Thus, adjustments to the
measured data are necessary to convert them to propagation conditions
comparable to those assumed in ecaleulations. This was done as follows:
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For each path, the average slope was determined of the least-squares
lines drawn through scatter plots of /I versus path loss (similar to those
illustrated in Fig. 13). The average slope was then used to adjust the
measured S/I results to the worst-month path loss condition, using
(13). The estimated worst-month median path losses, test period median
path losses, and the slopes used for the S/I adjustments for each of the
four test paths are given in Table IV.

TasLe IV
Path 1 Path 2 Path 3 Path 4
Worst Month Median Path 197 db 213 db 243 db 240 db
Loss (WPL)
Test Period Median Path 193 db 221 db 235 db 236 db
Loss (TPL)
Avg. Slope of S/I vs Path 0.5 0.7 0.9 0.6
Loss
Total Adjustment to Meas- —2 db +6 db -7 db —2db
ured S/I Data

When the adjustments indicated in the last line of Table IV are made
to the measured data plotted in Fig. 12, the result is as given in Fig. 14,
With the exception of the Path 3 data, the adjusted points exhibit a
noticeably narrower spread than before the path loss adjustments were
made. However, the group of points as a whole still differs significantly
from the caleulated results for single echoes.

IX. ADJUSTMENT OF CALCULATED INTERMODULATION TO ACCOUNT FOR
MULTIPLE ECHOES

It has been emphasized that a calculated value of intermodulation
represents only the contribution of the single worst echo among echoes
which have at least 5 or 6 db lower amplitude than the first-arriving
signal element. In fact, however, there are probably very many echoes
present at any given time on a tropospheric scatter path. The combined
effects of a multiplicity of echoes is to produce more intermodulation
than the maximum attributed to any single echo. Thus, it seems qualita-
tively reasonable to attribute the remaining differences between caleu-
lated and measured results in Fig. 14 to the effects of multiple echoes.

The results for Paths 1 and 2 in Fig. 14 appear to be closely intermin-
gled, and they differ from the caleulated values for single echoes by an
average of about 10 db. The Path 4 results form a group somewhat closer
to caleulated values; their average difference is only about 4 db. As al-
ready noted, the differences for Path 3 vary more widely. This is thought
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Fig. 14 — Calculated single-echo S/I vs average measured S/I normalized to
worst-month path loss conditions.

to be at least partially the result of a propagation anomaly observed on
this path, the effects of which will be discussed shortly. There are also a
number of other recognized sources of possible errors in both the calcu-
lated and measured data, and these will also be discussed. Since there is
no way at this time to resolve the quantitative effects of these errors, we
are left with the undesirable but rather inescapable alternative of trying
to estimate an adjustment for multiple echoes from the scatter of points
as they stand in Fig. 14.

Iig. 15 shows the result of subtracting nine db from each point in Fig.
14. This value gives a little extra weight to the data from Paths 1, 2, and
3 for the following reasons: (a) there is relatively good agreement among
the adjusted data for these three paths, and (b) up to the time of this
writing, there has been considerable uncertainty as to the path loss data
which should be assumed for Path 4.

While 9 db appears to be a reasonable average adjustment, it should
not be expected that the intermodulation measured during any single
test sample would be 9 db more than the calculated figure. The number
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Fig. 15 — Calculated S/I adjusted for multiple echoes vs average measured
8/I normalized to worst-month propagation.

of significant echoes is bound to vary from test sample to test sample as
atmospheric conditions change. We are aware, too, of various sources of
error in calculated or measured results. These errors are discussed in a
later section, and it will be apparent that some of them can have an ef-
fect on the values assumed for path loss and multiple echo adjustments.

With the caution that some change in the number can be expected as
better understanding and more and better data become available, it is
felt that nine db is a reasonable number to account for the effects of
multiple echoes in calculations of path intermodulation.

X. ANOMALY ON PATH 3

Fig. 15 shows that there is a wider variation of differences between
measured and calculated results for Path 3 than for the other paths.
This might be explained by the fact that the extreme length of the path
makes it possible for strong reflections from the tropopause to cause more
interference, at times, than echoes in the troposphere alone. The altitude
of the tropopause over Path 3 was reported at 25,000 to 35,000 feet from
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day to day during the test period. When the tropopause is in the lower
half of this range, according to the method of ealeulation deseribed earlier
in this paper, reflections could cause distortion that is significant with
respect to the maximum from a single echo in the troposphere. The effect
is greatest for low I'M deviations, as indicated by the calculated results
in Table V.

Fig. 16 shows the same comparison as Fig. 15 except that on Path 3,
a reflection is assumed to occur at 27,000 feet with no more reflection
loss than the main signal. Thus, the echo at the receiver would be reduced
below the main signal only by the antenna losses due to the elevated
angles of the path to the tropopause. In plotting Fig. 16, the interference
from this echo was added to the single echo maximum before making the
9 db correction for multiple echoes.

To make the caleulated S/I for Path 3 correspond even better with
the measured values, it would be necessary to weigh the effect of re-
flections from the tropopause more heavily than the effects of the tropo-
spheric reflections. One way to increase the effect of the tropopause
reflections would be to assume its altitude to be 25,000 or 26,000 feet.
Another possibility is to assume that the tropopause provides a better
reflecting surface than do the layers in the troposphere, so that, except
for the antenna loss, the echo from the tropopause would be stronger
than the main signal.

Still another possibility is contained in the following argument. In

TasLe V — ErrFEcr oF TrororauseE on S/I Ratios, PatH 3

Calculated S/I, db Measured S/T
Top Baseband RMS Dev.,

Frwnsyhe | MO T | e | smat | g |
Single “cho, Two Multiple w M “rfh

Echo 27,000 Echoes Echoes Mon

108 62 51 49 47 38 38 31

125 45 44 41 32 35 28

250 40 41 37 28 31 24

500 36 44 35 26 30 23

700 36 50 36 27 32 25

300 62 43 42 39 30 32 25

125 37 36 33 24 28 21

250 32 33 29 20 27 20

500 27 36 27 18 27 20

800 26 41 26 17 27 20

552 62 37 38 34 25 31 24

125 31 33 29 20 27 20

250 26 29 24 15 24 17

500 22 31 22 13 24 17

800 21 36 21 12 23 16
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Fig. 16 — Caleulated vs measured 8/ when tropopause reflection is added to
calculated results for path 3.

applying the model of the tropospherie scatter path described in this
article, the power in the lower half of the antenna beams has been neg-
lected as though it were blocked by the horizon. Suppose that power in
the lower half of the antenna beam grazing the surface of the sea were
reflected (and spread somewhat by the convexity of the surface) with
negligible loss. This power, with almost no antenna loss, may be reflected
again from the tropopause and cause high distortion because of its long
delay and low loss. This argument is particularly suited to Path 3 where
the antennas at one end are located on a cliff 1100 feet above the sea.

There seems little point in speculating further about the reasons for
the relatively peculiar behavior of the results for this path. While each of
the arguments above has some plausibility, the fact remains that infor-
mation is not now available to prove any of them.

XI. SOURCES OF ERRORS IN CALCULATED AND MEASURED DATA

The foregoing comparison of calculated and measured results indicates
that the analytical-empirical method of predieting intermodulation has a
standard error of estimate of about 2.6 db relative to measured results.
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Part of this error is due to the limited accuracy of the empirical adjust-
ments for path loss and multiple echoes. There are in addition a number
of other possible sources of error in both the ealculated and measured
data, and these will now be discussed.

11.1 Path Loss Data

Estimates of worst-month path loss are difficult to make, and errors
of 2 or 3 db are not unlikely. In fact, different methods of estimating
path loss show that much diserepancy.

Determination of the median path loss from tests is also subject to
errors. Knowledge of the values of transmitter output power, received
signal power, RF plumbing losses, and antenna gains is required, and in-
evitably some error creeps into measurements of these parameters. Any
error in such measurements should be approximately constant (assuming
negligible changes between test periods) for a given path. Hence, it
should not affect the slope of an S/I versus path loss scatter plot for
that path. However, a constant error would affect the value of the ad-
justment used for multiple echoes.

11.2 Antenna Orientation and Pattern

Ideal free-space antenna patterns and centerlines directed at the
horizon are assumed in calculating intermodulation by the method out-
lined in this paper. In practice, local siting conditions may have some
effect on an antenna pattern and modify the assumed amplitude rela-
tionship between echoes at different angles from the horizon. The errors
due to these factors should be a constant for any one path, but when
the results for several paths are brought together as in Figs. 13 to 16,
they will contribute to the spread of data.

The antenna patterns assumed in all the calculated results in this
paper were those shown in Fig. 8. These patterns — determined from
scale-model measurements — apply at a frequency of about 750 me. As
Table II indicates, the frequencies on the test paths varied from about
725 me to 900 me. In view of the uncertainty noted above relative to
effects of local siting conditions, it has not appeared worthwhile to adjust
the nominal patterns for 750 me to patterns for specific test frequencies;
however, it is worth pointing out this factor as a possible contributor to
the spread of data.

11.3 Extrapolation of S/I vs Time Delay Curves

In the example used to illustrate the calculation of single-echo inter-
modulation, the peak of the S/I versus time delay curve (Fig. 11) was
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quite pronounced. This example assumed a path length of 200 miles and
an rms deviation ratio of unity. For longer paths and higher deviation
ratios, it is sometimes found that the highest value of S/ which can be
caleulated falls on the 6-db echo amplitude curve. This indicates that
the peak of the curve may be further to the left of the 6-db contour, or in
the region where the intermodulation theory of Ref. 4 is not valid. Al-
though we have taken the liberty of extrapolating into this region to
obtain certain of the values used in I'igs. 13 to 16, it is clear that this is
another source of possible error.

It is worth pointing out that in those cases where such extrapolation
has been necessary to arrive at an estimate of intermodulation, the
resulting value of S/I is poor enough to render the system rather useless.
In a sense, then, the fact that there may be an error due to the extrapola-
tion is academic.

XII. EFFECT OF DIVERSITY ON INTERMODULATION

The calculated results have been compared here to the S/I ratios
measured without diversity. No approach has been found to date which
permits analytical prediction of the diversity improvement; however,
experimental results give some indication of the advantage to be ex-
pected.

Measurements of S/7 were made with dual and quadruple diversity
reception as well as without diversity on Paths 2, 3, and 4, and with
dual diversity and nondiversity on Path 1. Generally, the difference in
S/I between nondiversity and dual, and between dual diversity and
quadruple, was 2 to 5 db. On the three Arctic paths, though, it is ques-
tionable whether the full advantage of diversity was being realized be-
cause the combiners were not working as well as expected, and there was
some unexpected interference from testing equipment.

Dual diversity results for Path 1 showed an improvement in inter-
modulation over nondiversity during high deviations, but the non-
diversity results were about equal to dual diversity results for low
deviations.

To generalize, on the basis of measured data, one might expect to
realize 3 or 4 db improvement in median S/I ratio with dual diversity
over nondiversity reception, and another 3 or 4 db improvement for
quadruple diversity over dual diversity.

XIII. SUMMARY OF ANALYTICAL-EMPIRICAL METHOD

The relatively good agreement between calculated and measured re-
sults indicates that the approach described in this paper is some progress
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in the right direction. I'urther measurements and more accurate meth-

ods of measurement may show the way to refinements in the analysis

which will improve its accuracy and minimize the present reliance on
empirical adjustments,

There is given below a step-by-step summary of the method suggested
for predicting the average intermodulation due to the propagation me-
dium in a tropospheric scatter system. While the sequence is rather long
and involved, many of the steps can be formulated in graphical or chart
form for general use in a variety of cases. In fact, a computer program
has been developed to accomplish steps 2 through 11, using as inputs the
parameters listed in step 1.

The steps involved in the method are as follows:

1. Determine these parameters of the system and the path:

a) Path length, statute miles

b) Antenna beam pattern for the appropriate antenna size and

operating frequency

¢) Antenna site elevation, feet, at each end

d) Antenna take-off angles, 8, and 6,

e) Minimum monthly median values of radio refractivity at sea

level, N,, in the areas of the two antenna terminals. (From
Fig. 2.)

. Calculate the surface values of refractivity, N, , using (3) and the

values of N, found in step 1(e).

3. From Fig. 3, determine the values of the earth radius factor K
corresponding to the values of N, found in step 2. Estimate an
average value of K for the path.

4. Compute the base angle, 8, defined by I'ig. 1 and (2).

5. Compute the correction angle 8, (4), to account for the difference
in antenna site altitudes.

6. Compute the total angles 8, and 6, between the chord joining the
antenna sites and the centerlines of the respective antenna beams,

using (5) and (6).

7. Choose arbitrarily four or five values of reflection loss, r, , spaced
through the range of approximately 5 to 30 db.

8. Compute the value of p corresponding to each value of reflection
loss selected in step 7, using (7).

9. Determine the additional loss of the echo path due to the antenna
patterns, for each echo selected in step 7. Use (10) and (11) to
determine the echo angles, and the antenna patterns of Fig. 8 to
determine the reduction of gain at those angles.

10. Caleulate the total loss for each echo, using (9).

I'1. Compute the time delay, T, for each echo, using (12).

(V]
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12. For given base bandwidth and frequency deviation, use Fig. 9 to
determine the value of S/T for each echo. (For a straight-FM sys-
tem, use Figure 5.7 in Ref. 4.)

13. Plot S/I versus time delay for each echo, and determine the mini-
mum value of S/I. Alternatively, the minimum can usually be
estimated with sufficient accuracy from inspection of the caleu-
lated S/I values for the several echoes.

14. To account for multiple echoes, subtract 9 db from the minimum
value of S/ found in Step 13.

The result of step 14 is the predicted value of the monthly mean S/I
ratio during worst-month propagation conditions. The result applies to
the top channel of a pre-emphasized FM system operating without
diversity. For dual or quadruple diversity systems, add 3 db or 6 db,
respectively. For other than worst-month propagation, add 0.7 db to the
S/I ratio for each one-db decrease in path loss. (The correction factor
may be slightly higher or lower than 0.7 db for a specific path, and should
of course be modified appropriately if the S/I versus path loss function
has been measured.)

The geometry of some paths may present unusual propagation char-
acteristics calling for special treatment beyond the steps outlined above.
The case of the 440-mile path discussed earlier is an example; on this
path, it appeared that reflections from the tropopause may have con-
tributed significantly to the intermodulation in the system. The implica-
tion of this case is that propagation anomalies can be expected on paths
several hundred miles long, where the common volume extends to very
high altitudes.
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APPENDIX A

Effect of Refractivity on Effective Earth Radius

We shall outline here a method for determining the approximate
value of the effective earth’s radius factor, K, applicable to a selected
tropospheric scatter path.

K is expressed with sufficient aceuracy for our purpose bys

R 1
K=2"=_-
R, dn (14)
1+ g5 B

where dn/dh is the vertical gradient of refractive index, n. In turn, define
refractivity:

N = (n — 1)10°, (15)
Within a kilometer of the earth’s surface,

dn ~ AN —6

r (10™) (16)
where

AN = N, — N.. (17)

N, is the refractivity at the surface, and N, is the value at altitude h.
When /i = 1 km, it has been found from extensive data’ that

ANiiwm = —7.32 exp (0.005577 N,). (18)

One useful model of the atmosphere assumes an exponential decrease
in N with altitude. Then:

N = N, exp (—Ch) (19)

where / is altitude in kilometers above the ground. To fit the data quoted
above, at h = 1 km,

N,

C =1In N AV L

(20)

Considering dn/dh to be constant with altitude (a good approximation
only for the first 4000 or 5000 feet, but used here throughout because it
introduces no appreciable error in calculating K for even the longest
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path considered) and approximating it by the change in refractivity for
the first 1000 feet only,

AN _ —N,
1000 ft. 1000

Substituting (16), (18), (20) and (21) in (14), K is found to be a
function of N, . This is plotted in Iig. 3.

Since the quantity to be caleulated later is intermodulation during
worst-month conditions, the K of interest is the value for the worst
month. Maximum intermodulation generally corresponds to the mini-
mum value of K, since it will produce least bending and hence longest
echo delays. Minimum K corresponds to minimum N,. N, may be
caleulated from N, , the sea level value of N, by

N, = Noexp (—0.0322 h) (22)
where & here is the station altitude in thousands of feet. Minimum values

of monthly mean N, are given in Fig. 2, based on data collected from
306 weather stations over a period of several years.®

[1 — exp (—0.305 C)]. (21)

APPENDIX B

Calculation of Echo Amplitude Relative to Main Signal Amplitude

The technique involved here to calculate the magnitude of trans-
mission echoes in a tropospheric scatter path makes use of (1) for re-
ceived power. It will be convenient and helpful in this derivation to refer
also to Fig. 6, which shows symmetrical main signal and echo paths
having equal beamwidths a and a, , respectively, and directed at angles
# and 6. , respectively.

Equation (1) can be used to calculate the relative power received from
the two paths, assuming the antenna gains in the directions 6 and 6. to
be equal. (The effect of differences in antenna gain at 8 and 6, is discussed
in the main text.) Expressing the ratio of the power of the main signal
to the power of the echo by »', we have, from equation (1),

i)
)

Setting a, = a and letting e — 0, the limit, r, , will be the ratio between
the power of a signal component traveling the centerline path and an
echo traveling some longer path defined by 6, .

o

!
r =

|

(23)

=
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Let f(a/6) be written as

g* (20 + a)‘] R
= - ) 24
g(0,a) [1 t e Tar 86T o) (24)
Then
. 6. .. g(ba)
= = — L . 2
hm ' = re = o lim ) (25)
The above limit is undefined, and so is
lim ¢ (&) (26)

a—=0 g’(ﬂ, ’ Q) ’
where ¢° = dg/da. Using L” Hospital’s rule with the second derivative,

. g”(0,) {0 :
in e = () )
or,
re = (g) = (o). (28)

7o will be called the “reflection loss” of an echo relative to the main
signal.

APPENDIX C

Calculation of Echo Time Delay

The time delay of an echo which travels the path defined by 6,,, 6.,
instead of the path 6, , 8, (Fig. 7) is

AL

r= 3(10)¢

seconds, (29)

where
AL = (Ly, + Ls.) — (Ly + L) meters. (30)
By the law of sines,
_ 2a (sin 6;, + sin 6y,) _ 2a (sin 6, + sin 6,)
sin (01 + 62.) sin (6; + @)
- 2a (sin 6y, +.sin Bs,) (31)
sin 6y, cos B -+ sin s, cos 6y,

2a (sin 6; + sin 6,)
sin 6, cos 6, - sin 6, cos 6,

AL
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For angles 8 less than 0.1 radian* the following approximations are valid,
applied to the above equation:

P
cosf =1 — 5

sin @ = 6
1 0,6
1 — 6139_ 1 -][_ 2
2
2a = L
Then
L DD
AL = 5 (Buboe — 6:0,) meters. (32)

Finally, for L in statute miles,

T = 2.68L 8,8:(p° — 1) microseconds (33)
where
_ 615 _ 621!
P= % 6
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