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Sumary

The accuracy of the calculation of maeximum usable frequencies

(MUF), employing methods which are most widely used in practice, was
checked by comparing celculated and experimental values. The experi-
mental figures were cbtained from medium latitude radio lines extending
over a distance of 1,500 to 7,000 km, and included simultaneous measure-
ments of field strength and angles of arrival in a vertical plane. With
the aid of mean deviation values between calculated and experimental MUF
figures, it is possible to estimate the magnitude of the corrections
which must be made when using the MUF calculation methods described here.

Introduction

The present study describes results obtained in evaluating the
accuracy of the methods most widely used in practice for calculating
maxitm usable frequencies (MUF). The accuracy of these methods was
evaluated by comparing caleulated and experimental MUF values.

A nurber of methods for calculating MUF values have besn published
both in the Soviet and foreigu literature. However, up to the present
time, the accuracy of these methcds has not been evalusted on the basis
of experimental data, which include simultaneous measurements of the .
field strength and of the beam tilt angles in a vertical plane, with the
aid of which it is possible to clarify the number of reflections occur-
ring in radio lines and to determine experimental MUF values with a
sufficient degree of relisbility.

Data concerned with an analysis of individuel methods have started
to eppear in a number of articles published during the past few years
(1-8); these data, however, are of a scattered nature, since they are
based on experiments of a short dwration.



The MUF celculation methods ubed Bt the present time ere based on
a recalculstion (conversion) of iohbBpheric datd) obtained during &
vertical sbunding (probing) of the ionosphere, to the case of an oblique
incidencé; thus, these methods are actuelly indirect methods.

During the past few years, a number of studies have been published,
which are concerned with the experimentsl determinetion of MUF's directly
during the oblique incidence of radio waves (2; 5-13), for example, with
the aid of return-oblique sounding (VNZ -Vozvratno-neklonnoye zondiro-
veniye ~ Back-scatter echo ?) end oblique sounding (NZ - Naklonnoye
Zondiroveniye). However, these methods have not yet found a wide field
of application, and for this reason MUF's are usually determined by in-
direct methods.

In this study, the accuracy of the following calculation methods
is checked: K. M. Kosikov's method; the method of "control points”,
developed at the Central Leboratory for Radlo Wave Propagation (CRPL,
USA); the method of "equal jumps" and the method of calculation based on
altitude -frequency characteristics end the use of "transmission curves".

The experimentel dsta, on which the analysis of the verious MUF
calculation methods is based, were obtained from 5 medium latitude radio
lines running over a distance of 1,500 to 7,000 km. Simulteneous measure-
ments of the field strength and of beam incidence engles in a vertical
plane were also performed on these redio lines.

Charscteristics of MUF Calculation Methods

The MUF calculation methods examined here have been published (14-
16), and a detailed description of these methods is therefore not neces-
sary. We shall merely point out the basic differences between these
methods.

1. Different methods are used for determining the conversion factor
used in converting data obtained in the vertical sounding of the iono-
sphere to data corresponding to an oblique incidence, whereby:

&. In the CRPL method (15) and in the method of "equal jumps" (16),
these factors are determined with the aid of "transmission curves",
starting from the assumption that the altitude distribution of the elec-
tron density in ionized layers is subject to the parebolic law.

b. In K. M. Kosikov's method (14), the conversion factors are ob-
tained exprimentally by comparing the conditions under which the trans-
mission of operating frequencies takes place in operating radio lines of
different length with measured values of critical frequencies.
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2. Different lengths of the miimum "jump" of the wave during its
reflection from the F-2 layer are sélected in the verious methods: in
K. M. Kosikov's method and in the method of "equal jumps", this magnitude
is equal to 3,000 km, while in the CRPL method, it is equal to 4,000 km.
During reflections from the Fl and E layérs, these magnitudes are equal

to 3,000 and 2,000 km respectively in all methods.

3. A different concept of the trajectory of radio wave propagation
is assumed in the verious methods for distances exceeding the maximum
length of a single jump. Starting from this concept, a method of calcu~
lation is elsborated, whereby:

a. In the method of "equal jumps", it is assumed that propagation
takes place in "equel jumps", with a maximum jump length equal to the
meximm length or somewhat smaller then this length. In such cases, the
MUF magritudes are calculated for all points where reflection occurs
(whereby the number of these points is the same as the number of Jumps ),
while the smallest magnitude obtained in this manner is selected as the
final MUF value for the route.

b. In K. M. Kosikov's method and in the CRPL method, the trajectory
along wiich the oropagation of radio waves takes place is not specified,
and. MUF's are calculated:

Bither at two points separated from each end of the route by a
distance equal to one half of the meximum jump length, whereby the short-
est distance is selected as the final MUF value for the route (15);

Or at one point, located on the sector of an arc extending between
the two points mentioned above; the smallest critical frequency value
among all magnitudes observed in the route sector under examination
should correspond to this point (14).

Prior to examining the results obtained in establishing the accuracy
of MUT calculation methods, we shall examine the methods used in deter-
mining experimental MUF values,

Experimental Data Used in Cuse of Oblique Incidence
and Initial Ionostheric Data

An evaluation of the accuracy of indirect MUF calculation methods
is given on the basis of experimental data derived from measurements
performed on separate days and from median monthly MUF values in medium
latitude radio lines. Pulse operations were used on some of these radio
lines., Measurements of the field strength and of the beam incidence
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angles were performed once every 55 ttnnutes. The measuring sessions lasted
for 2 hours aad more. During these sessions, work was conducted on the
same operating frequency, which was selected in such a manher that it was
smaller than the MUF Juring a certain time interval, then equel t6 the
MUF at a certain moment, and finally higher then the MUF.

The initial (original) experimental ionospheric data, used during
MUF celculations, gave a sufficiently good picture of the condition of
the ionosphere along the route only in case of certain radio lines; for
the majority of radio lines, the calculation was performed on the basis
of charts listing critical freguencies and MUF factois, since no iono-
spheric stations were located directly slong the path of radio wave prop-
asgation. These charts, in case of the F-2 layer, were compiled separately
for each hour of the day (2UY-hour period), i.e. they constituted a geo-
graphical distribution of the parameters of the layer in one physical
moment of time., This type of representation, as specially conducted com-
parisons have shown, results in a greater accuracy than the one obtained
with the aid of widely used charts showing geomagnetic zones. Standard
type critical frequency charts were used for the F, and E layers, since
the parameters of these layers exhibit a more regular geographical dis-
tribution than those of the F-2 layer.

Methods for Determining Experimental MUF Values

The trustworthiness of the evalustion of MUF calculation methods
depends on the reliability with which experimental MUF velues are
determined.

First, we shall examine methoGs for determining experimental MUF
values during a specific day and hour, and then methods used to obtain
median monthly values.

It is usually assumed that a MUF is the highest frequency which is
still reflected from the ionosphere. However, an analysis of experi-
mental data with simultaneous measurements of field strength and beam
incidence angles in a vertical plane has shown that such a definition of
MUF's cannot be unambiguous. It was found that, on operating frequencies
higher than the frequency at which reflection still tekes rlace, the re-
ception of signals did not always stop, although it was accompanied by a
sharp reduction in field strength. The "residual" signal observed in this
case was no longer due to a normal reflection from the ionosphere, but
may have been caused by other phenomena, such as, for example, diffusion
by irregularities in the ionosphere; in such cases, the possibility of
detecting the signal depends on the efficiency of technical means.




It is possible to conclude from the above statements that experi-
mental MUF values during a specific day end hour should be derived not
from the highest frequeacy which is still capéble of returning from the
ionosphere, but rather from the highest freghetrley above which a 2-fold
or greater reduction of field strength ib observed.

A clear example, which confirms the atcuracy of such en MUF defini-
tion, is shovn in Figure 1 (a; and a5)i The top part of this figure
shows the variation in the fZ%io between operating frequendy and MUF
which ocourred Quring the course of a measuring session {see the so11d
line): Meastited field strength values (measured once every 5 minutes
are Shown in the central portion of the graphs, and measured values of
éngles in a vertical plane are shown at the bottom. The following
magnitudes are plotted along the ordinate exis: in the upper graph,
the ratios between operating frequencies and MUF's; in the central
graph, the ratios between the field strengths, measured during the
course of the session, and the maximum field strength value obtained
during the same session; in the bottom graph, the ratios between the
magnituies of the angles, measured during the course of the session, and
the value of the inzidence angle observed at the time when the operating
frequency was equal to the MUF.

Graphs &) and ap in Figure 1 confirm the fact that, if the MUF is
determined on the basis of the meximum frequency still returning from
the ionosphere, a freguency of too high magnitude msy be selected as
the MUF; at this frequency the conditions corresponding to a normel re-
flection are not fulfilled, end for this reason, the field strength is
lover by several orders of magnitude than it would be at a lower fre-
guency .

If one follows the variations in the beam incidence angles in a
vertical plane, one can eacily notice that the angles increase smoothly
as the operating frequency approaches the MUF (in view of a greater
depth of penetration into the layer); on the other hand, when the
operating frequency exceeds the MUF, the incidence angies remain un-
changed in case a "residual" signel is present (since the depth of pene-
tration remsins constant). This fact confirms the assumption that the
return of the "residual" sigral is not due to reflection processes.

At the same time, it is also interesting to note that a diffusion
(scattering) may take place when a "residuel" signal is present: at the
level of the layer which determines the MUF (see Figure 1, ao, and
Figure 1, a), second beam), end at the level of the layer immediately
below this layer (first beam in Figure 1, &).




Results of an experimental study hﬁ&g shown that cases may bteur in
which no "residual” signal can be observed, as can be seen from the ex-
ampies listed in Figure 1 by ardd bs., In such cases, the determination
of MUF's becomes unambiguous. :

The median monthly MUF values selected were equal to the operating
frequenicy reflected from the ionosphere during 50% of the measuring days,
whereby those operating frequencies which were higher than the MUF were
- reflected during a smailer percentage of days, and frequencies lower than

the MUF were reflected during a larger percentage of days. '

Comparison of Calculated and Experimental MUF Values

Experimental MUF values were obtained on radio lines extending over
a distance of 1,500, 3,000, 4,200, 6,000 and T,000 km, primarily during
periods of twilight and darkness along the routes. There were few data
obtzined during daylight hours, in view of the fact that measurements
were performed during a period of high solar activity, and daytime MUF
values exceeded in most cases the upper limit of the transmitter fre-
guency band.

Along with a determination of experimental MUF values, on the basis
of measured magnitudes of incidence angles in a vertical plane and alti-
tudes of reflecting layers, the types and number of reflections (signal
trajectories) were also determined. These data are of interest, since
it is important to know, for practical and calculation purposes, what is
the minimum possible number of reflections on radio lines of various
length, and what types of reflecticn may take place, An analysis of
measurement data obtained on the sbove-mentioned radio lines has shown
that, in case of operating frequencies close or equal to MUF's and a
minimum number of jumps, the following types of reflections were mostly
observed:

1F, - on radio lines having a length of 1,500 and 3,000 km.
2Fp - M " " " 4,200 kn.
2Fp and 3F, - on radio lines having a length of 6,000 and 7,000 km,

The probability of the appearance of a given type of reflection,
in case of a minimum nurber of jumps, is listed in Table 1.




P
Taeble 1

Length of Number and Type Length 6f Jump Number of Cases
Redio Line of Reflection ~ (km) (%)
(km) :
6,000 2 ¥, 3,000 62
3 ¥, 2,000 38
7,000 2%, 3,500 40
3 ¥, 2,300 60

M1 reflecting layers were taken into account during the calculation of
MUF's, but the F-2 layer was found to be the principal layer determining
the values of MUF's.

In order to estimate the accuracy of a given MUF calculation
method, the magnitude of the deviation (discrepancy) between calculated
and experimental MUF values was determined.

As a result of a statistical processing of deviations, both for
median and individuwal Aeily values, histograms showing the distribution
of these deviations, shown in Figure 2, were calculated and plotted.
Mean arithmetic values are shown in each histogram (designated by the
latter "c¢*).

On the basis of the results listed in Figure 2, it is possible to
draw the following conclusions:

1. Certain methods yield lower MUF values, while others yield
higher values, whereby:

a. In radio lines with one reflection (D = 3,000 km), MUF values
calculated by K. M. Kosikov's method are, on the average, 30% higher
than experimental values; while MUF values calculated by the CRPL method,
by the method of "equal jumps", and on the basis of altitude-frequency
characteristics, are 4-8% lower than the experimental value.

b. In radio lines with two and more reflections (D = 3,000 km),
MUF values calculated by K. M. Kosikov's method exceed experimental
values by an average of 20 or 30% in a radio line having a length of
4,200 km and in radio lines having a length of 6,000-7,000 km. MUF
values calculated by the CRPL method are, on the average, 12% or 24%
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higher than the experimeh{al vulvse 6H & rddic line having 4 length of
4,220 km, and lower by 2-4%, on the'avétrage, on radio lides hbving a
length of 6,000-7,000 km. The MUF values calculated by the fiethod of
"equal jumps", and on the basis of altitude-frequency characteristics,
are, on the average, 8-13% lower then the experimental values.

2. In radio lines with two or more reflections, the spread of
deviations in regard to average values obtained by each method is greater
than in radio lines with one reflection. In case of a comparison between
the various methods, one finds that, in ralio lines extending over long
distances, the spread of deviations resulting from the application of the
Kosikov and CRPL methods is 1.5-2.0 times greater than in the case of the
other twc methods examined here. In radio lines with a single reflection,
the error spread for all methods lies approximately within the same range.

Thus, the method of "equal jumps" and the method of calculation
based on altitude-frequency characteristics give the smallest errors,
whizh do not vary greatly with the distance, and the lowest spread of
deviations. This is probably due to the fact that these methods reflect
the physical picture of radio wave propagation more closely than do other
methods. However, the caleulation based on altitude-frequency character-
istics is more laborious, and for this reason it is more expedient, from
a practical standpoint, to use the method of "equal jumps'.

On the baesis o1 the average magnitude of deviations between calcu-
lated and experimental MUT values, it is possible to compute the correc-
tions which must be introduced into the calculation of MUF's by these
various methods end to estimate the deviations which mey occur during
these calculations.

The correction factor, by which it is necessary to multiply the MUF
values calculeted for various distances by the method of "equal jumps",
can be derived from the curve shown in Figure 3. Corrsctions for fig-
ures publishked in various articles (1, 2, 8) are also plotted in this
figure. There is satisfactory agrcement between these figures and the
recults obtained in the present study.

Conclusion

The accuracy of the calculation of maximum usable frequencies (MUF)
by means of methods most frequently used in practice was checked in this
study. The accuracy of the caleculation was checked by comparing calcu-
lated and exprimental MUF wvalues. In this connection, the following
methods were examined: K. M. Kosikov's method, the method developed at
the Central Radio Wave Propagation Leboratory (CRPL, USA) the method of
"equal jumps", and the method of calculation based on altitude-frequency
characteristics using "transmission curves”.
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The experimental data, used in this study, were obtained on medium
latitude radio lines having a length of 1,500 to 7,000 km, and included
simltaneous measurements of the field strength and of beam incidence
angles in a vertical plane. With the aid of these measurements, it was
possible to clarify the method of determining experimental MUF values
for a specific day and to obtain the deta required for checking the ac-
curacy of MUF calculation methods.

The results obtained from a comparison of calculated and experi-
mental MUF values have shown that, out of all the methods examined here,
the smallest errors, which do not vary greatly with the distance, and
the lowest spread of deviations are obtained by using the method of
"equal jumps" and the method based on altitude-frequency characteristics.
Howeves, in view of the laborious nature of the latter method, the most
effective method is the method of "equal jumps".

On the tasis of the average deviations between calculated and ex-
perimental values, it is possiple to estimate the megritude of correc-
tions which must be introduced when using the sbove-umentioned MUF
calculation methods.

Article received for publication by the Editorial Board on 23 June 1959.
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Pigure 2, legend:

1. Kosikov's methsd

2, D =1,500 ku

3. D = 3,000 kn

‘ 4, D = 4,200 kn

5. D =6,000 - 7,000 kn

6. AMUF

7. CRPIL method

8. Method of "equal jumps"

9+ »dy =2,300 (3,000) km (dj » Maximm jump length)

10. Method based on h'f (altitude-frequency) characteristics and
"transmission curves”

11. Conventional designations:

Based on figures for individual days
-------- Based on median monthly vglues
n % - Number of cases in %

FAN MUF - Deviation of calculated MUF values from experi-
mentel values

C - Mean arithmetic déviation.
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Pigure 3.
legend:
1. Correction factor
2. Length of radio line (in km)
3. Convenhidnal degignetions:
-~ = Based ou figures obtained in the present stuﬂy

Based on date published in (1)
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Based on dste published im (2)
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Based on date published in (8)
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