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NOTE BY THE SECRETARIAT

This supplement provides a replacement for Report 252-2; however, Report 252-2 is maintained until this
supplement is completed with a suitable computer program.

© [.T.U.
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IV

Symbols used in the text

Principal loss and gain factors

(All factors are expressed in decibels; fis the wave frequency in MHz)

transmission loss = L, — G, — G,

non-deviative and deviative absorption

basic transmission loss = Lyo+ L,+ L.+ L+ L,+ L,+ L, + L.— G,

basic free-space transmission loss = 32.4 + 20 log f+ L,

polarization-coupling loss and multiple-hop ground-reflection loss

spatial attenuation = L,— Gy

free-space attenuation relative to a | km path

auroral absorption

loss associated with propagation at frequencies above the MUF

sporadic-E obscuration loss

sporadic-E reflection loss

loss in receiving antenna circuit, excluding the loss associated with the antenna radiation resistance
system loss= L+ L, + L,

loss in transmitting antenna circuit, excluding the loss associated with the antenna radiation resistance
additional loss

focus gain

receiving antenna gain
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transmitting antenna gain

Other symbols

mean solar declination
elevation angle

O

A

B: geographic longitude
A geographic latitude
©

angle between the direction of propagation and the Earth’s magnetic field
8,: mean gradient of virtual height
¢: corrected geomagnetic latitude
p'd solar-zenith angle
f.:  frequency at virtual incidence
Ji plasma frequency
f.»: oblique incidence propagation
£+ median mode MUF
F,: ratio of the upper decile to the median MUF
F;:  ratio of the lower decile to the median MUF
h:  true height of reflection at vertical incidence
h':  virtual height of reflection at vertical incidence
height of intersection of the F1 and F2 of the model /;

i: zenithal angle of the unrefracted oblique ray

I:  magnetic dip



<

magnetic index

ionospheric and Earth-curvature correction term

ordinary wave

mode availability (%)

Earth’s radius

Fresnel-reflection coefficient for horizontal wave polarization
Fresnel-reflection coefficient for vertical wave polarization
universal time

local time

modified magnetic dip

extraordinary wave



1. Introduction

Question 30/6 draws attention to the continuing need for an internationally agreed method of estimating the field
strength and transmission loss at frequencies above 1.6 MHz of signals which propagate via sky waves between ground-
based terminals. Interim Working Party 6/1 (formerly known as International Working Party VI/1) has been established
with terms of reference which are currently given in Decision 6-2. These terms include the development of both computer-
based and manual prediction methods for such signals.

The fundamental difficulties of producing an accurate prediction method for the frequency range 1.6 to 2 MHz
and the importance of ensuring that any such method is consistent with the method for the frequency range 150 to
1600 kHz which is given in Annex I to Recommendation 435-3, have been readily recognized; so the difficulties at
frequencies above 30 MHz have also been appreciated, where the regularly refracted propagation modes usually cannot
exist and the dominant signals travel via ground sidecatter or by scattering from sporadic-E irregularities or irregularities
in the F-region of the ionosphere. Accordingly, the initial objectives of the Working Party were to develop a prediction
method based on conventional propagation modes for the frequency range 2 to 30 MHz.

Consideration was given to various prediction methods in use in different countries [Barghausen er al, 1969;
Beckmann, 1967; Damboldt, 1976; Halley, 1965; Harnischmacher, 1960; Kasantsev, 1947, 1956, 1957; Laitinen and
Haydon, 1950; Lucas and Haydon, 1966; Miya and Kanaya, 1955; NBS, 1948; Piggott, 1959; Rao, 1969 and Rawer, 1952].
By amalgamating different aspects from these, an interim method was produced. This was submitted to the CCIR and
adopted as Report 252-2 (New Delhi, 1970).

Opinion 45 calls for evaluations of the accuracy of this first interim method and some comparisons with observa-
tional data are given in Report 571-1. The method has been found to be generally satisfactory, but it has a number of
systematic shortcomings. With the present improved understanding of 1onospheric and signal characteristics and in the
light of experience gained in using the interim method, Interim Working Party 6/1 proposed to the XIIIth Plenary
Assembly that a completely revised prediction method should be developed and presented to the next Interim Meeting of
Study Group 6. Report 572 (Geneva, 1974) outlined the general procedures to be followed in this revision.

The present Report describes in detail the method that has been devised. It 1s based on CCIR texts and other
documentation current as of March 1976 at the close of the Interim Meeting of Study Group 6. The associated computer
program and explanatory documentation required for its use are being produced and made available for distribution

separately.

It must be appreciated that the method, like its predecessor, i1s provisional in the sense that in due course it will
probably be superseded by an improved method. However, this statement should not be interpreted as implying the
current existence of evidence of inaccuracy.

2. Requirements for predictions

Field strength and transmission-loss predictions are needed as an aid to circuit planning, for frequency
management and for subsequent investigations. The requirements in the three cases differ. For circuit planning, principal
attention must be paid to median conditions, although some statistical consideration should also be given to day-to-day
changes. The need i1s for so-called long-term predictions.

When predictions are employed for real-time frequency management, it is usual to attempt to update the long-term
predictions in terms of some locally measured real-time parameter such as foF2 or magnetic K-index {Barghausen e al,
1969]). For subsequent investigations, measured oblique or vertical-incidence ionograms may be available, leading to
improved representations of the prevailing ionospheric conditions.

The prediction method described here is a long-term prediction method based entirely on past data. It yields
values of the monthly medians of hourly smoothed sky-wave field strengths and transmission losses. It is intended that the
method will be used in conjunction with a computer and that a simpler version for manual evaluations will be produced

separately.

For the estimation of the signal quality to be expected in any communications circuit, signal-strength data alone
are insufficient and must be supplemented by quantitative information about other parameters, especially noise, as
available in Reports 322-1 and 258-3. A procedure for the prediction of a specified signal-to-noise ratio given by
Barghausen er al. [1969] is available as an option.



3. Principles of the method

To appreciate the principles of the proposed method it is appropriate first to consider briefly the philosophy of
prediction techniques in general. The ultimate objective is for a prediction method which is both accurate and simple.
There are two different approaches which may be followed. One is to fit empirical equations to the dependence of
measured transmission loss on path, time and frequency parameters. The other is to estimate the loss as the sum of a
number of separate terms, each of which is given by an expression which has been deduced either from theory or from
measurement. Both techniques have limitations. The former method is likely to be simpler but, unless it has been derived
from a large data base, the observed trends may not be truly representative. The latter method is conceptually more elegant
and enables variations to be specified in a physically meaningful manner. However, there remains the possibility of error
due to failure to allow for an important term or to an inexact allowance. There is also a likelihood of devising a method
which is over-complex and for which the accuracy achieved does not merit some of the complications-that have been

introduced.

It is clear that the optimum method for manual evaluations is likely to be less accurate than the optimum
computer-based method, since some calculations which are appropriate for computer solution would be prohibitively
lengthy. Nevertheless, despite the widespread availability of high-speed computers, it is important to ensure that, even for
the computer-based method, all calculations are kept to 2 minimum. To some extent it is legitimate to initially introduce
stages of calculation because of their physical justification, and then later to simplify these if it can be generally established

that the accuracy of prediction has not been unacceptably reduced.

The method presented here assumes great-circle propagation with reflection from the E, F and sporadic-E layers.
Although in principle it may be used for paths of any range, like its predecessor it is liable to be less accurate for ranges
beyond 10 000 km. This is in part because for such long paths, and particularly those between near-antipodal terminals, in
practice the azimuth of the dominant signals changes appreciably with temporal variations in maximum usable frequency
and ionospheric absorption [Miya et al, 1957; Miya and Kawai, 1959]. With regard to the fact that predictions for long
ranges are also of great importance, more efforts should be made to improve the accuracy of the predictions for ranges

beyond 10 000 km, even beyond 20 000 km [CCIR, 1970-74].

As with the method of Annex I to Recommendation 435-3 for MF, a combination of the separate-loss-term and
empirical-equation procedures is proposed. The former procedure is to be used for wave frequencies below the standard
maximum usable frequency or estimated junction frequency (EJF)}—referred to sometimes simply as the MUF. At higher
frequencies, where it is not possible to predict the existence of conventional modes yet, there is ample evidence that strong
signals propagate; the method relies on empirical equations derived from an analysis of measured field-strength data.
Account is taken of signals reflected from sporadic-E irregularities only at frequencies above the path MUF and provided
the range is 4000 km or less. Estimated signal intensities given by the empirical equations for these frequencies are
compared with the corresponding sporadic-E mode monthly median intensities and the greater values regarded as

applying.

The separate-loss-term procedure consists of three main stages. Firstly, it is necessary to predict the state of the
ionosphere—to produce a representation of the height distributions of electron concentration along the propagation path.
Secondly, the ray paths of all propagation modes which can exist between transmitter and receiver must be determined.
Then the transmission loss of each active mode is deduced in terms of the ray path directions. In deriving the overall trans-
mission loss (see Recommendation 341), the transmitting and receiving antenna gains and terminal losses due to imperfect
ground are taken into account. The signal strengths of the different modes are given in terms of the transmitter radiated
power, and the available power from the receiving antenna is determined by summing the powers from the separate
modes, on the assumption that these signal components have random relative phases.

The empirical expressions used for frequencies above the MUF have been chosen to ensure consistency of the
estimated field strengths with values predicted by the separate-loss-term procedure at lower frequencies. They give a
smooth decrease of field strength with increase of wave frequency at a rate which depends on the MUF and so 1s a
function of time of day and season, level of solar activity, path geographical region and path length. Above the MUF the
predictions should be regarded as applying to a composite mode, since it is not possible to specify by which propagation
path the signals then travel.

The ionosphere is subject to systematic diurnal and seasonal changes, but it is usual to assume that variations
which occur within an hour or from day-to-day within a month at a given hour are random. Accordingly, the predictions
of field strength and transmission loss give representative monthly median values for each hour. Such predictions may be
supplemented, as in the method to be described, by estimates of the likely fluctuations about these median values
determined from ionospheric variability statistics. Fig. I lists the procedures given in Report 572 (Geneva, 1974) which the
Interim Working Party 6/1 was instructed to consider in the formulation of the revised prediction method, and Fig. 2 1s a
simplified schematic representation of the stages of computation that are now proposed. These stages are described in

detail in the later sections of this Report.



4. Ionospheric characteristics

4.1 Monthly median values

Propagation modes involving reflection from the E and the F-layers are determined using an ionospheric model
which has parameters that vary over the great-circle path and are given in terms of the vertical-incidence ionospheric
characteristics foF2, foE, M(3000)F2 and h’F,F2 [Piggott and Rawer, 1972]. (h'F,F2 is the minimum virtual height of signal
reflection from the F2-layer. It is equal to h'F by night and to h’F2 when foF1 is observed by day.) The intensity of signals
reflected from the sporadic-E layer is expressed as a function of appropriate values of the vertical-incidence ionospheric
characteristic foEs.

The quantities foF2, foE, M(3000)F2, h'F, h'F2 and foEs are recorded from ionograms each hour of each day by a
world network of ionosonde stations. From the monthly medians of past measured values, empirical equations have been
produced to represent their geographical and temporal morphologies. The dependence on solar activity 1s expressed 1in
terms of the twelve-month running mean sunspot number R}, (in the case of foF2, M(3000)F2, h'F,F2 and foEs) and the
monthly mean 10.7 cm solar radio-noise flux @ (in the case of foE). For prediction purposes it is appropriate to
approximate @ by an estimate of @,,, the twelve-monthly smoothed value. These empirical equations are then used to
provide forecasts of the values of the ionospheric characteristics for a given sunspot number or solar flux. Although the
relationship between the two solar indices varies for different solar cycles and for the upgoing and downcoming halves of
a single cycle, the mean relationship between R,, and ®,,, determined by Stewart and Leftin [1972] is taken. Hence, an
estimate of either the sunspot number or the solar flux on its own may be used in the prediction system. Stewart and Leftin
give

2
@, = 637 + 0.728 R}, + 0.00089 R, (1)
and
R,, = V95524 + 1123 @, — 40838 (2)

where @, is expressed in units of 10-22 Wm~2 Hz~.

The equations which define foF2, M(3000)F2, h'F,F2 and foEs [Jones et al.,, 1969] require sets of numerical coeffi-
cients for their evaluation, and details of these are given in Report 340-3. Coefficients are available for M(3000)F2 for each
month for reference levels of low and high solar activity R}, = 0 and 100; coefficients for h'F,F2 [Leftin er al., 1967] and of
foEs [Leftin et al., 1968] (for solar epochs corresponding to R,; approximately 10 and 180 for h'F,F2 and approximately 10
and 150 for foEs) are also available for each month. Values of the ionospheric characteristics for any general level of solar
activity are determined by linear interpolation or extrapolation between the values deduced from the coefficients for these
reference solar-activity levels.

In the case of foF2 there are two different sets of coefficients available, known respectively as the Oslo and New
Delhi sets. The Oslo set has been produced in a similar way to that for M(3000)F2 with different coefficients for each
month with R, = 0 and 100. The New Delhi set [Jones and Obitts, 1970] is based on a single representation which gives
smoothed mean values centred on any day of the year and for any solar activity. In particular, the dependence on solar
index is non-linear and varies with position and time. Interim Working Party 6/3 1s currently assessing the relative
accuracies of these two representations and examining whether any reduced accuracy ensues from the combined use of
values of foF2 based on a non-linear dependence on solar index with values of other 1onospheric characteristics relying on
a linear dependence. In advance of any conclusions from these investigations, the Oslo set of coeflicients 1s used in the

present prediction method. However, caution should be exercised for R}, > 150 because 1t 1s known (Report 340-3) that
saturation effects arise at some locations and times.

Each 1onospheric characteristic is represented for a given month and solar activity by orthogonal-polynomial

expressions in terms of geographic latitude A, geographic longitude 8 and Universal Time T. The general characteristic
(A 0, T)1s expressed as a time series:

Q(r.0.T) = ; [a; (X,8) cos ;T + b; (A,0) sin jT] 3)

where a and b give the latitude and longitude variations, being defined as:

aj (1,9) -_—; UZj,k X Gk ()L.e)

(4)
b; (A,0) =; Uyi_, x X G, (1.0)



U is numerical coefficient and G is trigonometric function of latitude, longitude, and modified magnetic dip X. X is a
combined geographic and magnetic parameter defined as

X = arc tan[ d ] (3)

_V COs A

where I is the magnetic dip (in radians, considered positive if north of the magnetic equator) taken from the spherical-
harmonic analysis model of the Earth’s magnetic field produced for epoch 1960 by Jensen and Cain [1962]. X is positive in
the Northern hemisphere. The number of terms in the above summations varies for the different characteristics, depending

on the amount of variation of the given characteristic.

Monthly median foE is given by empirical equations derived by Muggleton [1975] from an analysis of published
data for the years 1944-1973 from 55 ionospheric stations. (See also Report 340-2. It 1s to be noted that Report 340-3
contains revisions not taken into account because, as already stated, the method is based on documentation current as of

March 1976.)

oE = [(1 + 0.0094 [®,, - 66]) cos ™, (4 + B cos ) D|"* (6)

where @), is expressed in units of 1022 Wm~-2 Hz- .
v, ., = solar-zenith angle at local noon

and A = geographic latitude, considered positive if north of the equator.

For |[Al < 32°m = —193 + 192 cos A: A = 23 and B =116

(7)
For [A|=232°m =011 —0.49 cosA; A =92 and B = 35
D is the time-of-day factor, given as follows:
(a) for ¥’ < 73°
D = cos Py’ (8a)

where ¥’ is related to the solar-zenith angle x. For |A| < 23° ¥’ =, but for |A| > 23°, ¥’ is taken to be the value of  at a
time 0.05 hours earlier. This correction allows for the *“sluggish” nature of the ionosphere. For |A| < 12°, p=1.31; for

Al > 12°, p=1.20;
(b) for 73° <y’ < 90°

D = cos P (y* — &%) (8b)
where 8y =6.27 x 10~ 13 (' —50)8 degrees (8¢)

with %' in degrees, and p 1s as in (a) above,;

(c¢) for y' =90°
D = (0077)" exp [ 168 (tf; — 1)1 from midnight to dawn (8d)
and D = (0.077)p exp [— 10l (¢t —1,)} from sunset to midnight (8e)

where ¢ is the local time of interest in hours,
t, is the local time at dawn (' = 90°) in hours,

t 1s the local time at sunset (%' = 90°) in hours,

p has the same value as in (a) above,

foE is taken as having a minimum value, following Wakai [1971] of

oE = [0.017 (1 + 0.0098 R,,)°|"* 9)



4.2 Day-to-day scatter statistics and mode availability

Estimates of the mode availability, which is the probability that an oblique sky-wave path which has been deduced
using monthly median values of the ionospheric characteristics will exist on a given day, may be derived in terms of the
statistics of the day-to-day variations of the mode MUF. It is assumed after Zacharisen and Crow [1970] that MUF
variations follow a y2-distribution so that equations developed by Bradley and Bedford [1976], which approximate to that
distribution, apply.

The mode availability Q expressed as a percentage is given in terms of f, the wave frequency, and f,,, the median
mode MUF, by:

—for f< f,,
80
@ =130 — 7 (10a)
I
ff”
I + —F,
or 100, whichever is the smaller;
— for f> f,,
0 = 8f0 — 30 (10b)
—/.;H )
| + F =

or O, whichever 1s the larger.

F, is the ratio of the upper decile to the median MUF and F;is the ratio of the lower decile to the median.

The determination of the median MUF is discussed in § 6.2. F, and F, are found as follows:

(a) E-modes

foE is relatively constant from day-to-day; Rush and Gibbs [1973] have shown that the day-to-day fractional vana-
bility of foE about the median value is only a factor of 0.3 to 0.5 of that of foF2. Nevertheless, foE vanations provide the
principal contribution to day-to-day changes in the MUF of E-modes since ray reflection heights are almost constant.
Analyses by Tiffon [1974] of a selection of low and middle-latitude foE data are consistent with adopting fixed values of

F,=1.05 and F;= 0.95 for all locations and times. Hence, these values are taken as applying to the MUF for both single
and multiple-hop modes.

(b) F-modes

King and Slater [1973] have shown that the relative day-to-day variability of M(3000)F2 is appreciably less than
that of foF2. Rush et al. {1974] have considered the implications of this feature to oblique HF communication paths and
concluded that, although F-layer heights are more variable than those of the E and Es-layers, it is still justifiable for single-
hop modes to take the fractional MUF varnability as independent of path range. Barghausen ef al. {1969] have reported an
analysis of the vaniability of foF2 and M(3000)F2 for 13 well-distributed ionosonde stations; they gave vanability
parameters of MUF(3000)F2 for different times and geographical regions. Table I, taken from their results, lists £, and F;
for different seasons, ranges of R,,, midpath local times and midpath geographic latitudes. It is possible that multiple-hop
modes over long paths may be subject to greater day-to-day variations than short single-hop modes because 10nospheric
variability is uncorrelated on the different hops; however, in the absence of more precise information, the values of Table I
are taken as applying to the MUF for any transmission range. These F-layer values are also used in the case of multiple-
order modes with successive reflection from the E- and F-layers. In the case of reflection from the sporadic-E layer
monthly median signal intensities are determined in accordance with the procedure described in § 7.5.2 as a function of
monthly median foEs and these components are taken as having an availability of 50%.



TABLE 1A — MUF variability parameters F,, and Fjof F-modes for R , less than 50 as a function of season, midpath local time t
and midpath geographic latitude X (N or S of equator)

R . <50
L 22-02 -02-06 _06 10 10-14 _14 18 _-22
-----_-----
145 | 06 072 | 1.33 0.67
0.68 [1.29 071 | 138 | 075 | 123 | 076 | 124 | 075 | 135 | 0.70
074 | 124 | 076 | 127 | o080 | 1.5 | o8 | 117 | 082 | 130 [ 0.73 |
079 | 121 | 078 | 116 | 083 | 112 | 085 | 112 | 084 | 125 | 076 | &
081 | 120 | 079 | 113 | o085 | 111 | 087 | 1.11 | 089 | 123 | 0.77 | £
081 | 130 | 074 | 115 | o086 | 1.17 | 082 | 115 | 085 | 1.28 | 0.78
078 | 137 | 067 | 119 | 087 | 120 | 075 | 124 | 077 | 132 | 079 | |
071 | 138 | 070 | 1.18 | 088 | 1.15 | 08 | 1.4 | 087 | 1.20 | 0.79
>75° 142 | 067 | 132 | 072 | 129 | 074 | 126 | 073 | 133 | 080 | 148 | 065 |
65-75° 138 | 070 | 125 | 075 | 125 | 076 | 123 | 074 | 126 | 082 | 140 | 0.69
55-65° 132 | 073 | 121 | 078 | 122 | 080 | 120 | 075 | 120 | 081 | 131 | 0.73
45-55° 126 | 075 | 1.19 | 080 | 120 | o0.81 | 118 | 076 | 116 | 081 | 126 | 0.76 l ’é
35-45° 122 | 077 | 120 | 081 | 1.19 l 081 | 116 | 077 | 116 | 080 | 125 | 0.78 5‘
| 25-35° 122 | 078 | 126 | 080 | 1.8 | 082 | 115 | 078 | 116 | 081 | 128 | 0.74
| 15-25° 130 | 077 | 132 | 075 | 1.16 | 083 | 114 | 081 | 118 | 083 | 1.33 | 0.9
<15° 123 | 076 | 140 | 066 | 113 | 086 | 1.13 | 089.| 119 | 086 | 116 | 0.75
575° | 126 | 068 | 124 | 079 | 115 | 084 | 117 | 087 | 121 | 085 | 122 | 0.76
65-75° 122 | 070 | 118 | o081 | 114 | 083 | 1.15 | 086 | 116 | 086 | 1.18 | 0.77
55-65° 118 | 072 | 117 | o084 | 114 | 083 | 115 | 084 | 114 | 086 | 115 | 081
45-55° 117 | o5 | 120 | oss | 115 | o082 | 116 | 083 | 114 | 085 | 115 | o084 | &
3545° 117 | 079 | 125 | 085 | 117 ' 080 | 117 | 082 | 1.15 | 083 | 1.16 | 0.8s E
25.35° 118 | 079 | 130 | 082 | 117 | 078 | 120 | o080 | 119 | 081 | 120 | 0.80
15-25° 120 | 077 | 134 1 o078 | 114 | 077 | 124 | 079 | 122 | 079 | 1.23 | 0.73
<15° 120 | 074 | 137 | 075 | 112 | o8 | 130 | 083 | 127 | 0.82 0.69

1.20

Winter : Nov, Dec, Jan, Feb in the N. hemisphere and May, Jun, Jul, Aug in the S. hemisphere.
Summer : May, Jun, Jul, Aug in the N. hemisphere and Nov, Dec, Jan, Feb in the S. hemisphere.
Equinox : Mar, Apr, Sep, Oct in both hemispheres.



TABLE IB — MUF variability parameters F,, and F; of F-modes for R , greater than or equal to 50 and less than or equal to 100 as

65-715°
55-65°
45-55°

35-45°

25-35°

15-25°

<15°

>75°

65-75°

55-65°
45-55°
35-45°
25-35°

15-25°

<15°

Winter

22-02

145

1.39

1.33

1.30

1.27

1.30

1.33

1.21

145

141

1.35

1.28

1.22

1.22

1.32

1.18

o
0.76
0.79
0.82
0.84
0.83

0.78
0.74

0.77

0.64
0.68
0.70
0.73
0.75
0.77
0.75

0.79

0.82
0.83
0.83
0.81
0.78
0.77
0.77

0.79

7

1.39
1.31
1.24
1.19
1.17
1.31
1.38

1.26

1.31

1.22

1.17

1.15

1.16

1.22

1.30

1.39

1.23

1.19

1.18

1.19

1.22

1.30

1.38

1.44

02-06

f

0.78
0.81
0.83
0.82
0.81
0.76
0.71

0.69

a function of season, midpath local time t and midpath geographic latitude X\ (N or S of equator)

0.61

0.71

0.735

0.77

0.78

0.76

0.73

0.68

0.80
0.82
0.82
0.81
0.78
0.83
0.69

0.63

06-10

-
1.44 0.68 1.40 0.67 1.33 0.62 1.45 0.70

1.37

1.25

1.14

1.12

1.16

1.17

1.14

50 <R,, <100

10-14

14-18 18-22

|
0.70 1.29

0.75 1.22

0.81 | 1.16

1.27

1.23

1.20

1.17

1.16

1.15

1.13

1.11

1.20

1.19

1.19

1.21

1.23

1.22

1.17

1.11

g
=
0.86 =
0.85
0.83
0.86
%
Q
5
e
-y
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: Nov, Dec, Jan, Feb in the N, hemisphere and May, Jun, Jul, Aug in the S. hemisphere.

Summer : May, Jun, Jul, Aug in the N. hemisphere and Nov. Dec. Jan, Feb in the S. hemisphere.

Equinox : Mar, Apr, Sep, Oct in both hemispheres.



TABLE IC — MUF variability parameters F,, and Fy of F-modes for R , greater than 100 as a function of season,

| 65-75°

55-65°
45-55°
35-45°
25-35°
15-25°

<15°

Winter
Summer : May, Jun, Jul, Aug in the N. hemisphere and Nov, Dec, Jan, Feb in the S. hemisphere.

Equinox : Mar, Apr, Sept, Oct in both hemispheres.

1.25

1.23

1.19

1.14

1.26

1.35

1.25

1.37

1.31

1.25

1.20

1.16

1.18

1.32

1.23

1.27

1.22

1.18

1.15

1.14

1.15

1.22

1.21

22-02 | . . 02-06
136 | 062 | 1.27 | 0.70 1.41

0.74

| 0.78

0.80

0.81

0.76

- 0.70

0.76

| 0.67

0.71
0.75
0.78
0.82
0.82
0.77

0.79

0.74
0.75
0.76
0.76
0.76
0.76
0.77

0.79

06-10

1.34
1.24
1.16
1.13

1.12
1.12

1.14

1.35
1.30
1.27
1.25
1.17
1.10
1.11

1.09

1.17
1.20
1.26
1.30
1.30
1.25
1.18

1.13

i10-14

R, >100
£

0.74 .

0.77

081 | 1.18
0.84 | 1.11
087 | 1.09
0.89 | 1.09
0.89 | 1.12
089 | 1.13
0.75 | 1.40
0.73 | 1.31
0.71 | 1.4
0.70 | 1.20
0.75 | 1.16
0.87 | 1.10
0.89 | 1.11
0.86 | 1.20

0.80

0.87

0.90

0.90

0.89

0.90

0.66

0.70

0.71

0.72

0.78

0.87

0.92

0.90

14-18

1.11

1.09

1.09

1.11

1.14

1.15

1.38

1.33

1.25

1.16

1.12

1.11

1.12

1.14

: Nov, Dec, Jan, Feb in the N. hemisphere and May, Jun, Jul, Aug in the S. hemisphere.

midpdth local time t and midpath geographic latitude X (N.or S of equator) .

0.64
0.72
0.79
0.84
0.87
0.88
0.89

0.89

0.70
0.70
0.71
0.74
0.80
0.87
0.90

0.90

0.79
0.80
0.80
0.80
0.79
0.79
0.81

0.85

L ]

1.20

1.14

1.13

1.20

1.20

1.46

1.37

1.24

1.17

1.14

1.15

1.20

1.23

1.24

1.23

1.21

1.18

1.16

1.15

1.19

1.23

0.86
0.87
0.86
0.83

0.84

0.72
0.72
0.72
0.73
0.84

0.86

0.85

0.82

0.75
0.77
0.80
0.84
0.84
0.83
0.80

0.78

Winter

Equinox

Summer




5. Models of vertical distributions of electron concentration

It was noted in § 4.1 that propagation modes involving reflection from the E and F-layers are determined using an
ionospheric model with parameters which depend on foF2, foE, M(3000)F2 and h'F,F2. This model 1s given in
Report 340-3 and is illustrated in Fig. 3. It consists of:

— a parabolic E-layer below its height of maximum electron concentration hmE, with semi-thickness ymkE. hmE

is taken as constant at 110 km and ymE as 20 km. These values have been chosen as generally consistent with
available measured data [Maeda, 1969; 1971];

— a parabolic F2-layer with height of maximum electron concentration hmF2 and semi-thickness ymF2;

— a linear increase of electron concentration with height between hmE and the point on the parabolic F2-layer
where the plasma frequency f; 1s 1.7 foE.

The model parameters hmF2 and ymF2 are given from the empirical equations [Bradley and Dudeney, 1973;
Eyfrig, 1974):

1490
hmF2 = TrGooo 2 + aar (112)

0.18 0.096 (R, — 25)

ith AM =
e x — 1.4 T 150 (115)
where x = loF 2 or 1.7, whichever is the larger.
foE
ymF2 = hmF2 — h'F.F2 + A#’ (12a)
0.86
where Al = (_;9_-_6—‘[?13-5 « (hmF2 — 104) (12b)

ymF2 has a pre-set minimum value of 35 km and a maximum value of (hmF2 — hmE).

For the special case when x = 1.7 the electron concentration is taken as increasing linearly with height between
hmE and hmkE2

i.e.ymF2=0for x= 1.7 (12¢)

In particular, no Fl-layer characteristics are used in formulating the model and the ionisation in the Fl-height
region is taken as being given entirely in terms of the E- and F2-layer ionisation parameters. Measured true-height profiles
rarely show marked Fl-layer discontinuities and many of the inflexions and cusps interpreted on ionograms as Fl-layer
characteristics result from only minor fluctuations in electron concentration. The model has advantages over other models
based on foFl in that there is no abrupt change when that parameter ceases to be observed.

Comparisons with true-height analyses of sample ionograms recorded at different locations, times of day, season
and solar epoch confirm that the model estimates, based on measured values of vertical-incidence ionospheric character-
istics, of the heights corresponding to given electron concentrations are usually correct to within 20 to 30 km.

Figure 4a is an example showing an ionogram recorded at Argentine Islands at 1645 local time (LT) on
29 September 1958. The corresponding height distributions of electron concentration deduced from true-height analysis
may be compared with those given by the model using equations (11) and (12) and the observed values of the appropriate
ionospheric characteristics (see Fig. 4b).

The method of determination of oblique ray paths described in § 6 requires a knowledge of the true and virtual
heights of reflection at vertical incidence, h and &', of waves of specified frequency. For difterent ranges of frequency f,,
the following equations apply:

/.
foE

— for f, < foE with = Xg

h = hmE — ymE VI —x¢ (13)

h'= (hmE — ymE) + xz x ymE X arc tanh xg (14)
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—for foE < f, < /; with 7}}’-=xj; xp = 1

2 2
_ | . Xj (xE - 1)
h = hmE + (h; — hmE) I57E5)) (15)
2 VxZ — 1
h' = (hmE — ymE) + xz x ymE x arc coth xz + 2 (h; — hmE) X I =x?) (16)
E J
for f. < f, < foF2 with v > 1 > 1
Clor Jp s Jys oRs W oF2 T F28 BT Y
h = hmF2 — ymF2 V1 — x7, (17)
h' = (hmE — ymE) + x; x ymE x arc coth xz + 2 (h; — hmE) x
(18)
X; Xp le ng -1 — X ij? — 1] hmF2 — A,
X —— ~+ ""Fz X ymFZ X arc cosh e e e e
(x7 — x7) ymF2 V1 — x2,

h;is the height of intersection of the FI and F2 portions of the model corresponding to the plasma frequency J;- It is given

by
.\ 2
/; ) (19)

h; = hmF2 — ymF2 {/] — A

J

One minor limitation of the model that can be seen from the measured ionogram of Fig. 4a 1s that when a
synthesized ionogram is produced using equations (13) to (19), this shows a spurious cusp at the frequency f; which is
associated with the gradient discontinuity between the linear and parabolic F-region segments of the model. Tests have

shown that the associated errors in 4’ for neighbouring values of f; may be considerably reduced in general by linear inter-
polation between the values of h’for f, = 1.5 foE and 1.9 foE i.e. for 1.5 foE < f, < 1.9 foE < foF2

S, — L5 foE

k' (J)) = h" (L5 foE) + o

[/z' (19 foE) — A" (1.5 foE)] (20)

The change this makes to the synthesized ionogram is seen in Fig. 4a. Equation (20) is used in the prediction method. In
cases where

foF2
foE

< 1.9

it cannot be applied, but virtual heights for £ ~ f, are then large because of the closeness to foF2, so that errors become
relatively small.

6 Sky-wave paths in the ionosphere

6.1 Possible propagation modes

Seven ray paths are evaluated which must be physically possible and must have elevation angles exceeding a
minimum specified value. The sky-wave paths evaluated are: two ray paths via reflections from the regular E-layer, three
ray paths via reflections from the F-layer; and two mixed modes.

The E-layer modes considered are, first, the mode with the least number of hops possible for the given elevation
angle and, second, the mode with the next greater number of hops. The F-layer modes considered are, first, that with the
least possible number of hops and then those two with successively greater numbers of hops. Sporadic-E layer refraction 1s
ignored in relation to F-layer ray paths.

The mixed modes are considered only for paths longer than 3000 km and consist of one E-layer reflection, and
one or more F-layer reflections. The first mixed mode consists of the 1E-hop and the remainder of the path by the least
possible number of F-layer reflections. The second mixed mode is similar, but for the next greater number of F hops. The
E- and F-layer hops may arise in any order.



11

! For-frequencies greater than the path. MUF. the dominant signals may be propagated: by- means of a single
reflection from the Es-layer for transmission ranges of 2600 km and less and via two Es hops for transmission ranges of
2600 to 4000 km. The signal strenghts for these modes are determined as indicated in § 7.5.2.

6.2 Determination of the MUF

A knowledge of the MUF is needed to detérmine mode availability and for the empirical equations for signal
strengths at the higher frequencies. Two separate procedures of MUF evaluation are available. In the one, ray compu-
tations are made for a succession of increasing frequencies until no propagation path to the desired transmission range is
possible. Frequency increments of 0.5 MHz should provide values of adequate accuracy. Alternatively, use can be made of
equations based on relationships for a mean reference ionosphere as given in Report 340-3. These express the MUF for an
E-mode over the path in terms of foE and they express the MUF for an F2-mode in terms of foF2 and M(3000)F2.

For MUF computations the path is divided into portions dépending on its length, so that a single E-hop does not
exceed a ground range of 2500 km and a single F-hop does not exceed a range of 5000 km. The evaluation 1s undertaken at
a reflection point for which foF2 is a minimum.

In the case of sporadic-E modes, no attempt is made to determine a MUF since it is believed that a realistic
physical model consists of a gradually reducing number of irregularities which can provide reflection as the wave
frequency is increased. This means that the effectiveness of these modes is governed entirely by signal-strength consider-
ations.

6.3 Reflection from the E and F-layers

The determination of the active modes and their elevation angles is based on a representation of the ray paths by
undeviated propagation between the ground and mirror-reflecting points in the ionosphere. The heights of the mirroring
points are taken as the virtual heights of reflection of waves of “equivalent” frequency at vertical incidence. As already
noted, great-circle propagation is assumed. The option is provided of incorporating longitudinal mirror tilts deduced from
the predicted ionisation gradients. At very low elevation angles and appropriate tilt angles it may happen that a ray does
not return to the Earth’s surface, thus initiating a propagation mode of successive ionospheric reflections without inter-
mediate ground reflections, as described in Report 250-4. This possibility is not yet considered in the prediction
programme.

lonospheric models are generated iteratively to correspond to the mirroring locations, and transmitter elevation
angles are successively adjusted to ensure transmission to the desired ground range. The layer reflecting each active mode
is readily given from the ratio of the equivalent vertical-incidence frequency to foE.

Consider a ray launched with elevation angle A, as indicated in Fig. 5. Suppose that reflection takes place from a
plane reflector at range x; and of height A, tilted through an angle ¢, in the sense shown. Further, let the ray return to
ground with elevation angle A, at range d,. Then, if R is the Earth’s radius:

(2.1'] — d])
AZ = AI — 28] +- —r (21)
= R COS R cos A| — A (22)
X1 = arc R + /I” 1 l
and
/
d, = 2x;+ R [AI — 2g, — arc cos (B—-%I’—' X COS [Al — 2¢, + %‘—)] - (23)

Hence, with A,, €, and h,; given, x; and d| can be determined. For oblique-incidence propagation at a frequency f;;, an
“equivalent” vertical-incidence frequency f;, is defined, such that A,; may be taken as

by o= h' () (24)

where h'(f,,,) is the virtual height of reflection at vertical-incidence at frequency f;,, as given for the ionospheric model by
equations (14), (16), (18) and (20) as appropniate. f,, is derived in terms of f,, by

Sa=/, x K x cos i, (25)

where i, is the angle between the upgoing ray and the vertical at height h,,. The angle i, is expressed in terms of x; and A,
by:

= - (Al+‘-""—l (26)

2 R
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K, 1s an i1onosphere and Earth-curvature correctlon term. -It 1s determmed by :the approximate empirical expression
[Bradley and Murphy, 1974]: | | - P i
, ‘ : mEo e, V1

K|= l—" R Il (27)

where h(f,,) is the true height of reflection at vertical incidence at frequency f;,, given for the ionospheric model by
equations (13), (15) and (17) as appropriate. g, is determined from the change in virtual height of reflection at frequency f,,
for the model ionospheres on either side of the reflection point along the great-cnrcle path. With 0, defined as the mean
gradient of virtual height over ranges of =+ 200 km relative to the reflection position, appropriate distances for the scale size
of the ionospheric mapping representation, then

b’ —h .
0, = ._.:%.209.4 66';2@ radians (28)
After Titheridge [1958] €, 1s taken as
— 9I
& =3 (29)

The stages of analysis based on the above equations for the determination of the separate elevation angles on the
successive hops of an n-hop mode propagated to a given ground range D are listed below.

Stage |

Initially, it is supposed that there are no tilts and that all hops with reflection from the same layer have equal
length. In the case of modes involving reflection from both the E- and F-layers, the E-layer hops are taken as having one
third the ground-range span of the F-layer hops. For an assumed first-hop E-mode a first estimate of 4, is hoE, the base
height of the E-layer, and for an F-mode it is given as #(0.95 foF2), as derived from the model ionosphere equations for
the midhop position. These values lead to a first estimate of A, from:

A, = arc tan [cot i — —E—— cosec _‘fl_ 30
L 2R R + A, 2R (30
where
dl — 1—)
n

With A, known, i; is determined from equation (26) and initially taking K; = 1 leads to a first estimate of f,; from equation
(25).

Stage 2
Values of h(f.,) and h’(f,,) given by the model ionosphere equations for the mid-hop position are substituted in
equation (27) to give an improved estimate of K, which in turn from equation (25) leads to an improved estimate of f,;.

This process is repeated a further twice, leading to an accurate value of h,; from equation (24). The new A, is then
substituted in equation (22) to give a better estimate of x; for which a new ionospheric model is generated.

Stages 3 and 4

The complete cycle of stages is repeated twice, leading to fourth estimates of x; and A,,. Tests show these to be
good approximations to the true mirror-reflecting ray apogee position.

Stage 5

g1, Ay and a second estimate of d; are then computed from equations (28) and (29), (21) and (23) respectively.

Stage 6

With this A,, the stages of calculation are repeated for subsequent hops of an n-hop mode, leading to corre-
sponding elevation angles A, and ground ranges d, for all rup to r= n. First estimates of the rth hop parameters are taken

das.

A=A, _ -2, + =1 Sl

r
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h,.. final estimate of A,

R
— — — A
x. = R [arc COS (R T A COS Ar) ,]
: s X,
Ir — E — (Ar -+ E)
K =1
S =Ly x K, x cos i (31)

“The total ground range for the n-hop mode launched with elevation angle A, 1s then

=), d

whereas the required ground range 1s D.

Stages 7 and 8

To obtain a better estimate of A, (and hence of A,) all calculations are repeated a maximum of a further four times
using d’; as an improved estimate of d,, where

(32)

. p-Lid
d =d +|—2"
N

The calculations are stopped for |D — d| < 10 km, and if this condition is not met by the fifth estimate of 4, the mode 1s
judged not to exist. Usually three or fewer estimates of A, are sufficient and it is only on the longer paths that five estimates
are needed to give the desired ground range. When however the mode does exist, the procedure gives the elevation angles
on the separate hops.

6.4 Reflection from and transmission through the sporadic-E layer

It has been noted in § 6.1 that although the sporadic-E layer undoubtedly sometimes prevents signals from
penetrating to the F-layer, this blanketing effect is not directly taken into account. In determining the ray paths of F-
modes, refraction in the Es-layer is likewise 1gnored.

Signals reflected from the Es-layer are assumed to have triangular ray paths equivalent to mirror reflection from a
fixed height of 110 km. Hence the elevation angle A is readily given in terms of hop length 4, by

A = arc tan |cot i — -—R———-— cosec —d- (33)

2R R + 110 2R
where R 1s the Earth’s radius in kilometres.

6.5 Frequencies above the MUF

For frequencies above the MUF of all the possible modes considered in § 6.1, transmission 1s assumed to take

place with reflection from the sporadic-E layer or via the mode with the greatest MUF. Ray path elevation angles are
assumed to be those at the MUF. The transmission loss is given as that at the MUF, together with an additional loss term
which increases rapidly with increase in frequency.

7. Transmission loss and gain factors

The separate transmission loss and gain factors which are specifically taken into account consist of:

— the transmitting and receiving-antenna gains;

— spatial attenuation, including focussing of rays with low elevation angles and rays propagated to very long
distances;

— non-deviative, deviative and auroral absorption;

— polarization-coupling losses;

— multiple-hop ground-reflection losses;
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— sporadic-E obscuration and reflection losses, and
— losses associated with propagation above the MUF.

Each of these factors can be large in some circumstances.

7.1 Transmitting and receiving-antenna gains; G, G,

.

Transmission loss is markedly influenced by antenna beam directions and beamwidths, and the transmitting and
receiving-antenna gains along the ray path directions, G, and G, respectively, are important terms in the overall prediction.
It is unfortunate that the performance of a typical antenna sometimes departs appreciably from theory because of features
such as local obstructions like nearby hills, other radio installations, buildings and trees, because of sloping and uneven

ground and ground with varying electrical properties. Usually the most accurate estimates of G, and G, are obtained from
experimental measurements or from a combination of measurement and theory. Such values should be used whenever

available. However, more commonly direct recourse must be made to fully theoretical values.

Unfortunately also, existing theoretical estimates of antenna gains tend to be subject to certain limitations. Many
are based on the assumption that the antenna is situated over perfectly conducting ground, whereas at HF the finite
ground conductivity and dielectric constant can have a marked effect on the antenna performance. Usually more accurate

figures are obtained with assumed values of these ground constants.

Although most antennae are designed to radiate or receive horizontally or vertically polarized waves along the
great-circle path between transmitter and receiver, in other directions the waves in general are elliptically polarized. Since
the power coupling to the ordinary and extraordinary waves in the ionosphere depends on the wave polarizations to which
the antennae respond, these polarizations should be specifically determined. This is particularly important for example in
assessing the interfering effects of a transmitter in a non-great circle direction. A convenient way of expressing antenna
performance would be to specify the separate gains for horizontally and vertically-polarized waves, together with the wave
relative-phases. Unfortunately, such data are not currently available. Each antenna must then be regarded as radiating or
receiving entirely horizontally or vertically polarized signals, whichever provides the closer approximation to the situation

under investigation.

Equations for G, and G, given by Barghausen et al, [1969], used and extended by Haydon et al.,, [1976), are incor-
porated in the present method. Gains are expressed in decibels relative to an isotropic antenna in free space. The equations
apply for antennae situated over horizontal uniformly flat ground of finite conductivity and are for the following basic

antenna types:

— constant gain antenna;

— horizontal terminated rhombic;

— grounded vertical monopole;

— horizontal half-wave dipole;

— horizontal Yagi with any number of elements;

— vertical dipole;

— curtain array with a perfectly conducting screen consisting of any number of bays, vertical and horizontal
spacings;

— terminated sloping V;

— inverted L;

— terminated sloping rhombic;

— sloping long wire;

—- horizontal log-periodic;

— dipole of any length, orientation in azimuth and elevation angle;

— vertical half rhombic;

— sloping double rhomboid, and

— grounded vertical monopole with radial conducting mat.

Provision is also included for an antenna pattern specified by a matrix of numbers, and for a vertical loop
antenna.

7.2 Spatial attenuation, L,

Spatial attenuation arises from the spreading of power flux over an increasing area during signal propagation; in
free space the power flux-density is inversely proportional to the square of the path length. For rays in the 1onosphere,
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however, refraction modifies this and leads to both focussing and defocussing. Defocussing tends to be associated with
refraction below the reflection height and with signals propagated via high-angle (Pedersen) rays. It is not considered
appropriate to attempt to include allowances for defocussing which is usually of only limited importance since it usually
arises under fringe conditions close to geometrical cut-off. There are three different situations where focussing occurs—for
rays of low elevation angle, at frequencies close to the MUF, and near the antipodes. No allowance is made for the second
of these because MUF focussing is a transitory feature likely to be effective only for restricted conditions.

‘It is convenient to regard spatial attenuation L;, defined with respect to the signal at a distance of 1 km from the
transmitter along the ray path direction, as consisting of two components: and equivalent free-space path attenuation L,
and a focus gain Gj, such that

where all quantities are expressed in decibels.

The equivalent free-space path for a particular mode is taken to have a length equal to the mirror-reflecting slant
path between transmitter and receiver. Hence, for an n-hop mode:

. dy
S1I TR
d

S ey
COS (Ar + >R

L, =20 log |2R dB (35)

n

where A', is the mean elevation angle on the upward and downward legs of the rth hop of ground-range span d,.

R is the radius of the Earth in km.

The mean allowances for horizon focussing of rays of low elevation angle for E and F-modes, deduced by Bradley
[1970] for idealized model ionospheres are taken. These give G as a function of the mean elevation angle of the upgoing
rays over all hops, as shown in Fig. 6. It is independent of the number of wave hops and reaches a maximum (determined

by ionospheric roughness) of 9 dB at grazing incidence.

In the case of propagation to very long distances with D, the great-circle distance between transmitter and receiver,
greater than nR/2, focussing is taken into account by means of the following provisional formula [Hortenbach and

Rogler, 1979]):

R
G, = 20 log ‘l — m;) ) dB (36)
for (2’12_ l) TR <D < (2’1 2+ ]) TR with n=1 and 2.

As G, given by equation (36) tends to infinity for D= nnR it is limited arbitrarily to the value of 30 dB.

1.3 Ionospheric absorption

lonospheric waves are subject to absorption. In the case of vertical-incidence propagation at a frequency £, (MHz)
the absorption of the ordinary wave, L(f;), is given approximately from magnetoionic theory by the expression for quasi-
longitudinal propagation:

dh
(f, + /1)

~15s [N
L(f) =233 x10 " [ ?" X dB (37)

N: electron concentration in electrons/m3;

v: electron-collision frequency in s—!;

w: refractive index;

f;: electron gyro-frequency in MHz about the component of the Earth’s magnetic field along the direction of
propagation (taken as positive).

The height limits of the integration are from the base of the ionosphere to the appropriate height of reflection at
frequency f.. This equation shows that the absorption depends on the height distribution of electron concentration and that
it can be large near the height of reflection where i < 1. It is convenient to refer to absorption as non-deviative when p = 1
and deviative in other cases.
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Normal non-deviative -absorption arises-as a result of ionisation produced by.the regular solar radiation. At
temperate latitudes in the winter, the non-deviative absorption becomes anomalously high and subject.to greater.day-to-
day variability than would be expected from a normal solar control. The effect is not yet.fully understood and is referred
to as winter-anomaly absorption. It .has been studied extensively in the Federal Republic.of Germany [Dieminger ef al,
1966; Schwentek, 1966, 1967, 1968,.1971] and in Japan [Wakai et al,, 1970, 1974). At high latitudes there is additional non-
deviative absorption arising from the incidence of electrons and solar protons precipitating from the magnetosphere under
disturbed conditions. These lead to enhanced D-region ionisation and give the phenomena of auroral and polar-cap
absorption. The types of absorption taken into account in the present prediction method’ are normal, non-deviative and
deviative absorption (including median wmter-anomaly absorption) and auroral absorption.

7.3.1  Non-deviative and deviative absorption, L,

The estimation of the non-deviative and deviative absorption is based on an analysis of vertical-incidence
absorption measurements [George, 1971] and uses the results of ray-tracing calculations through model ionospheres, which
lead to a relationship between the absorption at vertical and oblique incidence [George and Bradley, 1973]). The procedure
has been described in detail by George and Bradley [1974]. This takes no account of absorption in the F-region arising
from collisions between electrons and ions, but Rush and Elkins [1975] have shown that the total F-region absorption due
to both electron-ion and electron-neutral atmosphere collisions for a single-hop path is usually less than 1 dB. An
exception is the case of the high-angle ray, which is not considered in this prediction procedure.

The absorption L, experienced by the ordinary wave of frequency f,, reflected from the ionosphere obliquely is
given in terms of the absorption L,(/,) of the ordinary wave at vertical incidence on a related frequency f, by

L A (f‘l-') A S€C iIOO

T T U ¥ I -

where A(f.) = L, (/) x (f; + /)% The term f;is now the electron gyrofrequency about the vertical component of the Earth’s
magnetic field, and it is taken as being posittve. f, is given in terms of f,; by

S, = [, X €0s I (39)
Iioo 1S the zenithal angle of the unrefracted oblique ray projected to a height of 100 km, so that

i\00 = arc sin (0.985 cos A) (40)

where A is the angle of elevation of the ray at the ground.

George [1971] has shown that at noon A(f,) is related to A7, the limiting value of A(f,) for a sufficiently high
frequency that the signals traverse the whole of the absorbing region without deviation, as a function of the ratio of f, to
foE. With

4 (f) _ 0 (f) @)

Ar foE

the function ¢,, is approximately independent of location, season or solar epoch and it is given from George’s results as
indicated in Fig. 7. In particular, this holds under normal absorption conditions and it also applies approximately for
winter-anomaly absorption. Samuel and Bradley [1975] have shown that its use may be extended to other times of day than
noon.

Now for a given month and location, Ay increases linearly with twelve-month running mean sunspot number R/,
and changes diurnally as a function of y, the solar-zenith angle. 4-(R,, %) is related to 4+(0,0) in the daytime by:

AT(RIZ: X) = AT(0,0) X F(X) X (l + 0.0067 RIZ) ‘ (42)

where F(x) = cos?(0.881%). The parameter pis a function of month and of the modified dip latitude | X|, as given in Fig. 8.
The parameter X is that used in the mapping of foF2 and is defined in equation (5).

Hence, combining equations (38), (41) and (42) gives:

P /. X Ar (0,0) x F (x) x (1 +0.0067 Ryy) x sec i
[ = T \foE i

y (/5 + J})°

dB (43)

A map produced by George [1971] from observational data gives A4(0,0) for each month of the year and as a
function of | X |. This is shown in Fig. 9. Hence, using numerical representations of the curves of Figs. 7 to 9 and equation
(43), the daytime oblique-path absorption of the ordinary wave is given. For a multiple-hop mode the absorption on each
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hop is evaluated separately taking mid-hop position ionospheric characteristics and a mean elevation angle for the upward
and downward legs of the hop. At high latitudes with | X| > 70°, values of 4+(0,0) and p are taken as for X = 70°. -

Mid-latitude winter absorption values derived by this, procedure have been compared with figures given by an
empirical formula which has been fitted:to experimental data recorded at a frequency of 2.6 MHz over a 300 km range
path in the Federal Republic of Germany [Rottger and Schwentek, 1974). Some systematic differences of up to 6 dB are
revealed, particularly at sunspot minimum, which require further investigation. However, these tests provide some support
for adopting the above procedure for provisional use. |

After sunset the absorption falls to a small non-zero value. Night-time absorption has been studied extensively in
Japan [Wakai, 1961, 1971; Wakai er al, 1971] using experimental measurements of the field strengths of standard trans-
mitters over a continuous range of distances up to 14 000 km. These data'indicate [Wakai, 1975] that the residual night-time
absorption of the ordinary wave 1s given approximately as:

; (0 +0019D) (+ 0015 Ry

a Sf5 + 10 dB (44)

Job 1s the wave frequency in MHz and D is the transmission range in km. This equation shows L, increasing linearly with D
and strictly for any transmission range should be interpreted as relating to the resultant signal. However, for application to
the present procedure, the values determined are regarded as applying separately to each of the propagation modes that
can exist. Equation (44) is taken for those times when it gives a larger absorption than that derived from equation (43).

1.3.2  Auroral absorption, L,

Sky-wave signals which traverse the auroral zones can be subject to large amounts of absorption. Auroral
absorption is associated with increases in electron concentration produced by energetic electrons incident during
substorms. Although the greatest absorption results from the most intense substorms, it is believed that in the auroral
regions it is physically realistic to assume the existence of an ensemble of absorption enhancements associated with a
corresponding ensemble of substorms. The numbers and intensities of substorms are assumed to be such that although the
day-to-day absorption variability is greater than at other latitudes, the monthly median absorption shows statistically stable

temporal and spatial features that can meaningfully be represented numerically. Equations are given below to estimate this
absorption.

The method of prediction of auroral absorption given by Foppiano [1975] is adopted. This method makes use of
riometer data which form the majority of all auroral absorption measurements. Riometers are instruments with upward
directed antennae, usually operating at frequencies around 30 MHz, which detect changes in the incident cosmic-noise flux
[Little and Leinbach, 1959]. Riometer data are related to the equivalent values of absorption on oblique-propagation paths
using the results of ray-tracing calculations for representative model ionospheres.

Equations have been fitted to published riometer data from 27 stations in the Northern hemisphere to indicate the
spatial and temporal variations of the auroral absorption. Mapping is in terms of a coordinate system of corrected
geomagnetic latitude ¢, corrected geomagnetic longitude 6 and corrected geomagnetic local time T [Hakura, 1965}
Although auroral absorption may have a somewhat different morphology in the Southern hemisphere because of
differences in the Earth’s magnetic field, as an interim measure the equations are to be used in both hemispheres.

O, which 1s the percentage probability that the absorption measured at 30 MHz exceeds 1 dB for a riometer with
an antenna pointing at the zenith, is given as the sum of two separate terms, Q,, and Q,,. These terms correspond respec-
tively to absorption contributions whieh are assumed to arise from two different sorts of incident auroral particles, referred
to as “drizzle” and “splash” [Hartz and Brice, 1967]. Since the sources, energies and incident directions of these particles
differ, the two terms have different spatial and temporal statistics.

Empirical equations based in part on the known particle statistics and on riometer data give

0, =04+ 0 (45)

with

|
o—
o
Ln

and Qs 0" ST "SRt Sp Sy @7)
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The suffixes ¢, 7, R, 6 and M relate to terms which have a principal dependence on latitude, time of day, solar activity,’

longitude and season, respectively. The terms are given as follows: , B - L
(a) ' | d¢ = exp [— ((‘Dj;;‘o’”.)_] with ¢ in degrees | o " - (48)
] _ * “ P ) " P | . ) ) ! o * '
where | ¢, = 68 (I —0.0004 R,,) degrees * S (49)
and O, = 3 (1 4+ 0.004 R,) degrees : « (50)
R;, is the twelve-month running mean sunspot number. |
— (4 — T, )? | F |
d- = e _L_l_.__m__ 51
T = =P l 15.7 J G
where T7,,=10(1 — 0.002 R,,) hours (52)
T is in hours in the range O to 24 such that:
h =T forO<T< (124 T,,) .
h =T~—24 for(12+ 7)< T<24 ' (53)

0.58 — 0.42sin [0.947 (@ +85°)] for 0<0<10

0.16 for 10<0 <80 (55)
0.58 + 0.42sin [1.80 (0 — 130°)] for 80<0 < 180

0.58 — 0.42 sin [0.947 (8 — 275°)] for 180 < 0 < 360

d9=

where 0 1s 1n degrees E of Greenwich in the range 0 to 360.
d,=1—03sin 3.86 8 (56)

where 0 i1s the mean solar declination for the month in degrees

(P — @)n)°
= — 3 Etml 7
(6) Sp = €Xp 507 (57
where ¢’,, = 67 (1 — 0.0006 R;5) + 0.3 (1 + 0.012R}5)|t|]  degrees (58)
t=T-3 for0< 7< 15
t=T=27 for 15 < T<24 J (59)
o = exp |— L2 (60)
T P17 157
where 6L =T for0< 7T< 12
HL=T-24 forl2< T<24 (61)
sg =14+ 0.009R, (62)
S = dy (63)
Sm = 1 (64)

Riometer data are found to follow approximately a fixed relationship between O, and 4,,, the median absorption.
With Q, as a percentage and A4,, in decibels:

Am — (Q_|_8+£)154 fOI‘ Ql = ].
0
(65)
A = 023 07 for Q, <1

Measurements are influenced in a complicated way by calibration procedures, the effect of the finite size of the
ionisation enhancements which cause auroral absorption and the angular range of incident cosmic noise within the
antenna beamwidth. However, theoretical computations suggest that to a first approximation the absorption measured
with a riometer is equal to that experienced at the same frequency by a vertically propagated signal making a single
traverse of the lower ionosphere.



19

. If Ljy is the vertical-incidence absorption for a single ionospheric traverse at a frequency of 30 MHz, the corre-
spondmg absorption Lf at some other frequency fistakenas . .
oo LT . * L t . - c '

2 .
0.+ 1" «-0, (L) | (66)

foE

where f is the electron gyrofrequency about the vertical component of the Earth’s magnetic field. The function ¢, (f({ E) 1S
given in § 7.3.1.

The auroral absorption for a single- hop oblique sky-wave mode is expressed in terms of the sum of the values of
absorption at vertical incidence for the upgoing and downcoming legs of the path; these values are derived separately as a
function of the O, and foE appropriate to the geographlc positions where the ray path attains a height of 100 km. The
oblique-path absorption L(f,;) at frequency f,; is given in terms of this summed vertical-incidence absorption L(f;) for
frequency f, by:

S/, + 1\

L(f,) = L{f,) X Y

X sec Ijgp (67)

1 is the electron gyrofrequency about the vertical component of the Earth’s magnetic field and ijq 1s the zenith angle of the
oblique ray path at a height of 100 km. f, is chosen so that

S, =, X €08 i (68)

In the auroral zone the absorption determined by this procedure represents the total absorption and in general for an n-
hop mode it is the sum of that for the separate hops:

Lh + La = Z L(/;:h) (69)

with L(f,;) given for each hop from equation (67) above. To allow in the summation for multiple-hop paths where some
hops are outside the auroral zone, a separate comparison is made for each hop between the estimated values of auroral
absorption and of non-deviative and deviative absorption derived in accordance with § 7.3.1; the greater value 1s taken as

applying.

7.4 Polarization-coupling loss and multiple-hop ground-reflection loss, L.

In general, when an upgoing wave is incident on the ionosphere it leads to the excitation of an ordinary (O) and an
extraordinary (X) wave. These two waves have different polarizations, may be regarded as propagating independently
within the ionosphere, and are subject to different amounts of absorption. Although ground-reflection losses depend on
wave polarization, here values are taken for circularly polarized waves. Polarization-coupling losses, multiple-hop ground
losses and absorption losses are examined together.

74.1  Single-hop modes

First consider single-hop propagation over a path as shown in Fig. 10 between a transmitter at T and receiver at R.
A and B are the positions of wave entry to and exit from the ionosphere respectively. The wave launched at T travels
through the free space to A with unchanged polarization. At A an O and an X wave are excited and these are propagated
independently along similar ray paths to B. At all positions along the ray paths in the ionosphere, the O and X wave polar-
izations change so as to remain characteristic waves, but between B and R these polarnzations are unchanged and equal to
the so-called limiting polarizations at B. The fractions of power coupled to the O and X waves and the fractions of power
in the downcoming waves coupled to the receiving antenna at R depend on the limiting polanzations of the O and X
waves at A and B and on the polarizations to which the transmitting and receiving antennae respond. The downcoming

waves propagated as O and X waves within the ionosphere are assumed to have random relative phases so that their
received powers are additive.

When the transmitting and receiving antennae radiate linearly polarized waves and propagation is quasi-longitu-
dinal to the Earth’s magnetic field, so that the limiting polarizations are circular, the effective polarization-coupling loss
ranges from 3 to 6 dB, depending on the differential absorption of the X wave relative to the O wave. Under other
conditions when the limiting polarizations are elliptical, when there is poor coupling between the transmitting antenna and
the O wave, and when the X wave is heavily attenuated, polarization-ceupling losses are large. Curves of single-hop polar-
ization-coupling losses for different propagation directions in different geographical regions have been presented by
Bradley [1968). These show that losses can exceed 20 dB under some conditions and confirm that it is important to include
a full calculation in the prediction procedure.
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A method of calculation has been described by -Moorat [1968] where the transmitting. and receiving antennae
radiate and respond to waves which are either horizontally or vertically polanzed. Let a be the fraction of power.coupled
to the O wave from an antenna which radiates horizontally polarized waves and let b be the fraction of the power at R
from the downcoming O wave coupled to a receiving antenna which responds to horizontally polarized waves. Let o and
oy be the fractional power absorptions of the O and X waves respectively over the path. Then for different combinations of
horizontal and vertical wave polarizations to which the transmitting and recetving antennae respond, the fractions of

power coupled to the receiving antenna are as indicated in Table II.

) #

\

TABLE 1I — Fractions'of power coupled to receiving antenna for
‘ o single-hop mode

Exciting wave Received wave Fractional power
polarization polarization at receiver

_ Horizontal abop+ (1 —a)(l —b)ay
Horizontal _

Vertical a(l = bd)ap+ (1l —a)bay

T 1

_ Horizontal (1 —a)boag+a(l — b)ay
Vertical _

Vertical (1=—a)(l —b)oap+ abay

a is given in terms of the O wave limiting polarization p,, and angle g, between the major axis of the O wave ellipse and the
horizontal direction in the plane of the wavefront at A as:

9952 g, + |pol* sin’ e,
L +1p,, I

a = (70)

b is similarly given by the corresponding expression for a wave polarization p,, and polarization ellipse major axis incli-
nation g, appropriate to position B. p,, and p,, are determined by applying at A and B respectively the general expression
for limiting polarization ignoring electron collisions:

pﬂ:j(iPl-FZg—ZC) (71)

The positive sign is taken when the Earth’s magnetic field has a component along the direction of propagation and
the negative sign when in the reversed sense.

Y?% - . f
f: wave frequency;

fy: total gyrofrequency;
©: angle between the direction of propagation and the Earth’s magnetic field.

In the absence of electron collisions the major axis of the O waves ellipse 1s parallel to the projection of the Earth’s
magnetic field onto the wavefront plane. ® and € are given in terms of the field and ray path directions by standard

expressions [Moorat, 1968].

For an ordinary-wave absorption L,,= —10log a, given by the equations of §7.3, the corresponding
extraordinary-wave absorption L,y = —10log ay is assumed related to L o by:
—2 —2

Lx  (f—f)72+ (=1

fi, and fy; are the electron gyrofrequencies (taken as positive) about the components of the Earth’s magnetic field along
the direction of propagation at A and B on the upwards and downwards legs of the path respectively.

7.4.2  Multiple-hop modes

In the case of multiple-hop modes all the considerations given in § 7.4.1 for single-hop modes apply, but additional
allowances should be made for the loss of power at ground reflection and for the effective transfer of power between the O
and X waves on successive -hops artsing from the mode conversion which takes place at each entry to the ionosphere.
However, these calculations become rather lengthy [Bradley and Bramley, 1971] and so in the present method only
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allowances for ground-reflection losses of circularly-polarized waves are included, together with the polarization-coupling
losses calculated as for single-hop modes.

For a circularly-polarized downcoming wave the ground-reflection loss is

2 2
R

where R;; and R, are the Fresnel-reflection coefficients for horizontal and vertical-wave polarizations, respectively. These
are given by

1
sin A — (n2 — cos2A)?

R = e (7 — o m)) (59
sin A + (n< — cos<A)2

and
)

2 o —(n2 — cos2 A)2
R, = 1’____5_11’-‘*_(”__9_0_5___1_ .., (73b)
n2sin A + (n2— cos? Az *

where A is the elevation angle of the downcoming wave. n is the complex refractive index given in terms of wave frequency
f(MHz), ground conductivity ¢ (S/m) and relative dielectric constant g, by

G (74)

o and g, are specified from a numerical map of land-sea boundaries based on formulae originally developed to describe
the geographic variations of atmospheric noise intensity [Zacharisen and Jones, 1970]. This map gives ¢ =5 §/m, g, = 80
over the sea, ¢ = 0.01 S/m, g, = 10 well inland and ¢ = 0.0001 S/m, €, =1 for ice. There 1s a gradual transition between
these limiting values near the land-sea and ice-sea boundaries, which is consistent with the use of a median ionospheric
model in the predictions, whereas in practice day-to-day changes sometimes make the reflection point lie on land and

sometimes on the sea or ice. Values of o and €, are generated appropriate to each ground-reflection point indicated by the
ray path determination procedure of § 6.3 and hence the corresponding ground-reflection losses are determined.

7.5 Sporadic-E obscuration and reflection losses

The determination of sporadic-E obscuration and reflection losses is made difficult because there are limitations in
both theoretical and practical approaches. Theoretical assessments are restricted by the applicability of assumed models of
the structure of Es irregularities; experimental data require several assumptions for their interpretation because sporadic-E
losses cannot be directly measured independently of other transmission losses. In addition, since the term sporadic-E refers

to a number of different types of ionospheric irregularities with separate physical causes, these are likely to have different
characternistics and therefore to yield different orders of losses.

Although it seems probable that the vertical-incidence ionospheric characteristic foEs is the best single parameter
descriptive of the reflecting properties of an Es layer and that fbEs more appropriately describes the obscuration
properties, this is not definitely established. In the long term, experimental studies such as those recently commenced 1n
Finland [Turunen, 1975], where reflection losses at vertical incidence are being measured in conjunction with simul-
taneously recorded ionograms indicating the types of Es irregularity present, appear to offer great potential for improved
prediction procedures. For the present, however, allowances must be used based on somewhat limited amounts of data.

7.5.1  Obscuration loss, L,

Whereas it is to be noted (see §§ 6.1 and 6.4) that no allowance is made for the possible blanketing and refraction
by the sporadic-E layer of F-mode signals, obscuration losses are taken into account using an empirical equation
developed by Sinno et al,, [1976). An analysis of vertical and oblique-path HF signal-strength data recorded at night when

regular mode propagation was not possible and absorption losses were small, has led to the expression for L, the obscu-
ration loss for a single traverse of the Es layer, as:

L, =—101log (1 —R? dB (75)
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where . .- o Rl!l! i ir—mM8 ———, . o - (76)
f 8 t, ‘ ) *.-'j‘ T b ) ;!
1l + 10 |z | o | |
¢ 0 byl '

foEs x sec i,

fis the wave frequency in MHz and ij, is the zenith angle of the oblique ray at a height of 110 km. In particular this
equatlon gives L,=0.04dB for f=foEs x secijg and L,~ coas f— 0. The total obscuration loss is determined by
summing the values of L, evaluated separately for each leg: of each hop. Monthly median obscuration loss is given substi-
tuting monthly median values of foEs in equation (76). This loss is to be computed for all F-modes at or below the greatest

MUF and for any distance.

7.5.2  Reflection loss, L,

Measured signal-strength data collected mainly at VHF for a whole range of middle-latitude paths have been
analyzed. A procedure for estimating sporadic-E reflection losses has been developed by Miya and Sasaki [1966]. This
procedure has been revised and extended by Interim Working Party 6/8 (Recommendation 534; [Miya et al., 1978]). Mean

relationships for sporadic-E reflection losses are shown in Fig. 11 assuming that antenna beamwidths are sufficiently wide
that there is no appreciable restriction of the area of sporadic-E cloud illuminated. L, as shown is expressed in terms of the

midpath value of foEs and corresponds to single-hop propagation for transmission ranges up to 2600 km and to two-hop
propagation for greater ranges up to 4000 km. Use of monthly median values of foEs gives estimates of the monthly
median reflection loss. It has been noted in § 6.1 that signal contributions from sporadic-E modes are taken into account
only for these transmission ranges and for frequencies above the path MUF-.

Since such frequencies are relatively large, it is assumed that absorption losses are small and that no separate
allowance for these should be included in the transmission-loss determination. The curves of Fig. 11 are interpreted as
already incorporating mean allowances for ionospheric absorption, focussing and polarization-coupling loss. Hence, in
particular, losses for a two-hop mode are not double those indicated for a single hop over half the path length. Fig. 11 1s
provisionally taken as applying for all latitudes.

7.6 Loss associated with propagation at frequencies above the MUF, L,

Strong signals are often received at frequencies above the standard MUF. Ignoring prediction errors, there are a

number of different reasons why this should be so. Firstly, it must be recognized that predicted values are monthly median
figures, so that for half the days the ionosphere can support higher frequencies. Then, it has been shown [Miya ef al., 1951;
Miya and Kanaya, 1955] that at frequencies above the standard MUF, significant signal contributions arise via paths
which involve sidescatter from ground irregularities. Such paths are often significantly longer than the corresponding
great-circle paths and some have appreciably greater MUF. Additionally, signals which involve reflection from the
sporadic-E layer may be received at frequencies above the standard MUF. Even for reflection from the regular F-layer it
has been suggested [Wheeler, 1966] that it is legitimate to regard this layer as composed of a number of separate patches of
ionisation with differing maximum electron concentrations, so that each patch has its own MUF. Hence the number of
patches supporting wave reflection falls with increase of frequency and there is no single frequency giving an abrupt signal

cut-off.

The present prediction method makes a separate allowance for sporadic-E mode signals (see § 7.5.2) and field
strengths are taken as those applying for sporadic-E modes when their estimated intensities exceed those attributed to
signals which propagate by other mechanisms. At present, no Specﬂ' ¢ allowance is incorporated for sidescatter modes and
the combined effect of the other mechanisms is incorporated using empirical equations derived from observational field-

strength data.

There 1s experimental evidence [Dieminger and Rose, 1961] that the rate of decrease of field strength above the
standard MUF depends on path length and on whether the ionosphere is disturbed. Although often the frequency beyond
which field strengths decrease lies somewhat below the standard MUF, this feature is not yet taken into account. An
additional loss term L,, is introduced only for frequencies above the standard MUF.

_Analysis of signal measurements in the United States of America indicates that transmission loss increased
parabolically with increase of frequency for frequencies above the standard MUF, in agreement with the Phillips-Abel
theory [Wheeler, 1966]. For wave frequencies f > MUF data are consistent with

2
L, = 130 (._f. 1) aR @
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Work is in progress in the Federal Republic of Germany [Damboldt, 1976] and in Japan [Kanaya and Wakai,
1976] which may lead to a more accurate method of estimating L,,,.

7.7  Additional losses, L.

Each of the loss terms discussed in the previous sections is important under some conditions. Provision is made by
the inclusion of an additional loss term L., initially set to 0 dB, to allow empirically for any extra losses, such as for
example due to scattering from spread-F irregularities, which may emerge as significant. The inclusion of L. provides a
simple means of correcting the prediction system in the light of experience gained from its use. Also, the determination of
values of L- from limited sets of experimental data is a convenient way of comparing results in advance of a full analysis to
identify any sources of discrepancies and to determine explicit ways of correcting for these.

8. Overall transmission loss and field strength of downcoming sky-waves at receiving site

In this section the losses arising from the separate effects discussed in § 7 are combined and, using standard
relationships, equations are developed leading to the determination of the overall transmission loss and the field strength
of the downcoming sky-waves at the receiving site.

8.1 Basic free-space transmission loss, Ly,

Basic free-space transmission loss is defined as the radio of the ratio frequency power radiated from an ideal loss-
free isotropic transmitting antenna to the resultant radio frequency signal power which would be available from an 1deal
loss-free isotropic receiving antenna for a path length in free space equal to that of the practical system under consid-
eration. Annex I to Recommendation 3525 gives:

L, = 20 log (i;—c—{) dB (78)
for a path length d, where A is the wavelength in the same 1mits.
The corresponding expression for a wave of frequency fin MHz 1s
L,; = 324 + 20 log' / + 20 log d dB (19)

where d is expressed in km. In particular, for an ionospheric mode it is given from equation (35) as

Lyy=324+201log f + L, dB (80)

where L,is the free-space path attenuation with respect to a distance of 1 km from the transmitter in dB.

8.2 Basic transmission loss, L,

The basic transmission loss, sometimes called the path loss, is defined in Recommendation 34] as the ratio of the
radio frequency power radiated to that received, between ideal, loss free, isotropic transmitting and receiving antennae at
the same locations as the actual transmitting and receiving antennae. Hence, for a given ionospheric mode

Ly=L,+L,+L +L, +L, +L,+L +L —G (81)

This equation shows all the loss factors that may need to be included under different conditions, although not all apply
simultaneously for any one mode (see Fig. 2).

8.3 Transmission loss, L

Recommendation 341 defines transmission loss as the ratio of the radio frequency power radiated from the trans-
mitting antenna to that which would be available from the receiving antenna if there were no circuit losses other than those
associated with its radiation resistance. So

L=L -G -G (82)

{ r



24

84 '« System loss, L,

— ¥

The system loss is defined (Recommendation 341) as the ratio of the radio frequency power input to the terminals
of the transmitting antenna to the radio-frequency signal power available at the terminals of the receiving antenna. This
excludes any transmitting or receiving antenna transmission line losses, since it is considered that such losses are readily
measurable. On the other hand, the system loss includes all of the losses in the transmitting and receiving antenna circuits,

including not only the transmission loss due to radiation from the transmitting antenna and re-radiation from the receiving
antenna, but also any ground losses, dielectric losses, antenna loading coil losses, terminating resistor losses in rhombic

anfennae etc.

Let L, and L, be the losses, expressed in decibels, in the transmitting and receiving antennae circuits respectively,
excluding the losses associated with the antenna radiation resistances, i.e. the definitions of L, and. L, are 10 log (r'/r),
where 7 is the resistive component of the antenna input impedance and ris the radiation resistance. So

L =L +L +L, (83)

Theoretical expressions are available for r for some antennae [Barghausen et al., 1969] although it is to be noted
that these are relatively complex, and in some cases require the use of numerical integration procedures. Whilst it 1s often
feasible to make a nominal allowance for some of the factors which determine ' from a knowledge of the antenna

structure and feed arrangements, r’ can usually only be evaluated precisely from direct in-situ measurements. Hence, it 1S
not possible to extend the prediction procedure to the estimation of system loss. For accurate comparisons with

predictions, measured signal-strength data should be supplemented with measurements of r'.

8.5 r.m.s. sky-wave field strength

Let the radio-frequency power input to the terminals of the transmitting antenna be P, and the radio-frequency
signal power available at the terminals of the receiving antenna be P,, with both quantities expressed in decibels relative to

| watt. Then

F, = F — L dBW (84)
or, if antenna losses other than those associated with radiation resistances are ignored,

P~ P — L dBW (89)

If Fis the r.m.s. field strength of a downcoming fading sky-wave expressed in decibels relative to 1 pV/m and F, 1S
the corresponding mean power, then ignoring receiving antenna losses

2
I A
P ~F+ G — 120 + 10 log 3—(—)xi—6—n§) (86)
and
F~PpP—-L-—G + 20log/ + 1072 dB (pV/m) (87)
where A is now the wavelength in metres and f is the frequency in MHz.
8.6 Fading allowance for conversion from r.m.s. to mean or median sky-wave field strength

lonospheric signals are subject to fading (see Report 266-4) and for some applications there is a need to estimate
the mean or median field strength over a period of an hour.

This may be determined from the r.m.s. value if the form of the amplitude distribution is known. Over short
periods (3 to 7 minutes), distribution functions close to the Rayleigh distribution predominate. On the other hand, over
periods of 30 to 60 minutes the distribution follows the log-normal law with a decile range close to that for the Rayleigh
distribution. For the Rayleigh distribution the median and mean values are 1.6 dB and 1.1 dB respectively below the r.m.s.

value.

8.7 Summation of powers in active modes and multipath probability

The component signals which are propagated via different modes have incoherent phases, and hence the resultant
signal at the receiver is determined by summing the power in the separate active modes. The modes considered are those

with an availability equal to or greater than 5%.
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Each mode should be examined with respect to a minimum tolerable difference in received power, as well as to a
maximum tolerable delay-time difference, relative to the most reliable mode of transmission, in order to calculate the
multipath probability. - . i

i » 1 |

8.8 Day-to-day variations in transmission loss and field strength

It is recalled that the allowances given in the preceding sections for the ray path transmission loss and gain factors
are monthly median values. Day-to-day variations in the overall transmission loss arise from changes in electron concen-
tration: changes in the E- and F-regions influence the ray path directions, thereby affecting the antenna gain, focussing,

spatial attenuation, sporadic-E losses and polarization-coupling losses, changes in the D- and E-regions affect the values of
ionospheric absorption.

The day-to-day variations of signal strength have been examined for a wide range of paths and operating
conditions [Barghausen et al., 1969]. Tables III and IV adapted from their results list the parameters T, and 7; separately
for transmission ranges of less than 2500 km and for greater distances, as a function of midpath local mean time, midpath
geomagnetic latitude‘and season. T, is the transmission loss exceeded for 10% of the time and 7; is the transmission loss

exceeded for 90% of the time, both terms being expressed as deviations from the median transmission loss, L, in
decibels.

Assuming that the day-to-day variations follow a y?-distribution, the percentage probability P of there being an
hourly mean available power at the receiver input greater than some specnﬁed value P,ﬂF 0, 18 given approximately in terms of
the monthly median of the hourly mean available powers F,,, as

80
P=l30—-—-—P —p (88)
] -+ ( ani aO)
1,
or 100, whichever s the smaller.
— for Po,>F,,
| + [—al ~ Yam
gy

or 0, whichever is the larger.

Large deviations in field strength from the median value are to be expected at frequencies above the MUF. The

spread in these cases has yet to be determined. As an interim measure the spread is taken the same as at lower
frequencies.
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TABLE III — Transmission-loss variability parameters T, and T for transmission ranges less than or equal to'2500 km as a function of

season, midpath local time ¢ and midpath geomagnetic latitude G, (N or § of equator); .

01-04 04-07 07-10 10-13

13.1

10.8 | 13.7

Winter:
Summer:

Equinox:  Mar, Apr, Sep, Oct in both hemispheres.

1.7

| 8.7

6.4

1.3

6.5

5.8

5.1

9.6

11.3

12.8

13.6

9.7

7.9

| 6.9

| 6.0

3.1

7.3
1.9
8.6
10.0
1.7
7.0
6.4
5.8

5.1

Nov, Dec, Jan, Feb in the N. hemisphere and May, Jun, Jul, Aug in the S. hemisphere.
May, Jun, Jul, Aug in the N. hemisphere and Nov, Dec, Jan, Feb in the S. hemisphere.

13.4 ' 8.3
14.5 | 10.0
18.0 | 10.6
11.5 | 8.3
11.6 | 7.4
11.0 | 6.7
104 | 5.9
9.7 | 5.1
18.0 | 7.9
23.0 | 9.2
| 30.7 | 10.8
34.6 | 13.2
| 25.9 | 9.6
1 23.9 | 9.0
192 | 7.7
14.5 | 6.4
9.7 | 5.1
13.1 | 9.0
14.2 | 8.8
17.7 | 9.2
18.2 | 11.6
14.1 | 10.9
13.8 | 9.3
124 | 7.9
11.0 | 6.5
9.7 | 5.1

11.1

10.6
10.1

9.7

15.1
22.8
28.0

26.2

1 18.0

17.2

14.6

12.2

9.7

13-16 16-19
-

9.2

9.7

10.1

12.9

10.0

8.8

1.6

6.3

S.1

11.5
14.7

12.7

12.2.

11.9

11.8

11.6

11.5

16.3

20.5

243

27.0

19.2

15.4

14.1

12.8

11.5

8.7

8.7

10.0

11.4

8.2

7.8

6.9

6.0

5.1

Winter

Equinox
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TABLE IV — Transmission-loss variability parameters T,, and Tj for transmission ranges greater than 2500 km as a function of season,
midpath local time t and midpath geomagnetic latitude G,, (N or § of equator)

19-22 2201

Winter: Nov, Dec, Jan, Feb in the N. hemisphere and May, Jun, Jul, Aug in the S. hemisphere.
Summer:  May, Jun, Jul, Aug in the N. hemisphere and Nov, Dec, Jan, Feb in the S. hemisphere.
Equinox: Mar, Apr, Sep, Oct in both hemispheres.
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Initial conditions Circuit parameters (positions, power, | References
antennae), hour, month, solar activity

Rep. 340-3
Step A Specification of relevant foF2, M(3000)F2,
ionospheric characteristics foEs, h'F, h'F2,
foF1 and foE
Step B Determination of the necessary Rep. 340-3
vertical distributions of electron Supplement No. 2
concentration from these Part 9
ionospheric characteristics
Step C Determination of active modes and [Bradley and Murphy,
angles of elevation from these 1974]
vertical distributions
D-1
Free-space attenuation
D-2 [George and Bradley, 1973, 1974,
Absorption George 1971 ;
(deviative and non-deviative) Rottger and Schwentek, 1974 ;
Wakai, 1971]
D-3
Absorption [Agy, 1972;
(auroral) Foppiano, 1975}
Step D
Determination of D-4
transmission losses Horizon focusing [Bradley, 1970])
and signal variability
D-5
Polarization-coupling loss [Bradley and Bramley,
1971]
D-6
Ground loss on multihop propagation modes
D-7 : . : :
Sporadic-E obscuration and [Miya and Sasaki, 1966 ;
reflection loss Lloyd, 1975;
Turunen, 1974
D-3 Loss associated with propagation [Lloyd, 1975;
above the MUF Beckmann, 1967;
Kanaya and Wakai, 1976]
D-9 L es e
Day-to-day distribution of Rep. 252-2
hourly median amplitudes

Antenna polar diagrams [Barghausen et al., 1969]

Addition of active modes

FIGURE 1 — Summary of proposed procedures for field-strength and transmission-loss determination given in Report 572 (Geneva, 1974)
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Circuit parameters (position, power, antennae), hour, month,
solar activity

Determine ionospheric reflection positions, Earth’s magnetic field,
ground constants

b

Compute antenna patterns

Predict values of ionospheric characteristics and model parameters
Determine path MUF

Consider possible active modes for frequency f
Determine oblique raypaths for frequency f
Evaluate mode availability Q for frequency f

yes no

Evaluate transmitting and receiving antenna

Evaluate above the MUF loss L,,, and gains G, and G,
corresponding transmission loss L

Evaluate spatial attenuation

Ld = Lf - Gf
D > 4000 km ves
no

Evaluate ionospheric absorption L,

Evaluate auroral absorption L;,
Select larger of L, and Ly,

Evaluate elevation angle and transmitting
and receiving antenna gains G; and G,

Evaluate polarization-coupling loss and
.. . multiple-hop ground-reflection loss L
Evaluate sporadic-E reflection loss L, and

C
corresponding transmission loss L
Evaluate sporadic-E obscuration loss Lq
Select smaller of sporadic-E mode and
regular-layer mode transmission losses L
Evaluate transmission loss Ly, and L

Evaluate mean available receiver power P, Sum powers of all active modes P,

Evaluate r.m.s. sky-wave field strength ¥

||

Evaluate percentage probability P that Pa exceeds I-:I

FIGURE 2 — Simplified schematic representation of the stages of computation of the overall transmission loss, r.m.s. sky-wave field strength
and mean available receiver power
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FIGURE 3 — Idealized model of vertical distribution of electron concentration

This consists of:

— a parabolic E-layer

— a linear increase of electron concentration with height in the Fl-region, and

— a parabolic F2-layer

The ordinate scale is taken as being linear in height and the abscissa as linear in frequency.
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electron-concentration height distribution derived by true-height analysis

These are compared with the corresponding height distributions for the model and with its associated synthesized
ionogram produced using the equations indicated.

(a)

measured ionogram
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