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L.F. AND M.F. PROPAGATION: A STUDY OF IONOSPHERIC
CROSS-MODULATION MEASUREMENTS

Summary

Measurements of ionospheric cross-modulation found in the literature have been
standardised to a common disturbing-transmitter power and subsequently compared, [t
is shown thar disturbing transmitters radiating in the medium-frequency broadcasting
band can cause as much cross-modulation as those operating in the low-frequency band,
because of the influence of the Earth’s magnetic field. A semi-empirical formula for the
maximum cross-modulation which is likely to be observed is proposed.

1. Introduction

When the region of the ionosphere traversed by a sky-
wave broadcast-signal is strongly illuminated by a high-
power disturbing transmitter, the audio-frequency modula
tion of the latter may be superimposed on the carrier of the
former and cause interference. This cross-madulation, also
known as the Luxembourg effect, is caused by a non-
linear process in the ionosphere. The mechanism has been
described in an earlier repor‘:1 and elsewhere.” Briefly, the
disturbing transmitter varies the collision frequency® of the
ionosphere in step with its modulation and this, in turn,
varies the attenuation suffered by the traversing wave,
feading to cross-modulation,

lonospheric cross-modulation is mainly confined to
the low-frequency (I.f.} and medium-frequency {m.f.}
broadcasting bands, and the high-power transmitters which
are in common use today may cause serious interference to
sky-wave hroadcasting services. Because of the large
numbers of transmitters in these bands, ionospheric cross-
modulation is difficult to distinguish from co-channel inter-
ference and even more difficult to measure. Numerous
measurements have, however, been made in the past when
these bands were less congested and a preliminary- analysis
of these measurements has already been presented.3 A
more detailed comparison of these measurements is con-
tained in this report and a semi-empirical formula for the
calculation of maximum cross-modulation levels is proposed.

2. Standardisation of ionospheric cross-modulation
measurements
The measurements of ionospheric cross-modulation
listed in the next section were made with a variety of

disturbing-transmitter powers and modulation characteris-
tics, and different types of transmitting aerial were used.

* Awverage rate at which free electrons collide with molecules,
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Before they can be compared they must be standardised to
a reference transmitter and aerial, using methods described
in this section.

The level of cross-modulation depends mainly on the
strength of the disturbing wave at the base of the iono-
sphere, and this is determined hoth by the transmitter
power and by the type of aerial employed. Fig. 1 shows
the field strength at the base of the ionosphere when 100
kW is radiated from different aerials; the height of the base
of the ionosphere is assumed 10 be 80 km and the aerials to
be situated on ground of good conductivity (1072 3/m).

With aerials up to a quarter wavelength {A/4} high the
greatest field strength at the base of the ionosphere is pro-
duced by radiation which leaves the aerial at 45" to the
vertical, and therefore occurs at a horizontal distance of



2

about 80 km from the transmitter; the maximum is, how-
ever, very broad, as may be seen from Fig. 1. Aerials
short compared with A/4 are always used at L.f,, but at m.f.
aerials O-bA high are frequently used to suppress high-angle
radiation, and these produce a lower field strength at the
ionosphere, as Fig. 1 shows. On the other hand horizontal
aerials, which are sometimes used at m.f., may give rise to
higher field strengths at the base of the ionosphere. For
example, Fig. 1 shows that the field strength directly above
a horizontal dipole A/4 above ground is nearly three times
as great as the maximum field strength due to a short
vertical aerial radiating the same power., The increase is
partly due to the shorter distance to the ionosphere and
partly to the higher power gain of the horizontal aerial. A
small contribution {0-5 dB} also comes from the more
efficient reflection of horizontally-polarised waves in the
ground below the aerial.

It is reasonable to assume that cross-modulation
caused by radiation from any particular type of aenal
depends on the maximum power density at the base of the
ionosphere. In standardising to a reference aerial radiating
a stated power, therefore, maximum power densities at the
ionosphere rather than actual transmitter powers must be
compared. For example, 126 kW radiated from the
horizontal aerial described above may be assumed to have
the same maximum effect as 100 kW radiated from a short
vertical aerial.

2.1. Variation of cross-modulation with power density

The maximum power density at the base of the iono-
sphere when 100 kW is radiated from a short vertical aerial
is a convenient reference. Cross-modulation is proportional
to the power density of the disturbing transmission, and to
its modulation depth, provided the cross-modulation is less
than 10%. If either the measured or the standardised
crass-modulation exceeds this value, a more precise relation-
ship between power and cross-modulation, derived in this
section, must be used instead.

It has been shown' that the increase in the attenua-
tion of the wanted wave, on a typical path, is proportional
to the instantaneous power of the disturbing transmitter.
A more detailed theoretical study4 has shown that this
relationship is to be expected for all disturbing waves at L.f.
and for ordinaryJr disturbing waves at m.f. |t may not
apply, however, to ex traordinaryT disturbing waves near the
gyromagnetic frequency”™ unless they are relatively weak,

When the linear relationship between the instan-
taneous power and the attenuation increase applies the
attenuation of the wanted wave may be written in the form

A=A,+kP {dB) (1}
where A4, is the attenuation of the wanted wave in the
absence of the disturbing wave, F is the Instantaneous

t The terms refer to the two modes of wave prapagation in the
lonosphere viz the ardinary wave and the extraardinary wave.

* In Eurape the gyromagnetic frequency is about 1-25 MHz,

power of the disturbing wave and X is a constant. When
the disturbing transmitter is sinusoidally modulated, £ varies
between £ (1 — M}? and P, (1 + M)?, where M is the modu-
lation coefficient and P, is the power radiated by the dis-
turbing transmitter when unmodulated. Substitution of
these values of P in Equation (1} shows that 4 then varies
by 4xMP, dB over the modulation cycle. The ratio of the
maximum and minimum field strengths of the wanted wave
(B, .x and £ ;,, respectively) is therefare given by

max

20 log, = 4kMP, (2)

min

The modulation impressed on the wanted wave is approxi-
mately sinusoidal and the transferred modulation coefficient
T is given by

Tz'Emax _Emln (3}
Emax + Emin
From Equations (2) and (3) it may be shown that
T = tanh {Q-2303 KMP ) (4}

= tanh {gMP )
where g is a further constant.

Fig. 2, which is a hyperbolic tangent curve, shows the
relationship between T and the product MF, in arbitrary
units,  Fig. 2 may be used to estimate values of T for
specified values of M and Pu from measurements made with
other values. |t shows that T is proportional to M and P
provided i1 is less than 0-1 {10% cross-modulation). The
linear relationship does not apply to larger values of T,
because T cannot exceed 1-0 (100% cross-modulation),

2.2. Dependence of transferred modulation on modu-
lation frequency

The change in the attenuation of the wanted wave
does not occur instantly when the power of the disturbing
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Fig. 2 - Variation of cross-modulation with power and
modufation depth of disturbing transmitter
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transmitter varies, but is subject to a time constant which is
of the order of Tms. Consequently the transferred modu-
lation level decreases as the modulation frequency of the
disturbing transmitter increases. It has been shown? that
the transferred modulation coefficient T is related to its
limiting value T at very low modulation frequencies by the
expression

1+ 2‘1 {5)

r=T,
Gv

where w,, is the angular modulation frequency, G is a
constant and ¥ is the average electran-collision frequency at
the height where cross-modulation occurs.

Measurements of the time constant have shown that
{7 varies between 750 and 3000 sec™ ', the value depending
on the height at which cross-modulation occurs. Fig. 3
shows the variation of T/T for three values of GF within
this range; the value of 1500 may be regarded as typical.
Fig. 3 may be used to estimate values of T for specified
modulation frequencies from measurements made with
other frequencies.

3. Comparison of ionospheric cross-modulation
measurements

Published measurements of ionospheric cross-modula-
tion, made with a variety of disturbing transmissions, are
listed in Table 1, Whenever possible Table 1 gives median
values far measurement periods of several minutes or
longer.  Higher values observed for shorter periods with
fading signals have been disregarded.

The methods described in Section 2 have been used to

estimate the cross-modulation level, TNO, which would have

T T 111711 T T T T 7111

001 1 U T W | L I N N L [ |

10 102 103 0%

modulation frequency, Hz

Fig. 3 - Variation of cross-modulation with modulation
frequency

been observed had the disturbing transmitters radiated from
short vertical aerials with a power of 100 kW and been
modulated at 300 Hz to a depth of 80%. This relatively
low power was adopted as a reference because many of the
measurements were made with powers of this order; its use
ensured that large extrapolations from measured values were
seldom required.

The choice of 300 Hz for the reference modulation
frequency was made because it was used for many of the
experimental transmissions. In standardising measurements
made with other modulation frequencies or reported in
terms of the limiting cross-modulation T, applicable to
very low frequencies, G was assumed to be 1500 sec™ '
unless a measured value was quoted.

TABLE 1

Measured cross-modulation

Lacation and Disturbing transmitter Cross-modulation
Date gyromagnetic Wanted Reference
frequency, Frequency Power Modulation frequency Measured Standardised
MHz kHz kW Hz % kHz % %
200 37
1934 | W.Europe 230 20()1 80 566 1-75 5
1-22 400 33
150 — 2002 13- 16 08 - 095
1935 | W.Europe 230 2001 400 80 5
122 550 - 15002 | 08 - 1-5 05— 09
1031 1-0—1-5 20—~ 30 6 (Fig. 6}
1935 | Germany M 60 300 70
1-23 658 2—4 4-38 6 {Fig. 71
1937 England 1150 30 126 75 160 and 182 3 7 7
1.25

Superscripts refer to notes at the end of the Table.
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TABLE 1 {Contd)

Lacation and Disturbing transmitter Cross-modulation
Date gyramagnetic Wanted Reference
frequency, Frequency | Power Modulation frequency Measured Standardised
MH:z kHz kW Hz % kHz % %
120 0-57-1-3 0-7—-15
638 g5 400 70 592 0-45 - 11 o8—18 8 (Tahle 6)
50 3-27 — 11 08— 31
1938 Germany 3 1
1-23 '."853 120 400 70 841 003 -0-09 g07 —0-21 8 (Fig. 7)
841 100 400 70 785 003-012 | 0-08—0-34 e
3 60 2-3 52
1946 England 1050 120 300 200 9
1.25 80 37 62
1947 | England 200 150 300 80 767 2.2 1-5 - 10 tFig. 11}
125 167 167 767 8 36
90-2 20 767 <01 <0-a
200 170 1050 4 1-8
1013 60 1050 3 37
68 80 1050 <01 <01 10
See Note 4 >
167 167 1050 1 0-56 Table 4
1013 60 200 2 25
200 170 1013 4 1-8
167 167 200 4 1-8
200 170 167 2 09 J
200 170 300 80 1050 G40 — 1-27 0-24 - 075 11 {Fig. 2)
200 170 Se 80 1060 -6 — 25 0-2 —-09 11 {Tabie 1]
e
200 170 N 5 B8O 1050 0-77 —~ 26 0-3 - 0985 11 {Table 2)
ate
167 170 80 767 4 1-6 11 ip. 142}
230 30— 35 2-3-38 75 - 92 13 {Fig. 2!
1948 Italy 1128 5 485
1-19 450 35 15 — 20 75 - 85 12 {Fig. 3
1948 England 167 170 300 30 167 22 1-3 15 (Fig. 4}
1-25 200 170 80 1050 2230 10-16 7
167 170 B0 767 05 —26 2-08
200 170 80 767 1:3—1-7 05 - 06 > 15 (Fig. 7]
1013 60 80 767 0-3-09 0:2—-07
167 170 S 80 767 1.7—-723 06 —-08 -
ee
200 170 80 767 1.3—-17 5 —0-6
Note ¢ } 16 (Fig. 9)
1013 60 80 767 05 —-0-8 0-5-08
5 -
1122 60 80 767 <05 <05
1312 B0 80 767 <05 <p-12 15 (o 505)
p.
1474 60 80 767 <056 <012 f
167 170 80 767 33 1-2
1122 60 80 167 05 05
1312 [<]0] 80 167 0-5 012 15 (p. 506)
1474 [51¢] 80 167 18, 40 4-0,8-3
167 170 60 60 767 21— 23 079 — 0-87
167 350 60 G0 767 4-25 — 4.4 078 — 0:82 15 (p. 507)
167 520 60 60 767 G4 — 68 079 - 084
1949 | lraly 1100 475 2-9 45 — 98
1-18 1200 475 1-5 35
33 230 BO 14 {Fig. 3)
1300 475 2—9 45 — 98
1200 430 6 90 18 {Fig. 6)

Superscripts refer 1o notes at the end of the Table




TABLE 1 (Cont'd)

Location and

Disturbing transmitter

Cross-modulation

Date gyromagnenc Wanted Reference
frequency, Freguency Power Maodulatign frequency Measured Standardised
MHz kHz kW Hz % kHz % %
1949 | England 167 120 767 6 3 )
1-25 167 120 1050 1-3 05~ 15
167 120 | ¢, 1122 @5 0-25
200 180 | Note 1050 15— 4 05— 14
200 “1g0 | B 804 2 0-7 ¥ 16(p. 12}
200 180 70 <0-1 <003
167 120 See 200 10— 20 5—10
668 100 2'0“3 1050 2 1
68 80 50 1050 <01 <01 J
1325 — 100 60 767 3 05 16 (p. 15}
1355
200 170 | 300 1050 0-13 0.08 17 (Fig. 6}
200 170 | 300 1050 35 2-0 17 (Fig. 8)
1325 — 100" 60 767 1—4 016 — 06 17 (Fig. 9
1355
1951 Australia 1265 1:2 1-0
1-63 1285 33-50 2.6 — 40
1455 60—79 4-8 —6-3
1530 367 | See Note 8 590 39-99 31-749 19 (Fig. 3)
1605 5.6 — 9.0 45— 72
1680 60— 76 48 - 60
1755 27 2-2
1954 Australia 1390 25—-5 2:0-4-0
1-53 1420 37 2.4 - 56
1450 4-7 32 -56
1480 5—9 4.0-72
1510 5-9 4.0-7-2 20 {Fig. 4}
1540 36' | See Note B 590 4-10 32 - 80
1570 4—-95 32-76
1600 5—0 40 —7-2
1630 5—8 4.0 —64
1660 3-6 24— 48
1690 2-6 16— 48
180 2700 233 33-48 0-15 — 0-21
18656 W. Europe 400 BO 21 [Table 1}
121 233 3250 180 3-8 014
3050 50 — 14.0 023-063 |
180 1500 | 400 70 233 25 — 61 0-23— 0-56
600 1.0 — 62 0-23 — 1-42
> 21 ({Tables2
3630 6-8 — 91 026 — 034 and 3)
233 1650 | 460 70 180 51—53 0-42 — 0-44
800 25 - 6-8 043~ 1-16 | J
2200 55 — 10 034 — 062 | )
180 1100 | 400 70 233 4-5 — 65 0-56 — 081
400 45 1.4—1-7
r 21 {Fig. B}
2600 3-9 0-16 — 0-47
233 1200 | 400 70 180 1.5 - 4.5 0-17 — 0-51
600 0-55 0—13 /
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TABLE 1 {(Cont"d}

Locatior and Disturbing transmitter Cross-mocdulation
Date gyramagnetic Wanted Reference
frequency, Frequency Power Modulation frequency Measured Standardised
MHz kHz kW Hz % kHz % %
1968 W, Germany 971 55— 10-3 011 —-0-21
1-23 7007 665 163 — 225 | 0-33— 045 22 (Table 2}
1538 400 70 g 1.3 — 51 014 — 355
350 665 37-110 040 -—1.2
200 400 566 5 1-2
1970 W. Europe 7 Pragramme Unpublished
1-23 1538 700 539 3—-25 006 — 05 BEC measure-
ments
NOTES
1. Power not stated in Reference.  Value derived from other sources.
2. Many wanted transmitters were observed. Results quoted are for paths with reflection points close to disturbing transmetter.
3. 0-5Avertical transmitting aerial.
4. Results guoted are ‘coefficients of transferred absorptian’, equal to T (1 + AR 1211244,
5. Results quoted are values of TO.
6. Modulation depth not stated, but assumed to be B0% as in earlier series of measurements.
7. Horizontal transmitting aerial.
8. Pulse transmission: power gquoted is peak value.

Cross-modutation was assumed, on theoretical grounds,
to be independent of the power of the wanted transmitter.
Provided the wanted wave has no significant effect on the
collision frequency in the region where cross-modulation
takes place, its attenuation will be modified only by the
disturbing transmitter. Ewven if the wanted wave is strong
enough to disturb the ionosphere, the change in cross-
modulation level will be small.!

Most of the disturbing transmissions were radiated
from vertical I.f. and m.f. broadcasting aerials operating at
their normal frequencies and standardisation to a short
~ vertical aerial presented no ditficulty, When transmitting
aerials with horizontal directivity were used (as in Reference
21) the effective radiated power® in the direction where
cross-modulation takes place, rather than the actual power,
was standardised to 100 kW,

Some disturbing fransmissions were radiated from
unconventianal aerials, or from aerials operating at fre-
quencies for which they were not intended. Thus the
special transmissions from Ottringham on frequencies be-
tween 1122 and 1474 kHz, described in References 15, 16
and 17, were radiated from a pair of 154 m (504 ft) masts
spaced 61 m (200 f1), intended for use at lower frequencies.
At 1474 kHz, for example, these masts were 0-75A high and
maost of their radiation was concentrated at high angles, the
estimated maximum power density at the base of the iono-

* The actual radiated power multiplied by the aerial gain in the
direction ot interest.

sphere being 4-5 times that due to a short vertical aerial
radiating the same power. Allowance must, of course, be
made for this greater power density in standardising the
measurements made with these transmissions. The vertical
aerial at l'uflaim‘lingen21 is also about 0-75A high and has a
similar radiation pattern.

Some of the transmissions from Mainflingen were
radiated from a directional harizontal aerial, the estimated
maximum power density at the base of the ionosphere
exceeding that due to a short vertical aerial radiating the
same power by a factor of 9-5.

The Australtan transmissions, which were intended
for the study of cross-modulation at frequencies near the
gyromagnetic frequency, made use of a horizontal dipole
M4 above ground; Fig. 1 shows that the maximum power
density due to this type of aerial is B times that due to the
reference aerial. Pulse modulation was employed, the peak
power of 36 kW being the same as that radiated by a con-
ventional 11 kW transmitter, modulated to a depth of 80%,
at the peak of the modulation cycle. The Australian
transmissian is therefore equivalent to B8 kW radiated from
a short vertical aerial.

In these pulse transmissiaons, the duration of the pulse
{1 ms) was insufficient for the ionosphere to reach its
steady-state condition. The measured cross-modulation
was therefore less than it would have been had the pulse
been longer. Appendix 1 shows how 7, and T, /= may be
calculated from the measured values of T

0
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4. Discussion

The standardised measurements are listed in Table 1 and
compared in Fig. 4, They show considerable variation,
some of which may be due to a dependence on the fre-
quency of the wanted wave. Since the rates of attenuation
of waves in the lower ionosphere tend to decrease with the
square of the frequency, waves of higher frequencies would
be expected to suffer less attenuation in the disturbed
region of the jonosphere, and therefore less ¢ross-modu-
lation.

In an attempt to reduce the scatter, the standardised
measurements were weighted first according ta the sguare
of the wanted frequency, and then according to a semi-
empirical formula which took account of the influence of
etectren collisions on the frequency dependence at lower
frequencies.”™ The scatter was not reduced in either case.

* The rate of attenuation of a2 wanted wave varies approx:mately as
VWP + w?) where 1 is the effective collision frequency and wis the
angular wave frequency. At the height where cross-moadulation
qaccurs, and & are of comparable magnitude and the 1,40
relationship does nat apply.

Although some of the variation must be due to the fre-
guency of the wanted wave, it may be smaller than theory
suggests, because the total attenuation of wanted waves is
largely independent of frequency within the I.F. and m.f.
bands.”  Most of the variation probably arises because of
the vartety of geographical arrangements of transmitters and
receivers which were used for the measurements. Some of
the arrangements, such as those described in References 8,
12, 13, 14, 18, 19, 20 and 22, were deliberaiely chosen
ta secure the maximum effect. Qthers were dictated by
the positions of existing transmitting and receiving sites and
were not necessarily the optimum for the observation of
the greatest possible cross-modulation.

Some of the variation may be due to changes in the
absarption of the wanted wave from night to night, or
during the course of the night. An apparent dependence
on the power of the wanted transmitter which has been
reported21 is thought to be due to these changes.

T This situation arises because waves of the lower frequencies pene-
irate less deeply into the jgnosphere Thus the total attenuation
they experience s comparabie o that subfered by waves of highar
frequencies, even though the rate of attenuation is greater,



I the Earth’s megnetic field were absent, cross-
modulation would decrease approximately as ‘I/Ff,, where
Fp is the frequency of the disturbing transmitter.  The
Earth’s field, however, causes a cross-modulation maximum
at the gyromagnetic frequency, the width of the maximum
depending on the collision frequency at the height where
cross-modulation takes place. The enhanced cross-modu-
lation near the gyromagnetic frequency was first reported
in Ital',rm"?"1 and has been carefully measured in
Australia.'®

The exceptionally large standardised values derived
from measurements made near the gyromagnetic frequency
in Italy are difficult to explain; cross-modulation levels as
large as 9% were measured when powers of only 3-3 and
5 kW were radiated. The 5 kW transmitter {Vatican Radio)
radiated from a wire 2b m Iong;23 this would be ex pected
to behave as a short vertical aerial. The 3-3 kW transmitter
was the RAI station at Florence and presumably radiated
from a vertical aerial.  Theory suggests that the linear
relationship between power and attenuation may not apply
near the gyromagnetic frequency; if so the use of Fig. 4 for
the standardisation of these low powers would give rise 10
errors and may explain why the standardised values are not
consistent with those derived from other measurements.

Mention must also be made of the large values of T
{18% and 40%) measured on two occasions at Birmingham
when 1474 kHz was radiated from Oltringham.15 The
disturbing transmission was radiated from an aerial 0-75A
high and consequently the reflection point for the wanted
wave, also radiated from Ottringham, was strongly illumina-
ted.  The standardised values of 7 (4-0% and 9-3%} ate
consistent with the largest values measured elsewhere. Thus
the explanation, given in Reference 15, that the abnormally
large values may be associated with a coincidence of
reflection levels appears to be correct, but the proximity
of the wanted frequency to the gyromagnetic frequency
(1-25 MHz) is also partly responsible for the enhanced
effect.

Because many of the experimental arrangements were
chosen to obtain the greatest effect, Fig. 4 gives an indica-
tion of the maximum cross-modulation which is likely 1o
occur in practice under the standardised conditions. It will
be seen that, if the Italian measurements are disregarded,
the maximum standardised cross-modulation observed at
the gyromagnetic frequency is about 7% and is comparable
with the largest values measured at |.f. This figure has been
used in the derivation of the following semi-empirical
formula for the maximum percentage cross-modulation
likely to be observed under the standardised conditions:

1
300 28 = 2
0-04 + Ff; 004+ (AFp)

{6)

Here F[J is the frequency of the disturbing wave in MHz
and AFpy is the difference betwsen fp and the gyro-
magnetic freguency, also in MHz. The derivation of
Equation (B} is described in Appendix 2. Since it is based
on the measurements described here, its use should be
restricted to regions such as Europe and Australia where

the magnetic dip latitude is approximately 60°. Fig. 4
shows values of T300 calculated from Equation (6) assumn-
ing a gyramagnetic frequency of 1-26 MHz.

The use of Equation {6) should also be restricted to
aeriats which radiate linear polarisation. In temperate
latitudes, @ plane-polarised incident wave excites the
ordinary and extraordinary waves in roughly equal pro-
portions at near-vertical incidence. If an m.f. aeriai were
designed to radiate only the ordinary wave, i.e. by radiating
circular palarisation with the appropriate sense of rotation,
cross-modulation would be considerably reduced. On the
other hand, if the extraordinary wave only were radiated,
cross-modulation would be doubled because the extra-
ordinary wave is mainly responsible for disturbing the
ionosphere at m.f,

5. Conclusions

The measurements which are compared show that dis-
turbing transmitters can cause as much cross-modulation at
m.f. as they do at 1.f., especially if they operate at fre-
quencies close to the gyromagnetic frequency. No clear
dependence on the frequency of the wanted wave can be
detected, however, and thers is some justification for
assuming that cross-modulation is almost independent of
wanted-wave frequencies within the I.f. and m.f. broad-
casting bands.

When 100 kW is radiated from a short vertical aerial,
cross-maodulation depths of up to 7% may be observed.
However measured cross-modulation levels are frequently
much lower than this figure because wanted waves seldom
traverse the most disturbed region of the ionosphere. Cross-
modulation may also vary considerably from night to night,
or during the course of a single night, because of changes in
the ionaspheric absorption of the wanted wave; the figure
quoted above is a median value. Abnormally high cross-
modulation may occur during deep fades of the wanted
signal but it is then accompanied by other forms of dis-
tortion which may be equally disturbing.

The value of 7% referred to above is also given by the
semi-empirical tormula, Equation (6}, for the calculation of
the maximum median cross-modulation which is likely to
be observed. Since this formula was derived from measure-
ments made in Europe and Australia, tts use should be con-
fined to temperate latitudes and to aerials which radiate
linear polarisation.  Cross-modulation may be reduced at
m.t. if circular polarisation is radiated, provided the sense of
rotation is such that the ardinary wave predominates; with
the opposite sense of rotation cross-modulation may be
doubled.

Up 10 a level of 10%, cross-modulation is directly
proportional 1o the power of the disturbing transmitter and
1o its modulation depth. If cross-modulation exceeds this
figure its variation with power and modulation depth is
described by Fig. 2. There is some evidence which suggests
that Fig. 2 may nct apply at the gyromagnetic frequency if
the extraordinary wave 1s strongly excited.



from which the disturbing wave is radiated.

Cross-modulation also depends on the type of aerial
The semi-

empirical formula applies to radiation from vertical aerials

up to 0-25X high.

Twice as much power may be radiated

from O-5A vertical aerials for the same effect, because they

radiate less strongly at high angles,

On the other hand,

horizontal aerials radiate more strongly; for example 12-5
kW radiated from a horizental dipole 0-25\ above ground
has the same maximum effect on the ionosphere as 100 kW
radiated from a short vertical aerial.
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7. APPENDIX 1:
Standardisation of Pulse Measurements of Cross-Modulation

Pulse transmissions were used as disturbing waves for
the Australian measurements, described in References 19
and 20. As the pulse length {1 ms) was comparable with
the ionospheric time constant 1/(G7, there was insufficient
time for the ionosphere to reach its fully-disturbed state
before the end of the pulse. Consequently the transferred
modulation depth 7 was less than the limiting value T,
which would have been measured if the pulse had been long
enough. This Appendix shows how T, may be calculated
from measured values of T

wanted frgnsmission

Ernin disturbing Emax
pulse £ min

Fig. 5 - Modulation waveforms with pufse transmission

The interval between pulses {24 ms) was sufficient for
the ionosphere (0 return to its undisturbed state before the
next pulse. Consequently the modulation waveform of
the wanted transmission takes the form shown in Fig. 5,
.EmaK being the amplitude in the absence of the disturbing
transmission, £, the amplitude to which it would have
been reduced had the pulses been sufficiently long and

£, i, the minimum amplitude which actually occurs.*

These three quantities are related by the equation

Emm'E (Emax_Emin’eiGw {n
where ¢ is duration of the pulse.
The limiting value 7 is given by
To :Emax _Emin (8
Emax +Emin
The measured transferred modulation T is
T=Em = Emin 9)
£ +Em|,1
If Equation (7) is substituted in Equation (9} and the
approximation (£, . +[:mm) = {Eax + Ein) made, it
may be shown that
T=T (1-e 0% (10)

Equation (10} enables , to be calculated trom T, and
Equation (5) may then be used to calculate T, from T',.
In the Australian measurements, values of (7 petween 760
and 900 were determined from the shape of the exponential
rise of the wanted signal which follows the pulse. |t may
be shown that T is approximately equal to 0-77 for all

300
values of G& within this range.

* Fig. 3 of Reference 20 shows an oscillograph of the received
wavetarms,

8. APPENDIX 2:
A Semi-empirical Formula for Maximum Cross-Modulation

Equation (B} of Reference 1, a formula due to Bailey,24
shows that the disturbance suffered by the ionosphere when
a plane-polarised wave is incident upan it is proportional
1o

2cos® sin® sin®
W=p 4 + + L {11}

VPrw? o 4wty P (wmwy )

where P is the power density of the incident wave

Y is the angle between the electric vector of the
incident wave and the direction of the Earth’s
magnetic field

¥is the electron-collision frequency in the dis-
turbed region of the ionosphere

w is the angular wave frequency

wyy is the angular gayromagnetic frequency.

Cross-modulation is approximately proportional to W,

At Lf, wyPw and W is greatest when y = 0; itis,
then equal to ZPMV +¢2). In Europe this situation arises
to the north of disturbing transmitters radiating from
vertical aerials, because the electric vector of the incident
wave is then approximately parallel to the direction of the
Earth’s magnetic fieid,

Near the gyromagnetic frequency, w — wyy is small
and the third term in Equation {11} predominates unless
¢ = 0. Consequently W has a maximum value, when

= 90, approximately equal to P/[v? + (w — wH)Q];
this situation arises in Europe towards the south of dis-
turhing transrnitters radiating from vertical aerials.

It is assumed here that the maximum value of W for
all frequencies in the Lf. and m.{. bands is given approxi-
mately by the sum of these two expressions. Thus



2 1
W =P + {(12)
max Vz + wz V: n (w_wH}'.’.

Detailed calculations* have shown that cross-modulation is
most likely to occur at a height of about BO krn, where the
effective collision frequency is approximately 1-25 x 10°
sec . If this value is inserted in Equation {12) and the
latter expressed in terms of the disturbing frequency Fp in
MHz, the following result is obtained:

2 1
Winax &P + (13)
0:04+F} 0-04+{AFp)

SMW/AM

11

where AFp, is the difference between the disturbing fre-
quency and the gyromagnetic frequency. Equation {13}
shows that the values of W . are approximately equal at
0-2 MHz and at the gyromagnetic frequency {1-25 MHz in
Western Europe}, and this conclusion is consistent with

detailed theoretical calculations.*

Since cross-modulation is approximately proportional
to W, Equation {13) was used as a basis for Equation (6),
the semi-empirical formula stated earlier for the maximum
percentage cross-modulation likely to be observed under
the standardised conditions. The constant 0-28 in Equation
(6] was chosen to give T,  a value of 7% at the gyro-
magnetic frequency, so as to be consistent with the
measured values shown in Fig. 4.





