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Summary

Studies of intermodulation of a weak signal by a strong signal in the ionosphere

have defined the degree to which the level of intermodulation varies as a function of
modulation frequency of the strong signal.

This report describes experiments which show that, as a result, a 6 dB relaxation,

relative to co-channel interference, may be allowed in the permissible level of cross-

modulation interference, measured at a modulation frequency of300 Hz.
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1. Introduction

Intermodulation between broadcast transmissions in the

l.f. and m.f. bands caused by ionospheric non-linearity

(Luxembourg effect) is becoming more important as the

radiated powers of transmitters are increased. Theroetical

studies,
1,2 have related the depth of modulation of the

wanted signal by the interfering signal to both the condition

of the ionosphere and the characteristics of the two trans-

missions (frequency, power, polarisation, etc.). In par-

ticular, the attenuation, A, of the wanted signal during its

reflection at the ionosphere may be described (apart from

a weighting function described below) by:—

A=A Q + kPm)

where A is the attenuation of the wanted signal in the

absence of the interfering signal

P is the instantaneous power of the interfering

signal

and k is a constant

The mechanism of the intermodulation is thermal and

the effect of the thermal inertia of the ionosphere has been

shown to be equivalent
2

to weighting the modulation of

the interfering signal by the frequency response of a CR
network whose time-constant lies within the range 0-33 to

1-33 ms. A typical value is 0-67 ms, for which the fre-

quency response is as shown in Fig. 1.

Subjective tests were made to assess the effect of this

weighting on the impairment caused by the interference

and to provide data for use in the planning of l.f. and m.f.

broadcast services.

2. Test procedure

2.1. Experimental arrangement

Fig. 2 shows a block-schematic of the equipment

used for the tests.

The wanted programme modulation was passed

through a response-control network of the type recom-

mended for m.f. broadcasting
4

(giving about 3 dB lift at

4-8 kHz, followed by a steady cut to 30 dB attenuation at

7 kHz) and was amplitude-modulated onto a 1500 kHz

carrier with 12 dB compression in accordance with standard

BBC practice at l.f. and most m.f. transmitters. The inter-

ns.

2 3 4 5 7

frequency, Hz

7 - Frequency characteristic of ionospheric

in termodula tion

fering programme modulation was passed through a 5 kHz

low-pass filter, compressed 12 dB, and applied to a cali-

brated attenuator across the output of which a capacitor

could be connected so as to provide the frequency

weighting shown in Fig. 1.

It is shown in the Appendix that intermodulation in

the ionosphere may be simulated with sufficient accuracy for

the purpose of this work by multiplying the wanted

modulated signal by the sum of d.c. and the (frequency-

weighted) interfering programme modulation. This arrange-

ment was adopted, as shown in Fig. 2, and the resulting

signal was fed to a receiver. For convenience, injection

into the ferrite-rod aerial was by means of a uniform-field

screened enclosure
5 containing the receiver under test.

The audio input levels in both the wanted-programme

and interfering-programme chains were adjusted in the

normal way to give a peak reading of 6 on the peak-pro-

gramme meters (p.p.m.s). The corresponding levels at the

outputs of the compressors (set for 12 dB compression)

were made to give 100% modulation for the wanted-

programme chain, and also for the unwanted-programme

chain under the condition of zero attenuation with no top-

cut and in the absence of wanted-programme modulation.

The attenuator in the latter chain could then be set during
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Fig. 2- Experimental arrangement

the tests for various known depths of simulated cross-

modulation.

2.2. Preliminary tests

During preliminary tests using various commonly-

occurring types of programme material, two features were

observed:—

(i) The interference was most apparent during pauses in

the wanted programme and the subjective judgements

of the impairment caused were found to depend upon
the setting of the receiver volume control.

(ii) At all relevant levels of intermodulation the audible

effect was the introduction of a substantially undis-

torted interfering programme as a background to the

substantially undistorted wanted programme.

In the light of these observations, all the tests to be

described were conducted using speech as the wanted pro-

gramme and light music as the interfering programme. The

setting of the volume controls on different receivers through-

out the tests was standardised by adjusting them so as to

give the same level from a reference microphone when the

1500 kHz carrier was modulated to a given depth with

white noise.

It is evident from (ii) above that, when the top-cut

capacitor was removed and the frequency response of the

interfering-programme chain thus made uniform, the audible

effect of the interference was the same as that for co-

channel interference in which the carrier frequency dif-

ference is less than a few tens of cycles. Thus the tests

could become a direct comparison between ionospheric

cross-modulation (top-cut capacitor in circuit) and co-

channel interference (top-cut capacitor removed), the per-

centage modulation in the first case being equivalent to the

ratio of unwanted to wanted signal in the second. It was

verified that this comparison was independent of the

standard output level chosen from the reference micro-

phone and, furthermore, that the comparison was un-

affected by the settings of receiver tone controls.

2.3. Subjective assessments

With the interference presented in a randomly-chosen

sequence of levels, and the receiver volume controls

adjusted to produce a standard output level, three ex-

perienced observers assessed the resulting impairment using

the following scale:—

5 Imperceptible

4 Perceptible but not annoying

3 Audible, slightly annoying

2 Annoying

1 Very annoying

Tests were performed, both with the top-cut capacitor

in circuit and with it removed, on each of three battery-

portable receivers.

There were no systematic differences between the

results for the three receivers. The means of the nine

assessments at each interference level (three observers and

three receivers) are plotted in Fig. 3 as a function of the

depth of modulation of the wanted signal by the interfering

programme. The curves show that the effect of connecting

40 30 20 10

interference level, setting of calibrated attenuator, dB

Fig. 3- Impairment caused by intermodulation

(a) top-cut capacitor in circuit {b) Top-cut capacitor removed
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the top-cut capacitor is to increase by 10 dB the depth of

modulation at very low audio frequencies associated with

any given subjective grade of impairment.

3. Conclusions

The results given in Fig. 3 show that, to produce a given

subjective grade of impairment, interference resulting from

ionospheric cross-modulation requires 10 dB less input

signal-to-interference ratio than does co-channel inter-

ference. This applies if the level of interference is assessed

in terms of the cross-modulation produced by an inter-

fering signal which is 100% modulated at a frequency less

than 50 Hz.

It is, however, customary
3
to assess ionospheric cross-

modulation at a modulation frequency of 300 Hz. Since

the level of interference based on that assessment will itself

be reduced by 4 dB due to the weighting curve shown in

Fig. 1, the protection ratio required when assessed on that

basis is 6 dB less than that required against co-channel inter-

ference under conditions when the carrier-frequency dif-

ference between the two co-channel stations is less than a

few tens of cycles.
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5. Appendix

The use of a multiplier to simulate ionospheric non-linearity

As stated in Section 1, the attenuation of the iono-

sphere (in decibels) is a function of the instantaneous power

density, P, of the interfering signal at the reflection point.

If the power is modulated, it may be represented as the sum

of the mean power, Pm , and (the real part of) a series of

terms such as Pj e^i
f
representing a sinusoidal component

of amplitude \P
1

\
and frequency 7j/27r. We may therefore

write:-

/> = />„, +/>
1
e7i

f + JP
2
eV + .... (1)

and the reflection coefficient of the ionosphere as:—

p = aexp|-Pw |3 -P
x
eV /3(7l ) -P2

eV|3(<y
2 ) - }

(2)

where a is the reflection coefficient of the ionosphere in

the absence of the interfering transmission and (3<7„)
=

O/(1
+ JT« T ' represents the additional attenuation due to

the presence of the interfering transmission, including the

effect of the thermal inertia of the ionosphere according to

a time-constant t. Fig. 1 shows the variation with fre-

quency of the modulus of 0(7„) when r has the typical

value of 0-67 ms.

Since the constant (real) term O
does not exceed

about 0-1 over the range of interest, we may use the

approximation

For sinusoidal amplitude modulation of the inter-

fering transmission,

P = Po +m cos pt)
2

= P (1 + Van 7, + 2m cos pt + Vim
2 cos 2pt) (4)

where P is the power density of the unmodulated inter-

fering carrier, m is the modulation depth and p/2ir the

modulating frequency. Comparison with Equation (1)

shows that:—

Pm = C\+V2m2
)P

P, =2mP

P
2
=V2m 2P

Tj =P

T2
=2p

From Equations (2) and (3) we therefore obtain:

1 - (1 + 1/2m2
)P (3 - 2mP P e^VO + jpr)

y? e'W2(1+j2pr)m2P„ (5)

expx = 1 +x (3)

Now, since the dominant result of Luxembourg

Effect is to introduce the interfering programme as a low-

level background to the wanted programme rather than to

affect the carrier level of the wanted programme, the second
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term in Equation (5) may be neglected. The third term
represents the introduction of the interfering programme
and the fourth term its second harmonic. The level of this

second harmonic relative to the fundamental is -12 dB at

full modulation (m = 1), or less at lower depths of modula-
tion and, depending upon the value of pr, it may be reduced
by up to a further 6 dB. Thus, for the purpose of the

experiments described in this report, the second harmonic

term was neglected and Equation (5) was taken to be

1 -2wcos(p? + 0)/(1 +p2
T
2

)

y'
(8)

where tan <j> = pr, and was embodied by multiplying the
wanted signal by the sum of a fixed d.c. and a controlled

level of the (frequency-weighted) interfering programme
modulation as shown in Fig. 2.
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