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THE DESIGN OF AERIALS FOR LONG-DISTANCE
V.R.F. TELEVISION RECEPTION
SUMMARY

Whilst tropospheric conditions enable v.,h.f. radio communication to continue
well beyond the horizon, the occurrence of fading sets a limit to the useful range for
a reliable broadcasting service.
Although satisfactory television reception is not
generally possible for the average viewer at distances greater than about 50 miles
(80 km) from the transmitter, some BBC stations rely, for their source of programme,
upon propagation over distances of about 100 miles (160 km).
This report outlines
the requirements of a suitable receiving site and describes in greater detail the
design of suitable receiving aerials, regard being paid to interference from local and
distant sources, precipitation-static interference, and fading.
An aerial system is described which gives good rejection of unwanted signals
without undue mechanical complexity. Means are described whereby precipitation-static
interference can be virtually eliminated.
Comparative figures are given to show what
order of improvement with regard to fading is likely to be obtained by using a diversity arrangement with two such aerials spaced 50 wavelengths apart.

1.

INTRODUCTION

At very high frequencies, radio communication beyond the horizon depends
upon the variation with height of the dielectric constant of the earth's atmosphere.
Within the troposphere (to a height of about 10 miles (16 km)), there is a general
decrease in the dielectric constant of the atmosphere, giving rise to a velocity of
propagation which is greater than at the earth's surface.
The wave is thus deflected
downwards and consequently gives usable signals beyond the optical horizon.
Unfortunately, however, the dielectric properties of the various tropospheric regions are
continually varying, giving rise to a fading signal.
As a result, this mode of
propagation cannot be relied upon to any great extent to provide a reliable broadcast
service.
Experience has shown that, at ranges greater than about 50 miles (80 km),
the fading characteristics of the path are such that satisfactory v.h.f. broadcast
reception is not generally possible for the average viewer.
There are circumstances,
however, where the BBC rely, for their links, on such propagation over distances
up to about 100 miles (160 km); the purpose of this report is to describe the difficulties that then arise and how they may be overcome by the use of suitable aerial
systems.
The report deals mainly with reception in Band I (41 Mc/s to 68 Mc/s) but
reception at higher frequencies is briefly discussed.
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2.

RE-BROADCAST RECEPl'ION

All the BBC high-power television transmitting stations receive their
signal by means of links supplied by the Post Office but, with the rapid growth of
the television service, it has been necessary in some other cases for the BBC to
provide its own links.
For some stations, it is found possible to receive and relay,
either at the station or at some intermediate link site, the signal being broadcast
from another transmitter.
This practice is termed "re-broadcast reception".
Fig. 1
shows the network by which television transmitting stations throughout the United
Kingdom receive their video signal from London.
Of the thirty stations in current
operation, sixteen rely upon such re-broadcast reception over path lengths up to 100
miles (160 km).
In these circumstances, four forms of degradation could occur:
(1)

Multipath propagation due to local reflexions, giving rise to "ghost"
images

(2)

An excessive noise level due to inadequate signal strength

(3)

Interference from local sources such as ignition systems and other electrical apparatus, or from distant sources such as co-channel transmissions

(4)

Precipitation-static interference, an effect observed during thundery
weather.

Both the recelvlng site and the receiving aerials are chosen to give the
best possible performance, bearing in mind all these forms of degradation.

3.

CHOICE OF RECEIVING SITE

An open receiving site is selected at which negligible local electrical
interference is likely.
Site tests are carried out to establish that an adequate
field strength exists at a practicable height above ground and that, if multipath
propagation occurs, its paths are such that it can be overcome by the use of a practicable aerial system.

4.

CHOICE OF RECEIVING AERIAL
The choice of aerial system is governed by four factors:
(i)

The gain necessary to derive an adequate signal from the available field
strength

(ii)

The directivity that is required in order to reject unwanted signals

(iii)

The likelihood of precipitation-static interference at the site and the
practicability of applying suitable protection to the aerial

(iv)

Site features.
These may sometimes be exploited to advantage (by the
use of a cliff, for example, to increase the effective height of the
receiving aerial or, possibly, to improve the aerial directivity) but
they may also be disadvantageous (a region subject to gales, for example,
where high masts are not feasible).
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Fig. I - Television distribution system
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The choice is always a compromise between performance and complexity.
In
Band I it is hardly practicable to provide an aerial with more than 9 dB gain relative
to a half-wave dipole.
If considerable directivity is required in order to eliminate
unwanted signals, an aerial with a corner reflector is probably the best choice.
An
aperture of some 1500 sq ft (140 sq m)l would be necessary to achieve a rejection of
30 dB in Band I and, to increase this figure to 40 dB, an aperture of more than
3500 sq ft (320 sq m) would be necessary.
Further, reflexions from obstacles at
the receiving site must be borne in mind when considering directivities of this order.
Since such aerials are not likely to be mounted high above the ground, reflexions from
obstacles such as trees or houses could seriously impair the aerial performance if the
obstacles lie within 200 yds (180 m) over the arc 0 0 to ±60 0 relative to the main lobe
of the aerial.
Obstacles in this position do not affect the wanted signal but they
can reflect, into the main lobe of the aerial, unwanted signals arriving from the back
direction.
Experience has shown arrangements of Yagis to be the most satisfactory.
An
aerial comprising two 3-element Yagis mounted O·5~ apart (as shown in Fig. 2) has
an intrinsic gain of about 9 dB relative to a half-wave dipole.
The horizontal
directivities (shown in Fig. 3) that apply when the aerial is oriented to receive
horizontally or vertically polarized signals enable it to be used satisfactorily at
most sites.
When oriented for vertically polarized reception, the rejection which
such an aerial provides against unwanted signals arriving along various bearings at
any frequency over a Band I channel bandwidth is shown in Fig. 4.
This performance
can be somewhat improved by adding a further pair of reflectors as shown in Fig. 5;
the result is shown dotted in Fig. 4.
Either a single 3-element Yagi, or the double 3-element arrangement, shown
in Fig. 2, is used, with only one exception, at all BBC receiving sites.
Its
advantages may be summarized as follows.
It can be mounted at any reasonable height
as determined by the available field strength.
Its performance is largely independent of the supporting structure, enabling it to be mounted equally well on a thin
pole or on the main mast which supports the transmitting aerials.
Its coupling to
other aerials is very small (a feature of importance when adjacent channels are
recei ved at and transmitted from a given site). When the double 3-element arrangement
is used, the two halves may conveniently be connected to separate feeders which are

Fig. 2 - General arrangement of
double 3-element Vagi aerial
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Fig. 3( a)
Horizontal directivity of
double 3-element Vagi:
elements horizontal

1·0

Fi g. 3( b)
Horizontal directivity of
doubl e 3-el ement Yagi:
elements vertical
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This practice largely
parallelled at a suitable transformer inside the building.
obviates the need for a reserve aerial.
Finally, as will be described in the next
Section, devices have been developed which enable precipitation-static interference
occurring on this type of aerial to be almost entirely eliminated,

Fig. 5 - General arrangement
of double 3-element Yagi
with two added
reflectors
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At two sites where co-channel interference is observed, an aerial of a
different type is installed in addition to the double 3-element Yagi.
The different
directivities of the two aerials usually enables manual switching from one to the
other to effect a cure.
At one of the sites, an aerial comprising two capacityloaded sloping wires is used and, at the other, an arrangement of four vertical halfwavelength dipoles as shown in Fig. 6 is adopted.
At both sites, the Yagi aerial
normally gives the better reception.
There is one site (Snaefell) where high winds make the 3-element Yagi aerial
impracticable.
Fortunately, this is a high site where a comparatively strong signal
is received with little interference.
In this case, a simple aerial comprising a
dipole and rod-reflector is used but even this is sometimes damaged during gales.
The reserve aerial on the site consists of a 6-element vertically polarized unipoleYagi, mounted close to the ground.
To simulate a ground plane, two quarter-wavelength rods extend horizontally at the base of each element as shown in Fig. 7.
This aerial has been found to require little attention apart from the need to sweep
snow away during the winter months!
5.

PRECIPITATION-STATIC INTERFERENCE

It is well known that radio reception may be subject to interference during
thundery weather.
The interference is due both to the impact of charged precipitation (i.e. charged raindrops, hail or snowflakes) on the aerial and to the occurrence

TO
RECEIVER

2....
2

Fig. 6 - General arrangement of four-square aerial
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TO RECEIVER
GROUND LEVEL

Fig. 7 - Six-element Unipole-Yagi aerial
of corona discharges from extremities of the aerial and the support tower.
these two causes are related it is convenient to study them separately.
5.1.

Although

Corona Interference

The mechanism by which corona discharges give rise to interference at radio
frequencies can most easily be explained by the following example.
If a potential difference exists between two parallel metal sheets, the
resulting lines of equi-potential will themselves be parallel to the sheets.
If,
however, a pointed conductor protrudes from one of the sheets as shown in Fig. 8, the
equi-potentials take the general shape as shown; the gradient of the electric field
(typified by the closeness of the equi-potentials) is greatest near the point.
The
earth's atmosphere normally contains a very small proportion of free electrons and,
assuming this atmosphere to exist between the sheets, the free electrons are accelerated along the lines of force, normal to the equi-potentials, by a force proportional
to the electric gradient.
This normally results in nothing more than elastic collisions between electrons but, if the free electron gains sufficient velocity* (either
by experiencing sufficient force or by accelerating freely over a long enough path), it
can knock an "attached" electron completely free from its molecule.
The air becomes
ionized, containing negatively charged electrons and positively charged ions which
are themselves accelerated along the lines of force.
In a very short space of time
(the "ionization time") many charged particles are produced.
Some are attracted to
the point, causing a current to flow, but the presence of the others so modifies the
electric gradient that electrons no longer gain sufficient velocity to maintain the
process and the current ceases.
The "corona" current therefore comprises a rapid
succession of sharp impulses, the rise and decay times of which are short enough to
cause energy to be radiated at radio frequencies.
It is this energy which gives rise
to interference when corona current flows from either the receiving aerial or the
supporting or nearby structures.

*

It may be of interest to note that, in travelling between two eqni-potentials differing by 10
volts, an electron attains a velocity of nearly 70,000 m.p.h.
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Fig. 8- General form of equi-potentials surrounding a pointed
conductor between two charged conducting sheets
Fig. 9(a) shows the general shape of the equi-potentials in the vicinity
of a tower carrying a vertical dipole when a charged cloud is overhead.
The gradient
of the electric field may be sufficient to cause corona discharges from both the tip
of the dipole and the top of the tower.
If an earthed conductor extends above the
tower as shown in Fig. 9(b), the gradient of the electric field in the vicinity of
the dipo~e may be reduced sufficiently to inhibit discharges from it.
A discharge,
however, is likely to occur at the top of the earthed conductor and, if it does, radiofrequency energy in the form of a surface wave will travel down the conductor.
Ideally, this surface wave would cause no interference in a horizontal dipole, and
only slight interference in a vertical dipole.
Inevitable mechanical asymmetries,
however, cause coupling with the very strong radial component of the wave.
Experiments with small-scale models have shown that this coupling can be
greatly reduced by adding radial parasitic elements approximately one quarter-wavelength long to the earthed conductor 2 ,3 as shown in Fig. 9(c).
They may be regarded
as reflectors which, over the channel bandwidth, reflect the surface wave upwards,
away. from the receiving aeri al.

-----------------~-------------------
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(b)

(a)

Fig. 9 - Protection against corona interference

(a)

unp rotected aer i al

(b)

protection by a spike

(c)

protection by a spike and parasites
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5.2.

Precipitation Interference

It has previously been supposed that precipitation interference is caused
by the rapid discharge of the drops through the aerial upon impact.
This, however,
is not true (except, perhaps, at very low radio frequencies).
As the drop approaches
the aerial, charge of opposite sign is drawn from earth to accumulate on the aerial
and, on impact, the two charges cancel.
The charge therefore flows in the aerial
before impact and at a rate governed by the terminal velocity of the drop.
The rise
time of the resulting current is too long to give a noticeable effect at v.h.f.
Precipitation interference is in fact believed due to a spark discharge
which occurs between the drop and the aerial immediately before impact.
As the drop
approaches the aerial, the electric gradient between the two is (approximately)
inversely proportional to the separation between them. As the drop approaches, therefore, an electric gradient sufficient to ionize the intervening atmosphere, as described
in Section 5.1., will at some instant exist but ionization will not occur if the separation is then too small for the electrons to accelerate to a sufficiently high velocity.
If the charge on the drop is great enough, however, the electric gradient necessary for
ionization will exist at a sufficiently large separation and ionization will occur.
A spark passes from the drop to the aerial, giving rise to interference at v.h.f.
Laboratory experiments confirm that precipitation interference is caused
only when drops carry more than a certain charge.
It is found, for example, that
drops approximately i in (3'2 mm) diameter require at least 300 picocoulombs in
order to cause interference.
This is consistent with the occurrence of sparks between the drops and the aerial.
The sparks can be seen by the naked eye, but only
after a prolonged spell in complete darkness.
More conveniently, the occurrence of a
spark may be demonstrated by arranging for the charged drops to fall on photographic
emulsion whereupon, as the charge on the drops is increased, fogging is observed to
occur only when the charge on the drops exceeds a value approximating to that required
to cause interference.
Fig. 10 shows the photographs which resulted when drops
carrying zero charge and 500 picocoulombs charge were used.
Separate experiments
demonstrated that the fogging was not due to the passage of electricity through the
wetted emulsion; it is believed to be due to a luminous effect. In a practical case,
precipitation interference may be considerably reduced by shrouding the aerial
elements in insulating tubes.
If the surface of the tubes can be made perfectly
water-repellent, no interference results.
If, however, a water droplet remains on
the tube, a spark passes when it is joined by a second drop, giving rise to interference.
The tubes should therefore be made of water-repellent material and should
be several times the diameter of the aerial elements.
5.3.

Reduction of the Interference in a Practical Case

The BBC has conducted field tests at the Thrumster (Caithness) transmitting station to determine the improvement brought about in a practical case by
adopting the protective measures described in Sections 5.1. and 5.2. 4 The television
signal is obtained there by direct reception of the Channel 4 horizontally polarized
transmissions from Meldrum; severe precipitation-static interference on the received
signal had frequently been reported by the station staff.
For the tests, the interference levels from two aerial systems were compared,
both objectively and subjectively.
One aerial system, shown in Fig. 11(a), was the
original which had previously been used for reception, unprotected against the inter-
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Fig. IO(a) - Impact of water droplets on photogra.phic emulsion:
uncharged drops

Fig. IO(b) - Impact of water droplets on photographic emulsion:
drops carrying 500,u,uc charge
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ference.
The other, shown in Fig. 11(b), was a new aerial system, electrically equivalent to the original but embodying the protective devices described in Sections 5.1.
and 5.2.
With the outputs from the two aerials displayed on adjacent picture monitors, the station staff were asked to report the occurrence of interference on either
monitor, assessing it according to six subjective grades.
The tests took place between November 1960 and August 1961, during which time
139 reports were received.
Rain (or snow) was falling during 134 of these occasions.
Table 1 below shows the number of times the particular subjective grades of interference
were reported on each aerial, together with the total reported duration of each grade.
TABLE 1

Subjective Assessments of the Interference

SUBJECTIVE ASSESSMENT
OF INTERFERENCE
1.
2.

3.
4.

5.

6.

Imperceptible

Just perceptible with
",;-careful viewing

PROTECTED AERIAL

UNPROTECTED AERIAL

No. of Duration
reports Minutes

No. of Duration
reports Minutes

1.20

16

912
133~

6

22

;;:10

56

Perceptible but good
entertainment value

1

1

36

256

Slightly disturbing but
fair programme value

2

::!"

>-

30

255~

Di sturbing, poor programme
value

0

0

45

345~

Very disturbing, picture
unusable

0

0

12

112

Whereas
It can be seen that a considerable measure of success was achieved.
the interference from the unprotected aerials was "slightly disturbing" or worse for
7~ of the time during which reports were being made, that from the protected aerial
was imperceptible for nearly 90~ of the same period.
Objective measurements, carried
out automatically whilst the subjective assessments were being made, indicated that
the interference was suppressed, on average, by about 30 dB.
Protective measures of this type are now being applied to the aerial systems
at most of the receiving sites.

6.

FADING

Beyond about 40 to 50 miles (64 to 80 km) from a v.h.f. transmitter, reception relies upon the dielect:d,c ,proper~ies of -:the '}-cr-oposphere.
,The received signal
is no longer the simple 1?1lm of a direct an,~ g,round:-r.eflected' signal (as under "line-of-
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Fig. II(a) - Unprotected aerial

Fig. Il(b) - Protected aerial
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sight" conditions) but is instead the sum of many smaller signals which suffer different treatment in the troposphere in such a way that they travel along separate paths
On account of the varying conditions in the troposphere,
toward the receiving point.
however, the resulting signal fades continuously and, with increasing distance from
the transmitter (up to about 100 miles (160 km)}, the degree of fading worsens.
With quite a different application in mind, Lord Rayleigh studied in 18805
the vector sum of many components, all equal in amplitude but of arbitrary phase.
A
fading signal may be made up in this way and, if it is, we know immediately from
Rayleigh's work that for 10~ of the time the signal will fade more than 8 dB below
its average (or "median") value, whilst for 1% of the time it will fade more than
18 dB below its median value.
Unfortunately, the problem is not always so simple;
component signals of random amplitude as well as random phase must sometimes be considered. 6
Nevertheless, the Rayleigh distribution gives a good insight into the
problem and, in this report, it will be considered to apply.
For the field strength at a given site to be adequate, due allowance must be
made for the fading that is likely to occur.
Not only does fading increase the background noisebut, in addition, propagation conditions usually become more favourable from
distant co-channel stations when fading occurs, giving rise to patterning interference.
However, nature doesn't always work adversely and, just as a star twinkles
differently to two different observers, so does fading occur differently at two
different aerials.
Since the likelihood of the fades occurring together becomes less
as the two aerials are moved further apart, it is possible to erect two spaced aerials
and to select the one which, at any instant, has the benefit of the larger signal a well-known artifice termed "diversity reception".
If the aerials are far enough
apart for the fades at each one to be uncorrelated, the improvement due to diversity
reception is considerable.
The duration of fades 20 dB below the median value, for
example, is reduced 140 times.
In a practical case, however, it is important to
assess what separation is necessary in order to achieve given improvement.
The
installation may well be cheapened if the separation is small but, on the other hand,
the fading will be well-correlated at the two aerials and little benefit will result.
Staras 7 has shown how correlation between the amplitudes of the signals at
the two aerials affects the overall result but little appears to have been published
to show how the correlation is related to the aerial separation for the case of v.h.f.
reception over distances of the order of 100 miles (160 km).
To investigate this
relationship in a practical case, three spaced aerials were set up at Kingswood Warren,
near Reigate, Surrey, and oriented to receive the television and sound transmissions
from Sutton Coldfield (an overland path length of about 115 miles (184 km)).
With
the aerials spaced along a line approximately normal to the bearing of Sutton Coldfield, the received signal strengths were sampled for ten-minute periods at hourly
intervals and displayed on pen recorders over 36 consecutive days.
By a simple
arrangement of transistors, the greater of any pair of signals was also displayed,
enabling the benefit due to diversity reception to be assessed directly.
The results showed that, except for very local effects such as aircraft
flutter, negligible improvement was gained with an aerial separation of 20 wavelengths.
An aerial separation of 35 wavelengths showed slight benefit with regard to very rapid
fading, but a separation of at least 50 wavelengths was necessary to bring about any
appreciable benefit. For the improvement fully to justify the cost of such an installation, a.n~ae;rial separation considerably in excess of 50 wavelengths would be

15

This result is in broad agreement with other observations of v.h.f.
desirable.
propagation over a similar path length,S although, for short-wave working between
England and the U.S.A., aerial separations of as little as 4 to 7 wavelengths have
been found to give useful improvement. 9
Comparisons between these results and those
of diversity reception at s.h.f. should be applied with caution because the latter
sometimes apply to paths where fading is due mainly to a varying ground-reflected
signal.
A cure for such two-signal fading may not apply to multi-signal ionospheric
or tropospheric fading.
Nevertheless, an aerial separation of 50 wavelengths is
generally found to give good diversity reception at s.h.f. 11 ,12
Several combining arrangements have been described 13 which give the best
No method
result from the outputs of the two aerials under particular circumstances.
is the best under all circumstances and the exacting requirements of a television
waveform may limit the choice still further, particularly with regard to reception in
Band I where the bandwidth is so large compared with the carrier frequency.
The
simplest arrangement uses a switch to select the signal from one aerial or the other
(during, say, the frame blanking period).
The advantage due to di versi ty reception
is then reduced because allowance must be made for an amplitude disparity, or switching margin, to operate the switch.
Table 2 estimates the order of improvement that would be expected of diversity reception in Band I over a path length of about 100 miles (160 km).
The figures
could be typical for a receiving site affected by fairly severe fading. The allowance
for the (assumed) 2 dB switching margin is estimated by assuming Rayleigh-type fading.
The "interference" is taken to be due both to background noise and to co-channel
signals.
TABLE 2
Comparison between single-aerial and two-aerial-diversity reception
RELATIVE DURATION OF INTERFERENCE
Two-aerial diversity reception with
SUBJECTIVE GRADE OF
INTERFERENCE

Interference perceptible
but good entertainment
value

Single-aeri al
reception

Uncorrelated
signals, 0 dB
switching
margin

50.\ separation
OdB switching
margin

2 dB switching
margin

10'a~

Interference slightly
disturbing but fair
programme value

3'4~

0'12~

Interference disturbing
and causing poor
programme value

1"4~

0'012~

Interference very
disturbing and
destroying all
programme value

O'36~

O'OO12~

2~

O'06~

2'5~

O'12~
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The results of Table 2 show that, to obtain sufficient improvement to justify
the expense of diversity reception in Band I, considerable separation (even of the
order of miles) would be desirable between the aerials.

7.

RECEPTION AT HIGHER FREQUENCIES

At v.h.f., diffraction losses are not prohibitive and, with suitable
receiving equipment, reception can be maintained over links which extend quite considerably beyond the optical horizon.
Because diffraction losses are much greater
at u.h.f., links for re-broadcast purposes are likely to be limited to optical or
near-optical paths.
In these circumstances, the propagation paths compare favourably
with those used in Band I.
Furthermore, at these higher frequencies, aerial systems
may be used that would be impracticably large in Band I.
Aerials mounted in corner
reflectors become very suitable for use in Band IV (470 Mc/s - 582 Mc/s) and Band V
(606 Mc/s - 960 Mc/s).
Such an aerial, about five wavelengths long and one wavelength high, mounted with its apex horizontal, would maintain over a channel bandwidth a directivity of 20 dB outside the range of bearings ± 20° and it would have a
gain of about 15 dB relative to a half-wave dipole.
To receive horizontally polarized
signals, an array of four collinear dipoles could be mounted in the reflector.
A
similar reflector, fitted with an array of four collinear slots,14 could be used to
receive vertically polarized signals.
Alternatively, a broadside array of four
12-element Yagis with a reflecting screen would have much the same performance but
ice formation would probably have greater effect.
Precipitation-static interference is much less serious at these higher
frequencies due to the finite ionization time of the atmosphere.
If fading proves to be more severe than in Band I, diversity reception
would be very practicable.
Vertical diversity, using two aerials on a common mast,
becomes feasible and, furthermore, if the two signals may be combined through a
variable phasing network 15 , 16 the benefit expected would be greater than that from
an "ideally-swi tched" system rather than less (due to the switching margin) as in the
example given in Table 2.
The two aerials of a diversity arrangement could, if
necessary, be made highly-directional to eliminate co-channel interference and, in
addition, at particular sites, they could probably be spaced so as to eliminate a
component of the wanted signal that would otherwise cause interference-fading.
In short, since u.h.f. transmitting stations are likely to be comparatively
closely spaced in order to permit satisfactory reception for the average viewer, it
would appear that, if re-broadcast reception in Bands IV and V were required, it would
prove even more successful than it has been in Band I.

8.

CONCLUSIONS

Experience has shown that, provided reasonably simple precautions are
adopted, reception in Band I, reliable enough for the links of a broadcast service,
can be achieved over distances up to 100 miles (160 km).
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It has proved possible to standardize upon a comparatively simple Yagi
aerial and, with sui t'able protection against precipitation-static interference, to use
it almost without exception at every site.
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