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Introduction. 

 

Amateur transmitting, suspended at the commencement of the war, has been 

responsible for many of the developments which go to make the aerial an efficient 

device. 

With the many new uses of radio on the battlefield, it is- a foregone conclusion now 

that peacetime conditions once more obtain there are new techniques for both the 

transmitting and receiving experimenter to master. 

The aerial, considered as a single unit, has perhaps received less attention from 

the average amateur than any other section of his equipment, and it is to act as some 

small counter measure to this attitude that this manual is written. 

Owing to the necessary cessation of amateur activities no account of original 

experiments can be given in these pages but even so it will be quite impossible to 

collate all the facts and figures relating to the subject. 

/ 

It will be seen that the aerials dealt with are all of the short wave transmitting 

type, but to the amateur who is interested only in the reception of signals this need be 

no disadvantage. Remarkably good results, in the past, have been obtained with the 

most makeshift aerials, but it would, appear that with the new techniques arising the 

aerial system will require more attention than it has received from the ñlistenerò, 

particularly on the new ultra-short- wave bands. 

Aerials work ñin reverseò so that a good radiator will also be a good receiver. 

Moreover, whilst the formulae given relate equally well to all aerials it is 

scarcely possible nor indeed desirable to design an aerial for broadcast listening along 

the same lines as one for efficient high frequency work. 

The broadcast listener is, in general, not an experimenter, the radio amateur using the 

short wave bands almost exclusively and requiring something rather better than tho 

odd length of wire which is sufficient to operate tho modern entertainment receiver. It 

is for this reason that the manual confines itself to high frequency work. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



CHAPTER 1. 

 

The Theory of Aerials and Ware Propagation. 

 

To set an electro-magnetic wave around an aerial it is necessary for the wire to 

carry a high frequency current, and for the output of energy to be as great as possible. 

For the aerial to be highly efficient, it is necessary that the aerial circuit be resonant, or 

tuned, to the frequency of operation. 

In the conventional tuned circuit of a coil and condenser the reactances of the 

two components combine at one frequency to make the total reactance of the circuit 

zero (or nearly so) and clearly any power fed into the circuit at this frequency will 

develop the greatest possible current. If an aerial shows a similar effect of a resonant 

frequency, as it does, clearly the current flowing in it will be the highest at this 

frequency for any given power input, and the strength of the emitted wave will also be 

high. 

This condition of current in an aerial is known as a ñStanding Waveò and is 

often likened to the wave which may be set up in a long rope fastened loosely at one 

end to a firm support. When the free end of the rope is waved up and down a certain 

speed of movement will result in a wave that travels completely along the rope. 

Moreover, small pulls on the end of the rope will be sufficient to keep the rope waving 

so long as the movements are correctly timed, or, to complete the analogy, are of the 

correct frequency. If the rope is shortened, the frequency will rise, and vice versa. 

It must also be noted that the wave motion is ñreflectedò from the fastened end 

of the rope. Pulling the rope tight and giving the end one sharp shake will prove this 

point for the resulting wave will travel to the end of the rope and then return. The 

same reflection takes place in the aerial. 

Already two points have been noted, then, to set up a standing wave the 

frequency is closely allied with the length of the rope, and energy is reflected back 

from the ropeôs end. 

Consider now the rope as being replaced by a length of wire supported in space, 

with waves of electrical energy applied to one end. A current in the aerial may be 

considered as an electrical charge moving along the wire. 

The speed at which the charge moves is theoretically the speed of light, 

300,000,000 metres per second, and so the distance it will cover in one cycle of the 

frequency at which it is applied is 

W = 300,000,000 

     f 

and W is obviously the wavelength in metres. But the charge, as we have already seen, 

travels along the wire twice, once in each direction owing to the end reflection, if  

 

 

 

 

 

5 



we desire to set up a wire in which the charge will travel W metres in the time of one 

cycle the length of the wire will be 

 

W 

                                       W2    or half the wavelength long. 

 

The next fact emerges, then, that the shortest length of wire which will be 

resonant at a given frequency is a half wavelength long. For a frequency of 1,000,000 

cycles per second the resonant length of wire is 150 metres, since W is 300 metres. 

In a resonant wire, therefore, the charge moves from the source of energy at 

one end of the wire, is reflected from the far end and returns to the energised and just 

as the cycle is complete and a new cycle commences. The charge, therefore, receives a 

new impetus which sends it off once more, so that it continues to travel back and forth 

with, of course, a reversal of the direction of the current flow at each reflection. At 

each moment during a cycle, also, other charges are set off along the wire. Since the 

voltage of the energising source is varying according to a sine wave law the charges at 

one instant are slightly different in amplitude to those of the instant previous. As one 

charge is reflected from the end of the wire, therefore, it meets another charge only 

slightly lesser or greater than itself. Since the currents are flowing in opposite 

directions the resulting current at the end of the aerial is practically zero. At other 

points along the wire, however, the currents flowing in opposition have much greater 

differences in amplitude.  As they have been supplied at widely separated parts of the 

cycle there is less cancelling up to the centre point of the half wave aerial where the 

current is greatest. The distribution of current along the aerial may therefore be shown 

as in Fig. 1.  

The voltage along the aerial is distributed rather differently. At the centre point 

of the aerial where the current is greatest the polarity of the returning charge is of 

opposite sign to that of the outgoing charge. As the charges are separated by a half 

cycle, and since they will be of the same amplitude the voltages cancel out. At the 

ends, however, the voltages are of the same polarity and thus add together whilst the 

currents are cancelling out. Thus the voltage distribution, as shown in Fig. 2 is greatest 

at the ends of the half wave aerial and zero in the centre where the polarity reverses. 

From these diagrams it can be seen that the current in a half wave aerial would 

 

 

 
         Fig.1 DISTRIBUTION OF CURRENT ALONG HALF  

      WAVE AERIAL  
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be measured by inserting an ammeter in the wire at the centre point and the voltage 

would be measured at the ends, probably with a device such as a neon lamp. Any 

measuring device, of course, would need to be suitable for high frequency work so 

that a hot wire or preferably a thermo-couple type ammeter would be used. Standing 

waves are actually detected by instruments in this way, as will be shown later. 

Whilst a wire is resonant to a wavelength of twice the length of the wire it is 

also resonant to harmonics of this fundamental frequency. This means that a wire 

upon which a standing wave is set up at a frequency of, say, X cycles will have two 

standing waves upon it at a frequency of 2X cycles and three standing waves at a 

frequency of 3X cycles. The value of such Harmonic Operation is at once apparent. 

For example an aerial suitable for reception in the 40 metre band, the aerial being 

about 20 metres long, will also be suitable for the 20 metre band when it will work at 

its second harmonic, the 13 metre band at its third harmonic and the 10 metre band at 

its fourth harmonic. 

Fig. 3 shows the current and voltage distribution over a wire working at its 

third harmonic. It should be noted that the separation of the current and voltage peaks 

still remains, and that the peaks are still separated by a quarter wavelength. 

A maximum or peak of either current or voltage is called a loop whilst a minimum 

point is known as a node. 

The speed of an electrical charge has already been given as 300,000,000 metres 

per second, but as may be imagined this speed is dependant upon the medium or 

material in which the charge is moving, the dielectric constant of the material being 

the determining factor. At high frequencies air is reckoned to have a dielectric 

constant of one, so that electromagnetic waves move in air at the speed of light in a 

vacuum which is the figure quoted above. Should the dielectric constant of the 

medium be increased for any reason the velocity both of a wave or of a change in 

 

 
FIG. 3 CURRENT AND VOLTAGE ON AN AERIAL WORKING AT ITS THIRD HARMONIC 
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the medium will be decreased--that is, the wave or charge will take a slightly longer 

time to travel the same distance. The overall effect so far as an aerial is concerned is 

that the relation between the actual physical length and the electrical length of the 

aerial is changed, and that in order that the charges shall take the same time to traverse 

the wire--the time of one cycle of the frequency of .the supply--the wire must be a 

little shorter than a half wave long. The effect on the ordinary aerial is known as the 

ñend effectò since the cause is chiefly due to the essential insulation and supports.at 

each end of the aerial. In addition, this capacity at either end of the wire absorbs some 

power front the aerial, and thus must always be reduced as far as is compatible with a 

strong and well insulated structure. 

The actual effect upon the length of a half wave aerial amounts to a reduction 

in length of about 5 per cent, and a formula is simply extracted from the first 

statement, 

W=  300,000,000 which gives the length L of a half wave  

               f 

aerial in feet as   L = 492 x .95  

                                      f 

where f is the frequency in megacycles. This formula includes the 5 per cent, 

correction and may obviously be restated as 

L = 468 with f in megacycles as before. 

        f 

In the case of a long wire aerial where there are several harmonic working 

frequencies the reduction in length is considered as applying to the end quarter wave 

lengths only of the wire,, and the formula becomes 

L = 492 (n--.05) where n is the number of complete  

                        f 

half waves in the length of the aerial at f megacycles as before. 

The power absorbed by the capacity at either end of the aerial means that some 

current is flowing and so the current minimum value will fall, not to zero, but to some 

small finite amount. For the same reason the voltage node in the centre of the half 

wave aerial will appear as a small voltage which does not fall right to zero. The 

reversal of polarity takes place at this point. 

As the charges move on the aerial they produce ñstrainsò in the surrounding 

medium, generally known as ether, one strain appearing as a magnetic force and 

another appearing as an electric force These strains tend to lag in strength behind the 

forces which produce them. This means that at each alternation of energy in the wire 

an amount of power will be lost in electro-magnetic forces which are sent travelling 

outwards around the aerial by the succeeding strains. The whole effect being, so far as 

the aerial is concerned, a loss of power which may be measured electrically and 

expressed as a wattage.  
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Since the current in the aerial can easily be measured, and since the power lost 

in a resistive circuit can be expressed as Watts = I
2
. R it will be seen that the 

transmitted power leaving the aerial can be shown as lost in a resistance. 

This fictitious resistance is known as the Radiation Resistance of the aerial and 

clearly it will vary according to the point on the wire where the measurements are 

taken.  At the end of the half-wave aerial where the current is very small the radiation 

resistance would appear to be very high, and, in the centre of the half-wave aerial, at 

current loop, it would appear small. 

Actually, at the centre of a half-wave aerial the radiation resistance has a value 

of about 73 ohms, although as will be shown later this figure is subject to fluctuation. 

Besides the power lost in the radiation resistance of the aerial (the useful power 

loss), there is also a power loss in the actual resistance (often known as the ohmic 

resistance) of the wire. The ratio of the losses in the two resistances give the efficiency 

of the aerial, which, as can be seen, is high so far as radiated energy is concerned. The 

resistance of the wire can be very low compared with the average 70 ohms or so of the 

radiation resistance, and when stout gauge wire is used the aerial efficiency is above 

90 per cent. 

It should be noted that the radiation resistance of the half-wave aerial 

corresponds with the aerial impedance only at the centre point of the aerial, where the 

impedance is purely resistive. Since the impedance of a circuit is a measure of the 

voltage divided by the current the impedance will be wholly resistive only when the 

voltage and current are in phase, and on the half-wave aerial this occurs only at the 

centre point where the voltage is undergoing a polarity reversal. At other points the 

impedance includes some reactance. 

In a short aerial such as is used on ultra high frequency bands the diameter of 

the aerial wire can affect the impedance of the aerial to a marked degree, for when the 

wire diameter rises to more than 1 per cent, or so of the length of the aerial the 

impedance at the centre point is raised. The net result is that the resonant frequency to 

which the aerial is tuned is not so sharply defined and so the aerial covers a wider 

waveband--that is, the frequency response is flatter, a desirable feature for amateur 

working. 

 

 

 

The Radiated Wave. 

 

It has already been shown that the wave radiated from the aerial has both 

electrostatic and magnetic characteristics, and the two sets of lines of force are at right 

angles one to the other so that a wave front may be shown as a square lattice work. 
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The direction along which the wave travels is always at right angles to the wave front, 

and the strength of the wave is conveniently expressed in microvolts per metre--more 

simply, the voltage induced in a wire One metre in length situated 3Q that it cuts the 

magnetic lines of force. A diagrammatic representation of the wave front is shown in 

Fig. 4, and this relates to a horizontally polarised wave, where the electrostatic lines of 

force run horizontally. The polarisation of a wave is primarily due to the setting of the 

aerial wire, for the wave fror a horizontal aerial will have the electrostatic lines of 

force horizontal, whilst with a vertical aerial they will be vertical, but at an 

appreciable distance from the transmitter the polarisation of the received wave will 

probably change in character. Various factors affect this change of angle, particularly 

reflection from the ionised layers to be discussed later, but if the receiving aerial can 

be set to correspond to the polarisation of the received wave it will be energised as 

strongly as possible. Over short distances, and in particular on the ultra high 

frequencies where working is often confined to horizon distances, the transmitting and 

receiving aerials should both be in the same plane. For general short wave work it 

appears that a horizontal aerial is preferable, so far as the receiver is concerned. 

The polarisation of the transmitting aerial, like other constructional points, 

must depend upon the results desired, for the aerial may be arranged in different ways 

to give different distributions of the transmitted power. & wire in free space, infinitely 

short, would distribute waves in such a way as to give even, spherical coverage When 

the wire is extended to a half wave in length the fields due to radiating points a half  
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wave apart tend to neutralise each other in some directions whilst adding their 

strengths in others. As a result a radiation pattern is formed, such as that shown in Fig. 

5. The central, straight line shows the direction of the aerial, the actual aerial being so 

small in such a diagram that it amounts to a mere point at the centre of the figure. 

From this diagram it may be seen that the half wave aerial transmits strongly in 

directions at right angles to its length, but that from the ends of the aerial radiation is 

negligible. Such points of minimum radiation are known as nulls whilst the curves 

denoting radiation are lobes. The field strengths relative to the maximum are deduced 

by drawing a line from the centre point across the lobe in the desired direction, when 

the comparison of the length of the lines will give the ratios of the field strengths. 

If the aerial could be suspended in space this pattern would extend all round the 

wire; that, is, any section through the length of the aerial would show the same 

distribution of radiation. Where an actual aerial is under consideration the pattern 

varies widely at different angles to the horizontal. Since, as can now be seen the 

direction and angle of travel from the aerial can be varied in many ways, it is 

necessary to consider the propagation, or spreading, of the wave through space. 

 

CHAPTER 2. 

 

Propagation of Waves and Aerial Directivity. 

 

It was not until Heaviside and Kennelly both formulated a theory that radio 

waves were reflected from an electrified layer high in the atmosphere that the long 

distance reception of signals was understood. The first theory that radio waves 

followed the surface of the ground was disturbed when signals were received over a 

distance sufficiently great to prohibit the bending of the waves round the earth's 

surface, and with the proving of the reflection theory the mystery was solved. A 

further reflecting layer was later discovered by Appleton, above the Heaviside layer, 

Appletonôs layer sometimes being single and sometimes breaking into two layers, and 

these layers are now known as the E, the FI and F3 layers. At times the E layer breaks 

into two bands also, but it is generally regarded as a single band. 

The cause of these reflecting layers is the action of the sunôs rays on the 

attenuated gases of the upper atmosphere in the zone known as the ionosphere. As the 

name denotes, the air is ionised, that is, electrons are removed from some of the gas 

atoms. They therefore acquire a positive electrical charge whilst the electron becomes 

a free negatively charged particle, but whilst this state of affairs exists all through the 

ionosphere it is particularly so in the layers just mentioned.  
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The clouds of free electrons make up the layers. 

 

The density of the ionisation in the layers varies considerably over the day, 

since the ionisation is a sunlight effect, and the two F layers merge into a single layer 

at sunset, this breaking up once more at dawn. 

The average heights of the layers are 70 miles for the E layer, 140 miles for the 

F1 layer, 200 or more miles for the F2 layer and 180 miles for the F layer formed by 

the merging of the F1 and F2 layers at night. At times of low ionisation, such as 

winter, the F1 layer often disappears leaving the F2 layer which descends to a height 

of about 150 miles. 

Fig. 6 shows waves originating from an aerial and their behaviour both at the 

ground and at the reflecting layers. It will be seen that a wave penetrates into the layer 

before being bent sufficiently to return towards the earth, the reason for this being that 

the wave is refracted rather than reflected. The refractive indices of the atmosphere 

and of the ionised layer differ. The result is that the part of the wave front which first 

enters the layer commences to travel at a faster rate than that part which has yet to 

enter the layer with the result that the wave bends round on itself. 

It can be seen from Fig. 6 how the ground wave rapidly fades out, being of 

little value at point A. At point B is a wave reflected from the E layer, giving strong 

signals, although in the zone between A and B no signals are receivable. This zone A-

B, therefore, is known as the Skip Distance, and its boundaries change for every 

station according to local and day-to-day conditions. If the wave is directed at a higher 

angle than that which gives reception at point B it will fail to be reflected from the E 

layer, and so the highest angle which will give return of the wave from an ionised 

layer is known as the Critical Angle.  Waves at an angle above the critical will 

penetrate the layer and either be lost in space or returned from another layer as in the 

diagram, where the wave is returned to point C from the F1 layer. This means, 

however, that the wave has twice passed through the E layer, with refraction both 

times and also some degree of absorption as well as possible interference from denser 

ionised clouds. 

It is likely, therefore, that reception at C will be both noisy and subject to 

fading. 

Quite often a wave such as that arriving at B is reflected again from the earthôs 

surface so that it makes a double hop to arrive at point D. A wave at a lower angle 

from the transmitter, however, can reach point D with only one reflection, which will 

give better reception than the two hop wave, this latter having suffered absorption and 

other interference at three points. It therefore appears that for ordinary long distance 

work it, is desirable for the aerial to send forth its energy at a low angle 
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    FIG. 6. REFLECTION OF WAVES. 

 
 

The behaviour of the ionised layer is by no means constant. The most marked 

long term variation is apparently caused by the 11 year sunspot cycle, which affects 

the Critical Frequencies handled by the layers. The critical frequency is that 

frequency, directed vertically, above which the ionised layers will not return the 

waves, and when sunspot activity is low the critical-frequency is low, and vice versa. 

Seasonal changes from summer to winter also affect the ionisation of the upper 

atmosphere, and it will be realised that over long distances a wave might start under 

conditions of darkness to be received under conditions of light. It will therefore travel 

between extremes of conditions so far as ionisation is concerned, and the best all 

round conditions are those obtaining in spring and autumn. 

The period of the sunôs rotation also gives rise to further fluctuations in the 

degree of ionisation, the time period being 28 days, the maximum effect being upon 

the 10 and 20 metre bands, while the day-to-day fluctuations depend, as shown, upon 

the light and dark conditions of the layers. At night the E layer is much less dense in 

ionisation and consequently waves pass through it with little attenuation to be 

reflected from the reinforced F layer so that, in general, night conditions are better and 

20 and 40 metre band signals are often so well refracted that a round-the-world echo 

can be heard on them, the echo time being about a seventh of a second. 

Fading, which may occur in different forms at any time can be due to several 

causes.  
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Since the layers are not steady but rise and fall, the waves may be split into 

different components which arrive at the receiving aerial in or out of phase so that 

they periodically add together and then neutralise each other. Polarisation shifts may 

occur during refraction, so that even with a wave of fairly steady amplitude the aerial 

is energised to widely differing degrees, and in large receiving stations a special aerial 

receiving system is often used, known as the Diversity system. Here several aerials 

with different polarisations are erected at short intervals, and on fading the receiver is 

switched, sometimes automatically, from aerial to aerial to combat the changing signal 

strength. 

It is often stated that ultra high frequency signals are received with certainty 

only over optical distances, where transmitter and receiver can be seen one from the/ 

other. Recent experiments however have shown that these high frequencies, whilst 

penetrating the upper layers, are often) refracted front layers of air close to the ground. 

The dielectric constant suffers a change due sometimes to a meeting of hot and cold 

layers of air or to water vapour conditions. It appears that very dense ionisations 

occurring locally in the E layer have also returned Ultra high frequency signals, but 

this must remain a matter of chance. 

Suitable angles for radiation from aerials for long distance work are up to 45 

degrees for 40 metres, up to 20 degrees for 30 metres, up to 10 degrees for 10 metres 

and as low an angle of radiation as possible for higher frequencies. 

To understand how an aerial may radiate strongly at a, given angle it is 

necessary to return to the consideration of the half-wave aerial. As already stated, if 

such an aerial were erected in free space its radiation pattern would be as shown in 

Fig. 5, and the pattern would be solid all round the aerial. In a practical aerial, 

however, this pattern of Fig. 5 must be regarded as the horizontal pattern, or more 

properly the horizontal polar diagram, since such radiation patterns are drawn to polar 

coordinates. 

A totally different polar diagram is needed to show the radiation of the aerial 

vertically. 

The reason for the difference in the diagrams is readily understood when it is 

remembered that the earth is a conductor of electricity and thus must be regarded as a 

reflector of waves. For the purpose of drawing radiation diagrams it is generally 

reckoned that earth is a perfect conductor, but as this is not actually so there is always 

an error in the vertical polar diagram. These may be greater or smaller according to 

local conditions which can only be allowed for by experiment. 

This reflection, from the earth, of the radiation of the aerial has many far 

reaching effects, and it is necessary to see what ultimate result on the radiated power 

these effects will have. 
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Fig. 7 shows the paths of waves from the section A of a horizontal aerial. The direct 

wave, AB, will at some point X be received together with a wave ACD which has 

been reflected from the earth, and the waves may be in or out of phase depending on 

the angle of reflection and thus the difference in path length. It must be noted that the 

wave reflected from the earth has its angle of incidence equal to its angle of reflection; 

that is, it is reflected in the same way as light from a mirror. The wave CD may thus 

be regarded as coming from an aerial at E, the same distance below the earth as A is 

above it. Once again however this factor is influenced by the local conditions, and this 

ñimage aerialò is out of phase with the actual aerial by 180 degrees. At any moment 

the imagined charges on the image aerial are equal but of opposite sign to those on the 

actual aerial, and this leads to a difference in the effects of (reflection upon horizontal 

and vertical aerials. 

 Consider the half wave aerial erected vertically, without any reflection effects. 

Then the pattern of Fig. 5 is turned through 90 degrees and becomes the vertical free 

space polar diagram of the vertical aerial whilst the polar diagram for the horizontal 

radiation is a circle. In a practical vertical aerial with earth reflection, therefore, the 

horizontal polar diagram is still circular, so that the aerial radiates equally to all points 

of the compass. Unlike the horizontal aerial, the aerial and its image the phase reversal 

causes the actual and imagined currents to flow in the same direction. 

Returning to Fig. 7 it can be seen that the field strength due to the aerial A at the 

distant point X can lie between the limits of twice the field strength which would be 

given by A without reflection, or zero field strength.  If the direct and reflected waves 

are in phase, then they will add and produce twice the field strength of one wave alone 

If they are out of phase they will cancel Out, and at intermediate phase difference they 

will produce field strengths between these limits. The most useful vertical polar 

diagram is a ñreflection factorò. 
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Such factor diagrams can be little more than guides, however, for the reflective 

values of the ground vary from situation to situation. The image aerial therefore will 

seldom be theoretically true whilst absorption effects will further
-
 distort the picture. 

For example, a typical factor diagram shows that a vertical aerial is extremely efficient 

as a radiator of low angle waves. In actual fact however the lowest waves radiated 

from the vertical aerial, at least in a great number of cases, suffer so severely from 

absorption that they are lost before ever contributing to the aerialôs useful output.

  

The characteristic which finally decides the radiating angle of an aerial is the 

height of the aerial above earth. As has been shown this cannot readily be determined 

with accuracy since the condition of the earth falls short of the presumed ideal. Suffice 

it to say, therefore, that for all horizontal aerials together with vertical aerials an even 

number of half waves long, the best all round operating heights above ground are 

either a half wavelength or one wavelength. The letter height gives a rather greater 

proportion of high angle radiation for local working. If a height of two wavelengths 

can be obtained even better working should result, but for most amateur frequencies 

this will be impracticable. It must be remembered that the height of a vertical aerial is  

measured from the centre of the wire. 

The. three-quarter wavelength height should be avoided for these types of 

aerials, since too much radiation is directed at a high angle, but for the vertical aerial 

an odd number of half wavelengths long, the three-quarter or one and a half 

wavelengths heights are most suitable. 

If, in place of the unstable earth reflecting surface an efficient reflector is 

necessary for any reason, it is possible to provide this by covering the surface of the 

ground below the aerial with a metal net. The net must extend for at least half a 

wavelength in all directions, and whilst such a restricted area will have little or no 

effect upon the low angle radiation of the aerial, the device will at least allow the 

actual aerial height to be established. 

In turn this will make known the actual radiation resistance. The radiation resistance 

of the aerial is also changed by the reflected waves, for those radiated directly to the 

earth and thus reflected straight up, and past the aerial will induce currents in the 

aerial in or out of phase with the main currents depending on the aerialôs height. 

Whilst the input to the aerial remains constant, therefore, the aerial current changes 

with height, the effect being equivalent to a change in radiation resistance. Where the 

height is roughly .3 of a wavelength the radiation resistance rises almost to 100 ohms 

(where the half wave aerial radiation resistance is reckoned as 73 ohms) and falls to 60 

ohms where the height is roughly .6 of a wavelength. At heights of a wavelength or 

half a wavelength, however, the radiation resistance is very near to the theoretical 

value of 73 ohms, and it is recommended that where a horizontal half wave aerial is to  
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be installed it be erected at a height of one wavelength or, if the frequency is low at a 

height of half a wavelength. 

A further reflection effect is seen with regard to the radiation from the ends of 

the half wave horizontal aerial, where the horizontal polar diagram appears to indicate 

that there is no radiation at all. Actually this is misleading, as the diagram of the lobe 

on the aerial in a vertical direction in Fig. 8 will show. There must be end on radiation 

from the half wave aerial, although it will be at a higher angle than the broadside 

radiation. In addition, to this the null is further filled in by reflected vertically 

polarised waves which travel out at the higher angles in the end on direction of the 

aerial. The radiation in the direction of the aerial, therefore, is more suited to local and 

short distance working, but if it is desired to use this end on radiation to the fullest 

advantage, the aerial may be erected in a sloping position. Where a horizontal half 

wave aerial is supported one wavelength high at one end sloping down to a half 

wavelength high at the other end, the radiation is good in all directions except that of 

the high end. 

The height of vertical aerials is measured from the centre of the aerial, and it is 

interesting to note that in the Marconi aerial the wire may only be a quarter wave long 

with one end earthed. The resonant half wave length is then virtually completed by the 

image aerial through reflection. 

 

CHAPTER 3. 

Transmission Lines and Aerial Coupling. 

 

In the early days of radio transmission it was soon discovered that the practice 

of bringing the aerial direct to the transmitter for the purpose of coupling it to the 

source of R.F. power was inefficient and undesirable. 

Clearly there are two points at which a half wave or a longer resonant aerial 

may be fed with power--either at a current loop or at a voltage loop; points which on  
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the single half wave aerial correspond to the centre and end of the, aerial respectively. 

To bring the end of the aerial to the transmitter in order to feed it at a voltage loop 

means that losses in the surrounding building will be severe, spurious reflections will 

occur and generally the aerial will need to be brought to a low height. Feeding the 

centre of the aerial directly at the transmitter is even worse, and so transmission lines, 

generally known as Feeders, were developed to carry power to the aerial with very 

little 'loss whilst the aerial itself can be erected well in the open and at considerable 

heights, if desired. 

A feeder may consist of a single wire, but most often there are two wires to a 

transmission line, the wires being spaced constantly through their length by a certain 

fixed distance dependent upon the desired characteristics of the feeder. 

The feeder may be used in. one of two ways, it may be "TOWED" or 

"UNTUNED", the tuned feeder being more usually in use.  

When high frequency current is fed either to a single or double line of infinite 

length there is no reflection from the end of the line and consequently no standing 

waves are set up. These occur only when the line is cut to a certain finite length and so 

can give current reflection from its end. Even then, if the wires of a two wire line are 

connected at their ends by a resistance equal to the Characteristic Impedance of the 

transmission line, the line, so far as the high frequency currents are concerned, will 

again appear to be of infinite length and again Standing waves will not be set up. 

Such a transmission line, where the feeders terminate in a resistance equal to 

their characteristic impedance and have no standing waves upon them is the untuned 

line. 

Where the transmission line has its feeders terminating in a resistance higher or 

lower than the characteristic impedance of the line, standing waves will be set up, this 

line being the tuned or resonant transmission-line. If the terminating resistance is 

lower than the lineôs characteristic impedance the end loop of the standing waves will 

be a current loop. Current loops will  also appear at approximately every half wave 

length of line down to the transmitter, the voltage loops appearing with the usual 90 

degree phase difference. If the terminating resistance is higher than the line's 

characteristic impedance then the end loop of the standing waves will be a voltage 

loop with voltage loops appearing at half waves down the line, the current loops 

appearing at the usual 90 degree intervals. 

The Characteristic Impedance of the line is seen to be of paramount 

importance, therefore, and may technically be expressed as the square root of the ratio 

of inductance to capacity per unit length of line. The value is also known as the Surge 

Impedance of the line, since it is the impedance which is presented by a long line of 

the specified type to impulses induced into the line. 
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 Moreover connecting the ends of a pair of feeders through a resistance equal 

to the characteristic impedance causes the transmission line to present the same 

impedance across its other ends, no matter how long the line. 

The characteristic impedance of a pair of lines, generally known as Zo, is 

determined by the radius of the wires used and the spacing between them. For air 

insulated feeders 

 

Zo = 276 log X  

                      Y 

where X is the spacing from centre to centre of the wires and Y is the radius of the 

wire, X and Y must both be in the same units, either inches or centimetres. 

Besides being of air spaced wires, feeders can also be constructed of concentric 

or coaxial cables, where one conductor runs along the centre line of a second tubular 

conductor. This outer conductor is often woven to give flexibility, the two conductors 

being spaced internally by several methods ranging from solid rubber insulation to 

plastic ñthimblesò. Cables are also made where two conductors are run side by side in 

rubber insulation with very close spacing, these two conductors sometimes being 

shielded with a third outer conductor enclosing the whole cable. 

When such transmission lines are obtained commercially their surge 

impedance will be stated; generally they are low and of the order of 100 ohms or less 

so that they may be coupled to such an aerial as the half wave to give an untuned line. 

The characteristic impedance of a coaxial line is given by 

 

Zo = 138 log A 

                      B 

where A is the inside diameter of the outer conductor and B is the diameter of the 

inner conductor, units again being the same for the two conductors. This formula 

holds only for lines having a high proportion of air spacing between the conductors, as 

when small separated spacers are used. When the spacing between the conductors is 

maintained by a solid dielectric the expression for Zo must be divided by ãK where K 

is the dielectric constant of the material between the conductors (2.2 to 2.95 for India 

Rubber). 

The impedance is reduced in a solid dielectric line by reason of the increased 

capacity between .the conductors, and for the same reason the velocity of the wave 

along the line is also reduced. 

The effect of this reduction in velocity is to make a measured length of feeder 

contain a greater number of standing waves than would be expected by calculation. 

The solid rubber spaced coaxial cable shows the greatest discrepancy and the twin air-

spaced wire feeder the least. 

It is not necessary to make calculated allowances for the apparent change in feeder  
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length, however, so long as the shortest feeder practicable for the work in hand is 

used. With untuned lines the effect will be neutralised by the matching system and 

with tuned lines the coupling circuits to be described in a later chapter will handle 

either a current or voltage loop at the feeder termination. The overall loss of efficiency 

resulting from the increased feeder capacity will be the most Important effect, and it is 

for this reason that the shortest possible feeder is advocated. 

Twin lighting flex and cabtyre cable have been used as equivalents to twisted 

line feeders, but their losses are high and they are not to be recommended for outdoor 

work where weather conditions will rapidly cause perishing and changes in their 

characteristics. If they are used experimentally they may be reckoned to have 

characteristic impedances of the order of those given for rubber spaced coaxial line--

that is generally less than 100 ohms. 

Where a single wire feeder is used the characteristic impedance will be roughly 

500 ohms for a heavy gauge wire, 14 S.W.G. for example. Since standing waves on a 

single wire would cause it to radiate as strongly as an aerial the single wire line is 

generally untuned and matched into the aerial where the radiation resistance is of the 

same order as the line impedance, 500 ohms. Clearly some care is needed in making 

the adjustment, and further details appear in the discussion of the Windom and 

VS1AA aerials. 

It is one of the greatest advantages of the double wire transmission line that its 

method of construction prevents it from radiating waves even when it is a tuned 

feeder. The two wires, spaced as they are by only a fraction of a wavelength, carry 

equal and opposite currents (except in the case of the Zeppelin aerial, described later, 

where the currents are not quite equal) and so the radiation from one wire effectively 

cancels out that of the other. This spacing of the wires should not be greater than a 

hundredth of the wavelength for good cancellation. 

If it is necessary for the feeder to run close to absorbing or reflecting surfaces it 

is sometimes found that the balance of the currents in the two lines is disturbed, the 

cause being that one line has a greater capacity to the surface or to earth than the 

other. In such cases the feeders should be separated by transposition blocks, obtained 

commercially, by means of which the wires are regularly transposed or crossed. 

Throughout their length therefore the average capacity of each line to earth or other 

masses in proximity to it are equal. 

In the following sections of the chapter, the efficiencies, methods of use, aerial 

matching and transmitter coupling details for the two types of transmission line are 

shown, together with constructional details. 

 

Efficiencies. 

 

Whilst the tuned line is more simple to use and adjust than the untuned line, the losses 

in the tuned system are greater. A deciding factor of the usefulness of the tuned line is  
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the length of feeder required to run from the transmitter to the feeding point on the 

aerial, and where this length exceeds 3 or 3 wavelengths it will be preferable to use the 

untuned feeder, properly matched into the aerial impedance. A 3 wavelength line even 

at 20 metres gives a good run, however. 

It is common to measure both aerial gain (described later) and transmission 

line losses in decibels, a 1 dB loss corresponding to 25 per cent, of the power or 12 per 

cent, of the current or voltage in the line to which the loss refers, 3 dB corresponding 

to a loss of half the power or 30 per cent, of current or voltage. The losses are 

generally reckoned in fractions of a decibel per wavelength run of line. 

A 600 ohm line, such as has already been mentioned, has a loss of only .1 dB 

or less per wavelength when the line is untuned; that is when there are no standing 

waves upon it. The untuned line is therefore suitable for very long runs, even though 

the loss will rise a little under bad weather conditions or after long use. The same line, 

with air spaced wires, will increase its loss under the tuned condition to an extent 

which depends on the standing wave ratio (see the next paragraph). The loss rises 

perhaps to as much as .5 dB per wavelength run in a. new line and even more with bad 

weather or age. 

When the coaxial: lines with rubber spacing are used the losses are higher still, 

and these lines are in general unsuitable for runs longer than a wavelength, 

particularly if they are used as tuned feeders and are thus carrying standing waves. 

 

Standing Wave Ratio. 

 

As has already been explained, a transmission line will have set up along it 

standing waves of voltage and current unless it is fed into an impedance equal to its 

own characteristic impedance. Since a usual figure for the characteristic impedance of 

a line is 600 ohms and the centre point of a half wave aerial presents an impedance to 

the line of about 73 ohms it will be seen that such a line coupled directly to such an 

aerial will have standing waves on it, the first loop, that at the aerial end of the line, 

being a current loop. 

The ratio of the mismatch of the two impedances is 600:73 and if the current in 

the feeders is measured, first at a point of maximum current and then at a point of 

minimum current (i.e., at a current loop and null, separated by a half wavelength) it 

will be found that the currents differ one from the other by the same ratio, 600:73 or, 

being simplified, 8:2:1. A measure of the current ratio in the feeders gives the degree 

of mismatching between the aerial and the line, therefore, this ratio being known as 
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the standing wave ratio, and the figure may be allowed to rise to 10:1 before any 

disadvantage becomes apparent. 

 

Transmission Line Construction. 

 

The examples quoted in this chapter and elsewhere are based on a feeder 

impedance of 600 ohms which is a widely used and a satisfactory value. It has the 

added advantage that a fairly stout gauge of wire can be used with spacers of a 

convenient length, a good combination being either 16 S.W.G. wires spaced 5ò apart 

or 14 S.W.G. wires spaced 6ò apart. It is advisable to use the
-
 lighter wire so that 

stresses and strains especially at the centre of the aerial can be avoided as much as 

possible. Also for this reason the spacers should be light so far as is consistent with 

strength and good insulating properties. It is very unlikely that the feeders will need to 

carry currents which cannot adequately be handled by these gauges of wire. 

The wire is best enamelled so that it will be protected from exposure and 

corrosion. 

The spacers between the wires should be obtained commercially, though they 

can be made of wood. They should be a yard apart along the, wires although where 

transposition blocks are used it might be found necessary, after trial, to decrease this 

distance to 2 feet. These blocks usually give a smaller spacing than 6ò but the wire 

gauge to give a line of 600 ohms impedance can, of course, be calculated from the 

formula already given. When transposition blocks are used it is desirable to slightly 

reduce the spacing but since this is not possible. With the commercial products the 

same effect can be obtained by using a gauge of wire a size smaller than that 

calculated. (See Figs. 9a and- 9b.) 
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line spacers can be made up from three-eighths or half inch hard wood 

dowelling, the rods being cut to length and having a notch filed across each end face. 

A small hole should also be drilled near each end. The rods are then treated in just 

boiling paraffin wax--the wax must not boil hardðby immersing them and leaving till 

all air bubbles are driven off. When the spacers have been drained they must be 

allowed to stand until the wax is perfectly hard. 

To make up the transmission line the two feeder wires are positioned in the 

shallow grooves at the ends of the spacers and retained in place with a binding of 20 

S.W.G. threaded through the drill holes. At 14 megacycles a transmission line so 

constructed can be up to three half wavelengths long without support between the 

aerial and the transmitter, and longer lengths can be supported from wooden posts 

fitted with stand-off insulators. 

 

Untuned lines and Aerial Matching. 

 

Since standing waves do not appear on a line whose impedance corresponds 

with the aerial impedance it would seem that all that is necessary is to arrange the 

surge impedance formula to give a line of, say, 70 ohms to match the ordinary half 

wave aerial. When the calculations are made it is found, however, that the spacing of 

the two wires along the transmission line would be very small--the impedance of the 

line falls as the spacing falls--whilst the wire gauge becomes large. Such a line, with 

small spacing, generally gives trouble even if only through weight and easily changed 

characteristics due to the wires twisting nearer still as the feeder swings in the wind 

whilst insulation will be less efficient in wet weather. The solution is to use the higher 

impedance line and to match it to the aerial through an impedance transformer device. 
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A simple matching section is the Delta match, shown in Fig. 10 It will be seen 

that the feeder spacing is gradually increased from a definite point, the spacing 

distance rising until the feeder wires meet the aerial. The fanning out of the feeders in 

this way clearly will give rise to a gradual change of line impedance over the section 

where the spacing is rising, the impedance growing higher The line is connected to the 

aerial in such a way that the impedance is greater than the 73 ohms which would 

appear as the load if the aerial were cut at the centre and the feeders connected there 

The two impedances, therefore, are made equal by the fanning out of the wires and it 

must be noted that the aerial is not cut but that the feeders are tapped on to it. 

The aerial length A must be correct, calculated as already explained and tested, 

if desired, by aerial tuning tests to be described, whilst for a 600 ohm line the two 

measurements B and C are found from the formulae 

B = 148 

      f 

 

C = 123 

      f 

where both B and C are in feet and f is the working frequency in megacycles. Since 

the formulae are based on the figure of 73 ohms for the aerial impedance the distances 

B and C will be slightly inaccurate if for reasons of height or other reflection effects 

the aerial impedance is different. In any case it is possible to check an untuned 

transmission line for standing waves, which, of course, should be absent, and to make 

experimental readjustments in the fanning out of the feeders if the system is not 

working properly. It may be noted that it is often stated that a standing wave ratio of, 

say, 2 on a theoretically untuned line can be tolerated 

Testing for standing waves on an untuned line can be carried out with either a 

current or voltage indicator, the device, of course, being one which responds to radio 

frequency power. The simplest voltage indicator is the neon lamp which will usually 

light if grasped in the hand with one contact connected to a voltage point. If such a 

lamp is run over a convenient part of the feeder at least a half wave in length, the lamp 

either should not light at all or, if it does, the glow should be constant. If the lamp 

lights at one point and not at another, or if the glow fluctuates, being weak at one point 

and strong at another standing waves are present on the feeder, and the matching is not 

accurate. 

A similar check can be made by tapping a flashlamp bulb of the 3 volt variety 

across a length of the feeder line, the connecting points being, say, 2ô apart. The bulb 

will thus act as a shunt to the portion of the line across which it is connected and 

sufficient current will be passed through it to cause the filament to glow. Again, in an 

untuned matched feeder the glow should be reasonably constant at all points along the 
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line, but a more definite test is made by developing this idea and using, instead of a 

bulb, a R.F. milliammeter reading up to, say, .5 amp. The best type of instrument is 

undoubtedly the thermo-couple ammeter, although almost any instrument used for 

measuring high frequency current will have an error due to the skin effect on the 

heater wire. Meters of this type read high to as much as 10 per cent, at frequencies of 

14 mcs. and over, but this is of little consequence where comparative readings are 

generally all that are required. 

The meter may be suspended from the line or any other wire under test by stout 

wire hooks firmly fixed to the connecting terminals on the back of its case, the hooks 

being spaced to the desired amount by an insulating rod. 

(See Fig. 11). 

Once again the untuned feeder should give constant readings throughout its 

length when it is shunted by the meter. Peaks indicate standing waves and 

consequently mismatching. It must be remembered to bare the metal of insulation at 

the checking points, afterwards protecting it with shellac. 

A development of the Delta Match is used with twisted wire feeders, particularly in 

reception of ultra high frequency signals. The characteristic impedance of twin flex, 

such as lighting cord, or cabtyre is very roughly 100 ohms, depending on the 

manufacture. Such a line, it is found, may be connected into the centre of a half wave 

aerial without the losses rising too much, but a better method is to fan out the two 

wires a foot or so from the aerial. The aerial itself is cut in the centre, the feeders 

being connected to the cut ends and these connections are then spaced, and the two 

halves of the aerial linked mechanically, by an insulator 6ò or 9òlong. As short a run 

of feeder as possible should be used to keep the loss low, and it may be mentioned 

here that a feeder with a characteristic impedance quite close to 70 ohms may be made  
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by using two lengths of twisted flex in place of a single length. The flexes are wired in 

parallel by connecting the ends of one wire in the first pair with the ends of the 

corresponding wire in the second pair, the other two wires also having their ends 

connected. This feeder is connected to the aerial by again cutting the aerial wire at its 

centre point and joining the feeders to the cut ends. In this case the halves of the aerial 

are not separated by the large distancing insulator but are linked by a suitable short 

insulator, of conventional design. 

ñQò Bars. 

 

Fig. 12a shows a half wave line folded to become a double line one quarter 

wave long. Since the line is still resonant, although its radiation is cancelled out, the 

voltage and current distribution still hold good. The current, in the diagram, is shown 

as a full line with a dotted line indicating the voltage distribution. At the top end, 

therefore, with voltage high and current low, appears a high impedance, and at the 

bottom, with high current and low voltage appears a low impedance. These 

relationships still hold when the two quarter wave conductors are not connected across 

their lower ends, as in Fig. 12b. The device of Fig. 12a is known as the Quarter Wave 

Transformer, whilst that of Fig. 13b is known as the ñQò match, and is dealt with first. 

The quarter wavelength of special feeder, where Q bars are to be used, is made 

to give an impedance which will match the high impedance, 600 ohms, of a 

transmission line to the low impedance, 73 ohms, of the half wave aerial, and the 

matching impedance is determined from the formula 

Zo = ãRr 

Thus for the combination above, 600 ohms into 73 ohms, the formula would 

become 

 Zo  = ã600 x 73  

   = ã43800 

           = 209 ohms as the impedance for the quarter wave section. 
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Q bars are generally obtained commercially, cut to length, and given their diameter, 

usually İò since they are made from thin walled tubing, their spacing is found to be, 

from the formula already given 

          Zo = 276 log X  

                     Y 

         or 209 = 276 log X 

                          .025 (Y is the radius of the tube)  

      or 52.25 = 276 log X  

    and log X = 52.25 

                         276  

                    = .1893 

Therefore from tables of logarithms, 

X = 1.456, which is the spacing in inches, taken between centres. 

At a frequency of 14 megacycles, therefore, corresponding to a wavelength of 

21.43 metres the Q bars will be 5.36 metres long, the metre being 39.37 inches, spaced 

almost 1.5 inches between the centres of the tubes, Since the Q bars must hang down 

vertically from the aerial the tubes must be of light construction, preferably of thin 

aluminium. The spacers between the tubes may be of wood well treated with wax, but 

since the distance is so small ceramic spacers would be better. The arrangement is 

shown in Fig. 13. 

The Quarter Wave Transformer. 

It is necessary, before discussing the properties of the quarter wave transformer 

to consider the various uses of the matching devices which may be chosen. 

In the first place it is clear that the transformer method of matching the line impedance  
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