Certain Factors Affecting the Gain of Directive Antennas®
By G. C. SOUTHWORTH

‘This paper analyzes the performance of antenna arrays as influenced b
certain variables within the control of the designing engineer. It starts wit
an extremely simple analysis of the interfering effects produced by two
sources of waves of the same amplicude, This is followed by a short dis-
cussion of a paper by Ronald Foster, which considers two antennas and also
16 antennas when arranged in linear array. Two antennas separated in
space by 4 wave-length and in phase by 1 rind give sensibly more
radiation in one direction than in the opposite. is, for convenience, has
been called a unidirectional couplet. nimbser of these couplets may be
arranged in linear array, therehy I=ﬁi'winn: an extremely uscful directive
system. Diagrams are shown for such arrays as affected by the number and
spacings of the individual couplets. The gains from such arrays are
caleulated aned data are given showing fair agreement between calculation
and observation.

Diirectional diagrams for arrays of coaxial antennas indicate that some-
what bess gain may be expected from this form than when the clements are
spaced laterally, Combinations of these two types of armays give marked
directional properties in both their horizontal and vertical planes of refer-
ence.  This principle has been used rather generally in shori-wave com-
munication. This paper also discusses effects resulting from combining
iwo or more arays.  In one case the space between two arrays tends to
einphasize spurious lobes. The directional diagram of such a combination
may be rotated within limits by changing the phasing between adjacent
arrays or sections of an array. In all of the above cases the influence of
the earth is ignored, .

A mathematical appendix gives general equations for calculating di-
rectional diagrams of linear arrays. Special cases of these equations apply
to the figures included in the main part of the text. L'-:m:;? eqpuations are
also given for caleulating the gains of arrays.  Similar equations permit the
areas of diagrams to be calculated, An extended bibliography on antenna
arrayvs is appended.

[NTRODUCT IO

HROUGHOUT the development of radio communication the

engineer has aspired to a directive system whereby radiation
might be projected from one point to another with a maximum
of efficiency and a minimum of interference with adjacent stations.
Also, he has aimed at similar directivity at the receiver to improve
the signal-to-noise ratio and otherwise digcriminate against un-
desirable signals. [t was recognized at a very early date that directive
radio based on wave interference was feasible provided sufficiently
short waves could be utilized, and as a result many interesting sug-
gestions to this end were made. However, as is well known, the early
development of the radio spectrum proceeded in the direction of long

* Presented at Convention of 1, R, E., Toronto, Ont., Canada, Aug. 19, 1930.
Proc,, I. R. E., Sept. 1930,
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waves rather than short waves, thereby deferring many of the applica-
tions of these supgestions.

The principle of wave interference on which most short-wave
systems of directive radio are based has probably been known for
several centuries. However, the first thorough treatment of this
subject was by Sir Thomas Young,' who, together with Fresnel,
securely established the wave theory of light in the early part of the
last century. Ewven Hooke and Huvgens, who had offered the wave
theory over a century earlier, failed to recognize the full significance
of interference.

When Hertz started his celebrated experiments to verify Maxwell's
theory he was, of course, in full knowledge of these phenomena and
their explanation, and invoked their use in proving the existence of
electric waves. It is interesting that in some of his experiments he
made use of parabolic mirrors for both transmitting and receiving,
having directional characteristics very similar to those sometimes
uséd in present day radio practice. [t is also of interest that he found
that parallel wires stretched over a frame were quite as effective as a
reflector as a continuous sheet of metal of similar dimensions, pro-
vided the wires were kept parallel to the lines of electric force of the
arriving wave. He apparently did not investigate the effect of varving
the spacing nor the length of the parallel wires, nor did his subsequent
experiments otherwise tend toward the present day antenna array
technique.

This paper treats in an elementary way certain aspects of the
antenna array problem, principally as regards the manner in which
calculated directivity is affected by the number and spacing of the
individual antennas which go to make up the array. The theory is
applicable only to those forms of directive antennas which may be
resolved into a series of individual sources. [t does not apply to the
so-called wave antenna. However, principles are included which have
for some time been in general use in combining two or more such
antennas.

Extensive study has been given to directive anteénna syvstems for
use in transoceanic radiotelephony. Papers dealing with this general
subject have appeared from time to time? Further work is in prog-
ress. Papers by E. J. Sterba and also by E. E. Bruce and H. T. Friis of
the Bell Telephone Laboratories are in preparation which will include

|P}tri Trans, af Ru Koc., O2, 12; 1802,
K. M. Foster, irective di ms of antenna arrays,” Hell Sws, Tﬂ'ﬁ- Joir.,
292 Mn:-'. 1926, e’I.I.IHtITI Bailey, 5. W. Dean, and W. T. Wintringham, ** Receiving
w;lzem for long-wave transatlantic radmdephmu},}"w I. R E., 16, 1694, Elmgmh:r,
18 welleng, “Some preblems in short-wave radmtl.‘ll:ph-:lnc transmission,"”
Proc., 1. R 15. 18, 213; June, 1930,
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certain calculated data similar to those contained in the present paper,
and also experimental results obtained from tests on actual antennas of
various sizes and proportions.

In the early part of the following discussion each antenna is con-
sidered as a spherical source of waves which radiates equal power in
all directions. Furthermore, it assumes that the current in each

(b
Fig. 1—Interference pattern. Two equiphased sources spaced one-half wave-length.

individual source, in a given array, is the same and is not materally
affected in either magnitude or phase by its proximity to other sources.
The fair approximation to which these calculated results are realized
in practice bespeaks the justification of these assumptions.

The various steps by which present day directional radio has been
developed are extremely interesting, but they are so involved in the
development of radio itself that their enumeration is considered out-
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side the scope of this paper. However, bibliographies are cited below
covering some of their important phases.

ELEMENTARY PRINCIFLES

The interference patterns resulting from a number of individual
sources of waves, such as antennas, are dependent on both their
spacial arrangement and the magnitudes and relative phases of their
forces. This makes possible an almost unlimited number of com-
binations of which cnly a portion have thus far found use in com-

Fig’. ?— I nterference pattern. Two srroes u];nl:‘l.tﬂ'l n spaLCE |:|3,l' one-fourth waves
length and n time by one-fourth persod.

munication. This paper will restrict itself mainly to some cases which
are already finding general application. As a suitable introduction
to this subject, a very simple case of wave interference is discussed in
the following paragraph.

Figs. 1a and 2a depict in a rough way the interference resulting
from two independent sources of spherical waves of the same ampli-
tude. [In the first case they are spaced 4 wave-length but are assumed
to be oscillating in phase. In the second case the two sources are sepa-
rated in space by 1§ wave-length and in phase by 14 period. Crests
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and troughs are represented respectively by solid and dotted lines.
At points where either two crests or two troughs arrive simultaneously
the resultant wave is greatly enhanced, whereas at certain other points
crests and troughs arrive together, thereby neutralizing each other's
effects. At certain intermediate points these interfering effects are
only partially complete. Accompanying each figure is a directive
diagram (1b and 2b), plotted in pelar coordinates, which shows the
effectiveness of the wave in each direction. The circle drawn outside
each diagram indicates the effect if the radiation had proceeded from
a single non-directional source similar to each of the above. The
ratio between the areas of the circle and the inscribed diagram gives
roughly the power improvement of such a device as manifested in the
intensity of the radiated wave. A more exact calculation of this
improvement requires an integration of the force components over a

unit sphere.
LINEAR ANTENNA ARRAYS

Most directive antenna systems now in general use for short
waves may be regarded as special applications of the linear array.
This type consists of two or more antennas all having currents of equal
amplitude, equispaced along the same straight line. The properties
of such arrays have been treated very generally by Foster? whose
paper included several hundred directive diagrams, taken in a bi-
secting plane perpendicular to the axis of each antenna of the array,
and typical of the results which may be expected from two antennas
and from arrays consisting of 16 antennas. A portion of these dia-
grams have been reproduced in Figs. 3 and 4 below. The same
principles are applicable to both transmission and reception.

In Fig. 3 are shown diagrams resulting from two antennas as the
separation is increased from 0 to 1 wave-length in steps of 1§ wave-
length and the phase increased from 0 to 4 period in steps of 4
period. The line or axis of the array is assumed to be horizontal and
the specified phase difference is such that the current in the right-
hand antenna is lagging for a transmitting system and leading for a
receiver. It will be noted that for phase differences of both 0 and 357"
the diagrams are symmetrical about both the horizontal and vertical
axes of the figure, whereas for other phases the figures are asymmetrical
about the vertical axis except for certain limiting cases. Of these
asymmetrical diagrams, that corresponding to phase and spacial sepa-
rations both of Y (Fig. 3b) is of particular importance and forms
the basis of the so-called reflector effect.  This particular combination
of two sources is referred to later as a unidirectional couplet® In

! Loc. eit.
? In this, and in other cases in this paper, radiation s referred to as unidirectional
when sensibly more power is propagated in one direction than in others.
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passing it is also of interest to note that the diagram of the coil or
frame aerial as generally used is intermediate between Figs. 3c and
3d. Itz diagram would not differ essentially from its neighbors, Figs.
3d, 3e, or 3f, except for scale. This scale may conveniently be regarded
as a measure of the impedance of the device, or possibly its radiation
efficiency, but not necessarily a measure of its usefulness,

Fig. 4 shows similar diagrams resulting from 16 antennas for van-
ous phase and space relations. As in Fig. 3, diagrams in the top and
bottom rows corresponding respectively to phases of 0 and % T are
symmetrical about both the horizontal and vertical axes. The dia-
grams in the top row are in general bidirectional, while the bottom row
has one bidirectional diagram ecorresponding to phase and space
differences both equal to 4. It is of interest that for the most part
cases where the phase and space separations are numerically equal
correspond to unidirectional diagrams. However, these diagrams are
only moderately sharp and thus far such arrays have not been used
extensively in practice.

Referring again to the diagrams in the top row corresponding to 16
antennas all driven in phase, we note that directivity becomes progres-
sively sharper as the spacing is increased until in the vicinity of 15/16A
appendages develop which soon surpass in magnitude the desired lobes.
This effect is present in the commercial array, and limits, as we shall
later see, the gain that may be derived from a given number of elements.
The diagrams shown in Fig. 4 for 16 antennas are typical of others
where the number of antennas in linear array is fairly large.

Tue Lingar ARRAY AND REFLECTOR

One type of array now in commercial use consists of two parallel
linear arrays of equiphased elements where the two parallel arrays are
spaced 14 wave-length and differ in relative phase by }4 period. It is
convenient to regard such a device either as two independent linear
arrays, each having a directional characteristic as shown in the top
row of Fig. 4, or as an array of couplets, each couplet of which has by
itself a heart-shaped characteristic. Both antennas of the couplet may
be independently driven at their prescribed phase separation of !4
period, or one may derive its power from that radiated by the other, in
which case the proper phase relation is automatically approximated *
and the same practical result is obtained. In the latter case one is

{ The problem of the reflecting antenna has been considered by Wilmotte and
McPetrie, Jowr. I. E. E,, 66, %49, Englund and Crawford, Prec. I. R. E,, 17, 1277;
August, 1928, and Palmer and Honeyball, Jour. I. E. E., 67, 1045, Their conclusions
indicate that the optimum separation between a single antenna and its reflector to
give maximum forward radiation is roughly /3. Howewver, it appears that when
several antennas and reflectors are involved a separation more nearly Af4 is optimum.
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frequently known as the driven antenna and the other the reflector.
This viewpoint is perhaps only a convenience and may not be al-
together correct.  An array of the above type transmits and receives
best in a direction at right angles to its principal dimension. This
type is, therefore, frequently known as a broadside array.

DIReECTIVE DIAGRAMS FROM ARRAYS AND REFLECTORS

In Fig. 5 is plotted a series of diagrams in a bisecting plane normal
to the axis of each antenna of the array for different broadside arrange-
ments such as are used commercially. They are systematically ar-
ranged horizontally in the order of the number of couplets in the array,
and vertically with the increased spacing between adjacent couplets,

Several different forms of such directive diagrams are possible,
which may be plotted in either polar or rectangular coordinates. In
one form all diagrams are roughly of constant area and relative gains
from various antenna systems are expressed in terms of the principal
radius vector. In the second form the length of the principal radius
vector remains constant and the relative gain is roughly inversely
proportional to the area of the diagram. The second of these forms has
been adopted in this paper largely because of the relative simplicity of
the equation of the diagram and the facility with which properties of
antennas may be determined.

In the lower left-hand corner of Fig. 5 will be found a plan showing
the arrangement of the elements relative to the important direction of
transmission. At its right is the general equation of these diagrams.
This formula is also given as equation (14) of the appendix where the
analytical theory of arrays is developed. Below each diagram is the
ratio of the area of the circumscribed unit circle to the area of the hori-
zontal diagram. Here also will be found the ratio of the area of the
subordinate loops to the area of the main loop. The total area may be
measured approximately with a planimeter or calculated more aceu-
rately by equation (32) in the mathematical appendix. In making up
Fig. 5 each diagram was accurately plotted on standard polar coordin-
ate paper from perhaps a hundred calculated points. This was then
reduced photographically and the several diagrams were assembled ®

Inspection of the diagrams shows that increasing the number of
couplets increases in all cases the sharpness of the main loop and
hence the gain of the array. Howewver, increasing the separation be-

. . o
of Developant and Kescarch of e Aerican Telopans tndFolegraph Company.
under the direction of Miss E, M, Baldwin, Most of the material was checked by

Mrs, Isabel Bemis, who assembled it in its present form and prepared the attached
bibliography,
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tween couplets increases the gain only up to a certain point, after
which the formation of parasitic lobes decreases the effectiveness of the
array. The trend of these gains may be illustrated more effectively in
graphical form.

In Fig. 6 calculated gain ratio is plotted against number of couplets
giving one graph for each separation considered. These ratios are not
hased on the data given in Fig. 5, but were obtained from the integra-
tion of the equation of the directional diagram over an arbitrary
sphere by use of equation (27) below. It may be noted that for many
conditions the difference between these methods of calculating gain is
only moderate. These power ratios are for the most part linear,
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Fig. —Antenna arrays.  Caloulated power ratios ve. number of couplets.

indicating that such gains are proportional to the length of the array.
This is in keeping with the view that a receiving antenna can intercept
wave power more or less in proportion to its dimensions. It is also
interesting to note that the slope of the curve of A/2 is approximately
twice that for A4, so that 16 couplets spaced 14 wave-length give
approximately the same gain as eight couplets spaced }4 wave-length.
This again shows that the length of the array is the most important
criterion in determining its gain. In Fig. 7 the same data have been
plotted in decibels.

In Fig. & gains expressed in decibels are plotted against the separa-
tion between elements. This shows more definitely the trend of the
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antenna gain to a maximum, after which gpurious lobes become of
importance. Fig. 8 suggests that the spacing, piving optimum gain,
would be the desideratum in antenna design. However, this is not
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necessarily the case, as we shall presently see. It has already been
pointed out that the over-all length of array, rather than the spacing
or the number of conductors per unit length, constitutes the most
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important factor in determining the gain. Furthermore, minimum
area diagrams are frequently attended by [airly large spurious lobes
which are undesirable particularly on receiving antennas. Also the
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cost of an antenna system of a given height is more or less proportional
to its length, and in many cases is not materially affected by the number
of conductors present. These considerations, together with the fact
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that proper phases may often be most readily accomplished with
intervals of either }{ wave-length or 4 wave-length, have led to a
rather general adoption of these closer spacings.

In Fig. 9, approximate gain ratios from arrays of various lengths
have been plotted. These are most applicable for separations in the
vicinity of 4 and 14 wawve-length. Fig. 10 shows the same data
plotted in decibels. Within these limits, it appears that the gain ratio
may be expressed by the simple formula ¢ = KL, where L is the array
length in wave-lengths and K iz approximately 5.6. The result
expressed in decibels is ' = 10 log(KL).

MeasURED ANTENHNA GAINS

The degree to which the gains calculated above are approximated in
practice 15 indicated by the data given in the diagrams of Figs. 11 and
12 and in Tahble I.

TABLE 1
PMarminal Crealm gr.g
Armay td similar Calculated Differ-
Desie- | Fiieacy | Cospleca | Svcing | Soon Guin ence
revtioa Megacycles Elzﬂmt
-4, . ... 158 | A 15.3 15.0 + 0.3
2-A. ... 18 4 A4 15.2 15.0 + 0.2
J-M L 18 4 A4 15.0 15.0 0.0
1-B..... 1z 24 a4 15.6 15.0 += (.6
=R, .... 12 4 a4 14.5 15.0 = (.5
iB..... 13 24 L) 13.4 15.0 — 1.4
4-B, .. 15 24 A 1.6 15.0 + 1.6
N in 24 ]'.1“ 16,3 15.0 + 1.3
3L, ... 10 24 nd 15.5 15.0 + 0.3
1-C. .. .. 0 18 Al 136 13.8 - 2
D*..... 14 9 | M2 13.0 157 - 0T

* This antenna actually consisted of two arrays of four couplets each IHHI.'.-EEI
laterally by one wave-length. The resultant diagram of such an array is for all
practical purposes the same as that produced by a continuous array of nine couplets.

Fig. 11 shows a calculated diagram corresponding to certain
receiving arrays uged in the transatlantic telephone service between
America and England. Several points are plotted on this diagram
which correspond to the relative strengths of signals received at vari-
ous angles. These points were obtained by observing the relative
received signal voltage, measured on a standard feld-strength measur-
ing set connected to the array as an electric oscillator of constant
amplitude was carried around the array at a distance of perhaps 20
wave-lengths, The plotted data correspond to the case where the
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reflector was “floating.” Although this arrangement most nearly
corresponds to the conditions assumed in the calculated curve, it 1s not
necessgarily the most desirable adjustment to minimize noise arriving
from the rear. This diagram corresponds to the antennas designated
as 1-A, 2-A, and 3-A in Table I. These antennas consist effectively of
24 vertical couplets spaced horizontally at intervals of 1§ wave-length.

In this table are given further data on the strength of signals
received on arrays, as compared with those received simultanecusly on
a single element of similar structure and height above earth. The
different antennas represented involve varving conditions of wave-

§OF D™ TO° B Ko ADT Ao
f——"1 oo
i20e e
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Fig. 11—Caleulated directional diagram. Twenty-four couplets spaced one-fourth
wave-length., Circles indicate experimental points,

length, height above earth, adjacent terrain, and types of support.
These details are not believed to be of sufficient importance for dis-
cussion here. Two different array lengths are represented. The rela-
tive gains were substantially the same when observed on a local source
of waves and when the signal came from a distant station. The last
array represented in Table I was one used for transmitting. To effect
the test, equal power was transmitted alternately from the array and
from a single element while comparative measurements of electric
field strength were made at a distance of approximately 3500 miles.
The datum given is the mean of perhaps 100 observations extending
over a total of eight hours on three different days. Two errors are
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involved in the data of Table I.  One is due to the doubtful magnitude
of a correction necessary to account for the various heights at which
the arrays were located above the earth and the second is the error of
measurement of gain as compared with the reference antenna. These
errors are approximately equal and together amount to = 1 db.

In order to test further the agreement between measured gains and
those calculated from the simple assumptions above, a receiving array
was assembled step by step and corresponding measurements made.
Certain precautions, such as to maintain impedance matches at points
of coupling, were observed. The resulting data were plotted as points
in Fig. 12. A smooth curve represents the corresponding calculated
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Fig., 12—Relation of measured to calculated guin of recerving antenna array at
14,350 ke,

data. It will be observed that the measured values are consistently
higher than those calculated at the lower end of the curve, and in this
region the agreement can hardly be regarded as satisfactory. How-
ever, limited time prevented a thorough study of the errors of measure-
ment. Consequently these limited data may not be regarded as any
adequate test of the theory.

COMBINATIONS OF ARRAYS

It may be shown that two or more similar directive systems may
be combined to give a total directive effect, represented by the product
of the individual effect, multiplied by the group effect. This principle
is partially covered by equation (35) of the mathematical appendix.
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Two cases are of special interest. First, it is sometimes desirable to
divide an array into two or more bays, in order to make room for a
supporting structure.  This, of course, gives rise to a definite discon-
tinuity in the over-all arrav.

Fig. 13 shows a series of diagrams resulting from a typical case
of two such arrays, each having a length of 234 wave-lengths but
separated variously from 0 to 2 wave-lengths in steps as noted. These
diagrams, of course, do not take into consideration the reaction re-
sulting from proximity to an antenna mast, located in such an opening.
The most important result is to emphasize the spurious lobes, as the
spacing between arrays is increased.

A gecond effect of grouping which is of considerable interest iz that
of varying the direction of transmission by altering the respective
phases between two or more arrays or between sections of the same
array. In Fig. 14 a series of diagrams is shown for a typical case of
two 314 wave-length arrays, spaced one wave-length. All elements in
the same array are driven in phase, but the two arrays differ in phase
by various amounts, as noted. It will be observed that the possible
rotational effect is very limited. The general equation for this diagram
is given by formula (36) of the mathematical appendix.

This effect was investigated [urther by assuming a continuous array
114 wave-lengths long, made up of 16 couplets spaced at intervals
of ¥4 wave-length. The results are depicted in Fig. 15, The top row
assumes that the array is divided into two sections of eight couplets
each. This gives similar but not exactly the same results as those of
Fig, 14, The array, however, might have been divided into other sec-
tions for purposes of phasing. The various possible combinations are
tabulated below:

Mumsher of Mumber af Coupleta
Sections e Sertinn
..., .
- .2
6, ...... |

Diagrams in rows two, three, and four show that, as the array
continues to be divided into smaller sections, the direction of trans-
mission is capable of greater variation without sensible loss of sharp-
ness. II the array be divided into two sections this range is limited
to perhaps 3 deg. as in the case depicted in Fig. 14.  Although this is
very moderate, it is extremely useful in correcting for any errors in
the orientation of the supporting structure or possibly correcting for
deviation of the projected radiation caused by peculiarities of the ad-
jacent terrain.
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If the array is divided into four sections the rotation may extend
over a range of perhaps 9 deg., while for eight sections it may be 15 deg.
The final case of 16 sections of one couplet each permits of considerable
flexibility such as would be useful in operating with several distant
stations in the same general direction. [t should be pointed out, how-
ever, that the problem of making 16 phase adjustments each time a
station wizhes to change its direction of transmission is of considerable
magnitude. For the particular case illustrated above it appears that
the maximum rotation of the projected radiation is more or less pro-
portional to the number of sections into which the array is divided.
It may readily be seen from the two top rows of diagrams in Fig. 15
that continued addition of phasing amounts effectively to negative
rotation. This may also be seen from an analysis of the equation of the
diagram.

FieLps oF LINEAR ARRAYS

The successful use of an array of couplets to give unidirectivity
suggests that the use of more than two parallel linear arrays might
further be employed to advantage.® Obviously many such combina-
tions are possible, but one of some interest has been investigated
helow. As a concrete example of this variation of gain with arrange-
ment of arrays, a series of diagrams for 36 elements has been plotted
in Fig. 16. The condition of spacing and phase intervals between
columns of each of 14x has been chosen. The horizontal character-
istic i given for separations between rows of both 4 and !4 wawve-
length. The vertical characteristic common to these two separations
is also shown. The equation of the diagram is given in formula (17)
of the mathematical appendix below.,

It will be observed from Fig. 16 that the horizontal directivity is
for the most part only moderate, but approaches a maximum for the
condition where a long broadside array prevails, whereas the vertical
directivity is increased by increasing the number of columns in the
field. A substantial loop will be found near the rear of diagrams corre-
eponding to an odd number of columns. It is of further interest that,
as far as horizontal directivity alone is concerned, the optimum may
be derived either from a single array of 36 elements or from 18 couplets.
Considerations of both minimum interference and total gain, however,
make the latter preferable. These conclusions may also be reached by
more direct analysis.”

¥ 171, 5, Patent 1,643,323, John Stone Stone, September 27, 1917,
I ;“E]"m‘h;uemm consicerations of the directivity of beam systems,” Jour,
. E. E., &6, .
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STACKED ANTENNAS

Thus far the discussion has centered mainly around directivity
produced by placing vertical antennas in horizontal array. Added
gain may be had also by incorporating directivity in a vertical plane.®
This is frequently accomplished by arranging individual antennas one
above another with their axes collinear, and is sometimes known
as stacking. The fundamental principles of analysis are the same as
those already utilized. However, an approximate correction must be
allowed to account for the fact that the radiation from a linear oscilla-
tor increases from zero along the axis to a maximum in a plane per-
pendicular to the axis. The directional characteristic in planes passed
through and parallel to such a radiator is approximated by two
tangent circles.

Fig. 17 shows a series of directional diagrams indicating the re-
sults of stacking unidirectional couplets. The diagrams shown refer
to the plane passed through the axes of the two linear oscillators com-
prising the couplet. On each diagram is a unit circle corresponding to
a single point source.  Inscribed are the two tangent circles, represent-
ing the vertical directional characteristic of a single linear source,
Inside one of the tangent circles is the final directional diagram of the
stacked array. The ratio of the area of the tangent circles to that of
the characteristic diagram is given under each figure. This may be
regarded as a rough measure of the relative gain. These diagrams are
arranged horizontally in order of increasing number of couplets and
vertically in order of separation. It frequently happens in practice
that each radiator is approximately !4 wave-length long so it is con-
venient to utilize a vertical spacing interval also of }4 wave-length.
Consequently the second row of diagrams is probably of greatest
practical interest. In caleulating these diagrams earth effects have
been ignored.

In Figs. 18 and 19, the gain in decibels to be expected from stacking
couplets has been plotted against number of couplets and fractional
wave-length spacing. These values, like those for Figs. 7 and 8 above,
were calculated by integrating the equation of diagram over a sphere
of arbitrary radius. This was accomplished by use of equation (30)
below., On account of the limited data at hand, Figs. 18 and 19
should be regarded only as a convenient method of illustrating the
trend of the variables, These indicate that somewhat lower corre-
sponding improvements result from stacking than from increasing the
length of an array.

110, 5, Patent 1,683,739, John Stone Stone, September 11, 1928,
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Arravs IxcorroRATING BOTH HORIZONTAL AND
VERTICAL DIRECTIVITY

The gains of arrays combining both horizontal and wvertical direc-
tivity may not be simply calculated by adding the gains (expressed
in decibels) corresponding to elements arranged respectively along the
two principal coordinate axes. However, they may be calculated
except for earth effects by means of equation (26) below. Some cal-
culations of this kind have been made and the data are tabulated below.
They assume a total of 36 couplets which are arranged variously as
noted. In the first case all 36 couplets are arranged as a simple
horizontal array. The second case assumes that they are arranged in a

TABLE 11
Mumber of Couplets Numbsr af Couplets Galn over Single
““‘,.,H_,“.','."""“‘"" m:ﬁ;-:rtb:ll mﬂ-‘ﬂé:;:hﬁlinmnt
B w N G
36, . | 19.7
1B s e e e e e MY s e NwTita T 2 190
12, e e e | 1849
@, P s e 5 e e 18.8
B ] 18.7
W 2o Yo YT e e YaTae Wil aTeaTata q 18.6
. | 17.5

Fig. 1“—:‘.|.;-|-]..1m:-'.inmr: three-dimensional diagram. Linear antenna array with
rellector.  Aperture two wave-leagths by eight wave-lengths,

broadside rectangle two elements high and 18 elements wide. This
combination may be regarded as two arrays of 18 couplets arranged one
above the other. The third case similarly assumes three arrays of
12 couplets each. A separation between couplets of 4 wave-length
has been assumed throughout. The most economical arrangement of
such an array depends not only on the relative costs of real estate
and towers but also on feed-line losses and effects due to the proximity
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of the earth. The latter have specifically been omitted in this dis-
LSS0

Fig. 20 shows roughly the calculated directional characteristics of
a typical stacked array incorporating both horizontal and vertical
directivity, The planes passed through the diagram serve only as
convenient references to assist in visualizing the horizontal and vertical
diagrams. Earth effects of course, have been ignored.

APPENDIX

A general case of linear arrays which includes those used exten-
sively in short-wave radio work, consists of a number of sources equi-
spaced and equiphased along each of the three principal eoordinate
axes such that the space between sources is made up of rectangular
parallelopipeds with the individual sources located at each corner.
This may be regarded as N parallel planes each made up of N parallel
columns where each column is made up of » individual radiating ele-
ments. The arrangement is made more evident by Fig. 21. The
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Fig. 21—General case of linear antenna arrays,

usual conventions for representing three-dimensional space have been
adopted. We may designate the spacing between elements along the
x, ¥, and = axes, respectively, by ek, A\, and A) and their corresponding
phase displacements between adjacent elements along the three princi-
pal axes by T, BT and BT.

The distance from any point in space to a particular radiator is

Ruyn = R = (N = 1)A\ cos # (1)
— (N — 1)4) cos ¢ sin § — (m — 1)a) sin # sin é.
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Similarly the time phase of any particular element relative to the
origin is

Sawn = [(# — 1)b 4 (N — 1)B 4 (N - 1)B]T. (2)

The instantaneous value of the electric field at any remote point P
due to one of these sources is given by

Fo = A ma?f (ct = B} + b = A c08 P, (3)

where n’ = niN.,
The resultant interfering effect at a point P due to #" such sources
all of equal amplitude is given by

Er=n'Ed+2E{#[cos (§1—a) + cos (Y1 —a) + cos (f1— )+ - - ete.
+ cos (¥a— )+ cos (f2—du)+ cos (Pa—yh)+- - ete
+ cos (¥3—ya)+ cos (Ya—ys)+- - - ete.
+ cos (¥a—1—¥a) ] (4)

The summation above gives rise to three series as follows:

S, = (n — 1) cos 2x(a sin @ - sin ¢ + &)

+ (m—2) cos 2-2w(a sin 0+ sin ¢ 4 &)

+ (#—=3)cos 3-2r(asinf-sing + &) 4+ +--

4+ cos (w— 1)-2r(a sin # - sin ¢ + &), (5)
S, = (N — 1) cos 2=(A sin 0 - cos ¢ + B)

+ (N — 2) cos 2-22(A sin § - cos ¢ + B)

(N =3)cos3-2x(Adsind-cosg + B) + «--

+ cos (N — 1)+2x(A sin # - cos ¢ + H), (6)

5, = (N — 1) cos 2w{A cos # + B)
4+ (W — 2) cos 2-2x(A cos & 4+ B)
+ (N = 3)cos3-2n{dcos 0+ B) + -
+ cos (N = 1)-2x(d cos ¢ + B), (7)
such that
E = E@(n + 25)(N + 25,)(N + 25,). (8)
Each series is of the type

S=(mn—1cosx+ (n—2) cos 2x
+in—3)cos3x+ -+ +eoos(r— Lx (9)
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which 15 readily summed gpiving

. o T
sin? —
ﬂ+25_{msﬂx=—1}= E' (10)
(cos x — 1) it X
2
50
F_Eﬁinﬂr(ncuﬁ¢r~5inﬂ+b]

“"sin x(a cos ¢ - sin 8 + b)

sin Na(d sin - sin 8 4 B) sin Nx{d cos # + B)

“nrAsng-sn0+B) snrdcedtH = D

Reducing to common voltage level and including a term sin # to cover
the case of radiation from linear oscillators we have for the equation

of the directional diagram
_ sin nwla cos ¢ - sin § 4 b)
 noin w(acos - sin @ 4 b)

_sin Nx{d sinqﬁ*ainﬂ+§}l__ain Nr{dcos 8 + B)
Nenw(dsing-sin® + B) Nsinw(dcos 8 + B)

gin 8. (12)

It will be recognized that this equation is made up of four factors.
The first three account for the effects of the disposition of elements
along the x, v, and £ axes, respectively, while the fourth, of course,
accounts for the direction of radiation from a linear oscillator. This
is an equation giving magnitudes only. In plotting polar diagrams
from this equation negative signs have no physical significance, and are
plotted in a positive sense.

An examination of this equation shows that there are many possi-
hilities which allow radiation in preferred directions, and at the same
time limit it in others., Some of these are discussed below.

SPECIAL CASES
Hweassumen =2, a=4b=—}and B=8B=10

. _ gin (Nxd sin ¢ - sin ) sin (N=d cos )
~ Nsin (x4 sin ¢ - sin §) Nsin (rd cos §)

. nmi{:m¢~ sin @ — 1)+ sin & (13)

This corresponds to the practical case of transmission along the
r axis from an antenna curtain and reflector made up of N vertical
columns of N elements each.
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The equation for the diagram in the (X¥) plane may be had by
placing @ = =/2 piving

_ sin (N'wd sin ¢)

"= WNin (v sin ¢)

mﬁ%(ﬁmﬁ — 1) (14)

which is the equation of the diagrams in Fig. 5 above. The corre-
sponding equation for the principal vertical section may be had by
placing ¢ = 0 and ¢ = = giving

_sin (Nvd cos §) . =
"= Nein (=4 cos EJE!TEIE(HIFI. §—1sing

ani " (15)
, _ sin (Nrd cos )
~ Nsin (vA cos #)

m%[&inﬂ'—!— 1) sin @

which is the equation for the diagrams of Fig. 17.
The diagram of a single linear array of point sources is specified
by the first term of equation (12) where § = =/2 or

=sinn:[ums¢+b]n1
nsin riacos ¢ + &)

(16}

The diagrama of Figs. 3 and 4 above may be calculated from equation
(1€) by placing # = 2 and » = 16, respectively. This also agrees with
Foster's equation (1), page 3G7.2

The diagram of a field of coplanar linear arrays such as depicted
in Fig. 16 above follows from equation (12) by placing N = 1, ¢ = }
b= —3land B =0.

If the diagram is to be restricted to the (X'F) plane, &8 = =2 and

§ m
_ sin (Nxd sin ¢) E'n(”E{m’ = ”)

"7 Wsin (xA sin ¢)

. (17)
ﬂsin(glfcm'-d- - I]I)
CALCULATED (3AINS FROM ARRAYS

The flow of power through each unit area due to an advancing
electric wave is given by the Poynting vector as
€
5= 4—;17 X H, (18}

where £ and I are vectors representing respectively, the electric and
magnetic components of the advancing wave.
! Loc. cit.
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For free space |E| = |H| so
- Lp (19
§ =B )

Now the total power radiated through a sphere enclosing an array

of sources is
Fics r:ﬂ:f:r - ;.'ff’ Et sin 8dedd. (20)
v 1] ]

A second system would give

—ff I‘”Efﬂnﬂdqﬂd& (21)

The radiated powers of these two systems might be so adjusted
at the source as to give equal fields at any point along a preferred
direction. A ratio of these powers, therefore, would be a convenient
measure of the relative directional properties of the two arrays. This
“test ratio' may conveniently be set up in terms of the equations of
the diagrams derived above. In which case

ff“r, sin Bdgdd
ff“ Fa® BN Edqbfiﬂ

If we assume all comparisons are to be made with respect to a single
linear oscillator the denominator reduces to 8x/3, so

r_—fj r.? sin Gdgdo. (23)

(22)

This ratic may conveniently be expressed in decibels, In which
case (7 = 10 logye 1/T is sometimes called the gain of an array.

If we are interested in the solid array shown in Fig. 21, where
n-N-N lincar oscillators, each having respective space and phase
separations of ak, bT°; Ax, BT; and A, BT, are arranged progressively
along the three principal coordinate axes, this becomes

- I sin? [nx(a cos ¢ sin # 4 &) ]
_ﬂ:rlj: s #sin? [riz cos ¢ sin @ + &) ]
_ sin? [Nw(d sin ¢ sin § + B)]
N7 gin® [x(d sin ¢ sin 0 + B) ]

] sin? [ Nx({4 cos § 4+ B
Ntgin® [ »(A cos 8 + B) ]

- sin® Odedd. (24)
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This integration has been carried out by R. M. Foster who has very
kindly placed the results at the writer's disposal. Only the final
result is given herewith:

| 3 n=l
N T '?jmlzi (n — k) cos (2wkb)- ({2xka, 0)

T ==

+

+ T}n; (N — K)- cos (2xKB)- ({0, 2xKA)

=] =]

"'ﬂww;l E (n — k)N — K)- cos (2z=KE)
- cos (2xkb)- (25 Bat 4+ K243, 0)
N=1 §—
+ﬂw, Y ;:-E: (N — K){N — K)- cos (2rKB)
«cos (2eKB)-Q(2xKA, 22KA)

3 a—1 §—

1
* m.m-,-.uE E, (# — k)N — K)- cos (2xkb)
+ cos (25KRB)-Q(2wka, 2nKA)
12 N W] A=

1
+ ?:’J‘I.".!"FIZE;.. it (n — k)N — K)(N - K)

+ cos (2xkb). cos (2w KB)- cos (2xKB)
((2xVEa® - KOAR, 20KA). (25)

VWhere the function

xl . =12 T3
MNx, ) = Wﬁm (Va2 4 9% 4 {f—_J_J%L'uﬁ (Vx4 )

xt — 1yt T
T @ T ppnn (V" + 5. (25a)
In particular
O, 0) = 2% 4 . (251)
and
2¢c 2 si
00, %) = = 5=+ 2525, (25c)

Special Cases

':.”." we assume # = 2, a = t:b=—=4%and B = B = 0, the test
ratio 15 given by
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1 3 &=
Ty = m+h'_’ﬂf L (N — K)-Q(2xKA, 0)

+'2NN’ E (N — K0, 2=KA)
;WMEI‘:Z. N —EK)N—-K)-Q(2«KA, 1=KA). (26}

This, like equation (13), corresponds to the practical case of
transmission from an antenna curtain and reflector each made up
of N vertical columns of N elements, all driven in the same phase.

(2) If we assume that no stacking is involved, then N = 1 and we
have for the test ratio for N couplets

"y = o o £ (N 2rKA, 0
Ty = ﬁ+ ﬁr,;;_.;( — K)-Q{2xEA, 0)

1
T IN IN'

Fo-n (924 @

+ cos 2eKAd gin 2wK A
(2aKA)? (2w KA )

This equation was used in the calculation of the data given in
Figs. 6, 7, and 8.

{3) If we wish to apply equation (25) to the case of a single array
of N linear oscillators driven in phase we have n = N = 1l and B = 1,
S0

H+J"'F E (N — K)-(N2xKA, 0), {28)
which differs from eguation (27) by a factor of two. This indicates
that an array of N equiphased linear couplets gives twice the field in
the preferred direction as received from N equiphased linear elements
radiating the same power.

(4) Applying equation (25) to the extremely simple case of one
couplet, i = 2,a = }, b= —}and N = N =1 and

Te= 14 (29)

(5) We may calculate the test ratio for a single stack of linear
couplets (earth effects not considered) by placing N = 1,n = 2,a = 1
b= —1} and B = 0 and get

1, 3 A= =
T =2-—N+H,,E:{N—R}-Qiﬂrﬂf ]

13 cos (2sKA) _sin (2vKA)
“IN T WA “"r K)| —@ekay — @ekap | O
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This equation was used in calculating the data given in Figs. 18 and 19.
{6) The test ratio for the case of the rectangular array of sV

elements discussed in connection with Fig. 16 may be calculated by

placing N = 1,a =}, b= — tand B = 0. [n which case

1 3 N=1
T = L+ 35T W - K)-0(2rKa, 0)
3 w1 ) . fier
+ﬁﬁgm—kym&Tu@QTn)
ﬁ N—1 n—1 k'
3 i, 2, (0~ B = B -eos (57

: g( zfﬁuf% 4+ Ku4e, ﬂ) . (31)

AREAS OF DMRECTIONAL DIAGRAMS

In general, the areas of directional diagrams may be calculated
from their equations by the usual integration methods, The special
case of N couplets in horizontal array, such as used rather generally
in practice and shown in Fig. 5 above, is of sufficient importance to be
given here.  The area of the diagram in the (X'Y) plane is

5= hi,. [g +§§ (N = K) - Jo(2xKA) - cos ETR'E]- (32)

This equation was used in calculating the data given in Fig. 5.
The area of diagrams in the horizontal plane due to a single array
of ¥ oscillators is given by the equation:

2 TN, M3
5= yoi [.2_ + IEI (N = K) - Jo(22KA) - cos Irﬁf.ﬂ'] *(33)

This differs from equation (32) by a factor of two and indicates that

regardless of whether the gain is reckoned by an integration over a

unit sphere or in terms of the area of the horizontal diagram the effect

of the reflector is to double the radiated field in the preferred direction.
Placing N = 1 in equation (32)

5=1 (34)

This is analogous to equation (29) above.

* R, M. Foster, " Directive diagrams of antenna arrays,” Sell Svs, Tech, Jour,, 5,
307; 1924, o
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ARRAYS OF ARRAYS

Each element of a generalized linear array, such as shown in Fig. 21,
may be replaced by a generalized array, thereby preducing an array
of arrays." It may be shown that the resultant is given by an array
factor, representing the characteristics of individual arrays, times
other factors representing the relative position of the individual arrays
in the array of arrays. A derivation analogous to that beginning on
page 22 results in the equation

sin #' w2’ sin ¢ 4 0')

"3 sin wig sin § + )
gin Nwid’ sin & + B'] g N'wl(dA” sin ¢ B"]
"Nsnwdsng+ &) Nsne(d'sing+ 8)'

where a's, A'x and A'\ are the coordinate spacings between arrays and
¥T, B'T, and B'T are the corresponding phase intervals, and r repre-
sents the characteristics of one of the individual arrays. If each array
is of the type shown in Fig. 5, r is given by equation (14) above.
Placing n' = N' =1 and N’ = 2 also n = 2 and B = 0, the above
equation reduces to

R=r

(33)

sin N's(A'siné + B') sin Nx(dsing) v,
Nensldsng+ B) Nenwx(dsing) (1 —cosg), (36)

which is that made use of in calculating the diagrams in Figs. 14 and 15.

R =

BIBLIOGRAFHEY

Sources with extensive bibliographies:
Walter, L. H., " Diirective wircless t:]fraph:r'," 119=121, 1921,
Beverage, H. I-I Rice, C. W., and Kellogg, E. W, “The wave antenna,' Trews.
A. I, E. E., 42, Els—lﬁﬁ.tthrua.rr. 1933,
Zenneck, J. and Iiulﬂ:i , "' Drahtlose Telegraphie,” 486-508, 1915,
stud

E-mith-Hn:ﬂ:. [ | v of radio direction ﬁnrlmg" Radio Research Board
ial Rept. No. 5, 1?31'
Keen, " Wireless direction hnding and directional receplion,” 431-467, 1927
3|:l Edltmu}
Smith- K. L., " Radio direction hading by transmission and reception,” Proc.
J'. R. E. 1'.“' 43.5-45'3. March, 1929,

1926

Bellini, E. ']'..aram'bﬂ.té de la tékgraphie sans fil dirigée 4 grande concenteation,”
L'e ef., 5, 475=-483; September, 1926,

B-unlach Ijm..-,mty;h van M. A, “Die Etmhl'ung der Komplizierten Rechtwinkeligen
Antennen mit Gleichbeschaffenen Vibratoren,” Ann. d. Physik, 81, 425-453;
Oectober 18, 193246,

Catterson-Smith, J., “The characteristics of beam transmitting aerials,” Jour.
Tudian Tasl, Sci., 9B Part 2, 9=19, 1926,

CI'&:&'QI;;I" " Transmission en ondes courtes,” L'Owde Elect., 5, 237-262; June,
JLU

¥ Bailey, Dean, and Wintringham, Proc. I. & E., 16, 1694; December, 1928,



GAIN OF DIRECTIVE ANTENNAS 23

Esau, A., " Richtcharakteristiken von Antenpenkombinationen,” Zeils. . Hachf,
2V, 142=150; May, 1926; 28, 1-12; July, 1926; 2! H':"—IEIE December, 1926,

Foster, K, M., " Directive dmgramn of antenna arrays,” Bell Sys. Tech. Jour., 5,
191—30’]’ April, 19218,

Metsaner, A, ﬂl:u:r Raun‘ﬂri.hl.un;." Zeils, f. Hochff,, 23 TE-82; September, 1926,

Murphy, W, “Epa-ce characteristics of anternae,” Jowr, Franklin Inst, 201,
-HI—-HE ﬁm 1926, .

Tﬂti-'l'll"l::;:fft E "mué' "Konstruktion der Radiospicgel,” Zeits. f. Hechf,, 28, 117-120;

ober, 1 .

Uda, 5., “On the wireless beam of short electric waves,” Jowr, I. E. E. (Japan),
Mo, 452, Part 1, 273-282; March, 1926; No. 433, Part 11, 335=351; april,
1926; I'-Z-:I. 456, I’a.rt IJ:[, Tl!—'.'i‘i: _Iul_-,', 1926.. i

Yagi, ]-I- and Uda, 5., " Projector of sharpest beam of electric waves,”" Proc. Tuip.

|:Tnh:|u-:| 2, 49-51; February, 1926,

— 1 [mp:nnl wirehess :nmmunn:atmn = Ei.n::rmm: o6, 62-63; ;amm 15, 1926,

—— "lmperial wireless *beam’ communication,” E. Rew, 00, 709=T12: October
29, 1926; 99, T49-751; November 5, 1926,

1927

Blandel, A., " Electricité—Sur les procédés de répérage d'nli:uzmzntdpar bes ondes
hertziennes et sur les radiophares d'alignement,” Compler Kendns, 184, 560-
565; March 7, 1927.

Blondel, A, " ricité—Memarque au sujet des émissions hertziennes dirigdes,"
Comples Rendus, 184, 923-925; April 11, 1927,

Bouthillon, L., *Inclinaison des ondes et systémes dirigés," Comples Rendus, 184,
190-192; January 24, 1927,

Chireix, H.,, ' Nquv:lluantennt mmcttwumplfpuurlundnmurt:. . 5 T Framgads,
8, 43-46; April, 1927, ¥

E.::I.:Hult].', T. L., English patent No. 303,733, [prn-wmm’cn in or relating to
aerinl systems for wireless HIEI'I.-EJII'IE’. wcation date, November 18,
111'2?

Ezau, A., " Vergriserung des EmpEan sberciches bei Doppelrahmen und

]:urdmmnumdnungen durch Loniometer,” Zedls. . Hochf,, 30, 141-151;

ﬂ:uvtmhcl:. 1927. ] _ i

Fleming, J A ApFumeﬂE theory of the flat projector (Framklin) aerial used
in the Marconi beam system of wireless telegraphy," Exp, Wircless, 4, 387=
392; July, 1927.

(areen, E_, J;' Itulat;nn of the polar curves of extended aerial systems" Exp
Wirgless, ll. SBT-304; October, 1927,

Hémardinguer, P, Transmissions radioélectriques par ondes dirigées,” Nalure
(Paris), 55, no. 1760, 407—413; May 1, 1927,

Lee, A, G, 'At herics and transatlantic telephony—A new directional polar
curve," Exp, Wireless, 4, 757-759; December, 1927,

Meissmer, .ﬁ.,, - Hh;hmmhlun mit hnri.-zmtalm Antennen,” Zeits. f. Hochf,, 30,
77=19; September, 1927, “ Directional radiation with horisontal antennas"
Proc, &, K, E, 15, 928-934; November, 1927,

Meissner, A., " Haumstrahlung von Herizontal—Astennen,” E. N, T., 4, 482-
486; November, 1917, — B i

Mesny, K., “Electromagmetic radiation,” 'ijds. Nederlond, Radivperootschap.,
3, 4566, I:hruar_-,r, 1927, _

Mﬁn}. R, ° Fmissions dirigées par rideaux d’antennes, antennes en grecque,”

Onde Elocr. 6, 181199 ‘uaz.r, 1927, .

Murphg.r, W. H., "Eﬁ.ﬂ characteristics of antennae,” Jour. Fromklin Insi, 203,
289-311; February, 1927, ) )

Plendl, H., *Berechnung von Richstrahl—Antennen,” Zeits. f. Hochf., 30, 8082,
September, 1927,

Standard Telephones :md Cables Lid,, English patent No. 307 448, * lmprovements
in aerial systems,” a’l.ppllﬁ‘tm date, December 7, 1927,

Stone, J 5. . El. patent No. 1,643,323, " Directive antenna array,” September 27,

Uda, 5. W:relum bearn of short electric wawves,” Jonr, I. E. E, 'Ui. n), WNo. 4612,
IV, 26-51; ]ai% 1927; No, 462, Part V, 52-62; January, 1927:
Mo, Ib.S, Part ".’1r - .-‘npn-l. 1927; No, 467, Part 1|-fII. fl.Z 4; June,



04 BELL SYSTEM TECHNICAL JOURNAL

1927; Nao. 470, Part VIII, 1092-1100; September, 1927; No. 472, Part IX,
1209-1219; November, 1937, Written in Japanese with English abstract,

Uda, 5., “High-angle mdiation of short electric waves," Toholku Univ, Technol.
Resrmi. T, 25-32; 1927; Pree. I. K. E,, 15, 377=-385; May, 1527, .

—— "Ehort-wave beam transmsston—Equipment of the Marconi stations at
Grimshy and Skegness," Elecirician, 98, J19-320; March 25, 1927; 08, 378~
379; April B, 1927, 1928

d'Ailly, . H., " Théorie du rayonnement de b beam antenne,” Q. 5. T. Frangais,
9, 14-1%9; ,B.:;E 1928; 9, 36-39; July, 1928,

Bailey, Austin, n, 5 W., and Wintringham, W, T., “The receiving system
far ~wave transatlantic radio telephony,” Proc. I. . E., 16, 1645-1705;
December, 1928,

Béhm, 0., “Die Bondelung der Energie kurzer Wellen," E. N. T., 5, 413-411;
November, 1928, . ; o

Bouthillon, L., “La direction des ondes inélectriques; Idées et réalisations
récentes,” Bull, de la Soc. Fi daz . 8, 657T=679; July, 1928,

Bouthillon, L., "La direction des radioélectriques,” Le Génde Cimil, 92, 623;
June 23, 1928, S

Burnett, D, "Directional properties of wireless receiving aerials,” Proc. Cam-
bridgs Phil. Soe., 24, 521-530; October, 1928, )

Cluire w "Un systéme frangais d'émision 4 ondes courtes projetées,” L'Onde

Chiceix, To" “Lisisons radiscéléphoniques & grande di ond

ireix, H., “Liaisons radiotéléphoniques i gran istance par e8 courtes
projetées,” Bull, de la Sec. ﬁ"ﬂ.ﬂ; dey Elect., B, Ml: July, 1928,

Clapp, J. K. and Chinn, H. A, “Dlreﬁiumlrimficmﬁ of transmitting and re-
ceiving acrials,” @, 5, T, 12, 17-30; March, 1928, .

DMeckmann, Max, “Strahlungsdichte und Emplangsfliche,” Zeits. f. Hockf,, 31,
B-15; January, 1928, .

Franklin, C. 5., English patent No. 311,449, “ Improvements in or relating to aerial
systems,’” Iﬂﬁflﬂtiﬂn date, February 11, 1925, i :
Franklin, C. S., English patent No. 310,451, ¥ Improvements in or relating to wireless

telegraphy and E‘Eltphﬂ-l'l}' and aerial systems therefor.” Application date,

Januagl 191 )

Galetti, R. C,, German patent No. 460,270, “ Reflektor lir elektromagnetische

Wellen," May 29, 1928,

Gothe, A., “Uber Drahtreflektoren,” E. N, T 5, 427-430; November, 1928.

Gresky, G., " Die Wirkungsweise von Reflektoren bei kurzen elektrischen Wellen,"
Zeits, f. Hockf,, 32, 149-162; November, 1925,

Kato, Y., " Directivity of the saw-tooth antenna,"” Jour. I. E. E. (Japan), No. 480,
706-711; July, 1928, _

Koomans, M., Englis patent No. 198,131, " Improvements in of relating to directive
gerials."’ lication date, EePtemh-er , 1928.

Marconi, G., " Radio communication,” Proc, [, B, E., 16, 40-69; January, 1928,

Moél, Kobert, "La radistéléphonie ﬂ' ondes courtes p premidres
-:tt&r;lémuuimtium cntre Paris et Alger,” Le Génie Cimd, 02, 373-379; April 11,
1 -

Pistalkors, A., " On the calculation of the radiation of directional antennae and
on the radiation of a simple antenna in the presence of a reflecting wire,"
Teleg. i. Telef. b. Prow., 10, 540; October, 1928, .

Radio Corporation of America, French patent No. 648,548, ' Perfectionnements
aux systémes pour la réception d'énergie radiante,” A 14, 1928,

Radio Corporation of America, French rmnt Mo, 635,778, * Perfectionnements
aux systémes pour la transmission d'énergie radiante,"” December 2, 1928,

Seandard T;:fl'mnea and Cables Lid., English patent No. 319,055, *' Improvements
in aerial systems,"” J'F?Plﬂtiﬂ“ date, June 15, 1928,

Stone, ]. SEHLT. . patent No. 1,683,739, "Directive antenna array,” September
11, 1928,

Turlyghin, 8. I, “Transmitting aerials for beam stations,” Vesmik Flekirotech
(Moscow), p. 69, February, 1928, ) o

Uda, %, “On the wireless beam of short electric waves: High-angle radiation of
horizontally polarized waves," Jowr. I. E. E. (Japanj, No. 477, 395-403;

Agpril, 1928,



GAIN OF DIRECTIVE ANTENNAS 05

Uda, 5., “On the wireless beam of short electric waves," Jour. I. E. E. (Japan)
{Ii'trprml'. No. 20, July, 1928,

Walmsley, T., " Polar diagrams due to plane aerial reflector systems,” Exp, Wireless,
. 5?5—57? October, 1928,

Wells, N., “Beam wireless telegraphy,” EL Rer,, 102, Part [, 808-902; May 25,
IQIE 102, Part 11, 94 Je une 1, I'HE

Wilmotte, R. :l.-'[., “General considerations of the directivity of beam systems,”™
Janr, I. E. E., 66, 955-961; September, 1925,

Wilmotte, K. M., "Th..- nature of the field in the neighborhood of an antenna,"
Jour. I, E. E,, 66, 961-967; Se Emhtr. 1928,

Wilmette, R. M. and McPetrie, J. " A theoretical investigation of the
relations in beam wystems,” Jowr. I. E. E., 66, Nﬂ—ﬂﬂ ptember, 19

Yagi, ]il_1 “Hﬁ;ﬁ transmission of ultra-short wawves,"” Proc. i k. E,, 16, T15-T41;
une, .

—— VEmissions radiotélégraphiques dirigées,”" L'Industrie Elect., 37, 341-346;
August 10, 1928; 37, 2-3'? ; August 25, 1028,

1929

Beauvals, G, " Les ondes électriques trda courtes (15 & 20 centimétres),” Rev. Gén.
de ' Elect., 25, 393-394; March 16, 1929,

Bechmann, von "Bereﬂnun der Strahlungsdiagramme von Antennenkombbi-
nationen,” Telefunben Zeit:. No. 53, 54-60. December, 1929,

Cumgpbell, G. A, U. 5. patent No. 1,738,522, “Elcctromagnetic wave signaling
system,” December 10, 1929,

Chrr:u.'., H., “French beam system for short waves,” Bwll, de lo Sec. Frong. Rodio-

;ﬁgﬁ.?u 3, 79; May, 1929,
Chireix ‘rench system of directional aerials for transmission on short waves,”
E Wireless, 6, 235-244; May, 1929,
Gresky "R|d1.tq:hnra.kn:rmlken von Antennenkombinationen deren einzelne
Elemente in Oberschwingungen erregt werden,” Zeifs. f. Hockf., 34, 131-
140; October, 1929; 34, 178-183; November, 1920,
Hahnemann, W. German patent No. 474,123, * Einrichtung zum ru:htzten
Senden und Empfangen mittels elektrischer Wellen,” March 27
Kmmangl-.:gﬂ French patemt No. 660,639, “Antenne directive,” IcF:l*m'lm-j.r 19,
1
Mgthuu G. A., “The Marconi-Mathieu method of multiplex-signaling,” Marconi
'i" 13 April, 1929,
Mesny, H.. Lea andes dirigbes et leurs applications,” Reewe Scieniifigue, No. 10,
577=585; October 12, 1929,
Moser, W, * Versuche diber Richtantennen bei kurzen Wellen," Zeits. J. Hochf.,
34, 19-26; July, 1929.
Ostrouman, G A “A directional untuned short-wave receiving antenna,” Teleg. 4.
Telef. b, Prov., 10, 111, 1929,
Palmer, L. %, and Honevball, L. L. K., “The action of a reflecting antenna,” Jour,
I. E. E., 67, 1045-1051; Augum:. 1929,
Pistolkors, A., " Caleulation of radiation resistance of antennae composed of perpen-
dieular mu:lllatnm." Teleg. 1. Telef. b. Prov., 10, 33, 1929.
Pistolkors, A., * Radiation resistance of beam nnte'rmnn, "Proc. I R. E., 17, 562-57%;
March, 1929,
Sammer, von F., "IDMe Wirkungsweise von Drahtrefiektoren,” Telefunken Zeil,
Wo. 53, 61-T1; December, 1910,
Stenzel, H., Uber die Richtcharakteristik von in einer Ebene angeordneten Strahlern,”
E N i"' 6, 165-181; May, lm
Strutt, M. [j "’itmh]mtf von Antennen unter dem Einfluss der Erhmlenmﬁn
schaften,” Awn. d. Physik, Series 5, 1, 721-750 and 751-772; April 6, 1
Serles 5, 4, 1-16; January 18, 1930,
Villem, M. R, © La laison ra,d|mﬂ?:|hnmque Fana—Huenua J’ur:aﬂpar ondes courtes
rn]:t&:l " Bull, de Ja Soc. Fromg, der . B, Moo 08, 1107=1145; (ctober,
929,
Yagi, H., German patent No. 475,293, Einrichtung zum Richtsenden oder Rich-
ti:mpfnni':n April 25, 1929,



