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ABSTRACT
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dimensioning of directional antennas developed in the last few years
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SECTION I
ANTENNAS AND RANGES

By directional action of transmitting and receiving antermas
it is possible to increase the gain as compared to a single dipole,
The gain in performance by grouping as compared to the elementary di-
pole 1s the "gain'of the antenna. In place of this fgain® it is also
possible to make use of the effective surface of the anterma which
frequently makes the essential relationship appear more clearly.

As is known, the gain "g" is related to the shape of the
field strength diagram E{. 7 #) and permits us to caleulate it by

means of the integration of the diagram
L IT(E*dn (1
=7 E )

Eg is the field strength in the direction of the transmitter—re-
celver, A9 and P are width and length coordimates of a spatial
coordinate system and Ll =cos 7 ig the differential of
a spatial angle. (When speaking of "gain" as such without reference
to a pt;rt-icular direction, the maxirum value of the gain is always
meant.

In the era of the short wave directional antenna for trans-~
oceanic service the gain was very sujtable for estimating the effect
of stacking or grouping on the energy trangmission; as is discussed
in greater detail below, the gain is equal to approximately 1 in the
case of the uswmal dipole antenma. The concept of the antenna effect-
ive surface F is adapted to the newer antenmas such as parabolic
mirrors, horn antennas, alit tubular radiators, etc,, which are pre-
ferred in the decimeter and centimeter technicque. It (F) is co-
related with the gain "g" by the Formula

Fﬁii? g (2)
In the receiving case one can define the effective area also as that
area through which a plane wave transports just as much power as the
maximum which can be withdrawn from it by the antenna; namely, by

impedance matching. Therefore we frequently speak of "absorption®
surface rather than "effective" surface,

The effective surface is frequently related to the
geometric antenna surface in a very simple manner. In the case of
a Telefunken Tannerbaum antenna, which is the most frequently used
mltiple in Germany, the effective surface is exactly equal to the
rectangular geometrical surface of the antenna. The relation between



the effective surface F, and the geometrical area Fppom is called the
surface usability or efficiency of the antenna and Is econsidered as a
measure of efficiency of the grouping cbtained with an antenma of a
given geomeirical surface. With the concept of effective surface it
is possible to obtain a practical simple beam width formula,

For the energy balance of wireless transmission through
space, for example, the following formula is found

References 14, 15, 16. Ne= M"?._;} (3}

N¢ is the received power, Ng the radiated power, Fg the effective
surface of the transmitting antenna, Fg that of the receiving
antenna, r the distance between transmitter and receiver and A the
wavelength, It is obviously necessary that the engineer set up
rules for dimensioning antennas which are sufficiently real to be
usable in practice., It is shown that for the effective surfaces of
antenms which are large in terums of wavelencth liniting laws of the
desired simplicity are valid. Sharply bunching antennas which are
of special interest today are the large antenmas, and moreover, it
has beenr found that the limiting laws which are strietly valid in
Lhe case of large antennas are valid practically even in the case of
very srall antenmas, We have therefore set up the liniting laws
for effective surfaces and gains of our common antenm types.



SECTION 1}
‘DIPCLE DIRECT IORAL ANTERNAS

In the case of a lirge Telefunken Tannenbaum antenna (see
Fig. 1) the effective surfage 1s equal to 'the geometricsl antenna
surfegse, The gain per half weve dipole, in praotice, 1s teken as
1; with this male 1t 1s not important whether or not the dipoles are
fed 6r only rediation ovupled, The gain of 1 pesr dipols would in
Taot be expeoted if the radiation resistence of the dipoles connected
%0 the mtenna were not apprecisbly altered from the value of 73 ohms
- for a single dlipcle. Tn reality the dipoles have partiy. larger,
partly smaller rediation resistmnses than 73 ohms (Ref, 42} and only
in the middle of «ll dipoles the radiation resistance remains une
changed (Fig, 2). Bxmot oaloulation shows that for the radiation in
the onze of &« Tennenbmum antenna consisting of four dipoles the gain
psr dipole is equal to one within a fow percent, In the gase of this
kind it is not important that the amtenna be square, Appreociable
deviating values shown sre valid only for horisontal md vertipal
dipole arrays in which all of the dipolss are arrsnged in the same
straight lines either in the direstion of polarization or normally
thereto (Fig. 5). In e horisontel dipole array of N dipoles with
the usual distance of a half wavelength between neighboring dipoles

(2 = A/2) the following is valid

-4 N
9=3 (4)

Hefa, 35, 8, 9, Por oorresponding wertioal dipole arrey ths follow=
ing squation ia valid:

j"gz' N (5)

An long as the distanoe 4 betwesn neighboring dipoles is
sunll in somparison with one wavelength, it is true that the gein
depends only cn the length # » #& of the sntenna, but not upon
“the density of the losding with the dipoles, The gain per dipole
is represented in Pig, 4 as a funstion of &4 /) for vertioal and
horisontal arrays, Then antermas are arrsmged in an antemna group,
for example, as in the sbove mentioned arrays, it is known that e
polar diagram results which ie¢ formwed by multipliomtion of the
single mtemna disgrans by a diagram socarding to the group arrange-
ment. When the distance Betwesn neighboring dipoles in horizontal
and vertioal dipole arrsys is ssleated as squal to one wavelength
there is formed an suxiliery maximm in the group diagrem whioh
‘sattains the magnituds of the main mexioum, In the case of & verticsl
dipole arrsy a zero point of the dipole diagram is looated ewmotly
in the sntemms direotion in whioh the new high mexirum cof the group
diegram which atteins the magnitude of the nein maximmm, In the oase of
a vertisal dipols mrray a sero point of the dipole diagrem is logated
oxaotly in the antenna direstion in whioh the new high maximmm of the group



dlagram is located, but in the case of a horizontal dipole array this
is ot the case and this explains the difference bestween the two
curves of Fig, 4. The irregularities in the curves in Pig, 4 appear
cnly in the limiting condition of infinitely wide antenmas; for
finite antenmas the true curve deviates from the limiting curve in
the immediate vieinity of the irregular intervals in such a manner
that they are regular everywhere, ,

Apart from these irregular intervals the values for finite
antennas differ but little from those in the curves in'Fig, L. This
is showm by Fig. § in which the grin per unit figure of the antenma
is represented ae a function of the anterma width for horizontal and
vertical arrays with uniform current loading. The usability of the
limiting laws for rather small antenmas is also evident by incor-
perating in the limiting iawe for very large horizontal and yertical

arrays, with the usual distance d-% between neighboring dipoles,
the next term of an asymptotic series progressing by negative powers

of N,
(%)-i’--i-#'}ﬁ-q---—-— ti-«l—‘-.ﬁ--.-.--... (Horizontal)

(%)*:i'-%-{;?:"* T =“f"%—+-- - {(Vertical)

In a horizontal dipole array where olw= 1/:, it is mot necessary, as
in the preceding examples, to feed all dipoles in phase, but it is
possible instead to feed alternate dipoles out of phase. Then, as
is shown in Fig. 6, the main maximm is no longer normal to the
plane of the antemna but lies in the same plane as the antenma; in
this case there is obtained the same gain as is obtained with the
vertical dipole of equal width.

9=4N (6)

Up to this point we have considered dipole antemnas in
which currents of equal amplitude flow in all dipoles. In order to
obtain amaller secondary maxima than result from the assumption,
use is made of antenmas, the excitation of which is in phase but
decreases in amplitude from the center to the edges., In comparison
with an equally large antenma -which is excited not enly in phase
but also with uniform amplitude, there results a diminution of
effective surface which can be easily calculated from a distribution
of esxcitation amplitude J over the antenra surface. The effective

surface is, pamely, .
é
pu (749" -
[rde



where 08 is the surface element of the antenma and the jntegration
is to axtend over the entire antenma; ‘if the loading is not uniform
but consists of single dipoles whose Alistance from one ancther is
smller than one mavelength, then Bquation 7 is modified by sub-
stituting for the true discontinuocus lcading a uniform loading averw
aged ovér sections of one half wavelength, In the derivation of
Equation 7, there is further assumed a unilateral radiation diagram
¥hich is produced in the case of the Tannenbaum antenmna by the re-
Tlector walls, In the case of large antennas, in order to calculate
surface efficiency, it is therefore Dot necessary to first determine
the diagram from the current loading and from that the #in from
Bquation 1. It is much simpler to calculate directly from Equation
7 the galn or the effective surface from the loading (Refs, 1, 2, 3).
For example, assuming with Barrow and Chu that in a sector beam of
rectangular cross section which is excited by an H mave there exiats
a sinusoidal Mstribution along one cross-sectional side apd a uni-
form one exists slong the other cross-sectiomal gide, then there
results for horns which are not too small a surface efficiency of
0.81.

It should be once more emphasized that if nothing else is
said the rules for effective area and gain are the limiting laws
for antenras which are large in terms of wavelength.

If the assumption is cmitted that all the antenna elements
are excited in phase the effective area can im principle theoreti-
cally becoms much greater than the geometric surface. Ref, 11.

By amalogy with multi-pole radiators of opties it is even possible
to design antenmas which, with relatively small dimensions and with
bunching of any needed sharpness, possess effective surfaces which
will be as large as desired. However, antenmas whoss effective
surfaces are substantially greater than their geometrical surfaces
possess so extremely small radiation resistance that the transmitter
power is converted only into heat, so that, in apite of their great
#gain, these antennas are not usable, For example, there exists no
favorable current distribution on vertical antenna wires which
would lead to maximum gain with & given anterma height and wavelength
and this in spite of the fact that the literature occasionally de-
scribes such antennas. (Res, 28)

The dipole antennas employed in practice are in most cases
transverse radiators; that is, the main maximim of the radiation
diagram is normal to the antennas; in general, in this case what is
desired is uniformly strong and uniformly phased excitation of all
dipoles,

-

In this case a very definite type of diagram is obtained
which is essentially represented by &nx
5 for example, in a



horizomtal ' '
sontal array Py gz—gﬂhffﬂ"?

cos AP
S (%warnﬁ 0‘-"‘9) ) @

The first auxiliary maxinmum attains C.22, the second 0.11 of tue valus of
the dain maximmm, Betwsen the antenna width b = Nd and the two firss null
Polnts %o tue rigut and left of the main maximun lies the zero valus
angle 2¢

ze-/za'%- (5)

A type of diagram materially different from the above 1¢ obtalned by
alternate counter phage foeding of the dipsle,

Srn (fg'u'n_ﬁ cosﬂ-&gf) .
cosA2  (10)
.r/'ﬂ( "7'_‘! sin & cos A 'Fi-’)

If we assume at first ¢ = )/Z v thig diagram i3 of the type of
S/ X%

ths maximum lies in the longitudinal direction of the

X
anteina. In the case of the zero angle 2E the following equation is
valid

2F = 230‘}?1" .-.-./63'/}—)’&

(11)
1f d £ )/z thew is obtained 1i-gtesd the general dia-ram tyce
Sin &L [ x*4 a)
“A' (*+4)
Where y) {12)

a= g%

The effective area tncreases with the incresse of auxiliary lobes, 1f,
while msintaining a fixed anterna length b the digtances botween nelgh-
boring dipoles are reduced towerd a Wl wavelensth. This was fTirst
peintzd out ty Zinke (Ref, 40}, The *wo eff:cts ere shown in Fig, 7.

Im this coce the redin meximen no longer necresearile lles ia the
lorzitucinsl plews of the raternrn, The diacre of the di-electric entenna
descrised i. det~11 below. shows a close corrospandence with those treated

-
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by Yormula 12,

It is known from numerous measursments and especially by calculation
that non-uniform excitation of an antenna leads to smaller auxiliary lobes
than uniform excitation, provided that the center is excited more than the
edgen. It is frequantly pointed out that in the case of dipole antennas
s distribution of excitation according to binomisl cosfficlent lends to a
diagram without auxiliary maxima

505”(%’ In G cosa? )cosAT (14

Apert from the very Door surface utilization in largs antennas (n very
much greater than 1) it 1s net easily possible to ereate non-uniform lead-
ing of dipole antennas, &specially in the case of relatively wide
frequency bands. On the other hand the parabolic mirrors and horn
radlatorgs described in greater detail belew present non-uniform loading
with simultaneous copvenient feeding. They are therefore much more sult-
atle for the preduction of disgrams with small auxiliary lohes than are
dipecle antennas.

If 1t is desired to employ antennas, in which 1t is intended to
excite all dipoles in phase, for the productlon of broad frequency bands.
the wide frequency character of the diagrems can be obteired withonut
difficnlty by the employment of equally long feed lines for all dipoles;
on the other hand it is more difficult to obtaln wlde band cheracteristlics
by matching the antenna to the feeding cable. Very high requirements for
the precision of matching must be fulfilled particulaerly in television.
where reflections of & Plurality of imeges are displaced from one snother
by the transmission time ihrough the cable; also In the case of self
excited tranemitters there appear alternste frequency variations caused
by the balancing and unbalancing influences of lnadequats matching. these
rhencmena being obzerved the more easlly the greater the mis-matching and
the longer the cable between the trensmitter and the antenna. The trang.
misaion bend of one single dipole widens with the thiclmess of the dipole,
According to caleulstions by Schlayer. the band width of a single dipole
can be approximetely doubled by radlation coupling. whiles with severazl
radiatlion cowpled dipoles it ias Possible to obtain ahout T times the width
of a single band beem. Concerning compangsaticn and transformation connec-
tions greater details are given below.

With dipcle arter-ss which are latsnded to produce only a single
maximum 1t has beeu possible herstefore, in all cases, to obtiain adequate
wide bear preperties of dimgrams and impedences. While with eross begring
with two aliernste eonnacted diegrams this procedure did not always lead to
the desired results.

|
li
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SECTIONR III

PARABOLIC ANTENFAS

For the production of very sharp multisided bunching the radinlly
symmetrical parabolic mirror is especially suitable becanse it reguires only
a single fed antenna,

Tha surface efficiency of the parabolic mirror is smeller then 1 for
three reascns. that 1a, the effective surface ls smaller than the aperture
of the mirrer. Reference 18. If there is used as a radiator neer the
focus a fed dipole with a radiation coupled reflector. then the surface
efficiency is 0.65 at most. This ls so because first of &1l only & pert
cf the radiation sent out by the dipole radietion falls uoon the mirror,
the fractlon with optimum dimensions being 0.78; secondly the excitation
of the mirror is non-uniform, in the center of the mirror aperture the
higher radlatlon dengity exists and this as compared with uniform excita-
tion leads not only tc smaller auxiliary lobes in the radimtion dlagram.
but also to reduction of the effective surface. Thirdly, the prolongation
of the radiation entering the orifice is parsllel to that of the dipole,
only in the two mutually normal symmetrical planes determined by the
dipole the radiation of the dipole also prevailing in a distant up-strean
polnt cf the nirror axie.

The falsely polarized component contributes tc the distart dlegran
only outsdide the mirror axis and this resulte in an efficiency diminution
of the effective surface. The two last named defects explein the difference
between the two values Q.65 and C.78 ebove,

The most favorable dimensions of the mirror, with the prebunching
attainatle by meang of the dipole reflector combination requires a mirror
diameter ratio to focal length of @ ¥ 2. As shown in Pig. B it 1s not
necegsary tc maintain thedr valuss with very great precislon. If flatter
mirrors are used 1t is true that only a small fraction of the radiatiom
power falls ugon the mirror. Cn the other hend the.coverage (1lluminetion)
is more wniform and the falsely polarized component is weaker; cornditiona
ere then approached which prevall with a plane mirreor, 1f more highly
curved mirrors are used g larger fraction of the radiation power will fall
u-on the mirrer but lts coverage becomes poorer.

If sharper prebunching than is obtainable with the dlpole and
reflector. perticularly elso diagrams approaching conicel shapes more closely
than is the case in the above arrangement then 1t is possible expediently to
use even flatter mirrors snd surface efficiencies sre obteined which lie
0.65 and 1.0,

-G



If the predbunching is acoomplished not by the above arrangement but,
for exampls, by means of & horn radiator, the question arices of how the
nirror should be located with respect to the prebunching diagram and how sharp
this dlagrem should be.chogen, If it is made too shary 1¢ im trus that
almest all the total radiated power strikes the mirror but the coverage is
not uniform, If {oo slight prebunching 1s chosen these conditions are reverssd
4s & rule for the selection of prebunching, it is well to remember that the
mirror aperture, vertical to the plans of prolongation, must intersect the
predunching diagram at an angle at which the pover amounte to approximately

35% of maximum. (Fig. ©).

The effective surface is quite {nsensitive toward defocusing of radis-
tion, as introduced for the purpose of diagram control of focus.

If there exiaets cnly one dipole and reflection is neglacted, the
best surface efficlency 1s 0.375; the corresponding depth of mirror, as
measured by dizmeter to focsl length retio is equel to 4, and the focus lies
exactly in the plane of the mirror aperture which ie already known from s
work by Darvord (Ref, &},

411 of these statements are egain valid as limiting laws for large
mirrors or reflectors.

In the case of very flat parabdolas of uniform coverage density thare
are obtained the disgrams kpown from optices and corresponding to c¢circular
shajed tyse 27y (x)y where Jy 1s the Beasel function of the first order.
The first euxilisry maximum is smaller than in the case of the rectanguler
Tannenbaum'antenns and amounts to only 0.13 of the valua of the mein maxi-
mam (Ref.19). The dlsgram 1s somewhat wider than in the case of a horizontal
array whose length 18 eoum) to the mirror diameter. Both diagrame are
reprasented in Fig, 10. The diagrams which afe obtained for various mirror
denths, when o.ly a dipole without a reflector 18 in the focus, are
renresented in Figs, 11 and 12, In the equatoriel disgram normal to the
Plare of polarization. deviations appear only in the case of very deep
mirrors and th=s¢ corslst of relatively small auxiliary lohes of, for
exam:le, 5%, with e mirror parameter q= 0.5

2 = {4 x mirror sperture )2
mirr~r dismeter
In & meridional cicrram euxiliary lobes of less than 10% are obtatned,

The possitisity of medifying diegrems by radial defocusing is
Trequently of intersst. Witk very flat mirrors the diagram is displace by
“he same angls by whicn the dipolz is defocused, corresponding to a

-
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reflaction of light waves from a plane mirror, With desper mirrors the dia-
gram displacement lags behind this angle by the function of 1 '
atrTq
this formulae, however, is not valid in the case of very large defocusing.
The suxiliary lobe located in the side of the mirror axis increases rasidly
during radial defocusing. This aberraticn 1s known in optics as MEOMAY,
The disturding auxiliary lobe becomes smmller. the flatter the mirror., For
reflection from plane mirrors. the whole diagram is dlsplaced by the angle
of reflectlion while preserving its original form including the. heicht of the
auxlliary lobe. Moreover, the disturbing auxiliary lobe is smaller vhen
defocused in the meridional plane than in the equatortal plane. It 1a
recommended to mske the mirror as flat a3 1is possible without reducing the
efficiency and without inconveniently great focel length, end to gelect
¢ = 3. TFigures 13 and 14 represent 2 diagrems which are obtained ty
prebunching with a dipcle. with a radiation coupled reflector, q being equal
to 3. a radlation displacement of 3° being used ard & mirror of B0 wave-
lengths dimmeter being employed; the two figures represent the two defocusing
possibilities dlscussed above. %n the case of the more favorable defocusing
in the prlarization plens the auxiliary lobe attains only a velue of 20%.

The reaction of the mirror upon the impedance of a dipole in the
vicinity ¢f the focus is expressed by

R .1-3X, c._ﬁ(‘o (14)

g X,

where R, = resistance without mirrer

k= £ P = 2 x aperture
VWith large mirros the dlagram and the impedance beth posssas a broad band
characteriatic.

SECTICN IV
SLIT RADIATCHS

51it radietore were firat developed by Muth of Telefunken and Gebau
of the University of Jana. When sharp bunching is desired in gne plane
only and a substantially lese bunching 1s desgsired normally to the plane, it
18 passible to employ cylindrical paraboles which are exclted along their
foczl avis. The length L of the focel exls determines the sharpness of
the diagram in the plane of stronger bhunching, while the angle of the
aperture in a plane normal to the focal axls determines the sharpness in
this plane. A relatively simple feeding of the antenna le arrived at by
using in tha focus & unilaterally fed longltudinal slotted tubular condustor.

~11-



which has 1te slot and thereforw itersdiatiom tuwned towards the parsbole,
from which the radiatinn is refleoted, There is excited in the tubular
conductor & progressive Hy, umve, whose polarization is vertical to the
slot. If the tubular eoniuntor could be sxoited exmeotly with its limiting
wave Ag , then the fisld along the entire slot would be in phase, and
thersfore the mpximim of the radiation would lie norms) to the aperture
surface of the cylindrical parabolm, In prastice, it will be more

sxpedlent to select a wavelength A< ).’ , which 1s propagated along the tube
with the phase velocity

V= —.._g
/= 2
| 3)
where C - the velocity of light.
(Only approximate because of the slot.} While the shape of the diagram is

maintgined it leads to 2 diagram displaced by an angle 5’ from a line
normal to the mirrog aperture (see Dimgram 15.)

(15)

S/ ¢ =-E (Angles of approximately
-? v {16)
5,..300 are desirable).

By radlation losses the wave iz expenentlally damped as it progresases
along the slot. The helght of the slot determines the demping constant &
By making the total damping small SL &< 7 , it 1a possidle to attain a
condltion under which the progressive wave has nearly the same amplltude
at the far end of the tube se at the fed end. If the wave is absorbed in
an lmpedance it is trus that the coverage of the parabola becomes uniform
and the gain 1a a maximum but ths efficlency is poor. If the wave is
allowed to be reflected from the far snd, then a second strong maximum is
‘ebteined in the polar dlagram under the angle -_9 , and the power arriving
.at the far end goes over in%¢ this undesirable maximum, and must alsoc be
considersd as a loss, If the total damping is made large, & >> .7 :
then the entire powsr ls radiated off through the slot and ceontributes to a
single mein maximum; due to the non-uniform excitatisn, however, the "gain'
1a now too small. The product of surface utilizatlon and efficlency must
therefore reach ite meximum when the focel damping is of medium degree

is approximately equal to 1) and this product is materially smaller than
its theoretically maxiwmum value of 1, With more precise calculation,
"there is obtained for any desired length L of the focal axis, the mcst
favorable total demping /AL =/-TF  so that., with the best dimensioning



the asplitudes of the progroaiivc wave have fallen off et the far end by
30%. The product of efficiency and surface utilization attain then tha
value of .81 go that it doea not pay to employ irregular slots widened
toward the far end, as has been occasionslly attempted, in order to
evproximate veluss of Fig, 1. TPig. 16 shows that it is not important to
maintain precisely the value = L3 . An approximation of the reletion-
ship between demping and elot width with rectangular and clreuler cross-
sectlons of tubes 13 given by the followlng formules.

s *
BLl= sz": 7 "; [ Aectangles) (173)

ARZJ-aZyv"ﬁF;ﬁ;;%éifﬁ%zwébizﬁmf) (17p)

F »a area of the tube cross-section
h = glot width

Thess formulas are obtalnad by assuming that ths current distribution in

the tube iz not disturbed by the slot. except for the energy lost through
the slot. Ibp reality the radiation loss depends upon the current distril-
bution, especially on the outside of the tubs; the true damping should be
aomewhat greater than shown by the above formulas. Until the end of the
-war, however, there had been no experimental work done showing tha relatlon-
ship between the slot dimensions and the dsmping, nor, any adequate experi-
ments for determining the most favorsbls slot width.

Tor -the dlagram for the slotted radiator, there is obtalned the

following formula,
Gh—=cas (KL 31190
¥ (18)
iﬂﬂL}3+-(£2.aﬁvo¢ z 1

Where K = 2%' {number of waves)

of # the ancle calewleted from the direction of the maximum.

Tos long slote, there are obtained slot widths "h" of a few milli-
meters which are difficult to maintain, easily clog up under the influence
of weathar and offer poor insulation. These disadvantmges can bs avoided
by replacing the narrow 9lot and using orie side of a rectangular tube or
a grid (Ref. 20). and the damping conetant in this case can be calculated from

A3



itﬁ"uiith end spacing of the -1an§ntu} similerly as in the case deflection
. ‘#rids, which are hit by a plane wave at an angle & '

SECTION V
DI-ELECTRIC ANTENRAS
See Refersnoces 70 and 38

The di-electric antennas were developed by Mallach, Wegener and Zinke

in the Heinmrich Hertz Inetitute. The following presents the results of
their researches.

Di-electric antencas consist of slightly conical rods of circular or
rectangular cross-section made of di-electric materisls, ome end of which
is closed by e metallic surface as a reflector, an exciting dipole being
imbedded into the di-slectric in front of the metal surface.

In an infinitely long di~electric rod energy can be propegated without
lateral radiation loes, exactly ss in a closed hollow metal tube. This is
illustrated most smply by the example of an infinitely extended di-electric
losated between two rerallel plenes; between the limiting planes of the
di-electric a plane wave can be propageted by total reflection in a zig-zag
path without moduletion trovided that the wave hits the limiting plenes at
& sufficiently smell angle. See Refe., 32 and Flg. 17. If we designete the
angle of incidence, as the angle between the plane normel to the ware snd the
£lane normal to the limiting plene m¢ &  then the sine of this ansle must,
a8 iz well imown, be grester than the reciprocal of the index of refracticn,

Jim 5 of the dl-electric,

/
s Y > (19)

Qutgide the di-electric the field decreases exponentially with decreasing
dlstence & from the limiting plane, the decrease being proporticnal to

Tz .
e N (20)

The flatter therefore the incidence the greater 5’ the more rapldly is
the decrease of the field, and the mors ddes the fleld remain confined to
the interior of the di-electric and to ite immediate vicinity.
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Exactly as 1n the case of & metal tude or uchnnhr mm?ﬁ_
there results in the medium, dws o tu.perponuon of the fields reflected

from the two limiting planes, a wave, which pro;renu along the nutin.g
Plans witn the phase velocity,

V= —,:,—fj-,-—;-— BT

Vhen tns angle of incidence deareases from 90° to tpe limiting angle of
total raflection, thw phase welocity increases exactly from the walue of

S for infinite thickness of di-elestric, to the valus of the velocity
light in vacwwm C. The relationship detwsen V' and the layer thickness is
sasily calculated from the limiting conditions for the slsctromsgnstic fisld
at the limiting planes and it has been found that Va i for infinitely
thick layers and Ve £ for an infinitely thin laysr a3 had been first
predicted. A proper limiting wave as it exists in hollow metal condue-
tors, does not axist in this c¢ase., In round rods the relaticnship among
phass velocity, dd-electric constants and rod diamaters has basn ecaleulated
in principle by Hondros and numerically by Wegener (see Refs, 23 and 38),
The values obtained by the latter, which corresponi well with the measurs-
zents of Mallach, are reproduced in Fig, 18, They refer to the simplest
wave type which can be excited with a dipole; in the terminology obtained
from theory for hollow conductors, this wave type corresponds to the
superposition of an H} and an Ej wave, which, in contrast to a hollow oon-
ductor, are in this case not capable of ssparate existence,

A rod of finite length radiatss sphorical waves, its polar dlagrax
largely corrssponds to that of a horiszontal dipole slot with alternately
gounter phase feeding of tha dipoler oxcept that the dlstante btetween
nelghdboring dipeles is not squal to ' the vacwmm wave length but is dimine
ished by the factor . Thay have thersfors been slready discussed
in the sectlon on dipole antennas.

&nm—(casycaaﬂf—%)

cesad(22)
v (cpsycos,-ﬂ- '&)
The azimuth ” is here calculated from the rod axis in order that a
maximuk tekes place in the direction of the rod axis 5}'.—_- P and
L -2 e
L E-2) (23)

T
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must obviously be vdld, that 1s, the longer the antsnna, the sharper thersfore
the bundling, the less muat the phase velocity differ from thevelocity of
light and the smaller elsoc the conduction o the field through the rod as
exemplified by the plene problem discussed above. Moreover, the nupericel
results of Yegener show that with large di-slectric constants the phese veloo-
ity is even constant only in a relatively narrow wave band. Therefore
di-electric wave antennas have been predoninately constructed of materisls
sossessing the rather low di-electric constant of E= 2.5 (Trolitul).
According to experience when such a di-elec ic cong is used the cross-
section’of the rods must be greater than, E (6'-'-_2)" in grder that the
propogation of the wave may still take place.

It has been further found that the rods must be of a slight conleal
shape, becauss othsrwise there eppears &t the end which is not fed a con-
siderable wave reflection which results in strong auriliery lobee and
roflected radiation., MHaTlpck and ‘;um recommend that the crose section be
reduced from .25 to .1 3’(05-} )' In that cese. sccording to
Malloch, the measured disgrams correspond well with those derived from
Formula 22 which are caleulated under the sssumptiln that only a progres-
sive wvave, not a reflected wave, exists. According to the calculetione of
Weganer, angles of loss of the di-sleciric mey reach 5% without resulting
in poor efficlency..

In place of a golid rod it is alsc poesidle to make uae of thin walled
cylinders, According to practics the diemeter of the cylinder must lie
between.1 and Just over § vacwum wave length, and must therefore be greater
than in the cese of the so:';d meterial; the wall thickness must amount to

spproximately .J4 ‘(E-_z) -

It is true that greater bunching is difficult to accomplish with one
single radiator; however, di-electric radiators as in the case with dipole
can be connectsd into groups; in this case, on accoumt of the stronger
bunching of the single element, the dlatence between neighboring elements
can be greeter then in the cage of dipoles.

SECTION VI
HORN RADIATORS
Yee Refs. 1. 2, 3, 25, 27, 34, 36, 37.
Horn Radlators are particularly sultable for connecticn te concentric
1ines. As is known they do not make 1t possible to secure as much dunching

ge might ba desired and this is directly obvious by considering the limiting
case of optlcs. The literature shows wnenimity concerning their dimensioning
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but not concerning the surface afficisncy attainable by their use, A
summary of the various published messured values in Fig, 21 ehows large - -
discrepanclies. A messuring vprocess. described further later om, for the
direct measurement of absorption surfasces has not net been applisd to horn
radiatorg, -Since the coverage of horn radiatore is rather non-tniform,
values of less than one should be expected for surface efficiency-esven the
case of moderstdly large horn radiatars.

In order to obtain gharper bunching Telefunken used horn radiators for-

the excitation of parabolas while Blaupunkt commected horn radiators in
parallel arrays, ' -

SECTION VII
ANTENNA NEASUREMENTS

Polar diagrsm messurements were carried cut with apparatus of largely
automatic action. The antenna to be measured wae mounted as a tranwmitting
antenna on a rotating frame which was driven by a synchronous motor with
conatant angular veloclty.

A roceiver equipped for registering the dlagram was eset up at a
sufficiently great distance (4 ))& where d » dlstance, b = sntenns
width). The recelver—was likewisé equipped with a directional antenna
which was intended to reduce the influence of undesirable reflections.

In order 4o avold reflectioma from the ground the antennas were set up,
for exampls, on the roof of iwo opposite wings of a "U' ghaped bullding.
When 1t wes deeired to obserye for auxiliary lodea down to 54 of the main
maximum, the receiver wae equipped with a square law detector with a low
frequency amplifier; the reglstration of smaller auxiliery lohes was
effected by s recelver using linear detection., The disgrams were generally
drawn by logarithmic recorders (Neumann-Recorders), which possessed an
adjustable steady speed. Simultaneously angular marks were electrically
trangmitted from the rotating frame to the recorder. With such an
arrangement, amplitude ratios of 1000 te 1 could be easily detected,

Measurements of gain or surface efficiency cen be replaced only with
difficulty by measurementa of the diagrams. It is of course possible to
take the total spatial diagrams and to calculate therefrom the galn by
numerical integration; this proceas however, is so complicated that it
can be used only infrequently in practice when the disgrams of an antenna
type end the corresponding surface efficlency are as precisely known as
those of a dipole antenna, in which case it 1s sufficlent to check the
diggram in one or two mutually mormal surfacee.and, if it agrees with
expectations, to assume that it also agrees in the tntermediate directions
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end therefors possesses the estimated effective surface. In general,
however, messurements of the dlagrem in two places is not sufficient.

For exarrple, in the case of a large square Tannenbatm antenna, the disgram
13 identical in the two planes perallel to the aides of the square. If,
wevare of the true situation, one shownld attempt to complete the diagram
in the intermediste dirscfion by assuming it to be radlally symmetrical--
while in reality it is so only in the region of the main lobe-~then the
arror could bYe extremely large with increasing bunching, In thie case,
toe much radiation 1e assumed to exist outside the main lobe. and it 18
found, for example, with a side length of a Tannenbaum antenns ecumrl to
10 R that the surface efficiency is 0.58 instead of the true valus of 1.
The sherpar the bunching the more precisely (that is, down to smaller
shgolute vglues) would it be necessary to measure the auxilisry lobes.
becanse the main lobe t3em occupies cnly 2 small factloen of the tdml
spatial angle of 4 1T

As is known a comparison of the effective surfaces of two different
antennas requires only the easlly excited relmtive measurement of twc
voltages. As normal radiators of known effective surface, dipoles are
employed for longer waves; in the case of decinetser and centimeter waves,
"however, it is not jossible 4o obtein a dipele diaegram due to the
influence of the instrument wpon the diagram, Hef, 13. What, however. is
less generally wnown, is that by means of = relative memsurement of twe
voltages 1t 1s possible to carry out an absolute measurement of any deslred
antenna. The principle is illustrated in Fig. 19 . In the simplest csse
two identical antennsas are taken. One of these is matched to a transmitter
of interaml impedance, for example, Z & 70 otme; the other is matched now
to an ohmic resistance, alse of 70 ochus. The voltrze A formed at the
repistance 1a determined relatively 4o the volimge /“o , which is feound
vhen the trzasmitter and resistance are coupled directly without the were-
lass connection by way of the two antennas. If r is the distance between
the antennzs and A the wavelength, then the effective surface is

expregaad by
' AL
F=r7Y Z (24)

The relative rzasurerents of the voltsges is most precise when a swler-
heterodyne recelver ts used and the output volta~e of the receiver produced
by the two input voltezes A and A, are revwroduced with en internedlate
fraqrency measwwring transmltter The voltage retio can then be read
off from the voltage divider of the measuring trensmitter. In this procedure
the requirementa for precision matching are less.

The measurements of antenns lmpedances were carried out with straieht
concentric lines when high preaeision wes required:; with good measuring
lines (Lotoa) 2 wessuring precision of 1% could be obtained, These lines con-
tained interior leads of sround silvered ceramic tubes which sagxed only little

-]



undar their own welight, and wers supportsd only at the two ends of the
neasuring lead-in insulatad supports. Thnese supports were constructed in
such &2 way that they caused no mismetehing, The dsviation, caused by the
longltudinal 3lit of the messuring lsad, from the characteristic impedance
of the corressponding concentric cable, was detersined by the Neinks nods
displacement method (Ref, 31), In this method, use is made of a
geometricrlly pracise concentric lins of variable length, which is shorted
on one end, 1ls connected to the measuring lead in ths other end and has

no wlit iteelf, but is otherwise in exact correspondence with the dimen-~
sions of the measuring line; this arrangement was used as a resistance
standard and more particularly as s reactance standard, If the measurlng
1ine had exspctly ths seme characterietic impedance ae the unslotted line,
then the node displacement in the measuring lins would be squal to the
length of the connecting reactancs, From the variation of the nods dls-
placement from exact proportionality with the reactance length it 1s possibl
to determine with great precision the small change in the characteristic
impedance of the measuring lsad ceussd by the alit,

For the measurement of an impedance with regard to axplituda and phase
it is necessary, with a stretched line, to take account of the current
distribution in the line by means of = somevhat time consuming measurement.
Since this usually takes too much time with antenns matehing, Schmid
daveloped a clrcular woumd measuring Yead (AURORA) with a ateadily rotating
brush (SONDE) (50 cycles) with which the current distribution in the line
1s made visible as a stationary image on a Braun tube. With this 1t is
poseibtle to undertake rapid adjustments of antenna tuning, transformation,
etc.

If it 18 degired ito indlcate the amount of mismatching and not the
phase relation it ls possible to employ simple direct indiecating bridge
arrancements according to Buschbeck and Paul. The voltage between polnts
1 and 2 of the bridge arrangements drawn in Pig. 20 is given by

AL, Z-R
/2 =
z }z-m [V (25)
and is therefore only a function of the mismatching; with constant input
voltege V' the bridge instrument can be calibrated directly while mis-
patched. Similsr bridges can also be arranged with good precimion in the
decimater region, (KALLA).

SECTICH VILI
MATCHING PROBLEMS

Reletively complete information is avallable for the feoding of
dipoles. The necessity for matching, as is kmown, ls based on tha fact
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that the antenna impedance must de transformed b7 & loss free coupling to
the impedance of the feeding cable; at the sama time this elrecuit trans-
forms the spacific impedance into the complex sonjugate of the antenna
impedance. Although the problem is solvable for all fixed frequencies.

It cannot in principle be solved for frequancy bands o¢f any deeired width,
The existancs of the theorstical limit iz formed from an axtension of ithe
Towter rsactance theoren to cover any desired inpsdance, Refs, 12 and 16.
Toe rate of change of tne reactance is fairly definitely fixed by the change
of the effective rasistance as a function of frequency. If the mntenna
impedance is approximately represented b¥ a meries or parallel resonant
eirculi-—this corresponds to the current resonance of the centrally fed half
wave dipole, or, to the voltags resonance of ths cex:trally fed full wave
dipole--, and if the aquivalent oircle dlagram has ths daxping d, then,

no matter how many loss free conmestions are saployed, a matching is
possible only in tha frequency interval shown in the following formula:

Llmey Uiy {26)
Limay = 8 min’ < #
corresponding limlts can also be derived in the case of more complex
frequsncy relationships of antenna impedance,

It is therefors lmportant 1n the above two significant cawes to provide
the antenna with as great a damping as possible, For this two methods
sxist in the case of wingle dipoles. First, partioularly thick radiatore
are employed; second, the voltage resonance of the full wave dipole provides
& higher dsmping than the current resonance of the half wave dipole. With
egual slenderness ratios (the ratio of the total length L to the diameter #
the damping is greater in the case of voltage resonance (L ~~“ A )} by a
factor approaching 1.5 than in the case of current rewonance (L —~ /7 ),
The charmcteristic date of tubular dipoles in free fpace are reprssented in
Tig. 22. 1In the cass of ocurrent resonance, ths radiation replatance 1is
somewhat independent of the slenderness ratio and B 1s equal to 73 ohms,
The damping can be calgulatsd fropm the remistance and the frequency relation-
ship of the reacta.nce% and the resonant frequency &), by means of

¢t=--5§51335 (27)
wg’iw'

and this can be done both in ths case of cwrrent and voltage reacnance.
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The relationship in ths region of current Tedonance can be more or less
reproduced sccording to the line theory,

The sntenna has o characteristic impedance 2 which is given by

(800 Ref. 43) Z 5 (120 1,,% - 88} olms (28)

from which the damping represented in Mg. 22 1s calenlated from
4. % {Current resonpance! (29}

Por the effactive resistance at voltage resonance which devends praatly
upon the slendernese retic T.. there is fourd according to the line theory

Rw z_‘?_ ohms fSO)
196
See Refs, 21, 22, 29, 4, 39,

Also in Pig. 22 there are represented valuss calculated according to the
satisfectory Hallen theory,

The values obtained from the line theory sgree well with thege; yet
according %o Eallen only rather slender antennae can be thua treated.

Refa, 7, 24, 25, 41,

Both theories agree well with the messured velues drawn in. According to

the Hallen theory, the antenns damping for voliage resonence has slac besn
calculated (the line theory is of no use here), and these values heve baen
checked by measured values, Moreover, Filg. 23 represents measured shorten-
ing factors as a function of slenderness ratio for current and voltage
resonence. The shortenlng factor indiestes the mmount by.which the disole
length L must be shortened in relation to a half wave or s full weve radiator
in order that resonance, i.e,, disappearance of reactance, may come ebout,

Actually by coupling the antenna to & simple filter. a hzlf, or
better a whole T section in the case of current rescnence, or a A
eectlon in the case of voltage resocnance {Rsf, Wo. 5} the theoretical
vossible vend wldth of the antenrna 1s practieally achieved. The matching
equality resulting therefrom is represented in Figs. 24 gnd 25,

It is better to use. according to Puschbeck's procedure, dinolea in

voltage resonence, 1n which the longitudinal filter member is constructed
a9 an open nuarter weve line in the interlor of the tubular dipole, An
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example 1s represented in Fig, 28,

It has been more expedient toc employ, as far as posslble, assymmetric
lines, 80 that 1t is necessary to connect a symmetriring member to the
eymmetrical antenna. This ls shaped either as a loop or as a symme trizing
case, cee Fig, 2g, Treneformation from a fixed ohmic resistance to ancther
ohmic resistance independent of frequsncy can be theoretically accomplighed
for any desired band width with loss-free connections and have been carried
out in ypractice up to & frequency ratio of 1:6 so that the limitation of
bend width could always lie within the antenna, (bend width).

See R=fe., 24, 7, 35,

In the case of antennas with reflectors and of dlpole groups there
exists a further method of increasing the band width which waa first des-
cribed by Kauffman. Redligtion coupling can be utilized for wide band
matching. Distences of between rediator and reflector are
recommended. According t9 caleulstions of Schlayer the band width of the
single dipole can be approximately doubled with a reflector and can be tripled
with several dipolss.

In the cmse of hollow tubes & funnel can be used as an antenna.
Prcoblems of matching can, to a grert extent, be solved according to the
seme mathods as in the case of concentric lines. In practice when using
the relatively narrow freguency bands (with centimeter waves) no great
difficultiee heve been encountered up to the present.

In the case of rotating antennas the transmisaion of high freauency
eneryy is always effected by capacity coupled collecting rings, which are
tishtly coupled egainst undesirable redimtion energy losses through Joints,
either aperledic by meens of high frequency iron or by meens of clesed cases.
The excitation of rotating di-electric¢ antemnas, or funnrel radiators, is
eccomplished by means of stetlonary asymptotic dipoles located in the axls
of rotation, these dipoles being constructed ms the extensions of the core
of the concentric cables,
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Flg. 1. Telefunken Tannenbaum asntenna with reflectors.
The geometrical antenna area which is equal to
the effective area 1a shown by dotted lines,

76.4 93 B8 86 93 75.4

59.9 €67.8 69.9 60.9 67,4 5O.9

64 79 744 744 79 64

Each value appears
64 79 744 74.4 79 64 symmetriecally

four times.

5.9 67.8 €89 649 678 59.9

75.4 93 B8 86 93 75.4

Fig. 2. The distribution of the radiation registance in
a 6x6 half wave dlpole array after Bechmeznn.
The dlpoles are arranged for direct Teeding and are
arranged in phase. Average resistance valve is 75 ohme.

EENEN

Mg.3 Horizontal Verticael
dipole array dipole array
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Fig. 4. Gain per dipole g/n for en infinitely long horizontal dipole .

array {solid) and vertical dipole array {dotted) as a func=
tioft of the distance d between neighboring dipoles. The
valueg are valld practically also for the finite antennaes

&/N except in the immedlate surrounding of the
. 8pots of lrregularity.

2 L
p ;/-7/_7/_74
3 1 L 1 1 d

0 2 3 4 5 R
8/6
/ 3 |

Norizonlal
z -
. Verfical
1 1 d/J
0 1 2

Fig. ©. Galn per unit length of the antenna with finite con-
tinucusly excited horlzontal and vertical arrays.

I+i+i4+1 +
S
ll\
% |
T

Fig. &, Diagram of two equelly long arrays of eight dipoles spaced
d = 2/2 with direct phase and counter phase feeding.
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Increase of the effective aree and secondary lobes in slternately
fed dipole arrays as a function of the spacing d of two nelghbor-

ing dipoles and of the length of the spntenns L. The curves are valid
also for di-electric antenna according to Mallsen snd Zinke,
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Fig. 8. Utilization of the Area of Tarnbolas
I. Dipnle and reflector spaced
IT. Dipole and reflectur spaced lojL
IIT. Diponle without reflector, 4
‘a} The fraction of the totnl radiated output which is fall-
lng upon the mirror,
- : 2 . 16 =2
q b4 x focal distaneel® & =3.°2
{mirror diameter}< ©
q is a wmeasure of the mirror shape;
q>>]1 means a plane mirror, at ¢ 5 1 the freal axlis lies in
the aperture plane.
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location of the
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Ve the diagram for pre-
bunching.
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I
40 0.75 0.50 0.28 0
FIG. 8.

Qutput diagram of ‘the combination of a dipole plus re-

Tlector which 1s used for the 1lluminstion of a pera-
bolic mirror.
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T. Dipcle array
II. Parabolscs
II1. B8lit radiators

Abscissae = Unit of angle
Crdinates ™ Field in-

tencity E
ir ¥y
s
72
Y7
10 oS o
Flgure 10. Fleld intensity disgrem of dlpole arrsys and of

continuously 1lluminated parabolic mirrors and slit

radiators of optimum dampin%zsz # 1.3 of the same
length.
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Fig. 14. 5iit radistor in 8 cylipdricel Fiz, 15, Shifting of the
paraboln,
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the norme: nxis of the slit
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Fig. 18. Phase velocity of s simple type of wave which
can be excited by a dipole onp d1-electric con-
ductors according to measuresents of Mallacn
end calculrtions of Wagener,
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Fig. 19. Principle nf ausolute measurement of effective
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Fig. 20, Calibrated bridge for
measuring impedance mismatching.




I. Round tubes according to
Southworth and King.

II. Circular funnel according
to Southgorth and King,
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I1I. Square funnel ucoordinr to

s Lamchen.
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IV. Sguare funnels according to
Stutzer, 2o = 20°

¥. Square funnels acoording to
Stutzer, 2~ = 40°

YI. Circulsr funnels according
to Schaeffer.

VII. Rectengular funnels asccord-
200, 1 Ing to Schaeffer,

Abscissae = Geometrical plans
Fgeom of the funnel opening,

Ordinetes = Utilizetion of
the aren,
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Fig. 21. Utilizstion of the area of horn radletors according
to measurements of varlous authors.
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Effective resistunce of dipoles 1n free space at the resson-
snce voltage Ry,, damping at the voltage resonence 4 and at
the current resollance 44 as a functlon of the slendsPness

ratio: Total length L

Diameter a
Fig. 22. Rpay occording to the line theory I and according
to Hallens ?Reory IT snd numerical cslculation of Rothe.

Messured values of Rj +
Measured values of duaﬁ.
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Flg. 22 a. Effective resis-
tance and reactance of short
wave dipoles in free space
acecording to the Hallen
theory as a function of the
slenderness ratio L/# and
the detuning ﬁ%o'
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Fig. 23.» Meesured reductlon factcr ot dipoles at voltage resonance
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Fig. 24, Feeding of a dipole driven in voltsge resonance to an L
section. Effective resistsnce of a digole Rg» Reactance of a dipole
X, Teactance of the sdded serles circult Xe © and resulting effective
resistance Ry, resulting resctance Xr. (d= gntenne damping)

Flg. 25. Resulting effective resistance and reasctance by feedlng ths
dipcle with a ¥ section. (d = Antenne demping)
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Fig. 27. Symmetricel Loop. Flg. 26, Symmetrical chamhe
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Flg. 26. Cowpensation of 2 dipole driven in voltege re-
sonance by a built-in A c¢ircult according to
Buschbecxk. 4
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