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For a long time, the series combination of a capadtig 2 a generator feeds a rod through a coaxial trans-
tance C and a radiation resistand&, serves as the mission line, during each half cycle it chas and sub-
equivalent circuit for the impedance of a short mon@equently dischges the rod in order to clugr it again

pole or dipole [Fig 1a). According to the theory of with reversed polarityThe rod is chged during the
Hertz [1], the radiation resistance of a lossless monfixst quarter cycle. When the generator voltage is at

pole over a conductive plangig 2) is maximum, the rod also carries maximum cfesif it
is short enough, i.e. ifit's inductance is negligible. For
R, = 1601¢ (h,/A)* [Ql. (1) this momentig 2 shows the electric field lines with

the chages at their ends [2]. Now the rod is currentless
The efective antenna heiglit,, theoretically equals and the engy supplied by the generator is almost com-
about half the antenna height, but for real antennagletely stored as electric eggrin the field of the rod.
is subject to relatively complex laws and strongly deFhere is only some small residual amount of magnetic
pends on the shape of the feedpoint and the conductemegy in space, especially close to the conductive
plane as well as on conductive or dielectric materiadane, because the chas on the plane do not come
in the vicinity of the antenna. &\believe that some of to rest but still are moving away from the rod. That
these influences are easier to discover if a better dividedgnetic engy is without significance for the imped-
equivalent circuit according teig 1b is used. Here a ance of the short radiator
parallel capacitanc€, is extracted from capacitance
C of Fig 1a which is calleddead capacitanceand When the generator voltage decreases during the sec-
which does not contribute to antenna radiation. &nd quarter cycle, the rod disches. During dischge,
remains a much smaller capacitaien series with the enegy stored in the field in the state bfg 2 is
a new and lager radiation resistancB,, which de- divided into three parts, which are delimited by the
scribes the infinite space as an absorber for the radiabedken lines. The field lines in region | migrate back
wave. The antenna is coupled to that space by capaoithe generator together with the aes at their ends.
tanceC, which we calbpace capacitancénteresting The electric field engy assigned to these field lines
is our finding that, with a physically sound definitionalso flows back into the generator at least towards
of C,, the "imaginary” real resistané®,, of space is the feedpoint of the rod, but not out into space. So the
largely independent of frequency as well as of thenegy which fills region | ofFig 2 at the moment of
length and diameter of the antenna rod. maximum chage is only temporarily stored there and

returned afterwards. Thus the generator delivers reac-
In paragraph 1 the physical explanation for the netive power and it is loaded by that region | as by the
equivalent circuit will be given and in a second paraapacitanc€, of Fig 1b.
graph it's frequency dependence will be described. In
paragraph 3 this equivalent circuit will also be usethis capacitanc€, is part of the antenna capacitance
for a receiving antenna with a voltage sodggeon-  C and it's magnitude can be derived from the electric
nected in series with the radiation resistagaccord-

ing toFig 1c. .
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Our considerations are based on the time-depent

course of wave detachment in the near field of a i uu
antenn"_" Wh'Ch has be_en calculated py Lgndstorfer Hb 1. Equivalent circuitsfor theshort radiator asatransmitting
and which is also available as a motion picture [3]. l@and b) and receiving (c) antenna.
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Fig 2. Electricfield of ashort rod antenna at the moment of maximum chargewith 3 regions delimited by the broken lines;
region |: dead capacitance C,, region 1. space capacitance C,, region I11: real resistance Ry, A section between two field lines
isshown hatched.

T
|

R}

H

1
i —
Fig 3. Temporal development and tearing up of a field line. generator decreqses with increasing dlstanc_e, so these
chages are moving on outwards. Curve 1Fiys 2
and 3 shows the same momentary electric field line
field of Fig 2. The field enegy W, contained in region which is outside of region I. The other curvegig3
lis labeled with numbers in ascending order depict the

temporal development of that field line during dis-

W,=C, U, 2/2 chage. In the course of that and according to [2], the

field line tears up by bending down at first (curves 4

whereU__ is the voltage between the rod and the come 6), then touching the plane (curve 7) and finally
ductive plane at the moment of maximum voltage idividing into two parts (curves 8 and 8'). The part that
Fig 2 and which for short radiators is almost equal fasticks to the rod moves back to the generator (curve

all electric field lines. It follows that 9", the other part travels out into space (curve 9). The
arrows indicate the motional direction of the ¢fesr
C,=2W,/U_2 (2) on the ground plane.

andC, can be calculated frow, andU__ as soon as Fig4 again shows curve 1 fgs2 and3, a field line
the electric field ofig 2 is known [2]. in the state of maximum antenna dj&r Electric
enegy resides in the area of that field line. The curves
The field lines outside of region | iRig 2 suffer a of Fig4 emanating from that line show paths on which
more complicated fate. During disclgar, all the that enegy subsequently flows. Parts of the eyer
chages on the rod move down and back into the geflew back to the generator (curvad,c,d. They are
erator The negative chges on the conductive planedelimited by the broken curve which emanates from
are subject to two ddrent influences: Firstlythe a point P on field line 1.d'the right of curves, the
generator tries to pull them back to the feedpoint durirepegy paths lead into free space (curdaggh). All
dischage. Secondlythey are driven by their own field lines which are outside of region IFig 2 at the
inertia to continue their outward motion. For thanoment of maximum chge have such a characteristic
chages on the plane which are outside of region | ipoint P All these points together form the broken
Fig 2 inertia predominates, because the pull of theorder line between regions Il and Ill. That part of the



enegy of any field line that lies between it's point F
and the rod irFFig 2 flows back to the generator ant:
represents reactive power which fills region II. Thi|
part that lies between point P and the ground plel
flows out into space and fills region Ill. Looking a|
any sector between two neighbouring field lindsiq l;
2 (e.g. the hatched area), we can replace that par |
the sector lying in region Il by a storage capacitan I
and that part lying in region Ill by a real resistance. _ _ o
Then we get the equivalent circuit Bfg 5a for the Fig 4. Pathsoftheepergleswhlch ar_elocat_ed on field linelat
. . . .. themoment of maximum charge (Fig 2). Line e separatesthe
impedance of the rod with parallel series combinationgy ies which travel back to the generator during discharge
of R and C and with every series combination defrom the energieswhich travel out into space.

scribing the impedance of one sector between two

neighbouring field lines.
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As long as the rod is short, the equivalent circuit
Fig 5a can be replaced by the simpler circuitFog

5b, which integrates the series capacitances of o Y
sectors of region Il into one capacitanCg and all

real resistances into one single resistaRige 2

by I
The equivalent element§, and R, can be derived 1 ‘ ﬁo—il

according to the following proceduféig 6 shows the

5
broken border field line separating regions | and 1 u
The voltageU between points A and B along thi o Ry R,
B

)
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delimiting field line can be calculated if the field
known [2] by integrating the electric field streng 1o
along the field line. Rotation of that border line aroung _ o _
the rod axis creates a surface separating regions | &ifif Eduivalent circuitsfor theantennaimpedance.
II. At point A, where that surface meets the rod, the

rod carries the curremf. According to a generalizec -
definition for impedances [6%,=U /I, isthe imped- L)
ance presented to that surface by the surroundingsy -~ b v N
In Fig 5a this is the impedance of the parallel seri / 2 \

!
)

combinations connected to points A and B anéign  — mf I

5b this is the series combination of the equivalein

capacitanc€, and resistand®,, Because the currentFig 6. Border line between regions| and I1.

distribution on the rod [4] as well as the position of

point A [2] are knownl, is also known and,= U /1,

can be calculated. R, and the quotierit / I, are known from [4] and then
alsoR, from Eq (4). The interesting result of adar

Of particular interest is a more accurate knowledge ofimber of numerical evaluations is that within the

the real componeiR, which we calculate as follows: limited computing accuracy

according toFig 5¢c, R, is the real component of the

antenna impedance at the feedpoint of the radiator Ry, =303 0Q

between terminals 1 andRis the real power supplied

by the generator and absorbed by the antépisathe which is almost independent of frequency and rod

antenna current at the feedpointitia lossless dead diameterC, results with adequate accuracy assuming

2
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capacitanc&€, the real power is that inFig 5b the reactance 1 &(C,) is considerably
higher thark, and hence the current is approximately
P=12R/2=12Ry/2 3)
l,=U[C, (5)

which is supplied to resistange by current, and to  so that
resistanceR, by currentl,.. It follows that like in [8] C,=1,/(wV) (6)

R,=R (I, /1)~ (4) is calculable from known quantities.



10 ! ] 30 Q. The circles and crosses g 7, which were
i calculated directly from the field (trig), are so very

0,75 | \ i close to the solid line that the valRg, = 30Q finds

| ! good confirmation.
i
T 0.5 ! Assuming static values for the antenna capacit@nce
hylh of short rods as a first approximation yields in the case
0,25 A of small real components
2 \ C=C,+C, (8)
0 0,05 01 0,15 02 0,25

which is independent of frequendyhe antenna capaci-
hid —* tanceC divides into a dead capacitar@eand a space

Fig 7. Height of thelimiting point A on therod; circles: h/d = capamtanceﬁz and with increasing frequen@l IS

37, crosses : h/d = 130, solid line: theoretical graph assuming decreas_ing becau_se of a decrealsjragcording téig
R,=30Q. 7 butC, is increasing. For the resonance frequency at

h/A,=0.23,h,= 0 and henc€ = 0 andC,=C.

The delimiting field line between regions | and Il
] beyond which wave detachment takes place is charac-
terized by the feature that it's length is alwas slightly
shorter than a quarter wavelength. As soon as the length
of electric field lines in such a system becomes a quar-
ter wavelength or more, they evidently are able to tear
up and develop space waves. That kind of instability
ST effect of longer field lines can also be noticed in many
other electromagnetic wave processes and is possibly
a basic lawwhich has not yet been formulated in
general.

Fig 8. Thethreeregionsaround a symmetrical dipole.

The rules found here for unsymmetrically fed rods can

be applied also to symmetric dipoles by symmetric field
2. Frequency Dependenceof theEquivalent Circuit  supplementation. The equivalent circuits Fify 5

remain validFig 8 shows regions I to Ill for a dipole.
With h being the total antenna height agthe height Around the feedpoint there is region | which creates
of point A on the delimiting field line ikig 6 our cal- dead capacitance and the gyeof which does not
culations showed tha, is almost independent of thecontribute to radiation. The length of the broken field
rod diameter and deCI’eaSing with increaSing frequenqy]e de“mmng region | |n|:|g 8 between A and B is
Fig 7 shows the valuels,/ h derived from the calcu- gjightly shorter than a half wavelength. So the tearing
lated field for h/d = 37 (CirCIGS) and h/d =130 (Crosseﬁb of the symmetric field lines as they appear with
with d being the rod diameteFor zero frequency dipoles obviously starts when they get longer than a
(h/A,=0)h, =h, i.e. the whole rod represents deafjaif wavelengthFig 8 again shows the field line 1
capacitance, no wave detachment takes place gpghn Figs2 and3 at the moment of maximum clygr
C, =C. The valuen,/ h decreases with increasing fre-of the dipole. That part of the field line which lies
quency so that fdn / A, = 0.23, i.e. at self-resonancewithin region Il becomes part of capacitar@g that
of the rod (slightly below a quarterwave length of thgart which lies within region 11l will tear up later and

rod), the whole rod radiates ahg= 0 [2]. The graph hecome part of the space wave and thus pay of
of Fig 7 is based on the already mentioned v&ye

30Q and applies Eq (4) in the modified form Though only a rod antenna has been examined so far
by means of the division of the field into regions | to
L1 =V (R Ry. (7) 1l statements can be made also for other forms of

antennas. Capacitance raising measures within region
R, is known from [4] and witlRy,= 30Q we get the |, e.g. feedpoint insulators or metal parts in the
ratiol, /1, at point A. Becausk / |, can be obtained proximity of the antenna, raise the dead capacitance
from [4] for any point on the rodl, / 1, calculated C, . Capacitance raising measures within region Il, e.g.
from Eq (7) yields the heighit, of point A forR, ;= capacity hats, raise the space capacit@)ce



Assuming that a radiation resistaft@s high as possi- Dielectric
ble is important for most applications of short antenna ’
the influence of dead capacitanCe on R, can be

calculated most simply by the approximate formula

R,=R,,L{C,/C)~ 9
Fig 9. Enlargement of space capacitance by a dielectric body.

This equation is valid for the equivalent circuitog
5b assuming thaC, is considerably smaller tha®, 4

L

and R, is considerably smaller than the series ct ‘°——‘:’—'—C’—J
nected 1/¢@C,). Eq (9) shows that any increaseof Loy 61 Ry
is detrimental and any increase ©f is favourable. T T
These findings were confirmed by measurements | Fo %
ried out by the authors on short radiators embedde : 2 4
a dielectric [7]. When the dielectric filled region | only _ o _ _ o
R, became smaller than in air; when it filled regions frig 10. Equivalent circuit Fig 11. Equivalent circuit

with inductances. for the receiving antenna.

and Il,R; remained almost constant. When the dielec-

tric like in Fig 9 did not fill region | but only parts of _ _ _
regions Il and 111 R, increased. resistance has a value of approximately(Band is

almost independent of the rod diameférat strongly
We are also often interested in thieefive height,,  SUPPOTS the finding that in the equivalent circuit of

of the antenna which can be defined by Eq (1), calchid 9P Rs,is approximately 3@ and almost indepen-
lated from R, and refered tdR,, = 30 Q by Eq (9). dent of rod diameter and frequendye fact that in

Then we get case of resonance a real resistance of23t5 met,
slightly higher tharR,,= 30Q , can be explained by
h, /2, =V [R,/ (160T0)] = the resistance transformation of the equivalent circuit
C,/C)V [R,,/ (16018)] = of Fig 10 and additionally by the fact that the resonant
0.13€(/C). (10) fod antenna exhibits a more pronounced vertical direc-

tivity than the short rod. So the coupling to space and

This formula also shows that an increase of dead d}ENce als&, for resonant rods is somewhatfeient
pacitanceC,, i.e. capacitance raising measures at tr{gan for short rods.

lower part of the rod, decreases thieetive height, _ o o

whereas an increase of space capacit@hgcee. ca- 3. Equivalent Circuit for the Receiving Antenna
pacitance raising measures at the higher part of the _ _
rod, increases thefettive height. Measures to increasd N€ efect of a wave received from the surrounding
C, were investigated in [5] and it has been shown thaaCc€ can be modeled as a voltage sdjaeseries
by these measures the frequency dependence of imp&Hh Rs,according td-ig 11. If C, andC, are lossless,
ance decreases also for short antennas. Eq (10) yiéfég maximum available power from that source is

C,/C,=7.26,,/A). 1) Poax=Ug" 1 (8Ry) =U, 2/ (8R) (12)

Because it is known that for short rod antenimags  With U, being the unloaded voltage of the antenna
almost independent of frequency whilgs inversely across it's terminals 1 and 2.tithe electric f_|eld
proportional to frequencyt follows from Eq (1) that str_ength at the antenriaand the ant_enna'sfecttlve

the quotientC, / C, is almost exactly proportional to heighth,, we get from known theories, = E [h,,
frequency With somewhat longer rods or higher fre-Then, assuming that 1 &(C,) >> R, andC,<< C,
quencies the impedances are also influenced by #ecording to Egs (9) andi(flbecause of the capacitive
inductive efect of the magnetic field engy, which is  voltage division of the source Fig 11 the unloaded
always present in moving fields. This can be considergaltage is approximately

in first approximation by adding two inductandes

andL, to the equivalent circuit as shown kg 10. U,=U,(C,/C)=Eh LIC /C). (13)
This equivalent circuit is sfite for all frequencies

below self-resonancen( A, = 0.23). In the case of If with short antenna€, / C, from Eq (1) is propor-
resonance, the capacitances of the antenna are compienal to 1 £, the voltagé)  caused by the wave action
sated by the inductancesandL, so that the imped- onthe antenna is inversely proportional to the frequen-
ance of the radiator becomes real. It is known that theg f. Concerning frequency dependence, this corre-
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in Fig 11 with the unloaded voltage from Eq (17)

and a source resistance Rf, = 30 Q. The antenna
couples to that source by means of it's space capaci-
tanceC,. The parallel dead capacitanCgthen gives

rise to the unloaded voltage at the antenna feedpoint
across terminals 1 and 2 according to Eq (18).

The equivalent circuit oFig 11 is confirmed by the
antenna's field behaviaudere the déct of the dead
capacitance is best perceptible with the unloaded anten-
na, because then no load is present across terminals 1
and 2, i.e. parallel with dead capacitanCg The
smaller the load impedance, the le$sative is capaci-
tanceC,. Just like with the transmitting antennd-aj

2, the fields of the capacitancé€} and C, are best
perceptible in the state of maximum ajerFig 12
shows the momentary electric field of a dipole made
up of two non-connected halfs in the field of a plane
wave at the moment of maximum field strength. For
short dipoles that field is practically identical to the
Fig 12. Electricfield lines of a receiving dipole at the moment electrostatic ﬁelq which both halfs WOUI(_j create in a
of maximum char ge. homogeneous field. The space capacitance can be
recognized by the field lines extending from the dipole
ends out into space and by which the dipole is coupled

sponds to the kown formula for thefeaftive area to the space wave. Also the dead capacitance can be
recognized by the field lines between the dipole halfs.
A,=3A71(16mM) (14)
* % %

of a short antenna which is inversely proportional to

the squared frequengcsince the power avalilable from The Authors thank the computer center of the Bavarian Academy
the antenna is for Sciences for the opportunity to carry out the numerical cal-
culations on a digital computer TR 440.
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