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ABSTRACT

Measured distribution of current and charge per unit
length on electrilically long and thin crossed antennas over
a ground plane are dlsplayed for five sets of lengths that
locate the Junctlon at minima and maxima of charge and include
resonant and antiresonant comblnations of lengths. The cur-
rents are induced by a normally incident plane electromagnetic
wave with 1ts electric vector parallel to one of the mutually
perpendlicular antennas. Attention is given to the behavior of
currents and charges near the Junctlon where Klrchhoff's
current law and equality of charges per unit length are ob-
served. For purposes of physical understanding a zero-order
explanation of the distributions of charge per unlt length and

current 1is given 1n terms of resonant and forced components.
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1. INTRODUCTION
The tangential magnetic field and the normal electric field on the sur- e
faces of crossed metal structures like aircraft are of interest in determin-
ing the shielding properties of the metal skin when this is imperfectly con-~
ducting or has apertures, In order to understand the response to a pulse a
knowledge of the induced distributions of surface current and charge over a
wide range of frequencies 1s required. Since the determination of such dis-
tributions on structures that are electrically thick is difficult, attention
is advantageously directed first to crossed electrically thin conductors in
order to gain physical insight into the nature of the phenomena. Of particu-
lar interest is the behaviorlof the current and charge per unit length at and
near the j;nction of crossed wires., A number of different and in some cases

mutually exclusive assumptions have been made in the literature {1]}-{5]. 1In

order to clarify and resolve these it is desirable to provide an experimental
study of the currents and charges induced on crossed electrically thin wires
for configurations that include wires with a wide range of lengths and dif-
ferent locations of the junction in the-standing—wave patterns. Meaningful

physical interpretations are also sought,

2. REVIEW OF CURRENTS AND CHARGES ON AN ISOLATED PARASITIC CYLINDER
A review has already been made of the distributions of current and
charge per unit length induced in an isolated electrically thin conductor in
an incident plane-wave field [6] as a means of standardizing an experimental
procedure in terms of available theoretical analyses [7]-[9] and in order to
obtain an understanding of the properties of forced and resonant distribu-
tions of current and the associated charges. These results provide an im- .

portant background for the study of crossed wires. They can be summarized



briefly in terms of the theoretical curves in Figs. 1 and 2. These illus-
trate the experimentally confirmed {6] theoretical distributions of current
and charge per unit length along electrically thin conducting cylinders that
are antiresonant (Fig. 1) and resonant (Fig. 2) as computed from the long an-
tenna theory of Wu [8]. Each cylinder is in a normally incident electric
field parallel to its axis. The origin of coordinates is at the center of a
dipole or at the base of a monopole erected on a large, highly conducting
ground plane. The currents vanish at z = +h, the charges per unit length at
z =0,

For qualitative purposes the distributions of charge per unit length,
q(z), in both Figs, 1 and 2 are quite well approximated in zero-order by
q(z) ~ sin kz except at and very near kz = nm, n =0, 1, 2, ,.,. . The elec-
trical distance between successive maxima (minima) in the standing-wave pat-
tern is 7w, the actual distance is a half wavelength. Note, however, that for
the antiresonant length represented in Fig, 1, q(h) = O; whereas for the res-
onant length in Fig, 2, q(h) = Unax*

The forced current in antiresonant antennas with dipole half-lengths (or
monopole lengths) given by kh = nm, n intepral, are approximated in zero-
order by I(z) ~ cos kz - cos kh. In a higher-order representation zeros are
replaced by very small minima. In Fig, 1, kh = 37 so that I(z) ~ cos kz + 1,
It is seen in Fig, 1 that the electrical distance between successive maxima
(minima) in the standing-wave pattern of the forced current is 2w, the actual
distance a full wavelength. It follows that minima of charge per unit 1eﬁgth
occur alternately at both maxima and minima of the forced current, Also,
maxima of charge can occur at points intermediate to the maxima and minima of

the forced current. The phase angle 6. of the forced current is relatively

I

constant; in particular, it never changes by w as does the phase angle eq of
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the charge per unit length. '

The current in Fig. 2 is that induced in a resonant length of wire.
However, 1t is not purely resonant since it necessarily also includes a
forced component. This is superimposed on the resonant current to make the
maxima alternately larger and smaller. The phase varies much more than that
of the pure forced current in Fig. 1, but the presence of the forced compo-
nent limits the cyclical variation to less than w.

The change from antiresonant to resonant currents is most easily under-
stood from a study of the real and imaginary parts (referred to the incident
electric field) as the length of the antenna is increased. This is shown in
a succession of diagrams in Fig. 3. Starting at the top, the purely forced
current along a dipole with electrical half-length kh = 2% is shown. The

imaginary part is essentially a shifted cosine of the form II(Z) N

% (1 -~ cos kz) except near kz = 0 where it has a minimum instead of a zero.
The real part is sensibly constant except in the quarter wavelength near z =
h where it approaches zero. The second set of graphs is for kh = 57/2, a

resonant length., Note that both II(z)'and IR(z) are roughly of the form

AJ(l *+ cos kz) + B_ cos kz, J = I or R, where A_ is the amplitude of the

J J

that of the resonant part. Note that A_ << BR since IR(z) is

forced part, B R

J
almost purely resonant, AI >> BI since II(z) is primarily a forced component.
At kh = 37 in the next diagram, the purely forced distribution has returned,
but now there i1s a maximum instead of a minimum of II(z) at z = 0 so that
II(z) " %-(1 + cos kz). The change from kh = 37 to kh = 71/2 is shown in
three steps to bring out the gradual change in amplitude of IR(z) over the

entire range and the complete reversal in direction of II(z) between kh =

10.696 and kh = 10,995 = 77/2. Note that throughout the range of kh from 27

to 7n/2, both IR(z) and II(z) are quite well approximated by the simple form



IJ(z) = AJ(l + cos kz) + B_ cos kz where AJ and B_ are constants,

J J

3. APPLICATION TO CROSSED WIRES
Let a horizontal conductor (length £ = 21 + 12) be connected to the ver-
tical conductor (length h = h1 + hz) as shown in Fig. 4a to produce four mu-
tually perpendicular, confluent members with lengths hl’ h2’ 21 and 22 and a
common junction at x = 0, z = hl. Since the cross 1s standing on a conduct-
ing plane, it is equivalent to the upper half of the structure shown in Fig,
4b in which the lower half may be regarded as the image of the upper half.
Note that since two junctions and couplingy between two horizontal members are
involved, the cross with image is analytically considerably more complicated
than the isolated cross for which a complete analytical solution is available
{10]. However, in order to measure distributions of current and charge on the
four conductors near their junction, the arrangement in Fig., 4a is preferred
since access to the iInterior of the tubular conductors in order to move
probes without wires in the fleld is available from below the ground plane,
It is anticipated that in due course the analysis of the single cross [10]
will be extended to the cross with image so that a direct comparison between
theory and the present experiment will be made possible.

The current and charge distributions shown in Figs. 1 and 2 are those
excited on the vertical member in Fig. 4a with the cross absent by a normaily
incident plane wave with the electric vector parallel to the z axis., When
the horizontal member of the cross 1is connected, there is no component of the
incident field along its extension. Furthermore, there 1s no inductive coup-
ling between the mutually perpendicular conductors. It follows that currents

and charges induced in the horizontal member (and its image) are by capaci-

tive coupling to the periodically varying charges distributed along the ver-

5
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tical conductor. It follows directly that the degree of coupling and the

magnitudes and distributions of the charges and currents induced in the hori-.
zontal wire must depend critically on the locations of the junction point - in
the standing-wave pattern of the charges along the vertical conductor. In
particular, as seen from Figs. 1 and 2, the junction can be located at kz =
1, a deep minimum of charge per unit length and an extreme value of the cur-
rent. However, kz = 7 1is at a minimum of current in Fig. 1, a maximum in
Fig. 2. Alternatively, the cross can be located at kz = 31/2 which is a
point of maximum charge in both Figs. 1 and 2, but quite different currents.
In Fig. 1 the current 1s at an intermediate point between maximum and mini-
mum; in Fig. 2 it is quite near a minimum. In the absence of inductive coup-
ling, it is anticipated that the location of the junction in the standing-
wave pattern of the charge per unit length will play the dominant role.

|

4. MEASURED CURRENTS AND CHARGES PER UNIT LENGTH
In an earlier study [6] the experimental procedures for measuring dis-

tributions of current and charge per unit length were described and their ac-
curacy verified by detailed comparisons of measured and theoretical distribu-
tions for a range of lengths of the vertical element shown in Fig. 4a but
without the cross. The conductor was located in a normally incident linearly
polarized electromagnetic wave with Einc parallel to the axis., A simple ex-
tension of their procedures was carried out with the crossed member present
and with probes traveling continuously along the forward surfaces of both the
horizontal and the vertical members for distances of approximately a quarter
wavelength from the junction at the lowest frequency. As before, two fre-
quencies f

A
located at kh

and fB were used such that with a fixed length hl the cross was ’

= 71 with fA and at kh. = 37/2 with fB. With fA and with the

1 1
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junction at kh., = 7 (minimum charge at junction in vertical standing-wave

1
pattern) the lengths of the horizontal members were chosen to be kll = kzz =
/2 (minimum charge at junction in the horizontal standing-wave pattern). .

The vertical section above the junction was successively assigned the values
kh

= 7/2 and kh, = 27 in order to locate first a minimum, then a maximum of

2 2
current in the vertical standinpg~wave pattern at the junction. The two sets
of measured charges per unit length and currents in amplitude and phase are
shown In Figs. 5 and 6 both on the four members of the cross and, for ready
comparison, on the vertical section alone, At fB and with the junction at
kh1 = 3n/2 (maximum charge at the junction in the vertical standing-wave pat-
tern) the lengths of the horizontal members were chosen to be kll = klz =7
(maximum charge at the junction in the horizontal standing-~wave pattern).

The vertical section above the junction was again successively assigned two
values, viz,, kh2 = 7 and kh2 = 275 in order to locate different relative cur-
rents at the junction. The two scts of measured amplitudes and phases of
charges per unit length and currents are shown in Figs. 7 and 8 on the cross
and on the vertical section alone. Finally, currents and charges per unit
length were studied on a conducter with length kh = 7%/4 with the cross con-

nected to make kh, = 3n/4, kh, = w, In this case, as shown theoretically in

1 2

Fig. 9, the currents and charges at kz = 3n/4 on the vertical section alomne
are both large but not near thelr maxima. When an asymmetrical horizontal sec-
tion is connected across such a vertical section at kz = kh1 = 31/4 with kh2 =

%, kll = n/2, klz = 7, the measured charges per unit length and the currents

are those shown in Fig, 10,

5. INTERPRETATION AND DISCUSSION OF MEASURED CURRENTS AND CHARGES
In order to understand the differences in the mutual interactions of

charges on crosses with the junction at minima and maxima of charge per unit

7
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length in the vertical and horizontal standing-wave patterns, it is instruc- .

tive to consider the schematic diagrams in Figs. 1la,b. Fig, 1lla shows the
zero-order distribution of charge along the vertical conductor when the cross
is located at the zero in the standing-wave pattern. Note that owing to sym-
metry, the charges_ in the two adjacent quarter wavelengths of the standing-
wave distribution near the junction contribute mutually cancelling forces on
charges at all points along the horizontal conductor, It follows that all
non-cancelling forces must be due to quite distant charges. Moreover, as
indicated in Fig. 1la, they have only very small components acting along the
horizontal conductor to maintain equal and opposite currents in the two mem-
bers when these have the same length. In contrast, Fig. 11b shows a cross
located at a maximum of charge in the verticai standing-wave pattern. In

this case the large concentrations of charges in the quarter wavelengths ad-

Jacent to the junction exert essentially uncancelled forces on charges in the .
adjacent portions of the horizontal wire in directions parallel to its axis,
These act to induce currents,

The graphs in Fig. 5 show that the presence of the horizontal conductor
when connected at a point of near-zero charge has very little effect on the
currents and charges in the vertical cylinder, In the section hl between the
ground plane and the junction only small changes in amplitude and phase are
observed. Beyond the junction the current is decreased by the sum of the two
small currents that are excited on the horizontal element. Kirchhoff's cur-
rent law is obeyed and the charges per unit length in all four conductors are
equal and very small at the junction. Note that the entire circuit is reson-

ant in the sense that the combinations hl + hz, h1 + 21, hl + 22, h2 + 21,

h2 + 22, and 2.1 + 22 are individually resonant circuits with maximum currents ‘

and minimum charges at the junction, maximum charges at the free ends. This
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is illustrated in zero-order in Fig. 12a for the charges and in Fig, 12b for
the currents,
The configuration in Fig, 6 differs from that in Fig. 5 only in that -the

lengths hl + h h, + £

2’ 1’1 2
and 21 + £2 are still resonant. This requires the part of the current asso-

cilated with the circuit hl + h2 to have a minimum instead of a maximum at the

h2 + 21 and hz + 22 are antiresonant while hl + £

Junction and to be distributed as a forced current. On the other hand, the
parts of the current associated with hl + 21 and h2 + 22 are resonant with
maxima at the junction. This 1is illustrated in zero-order in Fig. 13a for
the charges, in Fig, 13b for the currents. The effect of the horizontal con-
ductor on the currents and charges in the vertical cylinder is greater than
in Fig. 5 even though the junction is still a point of minimum charge per
unit length for all conductors. This is a consequence of the existence of a
current minimum at the junction for some circuits, a current maximum for
others, The current in the length h1 is Increased substantially near the
Junction when the resonant circuits provided by the horizontal member are
added. Again Kirchhoff's current law is obeyed and the charges per unit
length in all four conductors are equal and very small at the junction.

The graphs in Figs. 7 and 8 show the currents and charges in crosscd
conductors that have resonant lengths in all of the six possible combina-
tions: h1 + h2' h1 + 21, hl +2,,

these the junction is a point of maximum charge per unit length. As a con-

h2 + ll’ h2 + 22, 21 + 12. For each of

sequence, all four conductors are very closely coupled capacitively near the
Junction. The currents and charges per unit length in the vertical conductor
are markedly changed when the horizontal member is connected. Not only are

the amplitudes greatly reduced on the vertical conductor but the shape of the

current distribution curve changes completely. Superficially this may be
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surprising since the horizontal conductors add only resonant circuits with a ‘
maximum of charge per unit length at the junction. The change in the current
distribution is a consequence of the fact that forced currents can Ibe induced
only in the vertical parts of the several resonant circuits with associated
distributions of charge per unit length that have zero values at the junction.

It is seen from Fig., l4a in a qualitative zero-order manner that the inclu-

sion of a forced component of charge per unit length on the length h2 yields

the correct form for the total charpge in Fig, 8. The associated forced cur-
rents in the lengths h1 and h2 are shown in Fig, 14b, It is seen that with

these the general shapes of the current amplitude curves in Fig., 8 are repro-

duced quite well. Figure 8 also shows that Kirchhoff's current law is obeyed

and that the charges per unit length on all four conductors are the same at

the junction.

A comparison of the measured currents and charges on the asymmetric cross‘
shown in Fig, 10 with the currents and charges in Fig. 9 in the vertical mem-
ber before the cross is attached reveals that the addition of the horizontal
member has a very large effect on currents and charges especially in the
length hl. It is seen in Fig, 10 that the croséed antenna has .large currents
and cha}rges per unit length on h2, moderately large ones on hl l‘and 21, very
small ones on 22. How can these be explained? First it 1s to be noted that
no combination of lengths of the four confluent conductors constitutes a res-
onant circuit, However, the forced current in the vertical length h2 = /2
has a maximum at the junction as does the resonant current in the horizontal
length 9,1 = A/4, A suitable combination of forced and resonant charges per
unit length and associated currents as shown in a qualitative zero-order man-
ner In Fig. 15 does provide total charges and currents very similar to the ‘

measured ones in Fig. 10, The currents shown in Fig, 10 satisfy Kirchhoff's

10



current law at the junction; the charges per unit length are equal on all

four conductors at the junction.

6. CONCLUSIONS
Measurements of currents and charges per unit length along five differ-
ent crossed antennas are shown graphically. These include junctions at
points of minimum and maximum charge per unit length on symmetrical crosses
and a junction at an intermediate point with an asymmetric cross. The dis-
turbing effect of the cross arm and the currents and charges induced in it
are extremely small when the junction is at a charge minimum, very large when

it is at a charge maximum. The junction conditions are

1 = 0 (1)
{=1 1 in
9 = 4, " 43 = 9, _ (2)

where Ij.in is the current toward the junction in conductor i and ay is the
charge per unit length on conductor i at the junction. These conclusions ap-

ply specifically to circular conductors with radii a,Z << 1, 1 =1, 2, 3, 4,

i
that satisfy the inequality (kai)2 << 1 where k is the wave number of elec-
tromagnetic waves in air. In this case the chargeable surfaces of the junc-

tion are negligible and can be included approximately in the four conductors.

11
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