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ABSTRACT

Charge and current density distributions in the
vicinity of the cross junction of several
configurations of electrically long, moderately thick,
crossed-monopole antennas with an intersecting angle
of 45 degrees were measured. The recorded data was
compared with a monopole antenna with the same
dimensions as the vertical segment of thé
crossed-monopole. Junction conditions such that there
would be a maximum current/ainimum charge and minimum
current/maximum charge on the vertical monopole were

investigated.
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I. INTRODUCTION

A. BACKGROUND

The charge and current density distribytions on the
conducting surfaces of complex structures are the basis for
understanding how those structures would function as

antennas. Two structures which have been investigated in

% recent years are the crossed-monopole and crossed-dipole
antennas (Figure 1). The motivation for studying these two
antenna configurations has been their wuse as models in
determining the effects on fixed wing aircraft of exposure
to the Electromagnetic Pulse (EMP) associated with
detonaticn of a nuclear weapon. Electric field intensities

as high as 100,000 volts/meter from a high level nuclear

explosion pose a threat to the electronic and electrical
systems aboard aircraft, missiles, and surface installations
[DNA Report No. 2772T]. The broad spectrum electromagnetic
pulse can excite 1large standing waveé on structures at
specific frequencies determined by the physical dimensioas
of the object. Aircraft at high altitudes, thousands of
miles from the nuclear burst, would be vulnerable to ENP

effects from a high altitude burst since the thin atmosphere




would absorb only a small portion of the electromagnetic
energy. The possibility of 1large currents and charge
concentrations being induced on the wings and fuselage of an
aircraft has generated concern that mission effectiveness
may be impaired or destroyed by the detrimental effects on

internal components resulting from EMP exposure.

I 77 7777777777777

(a) (b)

Figure 1. - (a) Crossed-monopole antenna over ground plane
and (b) crossed-dipole antenna

An electrically thin étossed-dipole scattering antenna has
been studied as a first approximation model to a fixed wing
aircraft ([Burton 1974, Burton and King 1975)]. A moderately

thick crossed-monopole over a ground plane has also been




used to model an aircraft ([ McDowell 1976 1. The
crossed-monopole over a ground plane does not share the same
similarity with an aircraft as does the crossed-dipole, but
it does allow practical experimental determination of charge

and cucrent density distributions on the conducting surface.

In addition to studying an aircraft as an ﬁnintentional
gatherer of electromagnetic energy it is interesting to
consider the possibility of utilizing the entire aircraft
structure as a transmitting or receiving antenna. Such an
antenna would be inherently low profile and would lack the
usual problem of integrating the antenna into the

aerodynamic design.

The study of crossed~-monopoles also —has importance
outside the aeronautical community. A monobole antenna may
be modified by addition of a c¢ross arm with resulting
changes in the monopole's radiation pattern and feed point
impedance. A crossed-monopole may thus be better suited for
some applications than the standard monopole. Eﬁpitical
data on crossed-monoploes can also be valuable in assessing
the validity of analytic solutions for charge and current

distributions such as digital computer simulation programs.

10
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B. THESIS OBJECTIVE

The object of this work was to expand the present
reservior of information on crossed-monopole antennas.
Charge and current density distributions on a moderately
thick base &riven crossed-monopole traasaitting antenna with
a non-orthogonal géonetry were to be experimentally
determined. The interaction between the two cross eleaents
was to be analyzed using'Kirchoff's Current Law, Lenz's Law,
and a recent deveiopnent in the understanding of Jjunction
boundary conditions {Burtom and King 1975)]. Also the far
field radiation patterns for both orthogonal and

non-orthogonal configurations were to be determined.

11




II. TIHEORY

A. MONOPOLES

Theoretical solutions for the charge and current deansity
distributions on «cylindrical amonopole antennas are wvell
established and have been proven valid in experimental work
{(King 1956]. The ideal monopole is assumed to have current
and charge densities sinusoidually distributed along its
length with an end point boundary condition of zero current
and maximum charge. Pigure 2 depicts assumed distributions
for monopoles of various lengths. This sinusoidal (or
zeroth-order) solution is a valid approximation for
physically realizable antennas within certain limits. If
the antenna radius is small compared to antenna height and
also small when compared to the wavelength of the fregquency
at which it is driven then the zeroth-order solution is a
close approximation to the actual distributions. Higher
order solutions have been developed for a amore precise
assessment of the distributions on antennas when such an
accurate'analysis is necessary. The zeroth-order solution
is adequate for analyzing the various resonant conditioans

and inclusion of terms n2cessary to account for the non-zero

12
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minimums and other non-sinusoidual phenomena only adds

unnecessary complexity to the analysis.

(a) (b) (c)

Pigure 2. - Assumed charge and current density on monopoles
(af 172, (b) 1, (c) 3/2 vavelength ia height

B. CROSSED-MONOPOLES

When two monopoles are crossed (Figure 1a) the
sinusoidal distributions of charge and current no 1longer
conform to the zeroth-order solution, particularly near the
junction. Charge and current distributions on the
crossed-aonopole may be analyzed by considering the two

major factors affecting those distributions. Pirst, each

13




segment has a distrihution influenced by the end point
boundary conditions and tendency to establish sinusoidally
varying distributions representing the zeroth-order
solution. Second, forces due to inductive coupling and
charge accuamulation on adjacent segments serve to reinforce
or oppose the natural sinusoidal distributioas. If the
cross arm is perpendicular to the base fed segment no
inductive coupling occurs and the distributions on the cross
arm are determined by the charge distributions along the
vertical member and the length of the cross arm [ McDowell
1976]. If the cross arm is not perpendicular then inductive
coupling will also have an effect on the distributions along
the cross arms. Earlier studies ia this area [Burton 1974,
McDowell 1976] have concentrated on crossed-monopoles with
perpendicular gJgeometry. Coasideration of non~perpendicular
intersecticas of crossed-monopole segments provides a better

understanding of the general crossed-monopole configuration.

In the perpendicular case the charge standing wave
pattern on the vertical eleament produces E field forces
oriented perpendicular to the driven crossed segments; these
E field varijiations induce currents and charge concentrations
along the crossed segments. In the obligque case the forces

due to charge concentrations are combined with additional

14U




forces due to inductive coupling. The distributions on the
cross arms result from the combined effect of inductive and
charge related forces and are complicated by the. lack of
symmetry. The inductive coupling effect becomes more
significant as the antenna configuration departs further
from the perpendicular case. The contribution due to
inductive coupling to the cross arms is more involved than
the contribation due to charge. concentrations since the
induced currents are a function of the time rate of change
of current in the driven segment, aot simply current

magnitudes.

15




III. CHARGE AND CURRENT DISTRIBUTIONS

A. EXPERIMENTAL APPARATUS

1. Agtennas

Brass tnbing 6.35 ca (2.5 inches) in diameter vwvas
used to, construct the antennas. The diameter was
sufficiently large to classify the antennas as moderately
thick (the circumference was .2 wavelength at 300 Mhz, .13
vavelength at 195 Mhz) and the opening inside the tubing was

large enough to accomodate the apparatus used to position

the charge and current measuring devices.

a. Monopole

The reference aonopole (Pigure 3) was 101.5 cm
in height with a .32 ca (1/8 inch) slot cut longitudinally
from 30 ca above the base to 1.5 cm from the top. Correct
operation of the test apparatus was verified by taking data
on this antenna and coamparing it with established
theoretical and experimental results for monopoles {King

1956 ).

16
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Pigure 3. - Reference moaopole
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b. Crossed-Monopoles

The cross structure was constructed by joining
two sections of brass tubigg at a 459 angle (Figure 4). The
vertical meamber extended to a height of 99 ca and the cross
member measured 60 ca end to end. A .32 ca slot extended
longitudinally for 30 ca from the junction center out along
each segment. Additional slots were cut along the bottom of
the cross segments and down the sides of the lower vertical
section. A pulley was located inside the antenna at the
junction to facilitate measurements along the cross
segments. The pulley was suspended from a solid brass rod
vhich extended down from a point near the top of the
vertical section where a brass disc was secured inside the

tubing.

18




Figure 4. - Typical crossed-monopole configuration

19




Cc. .Length Adjustment

Additional sections of brass tubing were fitted
onto the ends of the basic antemnas to vary their length.
The sections were cut to lengths of 25, 7.5, 5, and 3.25 cnm.
Bach had a slotted ring extending from one end which was
machined to the inner diameter of the antenna tubing, thus
the sections could be mated without introducing any
significant discontinuities on the outer surface. To
provide electrical continuity and additional suﬁpﬁrt the
junctions were covered with conductive copper or aluminua
tape. Accurate length adjustment was accomplished by using
standard length sections to provide approximate lengths and
then custom cutting small sections of tubing to make fine
adjustments. End caps vwere constructed to close the tubing
at the antenna extremities. PFigure 5 shows (clockwise from
upper left) a 25 cm extension, 7.5 cm extension, end cap,

and fine adjustment rings.

20
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2. Peed Systes

A feed system was required which would allow access
to the inside of the crossed-monopole structure to position
the charge and current measuring devices. The undesiraﬁle
alternative would have been to position a probe supporting
mechanism and observer above the ground plane in the near
field of the antenna. The feed system (Figure 6) consisted
of a short section of coaxial transmission line suitable for
driving the antennas. The dimensions were chosen to provide
a cﬁaracterirtic impedance of as near 50 ohms as possible.
Two standard sizes of brass tubing (6 inch and 2.5 inch)
were selected which resulted in a calculated characteristic
impedance of 50.9 ohms. The aluminum flange at the top of
the feed was added to match the circular opening in the
image plane (discussed below). The extension of the inner
conductor above the flange was machined to the inner
diameter of the antenna tubing allowing antennas to be
mounted. The antenna then formed a continuation of the
coaxial inner conductor. RF energy was applied to the feed
system via two N-type connectors located 24 cm above the
base plate on opposite sides of the outer conductor. The

system was fed from two sides to provide symmetrical

22




exitation which reduced the possibility of multiple modes of

propagation within the coax. The center conductors of the
N-type jacks were extended to the inner conductor of the
feed system with a .32 cm brass rod. A plexiglass disc at

the top to the feed supported the center conductor.

23
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3. Image Rlane

The image plane (Figure 7) upon which the antennas

vere placed was a 10 meter square aluaminum surface which

formed the roof of an enclosure used to house equipment
necessary for the antasnna measurements. A 20.3 ca (8 inch )
diameter circular opening in the image - plane provided a
location for mounting antennas. The flange at the top of
the feed systen fit into the opening, 1leaving a smooth
surface atop the plane. The opening was located slightly
off center on the square plane to reduce the possibiiity of

resonances occuring on the image plane surface.

25

|




9an3onxls osueyd a8ewy - */ aand1y

26




4. charge and Curreat Probes

An accumulation of charge on a conductor is
accompanied by an electric field proportional to the charge
density. This electric field is perpendicular to the
conductor surface for a perfect conductor aad nearly
perpendicular in the case of a very good conductor like
brass. A monopole antenna oriented parallel to the electric
field will therefore generate an EMF proportional to the
charge density. If the monopole is small, it will react
only to the charge density in the near vicinity and the
probe's presence will have negligible effect on the field
present. Similarly a wire 1loop positioned in a plane
perpendicular to a changing magnetic field produced by an
alternating current on the surface of a conductor will
generate an EMF proportional to the time rate of change of
current. As with the monopole probe, the loop must be small
so as not to significantly disturb the current present on
the conductor during the sampling process. PFor accurate
resolution of current densities it must also be small so it
is influenced only by currents in the near vicinity. For
sinusoidal exitation the time rate of change of current is

also sinusoidal so an EMP proportional to the current can be

27
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obtained by applying a phase correction.

The principles discussed above were used in the
design and construction of the charge and current probes
(Pigure 8) used ‘to take experimental data on the
crossed-maonopoles. The charge probe consisted of a monopole
antenna constructed from a section of Microdot
Microminiature coaxial cable (250-3920) . The outer
conductor of the the coax was removed from a 17 mm segment
of the cable t2 form the monopole probe which was mounted on
the prote body. The teflon dielectric was left intact for
added structural strength. The probe body was machined to
fit into the .32 cm slots cut in the antennas so that the
probe element was aligned perpendicular to the antenna
surcface. A Dberyllium copper retaining plate was used to
hold the probe in place as it was positioned along the
antenna. The center conductor of the coax was connected to
a Microdot 31-34 connector which was made part of the probe

body.

The current sensing element consisted of a
semicircular section of UT-20 solid shield coaxial cable
with .5 cm radius. The coax was terminated at one end on

the probe body wﬁere a portion of the cable was hollowed out




and filled with solder. At the top to the semicircular arc
a .5 am gap was formed by removing the outer conductor and
dielectric froa the cabie. The coax then continued intact
through the semicircle and into the probe body where it was
terminated at a Microdot 31-59 connector. The design aad
construction of the probes was based on previously
established theoretical and experimental results [Whiteside

1962].

29
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The EMF generated by the probes provided an
indication of the relative magnitude of charge and current
density which wvas sufficieant for the magnitude plots. To
arrive at a true indication of the phase relationship
between charge and current densities it was necessary to
calibrate the probes. Phase calibration was accomplished by
measuring the charge and current dens@ty distributions
inside a coaxial feed systen similar to the one used to feed
the antennas. The results were compared with distributions
predicted by transamission line theory and correction factors
were determined. The feed system used for probe calibration
was 126 cm long and had a slotted center conductor to
accomodate the probes. For a transmission line shorted at
its end the voltage should lead the current by 90° within
odd guarter wavelengths and lag by 90° within even gquarter
wavelengths. The data shown in Figures 9 and 10 depict
charge and current density distributions at 195 Mhz and
300 Mhz respectively. A phase calibration factor was
applied to the curreant data to establish the required phase
relationships, +5.3° for 195 Mhz and +8.792 for 390 Mhz.
These factors were applied to all antenna plots to provide a
true representation to the phase relationships between

distributions.
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Figure 9. - Measured charge and current density
distributions at 195 Mhz within a coaxial transmission line
terminated in a short circuit

32

st




=10

=

=7

=5

4

MAGNITUDE (ARBITRARY SCALE)

=3

~1

~ 180

= 135

scecscsccme

o1

PHASE (DEGREES)

=~135

L-180

Figure 10. - Measured charge and current deansity
distributions at 300 Mhz within a coaxial transmission line

“3x/4

=A/2 -\/4
Z

terminated in a short circuit

33




Fp W s
|

5. Instrumentation

The electronic test equipment necessary for the

experimental set-up (Figure 11) was assembled froam off the

shelf components.

Figure 11. - Arrangement of instrumentation

34

-




Pigure 12 shoué the arrangement of test equipment in

bleck diagram form. A Hewlett Packard 8640A signal
\

generator wvas chosen to provide RF exitation for the
antennas under test. The generator provided sufficient
drive power (+20 dba) to induce voltages well above the
noise level in the charge and current probes. A reference
output jack at the rear of the signal generator was fed to a
Tektronix DC 502 frequency counter to amonitor the output
fregqueacy. The signal generator was connected to a HP Model
764D dual directional coupler. The direct output of the
directional coupler was divided by a HP 115492 power
splitter and applied to the two N type connectors on the
antenna feed system. The attenuated forward output from the
directional coupler provided a sample of the drive signal
for use in monitoring the power output. The power setting
for all cases was naintained at +13 dbm at the direct output
of the directional coupler. The directional coupler output
representing a sample of the energy reflected from the
antenna was not needed and was terminated with a HP 908a
50 ohm load. All interconnections were made with RG-8A or
RG-9A coaxial cable. A Hewlett Packard 8u405A Vector

Voltaeter was used to measure amplitude and relative phase

of the RF voltages induced in the charge and current probes.

35




A reference signal for the phase was applied to Channel A

from the attenuated forward output of the directional
coupler. The charge ér current probe was connected to
Channel B. Cables were adapted to the vector voltmeter
probes with a HP 11536A 50 ohm tee a;d a HP 908A 50 ohm

termination on each probe.

36
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Figure 12. - Block diagram of instrumentation
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A specially constructed coaxial cable was used to
connect the charge and current probes, one at a time, ta the
test equipment. A rigid section of coax was constructed by
tenoving' the outer shielding frcm RG 1“2 B/U cable and
inserting it into a 150 cm length of .32 cm (1/8 inch) brass
tubing. At the lower end of the.brass tube the RG 142 B/U
continued with shield intact for an additional 190 cm were
it was terminated with an N type connector. The upper end

of the brass tube was terminated with a Mircodot connector

to match the probes. This arrangement was adequate for
positioning the probe along the vertical element. To allow
for cross segment measurements a flexible section on top of
the brass rod was necessary. A 42 cm section of double
shielded cable was added for this purpose. To make all
measurements compatible, the flexible extension was not
removed for vertical measurements, thus no correctiom factor
was necessary when comparing vertical "and cross segment
measurements. Additional shielding was found to be required
for the flexible'extension, it would otherwise pick up stray
RP energy inside the antenna near the slot openings. A

braided metal shield was added which reduced the

interference significantly.
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A rack and pinion positioning device (Figure 13) wvas
fitted to the bottom of the feed system to move the charge
and current probes along the antennas. The pinion gear was
located in a wovable housing which contained an index
pointer, positioning knob, and provisions to fasten the
rigid section of coaxial cable used for probe cénnections.
The cable was drawn down as the positioning knob was turned,
moving the probe along the antenna. The pointer indicated
the relative position of the probe on a metric scale

attached to the fixed rack.

39
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B. EXPERIMENTAL PROCEDURE

The electrical <1length of the crossed-monopole
antennas were manipulated to produce four configurations.
The 4intent was to 1locate the junction at the position of
different combinations of maximum and ainimum charge and
current densities. ‘ The different configurations wvere
obtained by adjusting the physical dimensions of the
antennas and the excitatioam frequency. Since the height of
the junction above the ground plane was fixed at 68.5 cm it
vas necessary to vary the excitation frequency until the
chosen conditions were satisfied. The total height of all
configurations was fixed at 137 cam to place the junction at
the center of the vertical member maintaining a degree of
symmetry. ZExperimental data on a 137 ca aonopole at 300 Mhz
(Figure 14) places a charge aminimum/current maximum at
approximately 68.5 ca from the ground plane. An ideal
treatment of this configuration would place the minimunm
charge/maximsum current 75 cm (3/4 wavelength) from the top
of the antenna but end effects cause an apparent shortening

of the wavelength on the antenna.
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Figure 14. - Measured charge and current density
distributions on the reference monopole at 195 Mhz

The frequency réquired to place a charge maximuam/current
minimum on the monopole 68.5 cm above the ground plane was
195 Mhz (Pigure 15). The physical length of the cross arm
segments required to reflect a particular charge and current

condition was derived from the experimentally determined




distances for the monopole. The four cases tested are
depicted in Pigures 17, 20, 23 and 26. Each figure
illustrates the zeroth-order solutions for the charge and
current digtributions, assuming no interaction between the

vertical and cross members.

1.4

Pigure 15. - Measured charge and current deasity
distributions on the reference monopole at 300 Mhz
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2. Data Acquisition

Data was taken at 1 cm increments along the antenna
ségnents, or approximately every .01 waveleungth at 300 Mhz,
.0065 wavelength at 195 Mhz. At each position the magnitude
and relative phase of the probe voltage was recorded. Each
data run was begun by positioning the charge or current
probe at the furthermost point from the antenna base and
locking the pinion housing on the brass tubing with the
index mark at 0 cm on the attached metric scale. The true
position of the probe on the antenna was recorded to
correlate it with the scale readings beside the rack.
Positions were measured up from the image plane. At the end
of each run the actual position wvas again measured and
compared with the index reading to check for any sligpage.
Por cross segment measuremzeants  some inaccuracy vas
introduced by the pull2y ‘arrangement. As tension on the
pulley varied the pulley was displaced slightly to the side,
degrading the agreement between the scale reading and actual
position on the antenna. 32rrors detected d4id not exceed
z.15 cm (.0015 wavelength at 300 ¥hz, .0007 wvavelength at

195 Mhz) .
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The vector voltmeter was checked and calibrated
immediately tefore data acquisition started. Its éccuracy
was 26% of full scale for the voltage readings and £4.5° for
phase measureaments. The vector voltmetat was capable of
phase accuracy of +£1.5° if both channels received the same
amplitude signal but it was impractical to readjust the
signal applied to the reference channel for every data

point.

3. Data Processing

A Hewlett Packard 98211 Calculator and 9862A Plotter
(Figure 16) were used to process and display all data. Two
programs were utilized to perform the necessary operations.
Appendix A includes a‘listing of both prograns. One progranm
provided a means of storing on magnetic tape the charge and
current data along with parameters identifying the
configuration. A second program processed the data and
plotted it. Processing included converting the scale
readings along the rack and pinion assembly to true
positions along the antenna, scaling for graph plotting and
converting physical measuremeats to fractions of a

wavelength.

45




-

Figure 16. ~ Data processing eguipment

4. Data Apalysis

Analysis of the charge distributions on the
crossed-monofoles was a straightforward proceeding. The
magnitude and phase varied sinusoidually with only minor
variations for all cases. Comparison with data from the
reference monopole and with theoretically predicted
distributions could be carried out directly. Assuaing an
ideal peoint junction, a boundary condition could be imposed
reguiring that the amplitude and phase of charge along all

segments converge to a common value at the junction [ Burton
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and. King 1975]. Extrapolation of the data presented

confirms this fact in each of the four cases.

Kirchoff's Current Law, that the vector sum of
currents entering a junction sum to zero, may be applied to
thé cross junction. Unfortunately, mechanical 1liamitatioas
prevented taking cross arm data closer than within
approximately 6 cm of the junction and the vertical current
data suffers some inaccuracy near the junction center. As

the probe approaches to within a few centimeters of the

‘junction center an abrupt change in the current magnitude

data occurs just as the retaining plate bridges the gap
formed by the intersecting slot from the cross arama. After
the probe has passed through the Jjunction center the
retaining plate passes over the gap and froa that point on
the data is free from irreqularities. Even if precise data
was available at the Jjunction it would be inadequate for
application <f Kirchoff's Law since the probe vwould be
sensitive tc currents flowing only along the two axes of
probe orientation while at the junction center current nmay
be flowing in any directioan. A practical solution would be
to move back from the junction a short distance along all

four segaments where it could be assumed that the currents

still possess rotational symmetry and are predoainantly

oo




flowing longitudinally. A distance twice the radius of the

antenna away from the junction center was chosen as the
location to take data for application of Kirchoff'’s Curreant
Law. This distance (6.35 ca) 1is approximately the point
where the cross data starts, it is beyond the irregularity
caused by the probe retainer plate, and is not so far from
the junction so as to introduce any significant error due to
displacement from the junction where Kirchoff's Law should

theoretically be applied.

a. Case 1

The vertical member standing alone as a monopole
would support a standing wave pattern with a maximum
current/minimum charge at the position of the junction. The
t¥wo cross segments are each one half wavelength suggesting
that the boundary conditions at the cross segment ends would
normally reflect a curreat minimum a half wavelength back,

at the junction (FPigure 17).
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(b)

Figure 17. - Assumed charge and current density
distributions for Case 1 crossed-monopole
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Comparing the charge distributions on the ideal
crossed-monopole vertical member current shown in Pigure 18
with the zercth-order distribution shown in Pigure 17 it may
be seen that the charge distribution on the crossed-monopole
retains the same ceneral shape and locations for maxima and
ainima. The peak. charge uagnitud; above the junction is
reduced, an expected result dué to yhe loading effect caused
by the cross segments. The junction charge density does not

achieve a lower mainimum due to the effect of the cross arm

which is an electrical 1length which reflects a maximun

charge density at the junction.
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The current distribution on the vertical eiement
maintains a sinusoidal pattern to within approximately 1/8
wavelength either side of the junction. Minimum current
magnitudes appear to occur just beyond the range of data
both above and below the junction. If so, their occurrence
is near the corresponding positions on the reference
monopole, but in each case displaced a short distance away
from the junction. This is contrary to the results for the
perpendicular case studied by McDowell, where the lower
minimum occured nearer the junction; an indication that
impedance seen at the feed point could be varied by changing
the angle of cross intersection. An intermediate point
could be chosen to present the same impedance at the feed

point as a monopole of the same height.

 The charge concentrations along the cross
segments apprcach a relative maximum at the Jjunction as
presupposed using the zeroth-order approximation (Figure
17b) . The same point is a relative minimum for thg vertical
member, so the natural condition on both ameambers is
satisfied. A dashed line on the cross arm data near the
junction in Figure 18 indicates the assumed convergence of

the magnitude and phase of the charge density. The value at
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the  center of the cross arm was taken as identica;ly the
) same as that recorded on the vertical member at  that same
position, which it in fact must be. It is reasonable to
) assume that no radical variations in charge density occur in
the short distance where data was unavailable. Al; four

cases were treated in this manner. The upper cross arm

presents an approximately sinusoidal distribution for charge
with a minimum occuring 1/4 wavelength from the junction.
The current is likewise sinusoidal with a maximum at
1/4 wavelength. Both distributions seem little disturbed by
their proximity to the upper vertical element. The lower
cross arm is, howvwever, a different matter. The 1larger
concentration of charge and greater magnitude current
disturb the natural resonance of the arm. Where a minimum
charge would be expected about 1/4 wavelength from the
junction the charge magnitude is still increasing under the
effect of the concentration of opposite polarity along the

lower vertical element. The phase relationship between arm

and vertical segments provides another indication of the
interaction which occurs between cross segments. Below the
junction the charge concentration can be assigned a
polarity, say posifive, for reference. Figure 18 depicts
the phase in the region of maximum charge concentration to

be approximately +1309. On the lower cross arm segment
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adjacent to this charge concentration the phase of the

maximum charge is approximately -45°9, nearly 1809 out of

phase with the vertical member charge. The current plot is
likewise distorted under the influence of the adjacent
vertical element. The current maximun 1/8 wavelength below
the junction is located directly across from the position of
the disproportionately high current maximum on the lower

cross arm as a result of inductive coupling.

It is not apparent from observing the data in
Figure 19 that Kirchoff's Current Law is satisfied at the f
juanction. a vector diagram showing the sum of currents
existing 6.35 cn from the Jjunction center (Figure 19)
demonstrates that the currents at that point approximately

add to zero. An exact cancellation is unlikely since the

currents chosen only approximate those at the junction,
approximately 1/16 wavelength away. The vectors shown
include 180° corrections where necessary to account for the

probe sensing direction.
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Pigure 19. - Application of Kirchoff's Current Law at
junction of Case 1 crossed-monopole

b. Case 2

This case combines the vertical and cross
segments in a more compatible, or reinforcing, combination
of natural resonances. In this instance all segments are of
equal 1length. The vertical member standing alone (Figure
20a) would present a maximum current/minimum charge at the
junction. The cross segment lengths alone (Figure 20b)
would also reflect a current maximum/charge minimum at the

junction.
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(a) (b)

Figure 20. - Assumed charge and current density
distributions for Case 2 crossed-monopole
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The data from the vertical member of the cross (Figure 21)
is nearly the same as that recorded for Case 1. The charge
minimum at the junction has a 1lower magnitude since the
cross elements are also tending toward a charge minimunm.
The upper cross arm . supports a smooth sinusoidal
distribution for both charge and current with a minimum
current/maximum charge located nearly 1/4 wavelength from
the junction, a situation which agrees with the natural
resonant .conditions. The 1lower cross arm also has
distributions much like Case 1. The similarity between the
lower cross arm distributions on Cases 1 and 2 suggests that
the influence of the 1lower vertical element is more
significant than arm length in deciding the distributicns on

the adjacent cross aram.
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In Case 2 the resulting distributions have higher mwmagnitude
since there is closer agreement between natural and forced
mnodes. The charge density recorded at the junction on the
vertical data plot compares favorably with the magnitude and
phase of charge density arrived at by extrapolatioan of the
cross arm data. The vector addition of the currents
recorded 1/16 wavelength from the junction (Figure 22)
illustrates the application of Kirchoff's Current Law to
this configuration. As vwith Case 1, the vector sum is near

Zero.

- >

Pigure 22. - application of Kirchoff's Current Law at
junction of Case 2 crossed-monopole




C. Case 3

This configuration was constructed with four

equal segments, each 1/2 wavelength 1long. The resonant

modes of each place a maximum charge/minimum current at the

junction (Figure 23).

Pigure 23.

- Assumed charge and current density
distributions for Case 3 crossed-monopole




The data rgcorded for the <cross (Figure 24) indicates a
relative charge maximum for three segments at the junction,
a relative nminimum for the 1lower vertical element. The
vertical member distributions depart significantly from the
ideal case (Pigure 23a) . The charge density is
monotonically decreasing across the entire range of data
with a w@miniaum at the topmost data point on the antenna.
The vertical member current density distribution maintains
the same general shape below the junction as the first two
cases. Above the junction the current density climbs toward
a maximum in the same manner as the ideal case, though it

appears to peak earlier.
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As with Case 2, the upper CLoss arm
distributions closely approximate the expected plots (Figure
23L) . The charge distribution on the lower cross arm is
also much like the ideal case and matches the upper arm
almost point for point. The current distribution on the
lower cross arm again shows the effects of the inductive
coupling. The current standing wave on the vertical member
reaches a maximum between 1/16 and 1/8 wavelength below the

junction. As the current builds in one direction, falls,

T T———

and builds again in the opposite direction a varying H field

is generated. As the H field cuts across the nearby lower
cross arm, currents are generated as would be the case when
any conductor is present in a varying H field. The close
preximity and greater magnitude current combine to make the
effects more noticable at this location. Regretably, the

lower frequency required for scaling resulted in a range of

data for the arms which was less than 1/4 wavelength. A
trend toward a current mgximum is nevertheless apparent “on
both aras and a sinusoidal progression toward the end point
boundary condition can be assumed. The vector addition of
the currents near the Jjunction (Figure 25) was not as

successful as with the first two cases. Undetected rapid

phase shifts in arm currents very near the junction render
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the samples invalid for application of Kirchoff's Law at the
junction. 1In the first two cases the current phase exhibits
no radical changes near the junction, lending credibility to
the approximation technique. 1In this case a phase shift of
almost 180° occurs within 1/16 wavelength of the Jjunction
above the vertical element and a steep slope is apparent on

the lower cross arm current phase at the end of the data.

Pigure 25. - Application of Kirchoff's Current Law at
junction of Case 3 crossed-monopole
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d. Case 4

This configuration Qhovs the  most radical
departure from the expected resonant mode for the vertical
member (Figure 26a). As with the other three cases, the
current magnitude records a peak just below the junction

center (Figure 27).

« Range »
of data

®)

Pigure 26. - Assumed charge and current density
distributions for Case 4 crossed-monopole
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Just above the junction a sharp minimum occurs accompanied
by a rapid 1809 phase shift. Further abov2 the junction the
current tends toward a maximum that presumably occurs near
1/4 wavelength above the Jjunction. The vertical charge
distribution is likewise markedly different than expected.
Although a charge maximum was predicted at the junction, a
charge minimunm Qccurs very near the junction along with a
1809 phase shift. The magnitude of the arm exitation is
largest of any of the cases, and the upper ara has a la;ger

current magnitude than the lower for this case alone.
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Repeated attempts to get smooth data near the upper cross
arm end resulted in widely fluctuating readings indicating a
measure of instability. The large standing wave pattern and
inconsistent data on the upper .cross arm signify the
presence of a resonant condition ynique to this
configuration. It is difficult to state categorically why
this combination of dimensions should produce a greater
response than the other cases but it conceivable that the
response 1is associated with a combination of segments

ccmbining to produce a strong resonant structure.

Near the segment extremities the current values
do tend toward a minimum as the charge magnitude increases
toward a maximun. This configuration, with only 1/4
wavelength cross arm segments, provided the sole opportunity
to take data reasonably close to the segment ends, allowing
observation cf the developing end point boundary conditions.
The vector addition of currents fails again in this case
(Figure 28). Here the rapid phase shift above the junction
combined with an apparent phase shift on the lower cross arm
near the junction forecast problems similar to those
incurred in Case 3 when sampling the current some distance

away from the junction.
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Figure 28. - Application of Kirchoff's Current Law at
junction of Case 4 crossed-monopole
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IV. CONCLUSIONS

Charge amd current density distributions on base fed

monopole antennas can be altered significantly with the

. addition of Cross arm segments. The charge density

distributions on the monopole are disturbed more
significantly when the junction is placed at the position of
a current maximum/charge minimum while the charge density
distribution variation oan the monopole maintains the same
general form independent of the position of the juactioan or
lenéth of the cross arms. The obligue intersection of the
cross arms results in asymetrical distributions along the
arm segments highlighted by the interaction between the
lower cross arm and the lower vertical segment, a result of
the current magnitude peak being largest just below the
junction on the vertical element adjacent to the lower cross
arm. Standing wave patterns of varying magnitudes are
induced on the antenna segments depending on their
electrical length.
|
The feed point impedance of the base fed

crossed-monofpole can be varied by changing the angle of
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intersection between vertical and cross members. Such a
phenomenon cculd be practically applied to situations where
imnpedance matching is an important consideration. Where
inductive coupling is significant between members, it
determines the distributioné on the cross arms with 1little
regard to the 1length of <the arm. Also, résonant and
unstable conditions may occur unexpectedly on sone.
non-orthogonal configurations. The importance of
considering inductive coupling when analyzing the possible

resonant conditions on non-orthogonal structures has thus

been demonstrated.




V. RECOMMENDATIONS

"Nonavailibility of the required test apparatus precluded
recording far field patterns for the crossed-monopoles as
originally intended. Pattern recording ranges exist at
Naval Electronics Laboratory Ceanter (NELC), San Diego,
California and, subject to their availability, the
collection of radiation pattern data would provide
information required to assess the possibility of using
crossed-monopoles as antennas in special applications where

a standard monopole is not suitable.

When dealing with moderately thick antennas it would be
advantageous to have a better method of measuring charge and
current density distributions. The method used in this
thesis would suffice if rotational symmetry can be assumed
at all locations on the antennas. This is not the case for
the antennas studied at locations near the junction where
accurate data would be of most value. The use of infrared
imagery to record I2R heating holds the promise of solving
this problem and its application to similar iamvestigatioans

should be pursued.
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APPENDIX A

DATA PROCESSING PROGRAMS

This appendix contains a 1listing of the computer
prograas used for processing and displaying the data
acquired during the course of this thesis research. The
prograas Were written for the Hewlett Packard 9821A
Calculator, however the algorithas could  easily be
translated into another language. The major programaing
task was pérfo:med by LCDR Elmer J. McDowell in connection
with thesis research at Naval Postgraduate School, Monterey,
CA. The programs listed are modifications of McDowell's
work and are included here to provide assistance in any

similar investigatioams.
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8:

9:
10:
11:
12:
13:
14:
15

16:

17:
18:
19:
20:
21:
22%
23:

1. Program to Input Charge and Current Data to Memory

PRT "INSTRUCTIONS"; SPC 1; «BEL; eBEL

PRT “"WHEN BELL SOUNDS %;" READ TAPE PRINT-%

PRT “OUT FOR INPORMA-","TION REQUIRED","TO
ANSWER","INQUIRES" SPC 3

PRT "PROGBAM TO","INPUT BOTH","CHARGE AND"," CURRENT
DATA","TO MEMCRY "

0 » A; SpC 2

0 » BA; JMP (A + 1 > A) > 499

0 » a; FXD 3; SPC 2

PRT "1 > ARM DATA", "0 » VERTICAL DATA"; «BEL; #BEL;
SPC 2 '

ENT "ARM OR VERTICAL?",R490

ENT “"FREQ. (MHZ) = 2?",RU480

PRT "ALL DIMENSIONS","IN CENTIMETERS"; eBEL; sBEL SPC 2
ENT “ANT. HEBIGHT = 2?",R481

ENT "JUNCTION HT. 2?2",R482,"RIGHT ARM LGTH 2", R483

ENT "LEPT ABRM LGTH ?",R484 ;

PRT "PROBE 0 POS."; sBEL; eBEL;

IFP R490 < 0.5; PRT "MEASURED UP PROM"™, "GROUND PLANE";
SPC 2

IP R490 > 0.5; PRT “"MEASURE FROM THE", “CENTER OF THE",
"JUNCTION"

SPC 2

ENT "I EROBE 0 POS. 2?",R485

ENT ®Q PROBE 0 POS. ?",R486,"ANT. RADIUS = ?",R487
PRT "DATA RECORD"; SPC 2

IF R490 = 0; PRT "VERTICAL MEMBER"; SPC 2; GTO +2

PRT "CROSS ARM";SPC 2

PRT "ANT. HEIGHT =",R481,"ANT. RADIUS =",R487,"LOWER
CROSS ARM"

PRT "LENGTH =",R483,"UPPER CROSS ARM","LENGTH =", R484
PRT "JUNCTION HT. =%,R482;SPC 1




36:

37:

PRT "FREQUENCY",R480,"MEGAHERTZ"; SPC 2

PRT "0 » CHARGE", "1 » CURRENT"; SPC 2; sBEL; eBEL;
ENT “CHG OR CUR DATA?", X; 0 > A

JMP 13X+1

SPC 3; ERT "DATA READOUT IN","FOLLOWING FORMAT%; SPC 1
PRT"REL POSITION", " MAGNITUDE",

" PHASE" ; SPC 2

PRT "CHARGE DATA"; SPC 1

ENT “REL. Q POSITION?",RA;IF FLG 13; A » R488; CFG 13;
GTO +8

IP A = 0; GTO +2

IFP ABS (BA-R(A-1))>1.2; IF FLG 3 = 0; sBEL; GTO -2
ENT "Q MAGNITUDE 2",R (80+A) ;

IP ABS (R(80+A)-R(79+4)) > 1; IF A > 0; IF FLG 3 = 0;
eBEL; GTO +0

ENT "QPHASE 2",R(160#A); IF ABS(R(160 + 1)) > 150; |1
GTO +2
IF ABS (R(160 + A) - R(159 + A4)) > 35; IF A > 0; ;
IF FLG 3 = 0; «BEL; GTO -1
PRT RA, R(80 + A), R(160 + A); SPC 1; A + 1 » A; ]
IF A < 79; GTO -6 1
PRT “CHARGE STORAGE","REGISTERS FILLED"; A » R488;SPC 2
PRT "0 » NO", "1 > YES"; SPC 2; eBEL; =BEL;

ENT "INPUT COMPLETE ?%", C; IP C = 0; GTO =13 ]
GTO +11 i
PRT"REL POSITION", ® MAGNITUDE",

- PHASE" ; SPC 2

PRT "CURRENT DATA"; SPC 1

ENT "REL. I POSITION?", R(240 + A); IF FLG 13;
A > B489; CPG 13; GTO -4

IF ABS (R(240 + A) - R(239 + 4)) > 1.2; IF A > 0; |
IFP P1G 3 = 0; =BEL; GTO -1 '
ENT "I MAG", R (320 + a);

IF ABS (R(320 + A4)) > 1; IF A > 0;
IF PLG 3 = 0; GTO +0

75

1
|
|
i
!
|
|
" ‘ . e ot nun-nn-nﬁﬁiliﬂil.ﬁ-ﬂﬁ.ﬁi‘




ENT "I PHASE 2?",R(400 + A); IF ABS(R(400 + a)) > 150;
GTO +2

IF ABS (R(400 + A) - R(399 ¢ A)) > 35; IF 4 > 03

IF PLG 3 = 0; eBEL; GTO -1

PRT R(240 + A), BR(320 + A), R(400 + A; SPC 1

A+ 1> A; IP A £79; GTO -6

PRT "CURR. STORAGE","REGISTERS PILLED";A > R489; SPC 2;
GTOo -11

ENT "TO WHICH TAPE 2",Y; SPC 15

ENT "TG WHAT FILE ?",X;PRT "DATA STORED ON",

“TAPER NO.",Y,“IN FILE ¥0.",X é
SPC 15; eRCP X, RO, R499

ENT "COLUMN PRINTOUT2?", X IF S .5; GTO +14
0>»1>»B

0» A; IF Y > 2.5; 1 » B

IF Y = 0; PRT "CHARGE DATA"; GTO +6

IF Y = 1; GTO +6

IFP Y = 2; GTO +6

IF Y = 3; SPC 8; PRT “CURRENT DATAY; GTO +3
IF Y = 4; GTO +3

IF Y = 5; GTO +3

SPC 2; PRT " POS"; SPC 1; GTO +3
SPC 5; PRT @ MAG"; SPC 1; GTO +2
SPC 5; PRT" PHASE"; SPC1

PRT R(80Y + A); PRT "-- — =¥

JMP (A + 1 > A) = R(488 + B)
Y +1>» % IF S 5; GTo -11
SPC 15; END 4
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2. Program to Plot Charge and Current Data

FXD 3; SPC 1

TBL 4

ENT “TAPE NO. ?", X, "FILE NO. 2", Y; LDF Y; .4 > R494;
<007 » R49S

PRT “TAPE NO.", X, "DATA FILE NO.", Y; SPC 1;

3E4/R480 > RU91; JMP RU9O + 1

PRT "VERT, DATA PLOT"; GTO +2

PRT "ARM DATA PLOT"

SPC 1; PRT "“FREQUENCY (MHZ) =",R480,=LAMBDA (CM.) =",
BR491; SPC 1

PRT "ANT. HEIGHT =Y ,R481/RU491, " LAMBDA"; SPC 1
PRT "“ANT. RADIUS =",RU487/R491, ® LAMBDA"™; SPC 1
PRT “RIGHT ARM LNGTH=", R483/R491, " LAMBDA";
SPC 1

PRT “LEFT ARM LENGTH=", R4UBU/R491, " LAMBDA";
SPC 1

PRT "JUNCTION HGT =",R482/RU91, LAMBDA"; SPC 1

ENT "SUPRESS AXIS?", X

SCL 30,165.8,0,2.2; IF X = 1; GTO +33

ENT "PLOT LIMITS SET?",Z

PLT 30,0; PLT 32,0; LTR 32,0,211; PLT ",,"; PLT 33.6,0;
PLT 101,0; LTR 101,0,211; PLT ",,"

PLT 102.4,0; PLT 105,0; PEN; PLT 105.8,0; PLT 165.8,0;
PLT 165.8,2.2; PLT 105.8,2.2; PEN

PLT 105,2.2; PLT 30,2.2; PLT 30,0; PEN; PLT 30,1.1;

PLT 105,1.1; PEN

PLT 105.8,1.1; PLT 165.8,1.1; PEN; PLT 105.8,0

PLT 105.8,2.2; PEN; PLT 105,2.2; PLT 105,0; PEN

PLT 30,.55; PLT 105,.55; PEN; PLT 105.8,.55

PLT 165.8,.55; PEN

«1A4A>2B;1»C>X >» Y; 30 » 2




23: PLT 165.3,1.1 + A; PLT 165.8,1.1 + A; PEN;
JMP (A + .1 > 1) = 1.1

24: PLT 30,1.1 ¢« B; PLT 30.5,1.1 ¢+ B; PEN;
JNP (B + .1 > B) > 1

25: PLT 2,.55 ¢+ .130263CY; PLT Z2 + .5,.55 + .130263CY; PEN

26: C+ 1> C; IF S5 > C; GTO -1

27: IP Y > 0; -1 » ¥; 1 » C; GTO -2

28: IF 50 > Z; 165.3 » Z; 1 » ¥ » C; GTO -3

29: 1»A42»C; 1.1»8B ;

30: PLT CAR491/16 + 135.8,B + .015; |
PLT CAR491/16 + 135.8,B; PEN

31: A + 1> A; IP 30 > AR491/16; GTO -1

32: IPC > 0; -1 C; 0 » A; GTO -2

33: IPB>0; 0>»B; 1 C » A; GTO -3

34: 1 > A; 1.1 > B

35: A+ 1> A > Y; JMP AR491/16 > 35

36: PLT AR491/16, B + .015; PLT AR491/16,B; PEN; A + 1 > A;
JMP AR491/16 > 105

37: IFP B> 0; 0 » B; Y » A; GTO -1

38: 2.1 > Y; R482 » X; GTO +2

39: 135.8 » X; 2.1 > Y

40: PLT X,Y; PLT X,Y - .03; PEN; JMP (Y - .06 » ¥) £ 1.15

41: 1.05>» Y

42: PLT X,Y; PLT X,Y - .03; PEN; JMP (Y - .06 » Y) £ .05

43: IF X £ 100; GTO -4

44: LTR MW4,2.15,111

45: LTR 157.5 - R494,2.1 - R495,111; PEN

46: 0 > A >»B > C

47: BRU485 - R(240 + A) » R(240 + A); JMP (A + 1 > A) = RU8Y

48: ENT "IMAG SCL FACTOR?", Z; PRT "IMAG SCL FACTOR=", Z;
SPC 1; IF Z = 1; GTO +2

49: ZR(320 + C) » R(320 + C); JMP (C + 1 » C) = R4S89

50: IPF R(320 + B) > RU493; R (320 + B) > RU493

51t B + 1> B; IF B £ R489 - 1; GTO -1

52: PRT "MAXIMUM CURRENT", "MAGNITUDE =", R493; SPC 1

53: ENT "IMAG GRAPHLIMIT?", Z; IR 1.1Z > RU493; Z > R493
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59:
60:
61:
62:
63:
64:
65:
66:

PRT "REF. CURRENT", "MAX MAGNITUDE =", R493; SPC 1
0>»A>»B>C>» X > ¥Y; 135.8 * R49S0 » 2
LTR B(2640 + A) - R494 ¢ Z,1.1 + R(320 + A) / R493 -

-R495,111; PLT "+v; JMP (A + 1 » A) = R4S9

R48B6 - RB » RB; JMP (B + 1 » B) = Ru48BS

ENT "QMAG SCL FACTOR?, Z; PRT "QMAG SCL FACTOR=", Z;
SPC 1; IF 2 = 1; GTO +2

ZR(80 + C) » R(80 + C); JMP (C + 1 » C) = RUSY

IFP R(80 + X) > R492; R(80 + X) > RuU92

X+ 1> X; IP X < RU89 - 1; GTO =1

PRT "MAXIMUM CHARGE", " MAGNITUDE =", R492; SPC 1
ENT "QMAG GRAPHLIMIT?", Z; IF t.1Z > R492; Z > R492 3
PRT “REF. CHARGE", "MAX MAGNITUDE =", R492; SPC 1 '
135.8 * R490 » X

PLT X +# RY, 1.1 + R(80 + Y) / R492; PEN;

JMP (Y + 1 » Y) = R48S

ENT "SLIDE PHASE ? DEG", Z; 0 » A » B; 400 » C

ENT "I EHASE CORR = 2%, X, "Q PHASE CORR = 2", Y

PRT "PHASE SLID BY", Z; PRT " DEGREES"; SPC1

PRT “CHARGE péASB", “CORRECTED BY", Y; SPC 1

PRT "CURRENT PHASE", "CORRECTED BY", X; SPC 1

R(C + A) ¢ 2 + X » R(C +# A); IF R490 = 1; IF C > 300;

IP R(240 + A) > 0; R(C + A) + 180 » R(C + A)

IF R(C + ) > -180; GTO +2

R(C + A) + 360 » R(C + A); GTO -1

IF R(C + A) £ 180; GTO +2

R (C +# A) - 360 » R(C + A); GTO -1

A+ 1>A; IF A < R(489 - B) - 1; GTO =5

IF C > 300; 160 > C; 0 » A; 1 >» B; Y » X; GTO -6

0 A > B; 135.8 * R490 » x

LTR R(240 + A) =~ RU9Y + X, .55 + R(400 + A) / 380 -

R495,111;  PLT "+"; JMP (A + 1 > A) = RUB9 4
PEN; PLT X + RB, .55 ¢ R(160 + B) ,/ 380;

JMP (B + 1 » B) = RuUSS

PEN; SPC 13; END |
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3. Memory Allocation

REGISTER  CONTENT

0-79 Charge Position
80-159 Charge Magnitude
160-239 Charge Phase
240-319 Current Position
320-399 current Magnitude
400-479 Ccurrent Phase
480 Frequency (Megahertz)
481 Antenna Height (cm)
483 Right Arm Length
482 Junction Height
484 Left Arm Length
485 Current Probe Zero Position
486 Charge Probe Zero Position
487 Antenna Radius
488 Namber of Charge Data Points
489 Number of Current Data Points
490 Vertical Data (0); Arm Data (1)
491 Wavelength
492 Maximum Charge Magnitude .
493 Maximum Current Magnitude 3
494 Vertical Correction for "+" character i
495 Horizontal Correction for "+" Character f
496 (Empty)
497 (Eapty)
498 (Empty)
499 (Empty)
%
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APPENDIX B

NUMERICAL DATA

This appendix coatains the numerical data for the foﬁr
configurations investigated. Position is given in
centimeters above the ground plane for vertical data and
centimeters to the right (positive) or left {(negative) of
the junction for arm data. Magnitude values indicate
relative signal strength and phase measurements indicate
relative phase with respect to the reference, a sample of

the antenna exitation signal.




v bl b

CASE 1 VERTICAL CHARGE DATA

POSITION MAGNITUDE PHASE

(cm)

97.00
96.00
95.00
94.00
93.00
92.00
91.00
90.00
89.00
88.00

87.00

86.00
85.00
84.00
83.00
82.00
81.00
80.00
79.00
78.00
77.00
76.00
75.00
74.00
73.00
72.00
71.00
70.00

(rel.)

2.22
2,24
2.25
2.25
2.24
2.23
2.20
2.17
2.14
2.10
2.05
2.01
1.94
1.88
1.81
1.75
1.68
1.61
1.54
1.47
1.42
1.36
1.32
1.28
1.25
1.20
1.18
1.18

(deg)

-46.4
-45.5
-44.2
-43.0
-41.7
-40.5
-39.1
-37.6
-36.1
-34.6
- =33.0
-31.2
=29.5
=27.1
-25.0
=22.6
-20.1
-17.1
-14.2
-11.0
-7.4
-3.6
ol
4.0
8.0
14.8
20.0
26.6
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POSITION MAGNITUDE PHASE

(cm)

69.00
68.00
67.00
66.00
65.00
64.00
63.00
62.00
61.00
60.00
59.00
58.00
57.00
56.00
55.00
54.00
53.00
52.00
51.00
50.00
49.00
48.00
47.00
46.00
45.00
44.00
43.00
42.00
41.00

(rel.)

1.21
1.21
1.27
1.31
1.37
1.44
1.52
1.62
1.73
1.85
2.02
2.15
2.30
2.49
2.66
2.85
3.03
3.20
3.36
3.53
3.68
3.82
3.95
4.08
4.18
4.29
4.37
4.45
4.51

(deg)

35.5
41.3
55.5
57.5
61.3
65.3
69.6
74.1
78.5
82.9
87.5
91.4
94.9
98.0
100.2
103.0
105.4
107.5
109.5
111.5
113.3
115.0
116.5
118.0
119.3
121.0
122.5
123.9
125.3

o
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CASE 1 VERTICAL CURRENT DATA

POSITION MAGNITUDE PHASE POSITION MAGNITUDE PHASE
(cm) (rel.) (deg) (cm) (rel.) (deg)
95.20 .53 -81.8 67.20 1.65 -5.6
94.20 .55 -72.0 66.20 1.56 -3.1
93.20 .58 -62.6 65.20 1.44 -3.1
92.20 .62 -54.4 64.20 1.57 -1.3
91.20 .68 -48.0 63.20 1.71 »3
90.20 <74 -41.6 62.20 1.89 1.7
89.20 .79 -36.6 61.20 2.08 3.0
88.20 .86 -32.5 60.20 2.26 4.0
87.20 .92 -28.9 59.20 2.40 4.9
86.20 .99 -25.8 58.20 2.53 5.9

-85.20 1.05 -23.3 57.20 2.60 6.9
84.20 1.1 -21.2 56.20 2.64 7.9
83.20 1.15 -19.2 55.20 2.64 9.0
82.20 1.20 -18.1 54.20 2.62 10. 4
81.20 1.23 -16.6 53.20 2.57 11.8
80.20 1.26 -15.7 52.20 2:52 13.2
79.20 1.27 -15.1 51.20 2.43 14.8
78.20 1.27 -14.8 50.20 2.34 16.6
77.20 1.26 -14.6 49.20 2.23 18.7
76.20 1.23 -14.7 48. 20 2.11 21.2
75.20 1.20 -15.0 47.20 1.98 23.8
74.20 1.17 -15.0 46.20 1.86 26.8
73.20 1.15 -14.8 45.20 1.72 30.6
72.10 1. 11 -14.3 44.20 1.59 34.5
71.20 1.08 -13.6 43.20 1.46 39.3
70.20 1.32 -10.6 42.20 1.33 45.5
69.20 1.47 -9.1 41.20 1.21 53.0
68.20 1.59 -7.1 40.20 1.12 61.9




CASE 1 CROSS ARM CHARGE DATA

POSITION MAGNITUDE PHASE POSITION MAGNITUDE PHASE
(cm) (rel.) (deg) (cm) (rel.) (deg)
28.50 3.98 150.5 -6.2 1.77 98.9
27.50 3.83 150. 4 -7.20 1.90 97.7
26.50 3.65 150.1 -8.20 2.03 96.8
25.50 3.50 149.8 -9.20 2.19 95.9
24.50 3.36 149.6 ~10.20 2.35 95.0
23.50 3.23 149.4 -11.20 2.52 9.4
22.50 3.31 149.0 -12.20 2.70 93.6
21.50 2.97 148.6 -13.20 2.89 93.1
20.50 2.86 148.5 -14.20 3.07 92.5
19.50 2.73 148.2 -15.20 3.25 92.1
18.50 2.60 148.0 -16.20 3.44 91.6
17.50 2.47 147.6 -17.20 3.62 91.2
16.50 2.35 147 .1 -18.20 3.81 90.7
15.50 2.22 146.7 -19.20 4.00 90.3
14.50 2.10 146.2 -20.20 4.20 89.8
13.50 1.97 145.5 -21.20 4.40 89.4
12.50 1.84 144 .8 -22.20 4.59 89.1
11.50 1.71 143.7 -23.20 4.79 88.8
10.50 1.59 142.6 -24,20 5.00 88.5

9.40 1.46 141.0 -25.20 5.27 87.9
8.40 1.37 139.5 -26.20 5.60 85.6

-27.20 5.30 90.1
-28.20 . 5.75 89.1
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CASE 1 CROSS

POSITION MAGNITUDE PHASE

\

(cm)

27.00
26.00
25.00
24.00
23.00
22.00
21.00
20.00
19.00
18.00
17.00
16.00
15.00
14.00
13.00
12.00
11.00
10.00

9.00

8.00

7.00

(rel.)

1.33
1.37
1.45
1.51
1.57
1.64
1.69
1.72
1.76
1.79
1.80
1.81
1.80
1.77
1.72
1.66
1.56
1.43
1.27
1. 10
.98

(deg)

-110.4
-110.2
-110.0
-109.4
-108.5
-108.2
-108.1
-106.9
-106.7
-106.1
-105.2
-104.3
-103.3
-102.0
=100.5

“~98.5

-95.9

-92.0

-85.2

-75.2

-62.5

ARM CURRENT DATA
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POSITION MAGNITUDE PHASE

(cm)

=5.20

-6.20

-7.20

-8.20

-9.20
=-10.20
-11.20
=-12.20
-13.20
-14.20
-15.20
-16.20
-17.20
-18.20
-19.20
-20.20
=-21.20
=22.20
-23.20
-24.20
=25.20
-26.20
-27.20

(rel.)

2.16
2.31
2.46
2.62
2.77
2.88
2.95
2.99
3.00
3.00
2.97
2.93
2.88
2.81
2.73
2.65
2.57
2.49
2.39
2.35
2.25
2.90

.70

(deg)

-174.5
-174.4
-174.5
-174.6
-174.9
-175.0
-175.2
-175.2
-175.3
-175.6
-175.7
-175.9
-176.0
=976 1
-176.2
-176.5
-176.9
-177.5
-178.3

179.5

177.0

141.0
-146.5




CASE 2 VERTICAL CHARGE DATA

POSITION MAGNITUDE PHASE

| (cm)

97.50
96.50
95.50
94.50
. 93.40
b 92.50
91.50
90.50
89.50
88.50
87.50
86.50
85.50
84.50
83.50
82.50
81.50
80.50
79.50
78.50
77.50
76.50
75.50
74.50
73.50
72.50
71.50
70.50
69.50

(rel.)

1.95
1.96
1.97
1.97
1.96
1.95
1.93
1.90
1.87
1.84
1.79
1.74
1.69
1.62
1.57
1.50
1.44
1.37
1.30
1.23
1. 15
1.08
1.02
<95

«90
.84

.75
<69

«65

(deg)

-86.0
-85.2
-83.9
-82.9
-81.7
-80.7
=79.3
-78.0
=76.9

=39:2

=73.7
-72.3
-71.4
-69.6
-67.2
-65.0
-62,.9
-60.5
-57.9
-54.9
-51.6
-47.9
-44.0
-39.6
-34.9
-29.9
-22.8
=15.0

=5.5

POSITION MAGNITUDE PHASE

(cm)

68.50
67.50
66.50
65.50
64.50
63.50
62.50
61.50
60.50
59.50
58.50
57.40
56.50
55.50
54.50
53.50
52.50
51.50
50.50
49.50
48.50

47.50.

46.50
45.50
44.50
43.50
42.50
41.50
40.50
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(rel.)

.62

«62

«69

74

.82

<93
1.08
1.27
1.47
1.65
1.74
1.93
2.11
2.35
2.68
2.91
3.15
3.38
3.58
3.80
3.97
4.14
4.29
4.44
4.58
4.71
4.82
4.94
5.00

(deg)

8.1
25.9
53.5
58.8
66.4
73.9
81.7
89.4
95.4
99.1
100.1
102.6
105.6
108.4
111.9
113.8
115.8
117.4
118.5
119.8
121.1
122.2
123.0
124.0
124.9
125.8
126 .6
127.5
128.0




CASE 2 VERTICAL CURRENT DATA
POSITION MAGNITUDE PHASE POSITION MAGNITUDE PHASE
(cm) (rel.) (deg) (cm) (rel.) (deg)
96.70 .58 -98.6 67.70 1.67. 35.1
95.70 «55 -91.3 66.70 1.62 37.3
94.60 54 -82.1 65.70 1.58 38.9
93.70 «53 -74.4 64.70 1.60 41.5
92.70 .53 -65.9 63.60 1.78 44.0
91.70 .55 -57.7 62.70 1.95 45.8
90.70 <57 - -50.2 61.70 2.15 47.7
89.70 .60 -43.1 60.70 2.36 49.1
88.70 .63 -36.8 59.70 2.54 50.6
87.70 .67 -31.6 58.70 2.69 51.8
86.70 .71 -26.5 57.60 2.82 52.5
85.70 .74 -22.3 56.70 2.86 53.5
84,70 .78 -18.7 55.70 2.88 54.3
83.70 .82 -15.1 54.70 2.86 55.1
82.70 .86 -12.0 53.70 2.83 55.9
81.70 .89 -9.0 52.70 2.78 56.9
80.70 «92 -6.3 51.70 2.69 57.9
79.70 .94 -3.7 50.70 2.60 58.9
78.70 .96 -1.2 49.70 2.48 60.1
71.70 .97 1.3 48.70 2.36 61.4
76.70 .98 4.0 47.70 2.23 62.7
75.70 .98 ; 6.6 46.70 2.08 64.4
74.70 .98 9.4 45.70 ! 1.93 66. 1
73.70 98 2.2 44.70 .76 68.4
72.70 .99 14.8 43.70 1.61 71.2
71.70 .99 17.2 42.70 1.44 74.5
70.70 .98 18.9 41.70 1.28 78.4
69.70 1.28 25.1 40.70 1.10 84.1

68.70 1.46 29.5 39.70 «95 91.2




CASE 2 CROSS ARM CHARGE DATA

POSITION MAGNITUDE PHASE POSITION MAGNITUDE PHASE
(cm) (rel.) (deg) (cm) (rel.) (deg)
28.75 2.27 =370 -7.05 .81 -2.5
28.25 2.22 ~36.8 -8.05 .86 -5.4
27.25 2.15 -36.0 -9.05 .92 -8.5 .
26.25 2.10 -35.3 -10.05 97  -11.0
25.25 2.03 -34.4 -11.05  1.02  =-13.2
26.25 1.96 -33.1 -12.05  1.08  =-15.3
23.25 1.88 -31.5 -13.05  1.12  =16.6
22.25 1.79 -31.0 -14.05  1.16  =-18.0
21.25 1.72 -28.5 -14.95  1.20  -19.0
20.25 1.64 ~25.5 -16.05  1.24  =20.6
, 19.25 1.55 -24.3 <16.95  1.27  =21.2
: , 18.25 1.46 -21.0 -18.05  1.31  =-23.5
1 17.25 1.38 -18.3 -19.05  1.36  -24.6
16.25 1.30 -15.4 ~20.05  1.35  -25.4
15.25 1.22 -11.0 -21.05  1.36  =-26.0
14.25 1. 14 -6.2 -22.05  1.37  -26.6
13.25 1.06 -2.3 -23.05  1.38  -27.2
12.25 .99 1.9 -24.05  1.37  -27.8
11.25 .92 6.4 -25.05  1.37  -28.0
10.25 .85 10.9 -26.05  1.35  -28.5
9.25 .80 14.8 -27.05 = 1.3¢  =30.0
8.25 .75 17.8 -28.05  1.30  -30.2

°29,05 1026 ‘30-5




CASE 2 CROSS ARM CURRENT DATA

POSITION MAGNITUDE PHASE POSITION MAGNITUDE PHASE 7
(cm) (rel.) (deg) (cm) (rel.) (deg) :
28.40  1.10 40.0 -5.80 .90 32.0 ;
27.40 1.14 41.0 -6.80 .86 32.6 i
26.40 1.22 42.8 -7.80 .77 33.5 ?
25.40 1.29 44.5 -8.80 .71 34.5 ,
24.30 1.36 46.0 -9.80 .65 35.5 f
23.40 1.41 47.0 -10.80 .59 36.2 ;
22.40 1.47 48.3 -11.80 .53 -36.3 j
21.40 1.52 49.5 -12.80 .48 35.8
20.30 1.59 50.8 -13.80 .43 34.6
19.40 1.62 51.6 -14.80 .38 32.3
18.40 1.66 52.5 -15.80 .33 28.9
17.40 1.69 52,4 -16.80 .29 23.8
16.40 1.71 54.4 -17.80 .25 16.8
15.40 1.71 55.4 -18.80 22 6.3
14.40 1.69 56.3 -19.80 .20 -4.7
13.40 1.66 57.4 -20.80 .19 ~19.6
12.40 1.59 58.6 -21.80 .19 -35.0
11.40 1.50 60. 1 -22.80 +21 ~48.5
10.40 1.36 62.0 -23.80 .24 -59.6

9.30 1.15 65.0 -24.80 .28 -68.2
8.40 .97 68.5 ~25.80 .31 -74.6
7.40 .72 75.5 ~26.80 .36 -79.2
6.40 49 89.7 -27.80 .40 -83.2

-28.80 .45 -86.2
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CASE 3 VERTICAL CHARGE DATA

| POSITION MAGNITUDE PHASE POSITION MAGNITUDE PHASE
(cm) (rel.) (deg) (cm) (rel.) (deg)
97.95 .81 160.1 68.95 1.72 -158.8
96.95 .85 162.7 67.95 1.73 -154.5
95.95 .90 165.0 66.95 1.81 -154.3
94.95 «95 167.6 65.95 1.85 -153.5
93.95 .99 170. 1 64.95 1.90 -151.2
92.95 1.02 172.0 63.95 1.96 -151.2
91.95 1.07 173.9 62.95 2.03 -149.5
90.95 1.1 175.4 61.95 2.10 -147.7
89.85 1.16 177.2 60.95 2.17 -145.9
88.85 1.20 178.8 59.95 2.24 -144.2
87.95 1.23 -179.8 58.95 2.28 -142.9
86.85 1.27 -177.7 57.85 2.34 -141.0
85.95 1.30 -176.9 56.95 2.39 -139.3
84.85 1.32 -175.6 55.95 2.47 -137.3
83.85 1.36 -174.4 54,95 2.58 -135.0
82.95 1.39 -173.2 53.95 2.65 -133.1
81.95 1.42 -172.0 52.95 2.72 -131.4
80.95 1.45 -171.0 51.95 2.80 -129.6
79.95 1.46 -170.0 50.95 2.86 -128.0
78.95 1.48 -168.9 49.95 2.94 -126.4
77.95 1.50 ~167.9 48.95 2.99 -124.9
76.95 1.53 ~167.0 47.95 3.04 -123.4
75.95 1.55 ~166.0 46.95 3.10 -122.9
74.95 1.57 ~165.0 45.95 3.15 -120.3
73.95 1.59 -=164.3 44,95 3.21 -118.6
i 72.95 1.60 -163.5 43.95 3.27 -117.2
71.95 1.61 ~162. 1 42,95 3.34 -115.9
70.95 1.63 ~-161.2 41.95 3.38 -114.5
69.95 1.66 ~160.2 40.95 3.41 -113. 4
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POSITION MAGNITUDE PHASE

CASE 3 VERTICAL CURRENT DATA

POSITION MAGNITUDE PHASE

(cm) {(rel.) (deg) (cm) (rel.) (deg)
96.70 .78 139.0 67.70 .85 -175.0
95.70 .81 139.6 66.70 .83 -173.0
94.70 .82 141.3 65.70 .75 -171.9
93.70 .84 142.3 64.70 .81 -169.2
92.70 .83 143.5 63.70 .89 -166.9
91.70 .82 144.8 62.70 .99 -165.0
90.70 .79 146.2 61.70 1.08 ~163.1
89.70 .78 147.1 60.70 1.18 -161.8
88.70 7 148.3 59.70 1.28 -160.5
87.70 .75 149.7 58.70 1.36 -159.2
86.70 .74 151. 4 57.70 1.42 -158.0
85.70 .72 152.9 56.70 1.46 -156.9
84.70 .71 154.3 55.70 1.48 -155.8
83.70 .69 155.6 54.70 1.50 -154.4
82.70 .68 157.1 53.70 1.50 -153.0
81.70 .67 158.5 52.70 1.51 -151.4
80.70 .65 160. 1 51.70 1.50 -149.5
79.70 .64 161.6 50.70 1.48 -147.7
78.70 .62 163.0 49.70 1.46 -146.0
77.70 .61 164.2 48.70 1.44 -144.0
76.70 .59 165.4 47.70 Tell2 -142.1
75.70 .57 166.5 46.70 1.39 -139.8
74.70 .55 167.6 45.70 1.36 -137.5
73.70 .54 168.9 44.70 1.33 . =135.0
72.70 .53 170.5 43.70 1.30 -132.5
71.60 .51 172.4 42.70 127 -129.6
70.70 .50 173.6 41.70 1.24 -126.5
69.70 .66 177.9 40.70 1.21 -123.4
68.70 .75 -178.6 39.70 1.18 -120.0
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CASE 3 CROSS ARM CHARGE DATA

POSITION MAGNITUDE PHASE POSITION MAGNITUDE PHASE

(cm) (rel.) (deg) (cm) (rel,) (deg)
29.40 1.11 160.9 ~7.10 1.75 ~162.5
28.40 1.15 164.0 . ~8.10 1.74 -163.3
27.40  1.18 167.0 ~9.10 1.73 -164.1
26.40 1.22 170.1 -10.10 1.72 -164.9
25.40 1.26 173.2 -11.00 1.70 ~165.5
26.40 1.30 176.0 -12.10 1.69 -166.4
23.40 1.33 178.4 -13.10 1.66  -167.1

22.40 1.38 -178.9 -14.10 1.64 -168.0
21.40 1.42 -176.5 -15.10 1.60 -168.8

20.40 1.45 -174.4 -16.10 1.57 -169.7

19.40 1.49 -172.7 -17.10 1.52 -170.6

18.40 1.53 ~170.1 -18.10 1.48 -171.6

17.30 1.56 ~168.0 -19.10 1.44 -172.5

16.40 1.59 -166.4 -20.10 1.39 -173.5

15.40 1.62 -164.6 -21.10 1.34 -174.4

14.40 1.65 -163.1 -22.10 1.29 -175.5

13.40 i.68 -161.8 ~23.10 1.23 -176.6

12.40 1.70 -160.5 -24.10 1.18 -177.8

11.40 1.71 -159.5 -25.10 1.12 -179.1

10.40 1.72 -158.5 -26.10 1.06 179.1

9.40 1.73 -158.0 -27.10 1.00 177.5

8.40 1.74 -157.6 -28.10 .95 175.8

- -29.10 .88 173.7
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CASE 3 CROSS ARM CURRENT DATA

POSITION MAGNITUDE PHASE POSITION MAGNITUDE PHASE
(cm) (rel.) (deg) (cm) (rel.) (deg)
27.90 1.46 164.5 -7.40 .61 166 .2
26.90 1.45 164.5 -8.40 .61 162.7
25.90 1.44 165.5 -9.40 .62 159.2
24.90 1.43 166.6 -10.40 .63 156.0
23.80 1.42 167.5 -11.40 .64 153.0
22.90 1.41 168.4 -12.40 .66 150.1 |
21.90 1.39 169.5 -13.40 .68 147.5 |
20.90 1.37 171.7 -14.40 .70 145.5 g
19.90 1.35 172.0 -15.40 e - 143.5
18.90 1.32 173. 4 ~16.40 .75 141.6
17.80 1.29 174.9 ~17.40 .77 139.8
16.90 1.26 175.6 -18.40 .80 138.0
15.90 1.21 177.0 -19.40 .83 136.2
14.90 1.17 178.0 -20.40 .86 134.8
13.90 1.12 179.2 -21.40 .88 133.9
12.90 1.06 -179.6 -22.40 .91 132.6 :
11.90 1.00 ~178.2 -23.40 .94 131.6 ﬂ
10.80 .92 -177.5 -24.40 .96 130.8
9.90 .83 -176.6 -25.4 .98 130.0
8.90 .1 ~176. 4 -26.40 1.00 129.0
7.90 .57 -176.1 -27.40 1.02 128.5 ﬂ
6.90 .42 -176.3 -28.40 1.03 128.1
5.90 .28 -177.2 -29.40 1.05 127.6
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CASE 4 VERTICAL CHARGE DATA
POSITION MAGNITUDE PHASE POSITION MAGNITUDE PHASE
(cm) (rel.) (deg) (cm) (rel.) (deg)
96.95 .54 90.0  68.95 1.19 116.2
95.95 .62 92.3 67.95 1.12 116.7
94.95 .71 93.1 66.95 .97 116. 1
93.95 .79 95.6 65.95 .89 119.5
92.95 .87 96.9 64.95 .79 123.5
91.95 .94 97.8 63.95 .69 128. 1
90.95 1.02 98.8 62.95 .58 134.9
89.95 1.09 99.5 61.95 47 144.2
88.95 1.16 99.8 60.95 .36 160.1
87.95 1.22 100.4 59.95 .29 -173.8
86.95 1.28 100.9 58.95 .31 -138.6
85.95 1.35 101.4  57.95 42, =114.1
84.95 1.41 101.9 56.95 .57 -100.6
83.95 1.46 102.4 55.95 .76 -92.8
82.95 1.50 102.8 54.95 .95 -87.6
81.95 1.55 103.2 53.95 1.15 -84.0
80.95 1.59 103.6 52.95 1.36 -81.7
79.95 1.62 104.1 51.95 1.57 -80.0
78.95 1.64 104.5 50.95 1.78 -78.5
77.95 1.66 105.0 49.95 1.99 -77.5
76.95 1.66 105.6 48.95 2.20 -76.6
75.95 1.65 106.2 47.95 2.5%1 -76.8
74.95 1.63 107.0Q 46.95 2.60 -75.4
73.95 1.60 107.8 45.95 2.81 -74.9
72.95 1.55 108.8 44.95 3.01 -74.5
71.95 1.48 109.5 43.95 3.19 -Tu4.1
70.95 1.42 110.8 42.95 3.39 -73.9
69.65 1.34 112.5 41.95 3.57 -73.6
40.95 3.77 -73.4
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CASE 4 VERTICAL CURRENT DATA

POSITION MAGNITUDE PHASE POSITION MAGNITUDE PHASE
(cm) (rel.) (deg) (cm) (rel.) (deg)

95.75 1.98 -24.3 67.75 1.90 150.4

94.75 " 1.96 -24.2 66.75 1.97 152.2

* 93.75 1.93 -24.0 65.75 1.97 152.9
| 92.75 1.90 -23.9 64.75 2.08 153.9
5 91.75 1.86 -23.8 63.75 2.24 156.6
90.75 1.83 -23.6 62.75 2.43 159.4

89.75 1.79 -23.5 61.75 2.65 162.1

88.75 1.74 -23.3 60.75 2.89  164.4

87.75 1.69 -23.1 59.75 3.07 166.2

86.75 1.63 -22.7 58.75 3.26 167.7

85.75 1.56 -22.3 57.75 3.42 168.8

84.75 1.49 -22.0 56.75 3.55 169.8

83.75 1.40 -21.4 55.75 3.62 170.6

82.75 1.31 -20.5 54.75 3.69 171.2

81.75 1.20 -19.4 53.75 3.73 171.8

80.75 1.08 -17.9 52.75 3.75 172.1

79.75 .94 -15.6 51.75 3.76 172.6

78.75 .77 -12.0 50.75 3.75 173.0

77.65 .57 -3.9 49.75 3.74 173.4

76.75 42 10.5 48.75 3.71 173.7

75.75 .28 45.9 47.75 3.67 174.1

74.75 .33 92.0 46.75 3.62  174.4

73.75 .50 113.3 45.75 3.57 174.8

72.75 .68 123.0 44.75 3.52 175.3

71.75 .85 127.5 43.65 3.64 175.6

70.75 .99 129.8 42.75 3.38 176.0

69.75 1.21 140.8 41.75 3.30 176.5

68.75 1.50 144.9 40.75 3.21 177.0

39.75 3.12 177.6
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CASE 4 CROSS ARM CHARGE DATA

POSITION MAGNITUDE PHASE POSITION MAGNITUDE PHASE
(cm) (rel.) (deg) (cm) (rel.) (deg)
28.50 3.98 150.5 -6.20 1.77 98.9
27.50 3.83 150.4 -7.20 1.90 97.7
26.50 3.65 150.1 -8.20 2.03 96.8
25.50 3.50 149.8 -9.20 2.19 95.9
24.50 3.36 149.6 -10.20 2.35 95.0
23.50 3.23 149.4 -11.20 2.52 9.4
22.50 3.10 149.0 -12.20 2.70 93.6
21.50 2.97 148.6 -13.20 2.89 93.1
20.50 2.86 148.5 -14.20 3.07 92.5
19.50 2.73 148.2 -15.20 3.25 92.1
18.50 2.60 148.0 -16.20 3.44 91.6
17.50 2.47 147.6 -17.20 3.62 91.2
16.50 2.35 147.1 -18.20 3.81 90.7
15.50 2,22 146.7 -19.20 4.00 90.3
14.50 2.10 146.2 -20.20 4.20 89.8
13.50 1.97 145.5 -21.20 4.40 89.4
12.50 1.84 144.8 -22.20 4.59 89.1
11.50 1.71 143.7 -23.20 4.79 88.8
10.50 1.59 142.6 -24.20 5.00 88.5

9.40 1.46 141.0 -25.20 5.27 87.9
8.40 1.37 139.5 -26.20 5.60 85.6

-27.20 5.30 90. 1
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CASE 4 CROSS ARM CURRENT DATA

POSITION MAGNITUDE PHASE

(cm)

27.00
26.00
25.00
24.00
23.00
22.00
21.00
20.00
19.00
18.00
17.00
16.00
15.00
14.00
13.00
12.00
11.00
10.00

9.00

8.00

7.00

(rel.)

1.33
1.37
1.45
1.51
1.57
1.64
1.69
1.72
1.76
1.79
1.80
1.81
1.80
.77
1.72
1.66
1.56
1.43
1.27
1.10

.98

(deg)

-110.4
-110.2
-110.0
-109. 4
-108.6
-108.2
-108.1
-106.9
-106.7
-106.1
-105.2
-104.3
-103.3
-102.0
-100.5
-98.5
-95.9
-92.0
-85.2
-75.2
-62.5
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POSITION MAGNITUDE PHASE

(cm)

-5.20

-6.20

-7.20

-8.20

-9.20
-10.20
-11.20
~-12.20
-13.20
-14.20
-15.20
-16.20
~17.20
-18.20
-19.20
-20.20
-21.20
-22.20
-23.20
-24.20
-25.20
-26.20
-27.20

(rel.)

2.16
2.31
2.46
2.62
2.77
2.88
2.95
2.99
3.00
3.00
2.97
2.93
2.88
2.81
2.73
2.65
2.57
2.49
2.39
2.35
2.25
2.90

<70

(deg)

-174.5
-174.4
-174.6
-174.6
-174.9
=-175.0
~175.2
-175.2
-175.3
-175.6
-175.7
-175.9
-176.0
-176.1
-176.2
-176.5
-176.9
-177.5
-178.0

179.5

177.0

141.0
-146.5
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