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A knowledge of the field components should also prove useful
in the design of mode launchers, such as between microstrip and
slot-line [5], [16], and between coplanar waveguide (CPW) and
slot-line [11].

Besides, it should also prove useful in the study of coupling
between a slot-line and a cylindrical dielectric resonator. Goebel
and Schieblich [12] have studied the coupling between a slot-line
and a cylindrical dielectric resonator. Their studies show that the
coupling is efficient when the slot runs tangential to the resonator
and when the edges of the resonator extend into the slot. Such a
study should also prove useful in filter applications [13].

Finally, a knowledge of the current distribution on the metal
surfaces should prove useful in the design of slot-line antennas
[10], [14], [15]. The lower ground plane, besides being useful in
slot-line antennas, can also act as a heat sink in applications
involving solid-state devices.

VII. CONCLUSION

The paper presents expressions for the odd- and even-mode
electric field components and the magnetic field components in
the air and dielectric regions of broadside-coupled slot-lines.
These expressions have been numerically evaluated and the fields
in the cross section and the longitudinal section are illustrated.
Besides, the computed current paths on the metal surfaces and
the tangential magnetic field are illustrated. The magnetic field in
the longitudinal section, and in the plane of the slot, is elliptically
polarized.
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Radar-Echo Location of Conducting Spheres in

Waveguide

p. I. SOMLO, SENIOR MEM8ER, IEEE

,4Mract —The radar-echolocations of conductingspheres placed in the

center of the broad wall of a rectangular guide were measured using the

synthetic-pulse tecfndque. The measuring instrument was a six-port re-

flectometer whose results in the frequency domain were transformed

digitafly into the time domain. It was found that, as the size of the spheres

was reduced, the radar-echo locations approached the center of the spheres

in an oscillatory manner. The findings are somewhat unexpected, as the

echo centers for some sphere sizes appear to be farther away from the

source than their physicaf centers.

I. INTRODUCTION

It has been reported that conducting spheres placed in wave-
guides have the speciaf property that their reflection coefficients
are quasi-constant with frequency [1]. It has also been shown
empirically that this is true for all sphere sizes, with diameters
nearly up to guide height. The magnitude of the reflection coeffi-
cient \17\ of a small sphere varies as the volume of the sphere. This
finding has been confirmed theoretically using a perturbation
method [2].

Because conducting spheres produce a quasi-constant magni-
tude of reflection coefficient and may easily be positioned in a
waveguide, they are useful as special tuning elements which offer
wide-band compensation. Arg( r ) may be adjusted by axial posi-
tioning, and lrl by lateraf positioning. Steel balls (bearing balls)
may be moved and held in place by small external magnets. In
the Locating Reflectometer [3], for instance, the directivities of
both the reference and the measuring directional couplers were
increased over the whole X-band by placing small spheres near

the start of the multi-hole coupling region. It has been shown [3,
fig. 9] how the internal reflections of a horn antenna were
reduced to a negligible level over the whole X-band by suitably
positioning (and gluing) four steel balls near the throat of a horn
antenna.

The purpose of this investigation was to measure the effective
locations of conducting spheres placed in the center of the broad
wall of rectangular waveguide. One may define a number of
ball-position criteria. One such definition may be position of a
lumped susceptance producing the same 11’I as a ball. This defini-
tion is physically inexact, since the larger balls cannot be re-
garded as lumped obstacles. A similar definition would be to use
arg( r ). Another definition regards the balls to be positioned
where Re r( t) = O, since the ball is assumed loss-free. Again, this
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Fig. 1. Schematic diagram of setup to measure the reflection coefficients of
steel balls. A O.32-mm diarn hole connected to a vacuum pump locates the
balls. The six-port was calibrated at the plane of M-M with waveguide
standards.

definition is arbitrary, because the balls in general are distributed
obstacles. The most meaningful definition of ball positions is the
distance at which a radar measurement locates the maximum of
the returned pulse. The present work obtained this result from a
synthetic-pulse-type measurement using a six-port in the fre-
quency domain, from which time-domain information was com-
puted.

The present investigation was prompted by a discussion by J.
Appel-Hartsen [4] of the reflection centers of large spheres in the
near-field, and the redzation that no such information exists for
cort@cting spheres in waveguides. The present work provides
measured data for future theoretical studies.

II. METHOD OF MEASUREMENT

Because the aim was to determine the effective location of the
spheres with an uncertainty less than 0.1 mm, an accurate method
of measurement was needed. For this reason, the recently de-
scribed six-port reflectometer [5] was chosen as the reflection
coefficient measuring apparatus, calibrated by the” 6+ standards,”
redundant method. The coaxial six-port was connected to a
coaxia.1/waveguide adaptor, followed by a straight section of a
uniform guide, and then by a speci@y constructed measuring
guide, as shown in Fig. 1. For accurate re-positioning of all the
balls, the measuring guide had a small, 0.32-mm diam hole drilled
in its central region, in the center of the broad wall. The hole was

connected to a vacuum pump by a vacuum line equipped with a
vacuum gauge. This gauge enabled the balls to be positioned with
high repeatability by indicating a pressure drop when the balls
were captured ~ver the hole. The balls were inserted &d removed
from the measuring guide after removing the pyramidal matched
load from the external sliding load housing guide.

The calibrated measuring plane of the six-port was the outside
flange of the measuring guide, (plane M-M on Fig. 1) to which
the waveguide standards were comected. These were provided by
five micrometer-driven offset short circttits, three positions of a
sliding matched load, and three positions of a sliding load in a
reduced height guide, which gave the intermediate reflection
coefficient (magnitude only) standard.

In order to obtain as narrow a synthetic pulse as possible, the
measurements were carried out over as wide a frequency band as
possible (over the whole of the X-band). The six-port was
calibrated at 11 ‘frequencies ranging from 8.2 to 12.4 GHz, and

the reflection coefficients of 11 balls were measured. Ball diame-
ters varied from 2.44 to 10 mm. To reduce scatter due to noise
and possible variations in contact resistance of the balls to the
guide, the balls were repositioned three times and the average of
the reflection coefficients was taken as the result. To reduce the
effect of residual reflections from neighboring imperfections
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Fig. 2, Plot of the magnitude of the locating vector Ir(time) I versus distance
afong the waveguide for a 5.54-mm diam ban.

(flanges, sliding load residuals, etc.), r (no ball), which was
obtained by measuring without the ball, was subtracted from the
average of three-r (ball) measurements, with the matched load
returned to its position. Since the Fourier transforms of additive
functions are additive, this operation was equivalent to subtract-
ing the radar echoes of the background clutter from the radar
echoes of the balls, without having to compute two Fourier
transformations.

The Fourier transform of r(~) (reflection coefficient in the
frequency domain-the familiar concept) is r(t) (the reflection
coefficient in the time domain-not so familiar), which will be
subsequently referred to as the “locating vector.”

III. f@XJLTS

Having measured the reflection coefficients of the balls, I’~,,
referenced to the plane M– M at the 11 frequencies, the locating
vectors were computed by referencing 17,,, to different planes

along the guide, ~d averaging these for a given ball, as outlined
in [6]. A plot of the magnitude of the locating vector of a ball is
shown in Fig. 2. The particular shape of the sidelobes is the result
of the choice of frequencies at which rb, ~ were measured. Since
our aim w+ to deterinine the radar-echo location of the bills, the
peaks of the locating vectors had to be found. Fig. 3 shows an
expanded hew of the peaks of all the locating plots. The exact
positions of the peaks Were found by a simple maximum-seeking
procedure as the locating vector was computed.

Fig. 4 shows the result, wfich is the maximum-of-echo-distance
versus ball c!iameter. This curve shows, as expected, that large
balls appear to be closer to the source than their centers, since the
front hemisphere is illuminated, and an almost full reflection is

produced, suggesting a reduced significance of the shadowed
hemisphere. It is also interesting to remember that, for plane
waves in the optical limit, when the diameter is much larger than
the wavelength, the echo-center tends to be at half radius, to-
wards the source [4]. The interesting finding was, however, that
for some intermediate-sized’ balls, the echo-maxima appeti to be
on the far side of the balls. As the ball diameter 1sreduced, Fig. 4
shows the echo-positions approaching the physical location of the
ball centers.

A probable qualitative explanation of the finding that some
intermediate-sized balls produce radar ethos located (in absolute
terms of distance) on the far side of the balls is the following. A
ball may be modeled over a wide band as tapered sections of
guides axially symmetrical about the ball ‘center, with a shunt
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Fig, 3, Expanded view of the peaks of the magnitudes of the locating vectors
for the bafls measured versus distance. The shift of the peaks toward the
source for large balls is easily seen,
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Fig. 4. Computed positions of the peak of the radu-echo, and arg( r(time))
versus ball diameter. It is seen that small bafls appear to be farther away
than their centers, Echoes of large balls move closer to the source. As a
cross-check, the points indicated by X were computed using the first and
last frequencies only,

susceptance in the center. Since the guide wavelength in the
tapered section lengthens, the shunt susceptance appears to be
farther away (group-delay is increased). For very large balls, this
taper is very severe (guides tending toward cutoff), and dominates
over the effect of the shunt susceptance and thus puts the
reflection forward.

The experimental uncertainty in the echo locations is difficult
to state, but repeated measurements produced very similar re-
sults. The individual departures of the points on Fig. 4 from the
smooth fitted curve give an indication of the scatter. As a
cross-check, the point corresponding to the largest, seemingly
anomalous, echo location was computed using only the two
extreme frequencies of the set of eleven, and reproduced the

Fig. 5. The locating vector evahrated at its maximum, plotted on the Smith-
chart for varying ball sizes. A resemblance to a capacitive obstacle is
recognizable. Note that the locating vector is in the time domain.

trend of the results of the full set, as shown in Fig. 4.
In Fig. 4, the computed phase of the locating vector is shown

at the echo-maxima. For small balls, the phase tends toward
–900, meaning that small balls may be regarded as lumped
capacitive obstacles, whereas large balls exhibit phases which
approach 1800, the expected value for an impedance which
approaches a short circuit.

The Smith-chart plot of the complex locating vector (Fig. 5)
indicates a quasi-capacitive behavior for all ball sizes. The depar-
ture from purely capacitive loading is attributed to the break-
down of the lumped element approximation as the balls become
larger and the impedance is distributed along the waveguide.
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Propagation on a Sheath Helix in a CoaxiaUy

Layered Lossy Dielectric Medium

MARK J. HAGMANN, MEMBER, IEEE

Abstract — Radial and axial dependence of the szimuthally symmetric
fields in each coaxial layer may be expressed in terms of modified Bessel
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