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Fig. 5.

Schematic diagram of a complete applicator.

uneven and the temperature quite high, thermal runaway and scorch-
ing can result. As the fields near the web are reduced to control at-
tenuation, leakage from the slots will also be reduced. Experiments
with a Narda 8110 Radiation Monitor [9] showed that leakage power
is proportional to attenuation and otherwise unchanged by going
from TE, rectangular waveguide to a TEM structure with the same
wall thickness and web load. All these problems are compounded by
thick or very wet webs and the TEM structure thus permits heating
heavier loads.

Fig. 5 shows a sketch of an implementation of this system. Air
can be introduced through chokes or dielectric ducts, flowing from the
center conductor directly over the web. The inner conductor can be
formed from channel aluminum, rounded at the corners to prevent
arcing. The front face, or the dividers, can be set at an angle to control
uneven heating. If the center conductor is fairly wide, the spacing to
the upper and lower ground plane will dominate the characteristic
impedance, permitting reduced sensitivity to manufacturing irregu-
larities.

CoNCLUSIONS

It has been shown that by going to the TEM mode it is possible
to build a simple web applicator that is well designed for both micro-
wave power and air. The applicator size can be reduced for 915 MHz
and there is, in principle, no lower frequency limit. Perturbation
theory has been found to handle the analysis adequately as is ex-
pected for light dielectric loads. Better methods are available to con-
trol electric fields in the vicinity of the web and thus the structure is
adaptable to a much wider variety of loads.
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Feedthrough for Digital Latching Ferrite Phasers

J. D. HANFLING anxp S. R. MONAGHAN

Abstract—Feedthroughs are used in latching ferrite phasers
having control wires entering the microwave region. The feedthrough
damps out the troublesome resonances that occur as a result of air
gaps at the ferrite-waveguide wall interface and at the same time
chokes out the radiation from the holes through which the latching
wires pass. The equations and curves necessary to design the feed-
through are presented, as well as some experimental results ob-
tained at C band on a practical production configuration.

INTRODUCTION

In digital latching ferrite phasers, the presence of air gaps between
the surface of the ferrite and the walls of the waveguide cause higher
order modes to be excited which couple onto the latching wires and
can cause absorption resonances in the dominant-mode output and
excessive radiation leakage out of the waveguide. The amount of
higher order mode excitation, and consequently the coupling, depends
upon the size of the air gap; small air gaps of the order of 0.0003 wave-
length can cause relatively large coupling. Although special tech-
niques have been applied to reduce these air gaps, such as finish
grinding the ferrite surface flat and using some sort of prestressed
cover for the waveguide, air gaps that can significantly degrade per-
formance still occur. Instead of going to extremes with these expen-
sive and time-consuming measures to prevent the air gaps from
occurring, the effects of the higher mode excitation can be eliminated
cheaply and efficiently by terminating the latching wires in a feed-
through that damps out the resonances and chokes out the radiation
leakage.

In the past, tubes of lossy dielectric were placed on the wires or
in the waveguide walls through which the wires pass. These tubes
produced some damping of resonances, but exhibited high RF leakage
and increased the overall loss of the device. Recently, resonances have
been damped by a resistive sheet across the guide [1]. The concept
of this feedthrough is to introduce a very low impedance at the wire
exit hole, giving low RF leakage (good isolation), and to effect a
damping of resonances by adding loss outside the propagating wave-
guide. Design equations and curves are presented for choosing both
the dimensions of the device and the type of material. Also described
are a theory of operation of the feedthrough and experimental results
at C band obtained using different types of lossy dielectric as the feed-
through material in a production design.

THEORY OF FEEDTHROUGH OPERATION

The dimensions of the feedthrough are shown in Fig. 1. The shank
of the feedthrough fits into a hole in the side of the waveguide and
the latching wire is brought out through the center of the feedthrough
and is soldered to the hat. The outer diameter is chosen such that a
very low impedance appears at the wire exit hole. The outside wall
of the waveguide acts as one conductor of the radial line while the hat
of the feedthrough acts as the other. The feedthrough should be made
as thin as possible so that the characteristic impedance of the radial
line at » = is small, making the normalized impedance very high at
that point. The size of the mismatch as transformed to the input of
the radial line determines the isolation achieved. The characteristic
impedance of the radial line at »=gq is given by

b (1)

27a €

Z 0 (d) =
where

u  permeability of radial line material,
e permittivity of radial line material,
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t=  WALL THICKNESS OF WAVEGUIDE,

Fig. 1. Feedthrough for digital latching ferrite phasers.

b thickness of radial line,
a outside diameter of radial line.

The normalized impedance at the input to the radial line is given
by [2]
Z(e)  Z(a)Cil#,9) +3Z0(a)i(x,9)

= 2
Zo(e)  Zol@)t(w, y)eu(w, 3) + jZ(a) @

where x =2mc/\, y =2wa /), in which X is the wavelength in the radial
line, and Z{a) = +/po/€o is the characteristic impedance of free space
which terminates the radial line. Ci(x, ¥), ¢:(x, ¥), and ¢{x, y) are
combinations of first- and second-order Bessel functions.

The radial line is designed so that Ze(a) <<Z(a). Therefore,

Z(e) Zo(a) .
70~ £z, 9) 0 FCela, ) 3)
where
Ji)No(x) — N1(3)Jo(x)
C; y = 4
® ) = S o) ~ SN ®
_ ]o(x)No(y) — No(x)]o(y) .
&9 = 5 M) = @) ®
By choosing dimensions such that C:(x, ¥) =0, then
No(x) - El_(y_) . (6)

Jol®)  Ja(y)

The curves in Fig. 2 give values of x and y for which C:(x, y) =0; for
example,
No(1.2)  N:(2.5) _

To(l2)  T.(25) @)

This results in a simple expression for the input impedance and
VSWR S of the line
Z{¢) Zo(a) ’
Z'e) = =27 — 227 )
@ = %= i) ®

1 2ra e,— 1
=76~ bVﬁu%w ©)
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Fig. 3. VSWR versus radius-to-thickness ratio of radial line.

where ¢ =permittivity of radial line relative to free space and
ur =permeability of radial line relative to free space.

Fig. 3 is a plot of (9) for ¢(x, ¥) =1 and for three different values
of the parameter ¢ /u,. The values of these parameters were chosen
to represent commercially available materials that might possibly be
used; for example, e/u,=16/3 corresponds to Emerson Cummings
MF 116, an iron-loaded plastic material.

An approximate estimate of the isolation I provided by the feed-
through is

243

I =20log S+1 + 20 log » (10)

where the mode coupling # indicates how much energy is coupled out
of the dominant waveguide mode onto the wire. Depending upon the
amount of isolation desired, (10) can be used in conjunction with
Figs. 2 and 3 for choosing feedthrough dimensions.
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Fig. 4. Dominant-mode equivalent circuit for TEM absorption resonance.

The excitation of higher order modes in the ferrite-loaded wave-
guide can cause a TEM standing-wave resonance to exist on the
latching wire. However, by choosing the loss tangent of the feed-
through material as large as possible while still maintaining the im-
pedance transforming action for isolation, the resulting resonance
will be damped out. It should be noted that the maximum loss tan-
gent that can be used is limited by the allowable video circuit resis-
tance between the waveguide wall and the metalized hat of the feed-
through. The RF equivalent circuit of the TEM mode absorption
resonance is shown in Fig. 4.

The feedthrough is selected to be the predominant lossy element
of the resonant circuit. Neglecting ferrite and wall losses and setting
R, =Ry, the absorption at resonance is given in terms of loss tangent
and mode coupling by

1+ 2ntané
" 2n%tans

1)

where « is the ratio of signal output when there is no resonance to
that at the resonant dip. This is derived from the lumped equivalent
circuit of Fig. 4 where tan §=R;/R,. The amount of TEM mode
coupling # depends on the reltaive propagation constants of the
dominant and spurious modes and on the size of the air gaps between
the ferrite and the waveguide wall. In the latching phaser, the coupl-
ing parameter is also a function of the bit state, which when reversed
can cause a 10- to 14-percent change in the dominant-mode guide
wavelength. Fig. 5 is a plot of (11) for mode-coupling values between
5dB and 40 dB down from incident.

FEEDTHROUGH DESIGN

For the digital latching phaser of the cross section shown in Fig.
6 [3], experiments have shown that when no feedthroughs are present,
the average amount of energy coupled out onto the wires is about 23 dB
down. The total isolation achievable with a feedthrough is limited by
the height of the waveguide and how fragile the device can be. For
these reasons the outer diameter of the feedthrough is constrained by
the 0.3-in height of the waveguide; the thickness of the hatb should be
not less than 0.010 in and the diameter of the shank 2¢ not less than
0.100 in. Also, the hole in the shank must be able to pass a no. 28
(0.013) wire. Using these ground rules, the following feedthrough was
designed. Assuming Ao (free-space wavelength)=2.5 in, ¢ =0.050 in,
b=0.0101in, u, =3, and e =16, then

2m¢
x = —/ue = 0.87
o

and from (6) and the curve of Fig. 2
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y= {—\/me, = 2,2.

Therefore, ¢ =0.127 in and ¢/b=12.7.

The performance of a feedthrough using MF 116 is as follows:
From a/b =12.7, the corresponding VSWR from Fig. 3 is 180 and the
corresponding isolation is 17 dB; adding 23 dB for average mode
coupling and 2 dB for the transmission loss through the feedthrough
results in a total isolation of 42 dB. Assuming that the effective loss
tangent (electric=0.08, magnetic=0.12) is approximately 0.15
and using Fig. 5, the amplitude dip at resonance is 0.085 dB. Feed-
throughs of this approximate design and performance, shown in
Fig. 6, are presently being produced with copper molded in place for
about 15 cents each.

EXPERIMENTAL RESULTS

Several experiments were conducted to demonstrate typical per-
formance capabilities of the feedthrough. In the first experiment, ten
digital latching ferrite phase shifters of the cross section of Fig. 6 were
constructed maintaining the maximum air gap to less than 0.0003
wavelength and using feedthroughs of the type discussed, but with a
loss tangent of 0.01. Swept frequency measurements of insertion loss
were made on all units and the average value of the peak resonance
was found to be 2.0 dB. Using these results and Fig. 5, the average
mode-coupling value is computed to be 23 dB, with variations be-
tween 17 and 30 dB.

To improve this performance, tighter tolerance control during
fabrication is required or a lossier feedthrough must be used. If we
assume that the amount of coupling is directly proportional to the
size of the air gaps present, then in order to achieve 0.1 to 0.2 dB
average peak absorption amplitude at resonance, the mode coupling
would have to be reduced to the 33 to 35 level. This correspcnds to a
3 to 4:1 reduction in air gaps or the use of a feedthrough material
having a loss tangent between 0.1 and 0.2.
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Fig. 6. Developmental array phaser showing feedthroughs.

o] A ———— N

~

' REFERENCE' o Moo~ Ly~ ]

. xMFIW(mnS:OJ)

\ } (ALSO NO FEEDTHRU)

2 \ ]
. \ | \

3 , MF 116 (tan 8:0,15)

!
@ PHASER NO.4 ! |
2 M NO.GI
weat—— O : T
o 22 NOV. 68 \
iy 000 STATE 11 N
gs ]
-
E, - | | HYSOL (ton8=0.01)
(%)
E4 V

7

9

1o T T T T
0 100 200 300 400

FREQUENCY INCREMENT (MHz)
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A second group of 15 phasers was fabricated using techniques
identical to those used on the initial group of 10 except with improved
feedthroughs. The feedthrough material had a dielectric loss tangent
of 0.08 and a magnetic loss tangent of about 0.12, making the effective
loss tangent about 0.15. Only 3 out of 15 elements exhibited reson-
ances and the average peak absorption in those elements with reson-
ances was 0.5 dB. These results are generally consistent with what
would have been predicted from Fig, 5.

In order to compare the resonance reduction capability of several
different feedthrough materials, a third experiment was conducted.
A swept frequency loss measurement was made on a single phaser,
using no feedthroughs and each of three different types of lossy feed-
through. The results from four sets of these measurements are shown
in Table I. As an example, the measured insertion loss versus fre-
quency for Phaser 4 is plotted in Fig. 7.

In conclusion, the absorption resonances and RF leakage which
have long been associated with digital latching phasers can now be
eliminated by a systematic choice of feedthrough material and di-
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TABLE I

Lossy FEEDTHROUGH COMPARISON
Peax ABSORPTION-RESONANCE AMPLITUDE (dB)

Type Tan & Phaser 1 Phaser 2 Phaser 3 Phaser 4
1 0.01 8.0 2.8 2.3 5.5
2 0.15 1.5 0.2 0.2 0.6
3 0.3 1.0 0.2 0.2 0.3
None 0.2 0.2 0.2 0.2

mensions. In addition, the feedthrough allows wider ferrite and wave-
guide assembly tolerances and results in a less expensive device.
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A Dominant Mode Analysis of Microstrip
R. P. WHARTON an~xp G. P. RODRIGUE

Abstract—A computer-aided numerical analysis of the dominant
mode propagating in microstrip transmission line is reported, and the
theoretical results are corroborated by experimental measurements.
A region of almost complete circular polarization is found to existat
the surface of the dielectric, although most of the energy is concen-
trated directly beneath the strip conductor where the fields possess
almost complete linear polarization.

INTRODUCTION

This analysis of the field distributions in microstrip transmission
lines has been carried out in two parts: a theoretical analysis yielding
a numerical solution and an experimental study using a small YIG
sphere as a field probe. The work was prompted by the knowledge
that in order to satisfy all the boundary conditions, the microstrip
mode has to be a combination of TE and TM modes existing simul-
taneously, thus forming a TE-TM hybrid mode. Yet, propagation
constant data calculated under a TEM assumption yields good
agreement with experimental results. In addition, a laboratory in-
vestigation has indicated the existence of a region of circular polariza-
tion as evidenced by the realization of a strongly nonreciprocal
microstrip resonance isolator [1].

THEORETICAL. ANALYSIS AND RESULTS

The theoretical approach [2] used here has been to solve the
vector Helmholtz equations numerically for the longitudinal electric
and magnetic fields. Since microstrip by its very nature is an open
structure, a quantized model would require a subdivision of the re-
gion around it into an infinite number of mesh points. Thus it was
necessary to enclose the region around the microstrip with a bound-
ing wall. Experimentally, the microstrip fields are found to decay to
zero far away from the center strip, thus in this work the longitudinal
electric and magnetic fields were required to vanish at those walls. In
the microstrip model the dielectric substrate is assumed to be linear,
homogeneous, and isotropic. The lossless case is assumed so that the
propagating mode is considered to have a z dependence of the form
¢i @82, The strip and ground plane are treated as being infinitely
thin and perfectly conducting.

Finite-difference equation representations of the Helmholtz
equations were derived for both longitudinal field components. The
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