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F’ig. 1. Orthogonally coupled, capacitively
loaded TEM resonators. Fig.2. UHF bandpass filter utilizing folded geolmetry.

1

Fig. 3. Two-resonator filter with coaxidlo adingcapacitors.
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Fig. 4. Passband response ofa two-resonatol filter.

nal to its neighbor, the coupling between non-
adjacent resonators predominated. A folded
geometry, however, was found to provide a
solution to this problem whereby orthogonal-
resonator oairs are folded back as shown in
Fig.2. L

A two-section filter with h,/16 capaci-
tively loaded resonators was built using cop-
per construction, The coaxial loading capaci-
tors used a teflon dielectric and were me-
chanically adjustable. The filter cofiguration
is shown in Fig. 3. The impedance of the
resonators was750hmsin order to maximize
the unloaded Q. The coupling was empirically
adjusted to optimize the passband character-
istic. The measmed response of this two res-
onator filter is shown in Fig. 4. The overall
unloaded Q was determined to be 1400,
which means that a Q of 5000 was achieved
for the coaxial loading capacitor. The total
internal volume of the two resonator filter
was 10in8. Theperformance is comparable to
the best that can reachieved with anequiva-
Ient helical resonator filter.
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Propagation in a Longitudinally

Magnetized Ferrite-Filled Square

Waveguide

Absfracf—The normal modes of a ferrite-

filled longitudinally magnetized square wave-

guide are found using the generalized telegra-

phkt’s equations. The solutions are right- and
left-hand circularly polarized waves. The pre-
dicted differential phase shift is within 10 per-

cent of the experimental result.

I. INTRODUCTION

Application of ferrite phase shifters in
phased-array radars has generated a new
interest in electromagnetic wave propagation
through waveguides containing longitudinally
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magnetized ferrite. Exact solutions have been
obtained only for the cylindrical waveguide
symmetrically loaded with ferrite [1 ]–[3]. For
the general case of ferrite-loaded rectangular
waveguide, only approximate solutions have
been reported [4]-[7]. In this correspondence,
an approximate solution is given for the case
of a fully fdled square waveguide with longi-
tudinal magnetization, The theretical results
are verified by the experimental measure-
ment of phase shift in such alwaveguide.

II. NORMAL MODES

In order to obtain an approximate solu-
tion to the problem of a longitudinally mag-
netized ferrite in a square waveguide, the gen-
eralized telegraphist’s equations as derived by
Schelkunoff [8] are used. This method de-
scribes waveguide propagation in the ferrite-
Ioaded guide in terms of coupling between the
normal modes of the “uncoupled” waveguide.

Consider a ferrite-filled square waveguide
of side a with propagation and applied mag-
netizing field in the +Z dirr~tion. The domi-
nant modes of the empty waveguide are the
degenerate pair, TEM and TEoI. Schelkunoff
couples these modes through the tensor per-
meability of the ferrite and obtains the follow-
ing set of transmission line equations:
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where p and K are elements of the Polder
tensor [9] which at low magnetic fields may
be written as

w]= (5)

(6)

@n’= 27r7(4rM.)

where

4mM. = ferrite saturation magnetization
~= gyromagnetic ratio (2.8 MHz/Oe)
~ = microwave radian frequency.

The quantities V and I represent normalized
mode voltages and currents. Proceeding as
Schelkunoff, define

‘0=[+- (“31 ‘“ ‘7)
h.=-+

P

(8)

Differentiation of(2) and (4) and substitution
into (1) and (3) yields

Assuming solutions of the form

lID = 10e-J~z (11)

10] = Io’(?–~$’ (12)
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Fig, 1. Ratio of Faraday rotation in square waveguide to that in an infinite ferrite as a function of frequency.
The rat io of ferrite saturation magnetimtion frequency to the cutoff frequency of the waveguide is the parameter.
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F@ 2. Comparison of theoretical and experimental
frequency-dependence of differential phase shift for

square waveguide.

and substituting in (9) and (10) gives Since tbe normal modes in an infinite fer-
rite medium are also circularly polarized [10],

Io2 = – 10’Z it is of interest to compare (14) and (15) with

or (13) the propagation constants for tbe infinite.,
I, = ~ jI,’

medium:
——

B+ = ~v’Po~4P + ~ (16)
which is the condition for circular polariza-
tion. Thus the normal modes are right and

@_ = w~,u,, ~p – C. (17)

left circularly polarized waves whose propa- The normalized Faraday rotation in the
gation constants are square waveguide is given by

(14)
where Ois the Faraday rotation and

~c=+.

d 8-
(19)

D- = 60 (15)
udt.we

p——ti.
‘7r’ The boundary conditions imposed by the

waveguide system decrease the amount of
Faraday rotation. The factor [1 – (o./ti)2]u2
in (18) is the dispersion associated with the
waveguide, and 8/# is a coupling factor
which accounts for the transverse variation
of the fields. Note in this approximation that,
although the normal modes are circularly
polarized waves, the fields are circularly
polarized only along the diagonals of the
waveguide.

Equation (18) is plotted in Fig. 1 as a
function of frequency. For a fixed value of u~.
the Faraday rotation increases as a, decreases
since the dispersion is less. For large w the
curves asymptotically approach the value 8/m2
rather than unity since this analysis assumes
only TE1i3 and TEi21 modes in the waveguide.

A similar analysis in circular waveguide
bas been done by Severin [11] who found a
maximum coupling factor of 0.83 (= 8/~2),
Thus, circular waveguide provides no advan-
tage in terms of coupling coefficient over a
square waveguide.

III. EXPERIMENTAL RESULTS

Experimental verification of this theory
may be obtained in either of two ways. The
first is to excite the waveguide with a linearly
polarized signal and to measure the Faraday
rotation as this signal propagates down the
guide. The Faraday rotation is

(20)

The second method is to excite the wave-
guide with either sense of circular polariza-
tion, i.e., one of the normal modes, and to
measure the differential phase shift between
positive and negative saturation of the ferrite.
This phase shift is given by

A+ = (,/3+ – ~_)l. (21)

This was the method chosen for the measure-
ment.

The test section was placed in one arm of a
wavemtide bridge. With the ferrite latched to
the r~manent fl~x in one direction, a reference
phase was measured. The flux was then re-
versed, and the differential phase shift was
measured as a function of frequency; the
results are plotted in Fig. 2. The theoretical
curve was calculated using published values
for the remanent magnetization of the ferrite.
From the excellent agreement obtained, it may
be concluded that the normal modes of the
longitudinally magnetized square waveguide
are right and left hand circularly polarized
waves.
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Conductance Data for Offset Series

Slots in Stripline

Absfract—Frequency-independent curves

are presented which can be used to calculate the

conductance of offset series slots in stripline for

50-ohm characteristic impedance and three

common ground plane spacings. Experimental

verification is given for a particular case.

There appear to be no data presently
available for the conductance of offset series
slots in stripline. This would be particularly
useful in the design of stripline antenna slot
arrays. The general stripline and slot con-
figuration plus equivalent circuit are shown
in Fig. 1. Avery simple modification is made
to Oliner’sl expression for the conductance of
a narrow centered series slot in an infinite per-
fectly conducting ground plane, which from
his paper is

G
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Fig. 1. (a) Offset series slot configuration. (b) Equivalent circuit.
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Fig. 2. Varialion of resonant R/ZO with series slot otTset in stripline.

k= tanh ~w/2b
w = strip width
b= ground plane spacing

kf = +(1 –k2)11Z

a’= slot length
b’= slot width
d= slot offset, and is the distance from

the slot centerline to the strip cen-
terline

K(k) = complete elliptic integral of the ftrst
kind.

The denominator of the G/ YOexpression
originally contained the integral

where d= O was used in Clliner’s case. Equa-
tion (2) simply contains an offset cosine
assumed for the electric field distribution in
the slot otTset by d from the strip centerline
(x= O). One could assume the cosine in (2) to
be slowly varying with respect to the denomi-
nator at x = O for small offset, say for d/a’
<0.3. This would simply give Oliner’s result
in (1), multiplied by Secz(rd/a’). For a slotted
stripline array, however, the usefuf range is
for d/a’ >0.3, and a numerical integration of
(2) as it stands seems most convenient.

If Io is the value of (2) for d= O, the expres-
sion for G/ Yo, modified to include slot offset
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(a’ f2)–d

p =
Cos [77(Z+ d) /a’]dz 2

(–a,/’I)-d L1 + k’2 sinh2 (m_/b)]llz 1 (2)


