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III. TESTSWITH A DOUBLET
OF PURE YIG DISKS

Another test with a pure YIG doublet was
subsequently tried, using continuously vari-
able spacing and a [111] orientation of the
axes. This resulted in a smooth variation in
resonant field with relative orientation of the
two disks. The frequency range was extended
to 3000 MHz, since higher frequencies are to
undoped material what lower frequencies are
to Ga YIG. A differential gaussmeter was
used to show that the individual disks were
initially very similar in 47rM.N. at a number
of fixed frequencies. Since the procedure here
involved inserting and removing the disks one
at a time, in a bandstop-filter structure, ori-
entations relative to the applied magnetizing
field were probably not perfectly reproduced.
Nevertheless, the measurements were repeat-
able within ~ 3 Oe at 1200 MHz and above.

Resonances of this doublet were strong,
and all data were clear cut and reproducible.
In the octave 1500–3000 MHz, the variation
of the effective 4TM,NZ = Hac –fO/2.8 with
spacing was examined in detail and found to
decrease by several tens of oersteds as the sec-
ond disk was brougbt in from relatively far
away to almost touching. This observation is
consistent with theory. Most of the change
occurs for spacings in the range 0.006 to 0.040
inch, for O.150-inch diameter by 0.005 -inch-
thick disks. Figure 2 shows a few representa-
tive plots, at selected frequencies, of relative
resonant field against disk spacing. The verti-
cal limit marks represent a combination of
experimental error and a “hysteresis” effect
that will be explained soon by reference to
Fig. 3.

Unfortunately, the observed change in
effective 4TM,N, was neither constant nor
even proportional to Hd. as the frequency
varied. Actually, it dropped from about 45 Oe
out of 2270 Oe at 1900 MHz, to about 25 Oe
out of 2690 Oe at 3000 MHz. Thus, if we
were to plot the resonant field against fre-
quency for several disk spacings, all on one
graph, then these several curves would not be
parallel, though at the higher fields or frequen-
cies they become more nearly parallel. This
result means that if two unequal “inner” disks
on opposite sides of a bandpass filter are
“equalized” at one frequency by introducing
two more “outer” disks at whatever spacing
is appropriate to each side, they would not
remain equalized at another frequency, and
the filter would not be “tracking,” As yet, no
theory is available to apply to the aforemen-
tioned observed details; so far one can only
predict approximately for the end-points, that
is, for infinite and zero spacing.

An unusual phenomenon, observed at the
lower frequencies, is exemplified in Fig. 3 for
frequencies of 800 MHz and 1200 MHz.
Below about 1500 MHz (H~. = 2100 Oe) the
resonant field for a given frequency and spac-
ing is lower when the disks are approaching
one another than when separating. This effect,
which disappeared at higher fields and fre-
quencies and therefore probably arises from
some incomplete saturation condition, was
always distinct and reproducible.

IV. CONCLUSIONS

Until doublets per se can be studied fur-
ther, they cannot be used as adjustable reso-
nators in bandpass filters. Instead, equality of

4TM,N. may have to depend on selecting pairs
of “matched” disks from a large batch of
disks.
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Bandstop Filter Formulasl

This correspondence summarizes a few
simple formulas for single-resonator bandstop
filters. We have found the formulas useful
mainly in the tuning procedure or to deter-
mine the individual resonator Qs of multi-
resonator bandstop filters [1 ]– [5 ]. These
equations arose and were developed at the
Stanford Research Institute during various
applications; the exact formulas have not
been published before.

WHERE Qu= WOCR ANO Q, = WOC,,

Fig. 1. Single-resonator bandstop filter.

Consider the single-resonator bandstop
filter shown in Fig. 1, with the unloaded Q,
Q., and external Q, Q,, as defined in the
figure. The source and load impedances (2,)
are assumed to be equal. Let

(L~)~a.= maximum attenuation in dB of
bandstop filter (with single reso-
nator).

vmax= maximum input VSWR of band-
stop filter (with single resona-

w.-
tor).

4B = fractional bandwidth between
x-dB points on a guide wave-
length basis. (The suffix 1 is used
to emphasize that this is the
bandwidth of a single cavity of
possibly a multi-cavity filter in
which the other cavities have
been decoupled.)

~=’n’ild%d=10(LA)max’20
The resonator normalized slope parameter is

b 1 Q.
To= ——--”2A–1
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Then,

A = ~(Vrn.. + 1)

Q.
=2(A—l)=V_-I

z

Q. =&dA’ –2.

More generally,

Q.=L d AZ _ 10LAI1o

WLA –dB
10LAI1O _ 1
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Design Data for UHF Circulators

INTRODUCTION

Davies and Cohen [1] have described de-
tailed calculations based upon the theoret-
ical investigations of Bosma [2] into stripline
circulator operation. The calculations yielded
design curves for various modes of circulation
but were applicable only for a particular rela-
tionship between center conductor width and
ferrite radius. This correspondence describes
an extension of their calculations to a wide
range of strip line geometries, permitting
greater freedom in circulator design.

DF.SIGN f.lJRVES

The circulator geometry is depicted in
Fig. 1, with the radius of the center conducting
plane R being taken equal to the ferrite
radius. Curves have been.,obtained as soht-
tions of Bosma’s circttlatlon equations with
the aid of a digital computer, using a tech-
nique which separates the required data from
the singularities associated with solutions.

Manuscript received October 7, 1966.
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Fig. 1. Arrangement for 3-port ferrite circulator.

Parameters of interest in the design curves
are x, .zefflZd, xip, and $ defined as:

z=kR (1)

Zeff Peffed ‘1’

z= [–1
(2)

Pd C

%rfkkff e
k=—

c
(3)
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where

N.ff =11 –2/P

p, iK = diagonal and off-diagonal elements
of ferrite permeability tensor

~= ferrite relative permativity

M, cd= relative permeability and perma-
tivity of dielectric filling stripline

c = velocity of light (cm/s)
f= frequency (Hz).

Figures 2 and 3 are plots of x against ~/p
for modes 1, 2, and 3 following the mode
nomenclature given in Davies and Cohen [1].
Figures 4,5, and 6 are the corresponding plots
of Z. ff/Zd against X/P. The dotted ties in
Figs. 2 and 3 indicate the singularity loci of
the solutions [1], and & & Sa, and S1double
singularities. Some slight differences from the
corresponding curves of Davies [1] and
Cohen for v= 20 degrees are discernible in the
figures. These appear to arise from the earlier
termination by Davies and Cohen [1] of the
infinite series expressions occurring in the cir-
culator equations.

To minimize ferrite diameter and, there-
fore, dissipation loss, circulators are often 2.0

operated above resonance. This will corre-
Z

eff

spend to mode 1 operation at low values of ‘d

K/w. AS a design aid this region has been re- 16
plotted in Figs. 7 and 8, using an expanded

scale. It can be seen from Fig. 8, that the fol-

lowing approximate relation holds.

y.~.

1.2
Zeff T K

=—. — .

Z,f 3+ J!

This is in agreement with equation (69) of 0.8
Bosma [3].

DESIGN TECHNIQUE 04

The design curves are used to ascertain
values of Zef f/Zd satisfactory for cifcubtor
design and hence, derive the corresponding o
ferrite radius and biasing field. With the aid o 0.1 0.2 03 0.4 0.5 0.6 0.7 08
of the lossfree Polder Tensor formulation K

curves of Zeff/Z,f and internal field strength F

are plotted against K/P, for a given ferrite ma- FQ. 4. Zeff/Zd as a function of K/11(mode 1).
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Fig. 9. Computed Curves for mode 1 operation.

terial at the design center frequency. Inter-
sects of the derived Z.ff /Zd curve with the
curves for a chosen mode of circulation yield
a set of K,//J vahies for different $. Correspond-
ing x values can be obtained from Figs. 2 or 3,
as appropriate. The optimum radius for the
desired stripline geometry can then be se-
lected, using (1)+3), and the corresponding
internal field also determined.

An approximation for the external bias
field required can be derived from the calcu-
lated internal field applying published data on
demagnetizing factors for disks [4].

Standard matchirtg techniques, using di-
electric transformers [5], [6] can then be ap-
plied to increase operational bandwidth, if
necessary.

EXPERIMENTALRESULTS

Figure 9 gives computed curves for various
ferrite materials operating above ferromag-
netic resonance in mode 1 with experimental
results for comparison. In most cases the dis-
crepancy between experimental and computed
results is less than 3 percent. Experimental
bias fields were about 10–15 percent lower
than calculated values, but it is expected that
field errors will be higher because of demag-
netizing factor approximations and measure-
ment errors.

Similar results have been obtained for
modes 2 and 3, although errors in ferrite di-
ameter tend to be somewhat higher. Because
of the negative sign for Z. ff/Zd mode 2 Circu-

lation is in the opposite sense to modes 1 and
3. Measured bandwidths exceeded predicted
values by amounts varying from 30 to 100 per-
cent, but nevertheless demonstrated the
validity of the proportionahty with K/f.t, de-
duced by Bosma [3]. These discrepancies can
be expected as the theory neglects dissipative
losses in the ferrite.
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Broadband, Lumped Element

UHF Circulator

A triple-tuned, broadband circulator
covering the 400-700 MHz range has been de-
veloped utilizing lumped element techniques.1

The basic design is a shunt-tuned, lumped
constant circulator biased above ferromag-
netic resonance and triple tuned by means of
two additional resonant circuits at each port.
The equivalent circuit for this unit is shown
in Fig. 1.

The single-tuned circulator was designed
and constructed using the techniques de-
scribed by Dunn and Robertsz and Konishi.s
According to the lumped constant circulator
theory presented in these papers, the Q, and
hence the bandwidth, of a basic single-tuned
circulator is related to the bias field and
saturation magnetization of the ferrite by

Q = ~;;::;_,

where

~*=l+_!&_
UOTU

a is the center frequency of the circulator, oO
is the frequency of ferromagnetic resonance,
and am is y47rM,. This expression indicates
that the bandwidth increases as the frequency
of resonance approaches the operating fre-
quency. Unfortunately, magnetic losses also
increase as resonance is approached setting a
limit to the bandwidth that can be achieved
with tolerable losses. The basic single-tuned
circulator was designed to operate as close to
resonance as possible without introducing ob-
jectionable losses in the desired operating fre-
quency band. The ferrite material was a poly-
crystalline garnet material with 4rM, = 1000
gauss. The impedance response of the single-
tuned circulator is plotted in Fig. 2. It is seen
that the response approximates very closely
that of an ideal parallel resonant circuit, also
shown in Fig. 2.

To realize the full bandwidth for the given
single-tuned plot it was necessary to triple
tune by adding the appropriate series and
shunt-tuned circuits. The parameters oft hese
circuits can be determined graphically, or
from filter theory by using the circulator as a
shunt resonator in a three-resonator band-
pass filter with the desired Tchebyscheff re-
sponse. Results for the triple-tuned circulator
are plotted in Fig. 3. These performance
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