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Fig. 3. The dependence of the maximum bandwidth and the correspond-
ing values of k/u, x, and Z,/Z, on the relative size of the metal post.
¥ = 18° (a) The maximum bandwidth and the ratio k/u. (b) The
normalized radius x and the impedance ratio Z,/Z,.

A compact broad-band stripline circulator can be realized
using a 4-percent central metal post for Y = 18°.
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Full-Band Low-Loss Continuous Tracking Circulation
in K Band
J. G. de KONING, MEMBER, IEEE,

R. J. HAMILTON, JR., MEMBER, IEEE, AND
T. L. HIERL '

Abstract—The continuous tracking principle is applied to the design of
a wide-band Y-junction stripline circulator for the 18-26.5-GHz fre-
quency band. Near octave low-loss and high isolation performance is
demonstrated without the need for repeated design cycles. Design data
and construction details are presented.

1. INTRODUCTION

In a recent paper [1], Wu and Rosenbaum discovered the
continuous tracking technique for the design of octave band-
width stripline and microstrip Y-junction circulators. By re-
taining terms up to the third order in the expressions for the
electromagnetic fields, they obtained solutions for the perfect
circulation roots and the intrinsic junction impedance ratio. This
impedance ratio (Z.;/Z,;) was found to be a nonmonotonic
function of the anisotropic splitting ratio k/u. It was further
shown that by judicious choice of disk coupling half-angle, the
intrinsic and external junction impedance ratios could be matched
over the range 0.5 < k/u < 1.0, thereby obtaining perfect
circulation over a two-to-one frequency range. This continuous
tracking technique was verified with a microstrip design. Moder-
ately high isolation was found from 6.5 to 13 GHz, but the
junction loss of approximately 1 dB was relatively high for a
Y-junction circulator.

This short paper describes the application of the continuous
tracking principle to the design of a wide-band stripline Y-
junction circulator for the 18.0-26.5-GHz frequency band. High
isolation as well as low loss have been obtained over the desired
frequency range without the need for repeated design cycles. This
indicates a high degree of both usefulness of the design principle
and accuracy of the design procedure.

I1. WiDE-BAND CIRCULATOR DESIGN PROCEDURE

Since the circulator described in this short paper is applied
in the design of a low-noise Gunn-effect reflection amplifier,
high isolation with minimum loss is required [2]. It was there-
fore decided, also in view of the high frequency of operation, to
utilize balanced stripline construction. As a preliminary to the
determination of the value of the coupling half-angle ¥, which
yields a matched impedance ratio over the widest possible fre-
quency range, the following initial assumptions and material
choices were made.

1) Assume a disk-structure, implying

H;, = H, — 4nM;

where H, is the internal magnetic field, A, is the applied magnetic
field, and 47M is the saturation magnetization of the ferrite.
2) Set H; = 0; therefore,

Ol = klp
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CA, under the direction of J. Reindel.

J. G. de Koning was with the Solid State West Division, Varian
Associates, Palo Alto, CA 94303. He is now with the Microwave Semi-
conductor Division, Hewlett Packard, Palo Alto, CA 94304.

R.J. Hamilton, Jr., and T. L. Hierl are with the Solid State West Division,
Varian Associates. Palo Alto, CA 94303.



SHORT PAPERS

20—
r =2
1.5 ¥
Zeft o
Zd C 4 ALLO, (€ =%5)
| Of~ Be O, -48)
B 5
- 3
0'5__ 2 1.0
A IS N W N N I B K
0Ot 2.3 456 7809 I.O|ﬁ

S
30 268 2185 I8 5 GHz

Fig. 1. [Intrinsic junction impedance ratio as a function of anistropic
splitting for various coupling angles (after Wu and Rosenbaum [I]),
together with external junction impedance ratio for alumina and
beryllia. (Operating frequency scale assumes a 4nM; = 5000-G ferrite
material with H; = 0.)
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Fig. 2. Normalized stripline impedance versus w/b according to Cohn
[4] (dashed curve). The normalized impedance to be maintained in order

to avoid higher order modes is also plotted for the case w/b = 0.0152 in
and a higher order mode cutoff frequency of 26.5 GHz (solid curve).
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Fig. 3. Graphical aid for the determination of the transformer ratio of a

three-section quarter-wave transformer with prescribed first step
impedance Z.

where o is the operating radian frequency , =
and y is 2.8 MHz/Ce.

3) Use ferrite material with 4zM, = 5000 G (Trans-Tech
TT2-111).

4) Utilize a low-loss ceramic material such as alumina or
beryllia for the matching structure.
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The next step in the design procedure, in accordance with
assumption 1), was to plot the external junction impedance ratio

ZetlZy = (esled"* (A — (kIw)»)'7?

for alumina and beryllia, overlaying a plot of the intrinsic junc-
tion impedance ratio. In the preceding equation, &, and &, are the
relative dielectric constants of the dielectric and ferrite, re-
spectively. The result is shown in Fig. 1. A frequency scale is
assigned to the horizontal axis in accordance with assumptions
2) and 3). Inspection of the figure reveals that close tracking can
be achieved with alumina for ¥ = 0.57 rad over the desired
frequency range. It was estimated using [1, fig. 5] that the
propagation constant ferrite radius product SR was 1.48 at
center band, and from this the ferrite radius was calculated to be
0.048 in.

Determination of Ground Plane Spacing and Matching Structure
Design

In order to determine the ground plane spacing and design the
matching structure, additional constraints and assumptions were
as follows.

5) Only dominant mode propagation is allowed in the stripline
matching structure [3].

6) Assuming that the junction is nonreactive, no reactive
matching is required.!

7) Utilize a multisection quarter-wave matching transformer.

8) Adjust the ground plane spacing such that the first trans-
former step physically subtends an angle at the edge of the ferrite
resonator equal to the coupling angle W. This insures that the
full potential bandwidth is realized [1].

In order to determine the maximum allowable ground plane
spacing (b,,,) In accordance with the restrictions imposed by
items 5) and 8), Fig. 2 was constructed. The solid curve in the
figure relates the stripline impedance to the maximum value of
b for which only dominant TEM mode propagation exists up to
26.5 GHz for the conductor width w equal to 0.0512 in. This
curve is based on calculations of the cutoff frequency of the
first higher order TE mode and is, in fact, valid for any frequency
band provided the ratio of the cutoff frequency to the center
frequency remains a constant. The dashed curve shows the
dependence of the actual impedance on w/b according to Cohn
[4], and by, can be derived from the minimum value of w/b
which occurs at the intersection.

It may be seen from Fig. 2 that as long as w/b remains less than
or equal to 1.138, mode-free operation is insured. In our case,
w/b was chosen to be 1.137. The resulting ground plane spacing
b was calculated to be 0.045 in. The corresponding impedance
of the first transformer section was 18 Q.

The last step in the design is to determine the impedance values
of the remaining sections of the transformer.? This was accom-
plished by determining the value of the transformer ratio r
utilizing Fig. 3. This ratio is found at the intersection of the solid
curve marked 18 Q which is the impedance of the first transformer
step and the w, (fractional bandwidth) = 0.6 line. The solid
lines represent Z (the first step impedance normalized to the
transformed impedance) as a function of the transformer ratio

1 This assumption was based on the nonresonant nature of the con-
tinuous tracking approach but was not explicitly stated in [1]. The low
VSWR (= 1.25:1) achieved in this work indicates that the junction at worst
is only very slightly reactive.

2 In [5, tables 6.02-2-6.02-5], it may be seen that a three-section trans-
former was required.
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TABLE 1
Ferrite material TT2-111
4nM, 5000 G
& 12.5
H, 5000 G
Dlelectrlc materxal AL 995 (WESGO)
& 9.5
¥ ; 0.57 rad
kiu N 0.64 at 21.85 GHz
SR 1.48 at 21.85 GHz
Ferrite dlameter 0.095 in
Dielectric OD 0.271 in
Disk height 0.022 in
Number of transformer sections 3
Transformer ratio 3.33
Theoretical transformer bandwidth 0.6
Theoretical transformer VSWR 1.05

for various values of Z. The broken lines show dependence of
'Z upon r for w, ranging from 0.4 to 0.6 for a three-section trans-
former. The curves are shown only for those values of r for
which the VSWR remains below 1.05 [5]. It was found that a
minimum of three sections was needed to obtain a transformer
with wide enough bandwidth (0.6) and low enough VSWR
(1.05:1). A suitable solution was founid for a transformer ratio
r of 3.33.

II1. MEcHANICAL CONSTRUCTION AND DISCUSSION OF
PERFORMANCE RESULTS

A summary of the design pafameters and the major mechanical

dimensions is given in Table I. :

Ferrite cylinders were ground from TT2-111 bar stock and
inserted 'with HYSOL adhesive .in dielectric rings of AL 995
alumina. The center. conductor was machined from brass and
silver plated for low loss. The section of the transformer adjacent
to the connector was realized in air stripline in order to allow
alignment of the circulator by means of miniature tuning screws.
The top and bottom ground planes of the ferrite resonator are
formed by copper foil, the diameter of which equals that of the
dielectric disk, The biasing magnetic field is generated by SmCo
magnets, 0.25 in in diameter and 0.125 in high. These magnets
were fabricated in our laboratories and fully charged and
temperature stabilized. The biasing field in the gap in the absence
of the disk was 5050 G. Miniature OSSM connectors were
employed to circumvent higher -order moding above 25.7 GHz
encountered with SMA connectors. Fig. 4 shows a photograph
of the miniature circulator with the top ground plane and top
magnet removed. The overall size of the unit is 0.83 by 0.71 by
0.55 in excluding connectors. Fig. 5 represents insertion loss and
isolation performance for all three ports of the circulator. Minor
adjustment of the third step impedance was required to achieve
‘this performance. A single-pass insertion loss of less than 0.5 dB
was observed from 15.6 to 26.5 GHz. Isolation over-the same
range was approximately 20 dB minimum for all three ports.
These performance levels continued to 27.0 GHz, resulting in a
near octave fractional bandwidth of 56 percent. This bandwidth
compares favorably with Wu and Rosenbaum’s results. It is
believed that the improved isolation and loss performance was
partially due to the use of a balanced stripline medium and
partially due to the use of a multisection impedance transformer.

Low-loss ' performance was maintained up to |kju| = 0.9
which is into the range of 0.8 < |k/u| < 1.0 where the magnetic
loss tangent increases rapidly [6]. This performance is not
clearly understood. The return loss at each of the ports was
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Fig. 4. K-band circulator with upper g}ound plane and upper ferrite
resonator removed.
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Fig. 5.. Loss and isolation performance of K-band strlpllne junction
circulator.

measured and maximum VSWR of 1.25:1 was calculated for all
frequencies in the range. of interest. The average VSWR was -
lower, being on the order of 1.15:1. As evidenced by the curves
in Fig. 5, no sharp resonances or changes in VSWR usually
associated with ferrite modes were found at any point in the
band.

IV. CONCLUSION

It has been shown that the continuous tracking design ap-
proach can be advantageously employed for the design of near
octave bandwidth stripline. circulators in the 20-GHz region.
A design procedure for the matching network has been proposed
and demonstrated based on the nonresonant nature of the design
principle. This procedure is generally applicable and graphs are
presented for a specific cutoff frequency to center-band frequency
ratio. It appears that this procedure sets an upper limit for the
impedance of the transformer step adjacent to the ferrite, and
that this upper limit is determined only by that ratio of frequen01es
mentioned previously.
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Microwave Properties of Lithium Ferrites

JEROME J. GREEN, SENIOR MEMBER, IEEE, AND
H. JERROLD VAN HOOK

Abstract—Low-power loss and high-power threshold properties have
been measured between 3.0 and 17.2 GHz on three Li-Ti ferrite com-
positions of magnetizations 1250, 2250, and 3600 G. In each composition
the use of cobalt resulted in a linear increase in #,” and 4;.. Temperature
measurements were performed at 9.2 GHz on the 2250-G material. An
illustration of how the data might be applied is given.

1. INTRODUCTION

In recent years the lithium-titanium system [1]-[2] has been
a valuable addition to the microwave ferrite family. Through the
use of titanium substitution, the magnetization can be con-
veniently varied between 0 and 3600 G (Fig. 1) while maintaining
a high Curie temperature. Currently, the materials are made with
small additions of bismuth and manganese [1]. The bismuth
addition permits densification to greater than 99 percent of
theoretical which is essential to achieve the low coercive force
and high remanent magnetization necessary in phase shifter
applications. Manganese is used to decrease the dielectric loss
tangent to less than 10~ 3. To improve peak power performance
in spinels, it is traditional [3], [4] to add cobalt, and for high-
average-power applications, where heating can be a serious con-
cern, a low saturation magnetization is chosen. To achieve the
lowest insertion loss and most compact device, one typically
chooses the lowest cobalt level and highest saturation magnet-
ization consistent with the peak and average power performance
requirements. The choice of material is determined by the
frequency of application, the peak and average power require-
ment, and the premium on weight and switching power. There-
fore, it is desirable to know the material parameters which affect
device performance of a wide variety of compositions to be
able to perform the necessary tradeoffs in selecting a specific
composition.

In this paper we describe the microwave properties of three
basic lithium-titanium compositions which have room temper-
ature saturation magnetizations of 1250, 2250, and 3600 G.
This range of magnetizations covers applications between 5.5
to 17.0 GHz. The chemical formula for these compositions is

Lig. 54 x/23- zr2yMD, Ti,Co,Fe; 5 (3x/2y—y— 21204

Manuscript received December 1, 1975; revised May 25, 1976. This
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Fig. 1. Saturation magnetization versus titanium content at 20°C,

where x = 0 for 4zM; = 3600 G, x = 0.26 for 4nM; = 2250 G,
and x = 0.53 for 4zM,; = 1250 G. The Mn level in all com-
positions was kept at y = 0.1. The range in Co concentration
was between 0 < z < 0.04. Bismuth oxide (Bi,0;) is added at
low concentrations in the original formulation of the ferrite,
the purpose being to promote densification and grain growth [1]
in the final sintering step. Concentrations in the range of 0.1 to
0.2 weight percent of the original batch are generally used. The
Bi,O; addition is essentially insoluble in the ferrite, residing
primarily in boundary regions between ferrite grains where its
influence on sintering kinetics is strongest. We have therefore
not included Bi, O, in the chemical formulation of the ferrite.

The magnetic loss parameter u,” and peak power parameter
heie Of these three compositions has been evaluated primarily
in the vicinity of 5.5, 9.2, and 17.0 GHz. Some microwave
measurements were made as a function of temperature at 9.2
GHz. The experimental techniques were similar to those used for.
our previous papers [5], [6].

II. TEMPERATURE DEPENDENCE OF MAGNETIZATION AND
CoERCIVE FORCE

The temperature dependence of a phase shifter’s differential
phase shift and insertion phase is determined by the temperature
performance of the hysteresis loop properties. Fig. 2 gives the
dependence of the saturation magnetization upon temperature
T, and Figs. 3-5 show the dependence of the remanent magnet-
ization 4nM, and coercive force H, upon T. For high cobalt
content there is a decrease in remanence at low temperature for
the 1250- and 3600-G materials. This decrease in remanence has
been previously described by Van Hook and Dionne [7] for the
3600-G composition. It is suggested that the effect is due to a
change in sign of the anisotropy constant K; [8]. For the 1250-
and 2250-G composition it has not been possible to grow single
crystals so that we do not know how the anisotropy constant K,
depends upon Co content and temperature in these compositions.
We can only speculate that the same mechanism is at work in the



