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However, if a straight line is fitted to the experimental
points in Fig. 7 (curve 1) using a least square fitting pro-
cedure the intercept at 4w M = 0 yields an H, of 1265 Oe,
in good agreement with the external field of 1240 Oe used
for these ferrites. The slope yields an (N ,(x,2) ) of 0.607
which lies between the value of N,.(a,0) and N,(0,0)
(see Fig. 6). If this latter value is used for (N,(z2)) in
(19), the agreement with the experimental curve is im-
proved as shown by curve 4 in Fig. 7. This curve now pre-
dicts frequencies within three percent of the observed
ones.

For the lithium ferrites, curves of the type displayed
in Fig. 7 could not be set up because g.¢s was not constant
from sample to sample. Table I compares the measured
frequencies of the reverse loss peaks of these lithium fer-
rites with those predicted from (10). The agreement is
better than 8 percent; however, it is important to note
that separate g.rs measurements had to be made at S band
in order to arrive at accurate values of H,.

Insertion-loss measurements have also been made on
ferrite slabs of various thicknesses in the z direction
(0.020 in < 26 < 0.060 in), the ferrite-to-helix distance
being held constant. The measurements showed that the
insertion loss increases moderately with the ferrite thick-
ness. This is in qualitative agreement with our interpreta-~
tion of the resonant frequencies in that it confirms that
the excitation is not tightly confined to the sample surface.
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IV. CONCLUSION

Two simple equations [(8) and (10)] have been de-
rived and compared with the observed resonance-loss
frequencies of ferrites near S band delay lines. The com~
parison has shown that (10), which corresponds to k, = 0,
agrees with the measured frequencies to within 3 per-
cent, if a value of N, somewhere between surface and
bulk (but closer to bulk) values is chosen.

If the effective g-value of the polycrystalline material
differs substantially from the single-crystal value (~22),
as was the case for the lithium ferrites used in the present
experiments, a separate determination of gesr in the fre-
quency band of interest is necessary in order to derive
reliable estimates of the frequency at which the delay
line has maximum absorption.
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An Annotated Bibliography of Microwave Circulators
and Isolators: 1968-1975

REINHARD H. KNERR, SENIOR MEMBER, IEEE

Abstract~A bibliography of microwave circulators and isolators
from 1968 to 1975 is presented. Some observations on selected topics
are made.

INTRODUCTION

HIS PAPER presents a bibliography building on the
one published in an earlier review paper.! As such, it
precludes the reexamination of most of the more funda-
mental papers which were published before 1968. The
literature is not critically surveyed; rather, some observa-
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Trans. Magn., vol. MAG-4, pp. 118-133, June 1968.

tions on selected topics are made. The emphasis on dif-
ferent contributions is somewhat influenced by the author’s
own. background and experience.

In the years after 1968, microwave circulator and iso-
lator? design techniques have matured and have been
furthered by systematic, scientific studies. Waveguide
circulators have become better understood and the com-
puter has been successfully applied to solve the awkward
boundary value problems for some of the simpler struc-
tures. In the next section, the renewed effort to use S-pa-~
rameter eigenvalues for circulator design will be reviewed
in more detail.

2 Since circulators are frequently used as isolators by terminating
one port, all comments concerning circulators apply to those as well.
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Stripline circulators have found wide application in
microwave integrated circuits, and well-established de-
sign procedures have been refined.

In frequency ranges where stripline devices become too
bulky, mainly at L band or below, lumped-element circula-
tors have become well established and have started to
compete for higher S-band frequencies.

Novel devices such as the edge-guided mode isolator,
which shows good multioctave performance, have emerged.
Lumped-element multioctave 1solators have been de-
veloped by cascading nonsymmetrically terminated cir-
culators. In spite of their high insertion loss, the latter
are well suited for applications at television frequencies.

Other devices, such as transistor (electronic) circula~
tors, manifest themselves. In the coming years there will
be more advances and strong emphasis on making the
existing designs more economical to ensure that the de-
sign engineer can use them as a convenience rather than
only as a necessity.

SELECTED TOPICS

Eigenvalue Approach to 3-Port Y-Junction Circulator Design

The author considers the ‘“revival” of the eigenvalue
analysis and especially its experimental application to
circulator design as one of the main achievements in the
review period. This analysis of the Y-junction circulator
in terms of its scattering parameter eigenvalues and eigen-
veetors was introduced in 1959 [17] and used successfully
by several authors [27-[4] to analyze circulators.

It was realized very early that the fields resulting from
the eigenexcitations could be influenced individually [17,
and it is well known [5] that in the lossless case® a sym-
metrical 3-port is an ideal circulator if its S-parameter
eigenvalue phases are 120° apart. However, it was only
very recently that they were measured [ 1.57 and, together
with the analysis, were proven to be an excellent tool for
designing a new generation of broad-band circulators
[1.57, [3.61-[3.8]. The experimental setup is shown in
Fig. 1. This circuit permits the excitation of the ¥ junction
by the different eigenvectors and the S-parameter eigen-
value phases or amplitude to be displayed on a network
analyzer. This setup has the advantage of giving an in-
stantaneous analog display. An indirect measurement of
magnitude and phase has been obtained by appropriately
programming a computerized network analyzer [3.7].

PERIPHERAL MODE ISOLATOR

The problem of obtaining a stable amplification with
negative resistance diodes distributed along a transmis-
sion line has been partially solved by the edge-guided
wave isolator or peripheral-mode TM isolator [6] first
analyzed by Hines [4.12]. The structure is shown in
Fig. 2 and a typical performance is shown in Fig. 3. An
isolator of this type is about 2-2.5 in long, and, as the
mechanical construction implies, lends itself readily to

3 For the lossy case see [3.8] and [7].
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integration. The principle of operation of the device is
quite simple. In a microstrip line of significant width on
a ferrite slab magnetized perpendicular to the ground
plane, the dominant mode exhibits an exponential field
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variation in the direction perpendicular to the edge, i.e.,
the energy is concentrated near one edge of the conductor.
In the opposite direction of propagation, the wave will
propagate along the other edge and can eventually be
dissipated in an absorbing film, leading to isolator action.
The simple mechanical structure and extreme bandwidth
(Fig. 3) make this device attractive for many applica-
tions. A good, approximate analysis of the device is given
in [4.127 where it was assumed that the center conductor
(Fig. 4) is wide compared with the substrate thickness
thus locating most of the TE-mode energy in zone 1 be-
tween the conductors. The fringing field admittances are
then approximately determined and matched to the edge
admittance of zone 1.

ELECTRONIC CIRCULATOR

Passive circulators using the gyromagnetic properties
of garnets become bulky and are low-performance devices
below 50 MHz. Part of their function is being taken over
by electronic circulators or, as they are sometimes re-
ferred to, transistor ecirculators or active circulators.
These devices are known to circuit designers as gyrators
which usually are nonreciprocal 2-ports. So-called 3-port
gyrators are pushing for higher frequencies and are now
referred to as circulators as mentioned previously. Several
devices of this kind are listed in [4.173-[4.37. A very com-
plete treatment in terms of S parameters is given in [4.2].
The device contains 6 transistors, 3 Zener diodes, and 15
resistors. Its frequency of operation is 0-30 MHz; mini-
mum isolation, 20 dB; maximum insertion loss, 0.5 dB.

Now there are also commercial units available covering
the range up to 150 MHz. At this time these devices are
input power limited to about 17-20 dBm. For higher
power levels a passive device would still be desirable.

WIDE-BAND UHF CIRCULATORS

The extensive list of literature in Section III indicates
substantial work. At L band, 20-dB isolation bandwidths
of 40 percent or more have been reported [3.4]-[3.8]
with low insertion loss ( <0.4 dB). There are applications
at UHF, however, which require multioctave isolators.
At these frequencies (used for television broadcasting),
gain is relatively easy to get and therefore isolators with
high insertion loss are still useful. Konishi [3.17, [3.2]
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WEAK FIELDS

z
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-

Fig. 4. Cross section of stripline showing RF fields of dominant

mode, courtesy of M. E. Hines [4.12], Microwave Associates, Inc.,
Burlington, Mass. 01803.
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has found a way to increase the isolation bandwidth by
reactively terminating one port of a lumped-element cir-
culator [Fig. 5(a)]. This makes the device nonsymmetri-
cal, and the isolation bandwidth is obtained at the ex-
pense of return and insertion loss [Fig. 5(b) ]. By cascad-
ing six of these isolators, each one tuned to a different
frequency, Konishi has obtained an isolation bandwidth
of 20 dB from 70 to 800 MHz. Insertion loss over the band
was <3 dB (Fig. 6).
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238246, Apr. 1959.

[2] U. Milano, J. H. Saunders, and L. Davis, Jr., “A Y-junction
strip-line circulator,” IRE Trans. Microwave Theory Tech., vol.
MTT-8, pp. 346-351, May 1960.

[3] J. B. Davies and P. Cohen, “Theoretical design of symmetrical
junction stripline circulators,” IEEE Trans. Microwave Theory
Tech., vol. MTT-11, pp. 506-512, Nov. 1963.

4] Y. Konishi, “Lumped element Y circulator,” IEEE Trans.
Microwave Theory Tech. (1965 Symp. Issue), vol. MTT-13, pp.
852-864, Nov. 1965.

[5] H. J. Carlin, “Principles of gyrator networks,” in Proc. Symp.
Modern Advances in Microwave Techniques, Polytech. Inst.
Brooklyn (New York, N. Y., Nov. 1954).

« CIRCULATOR
3

Cs
1 77';777' 2'
WIDEBAND CIRCULATOR
(a)

BACKWARD LOSS

LOSS dB—m
&

- N

2 =}
4

VSWR —

7N,
Ve \ |/ YSWR

Z SERT! N
INSERTION LOSS 10

To FREQUENCY >
(b)

Fig. 5. Performance of wide-band circulator, courtesy of Dr. Y.
Konishi, N.-H.K., Japan [3.1], [3.2].

A\ AR

BACKWARD LOSS

\

-
[&]

LOSS dB8 —w—

<]

FORWARD LOSS

60 80 100 200 400 600 8OO 1000
FREQUENCY (MHz) —=

Fig. 6. Performance of trial ultrawide-band isolator, courtesy of
Dr. Y. Konishi, N.-H.K., Japan {3.1], [3.2].



KNERR: MICROWAVE CIRCULATORS AND ISOLATORS: 1968-1975

[6) R. Anderson, U. 8. Patent 3 555 459.

[7] H. Bosma, ‘“Performance of lossy H-plane Y circulators,” IEEE
Trans. Magn. (1966 INTERMAG Issue), vol. MAG-2, pp.
273-277, Sept. 1966.

LITERATURE

The bibliography is subdivided into different topics.
Each topic contains several papers with more extensive
comments. The author considered these to be the most
significant contributions. The remaining papers are listed
under Further References. ' '

Under each heading an approximately chronological
order is followed starting with the most recent publication.

I. WAVEGUIDE CIRCULATORS

[1.1] M. E. El-Shandwily, A. A. Kamal, and E. A. F. Abdallah,
“General field theory treatment of H-plane waveguide junc-
tion circulators,” IJEEE Trans. Microwave Theory Tech., vol.
MTT-21, pp. 392-403, June 1973,

[1.2] J. B. Costillo and L. E. Davis, “A higher order approximation
for waveguide circulators,” IEEE Trans. Microwave Theory
Tech. (Short Papers), vol. MTT-20, pp. 410412, June 1972.

, “Identification of spurious modes in circulators,” IEEE
Trans. Microwave Theory Tech. (Corresp.), vol. MTT-19, pp.
112-113, Jan. 1971.

[1.4] —, “Computer-aided design of three-port waveguide junc-
tion circulators,” IEEE Trans. Microwave Theory Tech., vol.

MTT-18, pp. 25-34, Jan. 1970.

[1.3

Comment: Waveguide circulator design has been ham-
pered by the complexity of the field theory problem im-
posed by the involved junction geometry. For some
simpler structures such as latching circulators, simple
ferrite-rod Y and T junctions, and various inhomogeneous
ferrite cylinders (ferrite post; ferrite tube~dielectric rod—
dielectric sleeve; ferrite post—-metal pin-dielectric sleeve)
this problem has been overcome by numerical techniques.
The previous papers predict the performance correctly,
but they are still restricted in the junction geometry and
do not yet lend themselves economically to computer
optimization routines.

[1.5] B. Owen, “The identification of modal resonances in ferrite
loaded Y-junctions and their adjustment for circulation,”
Bell Syst. Tech. J., vol. 51, pp. 595-627, 1972.

Comment: In 1959 Auld* characterized the circulator in
terms of its S parameter and eigenvalues. This principle
has now been put to use by Owen in a laudable paper. He
measures the frequency-dependent eigenvalues and utilizes
them to identify the principal junction modes involved,
examines their sensitivities to various junction parameters,
and arranges their correct displacement for circulation.
The knowledge gained from these measurements is used
to explain the mode of operation of the partial height
ferrite Y-junction circulator, and to introduce other novel
configurations.

High-Power Waveguide Circulators

[1.6] R. A. Stern, “High power S-band junction circulator,” in the
1978 IEEE G-MTT Int. Microwave Symp. Dig. (Boulder,
Colo.)), Paper 1V-3, pp. 89-91 (IEEE cat. no. 73 CHO 736-9
MTT).

[1.7] A. Lagrange, H. Lahmi, and B. Vallantin, “X-band high-
peak-power junction circulator: Influence of the static mag-
netic field,” IEEE Trans. Magn., vol. MAG-9, pp. 531-534,
Sept. 1973.

¢B. A. Auld, “The synthesis of symmetrical waveguide ecireu-
lators,” IRE Trans. Microwave Theory Tech., vol. MTT-7, pp. 238—
246, Apr. 1959.
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(1.8] E. E. DeCamp, Jr.,, and R. M. True, “1 MW four-port
E-plane junction circulator,” IEEE Trans. Microwave
Ti'z7eory Tech. (Corresp.), vol. MTT-19, pp. 100-103, Jan.
1971.

[1.9] F. E. Gardiol, “On high-power circulators with mismatched
terminations,” IEEE Trans. Microwave Theory Tech., vol.
MTT-19, pp. 561-562, June 1971.

[1.10] W. W. Siekanowicz, R. W. Paglione, and T. E. Walsh,
“A latching ring-and-post ferrite waveguide -circulator,”
IEEE Trans. Microwave Theory Tech., vol. MTT-18, pp.
212-216, Apr. 1970.

[1.11] E. Pivot, “Ein Hochleistungszirkulator fuer das deutsche
Elektronen-Synchroton Desy” (A high-power circulator for
the German electron-synchroton desy), Inf. Elekiron. Rund-
schau, no. 4, pp. 101-103, 1971.

[1.12] W. H. Wright, Jr., and J. W. McGowan, “High-power
Y-junction E-plane circulator,” IEEE Trans. Microwave
Theory Tech. (Corresp.), vol. MTT-16, pp. 557-559, Aug.
1968.

[1.13] R. A. Stern and J. P. Agring, “A 500 kW X-band air-cooled
ferrite latching switch,” (EEE Trans. Microwave Theory
Tech. (1968 Symp. Issue), pp. 1034-1037, Dec. 1968.

Further References

[1.14] J. Helszajn, “Common waveguide circulator configurations,”
Electron. Eng., vol. 46, pp. 6669, Sept. 1974.

[1.15] Y. Akaiwa and 'T. Okazaki, “An application of a hexagonal
ferrite to a millimeter-wave Y circulator,” IEEE Trans.
Magn., vol. MAG-10, pp. 374-378, June 197:.

[1.16] W. Glogier, Z. Krzycki, and R. Zuberek, “An influence of a
saturation magnetization on a bandwidth of the Y-type
ferrite junction circulator,” in Proc. 5th Collog. Microwave
Communication (Budapest, Hungary, June 1974), vol. 4,
MT-197-206.

[1.17] E. J. Denlinger, “Design of partial height ferrite waveguide
circulators,” IEEE Trans. Microwave Theory Tech. (Short
Papers), vol. MTT-22, pp. 810-813, Aug. 1974.

[1.18] Y. Akaiwa, ‘“Operation modes of a waveguide Y circulator,”
IEEE Trans. Microwave Theory Tech. (Short Papers), vol.
MTT-22, pp. 954-960, Nov. 1974.

[1.19] B. Owen, “A narrow-band millimeter wave Y-junction circu-
lator with wide-band tuning capability,” in Proc. 1974 IEEE
S-MTT Int. Microwave Symp. (Atlanta, (ia.), Paper 16-4
(IEEE catalog no. 74 CHO 838-3 MTT).

[1.20] Y. Akaiwa, “Bandwidth enlargement of a millimeter-wave
Y-circulator with half-wavelength line resonator,” in Proc.
1974 IEEE S-MTT Int. Microwave Symp. (Atlanta, Ga.),
Paper 16-6 (IEEE catalog no. 74 CHO 838-3 MTT); also
IEEE Trans. Microwave Theory Tech. (Short Papers), vol.
MTT-22, pp. 1283-1286, Dec. 1974.

f1.21] H. C. Okean and L. J. Steffek, ‘“Low loss, 3 mm junction
circulator,” Microwave J., pp. 58-61, Apr. 1974.

[1.22] J. Helszajn, “Waveguide and stripline 4-port single-junction
circulators,” IEEE Trans. Microwave Theory Tech. (Short
Papers), vol. M'TT-21, pp. 630-633, Oct. 1973.

Comment: Eigenvalue approach is used to describe
theory and construction of 4-port circulators.

{1.23] H. C. Okean and L. J. Steffek, ‘“Low loss, 3 mm junction
circulator,” in the 1973 IEEE G-MTT Int. Microwave Symp.
Dig. (Boulder, Colo.), Paper I1I-8, pp. 80-81 (IEEE catalog
no. 73 CHO 736-9 M'TT).

[1.24] J. Helszajn and M. McDermott, “Mode chart for E-plane
circulators,” IEEE Trans. Microwave Theory Tech. (Short
Papers), vol. MTT-20, pp. 187-188, Feb. 1972.

[1.25] T. 1. Bolshakova, ‘“Miniature waveguide ferrite isolator,”
Radio Eng. Electron. Phys. (USSR), vol. 17, pp. 2079-
2081, Dec. 1972.

Comment: Flange-Isolator.

[1.26] N. Tsukamoto, M. Suzuki, and T. Matsumoto, “Analysis of
waveguide Y-junction with ferrite,” Inst. Electron. Commun.
Eng. Japan, vol. 54-B, pp. 49-56, 1971.

[1.27] N. D. Kozyrev and A. V. Khramov, “Filter circulator for
radio relay communication link,” Telecommun. Radio Eng.
(USSR), vol. 25/26, pp. 127-128, Oct. 1971.

Comment: 5-port waveguide circulator.

[1.28] B. Owen and C. E. Barnes, “The compact turnstile circu-
lator,” IEEE Trans. Microwave Theory Tech. (1970 Symp.
Issue), vol. MTT-18, pp. 1096-1100, Dec. 1970.

[1.28] E. Freiberg, ‘“Half-height waveguide ¥ and 7 circulators,”
IEEE Trans. Microwave Theory Tech. (Corresp.), vol. MTT-
17, pp. 729-730, Sept. 1969.

[1.830] C. G. Parsonson, S. R. Longley, and J. B. Davies, “The
theoretical design of broadband 3-port waveguide circu-
lators,” IEEE Trans. Microwave Theory Tech. (Corresp.),
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vol. MTT-16, pp. 256258, Apr. 1968.

[1.31] M. V. Vamberskiy and V. I. Kazantsev, “Design of H-plane
waveguide Y-circulators,” Telecommun. Radio Eng. (USSR),
vol. 23, pp. 76-81, 1968.

II. STRIPLINE CIRCULATORS

Since the thorough analysis by Bosma’® and Fay and
Comstock’s design procedures,® no fundamentally new ap-
proach has emerged. An attempt is made in [2.17] and
[2.107], but there is not yet conclusive experimental evi-
dence confirming the validity of the approach. Most
papers deal with applications in microwave integrated
circuits or relatively small improvements in performance.

[2.1] Y. 8. Wu and F. J. Rosenbaum, “Wide-band operation of
microstrip circulators,”” IEEE Trans. Microwave Theory
Tech., vol. MTT-22, pp. 849-856, Oct. 1974.

Comment: Very good analytical paper predicting octave-

bandwidth stripline circulators.

[2.2] G. R. Harrison, G. H. Robinson, B. R. Savage, and D. R.
Taft, “Ferrimagnetic parts for microwave integrated cir-
cuits,” TEEE Trans. Microwave Theory Tech., vol. MTT-19,
pp. 577-588, July 1971.

Comment: (Gives up-to-date information on microstrip
circulators and their application in microwave integrated
circuits and includes an extensive list of references.

[2.3] N. R. Dietrich, “TH-3 microwave radio system: Microwave
integrated ecircuits,” Bell Syst. Tech. J., vol. 50, pp. 2175-
2194, 1971.

Comment: Shows some interesting applications of 6-GHz
high-performance suspended stripline circulators in micro-
wave integrated circuits.

[2.4] R. Trambarulo, “A 30-GHz inverted-microstrip circulator,”
IEEE Trans. Microwave Theory Tech. (Corresp.); vol. MTT-
19, pp. 662-664, July 1971.

Comment: Attempt to use stripline circulators with
fused quartz substrate at millimeter wavelength.

[2.5] 8. Nakahara and N. Orime, “Broadband stripline miniature
circulators,” Mitsubishi Denki Lab. Rep. (Japan), vol. 11,
pp. 66-88, Apr. 1970.

Comment: Analysis of stripline circulators and experi-
mental results showing different dielectric loading schemes
for weight and size reduction.

[2.6] M. V. Vamberskiy and V. I. Kazantsev, “Optimization of
stripline transmission—resonance Y-circulators,” Radio Eng.
(USSR), vol. 25, pp. 105-109, 1970.

Comment: Rather theoretical paper with only sketchy
experimental results.

[2.77 M. Lemke, ‘“‘Microwave integrated devices and substrates on
ferrite,” in the 1969 European Microwave Conf. Dig. (London,
England), pp. 53-56.

Comment: Shows nonmagnetic ferrite substrate with
magnetized zones (circulator junctions) for microwave
integrated circuits.
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VI. ISOLATORS

The term isolator has a dual meaning, it can stand for
a device which is used in an isolator function such as a
circulator with one port terminated, or for an isolator
per se. The first one is covered in the section on circulators
(see for example [3.17, [3.2], [3.15]). The latter one
comprises some very recent devices as covered in [4.6]-
[4.97] or the resonance waveguide isolator. The literature
on resonant waveguide isolators has become scarce. This
is mainly because they are frequently replaced by cir-
culators with one port terminated. This solution is gen-
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erally preferred because the main dissipation occurs in the
termination rather than in the RF-carrying ferrite.
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them. It is used to demonstrate the sensitivity of the de-
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other paper, an optimization program is described which
determines the optimum geometry and dielectric material
for a specified performance and ferrite.

The papers give no direct design information and no
listing of the probably very involved computer program.
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VIIL. BOOKS

As mentioned in the Introduction, microwave engineer~
ing science has matured considerably, and as a conse-
quence, several books on the subject have been published
during the review period. .

Bosma’s book [7.37] on junction circulators gives a very
elegant, self-consistent theoretical treatment of all types
of junction circulators. It is recommended for the reader
who wants to look into the more general theoretical aspects
of junction circulators. This will hopefully enrich his

825

knowledge and lead to new innovations and to a higher
level of design practices.

The books by von Aulock and Fay [7.5] and Helszajn -
[7.47 are more design oriented; each one covers the whole
spectrum of microwave ferrite devices. Von ‘Aulock and
Fay’s work puts slightly more emphasis on physical con-
cepts, consistent. with their earlier publications. Helszajn
gives a comprehensive introduction to the subject of wave
propagation in gyromagnetic media. His trestment of the
devices is well balanced; it gives theoretical derivations
leading to useful design rules for numerous devices.

In Rosenbaum’s book [7.17 the microwave properties of
ferrimagnetic materials are reviewed and their interaction
with electromagnetic waves propagating in bounded wave-
guiding struetures is developed. An analysis based on the
parallel-plane waveguide is used to derive the characteris-
tic of propagation in ferrite loaded structures, then ex-
tended, phenomenologically, to microstrip, slot-line and
coplanar waveguides. The operation and design of phase
shifters and circulators are presented. Finally, field dis-
placement devices based on the edge-guided mode are
considered.
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papers on the subjects mentioned in the title.
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