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Dissipative Parameters in Ferrites and Insertion
Losses in Waveguide Y-Circulators
Below Resonance

RICCARDO ROVEDA, CAMILLO BORGHESE, axp GIUSEPPE CATTARIN

Abstract—Extensive microwave loss measurements have been
performed at frequencies from 1.3 to 11 GHz on below-resonance
waveguide V circulators loaded with a wide variety of ferrite and
garnet compositions.

Dissipative internal and external magnetic parameters have been
measured on the same compositions. Also, dielectric loss measure-
ments have been carried out. Two classes have been distinguished,
defined by the following conditions: wy/w<0.8 and 0.85<wp/w
<1.05. It is inferred that the (insertion loss) IL of such devices is
independent of AH and mainly depends on the internal dissipative
susceptibility x.” and on the dielectric loss tan 3. The relation of the
IL versus x;” and tan § in the case wy/w<0.8 is independent of fre-
quency and given by the semiempirical equation IL =10 logio
(1—2.85 " —1.60 tan §—0.017)

I. INTRODUCTION

T MICROWAVE frequencies four dissipative pa-
A rameters of a polycrystalline ferrite contribute
a priori to the insertion loss (IL) of a microwave
device. Three parameters are magnetic and one is elec-
tric. For reasons that are in some degree obvious but
will be further clarified in what follows, it is important
to specify how the four dissipative parameters are re-
lated to the overall losses in a waveguide Y circulator
under specified operating conditions.

Only the resonance linewidth AH, the tangent of the
dielectric loss angle tan §, and sometimes the spin-wave
linewidth AHy, are indicated as the low-power micro-
wave-loss parameters of ferrites by materials manu-
factures. It is now recognized that AH alone is by no
means a suitable loss parameter: as an example, an X-
band below-resonance Y circulator loaded with a Mg~
Mn ferrite (AH~400 Oe) shows the same very low in-
sertion loss as a similar device loaded with YIG
(AH~35 Oe).

Rodrigue et al. [1] were able to correlate successfully
the low-field low-power losses in a latching phase shifter
with an intrinsic linewidth AH;, derivable from the
spin-wave linewidth of wave number %, AH}.!

During a ferrite workshop at the 1969 Intermag Con-
ference, Bosma emphasized the convenience of a new
characterization of the significant physical parameters,
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! The intrinsic magnetic loss is linearly related to AHjy, when
originating from the doping of fast relaxers. Losses due to other
mechanisms such as fine grains show a quite different dependence
on AH, (see, for example, [9]). For these reasons AH} cannot be con-
sidered in all circumstances a measure of low-field losses.

of ferrite materials as related to their device perfor-
mance. Among other subjects, the significance of the AH
parameter was discussed.

Stimulated by the lack of exhaustive data on the
matter, we have undertaken the experimental work
presented herein. To carry out our correlation, we have
chosen the waveguide junction Y circulator operating
at fields below resonance. The choice of the device type
is mainly due to the following reasons: it is one of the
most extensively employed ferrite devices in micro-
wave techniques; the theoretical solution of the field
distribution problem is not easily treatable. It is felt,
therefore, that .consistent experimental data can en-
lighten the dependence of device losses on the ma-
terial’s dissipative characteristics.

This work is presented as follows. In Section II those
features of the tensor permeability parameters relevant
for our device problem are reviewed, with emphasis on
its dissipative components. In Section III, the experi-
mental procedures and techniques are outlined, fol-
lowed by the description of the results of measurements
on the devices and in the resonant cavities.

A correlation between the different sets of data and
the consequent indication of the important tensor ele-
ments are given, along with a critical discussion of the
matter.

II. GENERAL FEATURES OF THE SUSCEPTIBILITY TENSOR

The tensor magnetic susceptibility of a polycrystal-
line ferrite in an external magnetic field H,, directed
along the Z axis is

x jk& O
x=|—Jk x 0 ] )]
0 0 x
where
x=x—ix" k=F—jt'  xe=x'—dx". (2

The complex dielectric constant in the ferrite is de-

fined by

e = ¢,(1 — § tan §) 3)
where ¢ is the real part of the dielectric constant.
When a volume element dr of the ferrite is imbedded in
an RF electromagnetic field of frequency » =w/2,
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h=lx+hy+hz
e=ex+ey+ez 1)
and in a dc bias field
H, =

HoZ. (5)

The total elementary volume losses dP are given by

dP = dPuagnetic T A Pelestrio

Re (jo/2)|(u-h)-b* — ¢*| ¢|*]dr

= (wdr/2) " (| k|2 + | 1, |2) — 28" Tm (%)
+ Xz”l lz,,]2 + erl elz tan 6].

I

(6)

h*, ¢*, and h,* are the complex conjugates of h, ¢, and
h., respectively.

In (6) we find the four dissipative parameters in the
ferrite, x/, ", x.”’, and tan 8. Inspection of (6) reveals
that, owing to the alternative possible sign of &'/ [2]
and of Im (h,h.*), the term containing ¥/ may become
negative in certain circumstances, thus possibly re-
ducing the magnitude of the total magnetic dissipation.

This work is aimed at the determination of the re-
spective influences of the dissipative parameters of the
ferrite on the device losses. Therefore, it is appropriate
to examine the connection between the tensor per-
meability parameters and the resonance linewidth AH.

The resonance linewidth is inversely proportional to
the relaxation time of the uniform precessional mode
of the spin waves. According to the phenomenological
relaxation theories such as that of Landau—Lifshitz, the
relaxation rate 7 and the gyromagnetic ratio 7y are in-
dependent of H,, thus providing a Lorentzian-shaped
loss versus static field curve. In this case x”’ and k"
can be derived from AH [3] for every value of H, that
magnetically saturates the sample.? However the re-
laxation rate (and, less appreciably, v) are field-de-
pendent quantities; i.e., AH can properly account for
the magnetic losses only at fields near resonance. The
study of the field dependence of the relaxation rate has
led to the definition of an effective linewidth [4]-[6]
AH.;:=2q(H,)/v(Ho), which accounts for losses inside
and far off the spin-wave manifold.

We have previously shown [7], [8] that AH
(H,—0) is about eight times smaller than AH(H o= Hyes)
in nickel ferrites at X band, and about from twenty to
thirty times smaller in Mg—-Mn ferrites at X band. Only
on rare-earth-doped coarse-grained YIG compositions,
AH,; values have been found to be comparable to
AH, while on fine-grained YIG, AH>>AH4 [9].

These and other results make clear how misleading
AH can be as a parameter for predicting below-reso-
nance losses, thus suggesting a wider inspection on
x", k", and x.,”. The following relations always hold in
a polycrystalline ferrimagnetic body [2]:

X', x>0 [ 27| < x” )

2 In the ferrite, in a ¥ circulator, regions exist where magnetic
saturation js not attained.

to which, for the unmagnetized state,

1 - 124

X" = xe k=0 @®)
must be added, provided that the distribution of the
local magnetization vector in the unmagnetized state
is isotropic. From the phenomenological equations of
motion [3] containing a damping parameter, the fol-

lowing relations can be derived:

x> F',  for H;close to Hires  (92)
| 2] /x'" =0, for H; — 0 (9b)
XZH —)0, for Hz - Hi,sat (9C)

where H; is the internal dc field, H; . the internal dc
field for ferromagnetic resonance, and H;. that for
magnetization saturation.

It has been found experimentally that (9a) is ap-
proximately true [10], while (9b) holds under certain
conditions given below. Equation (9¢) is generally not
true, owing to the inhomogeneities connected with local
domain configurations. Schlémann has shown [11] that
local inhomogeneities of the saturation magnetization
(due to such causes as pores, nonmagnetic inclusions
etc.) induce a torque upon the magnetization even if
the average RF magnetic field (A) is parallel to the
average magnetization {4 M). For these reasons parallel
pumping does not prevent a local Larmor precession
excitation. Furthermore, a theory by Joseph and
Schlémann [12] demonstrates the existence under cer-
tain circumstances of a subthreshold parallel pump loss
independent of x’/ but contributing to the term contain-
ing x.”.

III. EXPERIMENTS AND RESULTS
A. Measurement Procedures

In order to establish a correlation as unambiguous as
possible between the losses in the circulators and the
dissipative parameters in the ferrites, the latter were
cavity-determined on spheres, rather than on disks.

Microwave measurements performed on disks pro-
vide the obvious advantage of parameter determination
on samples with very similar geometry to the actual
situation in a ¥ circulator.

On the other hand a comparison between measure-
ments on disks and on spheres would show the following.

1) Measurements on disks are influenced by the di-
ameter/thickness ratio [13].

2) Most likely, surface mechanical stresses due to
machining and to the sintering process are responsible
for alterations on the loss parameters [5], [14]; the more
stress present, the greater the surface/volume ratio.
The effects of such stresses are only reduced by anneal-
ing the samples.

3) Below-resonance imaginary susceptibility deter-
minations require high measuring sensitivity. Disks
would therefore require too large diameter sizes, ap-
preciable fractions of the wavelength, and consequent
nonuniformity of the RF field.
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4) It is generally simpler to obtain spheres on which
other microwave and physical determinations can be
performed, such as the saturation magnetization and
the gyromagnetic factor.

5) Spherical shape insures a uniform internal mag-
netic field if the sample is homogeneous. For the above
reasons all susceptibility data are determined on
spheres, in resonant microwave cavities.

Cavity measurements provide internal parameters di-
rectly related to the intrinsic properties of the ferrite or
external parameters which depend both on the intrinsic
properties and on the shape of the specimen.

The distinction between internal and external sus-
ceptibility has been pointed out by Spencer e al. [10]
and will be indicated here by an 4 and e subscript.

In the quasi-static approximation the following rela-
tion holds [10]:

= X./(1 — DX,). (10)

=13 for spheres; X; and X, indicate x+% or x,, de-
pending on which of these parameters is being con-
sidered. x.", Xe,.”, AH, and g.: have been measured in
rectangular TEie, cavities, at the frequency at which
the ILs. on circulators were previously determined.
x.”" and k' measurements required a circular polariza-
tion of the RF field; therefore a circular degenerate
cavity oscillating in the TE;; mode at 9.35 GHz has
been used. x;” and k;/’ were derived from x.” and k.’
through (10). Tan 6 values have been measured on
small rods (1 mm diam, 15 mm long) in the center of a
rectangular TE,q cavity at 9.4 GHz. Precision of the
measurements is estimated to be about + 20 percent in
the degenerate cavity and about =+10 percent in the
other cavities.

The spheres for the dissipation measurements were
obtained from the same triangles and disks on which
IL measurements were performed. Some spheres, tri-
angles, and disks were thermally annealed to reduce
stresses, but only on spheres of fine-grained material
was a noticeable reduction of the loss parameters ob-
served.

Measurements in the Y circulators were performed
on devices having the four different geometries outlined
in Fig. 1. They are H-plane junction circulators: types
A and C of Fig. 1 are narrow-band devices, while types
B and D exhibit a broader bandwidth.

Most of the examined devices were X-band devices.
The L- and S-band devices described in the following
. sections were constructed from some of the former ones
by a scaling criterion as described in [15] and more
explicitly in Section 11I-B. Care has been taken to keep
the VSWR level always less than 1.10 and to insure the
minimum obtainable IL. IL. measurements were precise
within 4 10 percent.

B. Results and Discussion

A large number of different ferrite compositions of the
spinel and garnet type have been examined, all but one
of which have been prepared in the Ceramic Labora-
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Fig. 2. Dissipative permeability x” versus external dc mag-

netic field Hy. Curve a, war/w <0.8; curve b, war/w>0.8.

tory of Selenia S.p.A. Very different saturation mag-
netizations (from 290 to 3100 G) have been included
among the ferrite compositions. The microwave mea-
surements have been performed both on the devices and
the materials at different frequencies and have been
divided into two classes: one that respects the condition
wu/w<0.80 and the other that respects the condition
0.85 <wy/w<1.05. The distinction follows the general
criterion of avoiding low field losses [16] in a below-
resonance device. The first classes generally respect this
criterion.’

1) Case of wu/w<0.8: In Fig. 2 the normally en-
countered behavior of x"(H,) for wy/w<0.8 and
wy/w>0.8 is shown in the region below resonance by
curves a and b,* respectively. x,”” determinations were

*wy =v4wM,, where v is the gyromagnetic factor. Polder and
Smit [16] indicate in v(4= 3,4 H,)/w <1 the conduction for avoid-
ance of low-field losses, where H, is the anisotropic magnetic field. In
this work H, has not been considered. This can explain why wu/w
<0.8 was found to be the condition for avoiding low-field losses in the
samples examined in Fig. 3.

¢ Actually, in fine-grained ferrites, even with wy/w=20.5, a curve
of type b was found in this laboratory [9].
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Fig. 3. Circulator insertion loss as function of x,” for the case wy/w<0.8, at frequencies.from 1.3 to 10.1 GHz. Sample number refers to

the composition listed in Tables I1 and III. The continuous line is calculated following (16). Circles—measurements at 10.1 GHz on type
B circulators. Squares—measurements at X, S, and L band on type A, B, C, and D circulators, as indicated in Table I1.

started with the reasonable assumption that this pa-
rameter was only a minor contribution to the IL in the
devices, mainly because of the essential orthogonality
of hry with respect to Hy. A preliminary check of this
assumption was made on two Co-doped Mg—Mn fer-
rites (with 1-percent and 2-percent weight of CoO, re-
spectively) each of them in the fine- and coarse-grained
versions. It is well known that fine graining and Co?*-
doping both increase the magnetic losses and the high
power thresholds. The four compositions all showed
AH~400 Oe, get:=2.0, 4w M,>~2200 G, and tan §<2.5
X10~% ILs were measured on a circulator (type B of
Fig. 1) at 9.5 GHz, x,” and x.,.”” at 9.2 GHz. [t was found
that x.,.”’>x:,." and is nearly constant in the approxi-
mate range 4w M,/3<H,<4wM,. x.”” behaves in the
same manner as curve ¢ of Fig. 2, thus confirming the
typical trend of the condition wy/w<0.8.

On the examined samples the magnitude of x.” is
about % or % of x./’ in conventionally sintered ferrites,
while x.”'=~x."” in fine-grained ferrites. The data of
Table I show that, owing to k.~0, x.”" is not related to
the IL. The data in Fig. 3 and all subsequent mea-
surements agree with this statement. y,”” data are re-
ported, together with all the other relevant microwave
and physical characterizations, in Fig. 3 and Tables II,
and I11.

TABLE 1
COMPARISON OF x,’ AND x,,.'” wiTH IL AT 9.5 GHz

L

Ferrite Composition x X103 x,../" X10% (dB)

Mg, Mn (1-percent CoQ), CG= 9 3.3 0.18
Mg, Mn (1-percent CoQ), FG 12 7.5 0.19
Mg, Mn (2-percent CoO), CG 19 9 0.28
Mg, Mn (2-percent CoQ), FG 21 18 0.28

& FG—fine grained; CG—coarse grained.

At this point it is useful to analyze (6) and the data
of Fig. 3 more closely. The term x.”” k.2 in (6), for the
reasons explained above, can be neglected. Table III
also shows that for the examined samples &/ <<x.".
Neglecting k;”/ with respect to x,”’, the magnetic losses
in a circulator can be written

Pmagnetic o~ (CO/Z) f Xi”(hxz + h’yz) dr (11)
F

where F indicates the volume of the ferrite. It is found
experimentally that x,”” is approximately constant for
fields 0 <Hy< 8w M,/3 within the volume; therefore

-Pmagnetic =~ (X‘i”w/z) f (h»tz + hyz) dr = A,Xill' (12)
F
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TABLE II
Type Frequency 47 M, AH»

Sample Ferrite Composition (Fig. 1) (GHz) kG) (Oe) I'e tan §X10*
0 Mg, Mn, Fe ferrite B 9.9 2.20 430 2.04 <2.5
1 sameas( B 10.1 2.20 430 2.04 <2.5
2 sameas( B 9.5 2.20 430 2.04 <2.5
3 sameas 0, FG B 9.5 2.20 380 2.03 <2.5
4 Mg, Mn (1-percent Co), Fe ferrite B 9.5 2.20 390 2.04 <2.5
5 sameas4 A 9.2 2.20 390 2.04 <2.5
6 same as 4 B 10.1 2.20 390 2.04 <2.5
7 Mg, Mn (1-percent Co), Fe ferrite, FG B 9.5 2.20 320 2.04 <2.5
8 Mg, Mn (2-percent Co), Fe ferrite B 9.5 2.20 460 2.03 <2.5
9 same as 8 A 9.2 2.20 460 2.03 <2.5

10 same as 8 B 10.1 2.20 460 2.03 <2.5
11 Mg, Mn (2-percent Co), Fe ferrite, FG B 9.5 2.20 380 2.04 <2.5
12 Ni (Co) Al ferrite TT-2-115 (Trans. Tech., Inc) C 9.2 1.60 330 2.45 10
13 Ni (Co, Cu) Al, Fe ferrite D 8.9 1.70 190 2.33 16
14 Y, Gd, Al, In, Fe garnet B 1.3 0.32 75 2.29 <2.5
15 Y. Gd, Dy, Al, In, Fe garnet B 1.3 0.29 140 2.13 <2.5
16  Ni, Al, Fe ferrite. ID B 10.1 1.70 730 2.56 160
17  same as 16, stoichiometric B 10.1 1.85 600 2.48 100
18 same as 16, IE D 10.1 1.95 500 2.43 270
19 Ni (Co) Al ferrite, ID B 10.1 1.85 450 2.39 84
20  same as 19, stoichiometric B 10.1 1.95 300 2.36 55
21  same as 19, IE B 10.1 2.00 225 2.32 260
22 Y, Gd, Al In iron garnet B 1.3 0.34 105 2.29 <2.5
23 Y, Gd, Ho, Al, In iron garnet B 1.3 0.29 115 2.35 <2.5
24 same as 15 D 1.25 0.29 140 2.13 <2.3
25 Y, Gd, iron garnet B 3 0.75 160 2.15 <2.5

Note: This table lists some properties of materials on which IL and dissipation parameters were measured, for which way/w <0.8. The IL
and . values, not reported here, are plotted in Fig. 3. The capital letter after each composition indicates the circulator type on which
measurements were performed. FG—fine grained; ID—iron deficiency; [E—iron excess.

* AH and g values have been measured at 9.5 GHz, except for samples 14, 15, and 22-24, which were measured at 1.3 GHz,and sample 25

which was measured at 3 GHz.

TABLE 1II
Sample  x./'X103 k'’ X 103 x. X103 ki X108
8 18 10 14 3
11 22 12 20 1
13 20 7 18 -1
16 26 16 20 0
18 18 8 15 2

Note: This table lists degenerate cavity measurements on several
ferrite samples for which the condition wy/w<0.8 holds. The sample
number refers to those of Table II. Measurements were made at
9.35 GHz.

Similarly the dielectric losses are given by
Pielectric = (tan 651@/2)f e?dr = B’ tan 4. (13)
F
The losses in the waveguide are

P~ (w/8<7)1/2f h?dS = ' (14)
8

where S indicates the total metal surface and ¢ its elec-
trical conductivity. If we denote with P; the incident
power, we have

]L = 10 10gm [Pz/(PfL - Pmagnetic — Pdielectric - Pc)]

~ 10 logy [(1 — Ax/’ — B tan s — C)1]. (15)

A4, B, and C are derived from (12), (13), and (14) by
normalizing to the incident power.
If the junction is scaled to operate from one fre-

quency w to another o’ =w/K, the new volume element
is dr’ = K3dr, while the square of the normalized fields
are divided for K2 4 and B do not change. The con-
stant C depends on frequency as w'/2.°

In this paper (see the data in Table 1I) the L-band
circulators 15 and 24 and the S-band circulator, 25 have
been scaled from the corresponding X-band circulators
(0, 13, and 0, respectively), and subsequent measure-
ments confirm the frequency independence of 4 and B.

In Table III degenerate cavity measurements have
been performed on a part of the samples. The measured
compositions have formulas and processing features that
are representative of most of the X-band compositions
listed in Table II, while their magnetic-loss levels are
suitable for reaching high eaough sensitivities in the
degenerate cavity measurements.

It is seen that x;/~'’. Reasonably assuming that
this result holds for all the inspected samples, we have
correlated (6) with the experimental points plotted in

Fig. 3.

By imposing the experimental points related to sam-
ples 1 and 19 and by assuming B tan §=0, the values
C=0.017 and 4 =2.85 are found. The points marked
with full circles represent measurements performed on
different ferrites in the same (type B) Y circulator and
at the same frequency of 10.1 GHz. The following semi-
empirical equation is obtained:

IL = — 10 logye (1 — 2.85 x,/ — 0.017).  (16)

5 The scaling criterion for a linear dimension L is L' =KL, while
for the ferrite y"4x M, = (o /w) v4wMs.
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Fig. 4. Comparison between experimental points and theoretical

curves of [L—tan § correlation for different values of x.”. The
curves follow (15); 4 =2.85, B=1.60, and C=0.017.

Equation (16) fits all of the experimental data very well
at X band, S band, and L band independently of the
circulators’ geometries. C is kept constant in spite of its
frequency dependence owing to its very low value.

The plot of Fig. 3 and the data of Tables II and III
show the following.

a) The insertion loss is independent of AH.

b) The insertion loss is related to x.”” which in turn
is very close to x,”.

c) x4’ is the significant parameter, as will be con-
firmed by the results of experiments for the case 0.85
<wu/w<1.05 on nickel ferrites, while x;/>>k/, in
agreement with (9b).

d) The intercept value of the curve in Fig. 3 is
0.074 dB and is attributed to the losses in the walls of
the waveguide.

It is concluded that the losses are described by AH.;
rather than by AH at resonance.

The agreement between (16) and the experimental
points in Fig. 3 was obtained by neglecting tan §. In
order to evaluate the influence of the tan 8 term on the
overall losses, compositions 16-21 of Table II were
examined. In Fig. 4 we have plotted the IL against
tan ¢ for different values of x,””. The agreement between
experimental points and the curves calculated from (15)
is fairly good. B was determined by a best fit to experi-
mental data and resulted in B~1.6.

It is seen that when tan 6 <<5X1073, dielectric losses
do not add much to the IL. This can be explained
qualitatively, for the essentially planar structure, to-
gether with the relatively high real part of the dielectric
constants (see Table II, 10-16), allows very small elec-
tric RF fields inside the ferrite.

2) Case of 0.85<wy/w<1.05: The measurements on

the device were made on a circulator of type B (see Fig.
1) loaded with seven different types of nickel ferrites
(see Table 1V).

The ferrites were chosen to have different magnetic
dissipation parameters by fine graining and Co?*t dop-
ing. The x.'(H,) behavior follows that of curve b of
Fig. 2. The static polarization field in the circulator was
set in the region where x.,”” is a minimum (Xemin').
x.'’ measurements against the 1L are plotted in Fig.-5.
A certain dispersion of the experimental points is ex-
plained by the inhomogeneity of the internal magnetic
dc field, as any small displacement in the field away
from the minimum causes x.”’ to increase. Experiments
at two different measuring frequencies have been per-
formed at 9.2 and 11.0 GHz. The phenomenological
curve of Fig. 3 has been also drawn here for comparison.

A comparison of Fig. 3 with Fig. 5 and with Table IV
leads to the following observations.

a) When 0.85<wy/w<1.05, the IL and x./” are
strongly frequency dependent.

b) When wuy/w=~1.05 at a fixed IL value, x.” is
from two to three times larger than for the wa/w<0.8
case.

c) As wy/w decreases, the IL versus x.,”” curves
approach the wy/w<0.8 curve.

A possible explanation is given by inspection of the
degenerate cavity measurements. The data in Table IV
show that 2x,'~x.'’; therefore, if x;/’ is to be sub-
stituted for x.”’, the 1L versus x,”’ points would lie close
to the phenomenological curve drawn in Fig. 3, thus
suggesting that x;” is the significant loss parameter.
The result is not surprising if the ferrite geometry, much
closer to a thin disk rather than to a sphere, is con-
sidered.

1V. CoMMENTS

Finally, we should like to emphasize that the es-
sential results of our work, in our opinion, retain their
validity for every linear ferrite device operating below
resonance, such as the strip-line junction circulator and
the nonreciprocal latching phase shifter.

To clarify such a statement, our results are compared
with those of Fay and Comstock on the strip-line circu-
lator [17] and of Rodrigue et al. on the digital phase
shifter [1].

In the case of the strip-line circulator it was found
that

IL = 10 logy (1 — Qz/Q0)1 an

where Q1 is the external Q of the circulator and Q,,
neglecting losses in the metal, is given by Qv ™' = pest’’/
Mers’ +tan 6. By assuming a conventional Lorentzian
model at low-bias field values for wy/w<1, Fay and

Comstock find that
Pt /et = 202 /v 4 M AH. (18)

If, instead of AH, AH.: is substituted in (18), and
noting that 2w?/y4r MAH:=1/x."”, the following ex-
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TABLE 1V
xe' ' X 108 Degenerate Cavity Measurements
Hy=0 (at 9.35 GHz; Hy=1400 Oe)
47 M, AH
Sample Composition G) (Oe) g tansX10t 9 GHz 11 GHz xe X10F w103 5 X108 k' X108
1 Ni ferrite 3000 450 2.29 <2.5 315 33
2 Ni ferrite 3000 440 2.29 <2.5 200 34
3 Ni ferrite 3100 500 2.25 20 570 25 35 25 17 0
4 Ni ferrite hot pressed 2900 450 2.35 4 230 68 115 85 60 10
5 Ni ferrite hot pressed 3000 550 2.25 <2.5 550 39
6 Ni(Co)ferrite 3000 200 2.16 <2.5 110 35
7 Ni(Co)ferrite 3000 225 2.25 <2.5 86 30 43 37 20 5

Note: This table lists the physical and microwave parameters on several Ni and Ni(Co) ferrites. The sample numbers correspond to those

of Fig. 5. AH and g were measured at 9.5 GHz, tan 6 at 9.4 GHz.
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Fig. 5. Circulator insertion loss as function of x,"min for the case

0.85 <wu/w<1.05 at two different frequencies on a series of
Ni(Co) ferrites and coarse- and fine-grained Ni ferrites. For the
other properties of these materials see Table IV. Small dashed
lines connecting pairs refer to the same samples. Two large dashed
lines refer to samples for which wu/w=20.85 and wu/w=~1 as
indicated. The solid line is the same as in Fig. 3.

pression is obtained:

IL = 10 log [1 — Qr(x.” + tan 8)]* (19)

which is quite similar to (15).

Equation (19) shows a dependence of the IL through
Q1 on the geometry of the circulator, as the coefficients
A, B, and C do in (15). This dependence is very weak in

our case. It is found that the IL remains approximately
constant if the same ferrite disks or triangles are trans-
ferred from the circulators of types A and C (narrow
bandwidth) to those of types B and D (broader band-
width) of Fig. 1, respectively.

In the case of the latching phase shifter, Rodrigue
et al. express the intrinsic losses in terms of an intrinsic
linewidth AH;, which is “obtained from single crystal
data on material of equal quality and/or from parallel
pump measurements of spin-wave linewidth AH; [1].”
It is apparent that AH; is basically the same as AHos.
For a given polarization the IL/360° of differential
phase shift is linear in AH; in much the same way as the
IL is linear in x,”” in our case (Fig. 3). It must be
pointed out that while the dependence of the IL on
AH.y: is linear only if the ratio w?/ywy is kept constant,
the IL wvaries linearly with x,”” independently of the
above ratio, provided wy/w<0.8. Furthermore, at least
for sufficiently low values of AH;, the IL/360° does not
seem to depend any more on the magnetic polarization
sign in the toroid, in perfect agreement with our finding
that &’ is negligible when wy/w <0.8.

Another reason for the good agreement between
Rodrigue et al. and the authors is the following: for
war/w<0.8, the x,”” versus H, curve behaves as curve a
of Fig. 2. This means that at low fields for a given fre-
quency, only one loss parameter (AH.s, x. or AH;) is
sufficient to individuate the magnetic losses in the ma-
terial.

ACKNOWLEDGMENT

The authors wish to thank Dr. M. Reggiani for his
helpful advice and his continued interest during the
course of this study, and also several persons of the
Microwave and Ceramic Laboratories of Selenia S.p.A.
for their assistance in the measurements and ferrite
preparation.

REFERENCES

[1] G. P. Rodrigue, J. L. Allen, L. J. Lavedan, and D. R. Taft,
“Operating dynamics and performance limitations of ferrite
digital phase shifters,” IEEE Trans. Microwave Theory Tech.,
vol. MTT-15, Dec. 1967, pp. 709-713.

[2] R. C.Le Craw and E. G. Spencer, “Domain structure effects in
an anomalous ferrimagnetic resonance of ferrites,” J. Appl.



96 IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. MTT-20, NO. 2, FEBRUARY 1972

Phys., vol. 28, Apr. 1957, pp. 399~404.

[3] B. Lax and K. J. Button, Microwave Ferrites and Ferrimagnetics,
1sted. New York: McGraw-Hill, 1962, p. 154.

[4] T. Kohane and E. Schlémann, “Linewidth and off-resonance
loss in polycrystalline ferrites at microwave frequencies,” J.
Appl. Phys., vol. 39, Feb. 1968, p. 720-721.

[5] C. E. Patton, “Effective linewidth due to porosity and aniso-
tropy in polycrystalline yttrium iron garnet and Ca-V-substi-
tuted yttrium iron garnet at 10 GHz,” Phys. Rev., vol. 179,
Mar. 1969, pp. 352-358.

[6] Q. H. F. Vrehen, “Absorption and dispersion in porous and
anisotropic polycrystalline ferrites at microwave frequencies,”
J. Appl. Phys., vol. 40, Mar. 1969, pp. 1849-1860,

[7]1 C. Borghese and R. Roveda, ‘‘Grain size average and distribu-
tion effects on the magnetic losses and threshold fields in nickel
ferrites at microwave frequencies,” J. Appl. Phys., vol. 40, Nov.
1969, pp. 47914797,

[8] R. Roveda and C. Borghese, “Joint effect of fine grains and Co**
relaxers on the high power and loss properties of Mg, Mn fer-
ri;es, at X-band,” J. Appl. Phys., vol. 41, May 1970, pp. 2729~
2730.

[9] C. Borghese and R. Roveda, “Fine particles and fast relaxers
influence on the magnetic RF threshold fields and losses in
YIG,” presented at Int. Conf. Magnetisme, Grenoble, France,
Sept. 14-19, 1970; also to be published in J. de Physigue.

[10] E. G. Spencer, L. A. Ault, and R. C. LeCraw, “Intrinsic tensor

perimeabilities on ferrite rods, spheres, and disks,” Proc. IRE,
vol, 44, pp. 1311-1317, Oct. 1956.

[11] E. Schlémann, “Properties of magnetic materials with a non-
uniform saturation magnetization. II: Longitudinal suscepti~
bility,” J. Appl. Phys., vol. 38, pp. 5035-5044, Dec. 1967; also
T. Kohane and E. Schlémann,” Longitudinal susceptibility of
porous polycrystalline YIG at microwave frequencies,” J. 4ppl.
Phys., vol. 37, Mar. 1966, pp. 1073-1074.

[12] R. 1. Joseph and E. Schiémann, “Transient and steady-state
absorption of microwave power under parallel pumping
theory,” J. Appl. Phys., vol. 38, Mar. 1967, pp. 1915-1928.

{13] W. E. Case, R. D. Harrington, and L. B. Schmidt, “Ferromag-
netic resonance in polycrystalline ferrite and garnet disks at
L-band frequencies,” J. Res. Nat. Bur. Stand., vol. 68C, Apr.—
June 1964, pp. 85-91.

[14] Q. H. F. Vrehen, H. G. Beljers, and J. G. M. De Lau, “Micro-
wave properties of fine grain Ni and Mg ferrites,” JEEE Trans.
Magn., vol. MAG-5, Sept. 1969, pp. 617-621.

[15] R. Roveda and G. Cattarin, “Circolatori a giunzione ad Y in
guida d’onda per alte potenze medie e di picco per impieghi
radaristici,” Rendiconti Annuali AEI, 1970.

[16] D. Polder and J. Smit, “Resonance phenomena in ferrites,” Rev.
Mod. Phys., vol. 25, Oct. 1953, pp. 89-90.

[17] C.E.Fayand R. L. Comstock, “Operation of the ferrite junction
circulator,” IEEE Trans. Microwave Theory Tech., vol. MTT-13,
Jan. 1965, pp. 15-27,

Analytical and Numerical Studies of the Relative
Convergence Phenomenon Arising in the
Solution of an Integral Equation
by the Moment Method

RA]J MITTRA, rerrow, 1IEEE, TATSUO ITOH, MEMBER, IEEE, AND
TI-SHU LI, STUDENT MEMBER, IEEE

Abstract—The relative convergence phenomenon that occurs in
the numerical solution of the integral equation for the iris discon-
tinuity problem is studied both analytically and numerically. It is
-shown that the solution for the aperture field can be highly dependent
upon the manner in which the kernel and the unknown function are
approximated in the process of constructing a matrix equation by the
moment method. An analytical explanation is provided for the above
phenomenon and the theoretical predictions are verified numerically.
Also included is a suggested numerical algorithm for detecting
and alleviating the relative convergence behavior for more general
problems.

1. INTRODUCTION

T WAS pointed out a number of years ago [1] that
I[ the manner in which one partitions a doubly in-
finite matrix arising in the formulation of the
boundary value problem in a bifurcated waveguide
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significantly affects the results for the scattering coef-
ficients in the guide. This phenomenon was referred to
as “relative convergence” and it was proven that there
exists a unique choice for the partitioning ratio that
yields the correct result. It was also demonstrated that
anything but the correct choice of partitioning will
lead to results that violate the “edge condition” [2].

Recently it was discovered that the relative con-
vergence phenomenon also occurs in a variety of other
problems [3]-[5], even where a completely different
mode of formulation is employed. It was found, for
instance, that the matrix equation obtained by the
mode matching formulation [6], [7] or by the applica-
tion of the moment method to integral equations ex-
hibits relative convergence. As an example, it has been
found that the integral equation

b
[ ke owerar =g, 0<e<t @

for the iris discontinuity problem in a waveguide ex-



