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I. SYNOPSIS

This is the Second Semiannual Report on this ¢ ogram.

A resume is presented outlining the present status of ferrite digital phase
shifters including the interpretation of the influerce of material characteristics on
the operating dynamics of phase shifters. The importance and influence of the follow-
ing material parameters are discussed: saturation magnetization, remanent magnetiza-
tion, linewidth, remanence ratio, squareness, coercive field, density, grain size,
dielectric constant, dielectric loss tangent, anisotropy field, peak power threshold,

switching coefficient, and magnetcstriction,

The experimental investigations have concentrated on the study of the control
and variation of the above parameters and the evaluation of materials with known

properties in rf structures.

Magnetic losses are discus<cd from an analytical and experimental standpoint.
Investigations on magnetic locsses have been conducted at S-band, and a preliminary

interpreta“ion of the data is presented,

Structural and material parameter studies have been carried ¢ut in an X-band
waveguide phase shifter structure, The results of these studies are presented to-

gether with some comparison, where possible, with recent theoretical publications.




2. INTRODUCTION

2,1 BACKGROUND OF PROGRAM

Investigatcrs in the field of microwave devices have attempted for several
years to derive high performance, low cost, fast acting componants which reauire
low switching and holding power for fast scanning array applications. The develop-
ment of microwave devices utilizing the square hysteresis loop properties of ferri-
magnetic materials seems to be a very promising approach toward these components.
These fast switching microwave devices require toroidal material geometries with
the cores magnetized circumierentially. The toroidal materials are to possuss ex-
cellent microwave characteristics as well as square hysteresis loops; that is, large
values of remanent magnetization and low coercive fields,

One fast switching device in this category is the ferrite digital phase shifter.
These devices utilize toroidal cores for phase shifting elements and ar= switched in
very much the same fashion as computer cores. The operating characteristics of
these digital phase shifters depend to a great extent on the properties and availability
of acceptable ferrimagnetic materials. While the structural configurations of the rf
portion of the phase shifter are still under development and many new configurations
are constantly being generated, in most every case the properties of the desired
ferrimagnetic materials are quite similar, Therefore, it is very important to have a
number of very suitable and optimized materials for utilization in these phase
shifters, It is the purpose of this program to derive a number of optimized materials
for utilization in digital phase shifters operating from L through X band and to further

demonstrate their uzefulness by evaluation in rf structures,

2.2 PROGRAM OBJECTIVES

The objectives of this program are directed tuward the improvement and
evaluation of ferrite and garnrt materials for use in digitai phase shiftersat L, 5, C
and X bands. Emphasis is to be placed on peak power capability exceeding 10 kilo-
watts and phase stability with temperature variation over the military range, Micro-
wave digital phase shifter structures wiil be studied with special emphasis placed
upon the materials derived in this program combined with the requirements for high
switching speed, low switching power, low loss, low holding power, compact con-
figurations, low cost per unit and high peak and average power handling capabilities.
Eighty percent of the effort will be directed toward the materials study and evaluation.
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3. OPERATING DYNAMICS OF FERRITE DIGITAL PHASE SHIFTERS

3.1 GENERAL

The technology and understanding of the operating dynamics (including the in-
fluences of ferrimagnetic material parameiers) of microwave ferrite digital phase
shifters (FDPS) are advencing at a reasonably rapid pace. During this six months re-
porting period, considerable technical information has been generated both on this

program and by other investigators studying {errite digital phase shifters.

1t is the purpose of this section of the report to present a resume of the pre-
sent status of the understandii.. of the cperating dynamics of FBPS. In this section
information report.l by others (with appropriate references ) will be interwoven and
interpreted with the information generated on this program since its 1.ception., A re-
view of the conclusions presented in the First Semi-Annual Repc. ! are in some instances

1 -peated for completeness.
3,72 BASIC CONCEPT OF FERRITE DIGITAL PHASE SHIFTERS

%
The ferrite digital phase shifter (FDPS) is a device which requires toroida:

material geocmetries (cores or tubes), The torcids are magnetized circumferentially.

1t is not required that the toroidal core be completely imn.ersed in the rf field
("core' formed entirely from microwave ferrite material). Recent investigations‘ have
shown that the toroid may be formed from a composite of material (microwave material
inside rf structure with flux patns closed outside the area containing rf fields with

computer type material),

rerrimagnetic digital phase shifters make use of several of these toroical
"cores' of ferrimagnetic material! installed along the longitudinal axis of rectangular
waveguide or coax transmission line. The location is such as to cause the propagating
waves to be coupled to the cores in a reciprocal or ncnreciprocal maiuier. The toroidal
cores are composed of a very high performance microwave material (at least that portion
interacting with the rf field; and, to achieve reasonable digital action, must exhibit a
square or near square hysteresis loop. The two remanant states of magnetization are
the normal operating positions. In the digital phase shifter design, each core is supplied
with a circumferential applied magnetic field which is used to switch the toroid magneti-
zation. The difference in permeability of the two remanent states of magnetization yields

a differential phase shift proportional to the core lengtt.s and the material properties.

* Tha word "'Ferrite" is used in this report to represent any ferrimagnetic material.
" E. Stern and W, J. Ince, "Composite Loop Phase Shifter” (To be published).

3-1



The lengths of the cores are selected in accordance with digit requirements; for ex-
ample, with 36u” of phase shift required, one core or tube each may be provided to
yield 180°, 90°, 45° 22.5° 11.25° and 5.625°. The result will be a phase shifter

capable of exhibiting any differential phase shift from 0° to 360° in 5. 625° steps.

Common terminology is to call this phase shifter a six-digit or six-bit phase shifter,

For nonreciprocal phase shifters the structure is such that a portion of a
magnetized toroid will see a circular {or elliptical) polarized rf magnetic field of one
sense (positive or negative) for one direction of magnetization. Switching the direction
of magnetization in the toroid reverses the sense of the circular polarized icident rf
magnetic field and thus produces a differential phase shift. Accordingly, for one di-
rection of magnetization of any given toroid, a prescribed phase shift will be obtained
and, for the opposite direction, a different value will be evident. The lower value can
be used as a ""zero’ base. Since the toroidal core exhibits a neariy square hysteresis
loop, a current pulse (large enough to produce a magnetic field somewhat greater than
the ccercive field of the material) is used to switch the magnetization after which the
magnetization falls into the remanent state and holds (no holding current is required).
The circumferential switching field is generated by passing a current pulse through a

turn of wire which threads the core.

The material characteristics for reciprocal operation are essentially identical

to the nonreciprocal case,

The operating characteristics of the FDPS are heavily dependent on the pro-

perti-. f the ferrimagnetic material utilized as detailed in the following sections.
3.3 MATERIAL ASPECTS OF FERRITE DIGITAL PHASE SHIFTERS

No attempt will ke made to present a rigorous mathematical interpretation of
the interaction characterist s of ferrimagnetic toroidal materials and rf signals. A

physical interpretation will be presented to indicate the mechanisms involved.

In an unmagnetized domain-filled ferrimagnetic material (bulk sample), so-
called "'low field" magnetic losses have been predicted and experimentally verified to

be present out to a maximum f{requency given by

_ 41 .
“ max 4 ‘LHanis i 477Ms (1)

* A more specific discussion of magnetic loss is included in Section 3.3.3.
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where
w = maximum frequency {mHz) for low field magnetic
losses (no applied fie'd)

= gyromagnetic ratio (mHz/oersted)
¥ ~ 2.8 mHz/oersted for most materials

H g = anisotropy fielc (oersteds) of the material

4TTMS = gaturation magnetization (gauss) of the material

Thie equation has been derived by consideration of the possible internal demagnetizing
fiel.  of an array of magnetic domains and from Kittel's resonance equation’. This
relationship indicates that resonance losses in the absence of an applied field (unmag-

retized sample) will be observed to a maximum frequency as predicted by cquation (1).

For toroidal geometr '2s where a material possesses an appreciable remanence
ratio (remanent magnetization of 0.5 to 0. 7 of the saturation magnetization), the material
will contain a few large domains and some smuller domains in unmagnetized parts of
the toroid. In this situation there is no applied field in accordance with the case of low
field losses discussed above, If an rf field perpendicular to the magnetization is applied
the broad distribution of magnetic loss (curve A of Figure 1) is confined to a resonance

*
peak similar to taat shown in curve B. This type of response is caused by ferrimagnetic
Ret
A DY
B ([TITT]
A

MAGNETIC LOSS

Wmayx =¥{H + 4nM)

anis

e
1002 w (FREQUENCY)

Figure 1. Low Field Losses in Ferrimagnetic Materials

2 D, Polder and J, Smit, "Resonance Phenomena in Ferrites," Rev. Modern Phys.,
35, 89 (1953).

(5]

B, Lax and K. J, Button, Microwave Ferrites and Ferrimagnetics, McGraw-ililli Book Company,
New York, 1962, pp. 444-450,

The resonance aspects will be discussed in greater detail in Section 3.3.3,
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resonance of the various domains and should oliey established permeabiiity relation-
ships for ferrimagnetic materials at microwave frequencies. These reiaticns should
be entirely similar to those of the usual saturated ferrite body, since this usual case

corresponds to the action of a single domain.

Experimental results indicate’ that the following equation can be used to approx-
imate tie resonance frequency observed for toroidal geometries normally emplovad in
ferrite digital phase shifters:

W )'47"MR (2)

This relationship is important tc the design of phase shifters. The phase shift is pro-
portional to the magnetization but, as indicated here, so are the magnetic losses.
Therefore, the magnetization chosen for a given frequency must produce ample phase
shift per unit length and also place the point of operation out of the magnetic loss region

as predicted by equations (1) and (2). For a given frequency of operation, «, the value of

4#MS utilized in FDPS is generally such that 1/3< ‘}’47rMs < 3/4. This minimizes the

W
magnetic losses present at the operating {requency. The value of the magnetization of
the material deterniines the point of operation in these devices in a fashion similar to

the dc applied magnetic field for normal ferrite devices.

The values of the remianent and saturated magnetization are tiierefore very

important to the choice of a material for FDPS.
47TMR
The value of the remanence ratio RR =M i .dicates the ¢-gree of un-

favorably oriented domains and to this extent affocts thd shape and width of the reso-
nance absorption curve. High remanence ratio will better confine the absorption peak
such as curve B in Figure 1; low remanence ratio will produce more reciprocal

absorption, and shift the resonance peak (see Section 3. 3. 3).

This brings up the question of the importance of ferromagnctic resonance
linewidth to the operation of digital phase shifters. The linewidth is normally measurea

on spherical samples with an applied field in accordance with the equation

w=YH (3)
app

where Happ is the applied dc magnetic field in oersteds.

‘ B, N, Enander, ""A New Ferrite Isolator”, Proccedings of the IRE 4.4, 1421 (October, 1936).
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The resonance loss characteristics of a remanent toroid are without doubt much
broader than those measured on a uniformly magnetized sphere. The normally mea-
sured linewidths on spheres will influence the selection of mat-~rials for application in
digital phase shifters. Experimental evidence indicates that the width of the resonance
absorption of a material in the remanent state (toroidal geometry) is dependent
on the remanence ratio of the material and thus the sample shape.* The criterion for
linewidth selection should therefore be "a minimum measured linewidth (as per equa‘ion
(8) )consistent with a maximum remanence ratio for the 477Ms desired.” Linewidth
values are of primary concern for low frequency appiications where line broadening can
contribute to magnetic losses at the operating frequency. Linewidths generally increase
with decreasing temperature; therefore, at low temperatures linewidth broadening could
contribute magnetic losses at the operating point. Additional analyses and experimenr’1il
verifications must be performed to specify optimized materials as far as linewidth is

concerned,

Gther material parameters which must be discussed in regard to FDPS are di-
electric constant, dielectric loss tangent, coercive fields, density, grain size and peak

power thresholds.

DCielectric loss tangents of acceptabie materials should be as low 2s possible.

Values in the range of 0. 0001 or less as measured at X band are desirable.

Dielectric constants of most any value are acceptable but should be reproduc-
ible to £ 0. 1 of the measured values. The dielectric constant of the material will af »ct
the structural configuration and the match of the phase shifter. In most configurations
the higher the dielectric constant, the greater will be the differential phase shift per
unit length. Any variation in dielectric constant will affect the length of material required

te achieve a given phase shift, and this variation should be kept to a minimum.
Each of these material parameters will be discussed in later sections,

3.3.1 Remanent Magnetization

The most important parameter related (o the hysteresic loop is the remanent
magnetization., As mentioned previously, the magnetic losses and phase shift par unit

le.gin are related directly to this parameter.

*
Dis.ussed in more detz2il in Section 3.3.3,
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Most microwave materials cannot be driven into saturation using the nominal
drive fields (approximately 25 oerstecs maximum) available on square loop testers

using nominal size probes or turns of wire.

The hysteresis loop normally observed is therefore not the saturated 1-op but
is, in general, very representative of the hysteresis loop utilized in digital phase shifter
operation. To ciassifv and optimize materials, it is necessary to measure the absolute
value of the remanent magnetization at the drive fields normally used in digital phase
shifters, It is desirable that the above drive (ield be as low as possible consistent with

near maximum values of the remanent magnetization.

To classify and evaluate materials the following procedure appears adequate:
1. The 47rMS of the material should be measured, in general, independent of the hys-
teresis loop at applied fields greatly exceeding that required for saturation. 41rMS
values measured on this program were obtained frem a vibrating sample magnetometer
using spherical samples (approximately 50 mils in diameter) and applied fields greater
than 5 Koe. Other equipment can be used where magnetometers are not available.
2. The hysteresis loop should be observed at the drive fields available, The drive
fields should be, where possible, ten times the coercive field of the material, For
most toroidal geometries, the remanent magnetization has been observed to change
very little between drive fields of 8 to 10 times the coercive field of the material.
From the hysteresis loup, the "squareness’ and coerc /e field can be measured, The

""squareness' is definod as

S = — Y (4)

where SD is the "squareness’, 4ﬁMRD is the remanent magnetization for the drive
field used, and 47TMD

can be measured ©s follows:

is the magnetization at the peak of the drive field. The 47«'MD

If the core reverses an amount of {lux 4¢ in a time At, the average voltage V

produced during switching is

ht3

V> = NA_.t (5)
where N is the number of turns threading the core. If A is the cross-sectional area of

the ccre and BD is the change in flux intensity at the drive field used,

A= A 4B, (6)

and

ABD = A(4erD) (7)

(5]
[
[




for the low drive fields used for toroidal geometries, Therefore

Vel A d(-’i:’MD), (8)
and Ol <V>at \
H”MD) AN . 9

Using proper integrating circuits and known values of A and N, .\(4?7MD) can be
measured (see Figure 2 {cr interpretation of 4(4 nMD). It is recommended that cali-
bration sample (s) be used for ease in the measurement and use of <V > At.

3. With the measured value of "squareness’ and 47a'MD, the 47.'MRD can be computed,
For drive ficlds of eight to ten times the coercive field of the material,

4,-.-MRD= 471'MR (10)

for most materiais. If desired, the remanence ratio of matertal may then be computed
as 47M
R .
R, -~ ——— (11)
R 1 “MS
It has been experimentally noted that values of "'squareness’ as defined, cannot
be used to properly classify materials. Since the shape of the saturated hysteresis
loop changes with toroid shape and is affected by strains and stresses in the material,
the ""squareness’ of materials, with identical composition and 47?MS values, may be
equal but the values of 477MD and ‘MMRD for these materials at known drive {ields
could be quite different. In some instances, materials have been noted to possess

5
higher values of "'squareness’ but comparative lower values of remanent magnetization.

Typical values of ""squareness’ for the better materials are in the 0. 85 to 0. 6.
region and typ’~al values of remanence ratio for these same materials are in the 0.6 to

0. 80 region.

For optimized digital phase shifter materials, it is desired that the remanence
ratio be as high as possible and that the 47TMR of the material be temperature stable
where possible The remanent magnetization of materials has been observed, in general,

to exhibit temperature characteristics similar to that of the 4ﬂ'MS of the material .

5 Third Quarterly Report on Microwave Phase Shifters for Inertialess Scanning (Non R _inrocal).
Westinghouse report on Contract DA-25-043-AMC-00228(£), sponsored by USAECOM,
Fort. Monmouth, New Jersey. p, 4-15 (April, 1965).

3-7

e




& Bi4nM}
| 0
— 4nM,
BRD___% x/ z v \
RUATT //'
~-A
4 &"-_\(‘H'IM )
H D
He
S
27198 HYSTERESIS LOOP

Figure 2. Hystecesis Loop of Ferrimagnetic Materials

In a polyc-ystalline ferrite or garnet, the intrinsic magnetization in the indi-
vidual crystals (cubic) piefers to be in the so called easy direction. The easy directions
are determined by the magnetocrystalline anistropy, the stress anisotropy (magneto-
strictionj, and the shape anisotropy. If such a material has only magnetocrystalline
anisotropy, the remanence ratio can =~ ~alculated to be 0. 87, This result assumes that
in the saturated state the magnetization in all crystals is parallel to the applied field
and relaxes to the nearest easy dirzaction (this direction is along the body diagonal, a
<il11> axis in cubic materials with negative anistropy) when the field is removed, This
ideal value sometimes is difficult to obtain because of the unfavorable contributions of

the other anisotropies.

A unidirectional anisotropy can sometimes be built into the material by con-
trolling the stress and shape of the material, thus producing higher values of the re-
manence ratio. Quenching, iattice deformations, applied pressure, etc., are tech-

]
niques sometimes used,

6 J. B. Birks and J. Hart, Progress in Dielecicics, Vol. 5, Academic Press inc., Publishers,
New York, 1963. (H. P. Peloschek, "Square Loop Ferrites and Their Applications’, pp 37-93).
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High remanence ratios can be obtained if the magnetocrystalline anisotropy
is large in comparison to the other anisotropies. This implies low magnetostriction,

low unfavorable internal stresses, and a dense homogeneous material (high density).

In microwave applications the resonance linewidth and shapc which are de-
pendent on the remanence ratio will be most favorable and applicable for those materials

pessessing high remanence ratios.

The remanence ratio depends primarily on the composition, method of pre-

. R L
paration, grain size, and homogeneity of the material,

3.3.2 Coercive Force

The coercive force (Hc) of the mate=ial is ancther very important parameter
of the hystere .is loop (see Figure 2). Acceptable materials for most applica’ ns de-
mand low coercive fields to minimize power consumption, For low coercive force, a
dense, chemically and structurally homogeneous material is required with anisotropy
fields as low as possible, The coercive force seems most greatly affected by com-

position, grain size and porosity.

3.3.3 Magnetic Loss in Toroidal Ferrites

More complete analysis and interpretation of magnetic loss in ferrite toroids
have been pursued to establish possible operating regions for ferrite digital phase
shifters. Involved in this effort is the study of the ultimate limits which magnetic
losses place on the saturation magnetization of ferrite materials used in FDPS in var-

ious frequency bands, as well as the possible influence of toroid geometry.

The magnetic loss referred to here is believed to be the result of resonance
in the various magnetic domains of the toroid. Magnetic loss can be associated with
domain wall motion or rotation of the magnetization within domains. Since domain wall
motion relaxes well below the microwave frequency range’, the overall magnetic loss
of the sample is a result of losses associated with rotation of the magnetization in each
domain. This rotational resonance corresponds to gyromagnetic resonance of the mag-
netization in the effective field of each specific domain. Remanent ferrite toroids are
never completely saturated and always possess a number of magnetic domains. Each
domain may have different demagnetizing factors, and in each domain the magnetiza-
tion will exhibit resonant precession at a characteristic frequency determined by the
anisotropy field of the material and these demagnetizing fields, When the applied fro-

quency is equal to this frequency, resonance losses will be observed,

Pado. Wright, and Emerson. Phys Rev, 80, 273 (1950).

w
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Thus, depending on the geometry of a given domain, its resonant {requency
shouid vary between rather large limits, Il is well known that in the case of adjacent
antiparallel domains there is a doubling effect of the demagnetizing factors or depolar-
izing fields as first discussed by Polder and Smit. In the case of caomplete antiparallel
alignment of magnetizations of adjacent domains, the resonant frequenrcy approaches
74::1\-15 (See Equation 1), Since there is no applied field in ferrite materials operating
in the remanent state, the effective field (or the resonant frequency) of the individual
domains will be determined by the demagnetizing factors 1or the particular domain in
question and by the anisotropy field of the m=terial. Some limits on the possible fre-
quencies where resonance loss can occur can be postulated. The highest resonance
frequency that one could justify in the present model would be a frequency of

K

4 1

“max 3 Nis

+ 4™M
S

where K1 is the first order magnetocrystalline anisotropy constant, and it is assumed
in this situation that in each domain the magnetization lies along an easy direction,

In any practical case, the peak loss will accur at frequencies below w« Lax’ since this

ing

is a limiting value requiring compietely antiparallel domains, and a remanent magnet -
ization of zero. Some resonance loss would in all probability extend up to this fre-
quency since some domains may have the proper configuration to experience this rela-

tively high frequency resonance.

Based on this domain model, the major resonance peak will be determined by
the effective field of the largest domains, and the major domains shouid be related to
the overall sample dimnensions. That is, a long toroid should have a different reso-
nance frequency from a short toroid because of the different demagnetizing factors
of the two samples. Some detailed analytical work has teen carried out in this area
by Davis' who predicts that the resorant frequerncy should vary from approximately

_}:47"Ms for a long, thin toroid to approximately ¥4 TMg for a short toroid. Davis'
4 2
analysis neglects the contribution of anisotropy fields and the effects of neighboring

antiparallel domains. Both of these factors will, in any practical case, increase the
resonant frequency, and thus his theory can be expected to predict lower resonant
frequencies than are found experimentally. The trend predicted by Davis, however,
shoulc hold true, and some correlation should be found between toroid dimensions and

the frequency at which peak loss occurs.

N T S o e : ] 3 ng PN "N )i". " 5 » M !
? .. E. Davis, "Permabiiity of Teroids in Latching Ferrite Devices", tc Le published,

3-10




In a much simplified form (neglecting damping) the peak loss should occur at
a frequency given by Kittel's equation with appropriate demagnetizing factors inserted

for the legs of the toroid. Since no applied field is present this equation becowes:

w Q,—?é[(N_#.Na-N)de”’(N +Na-N)4ﬁM1} {08
res ILx X z sil Uy y oz sJ .
where N:, JS are the effective demagnetizing factors arising from anisotropy effects
and are giveﬁ by:
K o
N2 - kli—— [2 - smzé - 3 sin® 28} (14)
X 4nMm
s
a 284 2. 3 2
N = 5 [1—25in9- gwsin 29]. (15)
y 4 MS

Here ¢ is the angle the magnetization makes with a<100> direction of the crystallites,
as measured in a {110} plane. If the mag.etization is assumed to lie along the easy

direction of a negative anisotropy materia!, the resonance equation reduces to:

e B ZERS U &
res'yQ( ;oM &Y Ms>(\3_ Moty Ms)g ,

where N, nas been set equal to zero in accordance with the toroidal geometry,
K
M
s
length to width ratio of 10 to 1 for the toroid legs, the'resonance frequency becomes:

W

(16)

For a typical garnet toreoid with = 40 oe, 47.'MS = 1780 gauss, and a

s = /— -+ ‘ -+
Dag =7 V(53 + 176) (53 + 1600)

Weag = 1730 Mec.

For a short toroid with Nx = NY = 0.5,

B

Wiag = ¥(53 + 890) = 2640 Mc.

Both calculations above assume the materizal to be completely saturated in the remanent

state. In any practical case the remanent state does not correspond to compiete satura-
tion, but rather the toroid will contain appreciable volumes of unfavorably oriented
domnains. The effect of these unfavorably oriented domains is to increase the effective

demagnetizing fields in accordance with the Polder-Smit’ arguments. Thus the peak




resonance loss will be shifted to higher frequencies because of the increased depolar-

1« fieids at the domain walls.

This upward shift is not calculable because of the complexities of the domain
patteru. However, the geueral trends or effects can be interpreted. The more highly
saturated the materizd, the less important will be these multi-domain effects and the
lower wili be the resonant frequency. The peak loss frequency should approach that
predicted by Davis or equation (16) above as comnlete saturation is reached. Con-
versely, a: the domain pattern approaches complete antiparallelism, or the remanent
magnetization approaches zero, the peak loss {requency should approach »4r MS since

the Polder-Smit mechanisn: is then of over-riding importance,

The practical implications of this argument might perhaps be clarified with
the aid of the skeich of Figure 3. Here is depicted the overall loss of the toroid as
the summation of losses of different magnetic domaius. The major domains (denoted

A in Figure 3) have demagnetizing factors reflecting the overall toroidal geometry.
The loss in the region labeled B arises from mmor domains in unsaturated regions of

the toroid (corners, etc,). The resonant frequencies of these domains extend up io a

K
naximum of =p7 /i ——1—
m “max ~ “\3% M,

+ 477MS) sirice they are principally nilvenced by
neighboring anti-parailel doinains and not the overall toroidal geometrv, The resonant
frequencties of the major domains does, however, depend on s*mple geometry, and
this neak should shift toward higher {requencies as the torei. is made sherter, Thus
Figure 3a is a sketch of the loss curve for a long thin torotd, while 3b sketches the

loss curve expected for a shorter, nearly square toroid.

Some experimental results uadertaken to better understand the loss mechanisms
are reported in the experimental data section of this report and tend to support the do-
main model discussed here. Other aspects or predictions of this model are as yet un-

tested and reauire further experimental work,
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Figure 3. Overall Loss of Toroidal Geometry Depicted as Composed of
discrete Loss Peak from Different Magnetic Domains
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To be sure. the peak loss is of iittle interest in the operation of FDPS since
one must operate quite far from this region, Howev~r, by more fully urderstanding
the loss mechanisis, better contro. of these losses can be anticipated, Some cbserva-

tions ithat can be drawn from this model are discussed below,

1. The highest resonart frequency for a domain in a remane. t toroid is,
according to this domain model, given by
K

(4 1, (17)
wmaxmy(ﬁ Ms > Ms)'

This is not necessarily the highest frequency at which losses can
occur since the linewidth of the material may be broad enough to
extend these losses to somewhat higher frequencies, Figure 4
illustrates quite simply how a material with a broader linewidth
may have magnetic losses extending to higher freguencies than

a muterial with narrow linewidth even though both have the same
upper limit on resonant fre juency. The extent to which line-
width influences the upper limit of magnetic loss is yet to be de-
termined. The importance of these linewidth _ifets will depend
on the volume of the high frequency domains and hence on the
ratio, 4.-':Mr,-’4.-'.'Ms.

2. U the material were completely saturated, then the entire samiple
would resonate at a frequency given by Equation (16). There
would be no multidomain pattern and resonant freauencies would
not extend up to Woax: The width of the resonance ioss curve

would depend only on linewidth as in the more conventional devices,
Thus, in order to confine resonance loss 2nd therefore to use a
larger magnetization in any given frequency band without in-
curring loss, one must strive for higher remanent magnetiza-
tions, approaching the saturation magnetization, This is par-
ticularly important in low frequency work where the avoidance
of magnetic loss now dictates that values of magnetization well
below that given by “/y must be used. The use of such low
magnetizations then leads to tery little differential phase shift
per unit length. If the resonance losses were all confined to a
narrow region of frequencies given by Equation 16, then ap-
preciably larger magnetization could be used and operation
nearer the resonance of the major domain could be emploved,
thus providing much larger phase shift per unit length,

3. If short toroids of materiai are used, Davis' calculations indi-
cate that the resonant frequency shou'd occur at a frequency
near K

4 1 + 2™ )
W = - ——
)’(3 M 5
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Moreover, if the linewidth of the materia! is narrow and the
remanence high, it may be possible to operate at low micrs-
wave frequencies with the materiai effectively biased above
resonance, and thereby use toroids with large values of
4rMg, and thus larger values of phase shift per uait length,
Above resonance operation would, hcwever, cariy with it the
usual problems of greater frequency dependence, etc,

4. Loss mechanisms depend on the saturation magnetization of
the material, since loss in each domain is additive, Phase
shift is, however, proportional to the remanent magnetiza-
tion. The phase s’ ift produced by the various domains may
cancel one another, and thus only the net remanent magneti-
zation is important in determining the differential phase shift,
To obtain maximum differential phase shift per unit loss then
it is very important to maximize the ratio of remanent {0
saturation magnetization.

5. These observations all point out Lthe importance of maximizing
the ratio of 47.'MR/477Ms. In addition to ceramic techniques

two possible means of achieving increased ratios of 4HMR,-/4HMS

can be suggested. One possibility involves the use of grain
criented ferrites® with easy directions of magnetization circum-
ferential about the toroid. A second possible improvement would
be the use of toroid geometries that eliminate the unmagnetized
regions at corners, etc. Ince and Stern'’ have employed a
""corner correctior factor' in their calculations that is empiri-
cally derived to account for the fact that scme regions of the
toroid contribute nothing tc differential phase shift, Since these
regions dc ccontribute to loss (and are probably a severe limita-
tion on low frequency operation), they should be eliminated.

Finally, it may be pointed out that high power or nonlinear effects also occur
on a domain by domain basis and thus the domain mode!l outlined above can be introduc-
ed into the spin wave model presented in the First Semi-Annual Report o obtain a more
meaningful interpretation of the effective field than the 47:MS assumed in that discussion,
This treatment modified by the above domain considerations wiil be discussed in a later
section of this report. The general conclusions are unaffected, and the acceptable limits
on the allowable magnetization are relaxed slightly. Ultimately, of course, these limits

are set in any particular case by the allowable loss in the specific device,

*Sperry Microwave Electrenics Company {inal reports on Kome Air Development Center
Contract No, AF30(602)-2757 and U. S. Army Electronics Laboratory Contract No,
DA-36-039-SCR9214,

oW Ince and E, Stern, "Waveguide Non-Reciprocal Remanence Phase Shifters,’ paper to
be presented at London Conference on Magnetism, (Sept. 1965).
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Figure 4. An Illustration of the Extension of Magnetic Loss to
Higher Frequencies by Linewidth Contributions

3-16




4,8, 4 switcaing Mechanisms

The switching and dynamic behavior of ferrimagnetic oxides have been treated
in detail in two summary articles on this subject. These articles are as follows:

1. J. B. Birks and J. Hart, Progress in Dielectrics, Volume 5§,
Academic Press, Inc., Publisters, New York, 1963, (H. P.
Pelovchek; '"Square Loop Ferrites ard their Applications™,
-pp 37 93).

2. Harvey Rubinstein, "Switching Properties of Ferrites and
Garnets™, Scientific Report No. 6 (Series 2), Gordon McXay
Laboratory ¢ Applied Science, Harvard University, Cambridge.
Mass (Nov. 30, 1962) Cont. No., AF19(604)5487, AFCRL.

These articles deal with all of the possible switching mechanisms as well as the

analytical expressions which describe the behavior of flux reversal in ferrimagnetic
oxides. The highlights of these articles as they pertain particularly to switching

aspects of materials used in FDPS are discussed here.

To define a ferrimagnetic model for discussion, assume that a ferrite toroid
has a magnetization resting in one of the two remanent states. The time necessary to
reverse this magnetization and put it in the other remanent state is called the switch-
ing time, ty, This switching time depends on the type of ferrite and the pulse shape
used to reverse the magnetization and the amplitude of the drive field. Much infcrma-
tion exists in the literature which shows that the inverse switching time l/ts is a linear
function of the applied switching field. The analytical expression which relates this
relationship is

ty(H-H)=8, . (18)

where S is a constant for a materiai at a given temperature and is called the switching
coeffizient, and (H-HO) is the actual drive field. In this case, H is the applied drive
field and HO is generally a function of the material; in general, Ho is approximately
equal to the coercive field of the material, The switching coefficient of ferrimagnetic
materials is expressed in oersteds-microseconds. A typical l/'tsvs applied field curve
for low switching fields is shown in Figure 5, This data indicates primarily domain
wall motion. More complete data on the switching coefficient is shown in Figure 6.

1t is apparent in this data that there are three sections of essentially straight portinns
of the curve. Each of these sections is related to certain switching mechanisms

taking place in the material. Switching mechanisms taking place for low applied fields

ey
M



are of the domain wall displacement wype. This is called the wall displacement mode
of switching and generally occurs for low switching fields. The second section of the
curve is given by nonuniform or incoherent rotation of domains and this occurs for
medium switching fields. For high switching fields, the switching mechanisms are
detailed by coherent rotation of domains, Incoherent rotation means that both domain
rotation and wall motion are present at the same time, Coherent rotation means that
the entire material reverses its magunetization by rotation of all domains.’

S, = t,(H-H)

w

26368

Figure 5. in 8! t‘ varsus H disgrem, @ straight lins "s® raprasents the switching propertiag
depending cn the fia!d. The siopa of this lina s“ = i' (H-No) is sn importent quentity csliad
the switching coefficient. The field H, et which the extrapoisted line *a" intersects the H-

311§ ¢an be igentified 853 tha threshoid !ioid.é

Sw' Si' and SC designate the switching coefficients for pure wall disptacements,
inrcoherent rotations and ccherent (domain rotation), repcctively. It has been found

that the switching coefficients for these three modes of flux reversal in ferrites may
differ by a factor of 20. That is. the switching coefficient for pure wall displacement

mav be a factor of 20 higher than the switching coeificient for coherent rotations.

Typical switching constant S versus applied field charaeteristics are shown in Figure 7.
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The switching coefficient, Sw-’ is a constant only at a fixed temperature.
Figure s illustrates the temperature dependence where the switching coefficient
and the threshold field decrease with increasing temperature, This uehavior has only
been preliminary-investigated for wall switching. The origin of the temperature
dependence of Sa: is not known precisely .ut it can be assumed to originate from a
variation of the damping characteristics of the wall motion, and the variation of the

wall density due to changes in the magnetization and the anisotropy rield of the material,

T! & T2 < T:i

Sl 8-2 > Su3

26838

Figure 8. The switching coefficient Sw depends on the temperature. In this Figure this behaviour

is illustrated for three temperatures®

The observation of the output waveform of different square loop cores in-
dicates that in the normal low field flux reversal, two different processes are involved
in this switching (wall motion and incoherent rotations). (See Figure 9.} The rel-
ative amounts presen: of these two mechanisms seem to depend on the material. The
high initial peak in the voltage output curve is evident of the {irst process -- which
apparently is a fast process which lasts for only a short time and seems already com-
pleted before the field pulsing current has reached its full amp . Jje. The second
process is slower and reverses the bulk of the material. The 'rea uader the curve
represents the amount of flux reversal. For practical applicat.ons, output wave-
forms of the type shown are encountered. It is assumed that the first peak is caused

by rotational processes while the bulk of the material reverses by wall dispiacement.




Another explanaticn of this phenomenon favors the nucleation of reverse domains
which produces the first peak of the output curve while the rest reverses by wall dis-
placerments duce to the expanding domains nucleated. This second expianation is the
generally accepied theory of low field flux reversal * At a certain nucleation field

the domains of reverse magnetization are formed and produce a sharp peak in the
cutput voltage. If the threshold field Ho is surpassed, the nucleated domains begin to
expand but these wali displacements progress much slower than the

formation of domains, Since wall displacements seem to switch the bulk of the mater-
ial, a good square loop material which has to reverse its magnetization in a short
time must have many walls nucleated with a narrow distribution of the fields required
to switch these walls. This means a homogeneous distribution of the magnetic pole
density on the grain boundaries and a narrow angular distribution of easy directions

of grains. In ceramic terms this means a homogeneous crystal size of regular orien.d

crystals,

28858

Figure 9., The cuiput voltage in a sensz wire during flux reversal consists of twe peaks, each

representing a particular process, which add up to the final output cirve®
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The theory for flu- reversal by wall displaccements (the switching mechanism
normaily encountered in FDPSY indicates that the walls move with 1 fixed velocity for
a given drive field, A mathematical treatment of this motion, alter appreximations,
reduces to a velovity equation as follows:

v 2(h_-H) Ms/ﬁ for 4mM_>> H (19)

where v is the domain wall velocity, Hm the drive field, HO the threshold field, Ms
the saturation magnetization, and B the viscous damping factor of the wall motion.
The major contribution trom B is due to the relaxation of wall dampiag. B8 is given
approximately as {oilows: .
B = L_z\z__ (20)
s
where ' is the dampi- ; parameter in seconds™ ', § is the domain wall thickness in
centimeters and is given approximately by
6=/[L,:——-——TC— =/A Ax l\TC 21
v I\l a " ?I ! (21)

where K is Boltzmann's constant, TC the Curie temperature of the material in degrees

A . , . 3 o ;
K. hl te first order auisotropy constant in erg-cimi . and "a' the lattice constant of the
material in centimeters. Y is equai to 1.4 timmes the g-factor, and for equation (20) is

in cycles per oersted-secends. A, the damping parameter, is given approximately by

YMSAH

AE =
r

(22)

where AH is the linewidth of the material in cersteds and Hr is the field in oersteds
required for ferrimagnetic resonance. Equation 19 reduces to the following ex-

pression

vV =

15.7 & gz M_
— - {H
m

3 - HJj, (23)

Since the switching time t is equal tc d/y where d is the distance moved by
the wall, the switching time can be obtained for the case where d is the mean distance
from one wall to the other:

p = L (2:4)

V

6.4d A X10™2 )
t = 5 (25)

e Mg (Hm = i)




Frem this equation the switching coefficient S_ is deduced to be:

W
-2
o - _64(’ A X 10 gd g
QW = 14 (Hm = HC) = - 2 7 = - (‘_{’\}
ég MS s
-2
& 12.8 AX10
SR
g

Typical values for SW calculated from this equation are in the range of 0.1 tc 1,0
oersteds-microsecond, fcr many of ‘he typical microwave ferrimagnetic materials,
This is in good agreement with the measured values obtained on maay of these same

materials from plotting the inverse switching time versus applied field,

To summarize the discussion, it ha' been indicated that the switching constant

S is smaller for rotation of domains than for domain wall displacements and that typi-
cal switching constants SW for wail motion are the order of 0.1 to 1. 0 cersted-micro-
second. Since it is noted that the switching constant for domain rotation is possibly
smaller than the switch'ng constant for wall motion, one might expect a slirhtly lower
value than those quoted above for a mixture of thez two mechanisms. It is noted from
equation (18) that for these values of switching coefficients, very fast switching times
can be achieved only at the expense of fairly large driving fields. From equation (26)
it is noted that the switching constant is ‘lirectly proportional to the domain thickness
(the size of the domains), the damping coastant of the material, and inversely propor-
tional to the maguetization of the material., This gives direct information on the mea-

terial parameters which control the switching constant,

Discussion has been given to the switching constant for low switching fields,
This mainly involves the process of domain wall motion and can be treated fairly well
analytically, It has also been indicated that the {astest switching mechanism is that
of domain rotation, but in this process the switching fields must be much higher, With
larger switching fields, many processes may be involved, pa.ticularly that of both
mechanisms together (that of domain rotation and dumain wall motion). The proper

mixture of these tw. processes to get minimum switching tin:e is difficult to treat

apalytically; however, both situations can be treated individually.
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Some attention can be given to the analytical expression for the coercive field
fir domain wall motion and that of domain rotation. The coercive field for domain wall

moticn is giver in the following equatior:’

2 K] av)
H = (27)
c ™ ‘
&)

0.386 - log

-

This equation has been derived empirically and agrees quite well with the experi-
mental data, In this equation, (A4 v ) 1s the fractional volume of nonmagnetic in-
clusiens, and HC is the »0e- :ive field in versteds. The agreement of this expression
with coerc:ive fields m_asured on many of the microwave garnet materials at Sperry

is quite good.

In the domain rotation process,the magnretization changes its orientation
against the anisotropy energy of the material. That is, normally the magnetic moments
lte along the direction of the anisotropy field. These magnetic moments must be re-
versed against the anisotropy field in a rotation process where the entire magnetiza-
tion is in motion sipuitaneously. The applied field must be of sufficient strength to
nt least pull the magnetization over the anisotropy energy barrier. It is noted that the
rotational coercive force required to rotate the magnetic momeuts from the onis tropy
field will be dependent on the angle which the applied field is incident. The minimum
tield for obtaining the lowest field is at an angle of 135 to the initial easy direction

of the crystaliitesf:' In this case the arisotropy tield for cubic matcrials for the rotational

process is of the order of HC:, %l- . where i\’.l is the anisotropy constant of the materiai

2 MS is the magnetization. Fcr yttrium iron garnet this number is erlonlated (o be
app: oximately 40 oersteds compared to something like 0.5 oersted for the coercive

field by domain 'vall motion. Therefore, there is at least an order »f magnitude
difference between the coercive fields of these flux reversal processes. Since the

Harvey Rubinstein. "Switching Properties of Ferrites and Garnets', 3cientific Report No. 6
iSeries 2j Gordon McKay Laboratory of Applied Science, Harvard Univers.tv, Cambridge.
Muass, (Nov. 306, 1862, Cont, No. AF13 604)5487, AFCRL,
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switching field at all times must be at least grezier than the coercive field, this im-
plies that for {lux reversal the applied switching field must be much greater for rota-
tional processes than for domain wall motion processes, and thus the switching power
required is expected to be much greater for domain rotation, However, a proper mix-
ture of these two processes could allow for fast switching time for nominsl switching
fields. Presently no analytical expressious are available to predict the proper mix-

ture for fast switching with minimum 1ields.

Ruuinstein has shown that the switching coeffic. >nt for domain wall motio~

is given by the following expresesion

AM_ d JTI_ |
Sw = 77 VA& (28)

C(72MS +A%)

whnere ¢ is a constant. This equation is noted to be in agreement with equation 26
with the use of equation 21 for the expression of A. This expressic.;, coupled with
equation 18, indicates that the two parameters SW and HO measure the performance
of a torcidal materia. .n a switching experiment, The devices generally then would
require a material ir which both Sw and Ho are small in order to keep the power
dissipated as low as possible and to simultaneously have rapid switching, It also in-
dicates th.t the switching coefficient for wall motion is dependent on the distance that
domain wall must move fcr the reversal process. This could be very well dependent
not only on grain size in structural effects but 21so .a the rise time of the switching
fleld. In the event where new walls are nucleated during the initial rart of the pulse, the
difference in the parameters Sw and HO between single crystals and polycrystals is
nct particularly pronounced’.’ In polycrystalline m-.ierials there are generally many
domain walls to use tn switch the materials, while in single crystal the domain -valls
are less predominant, no great improvement is noted in the switching constant between

singie and polycrystalline materials.

The study of high field bebavior of switching in toroids indicates that the in-
verse switching time is found to be proporticnal to the square of the switching field
This has been verified in some experimental work, It is noted that in Figure 6, the

three flux reversal procsses can be approximated by a parabolic function rather thar
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three linear functions. This basically indicates that the inverse switching time is pro-
_ortional to the sguare of the switching {ield for high field switching (Seems to hold for
Hm > 2 cersteds for YIG). The switching constants are modified in accordance with
this expression, and the analytical treatment has been discussed by Rubenstein.

S0m:e uiscussion can be offered regarding tie use of torojual cores in micro-
wave devices. For this purpose it is assumed that the magnetic material possesses
a square hysteresis locp. is toroidal in shape, and wound with a single switching coil
of N turns. In many applications of importance the coil may consist of only a single

wrn,

It has been ncted that during the switching of such a core its impedance is
almos: entirely resistive.' Hence, it nust be concluded that the core acts as a dissipa-
tive element during switching, Anaverage value for thisresistance canbe computed as
fullows: If the core reverses an amount of flux A¢ in a time t, the average voltage
V produced during switching is

NA®

<V> = A

(28)

where N is the number of turns, A¢ the amount of flux switched, and t the time in which
the flux is switched. Since A¢ = AAB, wiiere A is the cross-section area of the core
and AB is the change in flux intensity. this equation can be rewritten as

~A 4B

CL 10°8 (30)

<V =

where V now is the vol.age in volts, A is the cross-section area in square centimeters,
A B is the amount of flux change in gauss, and t is the switching time in seconds.
Since this voltage is the response to an applied current of amplitude |, the average

resistance R seen during switching is

<R> = N 49 _ (al)

It
Since equation 18 relates the switching coefficient, the switching time, and the
switching field, this expression can be used to calculate the current and thus the
resistance. It is noted in a toroidal material the switching field is given by

_0.2N1 (32)
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where H is the switching {icld 12 oersteds, N 1s the number of turns three "'ng the core,
I 1s the switching current in amps, and D is the average diameter of the cure. Using

this equation topether with cquation (12) .the following expression is obtained:

S
W 5D
Pt 5§
(33)
3 :w D
T e 1
I N tor Sw >> HO t
Using equations 39 and 33, the average resistance of the core can be
written as
¢R> . 0.2 N“AABx 16°8 _ 0.2N2AAB x 10-8 for
D(S,, * H,u DS, oF Sw>> Hot (34)
From these equations it is seen that the resistance of the core is determined
by its shape. the particular material composition and the number of turns in the wind-
ing. When the core dimensions and number of turns are fixed. the resistance is
determired only by the material through the parameters 4B and Sw' With all other
characteristics the same, the faster switching material (that is, the material with
smaller Sw) will have the higher resistance. The average power dissipated by the
core is given approxiiately by“
<P> = <V> 1 (35)
X -1
<p> =PA4Bro 4y yio (36)
t W o
DAAB r ‘7 D Kl
= — o
<P> : SWXIO for Sw>>Ho t (37)

where P is in watts and r is the switching rate of the material in cycles/sec. It is
noted that this is the expression for one complete trip around the hysteresis loop
rather thar just one switching action, so it really involves two switching processes,
It is noted that AB reclly is the change in the flux in going from one remanent state
to the other, and is approximately equal to the change in the magnetization; this could
also be written as AMR. Since A x D is prop-rtional to the volume of the material in
the toroid, the power dissipated by the swi‘ching is properticnal to its volume and in-
creases as the inverse of the reversal time and directly as the switching rate of the

core.
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Fquation 37 is comparable to the expression,

P (watts) =4 H_ (Mp)VRX 10°"

derived fron: the area under the hysteresis <urve, where

Hc = coercive field in nersteds

MR = remanence magaetization 1n gauss

V = volume of the sample in cm3

R = switching rate in cycles/sec

p = power dissipated {watts) in the {e:rimagnetic

material for one complete trip around the
hysteresis curve.

For a given core size and switching time a material with low Sw’ low thres-
hole fieid and small flux density is required in order tc reduce the driving power.
For large toroidal cores, f{ast switching times or high repetition rate. the energy dis-
sipated :n the core can becoine quite high. It appears as heating of the toroid and thus
changes the properties of the material. This can be particularly bad for materials with
low Curie temperatures which possess magnetizations which change with temperature.
When rapid switching is desired, expensive circuitry is required and the cost of this
circuitry increases rapidly with increasing power., So this expression for power indi-

cates that improved magnetic materials can lead to substantial economies in the cir-
cuitry,

To illustrate the usefulness of these equations, assume a material with the
switching ccenstant §, of 0.5 oersted-microseconds, Hy of 0.5 oersteds; D, the average
diameter of the core, is approximately i centimeter, ar ' the cross-sectional area of
the core is 1 square centimeter Assume that the 47 Ms of the material is approximate-
ly 600 gauss -- which would b2 approximately that required for an S band device. This
produces a 4 B or AM of approximately 100 gauss, in a switching time t, of 1 micro-
second. Using the above expressions, this produces an average voltage required of
1 N volts. where N is the number of turns arcuand the torocid. The average current
required is 5/N amps and the average resistance of the core is 0 2N° ohms. Using a
switehing rate of 20 Ko, the average power dissipated in the core for any number of
turns around that core is 0.2 watts. The tradeoffs that are possible can be noted with
regard to the number of turns around the core of the material. If N = 1. the voltage

iz 1 volt, the current is 5 amps. and the resistance is 0.2 ohins




Considerable attention must be given to the material parameters which
control Sw and HO 1n order {o minimize the switching coefficient and remain compatible
with minimizing the switching power required for the forcids, However, as the switch-
ing coefficient goes down, the average resistance of the core goes up, and this in turn
means more switching voltage and cess current to arrive at appropriate switching

times.
In summary, it is noted that - - -

« The switching constant of material is directly dependent
upon the average distance the domain walls must travel
and the damping constant cf the material, and inversely
proportionai to the domain wall thickness and the mag-
netization of the material.

« A, the damping parameter, is directly dependent on the
magnetization anc¢ linewidth of the material.

« The switching constant is also dependent on the type
process used, that is, it is generally larger for domain
wall motion than for domain rotation, Hewever, this
must be coupied with the point that for domain rotation,
H (or the coercive field) is much larger than that for
domain wall motion by generally an order ¢f magnitude,

« To achieve fast switching with miinimum drive field and
thus minimum power, it wculd be vesirable to have a
small switching ccefficient and a small H . However,
from the design equations for the resistafice and power
consumed in the core, it can be seen that for the mini-
mum switching coefficient, the resistance of the core is
higher and thus requires larger voltages to produce the
required switching current.

« From equation (37), the average power dissipated in the
core is proportional to the volume of the core, the change
in magnetization going from one remanent state to the
other, the switching rate, and the switching coefficient;
the average power is inversely proportional to the switch-
ing time,

« Therefore, the power consumed indicates that one should
work with minimum volume material, the smallest possible
magnetization, and the minimum switching coastant for a
given switching time,
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The switching time normally required m r'DPS of approximately 1 mucrosecond
seems easily achievabie with presently available materials using nominal drive fieids
and the switching mechanism of domain wall motion. The yvttrivm sadoiinium alumin. m

iron garnets have been switched in a time of 0,1 usec at a rate of 2 Mc ', Measured

values by Sperry of Sw‘ on these materials are in the region 0: 0, 3to 0.5 oe- usec

3.3.5 Peak Power

The high power handling capability of dig:ta! phase shifters depends on both
waveguide structure designs and intrinsic material properties, Structural considera-
tions are discussed in Section 3, 4.4, and the following paragraphs consider only the
intrinsic material properties affect on the high power threshold or hg .

Possible material factors influencing the degradation in performance of FDPS
at high power levels were discussed in the First Semi-Annual Report, Modifications
in these ideas introduced by the domain model discussea in Section 3. 3.3 are reviewed

here,

The onset of these nonlinear or high power effects is observed experimentaliy
as an abrupt increase in insertion loss when the rf power, or magnetic field, exceeds a
certain critical level. This increase in insertion loss may also be accompanied hy a
decrease in differential phase shift., The decrease :n phase shift is believed to be
caused by heating of local regions of the toroid which may decrease the saturation
magnetizaticn, if the material has a temperature dependent magnetization. This se-
quence of events then sets up local demagnetizang fields which cause the entire toroid
to assume a lower remanent magnetization and thus a lower differential phase shift,
The initial high power absorption is the triggering mechanism, and by in<r-asing the
material's threshold power level for the onset of high power absorption, the degrada-

tion in phase shift and increased insertion loss can be avoided,

It is well known that high power effects in ferrites arise from the buildup of
oscillations of pairs of spin waves whose {requencies are degenerate with the applied
microwave frequency or eguzl to one half the operating frequency. The half-frequency
spin waves are more closely coupled to the uniform precession of the magnetization
than are the degcnerate spin waves, Thus, the diversion of energy from the uniform

precession to the half frequency spin waves is called a first order process, while the

N, L. Sh@-’el and H. Chang, "New Approach to High Speed Storage - Low Fiux Density

Materials®, J. Appl. Physics supp to vol. 31, 1258 (May 1960),
D. K. Taft and L. R, llodges, 'Square Loop Garnet Materials for Digital Phase Shitier
Applications™ J. Appl. Physics 36 (part 2), 1263 /Mar h 19653,
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coupling to degenerate spin waves is termed second order,

The second order process has a lowest threshold field, h i’ when the
cri
material is biased {o resonance and resulic in a saturation of the main resorance
absorption lire at high power levels, Sine digital phase shifters are always operated

far from resconance, this second order process is of little importance here,

The first order process {energy scattering to half frequency spin waves) may
occur when the material is biased to resonance, or it may be observed as an anomalous
absorption below the field required for resonance. Since phase shifters are normally
operated in this below resonance region, the first order process involving the coupling
of energy to half frequency spin waves is the limiting process in the high power opera-

tion of digital phase shifters.

The critical rf field strength at which first order high power effects set in

i= conventionally expressed as

2
WH Y AHAH
hcrit = & (&%)
Ywp sin 6k cos Gk (wk + wH - wm Nz +wex/ 2k2)

where

Wk = spin wave freor

= 2”/)‘k = spin wave number

k = distance between spins that are in phase with one another
wy = ¥YH where H is the applied {ield
W T oYeTM,
N, = demagnetizing factor parallel to the dc field
Wex = YH

ex

H__ = internal exchinge {ield (Hex~ if)e gauss)

8 = angle between dc applied field and direction of k

# = lattice constant of material

e
fan
"

conventional uniform precessional linewidth

R

oo
=
|

'spin wave linewidth"
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The power handling capability can be improved by increasing the resonance
linewidth, AH, or the spin wave linewidth, AHR. The power handling capability can
also be increasecd by controlling the position of the operating frequency with respect
to the spin wave manifold. This control can be exercised by the dc applied field in

conventional devices,

Figure 10 shows tke usual spin wave manifold with the operating frequency ¢
and the first order spin wave {requercy wk = W/2 shown on the ordinate. When
sufficiently high rf power is applied ( hrf>hcrit) , energy at the signal frequency w
will be absorbed through conversion to the spin 'wave frequencywk= w/2. If, however,
the external field is raised 3o that the bottom of the spin wave manifold Wy, i8 greater
than Ww/2, then no spin waves will exist at w = /2 and the first order process will

be forbicden. This situation is depicted in Figure 11, and the threshold power level

for subsidiary absorption will be extremely high.

FREQUENCY ————

~ (2254)

tegr @

Figure 10. Operating Conditions for w/2 Spin Waves Within the Spin Wave Manifold
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FREQUENCY

20808 r’(=% )

Figure 11, Operating Conditions for w/s Spin Waves Below the Spin Wave Manifold

Consider now the case shown in Figure 12, the normal set of conditions for
very low appiied fields. Here once again the spin wave frequencies W, = w/2 are out-
side the spin wave manifold for low K, but at high k numbers, spin waves are degenerate
with this frequency. This situation is not as favorable as that of Figure 11 when the
first order process is forbidden, but does possess a higher threshold power level

than the conditions of Figure 10,
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Figure 12. Operating Conditions for w/2 Spin Waves Above the Spin Wave Manifold
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The higher threshold of Figure 12 arises from the fact that the spin wave line-

width varies with k as™

2

AH, = A + BKS, (40)

and by removing the degeneracy of the low k spin waves, scattering is forced to high
k {k >107) spin waves with larger spin wave linewidths and hence larger threshold

power levels,

Since there is no field applied in latching phase shifters, the spin wave mani-
fold cannot be positioned with respect to the frequency axis by the action of an external
applied dc magnetic field, Instead, the positioning is controlied through selection of

the saturation magr.etization with respect to the operating frequency.

The onset c: high power effects will cccur on a domain by domain basis, and
thus some domains will exhibit high power losses well before sthers. In speaking of
the high power threshold fcr a remanent toroid one might distinguish between the thres-
hold for the major domain and ‘hat of the most susceptible domains. Since increased
loss wili e apparent wherever it occurs, tie initial increase in high power insertion
loss is probably causer by those domains most susceptible to high power effects. For
operation under the conditions of Figure 12, those domains with the greatest effective
field should have the lowest threshold, and thus the antiparallel domains with effective

fields approaching (g K1 will be the first to exhibit high power loss, The
3 M

= + 47}'MS)
S

major domains with smaller effective fields (effective fields that can be deduced from
Equation (16) will have lower thresholds. However, the insertion loss will be observed
to increase as soon as the rf power reaches the threshold of the antiparallel, or Polder-
Smit domains, This high power loss would presumably further increase as the rf power
reaches the threshold of other domains,

To operate in the region shown by Figure 12 it is required that

“ (41)

§ 42
5> w, =¥ IH-NZ4nM] [H + (1-N)) 4”Mﬁ

For a remanent toroid, N, = O, and the effective upplied field may differ from

one domain to the next, Then for the Polder-Smit domains with an effective {ield of

s Ky
Heff =3 M—;— + 47M, we obtain
if,
W 4 1 {4 1 “
2>Vl 5 o 'y o 57 .
5> 71 (3 MS+4MS') '3 M + 87M ) (42)

* Recent data by Comstock (J. Ap%l. Phvs., January 1965) indicates that this k dependence
miay be more ncal I\'AHk = A + Fk. but in either event the arguments presented would hold
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If we negiect the ”Kl term with respect to 47M_, we tind as a s*ability criterio:
Ms

Y5y 1.447M
2 s

W
or —— < 0,75, 43)

This is the requirement for the most susceptible domain to be effectivel>
biased as sketched in Figure 12, and relatively safe from high power effects, For the
major domains, the effective field varies with toroidal geometry. It would in any case
be considerably lower than 47Mg, and for illustrative purposes we can take it as 27Mg

(see Equation 17), This leads to a stability criterion for the major domains of

[
Mo« 0,79, (44)
W

Thus the threshold field for a ferrite toroid will depend on its domain pattern. A de-
magnetized toroid should have a lower critical rf field value than one whose remanent

magnetization approaches the saturation magnetization,

For a given {requency,«, a value of saturation magnetization can be chosen
such that the low Kk spin waves with small spin wave linewidths are all beiow the critical
frequency /2, and only those spin waves of high k and high spin wave linewidths,

A}{k, will be coupled by first order effects to the uniform precession.

If the value of iﬂ__R_ can be made to approach unity, then we could employ much
M
S
larger values of saturation magnetization while stiil maintaining the cenditiorns of Fig-
ure 12 by doing away with the Polder-Smit domains in the completely caturated material,

In the saturated material Equation (44) rather than Equation (43) would be applicable,

The use of completely saturated toroids thus offers the advantages of larger
differential phase shift per unit loss and length, and additionally, should exhibit better
high power characteristics. Two techniques of increasing the remanent magnetization

were discussed in Sectica 3. 3, 3 and should be further explored.

Finally, it might be mentioned that the discussion of Section 3.3.3 indicated
tne possibility of operating FDPS effectively biased above resonance, If such opevation
could be realized, it should have very good high power handling capability since it

would respond to the operating conditions of Figure 11 where spin waves with Wi = w/2
do not exist,

o
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3.5.6 Desired Material Coaracteristics

1. Magnetization (47Mg). Materials should possess magnetizations suitable
to application in phase shifters operating in the frequency region from L band through
X band., Values from 100 gauss to approximately 2000 gauss are required. Temper-

ature stability of the magnetization is desired where possible,

2. Remanent Magnetization (dziig). The remanent magnetization should
be the maximum obtainable for the material geumetry dictated by the structural as-
pects of the phase shifter.

3. Remanence Ratio (47My:/473Mg). The remanence ratios should be the
jnaximum obtainable. Values greater than 0. 60 on all compositions a.e desired.

4, Ferromagnetic Linewidth (\H). Materials possessing low linewidths (less
than 150 oersteds) are desired. The full importance of linewidth to the operation of
FDPS is presently not established.

5. Dielectric Loss Tangent. Values less than 0.0001 (as measured at X band
and  .om temperature) are desired.

~ . x . s g s 0 ~
6. Curie Temperature. Curie ‘emperature values greater than 200 C are
desired for all materials.

-

7. Dieleciric Constant. Any value normally obtained in ferrimagnetic ma-
terials is acceptable provided reasorably good temperature stability and reproduci-
bility is domonstrated. Reproducibiiity shculd be 0.1 of the established value.

8. Coercive Field {H,). A value as low as possible consistent with the above
pruperties is nsesirable. Values less than 1 versted for all compositions are desired.

9. Anisotropy Field (Hyp;¢). A value as low as possible for each material
is desired.

16. Peak Power Threshold. For high power applications, the spin wave line-
width (AHy) should be as large as possible consistent with the above desirable proper-
ties. The relationship

y4aM

__m__i. < 0.5 should be maintained where possible.

11. Grain Size. Large average grain size is desired. The optimum value will
depend on the composition. Values in the 10 to 30 micron area seem acceptable for
most materials,

12. Density. Porosity and inclusions should be minimized; therefore maximum
density should be maintained. Values of 97% 5r grealer of theoretical density seem
acceptable,

13. Stress and Sirain. Unfavorable stresscs and strains should be reduced to
a minimum. Magnetostrictive energy should be minimum. At present, materials
possess1ig magnetostrictive constants of zero or near zero appear to be most desirable.

14. Other Proparties. All other properties (g-factor, zero field permeability,
etc. .} can be those ~vhich are compatible with the above properties.

15. Tempesrature Stability. As many properties as possible should evhihit
temperature stability. The 47Mg, 47Mp and \H values appear to be the mest critical.
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3.4 STRUCTURAL ASPECTS OF NONRECIPROCAL FERRITE DIGITAL PHASE
SHIFTERS

3.4.1 Intreductinn

The propagation constant of a microwave structure (/) describes the effect of

the interaction between the s ructure and the wave traveling through it, and is equal t»

I =a+ i (45)
where a = the atten. tion constant
B = the phase constant.

In 2 nonreciprocal phase cnifter of length £, 8 is not equal for both directions of pro-
pagation (8, #B_) and aBf= (B, - 8 i1 is the difference in the phase shift (or electrical
length) of the structure for the two directions of propagation. In general,a #o , but

in the case of FDPS they are very small and very nearly equal.

3.4.2 Differential Phase Shift

A single magnetized slab of ferrite appropriately placed in the waveguide (see
Figure 13A) causes nonreciprocal (or differential) pnase shift between the two direc-
tions of propagation for a given direction of the magnetizing field; conversely, differ-
ential phase shift can also be obtained for a given direction of propagation between two
different orientations or magnitudes of the magnetizing field. Two ferrite slabs pso-
perly located in the waveguide and magnetized in opposite directions (Figure 13B) could
be made to yield twice as much phase shift. The next logical extension is shown in
Figure 13C where a ferrite toroid is shown as being formed vy filling the gap between
these slabs at the top and bottom so as to essentially eliminate the demagnetizing fields
of the slabs in the direction of th» magnstization,

While these basic ideas have teen known for some time, it is only recently that
the toroid geomelry has been exploitcd to anv extent. The twin slab corfiguration is
useful primarily only as a model for analyzing the toroid geometry; in practice, it is
found that two ferrite slabs piaced close enough together to yield the desired additional
phase shift, o~er the single slab ccnfiguration. are difficult to magnetize in opposite
directions. It is the tendency of the external magnets to complete their circuits by

mutual coupling of the flux to the exclusion of the ferrite.
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FERRITE SLAB SHOWNG
1 ORIENTATION OF 1§
NACNETIZATION

’ APPLIED DC MAGNETIC FIELD

(A} SINGLE SLAB FERRITE PHASE SHIFTER

DN NN
—= AP

(B) TWIN SLAB FERRITE PHASE SHIFTER SHOWING THE SLAB
ON THE LEFT MAGNEVIZED UP AND THAT ON THE RIGHT

MAGNETIZED DOWN
ZZZZ
2

2’
o

L -

-

(C) TOROIBAL FERRITE PHASE SHIFTER

Figure 13, Three typical ferrite phase shifter configurations show.ag the
orientation of the magnetization of the ferrite
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An outline of the procedure for solving for 8 + 1s presented below for the loss-
less case, A twin slab model with dielectri~ loading between the slabs is shown In
Figure 14A. This is the same model used by Ince and Stern. Because of the symmetry
of the structure, the origin of the coordinate axes can be placed ai the center of the
waveguide and only those re_ .ons designated 1, 2, and 3 must be considered. A pure
TE, . mode is assumed (so that E - E, 3E,/0Z =0) -with propagation according to

10 5

ej(wt - By). Maxviell's equations give i(z = Whue. 52 for the wave number, and for the

three regions

— FERRITE

—DIELECTRIC

a
~o

@
a7 IS
T )

Py

b"“ag o

2702B
X

(A) MODEL USED BY {NCE AND STERN (B) MODEL USEC BY SCHLOEMANN

Figure 14. Twin Slab Phase Shifter Models Used in the Theoretical Analyses
by Ince and Stern and by Schicemann
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permittivity of Region m,
rf electric field in Region m,

wave impedance

component of r{f magnetic field in region m tangential

to the boundary of the region,

transverse component of r{f magnetic field in region m
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KX,

KX
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K%

Region 3
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Region 2

Region 3

Region 1

Region 2
Region 3

Region 2

(16)

The boundary conditions require that the tangential field components be continuous at

the boundaries. Thus, for example, E =

A1 cos 91 =
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When this is done at each of the two boundarics for the Ezm and hym fields, there re-
sults a set of four equations containing the quantities Am’ Cramer's rule states that
the determinant of the coef{icients of Am rnust eqgual zero if there is to be a non-trivial

solution. The expansion of this determinant then yields the characteristic equation:

tan (94 -92) K3 cot 93 - Kl tan 91

Kz K% + (l-m?') K1K3 tan 91 cot 03': mﬂ(!{3 cot 83 + K1 tan 01) (47)

paene n 4 7'—7:MI‘.

W
10

This is substantially the same equation derived by Ince « .u Stern in their

analysis and, for the case where €, = 60, should be equivalent to the form used by

1
Schloemann  before simplification,

The model used by Schloemann is shown in Figure 14 B, Schoemann uses

a normrlized angle a, defined as

1
27;'3 t l'
o= — 1(1_[..%3 1/2
0
where ay is shown in Figure 14R and I is a normalized propagation constant,

Schloemann argues that for practical values of differential phase shift, a, is in.aginary

so that cotcl1 = -j coth l“l! and hence cot oy iz independent of a; forlalll» 1.

This inequality implies that the ri fields are strongly concentrated in the ferrite and
essentially independent of the location of the waveguide walls. Under these conditions

the characteristic equation can be simpliiied, and the results applied wherever the strong
field approximation holds. However, in those geometries for which ay|>> 1,the differ-
ential phase shift is found to be either very frequency dependent or subject to mod-
ing prob'ams, In practice, this is normally overcome by reducing the width of the wave-
guice and/or the ferrite which results in smaller values of aj and makes this strong field

concentration approximation technically invalid, Typically, if

'——_ZJ\” - 4 (radians/inch)
)
2 e 2
r =9 {radians/irch)
a; =. 13 (inches)
= ay = (.13)4(1-9)1/2
=j1,.47 {radizig)

Thu3, in most practical cases we are limited to small values for ;ali and hence Ay is

a determining factor.
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Some of the conclusions that can be made from the analytical study of Ince

and Stern are:

» A displacem:- .t of the fields takes place between the two magnetic states,
+Mr and -E’sr. The amount of this displacement increases with in-

creasing m (m = 47y Mr;’@). The effect iz most pronounced in the
case of the transverse magnetic field component hx. At the center

of the waveguide h,, /h, ~1.4 when m = 0.4, and hy,/h._= 2.8 when
m=0,8,

« In the cases where the dielectric constant, é‘l, of the material
in the toroid slot is greater than that of the toroid, €], then for
maximum phase shift there is an optimum slot width W1 {W. ~ 0);

when £i<€'; however, the optimum slot width is zero (W1 = 0),

« Phase 3hift increases and phase slone decreases with increasing
frequency and slab width W 4

» The conditions under which the phase slope is least give maximum
phase shift,

« These conditions can be realized by reducing the wid:h of the
waveguide.

The following example is based on Figure 8 of reference 10, Under the con-

ditions
LA
El = 13
| I
62 = 12
= 7 3 / =
m 4 ﬂur, uo 0.8
/\0 = 3,331 ¢m
wo= gGhZ
Wy = .04},0
Wg = O.SAO
w, = ,05A
4 0

the differential phase shift is calculated to be 16.5 (8. 1) = 131 degrees per c¢m and
15.25(9. 9) = 151 degrees per cm at 8.1 Ghz and 9. 9 Ghz, respectively. However, when
Wy = 0. 53\0, the differential phaée shift is 12, 6(8, 1) = 102 and 13, 4(9. 9) = 133 degrees

at 8.1 Ghz and 9.9 Ghz. Thus whenW,=0. BAO, the phare slope is 20/141 (14. 2 percent)
but whenW= 0. SAO the phase slope ic 31/118 or 25 percent.
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Similar conclusions can be reached from 3chloemann's analysis, where the
use of a dielectric constant of 16 and various values of r‘4-"?Mr_..w for the ferrite are
close to several experimental models. The assumptions of no dielectric loading,
€1 = €, and widely spaced waveguide walls, however, depart from most geometries in-

vestigated on this program. Referring to Figure 5 of reference 15 and using

[y

v
(1—

9 16
A i o ’:’j =
W= 74 Mr,uo +,25

H

€

wy = 9 Ghz
)\O = 3,331 em
D= 2xd/A, D = 27d/A_=0.7
0 0
A2 =) 27!32;‘1 = 0.05,

the phase shift is shown to be 28 degrees per c¢m and 31 degrees per cm at 8.1 and 9.9
Ghz, respectively. The phase slope is 10 percent, This phase shift seems to be about
what one might expect based on Ince and Stern's calculations using m = 0. 8 and noting

that here K = .25, The phase slopes appear to be in approximate agreement.

3.4.3 Losses in Waveguide Structures

The losses in digital phase shifters include dielectric loss, wall loss and
magnetic loss. In FDPS the latter is frequently the largest contributor, and unlike the
other losses, the severity of magnetic loss increases with decreasing frequency.
Intrinsic material loss consideration; were discussed in Section 3.3,3. For a given in-
trinsic material loss (4'), waveguide geometry will further influence overall loss,

The effect of magnetic losses in waveguide configurations are calculated by
including the component #° in the rf permeabiiity in the characteristic equation.
Solutions to this equation will then contain a real part and an imaginary part which re-
present the phase shift 8+ and the attenuation ax, respectively. A more meaningful
quantity is the figure of merit F equal to the differential phase shift per unit (db) of
loss. Thus F = B+—B_ /o where o = o =a_. The theoretical analyses provide some
design criteria in terms of this figure of merit.

In his treatment of losses Schloemann‘s shows that, with waveguide walls at
infinity \11 =x ), zero separation of the ferrite slabs (a =0), and a ferrite dielectric

constant of 11, the figure of merit peaks up at a slab thickness of 2-5—

* E. Schloemann, "Theoretical Analvsis of Twin-Slab Phase Shifters in Rectangular Waveguide.

Rd.\*henn Technical Memorandum T-637, March 23, 1965,
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4]
The treatment by Ince and Stern shows that for a waveguide wicth of . 761 A
4 ﬁ?Mr;‘w: .8, u/u = 01, ferriie dielectric constant € = 12, and a dielectric load
between the siabs with € of 13 then, ‘or a slab thickness ~f 515 A, the width of the

dielectric load giving maximum figure of merit is . 10A.




3.4.4 Peak Power Considerations

Ferrite phase shifters become lossy at high power levels, The power level
at which the loss versus peak power curve turns upward is usually called the threshold
power level, (See Figure 15A.) This power level (PT) is partly determined by the
critical field strength of the ferrite, hcrit’ as discussed in Section 3.3.5. The thres-
hold power level is also strongly influenced by waveguide geometry since, at any
power level, the actuai field strength in the ferrite is a function of the geometry and
electrical properties of the components of the structure, the input power level, and
frequency. The critical field is that field which causes a noticeable disruption of the
normal precession of the magnetization. When the pertinent component of rf magnetic

field exceeds hCr , the ferrite begins to absorb energy.

it
For a ferrite with a given value of hcrit’ there are severa’ ways in which the
threshold power level can be increased through careful design of the ¥DPS, The
geometry of the ferrite and/or associated structures can be adjusted to reduce the
magnitude of the rf magnetic field components at the ferrite while still maintaining

sufficient phase shift interaction.

The threshold power level varies across the width of the ferrite because the
rf magnetic field components do and, other things equal, minimum PT will be associ-
ated with those regions contairing maximum rf field. Ince and Stern' and Schloemann'®
have shown that the critical field component is the transverse component (hx) which
reaches a peak at the center of the toroid. The geometry of the structure may be ad-
justed tc reduce hx at the center of the waveguide, This is done by increasing the size
of the waveguide, decreasing the size of the toroid, increasing the size of the slotor
reducing the dielectric constant 61' of the material in the slot. Since P goes as hz, if

hx is reduced by a factor of 2, then P,. will be increased by a factor of 4.

T

Ince and Stern show that, usinge; = 1and 4rrYMr/u = 0, 8, if the siot width
is increased from 0 to .161\0, hx goes from , 036 to , 023 so that PT would be increased
by a factor of (.036/, 023)2 = 2.4, In this case the differential phase shift per unit
length also decreases, The required phase shift can be regained by using a longer
toroid without affecting the unit's high power performance. Through a better selection
of dielectric constant and width, more favorable results can be obtained. A dielectric
with € = 13 and a slot width of . 05A 0 would decrease hx by .17, and thus increase PT
by a factor of 1,685. At the same time the phase shift per unit length would increase
by almost 33%.
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The following factors are found to influence theoretically the threshold power

level:

1. P.. increases as h h is almost entirely a function of the

E@rh’ T crit’  erit

ferrite material and operating {requency, as discussed in Section 3, 3, 5,

2, Waveguide height b: P., varies directly with b.

T

3. Waveguide width a: P, may or may not be a function of a. For large

T
ratios of toroid width to waveguide width, PT will depend only weakly on a.

For small ratios, its functional dependence incrcases so that in the in-

finitely thin ferrite case PT varies directly with a.

4. Slot width: Increasing the slot width decreases hx and thus increases PT.
5. Dielectric constant of ferrite or dielectric load: Reducing the dielectric
T Filling the

siot of the toroid with dielectric reduces hx. The greater the dielectric

constant of the ferrite reduces hx and hence increases P

constant of this material, the greater the reduction in hx and subsequent

increase in PT.

6. Remanent magnetization: Reducing the remanent magnetization of the

ferrite toroid also reduces hx.

Thus many different factors influence the threshold power level of the device. Some
adjustments adversely affect other phase shifter characteristics, A case in point is
the reduced phase shift per unit length resulting from increased slot width., As in
most devices then, the device designer must select the best compromise for the par-

ticul..r application at hand.

Figure 15 shows the attenuation a and absorbed power Pabs versus input
power P, As P increases from P = 0, the attenuation is constant (a = amin} cor-
responding to a lirearly increasing Pabs' AtP = PT the attenuation increases rather
rapidly to A ax corresponding to P = Po' Beyond this power level, the spin system
begins to saturate as more and more pairs of spin waves go unstable, Ultimately,
the point is reached where no further energy can be transferred to the lattice via the
spin wavesw . Beyond this point, Pabs decreases, and there will be a power level

P »PT at which the attenuation has returned essentially to amin‘ I* can be shown that

16 R.E. Willoughby, "High Power, SPDT, Fast Ferrite Switch," Journal of Applied
Physics, March 1965 Part 2, p 1247,
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the power level at which the attenuation has returned to within Aar of @ in is given by

P
P = abs {max)
=
L 10 a/1e
Whether the ferrite is still capable of yielding practical values of phase shift at
P >>PT is not known at this time. It would certainly be expected to yicid less phase

shift than at P < PT. There is a possibility that this approach may be feasible in
the event of very high power operation,
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4. EXPERIMENTAL RESULTS

4.1 GENERAL
The program goals for this reporting period were as {follows:
» Study of the effects of magnetostriction or coercive field and
squarencss.

« Evaluate and tabulate the hysteresis properties of represen-
tative microwave ferrite materials.

« Evaluate and tabulate the hysteresis properties of additional
garnet materials.

» Continue the study and interpretation of grain size effects on
hysteresis properties.

+ Study of strain relief in machined toroids by heat treatment to
improve remanence ratios and coercive fields,

« Study the reproducibility of microwave ferrimagnetic materials
for FDPS application,

+ Determine what parameters affect losses, phase shift, phase
slope, switching energy and threshold power level in a FDPD.

« Continue the evaluation of materials in the X band waveguide
test structure.

» Begin similar evaluations in low frequency coaxial structure.

« Obtain a better understanding and interpretation of the ferri-
magnetic material properties and how these properties influence
the characteristics of FDPS operating in the frequency range
from L through X band.
These goals have been achieved in part (some are continuing goals) during this
reporting period and the following sections detail the experimental data and results
obtained.

This secticn is presented as a continuation and/or addition to the experimental
investigaticns reported in the First Semiannual Report. Repetition and overlap will be
presented only as required for completeness.

4.2 ADDITIONAL MEASUREMENT EQUIPMENT

Equipment is in operation for measuring the following properties of ferri-
magnetic oxides: density, saturation magnetization (4rrMs), g-factor, linewidth (AH),
anisotropy field, Curie temperature, dielectric constant, dielectric loss tangent,
grain size, extraneous phases in materials, squareness, and coercive field, The

equipment used to measure these properties was described in the First Semiannual
Report.

I
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During this reporting period, it became apparent that the measurement of
4nMS and "squareness’ {referred to erroneously as remanence ratio in First Semi-
annual Report) are not sufficient to evaluate properly and classify the materials for
FOPS applications. The additional measurement required (and of major importance)
is that of the absolure value of the remanent magnetization (477MR). For a given
geometrical configuration the phase shiit per unit length is directly propertional to
the 4:.*MR: in addition, the 45MR for a given material should be maximized through
design of toroidal geometries. This aspect directly influences the design considera-
tions for optimized rf structures. The square loop tester was therefore modified for
the measurement of thc remanent magnetization for drive fields normally utilized in
FDPS.

The schematic diagram of the circuit used is shown in Figure 16. The tech-

nigque and :m;:l',;ii;?} expressions utilized were discussed in Section 3.3. The "square-

wle _2TVRDY . o , i
ness SD = 3?171'5 is measured from the hysteresis loop. The peak reading volt
moter is calibrated using a toroidal material of known remanent magnetization supplied
by Don Temme of M.I. T. Lincoln Labs. The 4nMD is then obtained using the "'square-
ness” measurement. For regular shaped samples of moderate size (0.5 diameter
x 1" long), the relative accuracy is approximately £3%. The drive field used is

normally 5 to 10 times the coercive field of the material.
4.3 MATERIAL INVESTIGATIONS

The First Semiannuai Report contained a listing and description of many gar-
net materials which were prepared and evaluated. Special attention was devcted to
those compositions =.ibiting temperature stability of the magnetization. These com-
positions included principally the gadolinium and aluminum substituted yttrium iron
garnets. Other rare earth (dysprosium, holmium, ytterbium, erbium and samarium)
substituted ytirium iron garnets were prepared and evaluated for possible high peak
power applications.

The remanent magnetization (which was not previaisly measured on these
samples) has been measured during this reporting period for many of these composi-
tions and this information is included in Table 1.

The preparation procedure used in fabricating these materials was described
in the First Semiannual Report. The same basic preparation procedure has been used
to prepare all materials. Modified procedures will be described where utilized.
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Table 1. REPRESENTATIVE DATA CF GARNET

EVALUATED AT ROOM TEMPERATUI

3 [( 1.0-x) Y,04 - xREzca] .5 [( 1.0-wFe; 950,

LINE w:: ;

] e | R | [ | | | ot R [ | e
G289-4G o_ 0 750 16 | 1475/5 F 5,11 16  |<0.0000 ) 15,7 | 2,01 3
G=229 § 0 0 750 16 1475/5 D 5409 15  J<0.,0001) 15,7 ] 2,02 | ¢
PG~232-55C 0 450 L 24 QA5 1 r 5al0 MM 4<0.00011 16,0 | 2.02 =
PG-232-71-3 0 1450 2, jurs/s | 6 5,06 MW |<0.0001| 16,0 | 2.02 L
PG-232-61F | 0O 0 1450 2 | 175/5 E 5.11 16 jv.0001] 16.0 | 2.02 3¢
D20A1-37C 0 0 3700 24 '11;75/5 | F 5,07 4 <o.o®1 16.0 | 2.02 i
5=20031 0 0,03 | 1750 26 11475/5 4 p 1 5,07 L 16 1000001 15,5 | 2.00 | 3
G6=404=2C 0 0405 750 16 11475/5 E 5,08 M __j<p.0001] 15,8 § 2,01 | 5 .
Ge402=2¢ | 0 0.05 | 7% 16 jurs/s b 5,07 9 ko.oo1| 15.7 ] 2.01 3
G=2913 0 ] o.08 | 750 16 1 1475/5 D 505 | 15 |j<p.0001] 15.4 | 2,01 3
G-243-2C 0 0,10 | 750 16 1475/5 D 5.02 10 KD.0001§ 15.2 | 2.01 3
PG=243=5y 0 0.10 | 710 16 11475/5 B 5402 o _ Kkpoooai 1521 201 | 3
G-292-R 0 0.12 | 750 16 {175/5 | D 5004 10 »0001] 15.3 | 2.01 3
G6-293-P 0 0,15 | 750 16 11475/5 F 5,04 B jp,0001 1 15,1 ._2&__;
G-293-2B 0 0.15 | 750 16 {u7s/s | r 5,02 ™ | m it 2.01 3
52931 0 0.15 | 750 16 475/5 D 5904 8 kpooor] 150} 200 | 3
6-293-R 0 0.15 | 750 16 1500/5 1 D | 504 | 14 kpood] 1501 2.01 ‘
G=238-5C 0 0.2 | 7% 16 1500/5 D 4e99 10 0,000l | 14.9 | 2.02 3
G-250-28 0 0.25 | 750 4 12475/5 | ¥ 486 B K0.0001) 14.4 | WM N
G=250=43 0 0.25 ] 750 16 1500/5 F 4:97 iind 161 2,03 1 =
G=250-4C 0 | 0.25] 7% 16 |1500/5 D 4.98 9 001§ 14,61 2,03 | =
G=345-K 0.0lpy] o 750 16 1475/5 D 5.09 | W .@1 _ 15,6 | mM E
G-129-2C |1 0.02.Dy] © 750 16 11475/5 D 5:13 WM kp.ooorl 15,7 1 1,99 | & .
G-351-2D  l 0.05Dy] o© 750 16 |17 D 5,17 k0,011 1561 1,94 | 16
G-321-G .08 oyl o 750 24 11475/5 ¥ 5023 12 0,0002 1 15,7 § i.90 23
G-131-2C 0.10 Dy 0 750 16 1475/5 D 5,26 MM KD.0001} 15,9 | 1.88 28C
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F GARNET COMPOSITIONS PREPARED AND

APERATURE
IFe; 99503 * WALy 49504
el e e e o ol e el
- = 1
201 1 230 1800 4e7 Qa4 6 0,90 | 1240 Q.69
102 40 1780 3.3 0,28 10 0.8, | 1173 0.6
T2 1 L0 1780 5.2 034 10 090 | 1358 0.76
2,02 45 1780 | 10,0 0.36 10 0,87 | 1250 0.7
~.02 35 1780 bol 0.5 10 0,90 | 1027 0,58
~.02 45 1780 6,20 0442 10 0.90 | 1304 0.73
al 33 1650 L 65 0,32 10 086 1280 0,78
201 30 1375 4980 | 0,55 | 10 0,83 780 0,57
-.01 31 1375 5.75 0.49 10 0.84 995 0,72
.01 32 1200 4,90 0442 10 0.83 793 0,66
=01 38 960 7,20 0.61 10 0,81 720 0.75
2401 35 960 | 6,10 0. 10 0,87 281 Q.61
Tora01 30 900 | 7.05 | 0.60 | 10 0.8 | 660 0,73
701 36 700 8,7 0,60 10 0,86 505 0,72
.01 34 675 |10 0,68 10 0,87 | 485 0,72
7201 1 33 675 7,75 Q.66 10 0,80 L0 0.73
;a0l 30 675 1 460 0.39 10 «78 FA 0,70
.02 36 380 4430 0.37 10 0,87 305 0,80
m M 220 |10 0.92 7e2 0,66 125 0,57
7203 50 220 8 0.55 10 0.7 130 0,59
:.03 50 180 6,25 0,51 10 0,77 135 0,75
N N 11780 | 4,30 | 0,37 10 0,8 | 1200 0,67
1,99 80 1750 | 4,20 0,36 10 0.87 1 1320 0.
124 1 165 1 5.45 0,45 10 Q.72 | 1005 0,52
1.90 230 1765 el 0,50 10 0,87 | 1225 0,59
1.88 | 280 1700 5,10 0443 10 0,83 | 11s5% 0,68

*SAMPLE SHAPE
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Table L

REPRESENTATIVE DATA OF GARNET COMPOSITE
AT ROCM TEMFFRATURE (cont'd)

3[(1.0-9v,0, - XRE,0,]' 5 (1.0-wFe; gy,

ey RE e wgmte e wmmn JJRED IS R oo CRET
£ Ge295-d 0.15 na 0 750 16 1475/5 F 5,37 W {«0.0001 16,0 | 2.02 37
g G=295-E Cel5 Gd 0 750 | 16 1475& B 5430 M |<0.0001 6.6 | 2,02 40
% GunO5ar .15 Gd 0 750 16 1475/5 A 5430 M |<0.0701 | 16.0 | mM i
- 0.15 Gd 0 750 16 1475/5 o 5.30 MM [<0.0001 16,0 | i
0.256d] 9 750 16 11475/5 D 5.42 N jK0.0001§ 16,0 ] 2,02 | W
0.30cd]l _© 750 2, 1475/ ¥ 5449 M 16,1 | 2.02 65

0.30 64| o 13000 24 41475/5 | A 5045 MM 16,1 | 2.02 82

0.30 Gd Q 000 2L 147545 c 5045 R 16,1 | 2,02 80 ‘

0.306d] O 3000 2 11475/5 B Sebdy M 16,1 | 2.02 8

0.5 Gd) 0 750 16 |1475/5 F 5.70 18 R NM 2,03 | 107 _“

0.60 Gd 0 750 16 11475/5 F 5,82 16  ko.0001} 16,4 | 2.05 20

0.04 Dy} 0.08 1 750 24 1500/5 F 5,10 M W™ iy 140
.02 Dvl 0,08 1 750 AT B VAL TL F 5,09 B Ko.ooml 358} 1,97 a5

0,02 Dy|] 0.08 § 750 16 j1475/5 | F 5011 M oo0rf 155 | 1.98 8 _

0.96 Dy} 0,05 ] 750 16 1475/5 p 5,18 M kKoo ) 15.3 | 1.91 195 '

0ba byl o | om0 | 16 lumsys | v 5,57 | m | m | 1,9 | 170

6-200-28 | 8B E] o | 70 | 16 Jumss | ¥ 5,53 | | m ] 198 | 1 T
- §-251-27C | 0,15 Gd] 0.05 | 750 2 lisoo/5 | F 5028 | 18 ip.0001] 15.6 | 2,02 45
PG-251-2E | 0.15 Gd} ©.05 | 1500 32 1475/5 F 3.21 MM ko.oooll 157 | 2.02 50

G-305-2C 0.i5G6df  0.07 | 210 12 11475/5 F 5,28 M| 000031 15.7 ! WM W

G=302-5 Q.15 Gdf 0,02 | 750 16 11475/5 F 5,26 g M R 2.02 52 _ |

G=303-M 0,15 6d] 0,35 ! 750 16 1150075 F 5,21 MM__ 10,0001 4 15.1 § 2.03 5.
4=330-38 0,30 Gd] G.05 | 220 4 1475/5 F 5040 NM 15.8 | 2,02 80
Ge284-E 10,01 Hol 0081 750 16 © 185 F 5299 I e MM 2,00 72
G288 F gég ?g 1,05 750 16 17575 E Ral2 hiidd 1 MM 1.98 105

M - Hot Neasured

2973-28/4




SARNET COMPOSITIONS PREPARED AND EVALUATED

D
‘lQTAﬂT g FACTOR

X BAMD

{GAUYS)

)

at'd)
3] 5 (L.0-w)Fe; 4950y WAL 4,00,
ELECTRIC LNEWETN B (DMVE  COERCIVE  CDERCIVE  squamswess amwg,  NERMATACE

- e m&% ;
D == !==——_rl=-—-
2., | 16,0 | 2,02 37 1530 8.8 0.61 10 0.8, | 1C10 0.66
7 16,0 | 2,02 40 1530 | 5.7 0,65 10 0.81 | 90 2.63
2 16,0 | NM N 1530 5 0.60 10 C.87 | 950 0,62

h 16.0 A MM 1530 he2 0,60 10 0.62 960 0,63

i 16,0 | 2.02 20 1300 7,50 0,65 10 0.60 590 0445

3 16,1 2,02 65 1240 8.6 | 0.81 i0 0,81 815 0.66

P .. 161 1 2,02 82 1240 5.8 0,70 10 0.71 580 0,47

4 16,1 | 2,02 80 1240 | 4.8 0,70 10 .58 L 635 0.5

L. 16,1 | 2,02 f0 1240 6.1 0.70 10 0,74 | 62 C.50

(N 2,03 | 107 }icio [0 1029 | 5,5 0.62 | 360 0.35 —_
. _16 2,05 | 210 m Q 1.%0 3.7 060 L 20 0.7 .
v .om laog Lo luzo ler | oouz ! a0 o | 70 ¢ 06s

l{ _15.8 1.57 85 1240 2l 10 0. 88 235 043 -
(,_,, 15.5 | 1.98 86 | 1240 | 8.5 0.57_| 10 0,86 | 810 | 0,68 _
L 15,3 | 1.91 195 1300 5,35 0445 10 0,85 950 0.73

_.om 194 }am Lo |ip 072 1 93 l o] g0 | oe

L _m 1.98 130 1240 9.3 0,63 10 0.79 8% 0,72

. 15,6 |} 2,02 45 1150 6.6 0.48 10 0,88 845 0.73

.. 157 ] 2.02 50 1150 (A 0.99 | 10 0,89 880 0.77

. 157 ]| MM M 935 8.0 0s54 10 0.83 660 0,7

. 2,02 52 805 110 0,9 7.5 0,80 500 0,62

‘_‘ 15.1 | 2.03 95 /95 110 0,91 | 7,6 0,97 375 0,76

.. 15.8 | 2,02 80 940 |10 1,10 €41 0,57 380 0,41

L_ NM 2,00 72 1165 Zab 0.5 1 10 Q.88 1| 840 Q.72

- . M 1 198 105 1133 10 Q.84 2 (.78 460 0.58




4.3.1 Garnct Materials

Table I lists the microwave and magnetic properties of the following families
of garnet materials.

r =
3 [(1-x) Y,0, "‘REzos]' 5|(-w)Fe, 92503'“’“1.92503]

where RE represems the rare earth oxides of gadolinium, dysprosium, terbium, er-
bium and holmium.

The sample nomenciature being used on this program is as follows:

Exampi=: G-251 - 15 C

o w4 4

'
J
Designates a particular Designates the batci Designates the parti-
composition number of this parti- cular sample pressed
cular composition from this composition

and batch

Data of particular importance to note in Table I are as follows:

1. Compare the 4rrM.‘3 values with the measured 4"MRD (approximately the
remanent magnetizatior) values and the squareness with remanence ratios.

2. It is apparent that no samples are being criven into saturation at the
drive fields used. 4N

3. Remanence ratios RR = Fﬂﬁ‘g-) are typically in the 0.6 to 0.8 rvegion
8

for squareness values of 0.8 t0 0.9,

4. In general, the values of squareness obtained with typical drive fields
cannot be used to classify the exact values of remanent magnetization. Typically,
however, samples possessing higher values of squareness possess large remanent
magnetizations. Representative examples of this trend are presented in Figures 17
and 18, Figure 17 presents magnetization versus squareness data measured on nine
different batches of the same composition (G-289, YIG) and 25 different hatches cf
G-251 {15% Gd and 5% A/ substituted YIG). Processing variables were altered in some
batches to vary squareness. Similar daia are presented in Figure 18 for 22 hatches

of G-296 (30% Gd substituted YIG). For a given squareness value, the spread in

remanent magnetization is as much as 40 gauss. Ior a given remanent magnetization,
the spread in squareness is approximately 10.025. The relationship and controlling
factors of these two parameters are presently not clearly detailed. Processing param-
eters including the physical characteristics of the starting oxides are believed to in-
fluence their control heavily. Squareness and coercive fields are certainly affected by

4-5
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particle sizes; however, when squareness is improved by optiinizing particle size,

it is not completely ciear, at present, whether this adjustment also improves the
remanent magnetization proportionately. For a given drive field, a« reduction in co=-
ercive field by optimizing particle sizes would produce some increase in the remanent
magnetization. In conclusion of this discussion, higher values of squareness (may
impiy also lower coercive field) typically produce iarger values of remanent magne-
tization. The measurement of squareness aione, however, is not sufficient {o classify
the remanent magnetization (not sufficient to compute a2bsclute or even relative values

of remanent magnetizatiocn).

5, The drive fields used in Tabl~ I for the mearurement of 4”MRD are typical
for those utilized in phase shifters. The meaxsured values of 4”MRD at ti.ose drive
fields are not the saturated remanent magnetization values; however, ihe values tabu-
lated should be very near those encountered in digitai vhase shifter applications. It
is expected that the valuzs of remanent magnetization (4 "MRL‘) would not increase
greatly for larger drive fields. Typicrl data for a square toroid of G-296 are present-
ed in Figure 19, These data indicate that at a drive field of 10 H o’ the remanent
magnetization has reached a value of 95% maximum even though the material is only
80% aaturated at this drive. This in ._cates that very little would be gained in phase
shift by driving much harder. The gain in phase shift would certainly nct compensate

for the increased drive power required,

6. The coercive field and remanence ratios do not seem to be a strong func-
tion of composition. Large ranges in 4nMs and 4”M‘RD values can be obtained by
aluminum and rare earth scbstitutions. Rare earth substitutions can be made to im-
prove peak power thresholds without severely altering the hysteresis properties of

the material.

7. Values of remanent magnetization seem to be iifluenced to a degree by the
toroid shape, Particularly note the compositions G-296 and G-295 in Table I, Round
or thin-walled square toroids of the same composition generally possess high values
of remanent magnetization than narrow slotted, thick-walled toroids. This indicates
that where possible thin-walled toroids .vith appropriate dielectric loading should be

-

used in phaae shifter designs for maximum utilizaiicn of the magnetization.

8. It has been observed when toroids are annealed after machining to im-
prove squareness, that improvems 1t is aizo generally obtained in the remanent mag-
netization and coercive field,
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9. Many of the samples tabulated in Table I were used in the magnetic loss
investigatiuns to be discussed later in the report.

Some problems have been encountered in reproducing (batch tc catch) samples
of the same composition possessing comparable values of squareness and remanent
magnetization. These problems have been most predominent for those compositions
containing gadclinium, Some typical data were presented in Figures 18 and 19 where
variations of +0.05 in squareness have been observed for identically processed batches.
Many of these batches were experimental in that processing parameters were not close-
ly controlled and, in some cases, purposely altered to study optimized techniques.

The problems observed are believed to be associated with the particle size of the raw
oxides and the subsequent processing of the oxides. Details are presently being
studied to isolate the problem areas.

The characteristics of some controlled batches (same size, processed iden-
tically) have been observed with particular emphasis on the reproducibility of hy-
steresis sroperties, Tabulated in Table II are data obtained on six identical large
batches »f yttrium ircn garnet. The coercive field, remanent magnetization, and
remanence ratio were reproduced quite well for these batches. The variation= ob-
served are comparable to measurement accuracies.

Table III contains data collectedon 12 differert samples (same size, processed
identically) from the same batch of material (yttriumirongarnet). The sample-to-sample
variation in remanent magnetizatic . 3 noted in Table IIis comparabletothe batch to batch
variation presented in Talle I, Measurement accuracies are again comparable to the

variations observed,

4.3.2 Ferrite Materials

The compositions and properties of the ferrite materials prepared and eval-
uated during this period are listed in Table IV,

The compositions were composed of —

o Nickel ferrite

« Nickel zinc ferrites

¢ Magnesium manganese aluminum ferrites
¢ Lithium ferrites.

The nickel zinc ferrites are characterized by reasonably large values of 4nlv.s
as shown in Table IV, These compositions were investigated principally to tabulate
their hysteresis proper‘ies, No effort was expended in trying necessarily to optimize
the hysteresis properties.,
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Tr.e magnesium manganese ferrite compositions were krown to possess good
hysteresis properties since these materials are very often used for computer appli-

cations, The studies concGucted on this program were to yield hysteresis properties of

materials previously found acceptable for microwave applications. Good squareness
was obtained on essentially all compounds, but remanence ratios were relatively low,
The coercive fields also were riot as low a3 the values measured on garnet materials
possessing comparable 4»-MS values,

The lithium {errites exhibited very square hysteresis properties. These ma-
terials are particularly inviting from the standpoint that they possess very high
Curie temperatures (680°C) and very good hysteresis properties. However, the die-
lectric loss tangents of those materials are extremely high, This has beern a problem
in using the lithium ferrite compounds for microwave applications., No consistent
techniques are presently known to reduce these loss tangents to acceptable values for
use in digital phase shifters. Some interest has been expressed in these materials
for temperature compensating effects in digital phase shifters using composite toroidal
geometries. This interest has been exp: 'ssed by the MIT Lincoln Laboratory investi-
gators* in regard to «xternal temperature compensation of phase shifters.

For the compounds studied, the particle size variation in the ferrites is much
broader than that cbserved in the garnet materials. Particle sizes range from 2 to 3
microus to greater than 200 microns. This variaticn is attributed to the fact that these

materials are much mo. 2 sensitive to {firing temperatures than are the garnet m-terials.

Experimental data collected to date indicate that the coercive field continues
to decrease with increasing particle size. However, an optimum particle size range
exists for maximum values of squareness. It appears that the particle size in some
of the ferrite materials may n2ed to be reduced rather than increassd as concluded
from the study cf the garnet materials. The optimu: particle size desired for maxi-
mum squareness seems to fall in the region of 10 to 30 microns, depending cn the
specific composition.

Measured values cf remanent magnetization and remanence ratio point up the
fact that while hysteresis loop syuareness and remanence ratioc generally vary to-
gether, there is nc hard and fast correlation. Lithium ferrites with squareness ratios

near 0.90 2re observed to have remanence ratios between 0.68 and 0. 43.

In general, these spinel ferrites have measured remanence ratios markedly

lower than those o1 yurnets, even when comparable squareness is measured on the two
*Private communication with Mr, E. Stern ai.d Mr, D, Temme of MIT Lincoln L:boratory.
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TABLE IL REPRODUCIBILITY OF HYSTERESIS

D80A1-368 | YTTRIUM IRON GARWET 3700 F 1780 5e4 c.38 | 10
-378 {3Y,04°5Fe; 92503) 37 F o jimo | 6.2 0.42 | 10
-398 7 ’ ENE 1780 6.3 0.43 | 0
-408B 3700 F 1780 6.0 0.1 | 10
=428 3700 F 1750 6.0 0.41 | 10
~438 ' 3700 F 1780 6.5 0.45 | 10
TABLE III. REPRODUCIBILITY OF HYSTERESIS P: ___
PG~232-71 YTTRIUM IRON GARKET .
A (3Y203.5Fe1,92503) 1450 o* - 1780%% | o . 0.3z | 3o
#2 . 10 0n41 9
#3 o 10 0.37 | 10
#4 9.9 0.36 | 10
#5 _ 10 T I
#6 , 10 0,35 | 10
#7 _ 10 0.3 | 10
#8 10 0,36 | 10
# 10 0,38 | o,¢
£10 10 .23 1 a.-¢
#11 10 0,40 | 9
f12 Y 'r 1 f 10 037 | 10

2918 -2 S/A



# HYSTERESIS PROPERTIES { BATCH TO BATCH)

CoEmCivE

e X anu, PEMANERCE]
".sf n;l:o'otleoﬂ Hafme % ‘5‘:3;‘ l;‘:;(; 3

0.38 | 10 0.89 1220 0.69

0e42 1n C.90 1z Q

70 0.7 * See Table I

0.41 10 0.87 1260 0.71

041 10 0,9C 1265 c.7T

0.45 10 0.89 1245 0,70

NOTE: Average 4:rMRD = {1250 + 25) gauss
1

1YSTERESIS PROPERTIES

(SAMPLE TO SAMPLE)

Q.34 1 10 o828 | 1048 1 om

0,41 9 0,85 1195 0,67

0.37 | 10 0,87 | 1250 _0,7¢ * See Table I

0.36 | 10 0,86 | 1200 0.67 ** Typical value x 25 gauss
Oy4d 8 .82 | 1130 0.63

0,35 § 10 0,86 | 1230 0,69

0,36 10 0,86 1230 .69

0,36 10 0,85 1220 0. 69

0,38 1 9,5 _0.85 | 1215 0,68

021 | as 0.3 | 17 | o5 |

0.40 9 D.84 1180 0,66

0.37 | 10 0.86 | 1225 | 0,69 NOTE: Average 47M o' ~ (1210 + 25) gauss
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TABLE IVe. REPRESENTATIVE ROOM TEMPERATURE DATA ON FEEv

—

R w————

— — :
sampLe xo, tomiosmon : :’:‘TQEL e | g ol C AR B
172 Liy, o'ng,02fe,, 875088 860 4 1200-7 F 4edl >150
1142 L11.0"70,02Fe5,008 880 4 1200-7 F bad’ >200
1197 Liy 0", 02Fe,, oM, 87508t 810 L 1200-7 | F 4.33 25
113-0F  Ld1,ofig,02Fe,, 0alp, 87508t 810 4 J1s02]| F 4o 40 mt
12-3 Li},o'g,00Fe;, 0860, 87508t 810 4 1250-7| F 4e33 M
36t I'ig,002n0,1¢1R0,02Fe1 904 1350 4 1250-7 | F 5,16 7
moe3p H0.8727,13"M0, 0271, 60t 1500 4 Jlasor| 5,14 8
- “10,202%0, 2000, 02Fe1,90;% 138 4 12507 F 5.07 7
3R ig,70%%0, 30" %0, 02F81,90 1350 4 wo-7| P 5012 8
20-3Z “0.70%%. 30", 02F01,9%% 1350 4 125-7| P 5.13 8
15237 10,6087, 40' 0, 02Fe1 90 1350 4 12507 | P 4.9 "
i "o, 4470, 560, o ey g0t 1 1300 4 1250-7 ] F 5,01 4
62— “10.35™0.65 70,0271t 137 4 |1o07| ¢ | san M
62-5 730.357%0. 650, 02F01. 504 137 4 Jesa| ¢ | s ¢
so-r | Mo.35%%0.65"M0.02"1.90F 1370 4 j1oo-1| r | sa | ow
_62-g Rig, 3550, 65M0,02F¢1,904% 1370 s wsor] ¢ | san | om0 |
PRoj-lac | SERIE064m0s368re 0, 3106 4 2320-7) 4.0 6
PFa3-18n | 58HE0-6An0.36%Fe 5 3100 4 1320-7| P 4.30 "
PFa3-16z | S8R0 6RmO+36%Fe 03 3100 4 1307 | F 4.30 ™
PFE3-1TE _5;34@-6?;110-36%2(.: 3 3100 4 113007 Lo | o wm |«
PF23-123 | BRie0-6m0+368Fe 0, 380 4 13007 | ¥ 4,12 ™
Ligg | ATSTSRE0e5.25RM00L7RFe Oy s I 1m0 | . .
167 | SOME0-L. 5002, 58003+ 46TFe 03 1000 : o] ¢ | sis .
17-22 8%, 50"0,107°2% i 1350 4 1300-7 ]| F 3,90 4
121-7 gy, o7y, 040%,1%00.03M0, 27781 404 37 4 |1307] F 435 16
65-25C ‘*1-62%?'5’68%0'9’1%1203'33'%‘6203 4330 4 lupor| F 3,38 m
AFI5-2 8/ l

>



ON FERRITE COMPOSITIONS

PREPARED

AND EVALUATED

e "'"“""""'“""n-ﬁ'.lml_

|||II|IIIIIIIIIIII|IIII|IIIIIIIlIIIIlII'IIIIIIII!|Ill|IlI“IiIlIIIlllllllIIIIIIIIHIIIIIIIII

RN e

e ————— = — T
e | Ut I | e |V | ety | s | corirom | cotmnnn | S0 Jans |
] . >150 ig) ™M 2417 375 3360 10 1.9 3e7 .36 2290 «£8
1 sz0 | 5y 230 | 10 | 3w 10 1.7 4e0 L | 207, | 63
| 25 | o e 2,1 %3 | 1350 10 1.4 241 .95 752 | .56
| | ow 1 1 i 1350 10 2,3 3.2 .90 727 5h
) | o ™ ™ o 1350 10 3,1 2.2 2 my | .53
I 7 | m ™ 2.25 | 304 | 3mM0 10 %A 2.2 .60 83 | .
I 8 KM N 2.25 268 3900 10 3,1 224 67 1 1g2z as3
1w M 2.2, | 222 | 4240 10 2 3.1 0 | 1459 W35
) 8 | wm ™ 2.2 132 | 4730 10 1.7 4.3 Kl BT BT
) g | m M 2.17 | 138 | 4730 10 1.5 5 60 | 180 | W43
i | om e ™ ™ 4700 10 1.1 6.5 J0 | o204 | .47
. sl ow wm | o2a 105 | 420 47 g0 |10 59 | 1688 | 0
" m | W NM M MM 3080 10 22 |10 i g77 | .28
| M ™ i RiS hig 3080 2.6 J3 | 10 35 &h4, 22
1 1 ™ ™ 2,08 73 | 3369 6.5 A7 |10 .36 756 | .20
[ >0 | ™ ™ Y 3360 2.2 16 |10 .30 557 | .17
o 6 |<.0001] 13.3 2,0 | 470 | 2200 | 10 1.2 4 .85 | 1161 53
- L om Jewooor| 133 | om0 | o oo |0 1.8 | 4 25 | umw | s
oy m | ™ M M 200 | 19 23 3.1 2, |ouse | s
Tl e Jeowoomr| 130 | w m 200 | 10 2.5 2.8 85 | 1014 | .46
o [ | M w | 2200 |10 25 | 2.8 |8 087 | .at
R L 204 | 2 | 290 | 10 3,2 2.2 03 | 105 | .48
T 4 | wm | 2.05 | 250 | 1903 | 10 34 | 2.0 | .28 | 83 | .43
T 1 M 209 | 572 | 1622 |10 1.9 3,5 .82 496 abd
" 16 lo.00s) 12.3 | 2.4 | 260 ! 1480 |10 2.6 2.7 .65 421 428
] } i iy i M e 1140 10 .23 8,3 79 641 1)
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bt i \
i

| 1250-7
1250~7
1300-7

04 3-4 ™
4.98 3=4 ] 0.CC -
4: 20 5 NM

= TABLE IV. REPRESENi1ATIVE ROOM TEMPERATURE DATA ON
é% —.—..-a*_-? — N — = =g -
= 3AMPLE B9, COMPOS:iTION .;;? e | MEDE 5:,;‘;?. ovkws v | Tare o T,:;:C. z
_‘§ . 4 - jaesl i‘iimi— te®/zali § smichonsi] x- 9ax ]
T senéE | G146 7'R0°5.680m09.13A003.33.6%e 03 1100 4 Juoo-s | Fo |z | om | W
—— :
= es-nar ] 5l.627E0°5.68 710+9,1940,03. 33, 6%Fe 05 110 4 1400=5 F 3.84 M ™
Yi, ALi, o , §
1358 1.0, 50, 04F8, o7s0gt 1320 4 1200-7 3.6/ N4 0,00
Uig. 25200 netg ok :
2Goy 0.25%%,75 Mg, 02t e, g9t 1400 4 1250-7 5.6 | >120 |
78onx “10.07800,03M50,02Fe1 902 1380 4 1250-7 5.06 L | ™
“ig,93%n0,07"0,02F1,904% 4
4

16-6X "1y ,0'p,02Fe1, 904 l 1370
35 3 1g0+62N0e 375000+ 3¢4Fe 04

~
3
P

115X 56,48%1g0°6, 262 10+ 11,7 8840 203 26,08%Fe 203

1300-7
120-3X 56,53 g0~ 6% M0+ 1, 5%C00¢ 364Fe 203

3.54 1-2 ]

vy | [ e | | [
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3
~ |

1300-7 405 45 | @00 -
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» ON FERRITE COMPOSITIONS PREPARED AND EVALUATED (Continued)

P Er R NP T v T ey TP Py e R B
La-- @ s31l X-BARD - JAN0 FACTOR E-BAN0 icaugs) (AmPs) {OE. .80} | COERMPIHLD 3p SAUXE) _
35 & M o B 1140 10 85 53 £3 | 625 55
- MM M NM i 1140 10 84 8.5 .83 613 54
0,004 | 8.5 2437 "M 1125 11.0 | 4.09 2,0 .69 MM ™ -
NM M 2,03 130 1480 b il *= Poor | ®¥ it
NM MM 2.35 420 3150 13,26] 5.93 1.70 70 i ™
M ™ 2,31 | 385 | 3% 13,20 5.08 | 2.0 .67 ™ NM
- 0.002¢ 110.5 2.4, 505 2900 12.80) 6.51 1450 .72 | L4
’ R M 2.13 660 2225 13.93] 7.0 1.30 .57 BE By
- - M B 2,01 270 €50 2.73] 1.10 1.86 .59 KM NM
g_’ _ ’_ <0.0001 | 12.7 2.11 530 2350 13.47) 7.50 1.35 72 M HM
- _|vsempld Could Ndt Be Satprated B
N _
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materials. It is feit ‘hat this difference mav be largely due to the larger coercive
fields of the ferrites and the consequently smaller ratios of HD/’ He used. This dif-
ference in HD/' HC would be reflected in practical phase shifters unless mgh capacity

driver circuits were employed.

The reproducibility observed on the PF-83 series is less than satisfactory
(4nMR = 1050 £83 gauss) but no efiort was made in this series to achieve a high de-
gree of reproducibility. The achievable reproducibility of FDDPS materials can better
be judged on the garnet series cited in Section 4,3.1,

4.3.2 Magnetostriction Studies

Some additional garnet compositions have been investigated during this period.
These compositions have been concerned with the study of magnetostrictive constants
of these materials, Magnetostrictive constants (sometimes referred to as stress
anisotrcpy) in ferrimagnetic materials are comparable in many respects to magneto-
crystalline anisotropy constants., The basic origin of both magnetostriction and mag-
netocrystalline anisotropy are thought to be the same. A search of the literature
indicated that some garnet materials possess positive magnetostrictive constants and

1718,

others posses~ negative values. '* Solid solutions of thes: materials in the proper :
proportion wculd produce compounds possessing zero magnetostriction as seemed de- g
sirable to optimize the hysteresis properties and eliminate the pressure effects on =

toroids for application in digital phase shifters,

A negative value of the magnetostrictive constant indicates that whe" a stress
is applied to the material, the magnetic moments will have a tendency to align them-
selves paraliel to the stress, A positive value of magnetostriction indicates that the
magnetic moments will align themselves perpendicular to the stress in the material.
Magnetostrictive constants are mezsured in accordance with the crystalline axes of a
grain. In the microwave ferrite and garnet materials, the 111 direction is the domi-
nant axis of crystalline anisotropy. Values of magnetostrictive constants have been
measured on many of the garnet materials in the 111 and the 100 direction, These are
labelled )‘111 and A .

100
Yttrium iron garnet has a magnetostrictive constant Mir® -2.4x 106 at
25°C.""" Terbium iron garnet possesses a value of Al‘l of 412 x 106 at 2500, and

"E,A, Nesbitt, S. Geller, G.P, Espinosa, and A.J, Williams, "Square Loop Polycrystalline
Garnets with and without Magnetic Field Heat Treatment," J. of Appl, Phys. 35, 2954 (Oct. '64),

"A.B, Smithand R,V Jones, "Magnetostriction Constants from Ferrimagnetic Resonance," J, of
Appl. Phys, 34, 1283 (April '63),

"’S. lida, Physics Letters 6, 165 (1963).
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europium iron garnet has a magneiostrictive constant {Aul} of +1.8 x 106. Solid
solutions of yttrium iron garnet and terb.um iron garnet or europium iron garnet
shculd produce a composition possessing a zero value for Alll' For yttrium-terbium
iron garnet, the composition for zero magnetostriction is calculated to be that of ap-

proximately 83. 3% yttrium iron garnet and 16.7% terbium iron garnet,.

Compositions of the yttrium-teroi''m iron garnet family were preparea as
listed in Tabkle V. In order to investigate the effects of the magnetostrictive constant
on remanence ratios and coercive fields, the compositions were prepared at difierent
firing temperatures in attempts to vary the particle size in the materiai. Figure 20
is a gruphical presentation of the expected variation of the magnetoctrictive constant
with terbium content in the yttrium terbium iron garnet family. Figure 21 shows the
squareness and coercive field measured on these compositions with firing temperature
as a parameter, It is noted that the squareness is maximum and the coercive field
is minimum for the composition of 16.7% tervium content (x = 0.167). Experiments
were ~erformed to investigate the magnetostrictive effects in these compositions. A
jig was designed to apply pressure to the toroids to observe the changes in the coer-
cive field and remanence ratio as a functioa of applied pressure. The pressure was
applied perpendicular to the diameter (unidirectionai) of the round cylindrical tornid,
The results observed are presented in Figure 22, It is noted that the coercive field
increased and the squareness decreased for an applied load of 20 kilograms. The
change in coercive field and squar«aess is noted to he a function of the magneto-
strictive constant. For the composition possessing zero magnetostriction there was
no observable change in the hysteresis properties of the material. The fact that the
coercive field increased on both sides of this zero point. is due to the fact that the
stress on the material was not applied symmetrically. A symmetrical stress would
be much better to use in studying the magnetostrictive effects. One would expect that
for compositicns possessing negative magnetostrictive constants, the hysteresis prop-
erties would improve for radial stress and wouid deteriorate for those compositions
possessing a positive magnetostrictive constant, In other words, the coercive field
would be expected to decrease and the remanence ratio increase for a symmatrical
radial stress applied to compositions possessing negative magnetostrictive constants.
The reverse would be true for compositions possessing positive values of magnetc-
strictive constants. These expectations are presently being pursued.

Data shown in Table V indicates that the dependence of remanence ratio on

terbium content follows the same general trend as does ''squareness, ' though the
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TABLE Y. YIG-TbiG COMPOSITIONS PREPARED AND FYALUAYSD

GAPOS I TION OENGITY

e g— g

OSYVE FHELD

-
-

*NM Not Measured

G-352C 0 5.08 11820 41 J2.01 .88 0. 44 1,32 {16  |1500/F
G-352B 0 5,10 1800 27 J2.01 0. 87 0. 68 2.04 110 1445/
G-352D 0 5.10 11800 31 j2.01 0. 88 0.67 2,01 10 1450/¢
G-352E o 4.97 11750 73 j2.02 0,84 1.40 4,20 4 1425/5
G-352A ¢ 4.74  |1670 135 [2.05 0.75 2.12 6.36 |NM 1400/5
G-353C 1 0,100Th] 5,23 11736 838 j1.90 (0.9 0.590 1,50 18 1500/5
G-353A ! 0,100Tp) 5,23 ]1745 862 11,88 0, 88 0,76 2.28 {12 1475/5
G-353D___ ]} ¢, 100Th} 5,23 11730 836 1,89 0.87 6. 51 243 |11 1+50/5
G-353B 0.100Tbj{ 5.16 1715 846 ]1.93 0.82 1,57 4,71 3 1425/5
G-353E 0.100Tb] 4.78 11600 NM NM 6. 81 1.69 5.7 |NM 1400/5
G-354-2G | 0,167Th} 5.32 {1630 >2000 | - 0,91 0.54 i.62 |23 1500/5
{g-354-2K ] 0.167Tb} 5.32  l1610 2000 | - 0, 90 0.56 1.68 |20 i475/5
G-354-2B | 0.167Th] 5.34  ]1605 >2000 | - 9. 90 0.65 195  J18 14508/5
G-354-2A | 0,167Tb] 5.33  ]1e2s >2000 | - 0, 89 0.93 2.79 9 1425/5
| G-354-2J 1 0,167Th} 5,04 1530 2000} - 84 1,80 4,80 INM _ 11400/5
G-355-2H | 0.250Tb} 5.42 11460 Large | - 0.88 0.68 2.04 123 1500/5
G-355-2K | 0.250Tb} 5.40 11445 Large | - 0, 87 0.63 | 1.8 |19 1475/5
G-355-2A | 0.250Tb] 5.46 [1470 Large | - 0. 86 0.79 2.37 |15 1450/5
G-355-2B | 0.250Tb} 5.44 }1480 Large | - 0.85 1,53 4.59 7 1425/5
G-355-2G | 0.250Tb{ 5.02 ]1350 Jarge | - 0. 80 2.3 6.93 |[NM 1400/5
G-356A | 0.350Tb} 5.59 1305 Large | - 0.76 1.23 3.69 |14 1500/5
G-356C 0.350Tb} 5.57  }1275 Large | - 0.76 1.46 4.38 j10 1475/5
G-356E 0.350Tb] 5.52 |130¢ Large | - 0.72 2.07 6.21 9 1450/5
G-356B 0.350Tb} 5.23 1160 Large | - 0.72 3.12 183 5 1425/5
| G-356D 0.350Tb} 4.88 11120 Large | - 0.70 4..5 12. 45 NM 1400/5
13- 328 ’




D AND EVALUATED
I"5%2) 99505 ¢

, = - _— = — e _—
1,32 |16 1500/5 |0.70  l0.58 1,68 -G 4,2 0.23 110 0.87 | 1230 0,68
204 10 i475/5 10.57  }0.93 279  1-H 6.6 6.45 |10 0.87 | 1280 6,71
201 J10 1450/5 }0.68  |0.92 2.76 -L__| 6.8 0.46 |10 0.88 | 1240 0.69
4.20 4 1425/5 INM  |uM NM -N 10 1.11 |8 0.84 | 1030 0,59
6,36 NM 1400/5 ] 0.67  {2.66 7.98 - 10 1.88 | 3 0.78 | 605 0.36
.50 118 1500/5 |0.66 ]0.63 1.89 -2V 4.7 0.42 |10 0.88 ; 1170 0,67
2,28 [12  11475/5 10.70  [0.95 2.8 |-H 7.8 0.54 | 10 0.87 | 1205 0.69
2.43 111 1450/5 {0.72 lo.98 2.97 -K 8.2 0.55 |10 0.87 | 1140 0.66
AT 3 1425/5 | NM NM NM -2H 10 0.76 |9 0.82 | 1080 0.63
5.07 |NM 1409/5 10.77  J1.77 5.31 -2P 10 Lo7 |6 0.83 | 1075 0.67
1,62 23 1500/5 (0,88 0,57 1,71 -21. 5.8 0.40 | 1¢ 0.89 | 1125 8,68
1.68 |20 1475/5 | 0.89 !0. £6 1,68 -2N 5.8 0.40 | 10 0.50 | 1070 0. 66
1.95 18 1450/5 j0.89 10.65 1.95 -2F 6.8 0.4 |19 0.90 | 1070 0.67
2.79 9 1425/5 ! NM NM -2C 10 0.6% | 10 0.87 | 1080 0.66
4,80 INM  11400/5 |0 84 . 4,80 _(-2R | 10 L3 15 | 08 |950 | 062
2.04 23 1500/5 10.66  [0.86 2.58 -2Zw 6.4 0.46 | 10 0.85 | 935 0.64
1.89 |19 1475/5 {0.65 Io 81 2.43 -2P 6.6 0.45 | 10 0.86 | 335 0.69
2.31 {15 «450/5 10.67 f1.05 3.15 -2D 8.3 0.55 |10 0.84 | 1050 0,71
4.59 7 1425/5 | NM INM NM -2E 10 .21 16 0.83 | 925 0.63
6.93 [NM 1400/5 10.72 [.47 7.41 -2R 10 .97 |3 6.81 | 715 0.57
3.69 |14 1500/5 10.63 |i.60 4.80 -v 7.0 0.62 | 10 0.75 | 740 0,57
438 |10  11475/5 }o0.63 fi.80 5.40 ~J 10 1.13 | 6 0.76 | 735 0,58
6.21 9 1450/5 16.65 252 1.56 -K 10 1.52 | 5 0.75 | 695 0.53 |
9.36 5 1425/5 | NM NM NM -L 10 2.66 |3 0.71 | 480 0.42 |
2.45 NE*I 1400/5 | - Ll_lél e i ;N 10 3,i6 |2 0.61 §§, Q.23 ]
DATA OBTAINED USING
HIGHFER DRIVE FIELDS 4-17/18
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dependence is pherhaps not as marked. However, the actual value of 4::MRD de-
creases with terbium content, since 4::}\&5 decreases more rapidly than remanence

ratio increases.

It is also found that 47M_ of the 16.7% terbium maierial is insensitive to ap-

R
plied stress in agreement with the squareness measurements. 4”MRD of other mem-
bers of the yttrium-terbium iron garnet series was found to decrease with increasing

applied pressure.

The terbium compositions, as listed in Table V, demonstrate that magneto-
strictive effects can be eliminated in garnet materials but still lack acceptable prop-
erties for digital phase shifter applications. The 16.7% terbium content required to
reduce magnetostrictive constant to zero broadens the linewidth to such an extent
that these compositions could not be used for phase shifter applications. It is not
known at the present what the microwave characteristics would be of the yttrium euro-

pium iron garnets.

Other rare earth iron garnets were investigated for the purpose of finding a
more suitable compound to use to compensate the magrnaotcstrictive constants. The
literature indicated that erbium ircn garnet’ possessed a magnetostrictive constant

-6
‘\111 of +16 x 10

yttrium erbium combination as presented in Table VI. Studies of these materials

at 25°C. Some compositions were therefore prepared using the

showed no improvement in the hysteresis properties whizh indicated that the value of
+16 x 1078 for Ayqp Possibly was in error. In pursuit of this question, Dr. F.J.
Schnettler of Bell Telephone Laboratories indicated that they (Dr. S. lida) had meas-
ured a value of -4.9 x 10"6 for erbium iron garnet.’® This value is in agreement with
the results observed on the compounds studied. In fact, Dr. Iida has reported from
his measurements that no other garnet materials with the exception of europium iron
garnet and terbium garnet possessed positive magnstostrictive constants in the 111
direction (}‘111)‘ The values obtained from Dr. lida (presently unpubiished data) for
the magnetostrictive constants of the various garnet materials are presented in

Table VII. These data were measured with an essentially dc technique, while the
values quoted in reference 18 were obtained from microwave resonance measurements,
Values obtained in these two ways are not in agreeraent, and it is apparent from our
experiments that it is the dc magnetostrictive constants that influence the remanent
state.

'® 1hid, page 4-15

% private communication (Measurements by S. Iida),
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TABLE ¥T.

3{01-X)¥y O3 - XErp03]-3F8 00505 ¢

YiG-ErlG COMPOSITIONS PREPARED AND EVALUATED

SwEC jcomPouTIOR | DENMITY ey it} aletn) Leuaut::s 'éfﬂ | omve rELD lecu N ek I Nem :.m

w x mice? b3 28%¢ fairon L, o 7 LD { o CACR. pousneuess) cotaone -
{G-393E |0.070Er | 5.16 1780 | NM NM 0.87 | 0.48 1.45 | NM 1500/5 | 0.73 0.5¢
iG-393A [0.070Cr | 5.18 1786 90 1.98 0.88 0.45 1.36 NM 1475/5 | 0.70 0.60
L‘.-ssu»: 0.126Er | 5.23 1780 NM NM 0.86 | 0.55 1.65 | NM 1500/5 | 0.72 0,64
E—:!!MA 0.126Er | 5.28 1780 132 1.95 0.87 | 0.52 1.58 | NM 1475/5 | 0.67 0.7¢
IG-395E 0.200Er | 5.37 1780 NM NM 0.86 | 0.85 1.96 | NM 1500/5 | 0.3 0.8:
G-395A ;1.200Er | 5.38 | 1770 200 1.91 0.86 | 0.55 1.65 | NM 1475/6 1 0.72 | 0.64
IG-396E |0.260Er | 5.43 | 1770 NM NM 0.81 | 0.74 2.19 | NM  115¢,5 | 0.70 0.95
L;assa 0.260Er | 5.37 | 1770 250 1.88 0.82 | 0.57 1.72 | NM_ ] 1500/5 | 0.68 0.72

NM - Not measured to date.
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ND EVALUATTD

.8 L.m . sn-'s;? I 20 ngm LOAD APPLIED ORMWE CuRENE COERCIVE ! Meim, | sauamERESS aZug, InEmanence
LR T, ] SURRERESS Cm“‘?(g,ﬁt& mn‘ 'hﬁ ’ax‘p“ b?)i(LiDON) i RATIO Ry

=5 | NM 1500/5 | 0.73 0.58 | 1.75 4.3 0. 3» 10 0.84 10501 0.59
: | NM 1475/5 | 0.70 0.60 | 1.79 Sample Destroyed NM NM

. NM 1500/5 | 0.72 0.64 1.92 4.7 0.35 10 0.82 1140 0.64

NM 1475/5 | 0.67 0.70 2.10 5.1 0,34 10 0. 86 1060 0,60

= _| NM 1500/5 | 0.73 | _0.81 | 2.41 5.0  0.34 10 0.84 1040 0.58
> I NM  l1475/5 | 0.72 | o064 | 1,92 |45 34 10 0.80 990 0.56

4 NM 1500/5 | 0.70 0.95 2.86 5.5 . 38 10 0.80 950 .04

z NM 15@15 0.68 0,'{3 _18 5.1 . 46 10 06.76 880 0.50

R | 1500 2 =
DATA OBTAINED USING

HIGHER DRIVE. FIELDS
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Table VII. Magnetostrictive Constants For Various Rare Earth Garncts (Data
obtained by Private Communication, Dr. S. lida, University of Tokyo,

YiG

SmIG

EulG

G416

TbIG

DyIG

HolG

ErIG

PmIG

YbIG

Tokyo. Japan)

78%

1.0 x 108
-3.6 x 105

+159 x 106
-183 x 108

+86 x 106
*’907 X 106

+4.0 x 108
“501 X 106

+67 x 106
+560 x 10

-254 x 106
=145 x 106

-82,2 x 106
-56,3 x 106

+10.7 x 108
~19.4 x 106

+25.0 x 106
-31.2 x 10

+18.3 x 106
-14.4 x 106

196K

-1.1 x 106
-309 X 106

+49 x 106
-28,1 x 10

+51 x 106
+5.3 x 106

+1.7 x 10
=45 x 106

~10.3 x 106
+65 x 106

-46.6 x 10®
-2106 X 106

~10,6 x 156
=7.4 x 10°

"'4.1 X 106
-8,8 x 106

'5'409 X 106
-11.3 x 10%

+5.,0 x 106
-7.1 x 105

2980k (25°¢)

-1.4 x 10%
-2.4 x 108
+21 x 106
—855 X 106

+21 x 105
+1,8 x 106

0 x 106
6301 X 106

-3.3 x 106
+12 x 106

-12.5 x 106
-5.9 x 10°

-30"& X 106
~4.0 x 106

+2.0 x 106
-409 X 1{)6

+1.4 x 10°
-5,2 x 106

+1.1 x 106
=45 x 106
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In conclusion, the magnetostrictive effects in the garnet materials can be
eliminated by terbium substitutions as indicated in Figure 22. At the present time it
serms that good microwave sgquare loop garnet materials will necessarily have to
possess a nonzero value of magnetestriction, This does not look particularly deter-
iorating in considering these materials for digital phase shifter applications. Some
techniques may be devised to actually use the magnetostrictive constants to advantage
in digital phase shifter structures. These structures would be such that the various
bit sizes could be tuned externally by use of pressure applied to the toroidal cores.

It is believed also that the change in hysteresis properties as a function of applied pres-
sure will reach a value beyond which any additional increase in pressure will not alter
the hysteresis properties. In other words, a stress could pe applied to the material

such that any increase in this stress would not affect the hysteresis properties.

It should be mentioned that the magnetostrictive constants, as discussed
above, are temperature sensitive. (See Table VII). The value of yttrium iron garnet
does not vary rapidly with temperature, However, some of the rare earth garnet ma-
terials exhibit characteristics where the magnetostrictive constants actually change

sign as a function of temperature.

Some discussions among various investigators have besn directed toward the
measurement of hysteresis properties. In this regard, some investigations have been
made to def.ne the changes in coercive field and remanence ratio as a function of
drive field, The data i:dicate that a drive field approximately 10 times the coercive
field is sufficier! to properly characterize the coercive field, remanent magnetization
and the remanence ratio. In nearly all cases the material is certainly not saturated
for this drive field. However ‘ -reasing the drive field by the amount necessary to
saturate the material would not pe advantageous since the squareness, remanent mag-
netization or coercive fields would not be alterzted ir. provorticn, A value of drive
10 tizues the coercive field in all cases explored by Jperry seems sufficient to char-
acterize the hysteresis properties for digital phase shifter applicaticns, The square-
ness, remanent magnetization, and ccercive fieid should be measured a. the same

drive field,

The previously observed decrease in squareness when toroids are machined
and the temperature treatment required to improve the hysteresis properties seem to

be completely related to the magnetostrictive constants of the material,

4-26




Mr. Don Temme at MIT Lincoln Laboratories’"’’ reported thut his investi-
gations of machine toroids and the necessary treatment to improve squareness indi-
cated the problem to be a surface effect. (Etching samples seems to improve them
in the same fashion as heat treatment,) Sperry has since repeated some of his meas-
urements with the same conclusion. It is interesting to note that the squareness of
the raterials possessing zero magnetostrictive constants is not appreciably effected
by machining operations.

Techniques nave been developed during this reporting period for the fabrica-
tion of toroids by pressi g the center hole in the raw bar. The technique is one cf
pressing a metal shim in the middle of the bar and then removing the shim after the
bar is pressed, Center slots of rectangular samples have been prepared dom to
10 mils using this technique. This greatly reduces the machining time required for
the preparation of toroids.

2t A N
Private communications.

275 ,8tern and D, Temme, "Magnetostriction Effects in Remanence Phase Shifters,” (to be
published),
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4.4 DEVICE MEASUREMENTS

In order to become more familiar with the role of the material parameters
affecting device operation, an intensive program of device measurements was neces-
sary. The following is a discussion of the results of these measurements.

4.4,1 Methnds cf Measurements

The methods and equipment used in the measurements were standard ones

involving no basic changes. The salient features of each are presented.

Measurement of Attenuation and VSWR. Measurement of attenuation

and VSWR was done in the so-called ratio-detector setup depicted in Figure 2".A,
This method, described by Hunton et aln, yields a continuous display of the loss and
VSWR across the frequency band, and assuming 30 db directivity, is accurate to

7 percent. At high power levels the attenuation was measured, essentially, by the
familiar rf substitution method,

Measurement of Differential Phase Shift. Differential phase shift was

measured in the phase bridge setup shown in Figure 23B, At the power splitter \he
rf energy divides, half the energy going into each arm. The losses of the test piece
(digital phase shifter) in the lower arm are balanced and moniiored by the calibrated
attenuator in the upper arm, The ferrite is magnetized to the state corresponding
to A+ ~nd the calibrated vhase shifter is adjusted to provide a null readout at the de-
tector. The reading on the calibrated phase shifter is noted. The ferrite is then
magnetized to 8- and the calibrated phase shifter is again adjusted for a null. The
second reading can now be subtracted from the first, the remainder representing the

differential phase shift. This method has an accuracy at least as good as 5 percent,

This method cf measuring phase shift is easily adapted to measurements at
high power levels. The calib: ated phase shifter is then used in the upper arm which
is strongly decoupled from the main (high power) line containing the DPS through the
use of a multihole or :rcssguide coupler instead of the first magic-tee. A similar

cougler is placed in the main line just after the test piece. The down-arm energy of this

this second coupler is combined by a1 magic-tee with the energy flowing through the
calibrated phase shifter. Providing the main-line arm of this second coupler is well

terminated, the accuracy should be 5 percent or better.

717, K. Hunton and &. Lorence, 'Improved Sweep Frequency Techniques for Broad-
band Microwave Test, ' Hewlett-Packard Journal, Vol. 12, No, 4, December 1960,
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Measurement of Switching Energy and Switching Time. The switching energy

cannot be measured directly. There are several methods by which it can be measured

indirectly and two are described bLelow,

The s3lid traces in the graphs of Figure 24 show the voltage pulse across and

the current pulse throagh the charging wire of the toroid, These traces are typical of

the osciilogirams obtained using fast-responding current and voltage probe ;. The

dashed lines are intended to enclose a geometrical area roughly equivalent to the ir-

rrgular area actually obtained. The switching energy s then
Us = VOIO(At) (Joules)

Typically

A%
o

I()

35 volts

1]

10 amps

At = 1 microsecond

35x 10x 108 = 350 microjoules.

80 U

(49)

I —»

FERRITE

TORQID
L

—
(75
=
=3 4
-
=
——
2
= O-
-
T

I

P A
——at—~

—_—
S ¢ (SECONDS)

27008

Figure 24, Typical Voltage and Current Waveforms Observed During Fast Switching
of the Ferrite Toroids. The Switching Time 'I‘s is also Shown,
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The second method is that of measuring the rms voltage and curroent reguired
for continuous switching at a rate R. Using this method
I, xV
5

. _ rm rms . (50)
LS = R joules

where the factor 2 is used because R is given ‘n cycles/second and therefore repre-

sents switching from a given state to another and back again.

The two methods give nearly identical results, but oniy if it is possible tc
}-ace the rms voltage and current meters at the same point in the line as the protes.
This second method is easier, of course, in application and involves much less sophis-

ticated equipment.

The switching time T.. shown in Figure 24, is the time required for the fer-
rite magnetization to be reversed and for the ferrite to fall back to the new remanence
state. The fall back to remanence is accompanied by a negative current pulse and TS

is measured from t = 0 until the time when this (negative} current puise goes to zero.

4.4, 2 Device Configuration - General Considerations

Although the infor mation presenied in the theoretical section (Section 3) may
serve as a guide, the final choices of ferrite material and geometry, waveguide size
and other structural parameters must be made on the basis of experiment, First
thoughts were concerned with the size of the waveguide in the vicinity of the ferrite
toroids, In making a choice, due account must be made for the size and dielectric

constant of the toroid as well as the operating frequency.

The quantity ka = 2ma/A describes the relationship of the width of the wave-
guide "a" to the free space wavelength A, It is therefore proportional to frequency.

In empty rectangular waveguide of width "a”, the ’I‘E1 0 mode cuts off at kca(TEzo) =7

the TE20 mode cuts off at kca(Tzzo) =27, As dielectric is introduced along the

center line of the waveguide, kca(TEm) initially decreases more rapidly than kca(TEzg).

This occurs hecause the electric field of the "}Z’E1 0 mode peaks up at the waveguide
center (a/2) while the electric field of the TE,, mode has a minimum there. The
interaction between the dielectric 2rJd the field is therefore greater in the TE, ., mode

10

than it is for the TEZO mode. The expressions for the cutoff frequencies of dielectric-
loaded (or, particularly, ferr:i e-loaded) waveguide can be calculated by setting 8 = 0

in the characteristic equation cf section 3.4. 2.
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Figure 25 shows kca(TEw) and kca(TEzo) versus c¢/a (¢ = dieiectric width)
for a lossless dielectric with relative dielec.ric constant €' = 16'  The waveruide
and ierrite sizes should be chosen so thai the operating frequency range falls between
these lines. Idea:ly, the device should operate as far above kca(TEm) as possible and
ka £1.2 kca(TEw) is usually recommended. It is seen that a value of c/a = ,10 gives
the mmaximum sprezad between kca(TE1 n) and kca(TE20)‘ Thus, Figure 25 shows the
allowed ranges of ka and c¢/a. For example, if a value of ¢/a =, 33 is chosen for a
device to be operated at 9 Ghz, any ka value in the range 1,2 < ka £ 2, 6 can be used,
Thus, since ka = 27a/Aand A = 1, 31 inches, the appropriate range for the waveguide
wirith is , 250" < a < ,550". Ideally, one would then choose a width in this range which
gives a large figure of merit, minimum phase slope, and so on, and which can be
matched ‘o the empty sections of the waveguide structure, The numbered data points
represent ¢/a and ka values of :ight empirically derived configurations which exhibited
essentially zeoo phase slope. Of these configuratinns number (8! was expected, and
did in fact, exhibit a severe moding preblem,

Of the variovs impedance matching schemes tried, that of using two or three
section dielectric transformers, as shown in Figure 26 worked best., As an example
of their design, we choose a value of ¢ =, 125, anda = 1, 122", Thus, for the ferrite
loaded section, for purposes of calculating impedance only, c/a = .125/1, 122 =, 111,
Referring to Figure 27 it is seen that at a center frequency of
ka = 5,4, Baa(c/a =.111) = 16 and B, a(c/a = 0) = 4.5, Thus, the ratio of the wave
impedance of the loaded to the unloaded section is Zy,3/Z, = B,a/Bza = . 28.

This follows from the fact that Z,, = )‘g' The bandwidth as defined by Young® is ex-

pressed as

Aol g2
w:g..B_Tg (51)
)‘gl+ g2

and inserting A _, and Agz at 8.5 Ghz and 9,5 Ghz, respectively, for empty WR112,

gl g
then w = .17, Referring to hic tables for the impedance ratios, we find that
Z = 1/ =%
Zwl/‘wo 1/1.42. = .704
=,355.

' = /
ZwZ/Zwo 1.42./4

24 P,H, Vartanian et al, ""Propagation in Dieiectric Slab Loaded Rectangular Waveguide," IRE
Transactions of the PGMTT, April 1938,

25 Lec Young, "Tables for Cascaded Homogeneous Quarter-Wave Transformers,” Transactions
of the PGHTT, Aopril 1959, p 233,
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Figure 25. Toroid Width Versus Waveguide Width and Frequency (ka) Yielding Zero
Phase Slope. Also Shown Are The TP.‘.10 and TE

Since ﬁoa = 4,5, then
Bla =45/,704 = 6.40

ﬁza = 4,5/,385 = 12, 70,

Therefore, at the center frequency (ka = 5,4}, the lengths of the steps are to be

f:Ag/ti or

A
= gl = T a - = — ¥
21 5 251;3 = 3.55/12. 80 = 0. 275'

Ta " _ wans
L= 3g =3.59/25.40+ 0.139
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The thickness of the steps (c) are obtained, for aluminum oxide ceramic (€' = 9. 6),
from the graph of Figure28. A; ka=5.4, .81:1 = 6. 40 i& ~btained when cl__..-""a =.029
{c =.031") and Bza = 12.70 is obtained when ¢,/a = . 144 {c = . 181"),

DIELECTRIC
TRANSFORMER FERRITE LOADED SECTION
\ :( A —
\ 3 ]
Ea kN 2 | )
T 7T \
_ 1

AP

(A) SYMMETRIC TWO-STAGE DIELECTRIC TRANSFORMER

(
" , N
T, \
L—t,—-LI:J

(B) NONSYMMETRIC TWO-STAGE DIELECTRIC TRANSFORMER

20998

Figure 26, Cutaways Shoewing Symmetric And Non-sym:netric Two-step Dielectric
Transformers, The Steps Are Centrally-iocated, Full Height Slabs of

Low Loss Dieiectric of Lengths /y and L, and Thickness C, and C,. The
Load is Region 3 of Thickness C3.
The steps could have been designed using €' = 18, of course, but at frequencies
above 4 Ghz this usually leads to steps which are too thin to be practicable.

This design procedure leads to a set of symmetric steps as shown in Figure 26A.
However, it is fcund that non-symmetric steps as shown in Figure 26B are easier to
machine and give equivalent performance., The dimensions used are those calculated

for the symmetric transformers,
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Figure 27. Phase Constant (8a) vs Loading Factor ¢/a With Frequency (ka) as

Parameter Fo. Dielectric Loaded Waveguide With €'

d=16
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€+ 96 ~ ¢

Ka = 2ra/) 777 ’
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Under ideal conditions, the VSWR of these steps is as given in Young's Tables
(8<1.03). Inrerrite loaded devices these conditions are never achieved and, in digital
phase shifters, the actual conditions are far less than ideal. Among the more serious
problems are gaps between the ferrite toroid and the waveguide walls, an rf permeabil-
ity which changes with switching, rf inl2raction with the charging wires, bit-to-bit
discontinuities, and so on, When the discontinuities due to these sources are niinimiz-
ed, it is commen to obtain a total VSWR (reflections from both ends adding) of less
than 1. 15 across the band,

Figure 20 shows a cut-away view of the derived phase shifter test piece.
The input and output are full width WR112 waveguide and two-step dielectric transform-
ers are used for matching the empty waveguide to the ferrite-loaded portion. Polyiron
sleeves are shown embedded in the waveguide walls around the charging wires to ab-

sorb any stray rf energy which would otherwise give rise to radiation problems,

180° BIT

 CHARGING
WIRE (- M)

'— DIELECTRIC LOAD

POLYIROK CYLINDER

CHARGING
WIRE (+M)
TWO- STEP
DIELECTRIC
TRANSFORMER

27338

T gure 29, Cut-Away Dlustration of the X-Band Nonreciprocal Digital Phase Shifter
Structure
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4.4,3 General Device Investigations

The basic test-piece depicted in Figure 29 was used to investigate the effects
of the various structural parameters as well as frequency on phase shif., phase slope,
losses, switching energy, and thresholu power level,

The ratic ¢/a and waveguide width ka were varied experin entally to determine
their influence on device performance., Three different "¢’ dimensions (, 120", . 135",
. 150") and five different "a" dimensiens (. 375", .500", . 625", .875" and 1.125") were
used, Three aluminum substituted yttrium iron garnets are a magnesium manganese
ferrite were tested in these configurations, The properties of these materials a2 e
listed in Table VIII. The garnets have saturation magnetizations ranging from 960 to
1780 gauss, coercive fields of about . 6 cersteds, and dielectric constants about 16.
The ferrite has a 4~ MS of 2250, coercive field of 3,25, and a dielzctric constant of
10, The remarent ratios Rr =M r Ms varied,

Figure30 shows z cross-sectional view of the basic phase shifter configura-
tion depicted in Figure29, The interior dimensions of the waveguide are "a' and "b":
the toroid nas a height "'b” throughout the measurements, variable width "¢" and a
slot of constant width "4 " filled with a low loss dielectric material with a dielectric
constant of 15,

Figure 30 also shows the phase shift and slope of the G-243 garnet material
with 47 Mr = 580 gauss. The curves are for "'a'* ranging from . 375 to 1. 125 inches
and for ¢ =, 120, , 135, and . 150 inches,

It is seen that zero slope is obtained in the area of a = , 400 inch, giving 67
degrees/inch, 87 degrees/inch and 75 degrees/inch for ¢ = , 120, . 135, and . 150
inches respectively. Note that the sample having the least slope gives the maximum
phase shift, This is consistent with the theory (Section 3.4. 2).

Figure31 shows somewhat the same pattern and the same trends for the
G-404 garnet with 47M_ = 780 gauss, The maximum phase shift is about 120 degrees/
inch and again, it is seen that the ferrite having the least slope ::. s the greatest

amount of phase shift, except this time it is the sample with ti¢ largest wid.h.

In Figure 32 the same trends are seen; here, maximum phase shift corre-
sponds to the condition for minimum slope in the Sperry G-232 garnet with 47 Mr =
1040 gauss. The maximum phase shift is about 150 degrees/inch. As expected, this
garnet, with a 47 Mr greater than G-243 by a factor of about 1. 8, produces about 1.8
times as much phase shift (all other things equal).
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MATERIALS USED IN DEVICE STRUCTURES
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Figure 33 shows the phase shift and slope curves for the Sperry F-118 ferrite.
The slope again goes to zerc at about a = . 400 inch for the toroid with ¢ = . 150 inch.
Although the 4~ MS = 2250 gauss, the 4?=-‘Mr is only 570 gauss so that the maximum
phase shift is about 70 degrees/inch.  This low 4 = M, is now attributed primarily to
the high coercive {force,

The losses of the garnet materials used in these tests are shown in Figure 34,
While these curves are somewhat erratic, it is possible to draw some tentative con-
clusions. it app2ars that the loss increases little, if any, with increasing 4::MS for
these narrow linewidth materials operating far from resonauce. Thus, since phase
shift goes directly as 4::MS, the {igure of merit for these mateials is also proportional
to 4rMS. It further appears that maximum loss corresponds to the smallest wave-
guide width "a' but is not least for the largest "a’". Thus it seems that some inter-
mediate value of "a"”, as near to , 375" as losses permit, would give not only an opti-
mum figure of merit but also small phase slope. It is also seen that, over the range
of "¢ dimensions tested, the . 150" value gives the least loss. The . 135" value also
gives less loss than the . 120", This is interesting because it indicates that both from

a loss and phase shift standpoint the wider toroids will have better figures of merit.

The switching energies of the toroids used were calculated by the method of
section 4.4.1, Dividing the energy values thus obtained by the measured phase shift
at 9 gHz for the foregoing conditicas, we are able to plot the curves shown in Figure 3%
These are curves of total switching e~2rgy per degree of phase shift versus toroid
width "¢ and wwveguide width ""a”". . is seen that, in all materials, for a=,375
inch and ¢ =, 135 inch, less energy is required, Also as expected, the higher 4?:Ms
materials require less energy per degree of phase shift (except for the ferrite). Thus,
a 360 degree phase shifter with a = . 375", ¢ = . 135" using pure YIG with 4::Mr = 1040
gauss would consume 360 x , 60 = 216 microjoules total energy (including wire and
toroid energy losses) during each - xitching event at 8 gHz, Using G-243 (4#Mr = 580)
a total energy of 360 x . 67 = 315 microjoules would be consumed. Note that the coer-
cive fields of all three of these garnet materials are abuut the same, This comparison
points up another good reason for choosing high 4:-?Mr materials where other require-

ments permit,

Figure 36 shows the threshold power level of five garnet materials ver .us
wm’{" where wo =)‘4:-7MS and wis the operating {requency. For all data poin.s except
the lower right,a = , 375 inch, b =, 385 inch, For the lower right point, a = 1. 000

inch and b = . 372 inch, The curve on the left shows a strong dependence on um/w;
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the linewidths of these three materials are approximately the same, The linewidths
of the materials in the right hand curve are 82 oersteds and 65 cersteds for tie top
and bottom, respectively, These latter two materials are temperature compensated
materials containing gadolinium and were therefore expected to have much higher

threshold power levels,

Figures 37 and 38 show differential phase shift and loss at § Gh, versus
dielectric constant E('i of the dielectric load for three different slot geometries and
two different garnet materials. The waveguide dimensions are a =, 500 inch and
b =. 385 inch. The exterior dimensions of the toroids are ¢ = , 135 inchand b = , 385
inch, The measurements of phase shift and loss were made from 8, 0 to 10. 0 Gh,
but since both were virtually constant across the band, only the data at 9, 0 Gh, are
presented in an attempt at consolidation,
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In both materials, maximum differential phase shift is obtained with the cruci-
form shaped slot while the round slct configuration gave the least phase shift, This
variation is probably due to the variation in the volume and magnetization of the active
portion of the material; that is, the material which contributes to the differential
phase shift, This would, of course, be the regions containing components of magne-
tization normal to the circularly polarized components of rf magnetic field,

It is also seen that €4 = 9, 6 gives the maximum phase shift in all cases, It
is not clear at this time why €}j = 9. 6 shoull give more phase shift than when € = 186.
However, the difference is not great and may possibly be the result of a difference in

the fit between the dielectrics and the slots, The air-filled (€ = 1) cruciform con-
figuration was substantially more lossy than the other configurations 2.d the G-295

material is less lossy than the G-296-18. This may be due to differences in the loss
tangents even though the measured loss tangent of both samples was ¢ 0. 0001.
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The following comments are offered as a summary of the vbserved relation-

ships between the operating characteristics and the material and structural parameters:

1, Phase shift is directly proportional to 4:*er3 ¥, and the volume of
material containing components of circularly polarized rf magnetic fields
orthogonal to the magnetization, This volume increases with dielectric
constant and size of the toroid as well as the dielectric constant of the
dielectric load. The geometry of the dielectric load should be consistent
with the requirement for maximum volume, While phase shift increases
drastically for sufficiently smzll waveguide widths, for larger widths it
is relatively insensitive to width,

2, Phase slope is primarily a function of the waveguide width ""a" and
toroid width ""c¢"' and the dielectric constant of the toroid¢}. For small
waveguide widths, it a strong function of "a' and a weak function of
c\ft-’_f-. For large waveguide widths it is a weak function of "a'" and a
strong function of ¢ \/eg Minimum slope and maximum phase shift are
obtained under the same conditions,

3. Switching energy increases with the volume and coercive field of the toroid
and decreases with increased switching time,

4. Peak power threshold increases as the transverse component of the rf
magnetic field and wy/ decrease, and AH, AHy increase, where
wm = Y47™Mg, AH and AHy are the linewidths of the material and kth
spin wave, respectively.

5. Rf losses are dependent on virtually every feature of the structure: im-
pedance mismatches, radiation, wall and dielectric losses, and magnetic
loss. Properly designed impedance transformers effectively eliminate
mismatches while radiation loss can be virtually eliminated by controll-
ing the field patterns so as to assure minimum interaction between the
ri electric field and the charging wires. Wall and dielectric losses
depend essentially on the sizes of the waveguide and toroid as well as
the conductivity of the waveguide and dielectric constant and loss tangent
of the toroid, Assuming good conductivity and low loss toroid material,
the optimum configuration is obtained by adjusting "a'* and C\/gf for
minimum loss and zero phase slope. If the torcid loss tangent is not
low then losses can be reduced by increasing the size and/or dielectric
corstant of the dielectric load provided it's loss tangent then the question
of how close to w, can w be is taken up in more detail in the following
section,

W
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4.4.4 Magnetic Losses

The usual methods of measuring magnetic loss in ferrite sampies cannot be
used here because of the demagnetizing field associated with the toroid geometry - -
especially the requirc.nent of zero applied field, Other workers have .neasured this

*'%" in zhorted sectiors of coaxial line, The ferrite ring under test was

less previously
placed against the short and the loss was related to the attenuation of the reflected
wave. They observed a loss which decreased continuously with increasing frequency
for a given material or, conversely, increased continucusly with increasing saturation
magnetization at a given frequency. In such a structure the rf magnetic field interacts
only with the non-aligned components of the magnetization since it is parallel to the
aligned components. The resultant loss is reciprocal.

Design of the Test Piece. In the structure shown in Figure 33, the losses
result principally from interaction between the rf magnetic field and the alignment com-

ponents of the magnetizaticn Mr. The main advantages of this (waveguide) structure

are that it more nearly represents the configurations used in actual phase shifters, and
interaction is much stronger and the effect of reversing the toroid magnetization is not
hidden, The main disadvantages are that the strength of the interaction varies some-
what as the volume of ferrite material expericncing circularly polarized rf {ields
changes, and it is not intrinsically broadband such as the coaxial structure. In the

design of the test structure a special effort was made to minimize these disadvantages.

Defining bandwidth here as the ratic of the cutoif frequencies of the TE,_, mode
F_(TEy)  k_(TE,) 20
tc the dominant TE_ , mode*, then c “'E20 20" . For air-fitied wave-
10 B-= 7
F c \TEm) kc (TE 10)

guide, of course, B =~ 2, When a dielectric of thickness c is placed in the waveguiae,
B takes on aigher values (see, for example, Figure 25) and, for the configuration

shown in Figure 40, B = 3.85. Figure 40 also shows the variation of the ratio of the
rf magnetic fieid components h and h called the ellipticity 'h h i with {requency

.at three different points in the dxelectmc The values of i h h ‘ shown were calculat-
ed using the expression

Ba
h h |=
x/"y| 16k%2% -8%?)

—— cot (16 k%% -B%3)Tx (52)

“#H. Hair, "Development of Helical Phase éhifters", Final Report, Prepared by General
Electric for MIT Lincoln Lahoratory under Subcontract 250 (December 1964),

7D, H, Temme, "Progress and Problems in High Power Phasers for Array Radar”,
NEREM Record, 1964.

*P. H. Vartanian - ibid.
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where
B Ag
ka = 2Zwma’)
= 3 = Q! 10
X Xl, Xz_, X:}' /050a, .0203, .010a
a = the waveguide width

Ag = the waveguide waveiength
A = the free space waveiength

The appropriate values for 8 a can be found in Figure 27, The rf permeability was

assumed equal to 1.

Referring again to Figure 40 it is seen that if a = 2, 66 inches the TEm mode
cuts off at ka = 1, 4 {1 Ghz) while the TEZO mode cuts off at ka = 5.4 (3.8 Ghz). Over
the range ka = 2.0 to ka = 5. 4, very little variation is cbserved in the ellipticity of the
rf magnetic field components, Near the center of the dielectric the ratio gets large
and its variation is more noticeable. In the actual phase shifter configurations, how-
ever, that portion comprises the slot of the toroid and, s¢, does rot contribute to the
magnetic losses. The assumption of unity for the rf permeability is misleading to the
extent that in one direction of propagation the fields are slightly displaced relative to
their positions for the other direction of propagation*, neither direction yielding exaci-
ly the same field configuration as the case in which the permeability was taken as
unity, However, the variation of this factor with irequency is not expected to be sub-

stantially different in either direction of propagaticn.

The final important consideration in the design of the test piece is that of

matching and launching the TE, ., mode in the toroid loaded section, Since empty wave-

guide cannot propagate this widlg range of frequencies it was necessary i{n enter the
structure via a dielectric-loaded stripline configuration.”” The width of the strip (see
Figure 39) was tapered linearly from its value at the unloaded portion (w/b = 1,2) to

a point (w/b = 0) and the pointed end was attached electrically to one of the ground
planes, The strip thickness (t/b= .01) was made very small, The dielectric (¢'= 15)
was tapered from zero height at the point whers w/b = 1.2 to full height at w,/’b = 0.
Referring to Figure 41 it is seen that where w/b = 1. 2 the impedance is about 50 ohms
and, if displacing the strip does not appreciably alter the *'mpedance?': then, ir the vicirn-
ity of w/b = 0, the impedance is Zgz 1—91% = 5C ~hms. Using a dielectric constant of 15

here is only approximate since the wave is proi:ably nof contain- d entirely in the dielectric,

® J. Parks, L. Lavedan, B. Savage, "Miniaturized Ferrite Digital Phase Shifter for Phased
Array Application” - to be published -

¥ 8. B. Cohn, "Characteristic Impedance of Shielded Strip Transmission Line", IRE
TRANSACTIONS of the PGMTT, April, 1954,
*W. Ince and E. Stern - Ibid.
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Figure 39, Test Piece For Magnetic Loss Measurements
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Beyond the point where w/b = 0 the TEM wave can no longer propaga 2 but
because of the dielectric lcading, higher order modes are possible. The mc.t likely
higher order mode at any point in the TEM line is the TEll mode which has a field con-
figuration very much like the dominant TE}G mode in rectangular waveguide. Sucha
mode is able to propagate in the dielectr. ‘vaded portion of the stripline and it remains
only to provide an electrical discontinuity capable of exciting this mode. The reason
for displacing the strip off the center line and shorting it to the ground plane is to pro-
vide a vertical assymetry which was found to be necezsary in order to change the orien-
tation of the rf magnetic field. The transition from the "I‘E11 to the TEIO is natural
2nd is probably completed at the point where w/b = 0,

The impedance of the waveguide portion of the structure was caiculated in the

following way. The power-voltare impedance of empty rectangular waveguide is given

by
7541}1 };gl ) ?541)1 ( ka 1 53)
= — |- ) = = {24
val a X a, \ Bl a, '

where 51 = 2n/Ag r k=27/;

and A gl = the guide wavelength in the air-filled waveguide Section 1. (See Figure 45 )
If waveguide Section 2 is dielectrically loaded, then the ratio of the wave impedances of
the iwo sections will be given by Zw ,, Zw . - 81 a,/843,. It was assumed that if

a,=1a, and b .= b;3 then the power vbltage impedance of section 2 will be

754b1 ka1 ( b
Zw2~ a, Aas ’%%;ﬁzaz) (54)
cr ;)
pv2 a Bqa/

The impedance vaz was then set equal to 50 ohms at the anticipated center frequency

of the operating band (3 Ghz) a..d the equation solved for b using a = 2, 660 inches, and

the appropriate values of 52a obtained from Figure 27, This yielded

Y 1.7 _
h=,1785 2% - . 487 inches,
A value of b = , 500 inches was chosen, Across the Freguency band of 2 to 4 Ghz} vaz

varies from a high of 62 ohms at 2 Ghz to 42 ohms at 4 Gz, This is shown in Figure

42,
¥, Sovthworth, " Principles and Applications of Waveguide Trunsmission,” D, Van Nostrand
Publishing Co., December 1856, P 105,
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Figure 42. Power Voltage Impedance of The Dielectric-loaded Waveguide
as Calculated by Equatinn (54).

The complete structure is shown in Figure39, It has type N female coaxial
line connectors followed by a short section of air filled strip line, then the dielectric-
loaded tapered strip portion leading into the dielectric loaded section of waveguide,
While the impedance of the stripline portion should not vary with frequency, Z v2 does
and this, combined with other reflections, yielded a totcl VSWR as shown in Figure 43

when the dielectric used in the waveguide was Trans-Tech's D-16, The loss of the
structure is also shown in Figure 43,

The setup used for measuring magnetic loss was the same as that shown in
Figure 23A with the exception that the couplers were Narda Model 3022 coaxial line
couplers, Structural losses and dielectric iosses were accounted for in the magnetic
loss measurements by subtracting the loss due to VSWR and the measured loss of the
D-16 from that of the ferrite toroids. Since the dielectric loss tangents and dielectric
constants of the ferrites are very nearly the same as the D-16 the remainder was felt
to closely represent the magnetic Icss of the ferrite,
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Figure 43, Loss and VSWR of the Derived S-Band Test Structure using
D-18 Dielectric in place of the Ferrite Toroids
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stituted YIG toroids have been tested in the S-Band apparatus described above., Losses

were measured for both the positive (CP+) and negative {CP-) circularly polarized waves
by reversing the magnetizaticn. The toroids were magnetized using a 500 microfarad,
50 volt caparcitor which was allowed to {reely discharge through the charging wire of the
toro.1 (see Figure 44).

Figure 44 shows the loss of G-282-R (YIG, 12% A[) with 47 M = 900 gauss
and AH = 25 cersteds. The capacitor was charged to 45 volts. The loss appears to
reach a peak somewhere below 2 Ghz and is virtually the same as that of the D-16
dielectric at 2.5 Ghz. Defining a quantity w, as the frequency at which the toroid loss
is indestinguishable from that of the D-16, then W, 2.6 Ghz,

2
6-292-R & 45V0LTS
d7mMg=900 GAUSS
10 4 My =657 CAUSS
AN =25 QERSTEDS
sk o—o—o (P,

—eo—e (P_

ATTENUATION (DB)

0 i i

3 4
FREQUENCY (Ghz) :

Figure 44, Magnetic Loss vs Frequency for 12% Aluminum Substituted YIG. See
Table VI for Material Properties,

27368

Figure 45 shows the loss of G-243-2¢ (YIG, 10%A[) with 4 7Mg = 960 gauss

and AH=35 oersteds. Again the frequency at which the loss peaks up (wr) is below
2 Ghz but w = 2.9 Ghz,

Figure 46 shows the loss of G-291-Q with 4er5 = 1200 gauss and AH = 30
oersteds. For this material mr< 2 Ghz and w, = 3.1 Ghz.
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+—o—e (P_

i

3 §
FREQUENCY (Ghz)
Figure 45, Magnetic Loss vs Frequency for 10% Aluminum Substituted YIG.
See Table VII for Material Properties.
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Magnetic Loss vs Frequency for 8% Aluminum Substituted YIG,
See Table VI for Material Properties.
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In Figure 47,G-200-N (YIG, 3% Al), with 47M = 1650 gauss and 4H - 34
oersteds, peaks up at aboutw, = 2,7 Gh, and w; >3.8 Ghy,

5 G-290-N & 45 VOLTS
N\ 47 Ng=1650 6AUSS

o 47 My =1280 GAUSS
\ AW « 34 0ERSTEDS

o—o—o (P,
—eo—o (P_

X

o b

ATTERUATION (DB)

4t \

2 =

05— : 3 [
2728B-3

FREQUENCY (Gnz)

Figure 47, Magnetic Loss Versus Frequency for 3% Aluminum
Substituted YIG, See Table VIII for Material Properties
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In Figured48,G-404 -2¢ {YIG, 5% o /), with 47M_ = 1375 gauss and 4H = 35
oersteds, a loss peak is seen at 2. 4 Ghz. Whether or not this is the main resonance

loss is not certain since the loss appears to be increasing again at 2. 0 Ghz. For this
material w, = 3.8 Ghz,

6
6-404-2C & 45V0LTS
4 Mg+ [3THGAUSS
4% d7M, =934 GAUSS
AH =350ERSTEDS
o—o—o (P,
12F —o—o (P_

=
o
=
=
[ —
-
=
=
i
[ —
P
-
0 1
2728B-3 3 4

FREQUENCY (Ghz)

Figure 48, Macnetic Loss vs Frequency for 5% Aluminum Substituted YIG.
See Table VII for Material Properties.
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In Figure 49’ G-289-8 (YIG) with 4 7Mg = 1780 gauss and aH = 37 oersteds} is
seen to peak up at w, = 3.0 Ghy,

Thus, as 4 7M_ increases the magnetude of the losses and wy increase,

& o—o—o (P, G-289-S 2 45VOLTS
—o—o [P_ 4 Mg~ ITRIGAUSS

e X 4 My =12006AUSS
AN =370ERSTEDS

=
=3
=
=
—
=
=
ad !
pra—
—
-
8 -
0{ l
3 4
2738B-¢

FREQUENCY (Gnz)

Figure 49, Magnet Loss Versus Frequency for YIG. See Table VIII
for Material Properties

Figure 50 shows the (CP+) loss of the ten garnets piotted as a function of

wm/w. The gr2ph clearly shows that for these narrow linewidth materials and for
{
this geometry and charging voitage wyr =

1.75 and UC =] wme
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Figure 51 shows the CP+ and CP- loss of G-345 (1% Dy + YIG), at charge
veltages of 45, 4 and 2 volts, As the charging voltage is decrzased w, increases.

At these charging voltages the loss peaks upat 2.9, 3.1 and §, 6 Gh;, resper’ively,

It iz further seen that as the charging voltage is decreased the diffsrence in los.
between CP+ and CP- decreases,

Figure 52 shows the loss of the same sample after annealing at 1000°9C to
assure a virgin state, The loss of the uncharged toroid was measured and "F+ and
CP- losses are represented by the single 0 volt curve of the figure. The sample
was then magnetized by a 1 volt charge on the capacitor which resulted in the CP+
loss peak of 21 db and a CP- loss of 14 db,
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Figure51. Magnetic Loss Versus Frequency of G-345-K at
3 Different Charging Voltages
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Figure 52. Magnetic Loss Versus Frequency of G-345-K after An-

nealing at 1000°C for 1 Hour, The Curves Apply to
Different Charge Voltage and for Positive (CP+) and
Negative (CP-) Circularly Polarized Waves



4.5 DEVICE CONFIGURATION AND PERFORMANCE

During this reporting period many improvements were made i1 device per-
forr.ince. T..se were made possible by the investigations reported in the previous
geciions. Further improvements are envisioned from these findings.

Figure 53 shows a cross-sectional view of the X-band phase shifter at its
present stage of development. The toroid material is G-296 (30% gadolinium substituted
YIG) rather than G-286 (2% dysprosium-substituted YIG) as previously used. The geom-
etry of the toroid is smaller (. 135" wide x . 385" high witha . 012" wide slot) and is
dielecirically loaded with alumina (Western Gold and Platinum Co's, AL-995). In
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addition ., 050" thick boron nitride heat sinks are shown intimately contacting the active
regions of the teroid,

- e, 0124
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Figure 53, Cross Sectional View of Present X Band Digital Phase
Shifter Configuration
The performance of this structure is shown in Figures 54, 55 and 56 where
measurements show the phase shift to be flat within 2 percent for all bits, loss is less
than 1,25 db and VSWR is less than 1.20. A major improvement can be seen in both
these quantities over that previously reported,

The total switching energy for this configuration has been measured to be less

than 100 microjoules per event for the 180° bit. The peak power threshold is 30 kilo-
watts as seen in Figure 56,
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Figure 54. Differential Phase Shift of the Configuration Shown in Figure 53
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Figure 5b, Loss Versus Peak Power Level Measurements cn the Configuration
of Figure 53, Showing a Threshold Power Level of 30 Kw

4-73

=

——— 153 it T g e e




BLANK PAGE



5. PR7.GRAM PLANS FOR NEXT SEMIANNUAL PERIOD

The following investigations are piarned for the next semiannual period:

i

Additional measurements on the remanent magnetizations of previous!,
studied materials,

Study of the temperature stability of the remanent magnetization for
selected materials.

Continue S-band invesugations to obtain informarcion cn the influence
of linewicdth, magnetization anisotropy field, and toroidal shape on
magnetic losses,

Investigate the possibllity of adjusting the toroid geometry so as to
reduce the upper {requency limit of magnetic losses for below resonance
operation or, conversely, adjust the geometry to raise the resonance

frequency to permit above resonance operation,

Study .ne effects of slot size and permittivity on device performance
particalarly threshold power level and switching energy.

Complete the X-band waveguide studies and fabricate the required phase
shifters.

Select the most promising materials and geometry (based on the S-band
studies) for the L-band coaxial v’ "se shifter and complete the design
and test of the phase ~hifters required.

Study the possiblilty of using the temperature dependenc~ of the coercive
force as a method of stabilizing the remanent magnetization with tempera-
ture,

Investigate the feasibility of operating at a power level weli above the
threshold power level as an additional method of overcoming high power
effects,
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