UNCLASSIFIED

AD NUMBER
AD803212
LIMITATION CHANGES
TO:
Approved for public release; distribution is
unlimted. Docunent partially illegible.
FROM:

Distribution authorized to U S. Gov't. agencies
and their contractors;

Adm ni strative/ Qperational Use; AUG 1966. O her
requests shall be referred to Air Force Rone
Air Devel opnent Center, Giffiss AFB, NY.
Docunent partially illegible.

AUTHORITY

radc, usaf Itr, 17 sep

THISPAGE ISUNCLASSIFIED




Technical Report...

%

"’__-_N

- commpen sruouzs ON ADVANCED FERRIMAGNETIC
b g: MATERIALS APPLIED T0 DIGITAL PHASE SHIFTERS
g Ry FIRST SE_M_iANNUAL REPORT

; S S5t 28 February 1966 to 26 August 1066

ARPA ORDER No, 57 - PROGRAM CODE No, 6E30
\mnc Contract No AF30(602)4122

Afr Force Syc.ems Command
Research and Technology Division
Rome Air Development Center
Gﬁlﬂu Air Force Base, New York

Project Defender
Advanced nm&ea Projects Agency (ARPA)
ncpartmont of Defeuse
Wubington, D.C

MIGROWAVE ELECTRONICS COMPANY.

/.

CLEARWATER, FLC




BEST
AVAILABLE COPY



TECHNICAL REPORT

CONTINUED STUDIES ON ADVANCED FERRIMAGNETIC
MATERIALS APPLIED TO DIGITAL PHASE SHIFTERS

FIRST SEMIANNUAL REPORT

28 February 1966 to 28 August 1966

ARPA ORDER No, 5560 - PROGRAM CODE No, 6E30
RADC CONTRACT No, AF30(602) 4122

Afr Force Systems Command
Research and Technology Division

Rome Afir Development Center
Griffiss Air Force Base, New York

Project Defender
Advanced Research Projects Agency (ARPA)
Department of Defense
Washington, D.C,

Continued investigations directed toward the improve-
ment and evaluation of ferrimagietic materials for use
in microwave digital phase shifters at L-,5-,C-, and
X-bands.

Title of Work:

October 1966

SPERRY NMICROWAVE ELECTRONICS COMPANY

DIVIMON OF SPERRY RAND CORPORATION
CLIARWATER, PLORIDA

83-220-4002- 3 Copy No
—_—




TABLE OF CONTENTS

Section Page

1 SYNOPSIS 1-1

2 INTRODUCTION 2-1

2,1 Background of Program 2-1

2.2 Program Objectives 2-2

3 OPERATING DYNAMICS OF FERRITE DIGITAL PHASE 3-1
SHIFTERS

3.1 Basic Concept of Ferrite Digital Phase Shifters (FDPS) 3-1
3.2 Analytical Models of Ferrite Digital Phase Shifters 3-4
3.2.1 Microwave Magnetic Properties of Partially 3

Magnetized Ferrites
3.2.2 High Power Characteristics of Partially 3-18
Magnetized Ferrites
3.3 Analysis Techniques 3-26
3.4 Influence of Intrinsic and Ceramic Properties on 3-~33
Square Loop Characteristics
3.4.1 Remanence Ratio 3-33
3.4.2 Coercive Force 3 - 36
3.4.3 Switching Time _ 3~ 36
4 SUMMARY AND DISCUSSION OF RESULTS 4-1
4.1 Introduction 4-1
4.2 Measurement Equipment snd Techniques 4-1
4,2.1 Measurement of Material Properties 4-2
4,2,2 Preparation Procedure 4-10
4.2,3 Measurement of Device Characteristics 4-11
4,3 Materials for Evaluation (Compositions and Reasons 4-17
for Selection)
4.4 Material Properties 4-19




i
TABLE OF CONTENTS (Cont'd) : '
Section Page
L4
4,5 Evaluation of Materials by Analysis and Measurement 440 i
4.5.1 Low Power Characteristics of Waveguide FDPS 4 - 40 3 |
Magnetization on Phage Shifter
Performance
4,5.1,2 Effects of "‘a1ewidth on Loss 4 -64
4.6.1.3 Effects of Dimensional Changes 4-70
and Dielectric Loading
4.5.2 Below Resonance Operation of FDPS 4-178
4,5.3 High Power Characteristics of FDP8 4 -82
5 PRINCIPAL CONCLUSIONS 5-1
i




10

n
12
13
Ma
14b
15

LIST OF ILLUSTRATIONS

Page
Cutaway View of a Waveguide Latching Phase Shifter 3- 3
Hysteresis Loop of a High Remanence (i. e., "Square- 3- 3
Loop'') Ferrite
Relative Directions of the Saturation Magnetization Mg 3- 8
and of the Net Effective Static Magnetic Field Acting
on a Single Domain
Conventional Spinwave Manifold Showing the Dependence 3-20
of Availability Spinwave Numbers (k) on Cperating
Frequency (w)
Normalized Spinwave Dispersion Curve Assuming Hj = 3-23
47Mg (Polder -Smit Domains)
Threshold Field of Polder-Smit Domains as 2 Function 3-24
of Normalized Magnetization
A Waveguide Nonreciprocal Latching Phase Shiiter 3-25
Twin-Slab Model for "Single-Toroid" Ferrite Latching 3-25
Phase Shifter
A Ferrite Loaded Rectangular Waveguide 3 -27
A Structure with Electromagnetic Symmetry about o 3 -28
Dielectric Loaded Twin-Slab Structure 3 -3l
Hysteresis Loop of Ferrimagnetic Materials 3-35
Vibrating Sample Magnetometer 4 - 2
X Band Resonance Snectrometer 4 - 4
C Band Resonance Spectrometer 4- 4
Furnace Arrangement for Simple Measurement of Curie 4- 5
Temperature. Explanatory Comments are in the Text
Dielectric Constant and Dielectric Loss Tangent Measurc- 4- 6
ment FEquipment (X Band)
General Electric XRD-5 X ray Diffractometer in Sperry 4- 17
Microwave Electronics Company Laboratory

iti




LIST OF ILLUSTRATIONS (Cont'd)

Figure Page |

18 Square Loop Tester 4- 8 ’ l

19 Schematic of Square Loop Tsted Modified for Measuring 4-9 4 0 ‘
the Remanent Magnetization

20 Richert Metallograph Used for Material Evaluation 4-1 |

21 JFisher Sub-Sieve Sizer 4-12 _ﬁ

22 . 6Laboratory Setups for Measurement of Attenuation and 4-13 |

Phase Shift at Low Power Levels

23 Power-Ratio Setup for Measuring Attenuation at High 4-16
Power Levels

24 Typical Voltage and Current Waveforms Observed During 4-16
Fast Switching of the Ferrite Toroids. The Switching
Time Tg is also Shown

b

25 Photomicrographs of 60% Gadolinium Subatituted YIG 4 - 28
and 30% Gadolinium Substituted YIG

26 Remanent Magnetization and Coercive Force Dependence 4 -30 -
on Temperature with Drive Current (Ip) Constant

217 Remanence Ratio and Coercive Force Versus Temperature 4 -31
with Constant Drive Current Ip

28 Remanent Magnetization and Coercive Force Dependence 4 - 32
on Temperature with Hg/H , Constant

29 Remanent Magnetization and Coercive Force Dependence 4 -33
on Temperature with Drive Current (ID') Constant

30 Re'manent Magnetization and Coercive Force Versus 4 -35
Temperature with Constant Drive Current Ip

31 Variation of the Saturation Magnetization with Temperature 4 - 36
for Yttrium Gadolinium Iron Garnet

32 The Variation of Saturation Magnetization with Temperature 4 - 37 "
for Aluminum Substituted 85% YIG - 15% GdIG 1

33 Variation of Saturation Magnetization with Temperature 4 - 38 4
for Aluminum Substituted 80% YIG 20% GdIG

34 Variation of Saturation Magnetization with Temperature 4 - 38
for Aluminum Substituted 75% YIG 25% GdIG

iv




317

38
39
40

41

42
43

44
45

46

47
48

49

LIST OF ILLUSTRATIONS (Cont'd)

Variation of Saturation Magnetization with Temperature
for Aluminum Substituted 70% YIG 30% GdIG

Variation. of Saturation Magnetization with Temperature
for Aluminum Substituted 50% YIG 50% CdIG

Cutaway Ilustration of a Typical Nonreciprocal Digital

Phase Shifter Structure
An Internal Toroid Latching Phase Shifter
Twin Slab Model

Differential Phase Shift ve Normalized Waveguide Width
for a Latching Phase Shifter with Effective Internal
Field as a Parameter

Loss Per 360° of Differential Phase Shift vs Normalized
Waveguide Width for a Latching Phase Shifter with
Effective 'nternal Field as a Parameter

Differential Phase Shift vs Effective Internal Field for a
Latching Phase Shifter

Loss Per 3600 of Differential Phase Shift vs Effective
Internal Field for a Latching Phase Shifter

Separation of Losses in a Latching Phase Shifter

Loss Per 360° vs Frequency Normalized Magnetization
with Anisotropy Field as Parameter

Variation of Loss Per 360° with Saturation Magnetization
in Aluminum-Doped YIG. Experimental Data Obtained in
Configuration Shown in Table V

Loss Per 360° vs Frequency for Ferrite 83-8 in X Band
and C Band Phase Shift Structures, Shown in Table VI

Loss Per 3600 vs Magnetization for Ferrite 83-8.
Configuration Shown in Table VI

Variation of Differential Phase Shif{t as a Function of
of Normalized Saturation Magnetiz>tion

Page

4 -39




52

53

54

55

56

57

58

59

60

61

62

63

LIST OF ILLUSTRATIONS (Cont'd)

Loss Per 360° of Differential Phase Shift vs Intrinsic
Linewidth

C Band Loss Per 3600 vs Polycrystalline Lirowidth.
Experimental Data Obtained in the Cunfiguration Shown
in Table V

S Band Loss Per 360° vs Polycrystalline Linewidth.
Experimenial Data Obtained in the Configuration Shown
in Table V

Differential Phase Shift vs Normalized Thickness of
Dielectric Load with Load Dielectric Constant as a
Parameter

Comparison of Performance of a Typical Ferrite and
a Typical Garnet in a FDPS

Differential Phase Shift vs Normalized Frequency with
Waveguide Width as a Parameter

Differential Phase Shift vs Normalized Frequency with
Dielectric Load Thickness as a Parameter

Phase Slope vs Normalized Waveguide Width with
Dielectric Load Thickness as a Parameter

Phare Slope vs Normalized Waveguide Width with
Die_ectric Lead Thickness as a Parameter

Helical Phase Shifter Structure Used for Magnetic Loss
Measurements

Magnetic Loss vs Frequency for G-289-6J in the
Helix Structure

Magnetic Loss vs Frequency for G290R in the Helix
Structure

Magneti~ Loss vs Frequency for G404J in the Helix
Structure

Differential Phase Shift and Loss vs Frequency in the
Helix Structure

Page

4 -865




LIST OF ILLUSTRATIONS (Cont'd)

Ferrite Critical Field Dependence on the Frequency
Normalized Saturation Magnetization for Aluminum and
Gadolinium Substituted YIG, Experimental Data from

-the Configuration of Table V
-Criticdl Power Level Variation with Applied DC Magnetic

Field ina Dielectrically Looaded Ferrite Slab Configuration

‘Loss gnd Phase Shift Versus Applied Field in the

Dielectric-Loaded Ferrite Slab Configuration Shown
in Figure 65

vit




00ann~

1 SYNOPSIS

This report describes the results of work performed by Sperry Microwdve
Electronics Company for the Rome Air Development Center and the Advanced
Research Projects Agency during the first semiannual period of Contract No.
AF30(602)-4122(ARPA Order No. 540).

The objectives of this program are

1. To determine the limitatinnas imposed by intrinsic materiai
parameters on the peak power handling capacity f ferrite
digital phase shifters,

2, To develop ferrimagnetic materials with improved proper-
ties for use in high peak power digital phase shifters, and

3. To evaluate both the improved materials and various
existing materials in appropriate rf structures at fre-
quencies in L, S, C and X bands.

Emphasis is placed on attaining high peak power capacity even at the expense of
some degradation of other performance characteristics. To permit an assessment
of the cost of attaining a specified peak power capacity in terms of possible degrada-
tion of other performance characteriatics, the interrelationships between peak
power capacity, insertion loss, phase shift, temperature stability, etc., are
examined. These interrelationships arise from the dependence of each of these
device characteristics on intrinsic materiai parameters. Such studies highlight the
"tradeoffs" that might be made to obtain the optimum digital phase shifter for a
given high peak power application.

A brief description of the contents of each section of this report follows.
Section 2

Background information and a statement of tl.e program objectives are

presented.
Section 3

This section presents both a qualitative and an analytical discussion on how
the intrinsic material parameters of remanent state ferrimagnetiﬁ' materials

1-1




influence the operating characteristics of ferrite digital phase shifters (FDPS).
Emphaois is placed on clearly describing the limitiations imposed by intrinsic
material parameters on high peak power operation,

The section begins with a qualitative description of the operating principles
of a waveguide nonreciprocal digital phase shifter. Following the introductory
comments is a discussion of a physical model for remanent state ferrites which
appears to avcount quite well for the experimentally observed properties of these
materials. The central concept used in the development of the physical model is
that & remanent state material is made up of a substantial number of magnetic
domains. Each domain is a mlgncticilly saturated region whoge properties can be
desoribed by conventional theory of saturated media. Tho beravior of the domains
differs because rach may have a different shape, and the magn:tization of ths
various domains points in different directions. Each of these domains then
experiences an "effective’ bias fleld whose magnitude is related to .ntrinsic
mgterial parametars and to the shape of the domain, From the physical model a
mathematical mode! for remsanent state ferrites is developed based on averaging the
properties of the individual saturated regions to obtain a set of effective properties
for the bulk remanent state material. The mgthematical characterization, thus,
takes the form of a complex ""average" tensor permeability which includes the
effects of intrinsic linewidth, magnetocrystaliine anisotropy, remanent magnetiza-
tion, and an average demagnetizing field npprépz:iate to the distribution of magnetic
domains, The distribution and shape of the magnetic domains, and hence the value
of the average demagnetizing field, are determined to a large extent by sample shape

and the remanence ratio of the materia:.

The discussion of physical and mathematical models of remanent state
ferrites is followed by a description of analysis techniques which can be used to
obtain mmericl‘l relationships between the transfer characteristics of a phase
shifter (i.e., loss and phase) and the dimensional and material parameters of the
structire. As an example of these technlques,'athe propagation constant equation is
derived for a typical digital phase shifter model.

An analysis of peak power effects in remanent scu‘e ferrites is next pre-

sented. The analysis is based on the multidomain model of remanent materials

<ROPI0
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mentioned previously. Since each domain is a magnetically saturated region, the
peak power effects on a domain by domain basis may be interpreted in terme of the
spin wave interactions of the well known Suhl-Schloemann theory of nonlinear effects
in saturated media. Each domain may experience a different effective bias field and
hence may have a different threshold power level from sll other domains. The
threshold level observed experimentally by comparing power levels at the output and
input-of a phase shifter is the threshold level of the "worst" or most unfavorably
biased domain. In the usual FDPS, the occurrence of the first order nonlinear
process is the factor which limits peak power performance. In the first order pro-
cess energy from the uniform precession is scattered and lost to half-frequency spin
wave modes. For this process the threshold field hcrit
wave linewidth AHk and inversely proportional to the normalized saturation magneti-
zation wm/w. Since 4 Hy is a function of the wave number k (AHg =~ A + Bkz),
obviously hopit depends dramatically upon the availability of low k rumber half-
frequency spin waves. In remanent state ferrites the availability of half-frequency

is proportional to the spin

3€CA002

spin waves with low k values in turn depends upon wy, /w through the dependence of
each domain's effective biae field on demagnetizing terms,

For even the most unfavorably biased domains {Polder-Smit type domains)
low k spin waves are no longer available when Wm/w drops below about 0.3. As a
result of the k dependence of 4Hy, these domains will exhibit an abrupt increase in
AHk, and hence herit. for wy/w = 0.3, For other types of domains the restriction
of scattering to high k states (and increase in h.pit) Will occur at larger values of
Wm/w . Thus, the rate of change of hypiy, with wy,/w will vary with the type of
domains present in the toroid. In any event, however, hcrit must increase rapidly
in the vicinity of 0, 3.

- - Thus, the threshold field, and hence the peak power handling capacity can
be controlled by changes in the AHy of low k spin waves (e.g., by rare earth doping
of garnets) or by changing wy, /w (e.g., by aluminum doping of garnets). |

The final portion of this section deals with the ferrite square loop properties
of interest in FDPS, The dependence of remanence ratio (Rr) cuercive force (H)
and switching time T, are related to the intrinsic and ceramic properties of the
ferrite.
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4.

\ . This e presents & discussion and comparison of the results of the
- " analyttesl dnd experimentsl phases of the program. The results presented include

Numerical predictions of phase shifter performance
characteristics obtained from a computer-aided solution
of the exact boundary value probiem, including the
effects of losser, for the waveguide digital phase
shifter configuration on which most of the experimental
meagurements were performed,

Extensive experimental data depicting the effect of
maierial and dimensioual parameters on low and “gh
peak power digital phkage shifter characteristics,

Experimental data depicting the dependence of the micro-
vave and square loop material properties on preparation
techniques and ambient temperature, and

Experimental data depicting phase shift and magnetic
loss variations at frequencies below resonance.

From these data it can be seen that

1.

Good agreement is cbtained between theoretical perform-
ance redictions and expsrimental data,

Material parameters and structural dimensions can be
selected to optimize pliase shifter performance in terms of

o Loss per 360° of differential phase shift,
o Peak power handiing capacity,
e Phase shift per unit length, or

o Stability of performance over a large frequency
range, or

o Stability of periormance ove. a large tempera-
mr_e range, etc.,

but if more than one of these capabilities is required
simultaneously then compromise, rather than ultimate,
characteristics must be accepted,

Peak power handling capacity at a given frequency can
be increased by increasing the spin wave linewidth of
the material and/or decreasing its saturation magnetization,

Low power insertion loss increases with increasing
intrinsic linewidth,

High density materials lead to the best overall ferrite
characteristics for FDPS applications and

<COPOC




6. Magnetic losses in some remanent materisls appear
to decrease at {requencies below resonance at about
the same rate as at frequencies above resonance,
much the same as they do in magnetically saturated
materials,

Section §

This section presents a summary of the conclusions deduced from the
results of this study. Typical tradeoffs between peak power, insertion loss, and
phase shift per unit length are illustrated in Table VII,

004002
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2 INTRODUCTION

2.1 BACKGROUND OF PROGRAM

Research and development efforts on ferrite digital phase shifters (FDPS)
have established certain guidelines useful in the selection of materials and structures
for these devices. These efforts have established that materials from the
magnesijum-manganese ferrite and the rare earth substituted yttrium aluminum iron
garnet families are the chief materials of interest. The structures of principal
interest are dielectrically loaded recta.gular ferrite toroid configurations in
reduced width waveguide. Within these basic guidelines, certain refinements of the
material and structural parameters will serve to optimize the performance
characteristics of digital phase shiters. For example, rare earth doping may be
utilized to increase the peak power handling capacity of the ferrite and gadolinjum
substitutions can stabilize the magnetization of the ferrite, and hence the phase shift
of the devices over wide temperature ranges. The limitations of these and other
such techniques and the interrelation of the vaﬂau device properties have not heen

clear.

It is the purpose of this program to determine these limitatior.s, develop
the necessary improvements in the materials, and establish quantitative information
which will clearly define the tradeoffs involved in obtaining satisfactory peak power
performance with minimum sacrifice of insertion loss, switching characteristics,
etc. To this end, a combined theoretical and experimental program have been
initiated. The theoretical and experimental efforts are closely coordinated. It is

felt that a more complete understanding of the physical processes involved in

remanent state devices has been obtained, and that the analytical techniques
developed can permit the prediction of the intrinsic material parameter: required to
yield prescribed phase shifter characteristics. In addition, an investigation is being
performed on the effects of material preparation techniques on the material
parameters which are found to be important in determining phase shifter perform-

ance.




3.2 PROGRAY OBJECTIVES

The basic p: ogram cbjectives are as follows:
o Improvement and evalustion of ferrite and garnet

materisls for use in digital phase shiftersat L, 8, C,
and X bands will be pursued with increased effort at
the lowsr frequency bands. Emphasis will be placed
on development of peak power capability of the order
of 100 kilowatis while generating insertion losses of
1 4b or lees and phase stability with temperature

Microwave digital phase shift structures will be
studied with special emphasis on materials derived
in this program combined with the rcquirements for
high switching speed, low switching power, low loss,
low holding power, compact configuration, low unit
cost, and high peak and average power handling
capability.

T AT A 2
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3 OPERATING DYNAMICS OF FERRITE* DIGITAL PHASE SHIFTERS
3.1 BASIC CONCEPT OF FERRITE DIGITAL PHASE SHIFTERS (FDPS)

Ferrite loaded transmission structures have been used for a number of years
to obtain electrically-controllable reciprocal and nonreciprocal phase ghift. The oper-
ation of early ferrite phase shifters was based on changes in the propagation constant
of the ferrite loaded structure which occur when the rf per meability -of the ferrite is
varied by controlling the ferriiz’s dc magnetic bias field. These variable-bias-field
phase shifters were rather bulky in size and slow in switching from on= phase shift
value to another, due to the substantial electromagnet required. In addition, dc power
consumption was high because of the holding current required to maintain a given phase
shift. Such characteristics are unacceptable in many applications, Beam steering in |
a rapic scanning array, for example, requires high performance, variable phase shifiers i
capable of fast switching, requiring low switching and holding power, and producible in
large numbers at low cost.

The ferrite "digital''? or "latching' phase shifter concept represents a signifi-
cant and promising advance in phase shifters for rapid scanning array application. mhe
innovation that distinguishes the 'digli-ta.l phase shifter from its predecessors is the utili-
zation, as the phase shift element, of a "square hysteresis loop' ferrite physically
arranged to form a closed mialeiié path. Operation is then based on the change in pﬂp—
agation constant which occurs when the rf permeability of the ferrite is varied by c'hang
ing the remanent magnetization of the ferrite. The remanent magnetization is varied: by
switching from one remanent state to another around major or minor hysteresis ‘,loepa
Digital phase shifters can be realized in rectangular and cylindrical waveguide, acoa.xiﬂ,
stribline, hehcal, meander and other transmission structures. -

, A cutaway view of a particularly useful nonreciprocal ferrite digital phase
shifter is shown in Figure 1. In this structure, the phase shifting element is a rectan-
gular toroid of ""square loop'" ferrite positioned along the aris of the rectangular wave-
guide. A single turn of wire coaxial to the ferrite toroid provides a path for the current
pulses which magnetize the ferrite to either of two remanent magnetization states

* The word "ferrite' is used in this report to represent any ferrimagnetic material,
' B. Lax and K. J. Button, Microwave Ferrites and Ferrimagnetics, McGraw-Hill

Book Company, Inc., 1962, pp. S589-009,

2 M. A. Treuhatt and L. M. Silber, "Use of Microwave Ferrite Toroids to Eliminate
External Magnets and Reduce Switching Power, " Proc. IRE, vol. 46, p. 8, 1958,




{#M, or -M,) a8 shown in Figure 2. Bias power is thus requived only in switching from
one gtate to the other, L.e., noholding current is required. Corresponding to these
atates, there are phase shifts +¢, &nd ~¢, and ‘neir difference, 4., is the nonrecipro-

mm shift of the ferrite ":.™ ‘In the device several bits of different
m:ﬁt ‘used in cascade to achieve ‘step-wise variable, or digital, phase shift by
activating Mh -c!l,.) the appropriate combinations of bits, with the remaining
‘bits deft in she “inactive’ (-M,) stite. ‘The dielectric core of the toroid helps to concen-
trate the 1f energy in the ferrite. 1f a total adjustable phase shift of 360° is required,
{for ﬁtllpk. the lengths of the torold ‘segments might be selected so that phase shifts of
180°, 90°, 45° 22.5° 11.25° and 5.625° are obtained. The result is a phase shifter
cnp’ﬂ‘ of «exhibiting any differential phase shift from.0° to 360° in 5.625° steps. Com-
mon Men ;hte call such a device a six-digit or six-bit phase shifter,

Alw above, the FDPS may ‘be devised in a variety of transmission struc-
tures and may ‘be nonreciprocal or reciprocal, depending upon the manner in which the
r{ fields couple to the magnetic moments of the ferrite. All of the ferrite torcid may be
mm in the rf field or, alternatively, to:aid in temperature stabilization, only a
pcrﬂon-l( the ferrite may be irameraed in the rf field with the magnetic path completed
by externsl ferrite segments. . However, in all the varieties of ferrite digital phase
shifters, the properties of the ferrite itself have the dominant role in determining the
“'quality" of the aevice.

‘The sections that follow discuss and analyze the role of the ferrite properties
in determining the operating characteristice of ferrite digital phase shifters. Material
requirements for reciprocal and nonreciprocal phase shifters are very similar. Empha-
8is in the analysis and experiments reportes here i8 placed on the nonreciprocal variety
which, thus far, ;ippms to be most promising for phased array application,

3 E. Sternand W. J. Ince, "Temperature Stabilization of Unsaturated Microwave
Ferrite Devices, " llthAnnuﬂ‘Cen( mﬁapetkm&ndlbgmﬂcms, San
Francisco (Nevenbcr 1985); 5. Appl. Phys. 37, 1075 (1 March 1866).

3-2
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‘3,2 ANALYTICAL MODEL® OF FERRITE DIGITAL PHASE BHIFTERS .

The preper evaluation of materials for use in forrite digital phase shifters
‘requiires the availahility of at least a qualitative physical model for the materials and

-other slements of the phase shiftor, Buch models serve as an indispensable atd in
sorrelating ani interpreting experimental data. To be able to predict the material '
parameters required for preducing a phase shifter with specified performance char-
‘acteristics or, alternatively, to predict how a given material will perforin in a phase
-shifter without actudlly carrying out an experimental test, it is necessary to have an
socitrels ‘methemstionl ‘moedel for the material and other elements of the phase shifter.
I ssidition to the mathematical medéls, analysis techniques are required which enable
the ‘transfer characteristics.of the phase shifter to be related mathematically to the
intringic material and dimensionsl parameters of the device structure. The validity

.of ‘the mathematical models and analysis technigues must then be carefully evaluated by
comparison v anslytical predictions with the results of experiments performed on lab-
oratory models of the phase shifter. With such models and analysis techniques avail-
.dble, the performance of ferrite in different frequency bands and with different geom-
‘stries can be eviluated without having to resort to an actual laboratory measure-

‘mert for each geometry and frequency.

The principal difficulty in generating analytical models for ferrite devices is
in the representation of the ferrite itself, If the ferrite is magnetically saturated, then
its miorowave magnetic properties, including magnetic losses, can be representea by
the Landau - Iifshitz permeability tensor.‘ However, for a partially magnetized or
remanent state material, such as those used in ferrite digital phase shifters, the

Landsu - Lifshitz permeability tensor is not an accurate represen:ation of its magnetic
properties and a more general representation, based on a generalized physical model
of the ferrite, must be derived.

4 B. Lax and K,J, Button, Ibid, P 154,

24




S.2.1 Microwave Magnetic Properties of Partially Magnetized Ferrites i

The representation of the microwave magnetic pronerties, particularly of

-~

magnetic losses, in partially magnetized ferrites is complicated by the existence of

a multiplicity of magnetic domains of various shapes and orientations, It hag been
suggested by Ince and Sterns and others that the remanent state ferrites in digital
phase shifters can be treated as though the ferrite is magnetically saturated with an
equivalent saturation magnetization equal 1o the actual remanence magnetizaiion, ao

far as phase shift is concerned, and totaliy unmagnetized so far as losses are con-
cerned. .V Magnetic losses are then represented by the artifice of 2 magnetic loss tan-
gent (tand= fl-‘-) in analogy with the lossy initial permeability of unmagnetizad samples.
This characterization suffers from the fact that it obscures the relation of the mag-
netig losses to the intrinsic parameters of the ferrite. Magnetic loss tangents of

remanent state ferrite toroids are not intrinsic parameters of the material. The

measured value of loss tangent varies with the mamner in which it is measured, the

frequency of the measurement, an’ so forth. Thus, in order for a magnetic loss
tangent characterization of the logses in a device to be traly meaningful, the measuse-
mant frequency and the geometry of the test conﬂg'uratibn (i.e., the marner in which
the rf field couples to the magnetic moments of the ferrité) must be the same as those
of the operational device,

Apother issue arising in the characterization lof remanent state ferrite toroids
is the question of the value of the effective intornsl bias field Hi of the material.
Because there is no extarnally applied bias fieid, a possible starting point is to assume
that Hi is zero. This is in fact the procedure foilowed by most other investigators.
However, inasmuch as 2 resonance tyre of loss has been experimentally observed in
remanent state toroids,{’ it appears thut the effeciive internal bias fisld is not zero,

~ and this fact muet be taken into account in any accurate model for partially magnetized

materials.

‘w.J. Itme“and E. Stern, "Non-Reziprocdl Remanence Phase Shiftars in Rectangulur
Waveguite, " IEEE International Convention Record, Part 5, p, 33, 1966.

* 'Findl Report on "Advanced Ferrimagnetic Materials Applied To Digitdl Phase
Shifters, "' Sperry Microwave Electronics Company, Report on ARPA Order No 550,
Program Code No 4730, RADC Chantract No AF-30(602)3490, January 196
PP 130-160,
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Because of the inherent disavantages of available characterizations of the

~ microwave magnetic properties of remanent state ferrites, a strong effort hus been

8 ullo to dovolop & model which accounts for observed phenomena and which canbe  »-
4 nod !or uomrtte prodicuon of phase and loss characieristics ir ferrtte devices such

as tho di;lttl phuo shifter. In the "new'" model for remanent state or partially mag-

m_g.mm@ magnetic losses are accounted for via an intrinsic resonance line-

| wldth and the effects of a nonzero effective iniernal field are included. This model,’

to be described below, appears to account rather completely for the observed loss

and phase properties of remanent stat. lerrite toroids.

. The physical "picture" on which the new model is based is as follows. A
saturated ferrite sample in composed of a single magnetic domain, 1.e. , all the
microaéopic moments in the material are sligned. However, in a remanent state or
partially magnetized ma‘erial, the microscopic magnetic moments are no longer all
aligned. Instead, the sample will be composed of a number of magnetic domains, each
of which is completely saturated (1.e. the moments are all aligned), but with the
moments in various domains criented in different directiors. Each domain has as-
sociated with it nn efiective bias field whick arises from magnetocrystalline anisotropy
effects and from demagnetizing fields that resuit from the rf demagnetizing factors
associated with the particular domain shape and environment (i.e. similar to the
Polder - Smit srﬂment).,x The effective fieid of each domain may be different, and as
a consequence in each domain the magnetization will exhibit precessional resonance at
a characteristic frequency determined by the anisotropy field and the particular de-
tﬁasnoﬂ:v‘ 2 field of the domain, In general then, a spatial averaging prccess must be
carried out to mathematically relate the net rf magnetization to the rf magnetic field,
and it is apparent that the domain structure will exert an appreciable influence on the

macropcoplc properties of the material.
The permeability tensor for partially magnetized ferrites can ve obtained by

an extension of a concept suggested by Rado.. who made an extensive qualitative
examination of arbitrarily mag