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1     SYNOPSIS 

This report describes the results of work performed by Sparry Microwave 

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. 500). 

The objectives of this program are 

1. To determine the limitaticias imposed by intrinsic material 
parameters on the peak power handling capacity «if 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. 

Q Emphasis is placed on attaining high peak power capacity even at the expense of 

C some degradation of other performance characteristics.   To permit an assessment 
o 

of the cost of attaining a specified peak power capacity in terms of possible degrada- 

tion of other performance characteristics, 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 material 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 tLe program objectives are 

presented. 

Section 3 

This section presents troth a qualitative and an analytical discussion on how 

the intrinsic material parameters of remauent state ferrimagnetic materials 
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laflumiM tlw operating charaetorlttiet of ferrlte digitol phase shifters (FDPS). 

Emphasis Is placed on clearly describing the Umltlatlons Imposed by intrinsic 

material parameters on high peak power operstlon. 

The section begins with a qualitative description of the operating principles 

of a waveguide nonreclprocal digital phase shifter.   Following the Introductory 

comments Is a discussion of a physical model for remsnent state ferrltes which 

appears to account quite well for the experimentally observed properties of these 

msterlals.  The central concept used In the development of the physical model is 

that a remaneat state material Is made up of a substantial number of magnetic 

domains.   Each domain Is a magnetically saturated region v,Sa»6 properties can be 

described by conventional theory of saturated media.   The behavior of the domains 

differs because oach may have a different shape, and the mapatlzatlon of the 

various domains points In different directions.   Each of these domains then 

esperlenoes sa "effective" bias field whose magnitude Is related to intrinsic 

material parameters and to the shape of the domain.   From the physical model a 

mathematical mod*' for remanent state ferrltes Is developed based on averaging the 0 
n 

properties of the individual saturated regions to obtain a set of effective properties K 
o 

for the bulk remanent state material.   The mathematical characterization, thus, O 

takes the form of a complex "average" tensor permeability which includes the 

effects of Intrinsic llnewldth, magnetocrystalilne anlsotropy, remanent magnetiza- 

tlon, and an average demagnetizing field appropriate 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 material. 

The discussion of physical and mathematical models of remanent state 

ferrltes Is followed by a description of analysis techniques which can be used to 

obtain numerical relationships between the transfer characteristics of a phase 

shifter (I.e., loss and phase) and the dimensional and material parameters of the 

stnicture.  As an example of these techniques, the propagation constant equation is 

derived for a typical digital phase shifter model. 

An analysis of peak power efforts In remanent aih*e ferrltes Is next pre- 

sented.  The analysis Is based on the multldomaln model of remanent materials 
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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 terms of the 

spin wave interactions of the well known Suhl-Schloeraann theory of nonlinear effect- 

in saturated media.   Each domain may experience a different effective bias field and 

hence may have a different threshold power level from all 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 FDP8, 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 hcrlt Is proportional to the spin 

j wave llnewidth 4Hk and inversely proportional to the normalized saturation magneti- 

zation u>m/cj.   Since 4 Hk is a function of the wave number k (iH^ « A ^ Bk2), 

obviously hgrtt depends dramatically upon the availability of low k number half- 

frequency spin waves.   In remanent state ferrltes the availability of half-frequency 

spin waves with low k values In turn depends upon ü>m/u through the dependence ol 

each domain's effective bias field on demagnetizing terms. 

For even the most unfavorably biased domains (Polder-Smlt type domains) 

low k spin waves are no longer available when wm/w drops below abort 0.3.   As a 

result of the k dependence of 4Hk, these domains will exhibit an abrupt Increase In 

4Hk, and hence hcrIt, for utm/u w 0.3.   For other types of domains the restriction 

of scattering to high k states (and increase in hcrit) will occur at larger values of 

(Jm/(j .   Thus, the rate of change of hcrlt,wlth utm/(ü will vary with the type of 

domains present In the torold.   In any event, however, hcrlt 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 4 Hk of low k spin waves (e. g., by rare earth doping 

of garnets) or by changing Ufa/u (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) coercive force (Hc) 

and switching tune Ts are related to the Intrinsic and ceramic properties of the 
ferrite. 
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TUa ••ction pTMMto a dlftoutilon ftnd oompftrison of the result« of the 

antlytteal «ad «sperimeotel pfafttM of the progrftm.  The remit» presented include 

1. Numerleftl prediction« of pluuie shifter performance 
ohftrftcterietic« obtftined from ft computer-sided solution 
of the enct boundary vfthie probkem, including the 
effeets of losset, for the waveguide digital phftse 
shifter conligurstion on which most of the eftperimentftl 
meftsurements were performed, 

2. Extensive experim«iUJ dsta depicting the effect of 
mater lei end dlmeneiouftl parameters on low and Mgh 
peak power digital plmse shifter characteristics, 

3. Experimental dsta depicting the dependence of the micro- 
r ave sad square loop material properties on preparation 
technique« sad ambient temperature, end 

4. Experimental data depleting phase shift and magnetic 
loss variations at frequencies below resonsnee. 

Prom these data it can be seen that 

1. Good agreement is obtained between theoretical perform- 
ance predlctloiis and experimental data, 

2. Material parameters and structural dimension« ran be 
selected to optimize phase shifter performance in terms of 

8.     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, 

4. Low power insertion loss increases with increasing 
intrinsic linewidth, 

5. High density materials lead to the best overall ferrite 
characteristics for FDPS applications and 
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• Loos per 360° of differential phase shift, &- 

O 
• Peak power handling capacity, ^ 

• Phaee shift per unit length, or 

• Stability of performance over a large frequency 
range, or 

• Stability of periormanoe ove*. a large tempera- 
ture range, etc., 

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

J 



6.      Magnetic lostea In gome remaneut material« appear 
to decrease at frequenciea halnw mg^g at about 
the same rate as at frequencies above reaonance, 
much the same as they do in magnetically saturated 
materials. 

Section 6 

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. 

O 
O 

o o 
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2    INTRODUCTION 

2.1  BACKGROUND OF PROGRAM 

Research and development effort« 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 

magnesium-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 rectai^lar 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 

g characteristics of digital phase shifters.   For example, rare earth doping may be 

^ utilized to increase the peak power handling capacity of the ferrite and gadolinium 

5 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 various device properties have not been 
clear. 

It is the purpose of this program to determine these limitatioiiS, develop 

the necessary improvements in the materials, and establish qusntitative information 

which will clearly define the tradeoffs involved in obtaining satisfactory peak power 

performance with minimum sacrifice of insertion loss, switchii« characteristics, 

etc.   To this end. a combined theoretical and experimental program have been 

initiated.   The theoretical and experimental efforts are closely coordinated.  It la 

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 parametert 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 determine« phase shifter perform- 
ance. 
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t.t PEocaum OBJECTIVES 

TfaebMtcp   P«JB objective! are M follow«: 

•    InprevftUMt and evaluation of ferrlte and garnet 
materials for uee to digital phase ihifter« at L. 8. C. 
and X baada will be pursued with tocreased effort at 
the lower trspupy hands.  Emphasis will be placed 
on development of peak power capability of the order 
of 100 kilowatts while generattog insertion losses of 

,   1 db or loss and phase stablUty with temperature 
mm the military range. 

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

' 

2-2 

f ■ 



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 shift.1   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 permeability of the ferrite is 
varied by controlling the ferrite's dc magnetic bias field.   These variable-bias-field 
phase shifters were rather bulky in sice 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 rapid scanning array, for example, requires high performance, variable phase shifters 
capable of fast switching, requiring low switching and holding power, and producible in 

CNJ 
o large numbers at low cost. o 
o The ferrite "digital"2 or "latching" phase shifter concept represents a signifi- 

cant and promising advance in phase shifters for rapid scanning array application.   The 
innovation that distinguishes the digital 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 magnetic path.   Operation is then based on the change in prop- 
agation constant which occurs when the rf permeability of the ferrite is varied by chang- 
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 loops« 
Digital phase shifters can be realized in rectangular and cylindrical waveguide, coaxial, 
stripline, helical, 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 axis of tire rectangular wave- 
guide.   A single turn of wire coaxial to ihe ferrite toroid provides a path for the current 
pulses which magnetize the ferrite to either of two remanent magnetization states 

«^   -4 

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

Book Company, hoc., 1962. pp. 589-009. 
2 If. A. Treuhaft and L. M. Silber, "Use of Microwave Ferrite Toroids to Eliminate 

External Magnets and Reduce Switching Power," Proc. BtE, vol. 46, p. 8, 1958. 
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(^ or -Mj.) M «hown In Figure 1.   Bias power Is thus required only In switching from 
one state to the other, 1. e., no holding current is required.   Cor responding to these 
states, there are phase shifts +^r and -^r and their difference, d^r, is the nonreclpro- 
cal, differential phtiae shift ctf the ferrite "bit." In the device several bits of different 
»alues are used In cascade to achieve step-wise variable, or digital, phase shift by 
acüvating (charging to +M,.) the appropriate combinations of bits, with the remaining 
bits left in «he "inactive" (-Hj.) state.   The dielectric core of the toroid helps to concen- 
trate the rf energy In the ferrite.  If a total adjustable phase shift of 360° Is required, 
far example, the lengths trf the toroid segments might be selected so that phase shifts of 
180°, W®  ig0, tl.80, 11. «6°, and 6.62«° are obtained.   The result is a phase shifter 
capable of exhibiting any differential phase shift from 0° to 360c in S. 625° steps.   Com- 
mon terminology is to call such a device a six-digit or six-bit phase shifter. 

As liqplled 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 
rf fields couple to the magnetic moments of the ferrite.   All of the ferrite toroid may be 
immersed in the rf field or, alternatively, to aid in temperature stabilization, only a 
portion of the ferrite may be immersed in the rf field with the magnetic path completed 
by extermd ferrite segments.3  However, in aU the varieties of ferrite digital phase 
shifters, the properties of the ferrite itself have the dominent role in determining the 
'quality" of the device. 

Hie sections that follow discuss and analyse tht role of the ferrite properties 
in determining the operating characteristics of ferrite digital phase shifters.   Material 
requirements ior reciprocal ami nonreciprocrtl phase shifters are very similar.   Empha- 
sls in the analysis and experiments reported here is placed on the nonreciprocal variety 
which, thus far, appears to be most promising for phased array application. 

c 
o 
Ck.. 

O 

) 

• 

E. Stern and W. J. face, "Temperature Stabilization of Unsaturated Microwave 
Ferrite Devices," 11th Annual Conf. on Magnetism and Magnetic Materials, San 
Francisco (November IMS); J. ABPI. Phys. 87. 1075 (1 March 1966). 
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8.2 ANALYTICAL MODEL« OF FERRITE DIGITAL PHASE SHIFTERS 

Tlw proper «valuation of materials for use in ferrite digital phase shifters 
requirea the availahlUty of at leaat a qualitative physical model for the materials and 

alter «leiBents of Um phase shifter.   Such models serve as an Indispensable aid in 

oorrelating ana interpreting experimental data.  To be able to predict the material 

parameters «squired for producing a phase shifter with specified performance char- 

aetoristlcs or, alternatively, to predict how a given material will perfortjo in a phase 

shifter without actually carrying out an experimental test, it is necessary to have an 

model for toe material and other elements of the phase shifter, 

to toe mathematical models, analysis techniques are required which enable 

toe transfer chsracterlatics of toe phase shifter to be related mathematically to the 

Intrinsic material and dimensional parameters of toe device structure.   The validity 

of toe mathematical models and analysis techniques must then be carefully evaluated by 

comparison vi analytical predictions with the results of experiments performed on lab- 

oratory models of toe phase shifter.   With such models and analysis techniques avail- 

able, toe performance of ferrite in different frequency bände and with different geom- 

etries can be evaluated without having to resort to an actual laboratory measure- 

ment for each geometry and frequency. 

The principal difficulty in generating analytical models for ferrite devices is 

In toe representation of the ferrite Itself.   If the ferrite is magnetically saturated, then 

its microwave magnetic properties, including magnetic losses, can be represented by 

toe Landau - lifahttz permeability tensor. However, for a partially magnetized or 

remanent state material, auch aa those used in ferrite digital phase shifters, the 

Landau- Llfahitz permeability tensor is not an accurate represeniation of its magnetic 

properties sad a more general representation, based on a generalized physical model 

cf the ferrite, mut be derived. 

4 B. Lax sad K.J. Button, Ibid, P 154. 
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3-2-1  Microwave Magnetic Properttea of PurtJally MagiMtited FerriteH 

The representation of the microwave magnetic properties, particularly of 

magnetic losses. In partially magnetized ferritf s Is complicated by the existence of 

a multiplicity of magnetic domains of various shapes and orientations.   It, has been 

suggested by Ince and Stern' and others that the remanent state ferrites In digital 

phase shifters can be treated as though the ferrlte is magnetically saturated with an 

equivalent saturation magnetization equal to the actual remanence magnetization, so 

far as phase shift is concerned, and totally unmagnetized so far as losses are con- 

cerned.   Magnetic losses are then represented by the artifice of a magnetic loss tan- 

gent (tani=$") in analogy with the lossy initial permeability of unmagnetized samples. 

This characterization suffers from the fact that It obscures the i-elation «f the mag- 

netic losses to the Intrinsic parameters of the ferrlte.   Magnetic loss tangents of 

remanent state ferrlte torolds are not intrinsic parameters of the material.   The 

measured value of loss tangent varies with the manner m which It is meaaured, the 

frequency of the measurement, an  so forth.   Thus, in onler for a magnetic loss 

tangent characterization of the losses in a device to be truly meanlngfu). the measure- 

mant frequency and the geometry of the test conflguratlou (1. e.. the mannör in which 

the rf field couples to the magnetic moments of the ferrlte) must be the same as those 
of the operational device. 

Another issue arising in the characterization of remanent state ferrlte torolds 

is the question of the value of the effective Internal bias field Hj of the material. 

Because there is no externally applied bias field, a possible starting point Is to assume 

that Kj is zero.   This is in fact the procedure followed by most other investigators. 

However, inasmuch as a resonance type of loss has been experimentally observed in 

remanent state toroids,6 it appears that the effecdve Internal bias field Is not zero, 

and this fact muet be taken Into account in any accurate model for partially magnetized 
materials. 

W. J. ftce and E. Stem, "Non-He-slprocal Remanence Phase Shifters In Rectangulkr 
Waveguide," IEEE Intematlocal Convention Recoid, Part 5, p. 33. 1966 

Final Heport on "Advanced Ferrlmagnetlc Materials Applied To Digital Phase 
Shifters." Sperry Microwave Electronics Company, Report on ARPAOrter^o 

^SSJTKo 4730t RADC Co,ltract No "SSÄtS S£r NJ> 550' 
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BeeaiiM of Um inherent diMvtntafae of available characterization« of the 

»iozowave mafnetic propertief of remanent state ferrites, a strong effort has been 

nede to develop a model which accounts for observed phenomena and which can be    ' 

need for sccurato prediction of phase and loss characierietlcs in ferrite devices such 

as the digital phase shifter.   In the "new" model for remanent state or partially mag- 

netized ferrites, magnetic losses are accounted for via an intrinsic resonance line- 

width and the effects of a nonzero effective internal field are included.   This model, 

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

and phase properties of remanent stat^ ferrite toroids. 

The physical "picture" on which the new model la based is as follows.   A 

saturated ferrite sample In composed of a single magnetic domain, i. e.. all the 

microscopic moments in the material are aligned.   However, in a remanent state or 

partially magnetized maserial, the microscopic magnetic moments are no longer all 

aligned.  Instead, the sample will he composed of a number of magnetic domains, each 

of which Is completely saturated (1.e. the moments are all aligned), but with the g 
it 

moments in various domains oriented in different directions.  Each domain has as- o . o 
soolated with it an effective bias field which arises from magnetocryatalline aniaotropy .) 

effects and from demagnetizing fields that result from the rf demagnetizing factors 

associated with the oarticular domain shape and environment (1. e. similar to the 

Fodder - Smit argument).   The effective field 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 aniaotropy field and the particular de- 

magnetiz- i field of the domain.  In general then, a spatial averaging process must be 

carried out to mathematically relate the net rf magnetization to the rf magnetic field, 

and it la apparent that the domain structure will exert an appreciable influence on the 

macroscopic properties of the material. 
The permeability tensor for partially magnetized ferrites can be obtained by 

an extension of a concept suggested by Rado, who made an extensive qualitative 

examination of arbitrarily magnetized ferrite media.  In auch media the intrinsic tensor 

relationship may be written in the form 
7 D. Folder and J. Smit, "Resonance Phenomena in Ferrites," Rev. Modern Physics. 
25,89(1963). 
' G.T. Rado, "On the Electromagnetic Characterization of Ferromagnetic Media: 
Perm »bility Tensors and Spin Wave Equations, "IRE Trans, on Ant. and Prop., 
vol. AF-4,p.612(1956). 
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where <b>and <K>are the spatial averages of the tüne-varyl^ components of 

the magnetic Induction and the magnetic field Intensity.   The <-> are effective 

permeability components averaged over several domains and. as such, are 

directly measurable quantities.   Under the assumptions of Rado's theory   the 

relation between the macrosccplc "point" field quantities K and K (not average) 

is given by a spin wave equation at points within the domain walls and by a ten- 

sor inside the domains, but the experimentally important relation between the 

average quantifies <B>and <i2>is given by a tensor everywhere.   Relating^ 

to th. measurable intrinsic magnetic properties of the ferrite is. in general, 
exceedingly difficult. 

^As suggested by Rado, the relation <//JÄ> between the effective rf 

flelds< b> and<K> can sometimes be obtained by performing spatial averages 

on the relation ^ between the "point" rf fields b and h of an appropriate satu- 

rated media problem.   With ihis in mind the relationships between b and h for 

a ferrite sample consisting of a single domain magnetized by an applied magnetic 

field will now be considered.    The saturation magnetization Mg of the domain 

and the net effective magnetic field if, are assumed to be oriented in different 
directions as shown in Figure 3. 

T^e following derivation closely follows that of J. L. Allen as given in 
The Analysis erf Ferrite Phase Shifters Including the Effects of Losses." 

Ph.D. Dissertation. Georgia Institute of Technology. May. 1966 
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Figure 3. Relative Directions of the Saturation Magnetization 
U   and of the Net Effective Static Magnetic Field 

Acting on a Single Domain 

3-8 

The equation of motion for the macroscopic magnetization, including losses 
via the Landau-Lifshitz damping term, is 

;£-  =   ye (M x tf)  - -|j- M x — (2) 

where   S = M   + fle^1   H = H   + TleJwt 

s i 

^s " l^sl I TitoOooBt + ysintfsin^ + ?cosd|= saturation magnetization 

K = ik  +"5^  +7h    ■ rf magnetic field 
x      y        SB 

m ■ lin   + Xm + Km    = rf magnetization x        y        z 
2 i 

ye  " yC1 +a ). ö " JS¥' ' T" damping time-constant 

H   = TH  +11H  + *H    »net effective field acting on a single domain 

■   jifJ |T8ln B cos A + fain B sin A + i?cos B j 
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Expanding Equation 2. equating coefflclonta of e** and after considerable 

algebra the following small signal permeability is obtained. 
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where ■H 2 2 
(wer)  +(y '.PJ>2]^ 2way H sin0cos ö e x 

+2(jay H sin tf sin <k + 2wa y e y e 
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H 

H 

jifj tin B cos A 

[ffj sin B sin A 

if I cos B 

H cos 0 1 z        J 

If 0 and B are both zero, corresponding to a saturated media with saturation 

magnetization and bias field oriented in the same direction, the permeability 

given in Equation 4 reduces to the familar Landau-Lifshitz form. 

As previously noted, an unsaturated material is composed of many do- 

mains with the magnetizations of the individual domains oriented at different 

angles (0-B, 0-A) relative to the effective internal magnetic field if.   The re- 

sult of Equation 4  can be extended so that It applies in unsaturated media if 

spatial averages which extend over several domains can be performed.   Since 

the distributions of the magnetizations of the domains as functions of 4 and 0 

and of the if^s as functions of B and A are not always known, the averaging can- 

not, in general, be carried out explicitly.   However, observing that, in most 

cases of practical interest, there exists a physically preferred direction for 

the magnetization and the effective static magnetic field often permits the 

averaging with respect to angles in the plane perpendicular to the preferred 

direction to be performed explicitly.   The physically preferred direction of mag- 

netization may arise in various ways.   For instance, if we apply even a very 

small do bias field to the sample, a preferred direction of magnetization H es- 

tablished in the direction of the applied field.  Alternatively, If we arrange the 

ferrite so that it fo-ms a closed magnetic path, such as the toroidb in the latch- 

ing phase shifters, the geometry of the sample establishes preferred magnetiza- 

tion directions.  Assume, then, that the preferred magnetization direction is the 

+z direction and that this is also the preferred tUrection for the Hj's. For this 
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i, all vAluet of # and of A between 0 «ad 2ir are equally likely.  If it is 

tlMt&l I v^fii ^^ the M,DC' v,üue for aU of the "several domains»' 

over which the apatisi avaragtnf is to be performed and that the angles between 

tfcft ffj's and UM x-axis are email, the tensor permeability of fiquation 3 after 

averaffinf with respect to ^ and A beeooms 
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81 

with rnnpect io$ and B, it is neceivary to know the dtetribution of these 

mglii as funcüonß of the other parameters of the problem (e. g., as a 

fttnoUoB of the applied bias field). 
For Urn case in whieh the angle between H and the z-asde it small, the 

penBMrihflltjr ooMpoMBts« as gitm hi E^ptttfon 7 • f0 huiotlans of ^ alone. 

Evan te tills case, the average with respeot to € cannot be performed explicitly 

specific assumptioas about the distributions of 9 as a function of 

field.   However, because the average with respect to 0 is in- 

1 to measurable phyaical quantities, a very useful form of the 

permeability tansor for uneaturated media can he obtained as follows.   Write 

1 of the permeability components given in Equation 7 with the ope ra- 

I spatial average with respect to $ .  Collecting terms and 

theii physical significance leads to the desired permeability compo- 

nents.  Writing cut the average with respect to 9 . the following expreaaim*: 

<>* 

D 
C 

<*'> *.A,Ä 

<*> 
*,A,B 

<cos 0>. 

*y,|i1|<ü«)8rB|fiJ<e«3»>J 

JT-|[i-<''.N>2+i-"2+-r(u0,1yelaJ<'!0'2^ 
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<*■ VA,* 2  S/^-2 

<^> 

--r^«)2]>;p8|a-<co8
2^) 

0.A.«   = i+ T"| (wa)2cjifj)<2y |»JJ)KCO8^ -^OB^^)] 

Where it has been recognized that the second term pf A is very small compared 

to the first term for parameter values corresponding to the normal operating 

range of phase shifters sothat4a[-w2 + (y IH I)2  - (wo )2J 

b In the permeability components of Equation 8, terms of the 

k_ torm PJ <008 0>s > |^B| <ooB2e>e . and \MB\ <OOB
3
$> are observed to 

/ oooiT.   The first term, pj < cos t^. is physically just the remanent mag- 

netJaation, Mr. in the »-direction.   The second and third terms can be re- 

lated to the remanence ratio, R , which is defined by 

M 
Rr " TMT"   " <OOB^>^ •   If Mr is to be greater than zero, the distxibution 

of the magnetizations of the domains with respect to $ must be "peaked" in the 

first qimdraat so that < cos &>>0.   ff this is truet it 1« easily ahown that 

|fl,|<oo.2«>s   iKll<'!M«>»I2 = iaJH' 
and 

The saturation magnetizaüon ml and the remanent imgnetis^icm oaa 

be measured by independent methods.   The damping ocnstamt & (m äM.) 

can be determined from other measuremOTts.   The quantities <c©s2^X 
S 2 8 

and <cos $>   can be ajaproaüaiated Igr R    and E , respectively, wlmre R 
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ic the nesaurwl ratio of xomuraMe nw^netliation to saturaUon magoetizatlon. 

w the wAorowam radian fivquenc^, will be known, this leaves only  {HJ   ae an 

factor In Equation 8.    | R j can often be estimated by using Kittels equation 

to confute an eflectlve field for an "avorage" or "major" domain.   The demagnetizing 

laetors for Urn "avei^ge" domain can alten be estimated from the geometry of the 

It is fig»««»™»* that tiw real and Imaginary parts of the permeability com- 
2 „     3^ 

V pohtato depend in different ways upon < oos0>0. <cos $>$ , axtf s.cos $># . 

The following special ease vividly displays these differences.   Suppose that  | HJ = O 

InEqnatlcmS.   Hie permeability components then become 

*   1 

- wy |M |<co8«>fl 

0. A.ö 

<V> ̂
. A.« 

0t A, v 
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O 
c 
re 

un*y 
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ndiere 

PJ <cos 0^    - remanent magnetization = M 

<cos OX   ■ remanent ratio « R o p 

lilt 
il«.l< l + «o»29>. -iia^i^oo.2»^ 

415,1(1* [<«-«>,]»). 
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Th.«io«. i lifj < ! + «..^  g ML^   5 |ff.| " + *l >• 

[<«» « >s j ") or   JMB| < 1 - K«2»^ S ML 

- lM8l (1 ' ^   Thu8 ^ "»««netlMtioia enters the real and imaginary parte 
of the penneahUlty components In different manners.   The «pproprl^e effec- 

tive magnetiEation to use in the real (phase shift) part is the remanent magneti- 

zation. Mr, while the proper effective magnetization to use in the Imaginary 

Goss) parts is ML    for the xy-components and ML   for the z-compcnent.   The 

bounds on the M  's are 
id 

xy       ' 

0  <  M. "   Pel ;i - R
r

2' 

■•»»>«• 

The magnetic losses reriresented by tU imaginary parts of the permesi- 

bllity components of Equation 8  physically represent the spatial averages of 

losses due to damping of the precessional motion of the magnetization within 

the individual domains.   The effective static magnetic field Hj is to h* inter- 

preted as an effective Internal field which Includes anlsotropy and demagnetiz- 

ing effects.   With this Interpretation, the high-frequency portion erf the "low- 

field" losws   are accounted for directly by the model.   The model does not 

Include domain-wall losses.   Homvet, in high-density, unstressed ferrltes 

domirtn-wall losses are usually confined to the frequency region below 100 Mc 
and will, therefore, not be important in predicting losses at microwave fre- 
quencies. 

10 

9 Ibid, P<46 
,0Ibld, P541 
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The mitiwmatical model, which has been described above, for the proper- 

ties of remsnent state or partially magnetized ferrites has been utilised in the solution 

of the bonadary value problems for several FDPS configurations.   The results of these 

computations, together with comparison with experimental data, are given in Section 

4. S.  Very good correlation of experimental and analytical results is obtained leading 

to considerable confidence in the above model. 

3.2.2 High Power Characteristics of Partlillv Magnetized Ferrites 

Performance characteristics of ferrite phase shifters normally deteriorate 

as either the rf average power or peak power level Is increased to high values.   De- 

gradation of performance characteristics at high average power levels is due pri- 

marily to heating effects and may be controlled to some extent by designing the device 

structures to promote efficient removal of heat from the ferrite and/or utilizing 

ferrites having temperature «table properties. 

As the peak rf input power to a ferrite device is Increased, a threshold power 

level will be reached beyond which the insertion loss will increase appreciably due to 

inherent nonlinearities of the system of processing dipole moments.   The peak power 

capacity of FDPS depends both on die intrinsic threshold or ciltical field (h   ^) of the 

ferrite and on the dimensional and electromagnetic parameters of the device structure x 

through their influence on the actual rf magnetic field intensity that will exist in the Q 

ferrite fo*' a given input power level.   The nonlinear or high power effects in saturated ro 

ferrites has been reasonably well explained in terms of spinwave interactions.    There 

has, however, been some question as to the role of spinwave Interactions in nonlinear 

phenomena in remanent state materials. 

The domain model, which was used in Section 3.2.1 to obtain a mathematical 

representation of the low power properties of partially magnetized materials, offers 

a means by which high power phenomena in remanent state materials can be interpreted 

in terms of the theory developed for saturated materials.   A partially magnetized 

ferrite sample, such as the "latched" toroid in a FDPS, is made up of a number of 

domains of various shapes, sizes, and orientations.   The magnetic moments within 

each domain are all, of course, aligned (i.e., a domain is, by definition, a saturated 

region).   When an rf field is applied to a partially magnetized sample, the magnetic 

"Ibid, page 206 
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moments <rf each domain "see" an effective field determined by magnetocrystaUine 
anisotropy and the rf demagnetizing factors of the domain.  Each saturated region 

of domain may thus experience an effective bias field different from that of all other 

domains.   The rf magnetic field intensity (h^). for ^ich the precession of the 

magnetic spin system first becomes unstable, is a function of intrinsic ferrite pro- 

perties (saturation magnetization, spinwave linewldth, etc.). cperating frequency M 

and the effective internal bias field (H^.   When the maximum rf magnetic field tetensily 

in a domain exceeds h^ for that domain, the spin system becomes unstable and non- 

linear effects contribute to the losses.   Therefore, for a given ferrite at a specified 

frequency, the domain or domains biased most unfavorably will go unstable first. 

From the nonUnear theory for saturated samples, it is well known that high 

power effects In ferrites arise from the unstable buildup of oscillations of pairs of 

spinwaves whose frequencies are either degenerate with the microwave signal frequency 

or equal to one-half the operating frequency.   The half-frequency spinwaves are more 

closely coupled to the uniform precession of the magnetization than are the degenerate 

spinwaves.   xhus, the diversion of energy from the uniform precession to half-fre- 

quency spinwaves is known as a first order process, while the coupling to degenerate 
spinwaves is referred to as second order. 

The second order nonlinear process, when it takes place, results in a saturation 

of the main resonance absorption line.   The minimum threshold field for the second 

order process occurs when the material is biased to resonance.   For lower or higher 

bius fields, the threshold field for this process Is quite high. 

The first order nonlinear process may occur when the material is biased tu 

resonance, or it may be observed as an anomalous absorption at bias field values be- 

low that requirod for resonance.   Effective bias field values In the remanent state 

toroids used in FDPS are normally well below the field required for resonance.   For 

this case, the threshold field for the first order process Is appreciably lower than 

that for the second order process.   Therefore, the first order process, in which 

energy is transferred from the uniform precession to half-frequency spinwaves. Is 

the nonlinear process that limits the high peak power performance of digital phL 
shifters. 

. 
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Sinoe the occurance of the first order nonlinear process depends upon the 

availsbility of hslf-frequency spinwaves, considerable insight into the magnitude of 

the threshold field hcrtt can be obtained fron an examination of the spinwave dispersion 

relationship.   Figure 4 illustrates the spinwave dispersion curve in traditional manner. 

The abscissa is the spinwave number, k - 2>rA, where Aia the spinwave wavelength. 

Ihe ordinate is frequency.   The upper curve is for spinwaves propagating perpendicular 

to the magnetization and the lower curve for spinwaves propagating parallel to the 

static magnetization.   The position of the spinwave manifok. relative to the microwave 

signal frequency wean be adjusted by varying the saturation magnetization of the 

ferrite or Its effective bias field.   If the position of the spinwave manifold is such that 

Wi is greater than ^, then half-frequency spinwave states are available and the first 

order process will take place at sufficiently high power levels.   If the spin wave mani- 

fold Is positioned such that ^2 is less thanc^, half-frequency spinwaves are not avail- 

able  and the first order process is forbidden.   In remanent «täte toroids u/2 is nor- 

mally greater than Wb, and the first order process is allowed.    The damping of the 

■ 
ow 

w* i ' 
Wi. 

u% s u/2 

o 
Q 
N3 

k * in/k 

Figure 4.   Conventional Spinwave Manifold Showing the Dependence of Avail- 
ability Sjpinwave Numbers (k) on Operating Frequency (w) 

There are. however, discrete "Walker" modes wilh very low k numbers which have 
frequencies somewhat less than u . 

b 
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uniform precession by the various spinwaves depends upon the wave number k of the 

spinwaves to which energy is being transformed. Thus, the spinwave linewidth is a 
function of k. 

It appears that the dependence of AHk on k is 611* » A + B k2 where A and B 

are intrinsic material parameters.'   The parameter A is the spinwave linewidth for 

k = 0 modes.   The magnitude of A depends heavily upon material composition.   For 

polycrystalline YIG, A is of the oxder of five oersteds.   Materials doped with fast re- 

laxing ions, such as the rare earths Dy, Ho. Yb. etc., have much larger A's.   Four 

percent Dy doped YIG for example, has an A value of about 160 oersteds.   The Bk2 

term in the 4Hk expression does not appear to depend upon composition.   That is. 

Bk for YIG seenu to be about the same as Bk2 for a heavily rare earth doped material. 

Therefore, the Bk  factor is much more important in determining the magnitude of 

4Hk foi materials such as YIG than for rare earth doped materials.   In fact, for heavy 

rare earth doping, A may well be so large that it "swamps" the Bk2 term to such an 
extent that 4Hk appears to be independent of k. 

The first oi.-der nonlinear process car occur both for the normal pumping 

arrangement in which the rf magnetic field lies in a plane perpendicular to the direction 

of the static magnetization and for the parallel pumping scheme in which the rf magnetic 

field is parallel to the static magnetization direction.   Perpendicular and parallel 

pumping occurs simultaneously in the usual internal toroid FOPS.   The threshold fields 

for normal and parallel pumping are somewhat different, but both are directly pro- 

portional to the spinwave linewidth 41^ and inversely proportional to the ratio of the 

saturation magnetization and frequency u 4.», i. e. 
m 

(f«) 

where ^ = y^ and F^, 6^) is a function of bias field ^ and spinwave propagation 

direction ^ as appropriate for the pumping arrangement under consideration.  Direct 

control of hcrit for both iwraal aid paraUel pumping at a given fiwiuew^ can thus te 
obtained by variation of 4Hk (such as bjr rare earth doping of garnets) or by variation 

«  E. Scholomann. J. J. Green. U. Mllano, JAP, Sopp. To Vol 81. No. 5. May 1960, P8686. 

* äÄÄÄSlWfttSfci^Ä^ January 1966) indicates that this k dependence may be more nearly AH^Fk, but in either event the arguments presented would hold/ 
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of Uigjl* (to* example, by aluminum doping of garnets).   The damping of the various 

spinwaves depends upon their wave numbers k with the shorter wavelength modes 

being more heavily damped. 

A verj dramatic and abrupt change in the threshold field for both normal and 

parallel pumping occurs when the spinwave manifold is positioned so that U = W/2 is 
k 

greater than w.   in this situation the only half-frequency spinwaves available are those 

with very large k values.   Thus, since 4H. = A + Bk2, 4H,, and hence h _, . increases 
K K crit 

abruptly as low k half-frequency spinwaves become unavailable.   This effect will be 

most marked for materials having low A values (e. g., pure YIG) and will be less 

important as rare earth doping Is increased to provide very large values of AH, 
kk = 0 

From the above discussion some interesting oiuservations can be made about 

the values to be expected from measurements of the apparent critical field, h       for 
crit 

FDPS.   A variety of domains, each having a different effective bias field, exist in a 

remanent state toroid (or any other partially magnetized sample).   The measurement 

of the high power threshold for a phase shifter consists simply of detecting the rf peak 

power level at which the device insertion loss first increases from its low power level. 

This effect will take place at the power level for which the precession of the magnetic 

moments in the most unfavorably biased domain first goes unstable.   To obtain higher 

threshold powers in FDPS, it is therefore necessary to increase the threshold field 

of the most unfavorable domains.   Doping with rare earths accomplishes this feat by 

increasing the AH^ of all domains, including the most unfavorable,  and the observed 

threshold power level naturally increases.   Decreasing u /w likewise increases the m 
h       of each domain somewhat.   As &/ 4; is decreased, the effective bias field cm m 
(arising from demagnetization effects) for each domain also decreases.   The most 

dramatic influence on the threshold field from variation in (j /u occurs when u fa 
m m 

Is decreased to the point where the effective bias field of every domain is such that 

there are no low k, <«f 2 spinwaves   available, i. e., where the relative position of the 

spinwave manifold is such that (ü/2 >u.   At this value of 6> /Üa very abrupt increase 
t m 

in h    t occurs.   The value of ukaiot which all domains are biased so that W/2 > (j 

can be estimated as follows. 
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The meet unfavorable biasing of a domain that la poaalble. occurs for the 

Polder.Sn.lt (antl-paraUel) domain..   For theae domain.   ^ 1. approximately 

r3   M^   + 47m
B) .or "   M1

"  1» negUglble with re^ct to 4*M .then H «4JrM . 
8 * 1 8* 

Inserttag Ms v^ue of H, into fte eqo^on for fte ^r fre^o^y Untt ^ «.. .pllIwav(1 

n.^Id.ndo.wttag a«. ,„„«„,„ to ^ .tu^UyAowtturt^n« *,>„ «6 
H, i. »«iclentl, .mau to guar^ee «»t oly high k, m vllnirave ,„, „. ^^     . 

This .ituauoa I. Uta.tr.ted in the nonn^taed .ptawnve dtaperrton plot for 
Polder-Smlt domain, shown In Figure 5. 
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ufi» ftr 1/ i^HTll (»ectintlBi for 
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(iccountlni ftt MMViil- 
abitity of low k.w/2 
spin wm for &>,/«<0.38) 

1.31 «,/« 

Figure 6.   Threshold Field of Polder-Sxnit Domains as a Function of 
Normalised Magnetization 

3.2.3 Dielectric ai«^ r^nm«trical Characteristics of FDPS 

V-i macroscopic electromagnetic properties, including the effects of losses, 

of dielectric materials is the phase shifters are accounted for in the usual manner by 

a complex permittivity «d = €o( c^ - J <£)  and by a permeabiUty ^ = ßo where €o 

and ^ are the permittivity and permeability of free space.   Similarly, the dielectric 

properties of the ferrlte are accounted for by the complex permittivity €f= 

€o(rf.3V). 

For the purpose of analysis. It Is usually convenient and often necessary to 

consider a model which la geometrically less complicated than the physical device. 

As an example, refer to Figure 7 which Illustrates a cross-section of the single- torold 

FDPS shown In Figure 2.   In the normal operational mode of this phase snifter (I. e., 

the fundauental TE mode), the rf magnetic field is entirely in the xy-plane.   The 

magnetisation In the top and bottom "erossbars" of the torold« is principally In the 
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Figure?.   A Waveguide Nonredprocal 
Latching Phase Shifter 

FEMITE 
TON 

DIRECTION OF 
H&NETIZ/mON 

DIELECTRIC LOAD 

± x direction, while In tte vertical legs «he magaetteation tenda to be in (he i z directton. 

To firat order, when the incident rf magnetic field and the diwction of magne^zation 

of a sample are mutually parallel, there is no Interaction between the field and the 

magnetization.   Therefore, the crossbara of the toroid -look" approximately like 

Pieces of dielecMc to the incident rf field.   In the vertical legs the magnetization is 

normal to the rf magnetic field and a strong interaction takes place. 

From the above observations, it is apparent that the single-toroid latching 

phase shifter can be represented by the twin slab model shown in Figus* 8.   When the 

dielectric core and the ferrite toroid of the practical device have the same dielectric 

constant, that value is. of course, used for the dielectric constant of the dielectric 

load of the model.   If the dielectric constants of the dielectric core and the ferrite a«, 

different, an "effective" dielectric conatant is used for the dielectric load of the model 

Geometrical mcdels for other configurationa are obtained in a similar fashion. 

DIELECTRIC 
CORE 

Figure 8.   Twin-Slab Model for "Single-Toroid" 
Ferrite Latching Phase Shifter 

FERRITE SLARS 
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1.3 ANALYSIS TECHNIQUES 

To establiBh quantitative relaüorish^B between the transfer characteristics 

of a ferrite device and its material and dimensional parameters, it is necessary to 

solve the boundary value problem for the device structure.   The general procedure is 

to solve Maxwell's equations in an appropriate coordinate system and apply the perti- 

nent boundary conditions.   The resulting equations can be manipulated to yield an 

equation which can be numerically solved for the propagation constant.   For many 

transmission structures it is possible to derive the characteristic equation for the 

prr^f «T constant by a simpler procedure which was suggested by Seidel   and is 

referred to as the "transverse operator" method.   Seidel's procedure is closely re- 

lated to the familiar ABCD matrix formulation for transmission line circuits.   The 

transverse operator technique is baaed on the fact that in a TE mode waveguide where 

the if field componenis have no variation in the direction of the E field, the electro- 

magnetic field is completely specified by the E field and the longitudinal h component 

alone.   For example, the electromagnetic field in the structure of Figure 9 has com- 

ponents E , h , and h   but is completely specified by E   and h   since h   is linearly 

related to h  through the divergence condition on the induction field.   Both E   and h 
y z       y 

are continuous at the interfaces of the strata of the waveguide cross section.   Hence, 

in analogy with the ABCD matrix representation of cascaded transmission lines, a 

transverse transverse transfer matrix is defined which "transfer" the quantities E 

and h  fro^a (me point along a transverse axis to another. 

E sa 

h 
Ly«J Ul 1 zb 

(10) 

O c 

The overall transverse operator matrix relating the fields at point a to the fields at 

point b is the matrix product of the transfer operators of the individual regions sepa- 

rating the point.   If points a and b are tüten to be the walls of the waveguide, then 

E za 
E . - 0 and sb 

i- j 
A 

C 

B 

D h 
L ybj 

(u) 

TJ H. Seidel, "Ferrite Slabs in Transverse Electric Mode Wave Guide," J.Appl. Phys., 
28, February 1957. 
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or 

C 

0      = Bh 
yb 

h      = Dh 
ya yb 

Figure 9.   A Ferrlte Loaded Rectangular 
Waveguide 

For a nontrlvial solution h^ must be nonzero.   Therefore, B must be zero. 

From this condition the equation for the propagation constant is easily determined. 

If the structure analyzed has electromagnetic symmetry about some point, for ucample. 

point o is such a point in the structure of Figure 10 ; the y-component of the h field 

must be zero about that point and a simplification in the computations is necessaxy to 

obtain the propagation equation results.   The operator relating the fields at potot o 
to those at the wall can be written as 

(13) 

". 

"o 
s A B E zo 

h 
ya 

c 0 0 

or 

0      = AE 
zo 

ya zo 
(U) 

>■;,, .^'.i* 

For a nontrivial solution E^ must be different from zero, and A must, therefore, be 

identically zero.   This condition leads to fte equatioii for the propagaüon constant'of 
symmetrical structures. 
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_ 10.    A Structure with Electromagnetic Symmetry about o 

The ABCD parameters for ferrite and dielectric regions are easily obtained 

's equations.   The following derivation for these parameters is modeled 

that of Seidel, but the notation is somewhat different. 

Consider a TE mode waveguide structure such as that shown in Figure 9. 

The ferrite slab is of width 6 and is assumed to be infinitely long in the y direction. 

The preferred direction for the effective internal static magnetic field H and the 

saturation magnetisation M  is assumed to be in the +z direction.   The intrinsic 

permeability tensor then has the general form 

CO, avg M. 

<^>fcvg -3<Oavg 

J <«o avg <M> avg 

0 

0 

avg 

(15) 

where 
^"taf avg avg 

<M^"<V>avg-1<V,>«n 

«-^^.^^Xir'^^^^X VW ****?>**   are given 
by Equation 8 of Section 3.2.1. 
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o 
o 

Assume a general fonn for the electric field inside the ferrite, say 

Jk x -Jk x 
E..  «   |Be   ^    +Ce     m =*-  [B ] e-yyeJwt 

(16) 

where 

2 2     w ^n^^ 
k

2   = y2 + a_o_f ^ 
m p square of the wave number in the ferrite 

P - <^>avg 

y ■ propagation constant 

The magnetic field itensity in the y direction is 

P h    = 
y       jw// 

a?) 

where 

».--i^vg. 
J<«f> avg 

Using Equations 16 and 17, the fields at point one (x = x ) and at point two (K = x  +6) 

can be written as 

E zl = [Be    m  1 + Ce     »ije-yye^ as) 

Ez2 ^^ + Ce J e'^e^ a«) 

yi f^*ll«»! )k,"Xl + (-^^)o.")k-Xl].- yyeM 
(20) 
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h >km «■. * *> i^r;[(Jk»+|) 
-Ik    fit   +4)1 

(21) 

Referring tc Figure 9, the electric lield in the z-direction and the magnetic field in the 

jr-directtip at point one can be related to the correaponding fields at point two by the 

traneverae «perator eq jtation 

(22) - 

A    B* 

C    D 
»                      m m              m 

Ixpanding Equation 22 yields the following two equations. 

E      • AE    + Bh al a2    0y2 (23) 

h ,  - CE _ + Dh 0 yl z2        y2 (24) 

Substituting Equations 18 through 21 into Equations 23 and 24 allows the parameters 

ABCD to be evaluated.   These parameters for a ferrite region of width i are 

A «   coa k   <+■ 

B 

m 

Pk—8ink,nd 
m 

JTI***** 

(25) 

Ufi k^- <•)■ 0—' kw. Js*nk m /        m 

D - cosk    J  - r—z-sln k   < aa It   v m 
m 

m 

K the internal effective static magcstic field and the magnetization reverse in direction, 

the only change necessary is to reverse the Jign of 0. 
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For a dielectric region p— l and ^ — x    0« +uat M.. 
B^UK   xanav    *, so that the parameters for a die- 

lectric region of width W can be written as 

A « cos kjW 
d 

B j;       sin k . W 
Kd d 

'S kd 

D = cos k . W 
d 

(26) 

As an example of the application of this method, consider the structure shown 

in Figure 11 which is a twin-slab model of the single internal tonxd FDPS    This 

structure has electromagnetic symmetry about o.   The overall transfer matrix is 

(V 
o 
o r i'f1 Bii T2 v A

o     B 3     03 

C3     D3 

0   «I     «2 13 

Figure 11.   Dielectric Loaded Twin-Slab Structure 
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CftRjrteff out tU« multiplicatton and Mtting A = o yields 

A - At (A2A8 ♦ BaC3) ♦ B. (C2A3 ♦ D^) - o 

Subrtltuttag for the A'e B'e, C'B, and D'e from EquatloM 26 and 26. the foUowlng 

•qnatton for the propagation tor^tant ia obtained 

where 

.+ 
^ 

.' 
iv 

k2 

m 
■ r2 

< 
= 2 

U  li    €   t    + 
o o a y' 

9 = »f 
H ■ V ■if' 

*4 ■ 
*'<.-"".. 

d cod 

P = 2      2 u a   - «f 

y = o + J^ 

^ = K' - jir" 

'» a    JC a 

If the dimenetonal and material parameters of the structure are specified, this equation 

can be solved numerically for the propagation constant Y. With Y known, the rf electric 

and magnetic fields are easily obtained from Maxwell's equations. 

A presentation and discussion of the solutions of the propagation constant 

equation for a number of FDPS conflgurationa are givm in Section 4.6.   Good oorre- 

latton ia found between experimental and calculated results, leading to considerable 

confidence in the mathematical models and techniques presented in the above sections. 
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3-4 SÄ^ 
The reUtive desirability of a ferrite material for use in a digital pnase ahifter 

depends strongly on the materials' ratio of remanent magnetisation to saturation mag- 
netization. its coercive field, and time required for switching it from one remanent 

state to the other,   m general, a "good" ferrite for digital phase shifter applications will 
have a high remanence ratio, a low coercive field, and a small switching time.   Each of 
these properties is discussed below. 

3.4.1   Remanence Ratio 

The remanence ratio is probably the single most important square loop property 
as far as microwave applications of ferrite toroids is concerned.   Ideally, the remanent 
magnetization should equal the saturation magnetization, i.e.. the remanence ratio R. 

should be 1.0.   This ideal situation is unlikely to be attained in practice.   Pemanenc7 
ratios of 0.6 to 0.7 are more normally encountered. 

In a polycrystalline ferrite or garnet material, the magnetization in the indivi- 
dual crystallites will, due to crystalline anisotropy. prefer to be aligned along the easy 
(ill) directions of the crystallites.   E magnetocrystalline anisotropy were the only factor 
influencing the magnetization in individual crystallites, the remanence ratio for a cubic 
material would be approximately 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 direction, or body diagonal, when the field is removed.   TMs ideal value is diffi- 
cult to realize in practice because of unfavorable contribution, from other anisotropies 
(stress anisotropy or magnetostriction) and shape anisotropy.   The existence in poly- 
crystalline materials of pores or voids, in the iraten*! also gives rise to local demag- 
netizing fields which will lower the resultant remanence ratio.  Thus, magnetocrystalline 
anisotropy will tend to favor a high remanence ratio while porosity and other anisotropies 
tend to decrease remanence ratio.  If the magnetocrystaUine anisotropy is large com- 
pared to other anisotropies and o magnetizing fields arising at magnetic discontinuities 
in the materials, the remanence ratio can approach the theoretical limit of 0.&7.  Thus 

highest remanence ratios wUl be realized in materials having low magnetostriction.' 
low unfavorable internal stresses, and a dense, homogenous magnetic structure with a 
high magnetocrystaUine anisotropy.  The same ceramic qualities that lead «, high rema- 
nence ratio also tend to lead to low resonance iLiewidths. 

A unidirectional anisotrop, favoring high remanence ratio can sometimes te' 
built into a material by controlling its shape and internal stresses.  Quenching, lattice 
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deformatlocs, applied pressure, etc., are techniques sometimes used.   Such techniques, 
however, do not seem very practical for microwave materlMa becaaae of their unfavor- 
ahle effects on microwave properties. 

In actual device applications, most microwave materials are not driven into 
saturation with the available drive fields (approximately 29 oersteds maximum).  The 
hysteresis loop on which operation is based Is then not ths saturated loop, but rather 
som<9 minor loop.   To classify and optimise materials, it is necessary to measure the 
absolute value of the remanent magnetization at the d Ive fields normally used in digital 
phase shifters In order that such measurements have practical meaning.  It is desirable 
that these drive fields be as low as possible consistent with a realization of nearly maxi- 
scam values of remanence ratio, R,.. 

Hie following procedures are used to measure the remanent magnetization. 

1) The 4*14, of the material is measured by some independent means, such 
as a vibrating sample magnetometer, in applied fields of the order of 
5, 000 oersteds. 

2) The hysteresis loop is measured on a hysteresograph.   The drive fields 
used are, whenever possible, 10 times the coercive field of the materJ-'. g 
For most materials the remanent magnetization is observed to change 
very little between drive fields of 8 to 10 times the coercive field of the 
material.   From this hysteresis loop, the "squareness" and coercive 

47TMPJ. 
field can be measured.   The squareness is defined as SJJ «      ^/^ , 

where Spis the "squareness," 4*1«^ is the remanent magnetization for 
the drive field,used and inU    is the magnetization at the peak of the 
drive field.  The measurement of 4*1^ is described below. 

If the core reverses an amount of flux 44 in a time At, the average voltage V 
produced during switching is 

<V> - N-$L (28) 

where N is the number of turns threading the core.  If A is the cross-sectional area of 
the legs of the core and BD is the change in flux density at the drive field used 

d* - AdBD (20) 
and 

dBjj - 4 (4*1*3) (30) 
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for the low drive fields used for toroid»! geometriei.   Therefore 

A4 - AAUnUrf 
and 

(^Mjy <V>dt 
AW 

m 
(32) 

Using proper Integrating circuits and known values of A and N, 4 (4*11.0 can 
be measured (see Figure 12 for Interpretation of d {inU^.   U is recommended that 
calibration samples be used for ease In the measurement and use of < V> 4t. 

With the measured value of "squareness" and 4^, the 4*11^ can be com- 
puted.   For drive fields of eight to ten times the coercive field of the material 

• 

inU, inUr "RD   "    """"R (S3) 

for most materials.   The remanence ratio of the material is then computed as 

«R 
4IIM,, 

B(4ffM) 

■s 

TT- ;>A<«»V 

tflM HYSTERESIS LOOP 

(34) 

Figure 12.   Hysteresis Loop of Ferrimagnetic Materials 
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3.4.2  Cowclw Tore* 

The coercive fore« of ferrite material» used In digital phase shifters Is deter- 

mined principally by the ease with which domain waUs can move through the polycrys- 
taUlne material.   At the drive fields encountered In digital phase shifters, the switching 
action is das almost entirely to domain wall motion, and thus it is the ease with which 
domain walls can be nucleated and moved through the material that determines the coer- 

cive field. 

The motion of a domtin wall through a msgneUc material is determined by a 
combination of both intrinsic and ceramic properties. The coercive field for domain 

wall motion can be described by the empirical relation 

»c 
1^(41») 
»rM. 0. »86+log 

2nM 2 

r^r (88) 

where (4u) !■ the fractional volume of nonmagnetic inclusions, and Hc Is the coercive 

2 K 
field in oersteds. -npL is the conventional magnetocrystalllne anlsotropy field.   Experi- 

mental results are generally found to be in reasonable agreement with this expression. 

Thus, we see that the coercive field varies directly with the anlsotropy field, 

^    and the volume of nonmagnetic inclusions (pores, impurities, etc.).   Foi mlnl- 
s 

mum coercive field, a maximum density »nd a minimum anlsotropy field are desirable. 
Clearly, optimum square loop properties (minimum Hc and maxiipum Rr) place con- 
flicting demands on the magnetocrystalllne anlstropy.   A minimum anlsotropy field Is 
desirable for a small coercive field- while a large anlsotropy field Is desirable for a 
Urge remanence ratio.  This set of opposing demands normally leads to an observed 
decrease in remanence ratio when very small coercive fields are encountered.   However, 
coercive fields of less than one oersted are easily obtainable in combination with rema- 

nence ratios of approximately 0.7. 

8.4.8   Switching Time 

The switchlr« time of a ferrite toroid is essentially the sum of the time required 
to nucleate a domain waU and the time required for the domain wall to propagate across 
the width ol the toroid.  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: 
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(1) J. B. Blrks and J. Hart, Progresg In Dleiectrtcs. Volume 5, 
Academic Press, Inc., Publishers, New Yorkr T86S, (H. P. 
Peioschek; "Square Loop Ferrltes and their Applications," 
pp 37-93). 

(2) Harvey Rubinstein, "Switching Properties of Ferrites and 
Garnets," Scientific Report No. 6 (Series 2), Gordon McKay 
Laboratory of 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 and analytical expres- 
sions which describe the behavior of flux reversal in ferrimagnetic oxides.   The high- 
lights of these articles, as they pertain particularly to switching aspects of materials 
used in ferrite digital phase shifters, have been discussed fn considerable detail in the 
Final Report on RADC Contract No. AF30(602)3490. 

Perhaps it can  suffice here to mention that three possible mechanisms for 
switching are possible.   One is called pure wall displacement, the second, incoherent 
rotations, and the third, coherent rotations.   These various mechanisms have switch- 
ing times which vary between the longest time for pure wall displacement and the shortest 
time for coherent rotations.   The switching fields involved vary also, being smallest for 
pure wall displacement and largest for coheren rotations.   In any case, the switching 
time can be given by the expression t (H - H ) ■ S, where S is a constant for the material s o 
at a given temperature and is called the switching coefficient.   (H - H ) is the effective 
drive field where H is the applied field and H   is a function of the material and approxi- 
mately equal to the coercive field. 

The switching coefficient of the material is expressed in oersteds-microseconds 
and varies with the type of switching mechanism used.   The switching constants for the 
three different modes of flux reversal in ferrites may differ by as much as a factor of 
20.   That is, the switching coefficient for pure wall displacement may >e 20 times the 
switching coefficient for coherent rotations.   In view of the drive fields normally used in 
FDPS, however, the domain wall motion mechanism is the principal switching mechanism 
operative, and its switching constant is the one to be considered in calculations of switch- 
ing time.   This switching coefficient for domain wall motion can be shown to be given 
by 

w 
6.4 d XX 10' 

T «g   Ma '^T (36) 
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d ■ dlatane« raoved by domain wall 

a   ri.txxio"* 

4 - domain waU thickneas  - 

k • Bottaman'» conatani,                  yy ^JJ 

X ■ intrinilc dancing parameter « -jg  

■ 

dB • intrinsic linewidth 
H   ■ iield (oe) required for ferrimagneilc resonance at the linewidth measurement 
^     freqaeney. 

Typical switching constants Sw for domain waU motion are of the order of 0.1 
to I oersted mlcrosecoods.   Thus, for a drive field of approximately 5 times the coer 
cive field, w* find that tl» «witching time, ts, is of the order Of 0.02 to0.2 microseconds. 
These switclilng tunes are sufficientty rapid for most microwave applications so that 
other flux reversal proceases involving domain rotation need not be considered.   The 
application of flux reversal processes would lead to very high drive field requirements 

which would be intoleraole for most phased array applications, 

■ 
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4   SUMMARY AND DISCUSSION OF RESULTS 

4.1  INTRODUCTION 

This section presents and discusses currently available results of the ana- 
lytical and experimental work carried out to determine the effect of intrinsic ferrlte 
parameters on the performance characteristics of FDPS.   The overall goal of this 
work is to develop theoretical and experimental techniques which will permit the pin- 
point specification of the intrinsic material parameter values required to obtain opti- 
mum FDPS performance characteristics under a specified set of constraints (i. e., 
constraints such as average and rsak power handling requirements, permissible In- 
sertion loss, stability of phase and loss with temperature, etc.). 

Physical and mathematical models for remanent state ferrltes were presented 
In Section 3,   These models were developed to enable the prediction and evaluation of 
the performance characterlstlcb of ferrltes In different frequency bands and with dif- 
ferent geomet. ics without having to resort to an actual measurement of loss and phase 
shift for each frequency and geometry employed.   Moreover, the models permit the 
prediction and evaluation of the effects of variations In Intrinsic material parameters 
on loss, phase shift, and high power threshold.   In attempting to verify the material 
models proposed, a computer-aided analysis has been carried out to find the exact 
solutioas to the boundary value prcblems for various device configurations.   Differ- 
ential phase shift. Insertion loss, and rf field intensities for each configuration are 
obtained from 'Ae solution to its boundary value problem.   This analysis has been 
supported and guided by an extensive set of experimental measurements on a variety 
of FDPS configurations and a wide array of material parameters.   The combined 
theoretical and experimental effort has been aimed towards substantiating and im- 
proving the physical model proposed for remanent state ferrltes, so that a more com- 
plete understanding of the operation and limitations on FDPS could be obtained. 

4. 2  MEASUREMENT EQUIPMENT AND TECHNIQUES 

Equipment and techniques are described for performing measurements of the 
following material parameters: density, saturation magnet iaation, g-factor, linewldth, 
Curie temperature, dielectric constant, dielectric loss tangent, remanence ratio, and 
coercive field.   In addition, equipment and techniques for measuring device phase shift, 
insertion loss, VSWR, high power threshold, switching time, and switching energy are 
described. 
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of Arm.  was made with the m Maiwwwwrt of 4*1* . The sBeaauremen 

ifnotoaotor shown la Figure 13.   This mflaaurement is based on 

of the ac magnetic field set up by the vibrating magnetic sample.   A smai. 

of UM unknown materia is placed in a strong saturating dc magnetic field.   The 

Is vibrated at a low audio frequency (100 ops) and the oscillating dipole field 

tected by two coils so positioned as to minimize strcy pickup.   The 

of this dipole field is compared to the signal detected by two similar coils 

known calibrated sample attached to the same vibrating rod.   This system, first 
14 

,  is capable of accurate, continuous readout and lends itself well to 

of saturation magnetisation as a function of temperature.   The mag- 

oaa also be used to measure coercive force on spherical samples. 

Foner, "Versatile and Sensitive Vibrating Sample Magnetometer,"Rev, of Scientific 
Inatrument SO, 649 a»»)   
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(b) Mewurenient of 4H. g^-fftctor. Magnetic SwneptlblUty tad Aniiotropy 

Uttti  B«fl*ott<» ty!» ratoowioe ■peotroineter« ww uMd fop m 

wfcHh«.  '"»••MVle«n»eMur^wepeiBiiei»lIyintheforiBofV|ieTOi20±2inüi«ii 

«rtwritl i^ conipiwied air around tha limar port!^ 

•hraalw powder.  A 4/0 finish can easily be obtained ualng this method. 

The effective g-factor is obtained simultaneously with the linewldth data hy 

simply noting the field at which maxiinum absoiption occurs and subutituting this into 

Mttel's resonance er^uation.   Pigpre 14a shows the X band resonance spectrometer 

«ad Figure 14b show» the C band resonance spectrometer in Sperty's Materials 
Measurements Laboratory. 

This same equipment am be used for the measurement of tidsotropy field in 
aligned single crystal samples. 

By monitoring the reflected signal from the cavity or shorted «osxlal line as 

the field is varied, it is possible to obtain a plot of resonance Hae profile or imagl. 

nary part of the magnetic susceptibility as a function of applied field.   Such plots are 

of considerable value when considering materials for off resonance applications such 
as phase shifters. 

(0 Measurr^dumt of T^.   Curie temperature neasurements are done most 

rspldly with the simple furnanoe arrangement sketched in Figure 16.   The test pro- 

cedure is based on the balancing of gravitational and magnetic forces.  As the temper- 

ature is raised «*! the Curie temperature is approached, the msgnetlsatlon of a ferro- 

magnetic body spproaches zero.   The Curie temperature can then be MM, la this 

naaturement. M tt6 temperature at which the force of gravity overcomes the magnetic 

force.   ^ tempers!^ at lAloh the sample (8) drops from the magnet (P) can be 

detemlasd iv using two strtps <rf foü (P) to close M electrical cir<mit and r^ 

wnen ft«  «mple forces the strips to toudi.  The temperature can then be read on a 

thermocouple.  More precise determinatioas are made by measuring the temper^ure 
at wUoh tte magnetiaatton falls to «ero on the vibra^ 

18.  Chiriete^rature data are obtsinsd directly when ttesatar^ 
*■ »aasured as a function of temperature. 

y 
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Figure 14 a.   X Band Resonance Spectrometer 

O 
r.; 

Figure 14 b.   C Band Resonance Spectrometer 
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Figure 15.   Furnace Arrangement for Simple Measurement of Curie Temper- 
ature.   Explanatory Comments are in the Text. 

(d) Measurement of Dielectric Constant and Dielectric Loss Tangent.  Measure- 

ments of dielectric loss tangent and dielectric constant were made at X band.   A small 

cylindrical sample of the material to be measured is inserted into a transmission cavity 

at a point of a maximum electric field and minimum magnetic field.   In the case of 

samples with large saturation magnetizations a magnetic field Is applied to essentially 

eliminate domain wall, magnetic, losses at the test frequency.   If the Q and the resonant 

frequency of the cavity are known before and after a sample is inserted, tan 6and € 

can be calculated.   Tan d can be measured down to 0.0001 and € values are accurate to 

about 5 percent.   This equipment is shown in Figure 16. 

(e) Lattice Constants and X Ray Density.   The lattice constants of various 

garnet and ferrite compounds vary from compound to compound.   For a garnet of the 

series 5 Fe.O   • 3 (Y     Gd OJ, if the lattice constants of the end points (in this case 

YIG and GdIG) were knowL, the variation of lattice constant with x can be calculated by 

Vegards's rule.   The lattice constant of these materials was determined from X-ray 
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Figure 16.   Dielectric Constant and Dielectric Loss Tangent Measurement 
Equipment (X Band) 

diffractometer of Figure 17 Model(General Electric XRD-5). The theoretical density 

of the materials can be computed once the lattice constants and chemical composition 

are known. X-ray diffraction data collected on this apparatus was also used to study 

the phase purity of materials. 

(f) Measurement of Density.   Density was measured in this laboratory by 

weighing accurately on chemical balances   a sample of regular, measured dimensions, 

and by computing the ratio of weight to volume.   For irregular samples, a mercury 

volumeter was used; this device works by measurement of the buoyancy of the sample 

when Immersed in mercury. 

(g) Measurement of Remanence Ratio and Coercive Field.  A hystereslsograph, 

or square loop tester, has been built for the evaluation and measurement of the hyster- 

esis properties of ferrimagnetic oxides.   The equipment operates at 60 cps and consists 

of a coaxial drive probe, integrator, function generator, peak reading voltmeter and 

scope display.   Squareness ratio (8^ = 47rM^/47rM ) and the ratio of the coercive 

field to the drive field (H./H-J are resd directly from digital potentiometers. 
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Figure 17.   General Electric XRD-5 X ray Dlffractometer in Sperry Micro- 
wave Electronics Company Laboratory 

The square loop tester is depicted in Figure 18 and Figure 19 is a brief schematic of 

the apparatus. 

The flux change involved in switching from {-ATTNL-) to (+411^-), namely 40, 

is calculated from the voltage read on the peak-reading voltmeter using a reference 

toroidal sample supplied by Mr. D. H. Terame of M.I. T. Lincoln Laboratories.   The 

remanent flux density (4»rM     ) is then the product of this flux and the squareness 
RD 

ratio divided by the cross sectional area of the toroid legs: 4irM^   ■ S 00)/A 

where 
A     = /w. 

/   = length of the toroid 

W   = width of the toroid legs 

4-7 



Thw coercive field i» calculated from the equation 

where 

and 

Hc-WfeS) oereteds 

L   = the RMS current (amperes) used to magnetize the toroid to 

00,10 =   the mean toroid outer and inner diameters respectively, 
in inches. 

Figure 18.   Square Loop Tester 

u 
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Figure 19.   Schematic of Square Loop Tester Modified for Measuring the 
Remanent Magnetization 

(h) Grain Size and Shape. A Richert metallograph was used in the measurement 

of grain size and shape.   The instrument is capable of magnifications up to 2300 and 

is equipped with photographic attachments.   The metallograph is shown in Figure 20. 

The toroid sample which was used for measuring remanence ratio and coercive 

field was sliced in half with a diamond cutoff wheel.   The newly exposed surface of the 

sample was then polished using 9 micron, 1 micron ami 0. 05 micron aluminum oxide 

polishing powders on a lapping wheel.   After the proper polished surface was obtained, 

the sample was thermal etched for 1 hour at 200 C below the sintering temperature. 

Photomicrographs, 500 magnification, were taken of the etched surface of the 

sample using the metallograph.   Transparent material printed with hexagonal shapes 

were prepared as overlays for the photomicrographs.   The distance between parallel 

sides of the hexagonal shapes were made to correspond to 5.7,11,13,16,20,22,25 or 

29 microns at 500 magnification.   The particle size of the sample was then determined 

by comparison of the overlays with the photomicrograph. 
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(i) Average Powder Particle Size.   The average particle size of each uiaterial 

batch was measured just before the pressing and sintering operations.   The apparatus 

shown in Figure 21 is a Fisher Sub-Sieve Sizer. The powder samples were first 

heated to 500 C to drive off the wax binder, then weighed to obtain 1 cm   portions 

based on the theoretical material density.   This method of measurement is supposed 

to have an accuracy of ±0.05 microns. 

4.2.2  Preparpticn Procedure 

The square loop properties of these materials are strongly related to the pro- 

cess by which they are prepared and to the mechanical properties of the microstructure 

of the fired ceramic.   Therefore, the preparation procedure was given special attention 

and t tudies of the structure were made at various points in the fabrication procedure. 

From the raw oxide stage to the final (rf testing) stage, the following procedure 

was used.   The particle sizes of the raw oxides were first measured in a Fisher Sub- 

Sieve Sizer.   They were then measured out and placed in stainless steel ball Jars. 

Batch sizes varied  rom 1500 to 3000 grams for the ferrites and from 1400 to 4000 

grams for the garnets.   The oxides were mixed by ball milling with water and one-half 

inch diameter stainless steel balls for 8 hours.   (Mixing times of 8, 16 and 24 hours 

were compared in 30 and 60 percent gadolinium substituted YIG).   The water was then 

removed by vacuum filtering, the oxides dried, screened and presintered MgO boats 

from 900OC to 1150OC (for 8 hours) for the ferrites and 1200OC (for 8 hours) for the 

garnets.   Average particle sizes of some of the compositions were measured at this 

point with the Fisher Sub-Sieve Sizer. 

A second ball milling operation (with water) was performed to achieve a good 

distribution of small average size particles and to introduce a binder.   The ball milling 

time was 4 hours for the ferrites and varied from 16 to 24 hours for "ae garnets.   The 

mixture was then filtered and dried and samples of the driod powders were check'd 

for average particle sizes. 

The dried powders were then pressed into hollow cylinders (for measu "ing 

square loop and switching properties), bars (to be machined into toroids for rf measure- 

ments in the 1260 MHz to 1450 MKJ. frequency range), and toroids (for rf measure- 

ments in C and X bands).   The samples were then fired in electric furnaces at 1250 c 
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Figure 20.   Richert Metallograph Used for Material Evaluation 

to 14CJ0C for the ferrites and 14750C to 1500OC for the garnets (except that some 

cylindrical samples of YIG were prepared using varying firing temperatures so as to 

check remanence ratio versus density).   Minute samples were removed from the rf 

samples for moEsuring loss tangent, linewidth. magnetization, etc. 

4*2'3  Measurement of Device Characteriatica 

ja) Measurement of Attemiatio« «^ vaum    Measurement of attenuation and 

VSWR was done in the so-called ratio-detector setup depicted in Figure 22a.   This 

method, described by Hunton et al,   yields a continuous display of the loss and VSWR 

across the frequency band and, assuming 30 db directivity, is accurate to 7 percent. 

This method was used only at milliwatt power levels.   At high power levels the atten- 

uation was measured by a slightly different technique as shown in Figure 23. 
15 J.K. Hunton and E. Lorence,-Improved Sweep Frequency Techniques for Boardband 

Microwav? Test. "Hawlptt-PonWivi T i xr-i ,<> «.  . ~ .      '""•««"«»BO 
" »»««=, «„iMuvea aweep frequency Techniques for 

Microwave Test, "Hewlett-Packard Journal. Vol. 12. No. 4,December 1960. 
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Figure 21.   Fisher Sub-Sieve Sizer 

(b) Measurement of Differential Phase Shift.   Differential phase shift waa 

measured in the phase bridge setup shown in Figure 22b.   At the power splitter the rf 

energy divides with half the energy going into each arm.   The losses of the test piece 

(digital phase shifter) in the lower arm are balanced ad monitored by the calibrated 

attenuator in the upper arm.   The ferrite is magnetized to the state corresponding to 

ß+ and the calibrated phase shifter is adjusted to provide a null readout at the detector. 

Tha reading on the calibrated phase shifter is noted.   The ferrite is then magnetized 

to ß- and the calibrated phase shifter is again adjusted for a null.   The second reading 

can now be subtracted from the first, the difference representing the differential phase 

shift.   This method has an accuracy of better than 5 percent. 
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Figure 22.   Laboratory Setups for Measurement of Attenuation and Phase 
Shift at Low Power Levels 
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This method of roeaauring phase shift Is easily adapted to measurements at 

high power levels.   The calibrated phase shifter is then used in the upper arm which 

Is strongly decoupled from the main (high power) line containing the IDPS through the 

use of a raultihole or crotsguide coupler instead of the first magic-tee.   A similar 

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

this second coupler is combined by a 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. 

(c) Measurement of Attenuation at High Power Levels.  The conventional means 

vi measuring attenuation at high power levels are generally quite inaccurate because 

of drift problems associated with the high powar source and the nulling of the detector- 

bridge apparatus.   This problem has been largely solved by using the power-ratio 

scheme depicted in Figure 23. \ 

This method involves the use of two 30 db multlhcle couplers ,\two attenuators, 

two thermistors, two average power meters and an x-y recorder.   The line is fh 3t 

calibrated by butting the couplers and adjusting the attenuators so that, at all anticipated 

power levels, the recorder tracks a previously recorded zero-db line when the output 

from meter #1 is used to form the x-axis and the output from moter #2 forms the 

y-axis.   Qrid lines representing other attenuation levels can then be traced by appro- 

priately setting attenuator #2.   When the device is inserted in the line, its attenuation 

vs input power level is recorded as a continuous function of power in a matter of 

seconds. 

This method has the foHowing advantages over conventional methods: 

1. Since power level ratios only are recorded, any fluctuations 
in source output cancel. 

2. Because of the speed with which the measurement is made, 
null drift is minimized. 

3. The attenuation display is continuous with increasing input 
power so that the onset of peak power instabilities can be 
detected at early levels. 

u 
O 

4-14 



HIGH 
POWER 

SOURCE 

PULSE 
a REP 

LENGTH 
RATE 

MONITORING 
APPARATUS 

icniwinAi lun 

' 1 

a 

HIGH 
POWER 

ATTENUATOR 
■ fe 

MULT1-HOLE 
SIDE WALL 

COUPLER NCI 

TEST 

PIECE 

MULTI-HOLE 
SIDE WALL 

COUPLER  N02 

        ' 

i i _J[ 

ATTENUATOR NO.I ATTENUATOR NO.2 

1 i i ' 

AVERAGE 
POWER 

METER NO.I 

AVERAGE 
POWER 

METER  NO.2 

TO   X- 
0 

RECO 

INPUT 
F 
RDER    t > i 

TO Y-INPUT 
OF 

>      RECORDER 
X-Y 

RECORDER 
X                         Y 

31MB 

Figure 23.   Power-Ratio &etup for Measuring Attenuation at High Power 
Levels 

(d) 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 below. 

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

the current pulse through the charging wire of the toroid.   These traces are typical of 

the oscillograms obtained using fast-responding current and voltages probes.   The 

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

regular area actually obtained.   The switching energy is then 

U    = V I (4t)  (Joules), 
s oo 

(37) 
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Typically 

so 

V   = 35 volts 
o 

I    «19 amps 
o 

At  = 1 microsecond 

.-6 U    = 35 x 10 x 10      = 350 microjoules. 

The second method is that of measuring the rms voltage and current required 

for continuous switching at a rate R.   Using this method 

». - HsH- **" (38) 

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

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

c 
u 
c 
c 
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Figure 24.   Typical Voltage and Current Waveforms Observed During Fast 
Switching of the Ferrite Toroids.   The Switching Time Tg is also 
Shown. 
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4. 3   MATERIALS FOR EVALUATION (COMPOSITIONS AND REASONS FOR SELECTION) 

A comprehensive list of the material compositions which have been fabricated 

for evaluation is provided by Tables I and II of Section 4.4 and Tables V and VI of 

Section 4.5.   It is, perhaps, worthwhile noting that the materials listed in the referenced 

tables have been selected a few at a time throughout the program.   These materials 

thus, reflect a continuous feedback of the information obtained from the evaluation 

studies discussed in Section 4.4 and 4.5. 

The suitability of a given ferrimagnetic material for use in a phase shifter 

ultimately depends on the performance requirements Imposed on the phase shifter. 

Certain features, however, are desired of all good phase shifter materials.   Among 

these are low dielectric and magnetic losses, high remanence ratio, low coercive 

field, high reproducibility of all nroperties, temperature stability of microwave and 

square loop properties, and iow cost.   Low cost is particularly important in large 

o array applications.  The relative costs of nonoriented ferrimagnetic materials can be 

? compared by simply examining the cost of the raw oxides used in fabricating each 

material, since the preparation cost is reasonably constant from one material to the 

next.   The raw oxide costs for the spinel ferrites is considerably less than that for 

the garnets, and when cost is the overriding factor, ferrites certainly are preferred 

over garnets. 

In a given application tradeoffs must normally be made among the various 

desired properties to obtain a material that Is satisfactory from all points of view. 

The material studies carried out on this program have been selected to determine 

and highlight possible trade-off areas.   Particular emphasis has been placed on 

obtaining optimum natorials for use in high peak power phase shifters in X,C,S, 

and L bands. 

The materials listed in Tables I,n, V, and VI have been carefully selected to 

provide the basis for a thorough study of square loop and microwave properties of 

ferrimagnetic matarials and their influence on the performance characteristics of 

FDPS.   A brief summary of these investigations is as follows: 
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I 
Three alumiraun dysprosium doped YIG materials, three aluminum gadolinium 

doped YIG materials, and one aluminum gadolinium dysprosium doped material were 

selected for rf evaluation at low frequencies (L band).   The aluminum doping is used 

to lower the saturation magnetization.   Gadolinium doping imparts some n   «sure of 

temperature (and average power) stability to the magnetization, and dyspi     um doping 

is used to enhance the high peak power handling capacity of thescj materials. 

Five gadolinium doped YIG materials were chosen for further studies of the 

dependence of loss and threshold power level on magnetization in materials with in- 

creasing anisotropy. 

Four dysprosium doped YIG materials were selected to study the dependence 

of loss and threshold power level as a function of both magnetization and intrinsic 

llnewidth. 

Five ferrltes from the nickel-zinc family were chosen for investigations of 

loss and threshold power level versus magnetization of these materials with larger 

intrinsic linewidths and widely varying anisotropy. 

Four materials from the magnesium manganese aluminum ferrite family were 

selected to evaluate loss and threshold power level variation with magnetization for 

small intrinsic linewidths and varying anisotropy. 

Three materials from the nickel cobalt ferrite family were selected for in- 

vestigation of loss and threshold power variation with magnetization in the presence 

of low anisotropy and rather high intrinsic linewidths. 

A single sample of lithium ferrite was also prepared for general rf evaluation 

in the 5 to 10 GHz frequency range. 

Two compositions, namely D80Ä1-108 (YIG) and 91-3 (Nickel zinc ferrite), 

will be evaluated for below resonance (frequency-wise) operation in L band. 

While some of these materials would not necessarily be selected as "good" 

digital phase shifter materials, they are nonetheless of considerable Interest because 

their properties represent a wide range of intrinsic material parameters which can be 

used as an aid in testing and understanding the dependence of phase shifter performance 

on ferrite characteristics.   The investigation of the dependence of magcstic loss on 
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linewidth through the evaluation of the series of dysprosium doped garnets illustrates 

this point. 

4.4   MATERIAL PROPERTIES 

Tables I and II list data thus far accumulated on 14 garnet and 13 ferrite 

materials, resp     ively.   Large batches of each composition were prepared for this 

second phase of the RADC /ARPA program so that extensive materials and device 

studies could be made on the same material batch.   This eliminates the possibility 

of introducing batch-to-batch variations. 

Measured properties of the compositions shown in Tables I and II are dis- 

cussed in this section. 

The sample nomenclature used on this program is as follows: 

Example: G-251 - IS   C 

Designates a particular Designates the batch Designates the parti- 
composition number of this parti-        cular sample pressed 

cular composition from this composition 
and batch 

The average powder particle sizes were obtained using a Fisher Sub-Sieve 

Sizer according to the method outlined in Section 4.2.1.   In general, the ferrite powders 

were found to have smaller average particle sizes than the garnets.   However, since 

we are seeking here some sort of relationship between powder particle size and square 

loop properties for materials within a given family, further assessment must await 

more square loop data. 

The grain size and square loop values listed were obtained from half-inch 

long, relatively thin walled (0.060") toroids fired in the same furnace with the device 

toroids.   Photomicrographed surfaces were prepared in accordance with the method 

given in Section 4.2.1.   The average grain sizes were estimated by comparing the 

photomicrographs with plastic overlays.   At this time the data are insufficient to per- 

mit any conclusions to be made as to grain size requirements from one type of material 

to the next within a given family. 
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Some materials for these tables have been subjected to special investigations. 
Table in shows the effects of mixing time in 30% gadolinium substituted yttrium iron 

garnet and 60% gadolinium substituted yttrium iron garnet,   laree batches of each 

material were made wf.th mixing times of 8, 16 and 24 hours each.   The usual mixing 

time is 8 hours.   Toe purpose of this study was to determine if the square loop pro- 

perties could be improved without degrading such microwave properties as the die- 

lectric loss tangent.   A waxing time of 24 hours was used throughout. 

Powder particle size measurements made just after the mixing of the raw 

oxides showed a decrease in particle size with increasing mixing time as might be ex- 

pected.   However   there seems to be no correlation to the average particle sizes 

measured after the waxing time which are also shown.   Furthermore, increasing the 

mixing time has no apparent effect on the measured densities or the measured grain 

sizes.   The measured density for all three 30% gadolinium substituted yttrium iron 

garnet samples was approximately 5.50, while that for the 60% gadolinium s ubstituted 

yttrium iron garnet was approximately 5.84.   The grain sizeir of the two compositions 

were approximately 12 and 16 microns for the 30% and 60% gadolinium substituted 

yttrium iron garnets, respectively.   On the other hand, improveme. ts in linewidth, 

coercive force and remanence ratio, taken on the whole, might indicate that the 24 

hours mixing time is to be preferred (the observed small changes in loss tangent 

could very well be explained by experimental error). 

Figure 25 shows photomicrographs of three samples each from the 30% and 

60% gadolinium substituted yttrium iron garnets listed in Table in.   It is seen from 

the remanence ratio and coercive force values that a reasonably good correlation exists 

between porosity, as evidenced by the holes, and square loop properties. 

Dependence of Square Loop Properties on Porosity. Table IV lists the pro- 

perties of materials fabricated to study the dependence of square loop properties on 

density. The remainder of these propertiBs are listed in Table I. The composition 

chosen for this investigation is yttrium iron garnet. The changes In density were 

obtained by varying the firing temperature while the remaining fabrication variables 

were held constant. Hie firing temperature was varied between 1400 c and 1500 C 

with corresponding densities in the range 4.71 to 4.97. 
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TABLE IV.   PROPERTIES OF MATERIALS FABRICATED TO STUDY 
THE DEPENDENCE OF SQUARE LOOP PROPERTIES ON DENSITY 

SMEC 
No. 

Firing 
Temp/ 
Time 
fC/hr) 

Density 

Cm3) 
Pm/ 

Px* 
47rMs 

{Gauss) 
47rM 
(Gauss) 

Reman- 
ence 

Ratio 

Coercive 
Force 
(Oer- 

steds) 

D80A1-108J 1400/5 4.76 0. 9207 1639 972 0.546 1.12 

D80A1-108K 1400/5 4.71 0.9110 1622 972 0.646 1.12 

D80A1-108G 1425/5 4.75 0. 9188 1635 990 0.556 1.05 

D80A1-108H 1425/5 4.83 0.9342 1663 1013 0.569 1.01 

cv 
o o D80A1-108E 1450/5 4.80 0. 9284 1653 1013 0.569 0.94 

0 D80A1-108F 1450/5 4.92 0.9517 1694 1100 0.618 0.78 

D80A1-108 1'.75 4.94 0.9555 1700 1152 0.647 0.63 

D80A1-108 1475 4.92 0.9617 1694 1062 0.597 0.59 

D80A1-108 1500 4.97 0.9613 1711 1098 0.617 0.41 

* Pm = Measured density 
p    = X-ray density 
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Figure 25.   Photomicrographs of 60% Gadolinium Substituted YIG 
and 30% Gadolinium Substituted YIG 
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In general, the remanence ratio increased with increasing density while the 

coercive force decreased with increasing density.   These data are shown graphically 

in Figure 26, plotted as a function of the percent theoretical density.   In these calcu- 

lations the theoretical density of this yttrium iron garnet material was taken as 5.17. 

This number Is calculated from the measured x-ray lattice constant.   In Figure 26 

It is seen that the remanence ratio increases from 0.50, corresponding to 91% theo- 

retical density, to 0.605 corresponding to 96% density.   The coercive force decreases 

from approximately 1.20 oersteds at 91% to about 0.60 oersteds at 95.5% theoretical 

density.   Thus, a general Improvement in square loop properties of these yttrium 

iroi? garnet samples Is obtained by Increasing the density. 

Temperature Dependence of Square Loop Properties.   Figure 27 shows thö 

remanence ratio and coercive force dependence on temperature in a round, thin walled 

torold of 2% dysprosium substituted yttrium iron garnet.   Also shown is the variation 

of the magnetization of yttrium Iron gam * with temperature over this temperature 

range of -100 C to + 100 C.   The coercive force is seen to decrease quite linearly 

from 1.18 oersteds at -100 C to 0.55 oersteds at + 100OC.   This Is a result which is 

felt to reflect the temperature dependence of the anisotropy field.   The remanence 

magnetization also decreases rather linearly over this range from about 1560 gauss 

at -100 C to about 1080 gauss at + 100 C.   The rate of decrease of the remanent mag- 

netization is not as rapid as the decrease In saturation magnetization of the yttrium 

Iron garnet.   The reason for this decreased dependence on temperature In the remanence 

magnetization is probably connected to the concurrent decrease In coercive force. 

When a constant current drive is used, the net effect Is that of driving the sample 

harder at the higher temperatures.   This Is shown graphically in Figures 28 and 29. 

Figures 28 and 29 also show the remanent magnetization dependence on tem- 

perature in two nearly Identical garnet materials measured in the one case with H /H 
d    c 

constant and in the other case with the driving current constant.   A marked difference 

is observed In the rate of decrease of the remanent magnetization with increasing 

temperature as determined by the two methods of measurement.   Using a constant 

current drive, the remanence ratio Is found to remain very nearly constant over this 

temperature range, while with the constant ratio öf drive field tc coercive field the 

remanence ratio continually decreases with Increasing temperature.   This may evidence 
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an Inherent increase In remanence ratio with increasing anisotropy field,   AS stated 

earlier In Section 3.4, a very large anisotropy field should cause the remanence ratio 

to approach 0.87 in cubic materials. 

Figure SO shows the remanent magnetization and coercive force dependence 

on temperature in a round, thin walled toroid of 30% gadolinium substituted YIG. 

Also shown is the typical variation in saturation magnetization of this type material 

with temperature.   The coercive field is again seen to decrease approximately linearly 

over the temperature range -100 C to + 100 C from 1.19 oersteds to about 0.76 

The remanence magnetization varies approximately as the saturation mag- 

netization over this temperature range, except that at the lower temperature extreme 

it Is seen to netten out.   This flattening may be explained by the Increased coercive 

force which has the effect of holding the remanence magnetization at a higher level. 

That is to say, the sample is less prone to demagnetise after the driving pulse by 

virtue of the increased anisotropy field which can help offset the effects of porosity, etc. 

During these measurements, the ratio of H./H   (the ratio of the driving field 
d    c 

to the coercive field) has beea allowed to vary and the driving current was held constant. 

This is approximately the situation found in an actual working device.   If the current 

is varied so as to hold the ratio H /H   constant, the remanent magnetization is again 

found to decrease more rapidly with increasing temperature. 

The temperature characteristics of many materials from the yttrium- 

gadolinium-iron and the yttrium-gadolinium-aluminum-iron garnet families are 

presented in Figures 31, 32, 33, 34, 35 and 36.   These results show the degree of 

temperature compensation possible and illustrate that materials possessing almost 

any value of magnetization up to a value of approximately 1200 can be prepared and 

temperature compensated. 
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4.5  EVALUATION OF MATERIALS BY ANALYSIS AND MEASUREMENT OF DEVICE 
CHARACTERISTICS 

Whether or not a given ferrite is satisfactory for a specified phase shifter 

application must ultimately be decided in the light of the performance characteristics 

required of the phase shifter.   A true correlation of intrinsic ferrite properties with 

device performance is highly desirable and the ultimate goal of this study is to be able 

to take a device performance specification ^ad accurately predict the required intrinsic 

material parameters (and, hence, select the appropriate ferrite). 

To study the relationship of dimensional and material parameters to the per- 

formance characteristics of FDPS a computer-t^Jed analysis of the exact boundary 

value problem has been carried out for several phase rhifter configurations.   The 

solution to each boundary value problem yields the differential phase shl!4 and loss 

characteristics for the appropriate configuration.   This analysis has been supported 

and guided by an extensive set of experimental measurements on a variety of 

FDPS configurations and a wide array of material parameters.   The propagation con- 
u 

stant equation for each configuration was established utilizing the analysis techniques O 

outlined In Section 3.3.   The magnetic properties of the ferrite were represented via ^ 

the"a7eraged" tansor permeability developed in Section 3.2.1.   Numerical computations 
■ 

were carried out on a digital computer. 

The correlation obtained between experimental data and calculated values of 

both magnetic loss and phase shift has permitted the development of a rather complete 

picture of the mechanisms and phenomena involved in the operation of FDPS. 

Optimum device configurations have been develqped for the materials used.   These 

configurations provide a maximum figure of merit in terms of differentiri phase shift 

per unit loss.   The ability to calculate meaningful numbers with a high degree of 

accuracy permits the practical design of a device with a minimum of the cut and try 

measures usually necessary. 

4.5.1  Low Power Characteristics of Waveguide FDPS 

The nonreciprocal waveguide FDPS is the device on which both experimental 

and analytical studies have been concentrated. A cutaway view of a laboratory model 

phase shifter is shown in Figure 37.   The phase shift element Is a single ferrite toroid 
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Figure 37.   Cutway Illustration of a Typical Nonreciprocal Digital Phase 
Shifter Structure 

contained wholly within the waveguide.   Two-step dielectric transformers were used 

for matching into the ferrite-loaded section of waveguide.   A single turn of wire 

coaxial to the toroid provides a path for the current pulses which magnetize the ferrite 

to either of two remanent magnetization states (+M   or -M ). r r 

A simplified cross-sectional view of the phase shifter of Figure 37 is shown 

in Figure 38.   As discussed in Section 3.2.3, in the normal operational mode of this 

phase shifter (i. e,, the fundamental TE mode), the rf magnetic field Is entirely in the 

plane parallel to the top and bottom of the waveguide.   The magnetization in the top 

and bottom "crossbars" of the toroid is principally in the direction parallel to the top 

and bottom of the waveguide, while in the vertical legs the magnetization tends to be 

perpendicular to that direction.   To first order, when the incident rf magnetic field 

and the direction of magnetization of a sample are mutually parallel, there is no 
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Interaction between the field and the magnetization.  Therefore, the crossbars of the 

torold "look" approodmately like pieces of dielectric to the Incident rf field.   In the 

vertical legs the magnetization Is normal to the rf magnetic field and a strong inter- 

action takes place.   From these observations, It Is apparent that the single torold 

latching phase shifter can be represented by the twin slab model shown in Figure 39. 

When the dielectric core and the ferrlte torold of the practical device have the same 

dielectric constant, that value is, of course, used for the dielectric constant of the 

dielectric load of the model.   If the dielectric constants of the dielectric core and the 

ferrlte are different, an "effective" dielectric constant is used for the dielectric load 

of the model.  A simple procedure for computing the effective values of dielectric 

constant and dielectric loss tangent which leads to quite accurate results is to use 

volume ratios.  That is 

■ •■■ (^) • - ( ''eft ctive 'd \      Wg 

W
5-

2W4 \ £ 

^effective  = *** &) -i'^) 
The propagation constant equation for the twin slab model of Figure 39 is 

given as equation 27 in Section 3.2.1.   This equation has been solved numerically with 

the aid of a digital computer.   The numerical solutions for a number of interesting 

situations are presented below with corroborating experimental data.   Both the theo- 

retical and the experimental data are presented in normalized form.   Physical dimen- 

sions are normalized with respect to the free space wavelength at the center operating 

frequency.   Frequency and the frequency equivalents of static magnetic fields and of 

remanence and saturation magnetization» are normalized with respect to the center 

operating frequency.   Differential phare shift is given in degrees per GHz-em.   To 

unnormallze this quantity with respect to frequency, multiply by the center frequency 

In GHz.   Losses are given either as decibels per 360° of differential phase shift or 

decibels per centimeter. 
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The parameters used In the numerical analysis *re 

U   " 2jrf   ■ center frequency c c 
9 

Uf m 2>rf    « operating frequency 

M   ■ —jrj— ■ normalized saturation magnetization 

M 
■ normalized remanent magnetization 

-c 

XMM r 
wc 

am 

TC ■ —Tp-     = time constant 
c 

R   ■    ..__,—    ■ remanence ratio r       4>rM 

FR = — « frequency ratio 
o 

47tM.        ■ saturation magnetization 

. c 
4WM        = remanence magnetization ^ 

o 
y ■ gyromagnetic ratio ■ ^ 

dH • intrinsic linewidth 

Dielectric constants e* , €*   and C'      dielectric loss tangents tan 4 ,   tan d,, and a     a i * ad 
tan 6 apply to the air. dielectric and ferrite regions, respectively.   Normalized 

dimensions W,, Wa, W. and W_   apply to the slot width, waveguide width, torold 13       4 5 
wall thickness and waveguide height respectively. 

Because the digital phase shifter operates in a remanence state, the effective 

internal field H is determined entirely by the magnetocrystalline anisotropy field and 

the vf demagnetizing factors of the domain within the iorold.   To establish a reasonable 

value for H requires some understanding of the domain structure of the material.   For 

material geometries which lead to an appreciable remanence ratio (0.5 or greater), 

the domain structure of the ferrite will most likely consist of a few large domains and 

some smaller domrdns in "unmagnetize^" parts of the material.   Each domain may have 

different demagnetizing factors, and in each domain the magnetization will exhibit pro- 

cessional resonance at a characteristic frequency determined fay the anisotropy field 

of the material and the demagnetizing fields. 
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It is Important to observe that, although the rf demagnetizing factors at the surfaces 

of the ferrite are accounted for by the applied boundary conditions in the solution of 

the boundary value problems, the rf demagnetizing factors of the various internal 

domains are not included by that procedure and must be accounted for in the average 

effective field H .   In this model, the major portion of the resonance losses will be 

determined by the effective field of the largest domains whose magnetizations are 

oriented orthogonal to the rf magnetic field.   The geometry of these major domains 

should be related to the overall sample dimensions. 

Based on this thought» H. can be estimated using Kittel's equation and the 

estimated demagnetizing factors of the major domain.   Because the applied dc magnetic 

field is identically zero Kittel's equation can be written as 

Hi" SN   + N * - N ) 47rM     |N   + N * - N  UnK    I 
xx        z/        »J C y      y        z'       sjj 

'*h*re N       N     are the effective demagnetizing factors arising from anisotropy effects 
x       y 

and are given by: 

N 
47rM      L 

8in20   - 3 sin2 2 $ ] 

N a 

47rM      L 
2 sin ^ --r-sin 20 

Here $ is the angle the magnetization makes with a <100 > direction of the crystallites 

as measured in a<110>plane.   II the magnetization is assumed to lie along the easy 

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

H. (-|--~-+N   47rM )(-4—^-+N  47TM  I 
V     Ms       X        B/\3    Ms       ' 8/l 

1/2 
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«ten N  hf« teen Mt equl to zero in ftocorduee with the toroidal geometry. 
x 

Tte panuaeter K  U the flrit order BMfnetoorjrftaiUiw aaitotropsr conetant. 

Kl For ft typical garnet toroid with rr- a» 60 oe.. 47rMa «1200 gauss, and a length 

to width ratio of 10 to 1 for the toroid legs, the estimated effective field for the 

to 

H. •> ^(SO + ia0)(80 + lOSOf 

H « 480 oe. 

Tte damping parameter associated with these domain resonances is of the 

conventional form and i? included in the resonance equation in normalized form as 

a damping time constant 

TC- f c 

where dH is the intrinsic linewldth and f   is the center operating frequency. c 
be intrinsic linewldth appears to vary directly with frequency (as will be 

discussed later), tte damping term is in fact a constant independent of frcc^ency,, 

and tte calculated results are applicable at any frequency. 

4.5.1.1  Effects of Internal Field and Magnetization on Phase Shifter 

Performance.   The experimental data, used in plotting the various curves which 

follow, are presented in Tables V and VI of this report and Tables XII and XIV of 

tte Final Report on RADC Contract No. AF-30(602)-3490.     In Figures 40 and 41, 

tte theoretical differential phase shift and loss per 360   of differential phase shift 

for a latching phase shifter are shown for three different values of the normalized 

effective internal field as functions of the width of the waveguide,   hi addition, the 

experimentally observed loss and differential phase shift for the same structure 

are given.   It is encouraging to note that as the effective field approaches the value 

predicted by the simple arguments given above, both the predicted loss and differ- 

ential phase shift for the structure approach the observed values more closely.   The 

theoretical predictions and the experimental results are in fact in excellent agree- 

ment.   Figures 42 and 43 illustrate the effect on loss and differential phase shift of 

variations in H over a small range of values when all other parameters are fixed. 
It can be seen that loss increases more rapidly than differential phase shift as Hj 
increases. 
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TABLE V.   X-BAND DEVK 

3[(1.0-x)Y9O   -j L                  2   3   j 

SMEC 
NO. 

COKPO 
x 

SITION 
W 

■ ATCH 
SIZE 

WAXING 
TIME 
omsi 

FiNiNa 
SCHEDULE 

•C/lir 

DENSITY 
9«it/ci» 5 

PARTICLE 
SIZE 

(MICRONS) 

oiELEcrmi 
LOSS TAN, 
IX tAMOt 

G-293-5C 0.15 1412 16 
1475^, 

_5_ 4.84 NM <a onns 

G-292-2C 0.12 1420 16 
1475, ̂  

-^ 4.91 NM <0.000^ 

G-450-C 0.10 Dv 0.08 753 16 
1475^. ̂  

_&,, 5.23 NM O.OWff 

G-297-7F 0.45 Gd 745 16 
1475^ 

_5, 5.W NM 0.000? 

G-287-3C 0.04 Dv 0.08 751 16 
1475^ 

5 5.13 NM 0.000^ 

G-286-7C 0.02 Dv 0.08 750 16 
1475 

5 5.07 NM <0.000* 

G-296-41J 0.30 Gd 3111 24 
f4^ 

_5. 5.47 NM <0.0006 c n c G-404-3C 0.05 1440 16 
1475^ 

^ 5.08 NM <0.00(^ 
5 

G-232-73C 1454 24 
1475 

5 5.10 NM <0.O00B 

1 - Estimated Value 
2 - Normalized to Rr = 0.50 

3 - Value calculated by method shown in Appendix A 

3862B 

w, = 

W„  = 

0.060 Ac 

0.382 Ac 

W4 =  0.040XC 

W_  =  0.294 A,, 
5 

=  1 

€,1 = 16 

<2 = 'r 
*'3 = 1 

m  ■ 
8 

n 
m   = 

P 
N 
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!ST RESULTS ON MATERIALS PROM THE FAMILY 

^•5   dO-^LMjOj-wAij^O,] 

^   = the center frequency of the low power test range 

-3.7 GHz, 5.65 GHz and 9.0 GHz at Sband, C band and X band 
respectively 

f     = high power test frequencies 

= 3.7 GHz, 5.60 GHz and 9.375 GHz at S band, C band and X band 
respectively 
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TABLE VI. 

SMCC 

HO. COMfMIT.O» 

16-2Qr 

78-4F 

77-3F 

Ni1.0MV02Fei.9O4 

Ni0.97ZD0.03MVü2Fei.9
O4 

• «TCH 
size 

ll"»! 

1700 

Ni0.824 Zn0.176 ^0.02^1 .a 04 

1700 

TIME I  SCHEOU 
(HNtl *C/hf 

1750 
61-4F Ni0.325Zn0.675

Mn0.02Fei.9
O4 J750 

83-8 F 0,58MgO • 0.06MnO • 0.36Fe-O 
 2_2. JIM. 

64-4E 

91-3F 

Li       Fe   O 
1.0     5 -12M 

mSL^Ü^^^h^ 2H0Q 

TABLE VI. 

SMEC 

NO. 

16-20F 

78-4F 

77-3F 

61-4F 

83-8 F 

64-46 
ai-3F 

CtNTMITIM 

Nii.o%p?
Fe^o4 

Ni0.97ZVQa
Mnnn.^oO. 

U,  . Fec 0o ULI s   j 

■«O.^ ZV.,«"»» n»^. .0.1 
"'o a!!B Z°n m5 "»n „, Fe, , 01 

0.58 MgO • O.OOMnO • 0.36Fe O   2 a 

■«.^'V«."-^^. .o. 

O 
O 

O o 

W1  =  0.025A) 

w3 = o.aesA^ 

W,   =  0.045A, 

w 
1 

=   0.280A, 

= 1 

€    =  16 

3862B-1 
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m    = 
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iND (8.0-10.0 Ghz) DEVICE TEST RESULTS 

mc Oltk.tCTB.r 
COMSTANT 
I»  •«NOI 

IS. 

JSLS. 

MA. 

«»•cron 

JU. 
14.9 

i^l 
UM. 

13.7 

^i£ 

AIL 

2.27 

2.07 

2.13 

^23. 

xia. 

LIM «lOTN 
ftMU«! 
K ••t.O 

JÄfi- 

JSL 

Jilfi. 

10? 

512 

JSS. 

(GAUSS I 

2815 

_2ä6L 

382Q 

2770 

IffiM 

3365 

US      3770 

Q.i8 

JLM. 

Q.fiS 

JL3L 

Affl. 

SL35. 

Q.fi7 

caoein 
1011  («•-.) 

JQL 

JiM. 

JSJL 

iUL 

NM 

NM 

JBL 

y*mit 

J^JftL 

JLä2. 

1.18 

JLM. 

0.64 

1^0_ 

J^Ll 

'erit 
IWI 

JiM. 

UM. 

JIM. 

JL 

NM 

JOL 

"trit 
(Of) 

JäM. 

JIM. 

JÜM. 

JL 

NM 

JiM. 

LOU/JM* 

>10 
AJltQLl 

BQto, 

fdb 
Lfl Gha 

8-0 to 1 

LOGhz 

ee 
0.57 

>30 
8.0 to 1110 Ghz 

S.QtQl 

A*'*» 

JLQbi 

'    NM 
Rg 

101 
db 

m- 
SLQhL. 

LND (5.0-6.5 Ghz) DEVICE TEST RESULTS 

OlCLECTNir 
CONSTANT 
III  HANO) 

12.6 

12.7 

JZLZ. 

2L3. 

m. 
NM 

«»ACTOR 

2.44 

AIL 
2-27 

2.07 

2.13 

2.23 

LINE WIDTH 
AMU.I 
K •ANO 

520 

485 

^IiL 

J0L 

Ji2. 

595 

(GAUSS) 

2815 

2965 

3820 

2770 

am 
3365 

0.44 

AiL 

Q.S4 

0.49 

0.66 

0.53 

COCRCIVC 
riCLD 

"^UtUSO^l 

NM 

Nu. 

ML 

NM 

JIM. 

NM 

y*irt>t 

1.40 

AiL 

1-90 

1.38 

.LJKL 

1.67 

erit 
(Ml 

NM 

NM 

UM. 

NM 

UM. 

NM 

k.r.t* 
I«) 

NM 

NM. 

JM. 

NM 

JäM. 

NM 

LOSS/JM* 

>30 
4.5 to 6 

db 
5 Ghz 

>30 db 
4.5 ti fAk 
ULfa 

>3 
4.5 to 6 

See 
20 

>3C 
4.5 to 6 

^^^isail 

JXVL. 

Ä&l^ 
5 Ghz 
fip 

115 

5 Ghz 

Lfi_ JU. .2.13. J15. 3770 o 56 UM. l.ii? JUH. JQL 
>3?F 

jJLinJU 

fc   =  1.35 GHz. 5.65 GHz and 9.0 GHz at L band, C band and X band 

f     ■ high power test frequencies 

» 5.60 GHz, and 9.375 GHz at C band aid X band 

Value calculated by method shown in Appendix A 
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While it appears from the reacts shown in Figures 40 and 41 that to obtain 

the smallest loss per 360° of differential phase shift one would prefer a waveguide 

width of less than 0.25^. it will be   hown later that for such small waveguide widths 

it is diffi.mlt to obtain a flat response of  differential phase shift with frequency. 

Figure 44 shows the calculated contributions to the total loss for three 

different sources - waveguide wall losses or copper losses, dielectric losses, and 

theoretical magnetic losses.   These add up to a total theoretical loss of approximately 

0.84dbper 360°differential phase shift.   This compares with approximately 0.95 db 

per 360° of phace shift as shown in the experimental curve for a üdrty percent gado- 

linium substituted YIG.   It is seen that the theoretical waveguide losses are approxi- 

mately 0.06 db. the dielectric losses are approximately 0.22 db and the theorutical 

magnetic losses are approximately 0,54 db.   The ability w predict accurately these 

various losses spearately enables us not only to predict what the total loss will be but 

also to study the influence of the different parameters on the separate loss mechanisms. 

g For this particular set of parameters, it would Indicate that reducing the magnetic loss 

Z should be the primary goal.   This would be accomplished by reducing linewldth or 

Improving other contributors to the magnetic losses. 

Figure 45 presents calculated values of loss per 360° of differential phase shift 

for a typical configuration as a function of the normalized saturation magnetization. 

The anlsotropy field of the material is a parameter in this figure.   These computed 

curves indicate that for large values of normaUzed saturation magnptlzation the loss 

for 360° of phase shift increases rapidly as we approach ferromagnetic resonance In 

the material.   The proximity to ferromagnetic resonance is influenced by the value of 

the effective internal field and hence anlsotropy field of fee material.   This dependence 

on anlsotropy field is quite marked as evidence by the variation of loss with this para- 

meter seen In the curves of Figure 45.   At 1c   values of normaUzed saturation mag- 

netization loss per 360° also increases rapidly.   This increase is due to the fact that 

the differential phase shift per unit lengths obtained for small values of m la low 

(proportional to R. ny, while the insertion loss per unit length is relatively constant, 

since, for low mfl values, the loss is primarily determiited by dielectric and copper 
losses. 

(V 
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Figure 46 if a plot of «qwrimentaDy measured values of loss per 360  of 

phase shift as a function of the normalized saturation magnetization m 

for low m   values.   These results can be compared to the   ilculated curves in 

4ft.   The minimum in LP360 in the vicinity of m8 = 0.6 agrees reasonably well 

e date for the 100 oersted anisotropy field of Figure 45.   The principal feature 

aoted, i.e., the rather sharp increase in loss at normalized saturation magnetization 

in 0.4 is obviously in agreement with the results of Figure 45.   The 

fa Figure 46 are the results of measurements taken in three different 

frequency bods.   Figure 47 illustrates the variation of loss with frequency in C and 

X band for a magnesium manganese ferrite having a 47rM   of 2064 gauss.   The sharp 
s 

rise of loss with decreasing frequency in C band is due to the proximity of resonance. 

date are replotted in Figure 48 in a form more nearly equivalent to 

teat of Figure 45.   The similarity between the shapes of these curves is obvious. 

The more gradual up turn in the curves of Figure 45 is probably due to the vastly 

different scale of loss.   This magnesium manganese ferrite has an anisotropy field 

greater than 600 oersteds and therefore the loss curve of Figure 48 lies above any of 

those of Figure 45. 

The variation of differential phase shift (for a typical configuration) as a 

function of normalized saturation magnetization for a remanence rauo of 0.5 and an 

anisotropy field of 100 oersteds is shown in Figure 49. 
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4.5.1.2 Effect» of LJnewkith On Low.   Figures SO, 61, and 52 highlight the 

reeulta of a itudy of magnetic loaa aa a function of resonance linewidth.   The reaults 

of tiila study have shown that magnetic loss in a remanent state ferrite is directly 

related to the intrinsic linewidth of the materials.   In Figure 50 both calculated and 

experimental results are presented showing the X band loss for each of the two 

remanent states as a function of intrinsic linewidth AH .   The loss for both states is 

seen to increase linearly with linewidth.   The differential loss between remanent 

states also increases with increasing AJ .   For Aa greater than about 100 oersteds 

the differential loss in this configuration is large enough to be bothersome in phase 

shifter applications,   fhe materials used to obtain the experimental data shown in 

Figur« 60 were yttrium dysoprosium aluminum iron garnet: 

(8% Al. 10% Dy, AH = 380 oe.), yttrium dysprosium aluminum iron garnet 

(8% Al, 4% Dy, AH* 160 oe.), yttriiuu dysprosium aluminum iron garnet 

(8% Al. 2% Dy, A H ^ 100 oe.), yttri un gadolinium iron garnet (30% Gd. 

AH * 70 oe.), yttrium aluminum iron garnet (6% Al. 4 H = IS oe.). The data 

points have been normalized to correspond to a remanence ratto of one-half.   For these 

materials excellent correlation is obtained between experimental losses and those 

calculated using the Intrinsic resonance linewidth.   However, the linewidth normally 

measured for polyorystalllne materials in the inhomogeneously broadened linewidth. 

not the intrinsic linewidth per se.  What then Is the relationship of the intrinsic 

linewidth to the polyorystalllne linewidth? 

The linewidth observed on polycrystalline farrimagnetic materials arises from 

several different sources.   The various line broadening mechanisms can bo categorized 

as intrinsic damping, porosity broadening, and anisotropy broadening. Obviously, 

all damping mechanisms are line broadening mechanisms since, in the absence of 

damping, the resonance line is infinitely narrow. 

o 
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G-405-3E G10 130 NM .50 
G-458C 625 212 .0005 .«7 
G-293-5E 640* 42 <.0005 .43 
G-270-3D 690 «7 NM .61 
G-292-2E 900* 47 <.0005 .38 
G-291-2E 1200 * 55 <.0005 .31 
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Figure 52.   S Band Loss Per 360   Vs Poly crystalline Linewidth. 
Experimental data obtained in the configuration shown in Table V 
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totrlMlo damping oontrlbutoi to the liBewidth that ia obaerved on pure 

atogle oiyalalB. fret fron mrf^ee eifeota and ao forth.  Thla certainly repre- 

aeate a lower Unit on polyoryetalline Unewidth. aa all other etfeota will broad- 

m thla iatrlnalo reeonaaoc Unewidth.  The Inlrtatin Unewidth of a polyoryatal- 

llne eample la the Mate aa the Intrinaie Unewidth of a aingU oryatal aample of 

the eame matirtal and of equal purity.  The equal purity ahould be kept in mind 

■iaoe lower purity osldea (N. 9) are normally uaed in polyoryataUine material! 

than are uned in linfle oryatal work (99.9999).   totrimio Unewidth la rather 

intimately related to the ipin wave Unewidth. dHjj,  b feot, aa a good apprad- 

matton. cne oan take dl^ to be equal to the intrinsic dH at the eame frequency. 

A freifienoy dependence of intrtMlo Unewidth haa been obaerved on many aingle 

oryatal aamptoa aid aome polyoxyatala.  The obaerved ihape of the Iocs curve 

and the frequency dependence of Unewidth for loaeea due to intrinalo damping 

are in easeUent egreement with the prediotlcne of the Landau-Lifahlti loaa c 

formulation. r o 

IntriMio Unewldäha vary wie* >ly.   Prime enmplea are found in the gar- 

net family.  For example, pure yttrium Iron garnet aingle cryatals may have 

Unewldtha of a few tcntha of an oereted. while the yttrium (tyaproalum iron 

garneta may have Unewidthe of aeveral thouaanda of oerateda.  In faot In the 

rare earth gamete, iatrlnalo Unewldtha are ao broad that the tingle and 

polyoryataUine aamplea exhibit eaaentlally the eame Unewidth — all other con- 

tributing ftatora being almoat negligible.  Thle domlnaace of the intrinalo damp- 

ing alao manlfeata Itaelf In the obeerved frequency dependence of the pdyorystal- 

Une Unewidth of rare earth and even of rare earth doped ganeta.  Thua. the 

Unewidth of a heavily djraproaium doped yttrium Iron garnet may ahow a narked 

frequency dapendeuoe. When Intrinalo damping la dominant, X band Unewldtha 

may actually be eeveral timea larger than L or S band Unewidthe. 

Corruption or poroalty broadanlng oooura in all polyoryataUine aamplea 

to aome extent.  The more poroua or leaa deaae a polyoryataUine aample la. 

the broader wlU be Ita reionaoo« Unawidth.   Poroalty broadanlng will contribute 
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a line broadening proportional to the percent porosity and to the saturation magneti- 

zation.   Porosity broadening seems to be Independent of frequency. 

Anlsotropy broadening has long been recognized as a source of llnewldth 

In polycrystalllne materials.   Since each grain or crystallite may have Its crystallo- 

graphlc axes aligned different from Its neighbor, the effective anlsotropy field varies 

from one grain to the next.   Thus, each grain wUl resonate at slightly different 

field values, and this spread In effective field values gives rise to a spreading oi't of 

the resonance loss.   This type of line broadening Is independent of frequency and Is 

the dominant mechanism In many common ferrltes and garnets. 

In summary, poly crystalline llnewldth of many ferrltes and garnets Is determined 
predominately by anlsotropy broadening and Is rather Independent of frequency.   In 

very porous samples, porosity broadening may be the dominant mechanism.   It, too, 

is Independent of frequency.   In some rare earth doped garnets (or single crystals 

p of oaer materials). Intrinsic damping may be the dominant mechanism, and this 

^ llnewldth will vary almost linearly with frequency.   The appropriate llnewldth to use 

In calculating magnetic losses far from resonance appears to be the Intrinsic 

llnewldth.   As pointed out above, for some materials, such as the rare earth doped 

garnets, the polycrystalllne llnewldth Is almost identical to the Intrinsic llnewldth. 

In particular, this Is true for the dysprosium and gadolinium doped garnets whose 

test results are compared In Figure 50, I. e., dHpoiycrygtalllne * ^Intrinsic tor 

these materials.   The two materials, which have no rare earth doping, have 

polycrystalllne llnewldths of 30 to 40 jersteds and Intrinsic linewidths of 10 to 15 

oersteds.  Thus, in Figure 50 the apparent correlation between computed and measured 

values would have been equally as good If the losses had been plotted as a function 

of polycrystalllne rather than intrinsic llnewldth.   On the otaer hand, materials such 

as magnesium manganese ferrlte have polycrystalllne llnewldths of the order of 

500 oersteds and Intrinsic llnewldth of the order of !§ oersteds.   With such large 

differences between the two types of llnewldth It Is easy to distinguish which llnewldth 

Is proper to use In calculating losses.   For example, a magnesium manganese 

ferrlte (83-8F) with a polycrystalllne llnewldth of 512 oersteds and an estimated 

Intrinsic llnewldth of 10 oersteds has been tested In X band (see Table VI and 

Figure 48).   The measured loss per 860° of differential phase shift was about 

0.8 db/380o.   The calculated loss based on the polycrystalllne llnewldth of 512 

oersteds Is about 8 db/360o, while the calculated loss based on an Intrinsic 

llnewldth of 10 oersteds is about 0.45 db/S60o.   Dielectric and waveguide copper 
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loMes are included in the calculated values but not losses due to reflections, 

charging wire, glue, etc.   Obviously, the computation based on intrinsic linewidth 

«gala is la very good agreement with measured results, while the computation 

baaed on polycrystalllne linewidth leads to losses much higher than those measured. 

Thuc, the ccoclusicn is that magnetic loss in remanent state ferrimagnetic materials 

is directly related to intrinsic linewidth and can be accurately predicted from that 

and other material parameters utilizing the models and analysis techniques 

presented in Section 3. 

The data presented in Figures 51 and 52 show the dependence of loss on line- 

width for several matariala as measured in C and S bands, respectively.   These re- 

sults can be compared with the cutta shown in Figure 50.   Again, in every case, an 

approximate linear dependence of loss on linewidth is observed.   These materials are 

all garnets and in the broad linewidth cases have considerable dysprosium doping. 

In the intermediate linewidth range they contain both small dysprosium and gadolinium 

dopings.   It is interesting to note that these curves are very nearly equal for the three 

frequency bands.   Hie linewidth axis in Figures 51 and 52 is the X band measured 

polycryatalline linewidth.   For many of these materials the intrinsic and polycrystalllne 

linevldths are essentially identical.   However, these data will later be replotted as 

a function of the proper intrinsic linewidth for each frequency band.   The experimental 

data shown in Figures 50, 51, and 52 of loss versus linewidth were taken for normalized 

saturation magnetization values between 0.4 and 0.8 when the dependence on magneti- 

zatioa is relatively insignificant (see Figure 45). 

4.5.1.3 Effects of Dimensional Changes and Dielectric Loading.   For a given 

set of Intrinsic ferrite parameters, the other parameters of a phase shifter structure 

can be selected to optimize performance in termr of maximum phase shift per unit 

loss, maximum phase shift per unit length, minimum change in phase shift with fre- 

quency, etc.   The following figures i lustrate how the configurational parameters 

affect performance characteristics.   Both calculated and measured data are given where 

available.   Excellent correlation of experimental and analytical results is obtained. 

Figure 53 presents the variation of differential ph&se shift with dielectric core 

thickness for several values of core dielectric constant.   It can be seen that by proper 

choice of core width and dielectric constant it is possible to maximize the differential 
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Figure 54.   Comparison of Performance of a Typical Ferrite and 
a Typical Garnet in a FDPS 

phase shift per unit length.   For the example shown, this maximum occurs with a die- 

lectric constant of 16 and a normalized core width of 0.025. 

Figure 54 compares a typical ferrite material to a typical garnet material. 

The dielectric constant of the load is 13 for the ferrite case and 16 for the garnet case. 

Differential phase shift and loss per 360  are plotted as a function of slot width W  with 

waveguide width W  = 0.5XC. It is seen that, although the garnet material produces 

more differential phase shift, its loss per 360  is also slightly more than in the case of 

the ferrite.   It is also seen that differential phase shift in the garnet material peaks 

4-72 



MM 

CM 
O 
o 

out of a value of W! = 0.025Ac. while Wj =0.04A c gives muximvm phase shift in «he 

case of the ferrite.   However, nininran loss per 360° is achieved with a value of 

Wj = 0.020;. c in both the garnet and the ferrite, which yields 0.64 db for the garnet and 
0.62 db for the ferrite. 

The variation of differential phase shift with frequency can be controlled to 

some extent by proper selection of waveguide width and dielectric load thickness. 

Figures 55 and 56 show the frequency variation-of differential phase shift for several 

values of waveguide width and of dielectric load thickness, respectively.   It can be 

seen that in either case there are values of W3 and W that yield a differential phase 

shift which is essentially independent of frequency over a wide band of frequencies. 

For example, from Figure 55 a waveguide width of 0.3 Ae and core thickness of 0.023 A 
c 

leads to a flat phase shift with frequency when the other parameters of the structure 

are as shown. 

The slope of the phase shift curve is quite important in unany applications. 

Phase slope is defined as the change in deferential phase shift over a 0.1 increment 

in normalized frequency centered at the operating frequency.   Figures 57 and 58 show 

phase slope as a function of waveguide width with core thickness as a parameter. 

Comparing the two figures, it can be seen that other factors remaining constant, in- 

creasing the dielectric constant of the core means that smaller waveguide widths must 

be used to obtain zero phase slope.   For example, if the core dielectric constant is 

1.0, then a waveguide width of 0.41 Ac and a core thickness of 0.038 A   will yield flat 

phase with frequency    If the core dielectric constant is increased to 16.0 and the core 

thickness is maintained at 0.038Ac, then the waveguide width must be reduced to 0.32A« c 
to obtain zero phase slope. 

From the data contained in the above figures it is possible to derive a con- 

figuration which will have a maximum phase shift per unit loss with the added constraint 

that the phase slope be zero.   For a typical garnet material having a dielectric constant 

of 16, this optimum configuration would be: 

Waveguide width W       = 0.365 Ac 

Dielectric core thickness W   = 0.025 Ac 

Tcroid wall thickness W   = 0.045AC 

Core dielectric constant C    ■ 16 
This basic configuration is the one now used In the experimental evaluation of materials. 
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4.5.2 Below Resonance Operation of FDPS 

A helical line phase shifter on loan from Mr. D. H. Temme of MIT Lincoln 

Laboratories. Is shown In Figure 59.   A cutaway has been made to show a portion of 

the circuit Including the helix, ferrlte toroid and the toroid charging wire.   A more 

complete description of this device is given elsewhere. 

Three aluminum substituted YIG materials were tested in this structure in the 

latched condition: 

G-289-6J YIG 

G-290-R 0. 03 A/ + YIG 

G-404-J 0.05 A/    YIG 

( ■ 

r 
u 
—s 

c 
ro 

TT»f N 
nM*U CONMCTO* 

(•OTH CNRÜ) 
3M1B 

Figure 59.   Helical Phase Shifter Structure used for Magnetic Loss Measure- 
ments 

"   Final Report "Development of Helical Phase Shifters", prepared for MIT Lincoln 
Laboratories on Subcontract No. 250, Prime Contract No. AF19(628)-500, December 
1964, Pg. 71. 
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Figure 60 shows the magnetic loss corresponding to the two remanent states 

+M   and -M   in a YIG toroid (4 TTM « 1780 gauss).   The toroid length was 0.470 inches, 
r r s 

Resonance occurs at about 2400 MHz and 2500 MHz in the two states, respectively. 

The increases in loss seen at 3800 MHz and the scattering of the daia points near 

resonance cannot be explained at this time but may be due to structural anomalies. 

Figure 61 shows the losses corresponding to +M   and -M  ina 1-inch long sample 
r r 

of 3 percent aluminum substituted YIG (4 ATM  a 1600).   The material resonates at 

2050 MHz and 2200 MHz respectively in the two states, and the losses decrease 

smoothly to about 2 db at 3800 MHz. 

Figure 62 shows the +M   and -M   losses for a 1-inch long toroid made from 

5 percent aluminum substituted YIG with a 47rM «1325 gauss.   The rasonance fre- 

quencies are 2000 MHz and 1950 MHz respectively. 

In both Figures 61 and 62 it is clearly seen that the losses designated +M 

are greater than those designated -M   at resonance but, at frequencies below resonance, 
n 
ri 

they cross and the -M   losses are greater than the +M   losses.   The +M   lire is sees 
r r r 

to tail out more gradually at the high frequency Ride of resonance, while the -M   line 

tails out more gradually at the low frequency side.   This basic difference in the shapes 

of the resonance lines may be related to the difference in the effective permeability of 

the two remanent states.   The effective permeability corresponding to +M   and -M r r 
would be expected to give rise to different degrees of loading in the structure. 

Figure 63 shows the below resonance (frequency) nonreciprocal differential 

phase shift per inch measured on the three materials, YIG, 3 percent aluminum sub- 

stituted YIG, and 5 percent aluminum substituted YIG (G-289, G-290 and G-404 re- 

spectively).   The respective phase shifts of these materials are seen to be roughly 

40 degrees/inch, 50 degrees/inch and 55 degrees/inch.   Whether this differential 

phase shift is due to differences in the field displacements? associated with +M   and 

-M , which is the usual cause, or to possible differences in H is not clear at this 
r i 

time.   It should also be noted that the measured differential phase shift here decreases 

with increasing magnetization.   This may follow from the fact that differential phase 

shift in this mode of operation depends on the proximity of the resonance frequency to 

the operating frequency, and the resonance frequency in turn is a function of 47rM . 
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Figure 61.   Magnetic Loss Versus Frequency for G-290R in the Helix 
Structure 
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The observed slight decrease In phase shift with Increasing frequency Is 

probably connected with the fact that maximum nonreciprocal phase shift In a helix 

structure occurs when the length of the helix turns Is an odd multiple of V4,   Since 

the length of the helix turns In this case was chosen to be 3 X/4 at 3000 MHz, then 

maxima in the nonreciprocal phase shift should OCCUJ at 1000 MHz,3000 MHz, 5000 MHz, 

etc., while minima should occur at 2000 MHz, 4000 MHz, etc.   Thus, phase shift due 

solely to the helix should decrease with frequency from 1000 MHz to 2000 MHz.   This 

decrease is, of course, offset to some extent by the increase that occurs as the 

resonance in the material Is approached.   The cyclic variation in phase shift is felt to 

be due to dimensional effects. 

The losses shown in Figure 63 are those corresponding to -M , representing, 
r 

therefore, the maximum loss over the range for which phase shift could be measured. 

The preliminary data shown here leave much room for improvement before below 

resonance operation can be extended to a device development state.   The results are 

cerflainly encouraging, however, and because of the potential improvement this type 

of operation may yield in high power applications, it will be further pursued.   Further 

investigations of this type of operation will be made in the waveguide structures shown 

in Section 4.4. 

4.5.3 High Power Characteristics of FDPS 

The conclusions drawn from the discussion of peak power effects in remanent 

state ferrltes (Section 3.2.2) are that the peak power handling capacity of a material 

at a given frequency can be increased by increaslrg the splnwave linewidth AU 

(perhaps by rare earth doping) or by decreasirc tlie saturation magnetization (perhaps 

by aluminum doping).   With these conclusions as a guide, materials have been se- 

lected for evaluation which should lead to a good understanding of the material pro- 

perties required for obtaining high peak power thresholds in L, S, C and X bands. 

Tables V and VI provide a list of high power data on a number of materials tested in 

X, C, and S bands. The tables also give microwave and square loop properties of 

the materials listed and low power phase shifter performance data on the material. 

The configuration used in the testing are also shown in the tables. 

c 
u 
o 
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Figure 64 presents a graphlcil summary of the currently available results 

of high power measurements performed on a variety of materials.   The left-hand 

ordinate gives the threshold values of the rf magnetic field, h^.   These values were 

calculated from tie measured threshold power levels.   The four right-hand ordl diätes 

specify the corresponding threshold power levels in L, S, C and X bands.   Tlie«e 

threshold power levels are the calculated values of peak power levels required to 

generate the given rf critical field value in a typical waveguide nonreciprocal phase 

shifter. 

The data given in Figure 64 is in good agreement with the results expected 

from predictions based on the domain model for peak power effects presented in 

Section 3.2.2.   The threshold field obviously increases with decreasing saturation 

magnetization. 

Thn dotted curve illustrates the way in which h^ would vary according to 

the equation w4Hk 

hcrit = y47m s 

which assumes that low k ipinwaves are always available at half the operating frequency. 

At low values of saturatlcu magnetization, the dependence on mB (= y47rMB/f) is clearly 

much stronger than this simple Inverse relation.   As pointed out in Section 3.2.2 for 

normalized saturation magnetization values less than about 0.3 the relative position 

of the splnwave manifold Is such that (for even the most unfavorable domains) only 

high k half-irequency »plnwaves are available (see Figure   5 ).   Since the splnwave 

llnewldth appears to vary as 4Hk= A +Bk , the restriction of scattering to high k 

splnwaves causes a rapid Increase In dHk (and h^) as the normalized magnetization 

m  decreases In the vicinity of 0. S. 
s 

This Increase In h   tA Is observed to be sharper or more abrupt In the case 
crlt 

of the aluminum doped YIG than for the rare earth doped garnets.   This difference can 

be easily explained in terms of the A and B coefficients of the terms that make up 

M   or AH    .   For yttrium and aluminum doped gamete, the A term is very small 
k int 

so that the intrinsic llnewldth, and hen^e hcrlt is very sensitive to changes in the 

second of Bk2 term.   In the rare earth doped garnets, the A term is considerably 

larger so that the variation of the Bk2 term with ms Is felt more gradually. 
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For a fixed value of m (e. g. m   = 0.6), the measured value of hcrtt is 

seen to vary almost directly with 4H   or 4H   ....   Thus, the threshold field varies 

almost directly with gadolinium (or any rare earth) substitution for all m   values. 

It should be kept in mind that increasing AH, (and therefore ^tllltTlnmtJ wil1 al80 

cause an increase in the insertion loss. 

The data shown in Figure 65 were taken on a single dielectrically loaded 

ferrite slab.   The configuration simulates a dielectrically loaded ferrite toroid where 

the ferrite slab represents one leg of the tcroid.   These data were taken to indicate 

the type of dependence of critical power level (P      ) observed as a function of effective 

bias field. 

In the initial region (for applied fields less tjhan about 50 oersteds) the material 

is essentially unsaturated and as a result certain portions of it (Polder-Smit domains) 

have high effective bias fields which raise the spinw&ve manifold so that intermediate 

O and low k spinwaves are degenerate with one-half th*e operating frequency.   As the 

V material is saturated and these Polder-Smit domains rre wiped out, P   ,, increases 

due to the fact that now the spinwave manifold for all regions of the ferrite has been 

lowered so that no intermediate or low k spinwaveiei are degenerate with one-half the 

operating frequency.   This is the same operation Region where the low 47rM  digital 

phase shifters operate.   As the applied field continues to increase the low k portion of 

the spinwave manifold is raised until it becomes degenerate with the operating frequency 

and at that ooint P    .decreases.   As the applied-field is still further increased, 
cnt / 

eventually the point will be reached where the ha|f-frequency point is below the entire 

spinwave manifold and then a very strong increase in P       would be observed with 

applied field.   These measurements do not extend to sufficiently high applied fields to 

reach this final state. 

Figure 66 shows the loss and phase shift versus applied field for the same 

dielectric loaded single slab configuration.   It is seen that the differential phase shift, 
o 

which is the difference in the two phase shift nulls shown, is approximately 150  at 

about 50 oersteds of applied dc magnetic field.   This would be approximately the con- 

dition seen by a ferrite toroid in the remanent state.   The phase shift is then seen to 

increase rapidly to a value of approximately 300° at an applied field of approximately 

200 oersteds.   For further increases in applied field, no appreciable increase in phase 
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Figure 65.  Critical Power Level Variation with Applied DC 
Magnetic Field in a Dielectrically Loaded 
Ferrite Slab Configuration. 
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Figure 66. Loss and Phase Shift Versus Applied Field in 
the Dielectric-Loaded Ferrite Slab Configuration 
shown in Figure 65. 
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shift U seen over the range of dc magnetic field values shown.   The loss shown here 

includes the loss, not only of the phase shifter, but also that due to the unbalance of 

the bridge used for these measurements.   Since the latter loss amounts to approximately 

0.40 db, loss of the phase shifter itself is teen to be approximately 0.7 db from 

approximately 0 to 1400 oersteds of applied dc magnetic field.   Thus, this configuration 
o 

would yield approximately 1.20 db per 360  of phase shift at 50 oersted applied field. 

Considerable insight into the adjustment of ferrite material parameters to 

control peak power effects In digital phase shifters has been provided by the initial 

results of the experimental and theoretical studies discussed above.   This insig t has 

served as the basis for the synthesis of operational high peak power phase shifters in 

various frequency bands.   For example, operational S band phase shifters have been 

synthesized having peak power capabilities of the order of 80 to 100 kw. 

Operational high power phase shifters often have stringent constraints or 

physical length and low power insertion los s as well as the high powor capability 

requirement.   A price mus t always be paid to obtain high peak power capability. If 

the desired peak power threshold is obtained by Ubing a low normalized saturation 

magnetization, the device will of necessity be longer than if a higher saturation magneti- 

zation material could be used, because for a give»; remanence ratio differential phase 

shift is directly proportional to the saturation magnetization.   If the saturation 

magnetization is to^  low,   the insertion loss per 360    of differential  phase 

shift will  increase drastically  due to dielectric  and waveguide copper  losses 

(see  Figure 45).     On the  other hand,    if the desired peak power capability 

is obtained by rare earth doping to increase    ^H. , the insertion  loss  will in- 
crease In direct proportion to the increase in dH   (see Figure 50).   In most operational 

designs compromises will obviously be required with the saturation magnetization 

decreased and AH   increased somewhat.   In any case, the data and guide lines pre- 

sented in\this report should permit the selection of material parameters for optimum 

performance under a known set of constraints.   It should also be recognized that for a 

given Input ^ower the rf magnetic field in the fcrrlte element Is a function of the geometry 

of the structure, the degree of dielectric loading, etc.   Therefore, the peak power 

capability of a phase shifter can also be increased by optimizing the geometry.   For 

example, increasing the heigit of a TE mode rectangular waveguide phase shifter has 

little effect on the phase shift or loss but appreciably decreases the rf field intensity 
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in the ferrite and hence increases the high power capability (it will of course ultimately 

lead to multi-moding difficulties). 

In summary, it is felt that the experimental and theoretical results presented 

here represent a rather complete understanding of high power effects in remanent state 

ferrites.   These results, together with the results of the low power studies,provide a 

basis for the design of material and structure for optimum high peak power digital 

phase shifters. 

CM 
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o 
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5    PRINCIPAL CONCLUSIONS 

The correlation obtained between theoretical predictions 
and measured values of both high and low power charac- 
teristics of remanent state devices indicates that ferri- 
magnetic materials in the remanent stete can be accu- 
rately represented as an assembly of magnetically satu- 
rated regions (domains) whose size and shape depend, 
among other things, upon the shape of the material sample. 

Peak power handling capabUity of a remanent state phase 
shifter is directly proportional to the spin wave linewidth 
/jH. of the material and inversely proportional to its nor- 

K HI 
malized saturation magnetization    g .. 

At a given frequency, w, peak power capacity can be 
increased by decreasing wm » MTTM^ e.g., by aluminum 
doping of garnets. 

§ • **"**/*.:** 
° When the relative position of the spin wave manifold and 
B the microwave frequency for a given domain is such that 

low k half-freq\ ancy spin waves are available, 4^   « AHj/ 

Peak power capacity of a remanent state phase shifter can 
be increased by increasing AH. /       for all domains, e. g., 

iVk = o 
by rare earth doping of garnets. 

When the relative position of the spin wave manifold and the 
microwave frequency for a given domain is such that no 
low k half-frequency spin waves are available, the 
Bk2 term and, consequently, the threshold field of that 
domain, Increase dramatically. For materials with low 
AH. /      (such as YIG+A1) the spin wave linewidth becomes 

4IL « Bk .   The principal control on the relative position of 
the different spin wave manifolds for the various domains of 

m 
remanent state material Is by variation of -~~- through its 
Influence on the effective bias field of each domain.   The 
multidomaln model for these materials permits the calcula- 

tion of the wm   at which the abrupt Increase In AH., caused by 

* the nonavailability of low k spin waves, occurs.   For domains 
having the lowest possible threshold field (i.e., Polder - Bmit 

u 
domains), the transition value of —-^ is found to be about 0.8. 
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in a given sample there may not be any domains of this 
type and as a result the abrupt increase in power handling 
capacity would occur at a larger value of —j— . 

Insertion loss at low peak power levels is directly pro- 
portional to the intrinsic linewidth of the material. 
I itrinsic linewidth at a given frequency is approximately 
equal to dH. for that irequency.   Thus, increasing peak 
power capacity by increasing dH. necessarily means greater 
insertion loss at low peak newer levels. 

Loss per 360° of differential phase shift increases rapidly 
for low ratios of u due to dielectric and copper losses, m 
Thus, adjusting —j— to obtain high peak power capacity 
can lead to increased insertion loss, as well as requiring 
longer physical length to obtain 360° differential phase shift. 

c 
The capability of the analytical procedure to separate and ^ 
identify the source of the various loss components is of o 
considerable utility in selecting optimum material and ■] 
design to achieve a specified peak power handling capacity. 

High density materials appear to have the best overall 
properties for use in remanent state phase shifters. 

Remanence magnetization appears to vary with temperature 
in approximately the same manner as the saturation magneti- 
zation. 

Below resonance (in frequency) operation has been achieved 
in a helical line digital phase shifter.   The shape of the 
resonance loss curve for the remanent state material is 
very much like the resonance curve of a saturated sample, 
only broader.  A figure of merit of about 25 degrees/db has 
been achieved at 1 GH .   Operation at frequencies below 
resonance is of great interest for low frequency phase shifters 
because of the inherently high peak power capacity obtained. 

Table VII lists some possible tradeoffs in FDPS between peak 
power (PJ, average power (PavJ> ^OBB per 860° and phase 
shift per inch.   In each frequency band the first line of values 
is typical of a low peak, low average power configuration 
designed to have maximum phase shift per unit length and 
minimum loss per 360P.   The second line of values represents 
a high peak, lov average power configuration in which high 
peak power capabUity has been obtained by decreasing the 
ferrite magnetization.   The loss per 360° increases 
and the phase shift per inch decreases because of the lower 
value of m .   The third line of values represents a high peak, 
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high average power phase shifter configuration.   Rare 
earth doped (gadolinium) garnets would be used to 
achieve phase shift stability with average power 
variations and the loss per 360° would increase in 
proportion to the required doping. 

Note that, in going from the low peak, low average power 
configuration to the high peak, high average power con- 
figuration by rare earth doping, the loss per 360° just about 
doubles while the phase shift per inch decreases by almost 
one»thlrd.   If it is desired only to increase the peak power 
capability, alumircm substitution only should be used since 
the increases in loss associated with this method of increas- 
ing the peak power capability are substantially lass than 
with the rare earth doping. 

In the above discussion the geometries of the f er rite and 
waveguide were fixed.   By making certain adjustments in 
the ferrite geometry, both the peak and average power 
capability can be increased by approximately a factor of 
10.   The corresponding loss per 360° increases about 
25 percent while the phase shift per inch decreases to about 
one-third its previous value.   These sacrifices are accept- 
able in some applications. 
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TABLE VII.   LOSS AND POWEH TRADE-OFFS IN FERRITE PHASE SHIFTERS 

®       (2) 
Freq-     PD       Pavir        ms

= ^Hvk^      Loi38/360o   ^/inV Typical 
^"^     (Ä)     (watts)      y47rMs/F (Oe)        (db/360O)      agrees/Inch) Material 

X 

s 

50 

50 

100 

100 

50 ® 

100 

20 

® 

0.63 

0.25 

5 

0.35 

0.90 

0.26 

0.35 

0.60 

50 

5 

50 

0.40 

0.70 

0.75 

0.40 

0.65 

0.80 

0,40 

150 

67 

92 

160 

40 

55 

57 

Mg Mn 
Ferrite or 
YIG 

Mg Mn Al 
Ferrite or 
Al substi- 
tuted YIG 

Ud, Al 
substituted 
YIG 

Mg Mn 
Ferrite or 
YIG 

Mg Mn Al 
Ferrite or 
Al substi- 
tuted YIG 

Gd, Al 
substituted 
YIG 

Mg Mn Al 
Ferrite or 
YIG 

s 500 20 0.26 5 0.70 

s 500 ® 400^ O.SO 50 0.95 

23 Al substi- 
tuted YIG 

28 Gd, Al 
substituted 
YIG 

(T) LP 360° values shown are for operational devices at indicated power levels. 

(jT) ^ 0/inch values shown are for low power, room temperature operational values slightly 
lower. 

(?) Fin Cooling Required: forced air or water desirable (reduced height waveguide), 

(B)Water cooling and boron nitride thermal conducting slabs required; reduced height 
waveguide desirable. 
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6    PROGRAM FOR NEXT INTERVAL 

The experimental and theoretic n investigations will continue along the 

present lines.   In L band gadolinium-aluminum substituted Y1G materials will be 

tested at low power levels to determine the operating characteristics and 

limitations to be expected at low frequencies.   Both above and below resonance 

performance will be determined. 

The X band and C band testing will continue at low ^nd high power levels in 

order to further check the validity of the theoretical model, and to extend the 
materials evaluations.   Section 4.3 and Tables I and II list the materials »elected 

for these studies and include 14 aluminum and rare earth substituted Y1G materials 

and 13 spinel ferrites. 
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APPENDIX A 

The following derivation of the mathematical expression for the rf magnetic 
field Intensity applies strictly to a dielectric-slab loaded rectangular waveguide prop- 
agating the TE10 mode.   Figure Al shows a cross-sectional view of the configuration. 

Figure Al. Cross-Sectional View of the 
Dialectrically-Loaded Rec- 
tangular Waveguide 

in» 

Equation (18) of Vartanlan et al  Is solved to read: 

2       4 Zw (1 + r) 

Eo =-TF^       PT 

where    Zw = i?! = the wave w         p 
rj ■  377 ohms 

k =   2VX0 

Q 

O 

C/a 
r ■ rrfcrr 

(1) 

«•'(>*aHi)^),{1-W 
q = C/2a(«'k2a2- A2) 

p =  1/2(1-C/a) (k2a2-/J2a2) 
P- = the threshold power level 

E    = the maximum electric field Intensity which occurs at the center of the 
guide 

*P. H. Vartanlan et al, Propagation In Dielectric Slab Loaded Rectangular Waveguide," 
IRE Trans, of the PGMTT, April 1958. 
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Th« tnuMTeri« componeitf of rf magnetic field intensity If 

-ß h    ■ _C_ E 
Tt       W/<Ä     B 

0 
(2) 

where, at the center of the waveguide, E    ■ E .   Combining these two equations gives 

; 41 -1 • ox 
^   /4i7ka#a(- 

and since uMi0 ■ Ik 

then 

/0a (. 4 r) PT\ 
äFR / 

) 

1/2 

k  " "-'"o'o 

or 

or 

"ox ■ \ mmtCT j 

where h    is in oerstris, PT in kilowatts and a, b in inches. 

Figure A2 shows how h .b^2 

■M varies with frequency ka and dielectric slab 

width C/a, 

The transverse component of rf magnetic field is nuudmum at the center of 
the waveguide (X « a/2) and decreases slnusoldally to the outer dielectric wall.   Thus 

"x       ox 

and at the outer dielt ctric wall (X ■ C/2) 

hi - lU, Cos(€'k2a2-A2)1/2 X/* 

1/2 
^ " hox Co8 ^'k2»2 " ^%2)    ' C/2a (4) 

In most digital phase shifter structures the outer torold wall is a region in which 
h ~ j h ; that is, the rf magnetic field is circularly polarized there und has the 

magnitude h^. 

A.2 
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Figure A2.   Transverse Component of rf Magnetic Field at x = a/2 Frequency 
and Slab Wldtn for the TEl0 mode in Rectenfeular Waveguide 

A-3 



DISTRIBUTION LIST 

Six (6) copies 

b o 

3 

One (1) copy 

Two (2) copies 

Twenty (20) copies 

Four (4) copies 

Two (2) copies 

One (1) copy 

^yae (i) copy 

One (1) copy 

Director 
ARPA 
The Pentagon 
Washingto.1, D. C. 20301 

RTD (RTTTG) 
Boiling AFB, D.C. 20332 

Battelle Memorial Institute 
ATTN: Security Officer 
505 King Avenue 
Columbus, Ohio 43201 

DDC (TISIA-2) 
Cameron Station 
Alexandria, Virginia 22314 

RADC (EMATE/Mr. P.A. Romanelli) 
Griffiss AFB, New York 13440 

Advisory Group on Electron Devices 
ATTN: Mr. I. Press 
346 Broadway 
New York, New York 10013 

Westinghouse Electric Corporation 
ATTN: Dr. L. R. Wicker 
Electronic Division 
P. O. Box 1897 
Baltimore, Maryland 21203 

The Bendix Corporation 
Bendix Radio Diviston 
ATTN: Mr. G. Engelbert 
Department No. 481 
Towson, Maryland 21204 

Hughes Aircraft Company 
ATTN: Mr. Robert A. Moore 
Building 600 
P. O. Box 3310 
Fullerton, California 92634 



Distribution List (Continued) 

One (1) copy Radio Corporation of America 
ATTN: H. Collar 
Missile and Surface Ratfar Division 
Moorestown, New Jersey 08057 

One (1) copy Advanced Technology Corporation 
ATTN: Mr. M. Cohen 
1830 York Road 
Timonium, Maryland 21093 

One (1) copy Raytheon Company 
Research Division Library 

N ATTN: M. G. Bennett 
0 28 Seyon Street 
§ Waltham, Massachusetts 02154 
o 
1 One (1) copy Scientific Atlanta, Inc. 

ATTN: Dr. J. E. Pippin 
Box 13654 
Atlanta, Georgia 30324 

* One (1) copy Director 
U. S. Army Electronics Laboratories 
ATTN: AMSEL-RD-PEM/Mr. Lipetz 
Fort Monmouth, N. J. 07703 

One (1) copy Chief, Bureau of Ships 
Department of the Navy 
ATTN: E. A. Mroz/68182 
Washington, D. C. 20360 

One (1) copy Lincoln Laboratories 
ATTN: D. H. Temme, C271 
Box 73 
Lexington, Massachusetts 02173 

One (1) copy AFML (MATE) 
* Wright-Patterson AFB,Ohio 45433 

One (1) copy FRF- General Electric Company 
ATTN: Mr. T. Connelly 
Syracuse, New York 13201 


